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Editorial on the Research Topic

Microbial Ecology in Reservoirs and Lakes

In freshwater ecosystems, microbes play major roles in global energy fluxes and diverse
biogeochemical (C, N, P, S, and other elements) cycling pathways of deep reservoirs and shallow
lakes (Liu et al., 2015, 2019; Savvichev et al., 2018). Compared to oligotrophic, stable deep ocean
ecosystems, these freshwater bodies host distinct microbial communities that are associated with
water and sediments (Hutchins and Fu, 2017). The aquatic microbial populations in freshwater
and oceans may be largely driven by changes in the nutritional status of the water bodies due to
variations in the hydrological regime and climate change (He et al., 2015; Beall et al., 2016; Hayden
and Beman, 2016). Recently, thanks to the fast development of high-throughput sequencing
technology (Shade et al., 2012) and bioinformatics combined with functional genomics (Berg et al.,
2016), an unexpected diversity of functionalmicrobes was unveiled in reservoirs and lakes (Preheim
et al., 2016; Xue et al., 2018; Yan et al., 2020).

The Frontiers Research Topic—Microbial Ecology in Reservoirs and Lakes—invited
contributions in the following areas: (a) Relationship between water quality parameters and
microbial community composition; (b) Functional microbial communities in water and sediments;
(c) Effects of hydrological regimes (e.g., thermal stratification, rainstorm, water level) on dynamics
of microbial communities; and (d) Algal blooms and their interactions with other microbial
communities. Finally, special emphasis was placed on modeling of ecosystem-based water quality
data and microbial community composition using DNA sequencing techniques.

A total of 21 articles have been published in this Research Topic and combined in this e-
book to highlight the new findings on diverse aspects and recent advances in microbial ecology
(e.g., community diversity and distribution of prokaryotes and eukaryotes in various freshwater
environments, quantification of microbes that are associated with blooms, antibiotic resistance,
and fecal contaminations). The research reported in these articles was carried out in eutrophic,
mesotrophic, and oligotrophic reservoirs and lakes located in different regions of China, Canada,
Japan, Europe, and the USA. The aim of this Editorial article is to summarize the new findings
reported in these articles, to broaden our understanding of the composition, diversity, abundance,
dynamics, and function of microbes in freshwater ecosystems.

In this topic, Shen et al. used metagenomics workflow to reveal the relationships between the
trophic status and planktonic microbiota in freshwater lakes on Yun-Gui Plateau, China. The
microbial communities in the eutrophic and mesotrophic-oligotrophic lake ecosystems showed
a large difference in community structure. The authors addressed that the overall differences in
the genetic potential for elemental cycling and metabolic functions were closely correlated to the
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divergence of themicrobial community.Wu Y.-F. et al. employed
high-throughput sequencing to investigate microbial succession
during anaerobic decomposition of Microcystis on eutrophic
sediments collected from Mei Liang Bay of Lake Taihu. The
results showed that addition of Microcystis to the sediment
induced phylogenetic clustering and structure instability of
the sediment microbial community. Cruaud et al. showed
that eukaryotic microbial communities had clear seasonal
patterns in a Canadian river which were likely caused by
the changes of environmental conditions. At the same time,
a probable contribution of the bacterial community to the
temporal distributions of the protist community structure
was supported by potential interplays with the bacterial
community composition.

The distribution of kinetoplastids in deep water layers during
summer stratification was revealed using group-specific catalyzed
reporter deposition and fluorescence in situ hybridization
(CARD-FISH) probes and 18S rRNA gene sequencing by
Mukherjee et al.. The results indicated that kinetoplastids
were widely distributed in deep waters. Unexpectedly, the
authors found the presence of diplonemids, a sister group of
kinetoplastids. Colombet et al. reported the discovery of “Aster-
Like Nanoparticles (ALNs)” in pelagic environments. This study
shows that ALNs are novel and abundant in aquatic ecosystems
and that not all virus-like particles detected in aquatic systems
are necessarily viruses. Moreover, the study concluded that
there may be more unknown ecologically important ultra-small
particles in the aquatic systems. Cai et al. studied variations of
δ
15NPN and δ

15NTDN during thermal stratification and their
relationships with the environmental factors and phytoplankton
in Lianhe Reservoir, China. The results revealed that δ

15 NPN
and δ

15 NTDN changed with seasonal thermal cycling; moreover,
cell density was the main factor that regulated the nitrogen
stable isotope distribution. Davenport et al. undertook a meta-
transcriptomic approach to reveal the temporal changes in
the metabolic functions of Microcystis spp. During the bloom
periods, the results demonstrated that there was different
gene expression patterns between samples collected during
the day or night. Besides, the partition of Microcystis gene
expression depended on both circadian regulation and changes
in environmental physico-chemical factors.

To better understand the spatial and seasonal variations
of picophytoplankton communities in aquatic ecosystems, Shi
et al. performed high-throughput sequencing to study the
abundance and diversity of photosynthetic picoeukaryotes
(PPEs) and phycoerythrin-rich picocyanobacteria (PE-cells)
in Lake Fuxian, China. Synechococcus was the major PE-
cell type, with a relatively similar abundance throughout the
year, except for a decrease in summer. The authors showed
that seasonal changes significantly influenced the composition,
diversity, and abundance of PPE -cells. Jiang et al. analyzed
the microbiota and their relationships with temperature changes
and other environmental variables within a decadal period
in five alpine lakes using 16S rRNA gene deep-amplicon
sequencing. The results revealed that temperature, nutrients,
and dissolved organic carbon had a significant effect on the
bacterial community composition. Bomberg et al. investigated

the composition and the metabolic features of the microbial
communities in water bodies separated by permafrost collected
in the area of Kangarlussuaq, Western Greenland. This study
showed that highly diverse microbial communities existed in
different cold Greenlandic aqueous environments, and showed
clear patterns in the microbial communities according to
habitats, with unique metabolic characteristics.

Wu K. et al. investigated the potential drivers of the relative
abundance of bacterial communities and their relationship with
water-depth in Lake Lugu located in Southwest China. The
results showed that water depth was the most important factor
that affected the relative abundance of 11 dominant bacterial
species. Meanwhile, other physical, chemical, and biological
variables also had a greater impact on the abundance of some
bacterial species.

Fang et al. used high-throughput approaches to investigate the
dynamics of antibiotic resistance genes (ARGs) in relationship
with the microbial communities and environmental patterns
in a subtropical urban reservoir in China by high-frequency
sampling. The results indicated that the bacterial community
had a seasonal pattern, while the ARGs composition did
not change seasonally; moreover, the bacterial abundance and
the community diversity were much more strongly correlated
with environmental factors than ARGs. Palacin-Lizarbe et al.
quantified guilds of four genes related to the N-transformation
pathway in benthic habitats of 11 mountain lakes in Spain to
reveal the effects of nitrogen deposition on microbial-driven
patterns in oligotrophic freshwater ecosystems. They pointed
out that those microbes of different gene types live in different
water-depth layers leading to two different responses to high
atmospheric N deposition in oligotrophic lakes of different
trophic status.

Nakatsu et al. studied the impact of riverine microbial
impact on Lake Michigan. The study assessed if Grand Calumet
River was a source of bacterial contamination at different
sites in Lake Michigan, and whether the feces associated
bacteria in the samples were related to the pathogen indicator
species Escherichia coli. The results showed that there were
significant differences in bacterial communities at different
sites, and environmental factors had a significant effect on
this difference. At the same time, there was a significant
positive correlation between fecal-related bacteria and pathogen-
indicator organisms. Vadde et al. evaluated the most suitable
microbial source tracking qPCR assays for detecting host-
associated fecal pollution across the Tiaoxi River in the Taihu
watershed. Their experiments indicated that several locations
in the Tiaoxi River are heavily polluted by fecal contamination
and this correlated well with the land-use patterns. Moreover,
Xu et al. collected historical data of harmful algal blooms
(HABs) events that occurred in the Bei Bu Gulf in China,
and investigated the pattern of HABs in order to predict
the future trends. This paper confirmed that over the past
several years, HABs became progressively worse. Liu et al.
evaluated the effects of different DNA extraction kits on the
abundance and distribution of rare and abundant plankton
taxa in the surface layers of a reservoir. Their experiment
showed that the use of different DNA extraction kits had
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greater impact on rare taxa than on abundant taxa. Besides,
different DNA extraction kits had their own advantages when
studying different microbes. Furthermore, Monchamp et al.
used high-throughput sequencing approaches to study the
diversity and composition of non-photosynthetic cyanobacteria
(NCY) in sediment cores of 10 lakes of the European peri-
Alpine region. The authors found that different lake had
different NCY communities, while there was no significant
change in the diversity of NCY combinations within and
between lakes over the past 100 years. In seven European
perialpine lakes, Okazaki et al. investigated the richness and
composition of CL500-11(Phylum Chloroflexi) by means of
CARD-FISH. This paper explored a wide habitat range of
CL500-11 in ultra-oligotrophic lakes or mesotrophic lakes. In
summary, we expect that these papers will stimulate new
discussions and investigations on the microbial ecology of
freshwater reservoirs and lakes. The results will improve
our understanding of the molecular microbial ecological
characteristics of freshwater ecosystems. From a more applied
perspective, it also shows the basic database for environmental
and water resource management to increase the health status
of reservoirs and lakes by using some artificial strengthening
technologies (e.g., water lifting aerators) to enhance themicrobial
community metabolic activity in drinking water reservoirs
ecosystems, and supply cleaner and healthier drinking water
for consumers.
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Biology, University of Zurich, Zurich, Switzerland, 4 CNR-IRSA Institute of Water Research, Microbial Ecology Group,
Verbania, Italy

CL500-11 (phylum Chloroflexi) is one of the most ubiquitous and abundant
bacterioplankton lineages in deep freshwater lakes inhabiting the oxygenated
hypolimnion. While metagenomics predicted possible eco-physiological characteristics
of this uncultured lineage, no consensus on their ecology has so far been reached, partly
because their niche is not clearly understood due to a limited number of quantitative
field observations. This study investigated the abundance and distribution of CL500-11
in seven deep perialpine lakes using catalyzed reporter deposition-fluorescence in situ
hybridization (CARD-FISH). Samples were taken vertically (5–12 depths in each lake)
and temporally (in two lakes) at the deepest point of the lakes located in Switzerland,
Italy, and Austria with varying depth, trophic state, mixing regime, and water retention
time. The results showed a dominance of CL500-11 in all the lakes; their proportion
to total prokaryotes ranged from 4.3% (Mondsee) to 24.3% (Lake Garda) and their
abundance ranged from 0.65 × 105 (Mondsee) to 1.77 × 105 (Lake Garda) cells
mL−1. By summarizing available information on CL500-11 occurrence to date, we
demonstrated their broad habitat spectrum, ranging from ultra-oligotrophic to meso-
eutrophic lakes, while low abundances or complete absence was observed in lakes
with shallow depth, low pH, and/or short water retention time (<1 year). Together
with available metagenomic and geochemical evidences from literatures, here we
reviewed potential substrates supporting growth of CL500-11. Overall, the present
study further endorsed ubiquity and quantitative significance of CL500-11 in deep
freshwater systems and narrowed the focus on their physiological characteristics and
ecological importance.
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INTRODUCTION

In thermally stratified lakes, the water layer below the
thermocline is defined as hypolimnion. In deep lakes this
large volume of water is generally oxygenated throughout
the year due to (i) winter vertical mixing, (ii) downward
intrusion of oxygenated cold water from rivers (Ambrosetti
et al., 2010), and (iii) low oxygen consumption due to their
oligo- to mesotrophic conditions. In those lakes, the oxygenated
hypolimnion accounts for the major parts in volume, and thus,
their microbial composition is of significant importance in
overall biogeochemical processes.

The CL500-11 lineage (phylum Chloroflexi, class
Anaerolineae) is one of the most abundant microbial groups in
oxygenated hypolimnia. After its first discovery by 16S rRNA
gene cloning-sequencing as a dominant bacterioplankton lineage
in a deep sample (500 m) from Crater Lake (United States)
(Urbach et al., 2001), their 16S rRNA gene sequences have been
reported from global deep freshwater lakes (Okazaki et al.,
2013). Subsequently, catalyzed reporter deposition-fluorescence
in situ hybridization (CARD-FISH) revealed a dominance of
CL500-11 in the hypolimnia of Lake Biwa (Japan, 16.5% of the
total bacterioplankton in maximum) (Okazaki et al., 2013), Lake
Michigan (United States, 18.1%) (Denef et al., 2016), six deep
Japanese lakes (3.9–25.9% in each lake) (Okazaki et al., 2017),
and Lake Zurich (Switzerland, 11%) (Mehrshad et al., 2018).
Despite their high abundances in deep water layers, CL500-11
were barely detected in the epilimnia during the stratification
period, indicating their specificity to the hypolimnion (Okazaki
et al., 2013, 2017; Okazaki and Nakano, 2016). Cells of CL500-11
are vibrioid and relatively larger (1–2 µm length) than average
prokaryotes in the water column (Okazaki et al., 2013, 2017;
Denef et al., 2016; Mehrshad et al., 2018), suggesting their
contribution in biomass is even higher than in abundance.
Monthly profiles taken for almost 2 years in Lake Biwa revealed
a recurrent annual turnover of CL500-11 population, in which
their dominance was only observed during stratification and
discontinued in the following winter mixing period (Okazaki
et al., 2013). This dynamic population succession suggests
ecological and biogeochemical significance of CL500-11 in deep
lakes’ ecosystems.

The proposed ubiquity and numerical dominance of CL500-
11 in the deep oxygenated hypolimnion was recently challenged
by CARD-FISH reports of low abundances or even complete
absence in several lakes and reservoirs (Okazaki et al., 2017;
Mehrshad et al., 2018). However, factors driving their distribution
pattern and defining their ecological niche have not yet been
clearly understood, although various environmental parameters
including the lake trophic state, hypolimnetic temperature,
oxygen concentration, and water retention time of the lakes,
have been examined (Okazaki et al., 2017). Several metagenome-
assembled genomes (MAGs) allowed insights in the eco-
physiology of CL500-11, by which they were characterized
as aerobic heterotrophs, harboring genes for flagellar motility
and xanthorhodopsins, and potentially utilizing nitrogen-rich
dissolved organic matter (DOM) and exogenous reduced sulfur
compounds (Denef et al., 2016; Mehrshad et al., 2018). However,

no consensus on their ecological niche has been reached so far,
ultimately owing to a lack of cultivated representatives, but also
because of a limited number of quantitative field observations,
which is required to understand their lifestyle and interpret
metagenomic implications.

The European perialpine lakes are potentially major habitats
for CL500-11 since many of them are deep and oligo- to
mesotrophic in general with an oxygenated hypolimnion. In
fact, 16S rRNA sequences of CL500-11 have been retrieved from
Lake Geneva (Humbert et al., 2009) and Lake Zurich (Van den
Wyngaert et al., 2011; Mehrshad et al., 2018) which are perialpine
lakes. Although CARD-FISH has been commonly employed
to quantitatively investigate bacterioplankton communities in
perialpine lakes (Salcher, 2013; Salcher et al., 2015; Callieri et al.,
2016; Shabarova et al., 2017; Hernández-Avilés et al., 2018;
Neuenschwander et al., 2018) quantification of CL500-11 was
unprecedented in these lakes, until a recent report from Lake
Zurich (Mehrshad et al., 2018). To fill these gaps, the present
study aims to measure the abundances of CL500-11 in seven deep
perialpine lakes by means of CARD-FISH. The results revealed
their broad habitat spectrum and quantitative significance, and
together with latest information from literatures, here we review
possible eco-physiological characteristics of CL500-11.

MATERIALS AND METHODS

Collection of Water Samples and
Environmental Measurements
Water samples were taken at a pelagic station in the deepest area
of seven perialpine lakes with a variety of sizes, depths and trophic
states (Table 1). Single vertical samples were collected from Lake
Como (5 depths), Iseo (5 depths), Garda (5 depths), Thun (9
depths), and Mondsee (12 depths) during summer stratification,
while time-series samples were taken from Lake Zurich (9 depths
at biweekly) and Maggiore (4 or 5 depths at once or twice a
month) to cover the whole stratification period. Samples for cell
counting and CARD-FISH were fixed with 2% formaldehyde
immediately after the collection and kept at 4◦C in the dark until
further processing. Total prokaryotic abundance was determined
by enumeration of 4′,6-di-amino-2-phenylindole (DAPI) stained
cells (Porter and Feig, 1980). The prokaryotic abundances in Lake
Maggiore were determined in the integrated 0–20 m (epilimnetic)
and 20–350 m (hypolimnetic) as described previously (Bertoni
et al., 2010; Hernández-Avilés et al., 2012). Vertical profiles
of water temperature, pH, and dissolved oxygen concentration
were determined in situ with a multiparameter probe at the
time of sampling. Chemical parameters of the sampled waters
were determined following the standard methods by APHA and
AWWA (2005) for Lake Maggiore, Como, Iseo, and Garda,
and by the International Organization for Standardization (ISO
13395:1996, 11732:2005, and 15681-2:2003) for the other lakes.

CARD-FISH Analysis
CARD-FISH for CL500-11 cells was performed as described
by Okazaki et al. (2013) using the same probe CLGNS-584
(5′-GCCGACTTGCCCAACCTC-3′) and helper CLGNS-567h
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TABLE 1 | Limnological characteristics of the study sites.

Lake Country Latitude
(N)

Longitude
(E)

Max.
depth

(m)

Surface
area
(km2)

Water
volume
(106m3)

Surface
elevation

(m)

Water
retention
time (y)

Trophic state Sampling
date

Zurich Switzerland 47◦15′ 8◦41′ 136 88 4300 406 1.4 Mesotrophic 2015.1.7–
2015.12.16
(Biweekly)

Maggiore Italy/
Switzerland

45◦48′ 8◦39′ 370 213 37900 193 4.1 Oligo-
mesotrophic

2011.3.8–
2012.1.12
(Once or
twice a
month)

Como Italy 46◦00′ 9◦15′ 410 146 22500 198 4.5 Mesotrophic 2011.7.12

Iseo Italy 45◦44′ 10◦04′ 251 62 7600 186 4.1 Meso-eutrophic 2011.7.11

Garda Italy 45◦42′ 10◦43′ 350 368 48900 65 26.6 Oligo-
mesotrophic

2011.9.26

Thun Switzerland 46◦41′ 7◦43′ 217 48 6500 558 1.8 Oligotrophic 2010.7.12

Mondsee Austria 47◦50′ 13◦20′ 68 14 520 481 1.8 Mesotrophic 2016.9.14

(5′-CTACACGCCCTTTACGCC-3′) set, which have been
demonstrated to produce consistent results with the 16S rRNA
gene amplicon sequencing analyses (Denef et al., 2016; Okazaki
et al., 2017). The specificity of the probe was reconfirmed using
the TestProbe 3.0 tool1 against the SILVA (Quast et al., 2013)
SSU 132 Ref NR99 database (includes only non-redundant,
high-quality, nearly full-length 16S rRNA gene sequences).
The result indicated that the two CL500-11 16S rRNA gene
sequences in the database (accession numbers = AF316759 and
HM8566384) were exclusively targeted by the probe. Further,
inspection against the SILVA SSU 132 Parc database (includes
all available sequences containing relatively shorter and lesser
quality ones) demonstrated that all the 60 probe-targeted
sequences in the database were closely related to AF316759
or HM8566384 (identity > 97%; Supplementary Table S1),
except one sequence (identity = 95.9%) that presumably contains
erroneous bases as it is a raw output from the error-prone 454
sequencing platform (KM133681). These results collectively
support the specificity of the probe CLGNS-584 in the latest 16S
rRNA gene database.

The hybridization was performed at 35◦C and the
optimum formamide concentration in the hybridization
buffer was determined as 40% by testing a series of formamide
concentration (5% interval) to obtain the best stringency
(that is, highest concentration without signal loss). A previous
study that separately investigated the optimum formamide
concentration for the same probe also supported 40% to
archive the best stringency (Mehrshad et al., 2018). At least
1000 DAPI-positive cells and corresponding FISH-positive
cells were counted in each sample using an automated
high-throughput microscopy (Zeder and Pernthaler, 2009),
which has been widely applied to quantifications of FISH-
positive bacterioplankton cells in freshwater systems (Salcher
et al., 2011, 2015; Shabarova et al., 2017; Neuenschwander
et al., 2018). The abundance of CL500-11 were calculated
by multiplying their relative proportions (determined by

1https://www.arb-silva.de/search/testprobe/

CARD-FISH) with the total prokaryotic abundances (determined
by DAPI-counts).

Data Analysis
Chemical measurements were collected from literatures for
lakes where CARD-FISH on CL500-11 has been carried out
previously. However, not every parameter was available in all
lakes. To compare values among the lakes, the maximum and
minimum of total nitrogen and phosphorus recorded in each
lake were used. The relationships between CL500-11 abundance
(the maximum value recorded in each lake) and limnological or
chemical properties of the lakes were statistically inspected by the
Spearman’s rank test using the R 3.4.3 software (R Core Team,
2017). The values used for the analysis and the sources for the
data are summarized in Supplementary Table S2.

RESULTS AND DISCUSSION

The vertical profile of temperature and dissolved oxygen indicated
that the oxygenated (dissolved oxygen > 5 mg L−1) hypolimnion
(the water layer below the thermocline) was present in all lakes,
though the deeper hypolimnion (150–251 m) was anoxic in Lake
Iseo and oxygen depletion in the bottom layer was observed
in Lake Zurich and Mondsee (Figure 1). Total prokaryotic
abundances ranged from 0.2 × 106 (Lake Maggiore) to 5.2 ×
106 (Mondsee) cells mL−1 in the epilimnia, and 0.1 × 106 (Lake
Maggiore) to 3.2× 106 (Mondsee) cells mL−1 in the hypolimnia of
the seven lakes (Figure 2). The CL500-11 cells detected by CARD-
FISH were of the same size and shape (vibrioid, 1–2 µm length;
Figure 3) as previously described (Okazaki et al., 2013, 2017;
Denef et al., 2016; Mehrshad et al., 2018), indicating universality
of their cell morphology. High proportions of CL500-11 were
observed in the oxygenated hypolimnia of all investigated lakes;
the maximum value recorded in each lake was 4.3% (Mondsee),
8.8% (Como and Iseo), 16.5% (Thun), 17.8% (Zurich), 19.8%
(Maggiore), and 24.3% (Garda), resulted in their calculated
abundances from 0.65 × 105 (Mondsee) to 1.77 × 105 (Garda)
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FIGURE 1 | Profiles of the temperature (left panels; ◦C) and dissolved oxygen (right panels; mg L−1) measured in situ. The vertical axes indicate water depth. For
Lake Zurich and Maggiore, the sampling dates are indicated in the horizontal axes, and spatio-temporal measurements are shown by contours. Shaded areas
indicate missing measurements.

cells mL−1 (Figure 4). These are within the range of previously
reported values in other lakes (Figure 5).

The Oxygenated Hypolimnion as
Preferred Habitat for CL500-11
The vertical distribution of CL500-11 showed a virtual absence
in the epilimnion during the stratification period (Figure 4), thus

further underpinning their prior adaptation to the hypolimnion
environment. They were also not abundant in either anoxic
bottom layers or in the transition zone between oxic and
suboxic layers, as observed in Lake Zurich, Iseo, and Mondsee
(Figures 1, 4), supporting the predictions from MAGs that
CL500-11 are strict aerobes (Denef et al., 2016; Mehrshad et al.,
2018). The time-series sampling in Lake Zurich and Maggiore
revealed dynamic spatio-temporal successions of CL500-11
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FIGURE 2 | Total prokaryotic abundance determined by enumeration of
DAPI-stained cells (106 cells mL−1). The vertical axes indicate water depth.
For Lake Zurich, spatio-temporal measurement is shown by contours. Dots
indicate sampling depths and dates, shaded areas missing measurements.
The data for Lake Maggiore were measured in an integrated sample for
epilimnetic (0–20 m) and hypolimnetic (20–350 m) water (see main text for
detail). Error bars indicate standard error.

(Figure 4). Notably, the high-resolution sampling in Lake Zurich
(fortnightly sampling of 9 depths) revealed that the water
layers with absence and dominance of CL500-11 were clearly
separated by the thermocline that was deepening with season
(Figures 1, 4). This indicates that CL500-11 do not survive for
long times in the epilimnion. Although the cause of CL500-11
mortality in the epilimnion is unknown, it might be possible

that physico-chemical conditions there, such as high water
temperature and light radiation, are lethal for these bacteria.

In Lake Biwa, CL500-11 abundances decreased below
detection limit during the winter mixing period (Okazaki et al.,
2013). On the contrary, the spatio-temporal profiles in Lake
Zurich and Maggiore showed low but still detectable numbers
(1.5–4.1% of all prokaryotes) of CL500-11 prevailed throughout
the winter mixing (Figure 4), in line with reported CL500-11
at the end of the spring mixing period in the dimictic Lake
Michigan (Denef et al., 2016). They might be present throughout
winter mixing in Lake Garda as well, as a recent study detected
Anaerolineae-related 16S rRNA sequences in the lake throughout
the mixing period for two consecutive years (Salmaso et al., 2018).
Since the abundance of CL500-11 showed decreasing trends
during winter mixing (Figure 4), the mixed water column is likely
a suboptimum habitat for them, and thus, their survival during
winter mixing period may be a vital factor as it determines their
initial abundance at the onset of the next stratification phase. It is
notable that in situ metatranscriptome data from Lake Michigan
showed that many CL500-11 genes, including rhodopsins and
genes for oxidative stress response mechanisms, were expressed
more in the surface water during the mixing period than in
the hypolimnion (Denef et al., 2016). This suggests that CL500-
11 can potentially front the mixing event and optimize their
survival mechanisms until the onset of the next stratification
phase. If the mixing disturbance is a non-preferred event for
CL500-11, water depth might be one of the determinants for
their abundance during the mixing period. Likely in deep lakes,—
due to a higher volumetric hypolimnion-to-epilimnion ratio, the
mixing disturbance is less intense, resulting in less exposure
to light and higher concentrations of hypolimnion-originated
dissolved substances and biota, including CL500-11 themselves.
Indeed, positive correlations (Spearman’s coefficients, p < 0.05)
were observed between CL500-11 cell density and the maximum
depth or water volume of a lake (Table 2). This “dilution effect”
might be one of the reasons for the absence of CL500-11 during
the winter mixing period in Lake Biwa (Okazaki et al., 2013), as
the lake has relatively shallow depth (73 m) at the sampling site,
compared to those in Lake Maggiore (350 m), Zurich (136 m),
Michigan (110 m), and Garda (350 m).

Possible Substrates Supporting Growth
of CL500-11
Despite the exclusive occurrence of CL500-11 in oxygenated
hypolimnia, the result of the present study, together with
previous reports of CL500-11 occurrence (Supplementary
Table S2), revealed a broad habitat spectrum of CL500-
11 (Table 3). CL500-11 have been detected in oxygenated
hypolimnia of lakes and reservoirs located across the globe, with a
variety in origin, trophic state, hypolimnetic temperature, surface
area, depth, mixing regime, and water retention time (Table 3 and
Supplementary Table S2). Moreover, most of the investigated
environmental parameters, including trophic load of the lakes
(i.e., total nitrogen and phosphorus), did not show significant
correlations with CL500-11 abundances (Table 2). Indeed, the
dominance of CL500-11 was observed in both ultra-oligotrophic
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FIGURE 3 | Microscopic images of CL500-11 cells detected by CARD-FISH. In each panel, DAPI-stained cells and the corresponding FISH-positives were shown in
the left and right side, respectively. A whole microscopic field was shown for the sample taken from 310 m in Lake Garda, where the highest proportion of CL500-11
cells was recorded. For the other lakes, enlarged images were shown. The samples taken on December were used for the images from Lake Zurich and Maggiore.

Crater Lake (Urbach et al., 2001) and meso-eutrophic Lake Iseo
(Figure 4). These facts suggest that substrates supporting growth
of CL500-11 are ubiquitously present in oxygenated hypolimnia
of freshwater systems.

High numbers of CL500-11 were observed in broad layers
of hypolimnion; for instance, they accounted for >5% of
all prokaryotes from 50 to 350 m in Lake Garda and
from 50 to 213 m in Lake Thun (Figure 4). In line with
previous observations (Okazaki et al., 2013, 2017), all of the
observed CL500-11 cells were planktonic, i.e., not particle-
associated (Figure 3). Since all samples were taken at pelagic
stations, terrestrial input is likely less important for CL500-11
growth than autochthonous resources produced within the lake.
Consequently, CL500-11 are likely depending on autochthonous
DOM distributed in the whole hypolimnion. In freshwater
systems, refractory DOM accumulating in the water column can
be more than a 100 years old (Goldberg et al., 2015) and old
substrates can still potentially be bioavailable (Guillemette et al.,
2017). Assuming that DOM supporting CL500-11 growth would
accumulate in the water column over a year, one may expect

that lakes with longer water retention time would show higher
abundances of CL500-11 due to higher concentrations of the
DOM. However, no significant relationship between CL500-11
abundances and water retention times was detected (Table 2),
i.e., high abundances were also observed in lakes with short
water retention times, including Lake Zurich (1.4 years) and
Thun (1.8 years) (Table 1 and Figure 4). It is thus likely that
the resources for CL500-11 growth do not accumulate in the
water column over a year but likely turnover within an annual
timescale. This is in accordance with a stable isotope analysis
in Lake Biwa (Maki et al., 2010) reporting that semi-labile
autochthonous DOM, originally generated and accumulated in
the epilimnion, was transported to the whole hypolimnion during
winter mixing where it was slowly being consumed during the
subsequent stratification period. Besides, CL500-11 were not
abundant in two artificial reservoirs (Řimov and T) with water
retention times of around 0.3 years (Figure 5 and Supplementary
Table S2), supporting the hypothesis that a water retention time
of more than a year is required to maintain a stable population of
CL500-11.
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FIGURE 4 | Proportions of CL500-11 in percentage of total prokaryotes (FISH-positive vs. DAPI-stained cells) (left; %) and their absolute abundances (right; 105

cells mL−1) generated by multiplying relative proportions with total prokaryotic abundances (Figure 2). The vertical axes indicate water depth. For Lake Zurich and
Maggiore, spatio-temporal measurements are shown by contours. Dots indicate sampling depths and dates, shaded areas missing measurements. In Lake
Maggiore, since total prokaryotic abundances were determined in the integrated epilimnetic (0–20 m) and hypolimnetic (20–350 m) samples (Figure 2), the averaged
percentage for each layer was used to generate average CL500-11 abundances for epi- and hypolimnion.

The seasonal profiles of Lake Zurich (Figure 4) and Biwa
(Okazaki et al., 2013) indicate that the abundance of CL500-11
increases toward the end of the stratification period, implying
that their resources for growth are continuously supplied in the
hypolimnion in these lakes till the end of the stratification period.
These facts evoke an additional hypothesis that CL500-11 utilize

substrates secondary produced in situ by microbial processes
(Ogawa et al., 2001; Jiao and Zheng, 2011; Guillemette and del
Giorgio, 2012). Indeed, studies have demonstrated that, similar
to marine systems (Timko et al., 2015b; Shen and Benner,
2018), DOM is more photo-labile in the hypolimnion than
in the epilimnion (Hayakawa et al., 2016; Yamada et al., 2018),
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FIGURE 5 | Maximum abundance of CL500-11 recorded by CARD-FISH analyses in each lake. ∗Bacterial abundance in the hypolimnion of Lake Maggiore was
determined using an integrated sample from 20 to 350 m.

TABLE 2 | The Spearman’s coefficients (ρ) and the corresponding p-values between the CL500-11 maximum abundance and environmental measurements in each lake.

Surface
area

Surface
elevation

Water
retention

time

Maximum
depth

Water
volume

Hypolimnetic
temperature

during
stratification

pH
(min)

pH
(max)

TN
(min)

TN
(max)

TP
(min)∗

TP
(max)

p-value 0.136 0.459 0.657 0.025 0.034 0.107 0.004 0.251 0.270 0.432 0.104 0.022

ρ 0.355 −0.181 0.109 0.512 0.488 0.381 0.631 0.277 0.284 0.204 0.385 0.520

The original data used for the statistics are available in Supplementary Table S2. p-values lower than 0.05 are shown in bold. For pH, TN, and TP, minimum (min) and
maximum (max) values recorded in each lake were separately used. ∗TP measurements below detection limits were replaced with the value of the detection limit.

suggesting that a part of hypolimnetic DOM is produced
in situ and distinct from DOM produced and accumulated in
the epilimnion, which likely consist of already-photobleached
substrates such as carboxylic acids (Bertilsson and Tranvik,
2000). Correspondingly, a low number of transporters for
carboxylic acids was found in CL500-11 MAGs compared to
other freshwater microbes (Denef et al., 2016), pointing to a
non-preferred utilization of these photobleached compounds.
On the other hand, CL500-11 MAGs harbor a high number of
transporters for di- and oligopeptide, as well as transporters for
spermidine/putrescein, and branched-chain amino acids (Denef
et al., 2016; Mehrshad et al., 2018). Such nitrogen-rich, protein-
like DOM can be originated from remnants of bacterial cell
walls (McCarthy et al., 1998; Nagata et al., 2003) and membranes
(Tanoue et al., 1995), and consumption of such DOM by the
microbial community in the oxygenated hypolimnion have been
suggested by DOM profiling by stoichiometry (Kim et al., 2006)
and by excitation and emission matrices (Thottathil et al., 2013;

Hayakawa et al., 2016) in Lake Biwa. One CL500-11 MAG also
included a transporter for N-acetylglucosamine, a breakdown
product of bacterial cell walls (Denef et al., 2016; Mehrshad et al.,
2018). Moreover, a study has reported 16S rRNA gene sequences
of CL500-11 from an actively growing prokaryotic community
in N-acetylglucosamine-enriched lake water (Tada and Grossart,
2014). These data collectively lead to the speculation that CL500-
11 are scavenging cell wall compounds or other cellular remnants
released in situ by grazing or viral lysis of other prokaryotes
(Nagata et al., 2003; Middelboe and Jørgensen, 2006; Eckert et al.,
2013), which can be continuously produced in the water column
of hypolimnion.

Potential Limiting Factors for the
Distribution of CL500-11
Besides the two artificial reservoirs discussed above, low
abundances of CL500-11 in the oxygenated hypolimnion during
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TABLE 3 | The range of environmental measurements of the lakes where
CL500-11 were detected.

Region Asia, Europe, North
America, South America

Lake origin Glacial, Caldera, Tectonic,
Dammed, Artificial reservoir

Trophic state Oligotrophic to
meso-eutrophic

Surface area (km2) 2.06–82097

Surface elevation (m) 60–2357

Water retention time (y) 0.3–330

Maximum depth (m) 43–1637

Water volume (106 m3) 34.5–23615000

Mixing regime Dimictic, Monomictic,
Meromictic∗∗

Occurrence of anoxic
bottom layer

Yes and No

Hypolimnetic temperature
during stratification∗ (◦C)

3.8–10.9

pH∗ 6.8–9.9

TN∗ (µg L−1) 60–2002

TP∗ (µg L−1) 2.55–45

The data for each lake are available in Supplementary Table S2. ∗Lakes only with
cloning/amplicon sequencing were not included for these parameters. ∗∗The upper
hypolimnion was oxygenated in these meromictic lakes.

the stratified period were also found in previously investigated
Lake Kussharo and Inawashiro (Okazaki et al., 2017) (Figure 5),
despite their relatively high maximum depth (118 and 94 m,
respectively), large surface area (79.6 and 103.3 km2), and
long water retention time (12 and 5.4 years) (Supplementary
Table S2). It is notable that these lakes receive inflows influenced
by volcanic activities and were acidic (pH < 5.0) until 30 years
ago, followed by neutralization with pH ranges of 7–7.5 and
6.6–7, respectively, to date (Oyama et al., 2014; Sutani et al.,
2014). Further, we have recently noticed an absence of CL500-
11 in the water column of Lake Tazawa, a deep (423 m),
slightly acidic (pH < 6) oligotrophic freshwater lake, which
receives acidic volcanic inflow as well (Okazaki et al., unpublished
data). The statistical test also supported a positive relationship
(p = 0.004) between CL500-11 abundances and minimum
recorded pH in a lake (Table 2). Although the direct factor
affecting CL500-11 in low pH condition is unknown, it is likely
that they cannot survive in lakes affected by acidic volcanic
inflow. In addition to anion and cation concentrations, pH
may affect photo-liability and colloidal size of DOM (Pace
et al., 2012; Timko et al., 2015a). These factors may be critical
for CL500-11 survival, in accordance to other studies that
identified pH as master driver for the distribution of different
microbial lineages (Lindstrom et al., 2005; Newton et al.,
2011).

In Lake Maggiore, severe drops in the total prokaryotic
abundance were observed in September in the hypolimnion
and in November in the epilimnion (Figure 2), which resulted
in a drastic decline of the CL500-11 population in September
as well (Figure 4). Such dynamics in abundance might be
attributable to top-down control, namely grazing and viral

lysis, yet unfortunately, no data is available for the viral and
predators’ communities during the study period. Recent
observations reported hypolimnion-specific heterotrophic
nanoflagellate communities (Mukherjee et al., 2015, 2017) that
might be grazing on CL500-11. Larger mixotrophic flagellates
and ciliates may also be the major predator of CL500-11, as
they can efficiently graze bacterioplankton of this size as well
(Posch et al., 1999). It is likely that CL500-11 are also lysed
by specific viruses, since virus-host interactions are more
specific than size-selective prey-predator interactions. The
diversity of grazers and viruses in oxygenated hypolimnia
remains largely unexplored, and the main mortality agents for
CL500-11 are yet-to-be identified. Future studies should pay
more attention to understand mechanisms behind CL500-11
population dynamics and the turnover of organic matter via
CL500-11.

CONCLUSION

Overall, the quantitative investigation of CL500-11 in perialpine
lakes further endorsed ubiquity and quantitative significance
of this bacterioplankton lineage in global deep freshwater
systems (Figures 4, 5 and Table 3). Our results as well as
metagenomic and geochemical insights from literatures allowed
to hypothesize possible characteristics of substrates supporting
CL500-11 growth, most likely nitrogen-rich autochthonous
DOM ubiquitously available in the hypolimnion that may
turnover within an annual timescale. CL500-11 may either
directly utilize DOM derived from the epilimnion transferred
by winter vertical mixing, or depend on DOM secondary
produced in situ, for example, cellular debris from other
microbes. We further suggest that shallow depth, low pH, and
short water retention time would limit CL500-11 dominance.
However, eco-physiological mechanisms and consequences of
these findings and assumptions are still mostly unknown or
lack direct evidences, and there still remain unexplored factors
potentially controlling CL500-11 dynamics such as grazing and
viral infection. These subjects need further verification in future
studies.

Not only their importance in ecosystem and biogeochemical
cycling, but also their evolutionary and biogeographic
backgrounds are intriguing topics for debate, given that
CL500-11 is the sole bacterioplankton lineage affiliated with
Chloroflexi dominating in freshwater systems and exclusively
inhabiting the oxygenated hypolimnion. Although the ecology of
CL500-11 has been gradually understood by the growing number
of researches, there may be still many remarkable characteristics
yet-to-be discovered. For instance, a recent metagenomic study
revealed that CL500-11 are present even in the brackish Caspian
Sea, and identified at least three species in four investigated lakes
based on average nucleotide identities of MAGs, for which a
candidate genus Profundisolitarius was proposed (Mehrshad
et al., 2018). Continuous efforts should be made to uncover the
ecology of this enigmatic bacteria by further field explorations
and meta-omics surveys, along with the ultimate challenge
toward their isolation and cultivation (Salcher and Šimek, 2016).
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The phylum Cyanobacteria comprises a non-photosynthetic lineage. The diversity and
distribution of non-photosynthetic cyanobacteria (NCY) across aquatic environments
are currently unknown, including their ecology. Here, we report about composition and
phylogenetic diversity of two clades of NCY in ten lakes of the European peri-Alpine
region, over the past ∼100 years. Using 16S rDNA sequences obtained from dated
sediment cores, we found almost equal proportion of taxa assigned to Melainabacteria
and the deepest-branching group Sericytochromatia (ML635J-21) (63 total detected
taxa). The topology of our reconstructed phylogenies reflected evolutionary relationships
expected from previous work, that is, a clear separation between the deepest branching
Sericytochromatia, the Melainabacteria, and the photosynthetic cyanobacteria clades.
While different lakes harbored distinct NCY communities, the diversity of NCY
assemblages within and between lakes (alpha and beta diversity) did not significantly
change over the last century. This is in contrast with what was previously reported
for photosynthetic cyanobacteria. Unchanged community phylogenetic similarity over
geographic distance indicated no dispersal limitation of NCY at the regional scale. Our
results solicit studies linking in-lake environmental factors to the composition of these
microorganisms’ communities, whose assembly appeared not to have been influenced
by large-scale anthropogenic environmental changes. This is the first attempt to study
the diversity and distribution of NCY taxa across temperate lakes. It provides a first
step towards understanding their distribution and ecological function in pelagic aquatic
habitats, where these organisms seem to be prevalent.

Keywords: Melainabacteria, ML635J-21, Sericytochromatia, metabarcoding, sedimentary DNA, distance-decay
relationship, meta-community, Anthropocene

INTRODUCTION

Cyanobacteria are a highly diverse group of gram-negative prokaryotes that have colonized a wide
range of environments, from desert crusts to fresh and marine waters, and from the tropics to
the poles (Whitton and Potts, 2002). They have played a crucial role in modifying the Earth’s
atmosphere through the process of oxygenic photosynthesis, which enabled the evolution of life in
more complex forms (Fischer et al., 2016b). Cyanobacteria have been studied for decades, and their
diversity has been described both morphologically (Rippka et al., 1979; Komárek et al., 2014) and
genetically (Shih et al., 2013). Cyanobacteria are often considered a nuisance in aquatic ecosystems
as they can form large blooms and decrease water quality, ecosystem functions and ecosystem
services (Rigosi et al., 2014).
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With the development of molecular techniques allowing
the investigation of non-cultivable organisms, an unexpected
diversity of cyanobacteria was unveiled in many ecosystems
(Sogin et al., 2006; Di Rienzi et al., 2013; Soo et al., 2014;
Meola et al., 2015). Genome sequencing recently revealed
important information about a clade of non-photosynthetic
prokaryotes closely related to the Cyanobacteria. The name
Melainabacteria was proposed (Di Rienzi et al., 2013), because
several representatives of this group have been found in aphotic
environments. They were first thought to constitute a sister-
phylum of the Cyanobacteria (Di Rienzi et al., 2013), but
additional genomic information confirmed the position of
Melainabacteria as a sister-clade of photosynthetic cyanobacteria
and as part of the same phylum (Soo et al., 2014). Based
on genomic evidence, a re-classification has been proposed
for the phylum Cyanobacteria, with the class-level lineages
Oxyphotobacteria (all cyanobacteria capable of photosynthesis)
and Melainabacteria, as well as a third class called ML635J-
21 (Soo et al., 2014), for which the name Sericytochromatia
was recently proposed (Soo et al., 2017). Sericytochromatia is
the most basal lineage and forms a paraphyletic group that
is the ancestor of both Melainabacteria and photosynthetic
cyanobacteria (Fischer et al., 2016a; Soo et al., 2017). After
diverging from Melainabacteria, the Oxyphotobacteria developed
oxygenic photosynthesis around 2.4–2.35 billion years ago based
on molecular clock estimates (see Shih et al., 2016; Soo et al.,
2017) and geological data (Fischer et al., 2016a).

For ease of discussion, we hereafter refer to class
Oxyphotobacteria as photosynthetic cyanobacteria, and we
use the nomenclature proposed by (Soo et al., 2014, 2017) for
the class Melainabacteria, wherein the following orders are
included: Gastranaerophilales (YS2), Obscuribacterales (mle1-
12), Caenarcaniphilales (ACD20), and Vampirovibrionales
(SM1D11). Because there is only a hand-full of Melainabacteria
and Sericytochromatia sequenced genomes (Soo et al., 2017), the
metabolism, functions, and ecological role of these organisms
are not fully known. Representatives of Melainabacteria and
Sericytochromatia have been found both in photic and aphotic
environments, such as subsurface ground water (Di Rienzi
et al., 2013), lake water and algal biofilms (Soo et al., 2017;
Salmaso et al., 2018), marine and lacustrine sediment (Ley
et al., 2005), animal and human feces (Soo et al., 2014) and guts
(Ley et al., 2005). A list of non-photosynthetic cyanobacteria
(NCY) representatives with their associated environments is
presented in Table 1.

All sequenced genomes of Melainabacteria confirm that
they completely lack the photosynthesis apparatus, supporting
the hypothesis that the acquisition of the photosystem in
photosynthetic cyanobacteria happened after divergence from
the non-photosynthetic Melainabacteria (Soo et al., 2014,
2017). All representatives of Melainabacteria are thought to
be able to perform fermentation and some are thought to be
capable of anaerobic and aerobic respiration (Di Rienzi et al.,
2013; Soo et al., 2014, 2017). Some Melainabacteria in the
Caenarcaniphilales, Vampirovibrionales, and Obscuribacterales
orders are also capable of aerobic respiration under both high
and low oxygen conditions (Soo et al., 2017). This ability has

been acquired after the evolution of oxygenic photosynthesis in
the sister-clade photosynthetic cyanobacteria (Shih et al., 2016;
Soo et al., 2017). The Gastranaerophilales are found in human
and other animal guts and although their exact role is unknown,
they are thought to have a beneficial effect for their hosts by
aiding digestion and as a source of vitamins B and K (Di Rienzi
et al., 2013). Some Gastranaerophilales are flagellated, but other
representatives appear to have only a subset of the necessary
genes for encoding a functional flagellum (Soo et al., 2014).
The Gastranaerophilales and Caenarcaniphilales seem to lack
the genes for anaerobic and aerobic respiration, suggesting
that they support their metabolism by fermentation only (Soo
et al., 2014). Vampirovibrio chlorellavorus (previously assigned to
genus Bdellovibrio) is a predatory bacterium that was originally
described in 1972, and which was first suggested being a
member of the Deltaproteobacteria (Gromov and Mamkaeva,
1972). This bacterium was recently isolated from a 36-year
old co-culture sample of Chlorella vulgaris lyophilised cells
(NCBI 11383) (Coder and Starr, 1978) and whole genome
sequencing confirmed the position of Vampirovibrio in the
class Melainabacteria (order Vampirovibrionales) part of phylum
Cyanobacteria (Soo et al., 2015). V. chlorellavorus predates
on Chlorella cells and, consistently with other classes of
Melainabacteria, it lacks the genes for carbon fixation and
photosynthesis (Soo et al., 2014).

In this study, we used a dataset consisting of 16S rDNA
sequences obtained from high-throughput amplicon sequencing
of samples collected in sediment cores from ten lakes,
spanning ∼100 years (from ∼1900 to present), to study the
diversity and distribution of NCY over the Anthropocene
in the European peri-Alpine region. Lake sediments are
well known to constitute rich archives of information about
freshwater pelagic communities, in terms of both species resting
stages and biomolecules (Gregory-Eaves and Beisner, 2011).
Sedimentary DNA (sedDNA) in particular has been instrumental
in reconstructing past community composition of various
plankton forms, such as bacteria, phyto- and zooplankton,
as well as microbial eukaryotes (Domaizon et al., 2017).
Cyanobacteria were found to be well preserved in deep hard-
water lakes (Domaizon et al., 2013; Monchamp et al., 2016).
We have demonstrated previously that the reconstruction of
cyanobacterial community structure and phylogenetic diversity
using sedDNA, amplification, and sequencing relates almost
1:1 to pelagic microscopic counts from lakes over the past
40 years (Monchamp et al., 2016). Here, we used 16S rDNA
sequences from sedimentary archives to investigate changes
in NCY prevalence and community composition over time
across our panel of ten lakes. Since we were only interested
in the diversity of environmentally associated NCY, we present
the composition of all groups of NCY, but exclude the gut-
associated Gastranaerophilales order from the diversity analyses.
Additionally, we tested for changes in community similarity
across lakes and geographic distances to infer patterns of
NCY dispersal at the regional scale. Results are discussed in
comparison with previously observed community changes in
photosynthetic cyanobacterial assemblages in the same lake
samples (Monchamp et al., 2018a).
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TABLE 1 | List of Melainabacteria and Sericytochromatia representatives and the type of environment in which they have been found.

Class Order Environment Reference

Melainabacteria Gastranaerophilales Human fecal samples Qin et al., 2010; Soo et al., 2014

Gastranaerophilales Koala fecal samples Soo et al., 2014

Gastranaerophilales Soil sample McGorum et al., 2015

Obscuribacterales Activated sludge from a batch (aerobic) reactor performing
enhanced biological phosphorus removal (EBPR)

Soo et al., 2014

Obscuribacterales Plant washing; horse ileal content; soil sample McGorum et al., 2015

Obscuribacterales Aquifer Wrighton et al., 2012; Di Rienzi et al., 2013

Caenarcaniphilales Anaerobic reactor treating a high-strength organic
wastewater

Soo et al., 2014

Caenarcaniphilales Freshwater lakes (epilimnion) Soo et al., 2017; Salmaso et al., 2018

Vampirovibrionales
Vampirovibrionales

Chlorella vulgaris culture Chlorella in commercial ponds Soo et al., 2015; Ganuza et al., 2016

Vampirovibrionales Multiisolate Soo et al., 2017

Sericytochromatia (ML635J-21) NA Plant washing; soil sample; marine and lacustrine
sediments

McGorum et al., 2015

NA Freshwater lakes (epilimnion) marine surface water samples
(uncultured marine bacteria)

Gies et al., 2014; Salmaso et al., 2018

NA Subsurface groundwater Soo et al., 2017

MATERIALS AND METHODS

Data Collection
We used the high-throughput MiSeq (Illumina) data from
(Monchamp et al., 2018a), consisting of 16S rDNA cyanobacterial
sequences obtained from sequencing of 107 DNA samples
spanning over ∼100 years of sedimentary archives from 10
lakes located around the European Alps (Supplementary
Tables S1, S2). These lakes have been chosen based on their
geographic location, their eutrophication history, and because
they cover a wide gradient of trophic levels and morphological
characteristics (Supplementary Table S1). History of these lakes
is well known due to monitoring programs carried out by various
governmental and institutional agencies over the last two to
six decades (Monchamp et al., 2018a). The lakes are located at
altitudes between 194 and 463 m above sea level (mean = 369,
median = 400.5), with differences between altitudes of less than
300m. Therefore, relative to their environmental change history
and physico-chemical properties, we did not consider altitude as
an important factor for our study. Due to the natural formation of
annual varves over the last century in the deep hard-water lakes
studied, dating could be performed at high (yearly) temporal
resolution in most cases. In addition, the cores were dated based
on lead and cesium radioisotope (210Pb, 137Cs) measurements
(see Monchamp et al., 2018a).

The study is based on environmental DNA, i.e., both
extracellular and intracellular DNA that is preserved in lake
sediments. The raw sequences are publically available in the
European Nucleotide Archive repository; https://www.ebi.ac.uk/
ena under the project number PRJEB21329. The amplified
region of approximately 400 bp in length (range = 370–415 bp,
mean = 386.2 bp) covers part of the V3–V4 regions of the
16S gene. A large proportion of the sequences (almost 20%)
were classified as part of the Cyanobacteria phylum, but did
not belong to photosynthetic cyanobacteria. These sequences

were highly related to the Melainabacteria and ML635J-
21 (Sericytochromatia) groups in the Greengenes database
(DeSantis et al., 2006). Here, we used this subset of sequence data
to investigate the alpha and beta diversity of NCY in the ten lakes.

All details related to sediment sampling, sample processing,
DNA extraction, PCR amplification, and sequencing are
described in our previous work (Monchamp et al., 2016, 2018a).
One or two cores from each lake were opened longitudinally and
sediment samples were collected at various depths based on the
age models. Sediments were then transferred to a clean lab facility
where DNA was extracted using the PowerSoil DNA Isolation
Kit (Mo Bio Laboratories). We performed two DNA extractions
per layer and pooled the two extracts to increase homogeneity of
sampling. This pooled sedDNA was used in PCR reactions (three
separate PCR per sample) using the pair of cyanobacteria-specific
primers CYA359-F and CYA784-R (Nübel et al., 1997; DeSantis
et al., 2006) attached to individual tags of 10–12 nucleotides
(Monchamp et al., 2018a). The purified extracts were then pooled
in equimolar concentration in a single library which was sent to
the sequencing facility (Fasteris, Geneva, Switzerland) for adaptor
ligation and sequencing on an Illumina MiSeq platform.

Sequence Data Processing
Briefly, the raw 16S rDNA sequences were quality controlled
using the workflow developed at the Genetic Diversity Centre,
ETH Zürich as described elsewhere (Monchamp et al., 2016,
2018a). After quality filtering, primer trimming and size selection,
the amplicons were clustered into operational taxonomic units
(OTUs) following the UPARSE workflow (Edgar, 2013), based on
an abundance threshold of 5, and a minimum sequence similarity
of 97%. The taxonomic assignment of OTUs was done with a
confidence threshold of 89% based on the Greengenes database
(DeSantis et al., 2006; Monchamp et al., 2016) using PyNAST
(McDonald et al., 2012). The latter database was chosen because it
was found to comprise a broad range of representatives in phylum
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Cyanobacteria, including the NCY groups (Monchamp et al.,
2016). The alignment was finally imported in FastTree (Price
et al., 2010) to infer a phylogeny based on maximum-likelihood.

The reference OTUs FASTA sequences, the tree file, and
the taxonomic assignment file were imported in the software
R (R Development Core Team, 2016) version 3.3.2, using the
package “phyloseq” in Bioconductor (McMurdie and Holmes,
2013). The dataset was filtered to retain only the NCY OTUs. Of
these, twenty-nine were assigned to the deepest-branching clade
Sericytochromatia, thirty OTUs were assigned to Melainabacteria
(two Vampirovibrionales, six Obscuribacterales, and twenty-two
Gastranaerophilales), and four NCY OTUs were not assigned to
a class. The trees in Figures 1, 2 are representations of all of the
NCY OTUs recovered (63 in total). The phylogeny was inferred
based on neighbor joining with bootstrap analysis (100 replicates)
using the alignment program MAFFT (Katoh and Standley, 2013)
and visualized and annotated with the online program iTOL
(Letunic and Bork, 2016). OTUs that were found in less than two
samples over the whole dataset were excluded from the diversity
analyses to reduce biases associated to rare taxa and to possible
sequencing errors.

A small number of physiological traits have been previously
attributed to Melainabacteria and Sericytochromatia based on
genome sequencing and analysis (Di Rienzi et al., 2013;
Soo et al., 2014, 2017). We added information about respiration,
photosynthesis, motility, and known predatory behavior to the
phylogenetic tree of OTUs for reference (Figure 1). Note that
this list of traits is an extrapolation of the information based
on genome sequencing of a small subset of Melainabacteria
representatives, thus the definitive presence or absence of the
listed traits in the OTUs found in the present study cannot be
confirmed.

Compositional and Phylogenetic
Diversity Analyses
For the diversity analyses, we used all OTUs assigned to
Sericytochromatia, as well as the Melainabacteria representatives
that are generally associated with environmental samples [i.e.,
the orders Vampirovibrionales (SM1D11) and Obscuribacterales
(mle1-12)]. We excluded the order Gastranaerophilales that is
associated with gut samples as it was considered irrelevant to
the present study aiming at describing the diversity of NCY lake
communities. Our dataset did not include representatives of the
Caenarcaniphilales order.

Using this reduced dataset, we assessed the diversity and
community composition of NCY within and across the 10 peri-
Alpine lakes over ∼100 years. In order to estimate indices of alpha
and beta diversity that can be used for comparisons, samples were
rarefied to even sequencing depth (201 reads per sample) using
the rarefy_even_depth function in “phyloseq.” This coverage
retained a high number of samples, and was sufficient to cover
a high percentage of OTU richness in the majority of samples
(Supplementary Table S3 and Supplementary Figure S1). We
used linear ordinary least square (OLS) regression to determine
the significance of variation in the log-transformed rarefied OTU
richness over time within the lakes. Hierarchical clustering of

taxa for pattern detection was performed by calculating Euclidian
distances on OTU prevalence in the lakes over time. The
dendrogram was constructed by average linkage method and the
color-coded image map produced in CIMminer (Weinstein et al.,
1997).

For calculating beta diversity between communities across
all lakes and between time periods, the rarefied samples were
binned into 10-year blocks (to accommodate for the number
of samples available at given years and the dating precision).
A distance matrix based on phylogenetic dissimilarity (Unifrac
distances) across all samples at each period was calculated.
The “adonis” function in the “vegan” package (Oksanen et al.,
2013) was used to apply PERMANOVA (Anderson, 2001) to
verify temporal and spatial (lake and region) effects on the
dissimilarity between groups. If a lake sediment core was sampled
at two depths that were grouped in the same period of time
(e.g., years 1992 and 1997), the pairwise distance between the
two samples was excluded from the dissimilarity estimation
(to remove the internal turnover effect within lakes). We used
the package “Imap” version 1.32 for producing a matrix of
pairwise geographic distances between lakes (Supplementary
Table S2). This distance matrix was used for assessing the
distance-decay relationship for all community phylogenies in
each decade over the twentieth century. For comparison with the
photosynthetic cyanobacteria communities, we used data from
(Monchamp et al., 2018a,b). The data was insufficient to estimate
the distance-decay relationship between NCY communities in the
1900s and the 2010s. Because the assumption of independence
is violated when using multiple pairwise comparisons, the
significance of the distance-decay curves at each time period was
assessed by a Mantel (Mantel, 1967) permutational test (with 999
repetitions) between distance matrices using the package “ade4”
for R.

RESULTS

Composition and Phylogenetic Diversity
of Non-photosynthetic Cyanobacteria
Our rarefied dataset of Sericytochromatia and Melainabacteria
comprised of 63 taxa distributed in 66 samples. The neighbor
joining tree of all 16S rDNA reference sequences (OTUs)
recovered from the sediments of the ten peri-Alpine lakes is
shown in Figure 1. The two lineages Sericytochromatia and
Melainabacteria are well supported by the bootstrap values.
Figure 2 shows the same phylogeny as in Figure 1 together with
a table showing the distribution of the OTUs in each lake.

Richness Change Over Time
All the following analyses are based on the reduced dataset where
the gut-associated lineage Gastranaerophilales, not considered
relevant for the present environmental survey, was excluded.
They comprised about 1/3 of all NCY taxa so, after exclusion
of Gastranaerophilales, the final rarefied data comprised 40 taxa
in 66 samples. The majority of OTUs (30) were assigned to
class Sericytochromatia, and the Melainabacteria OTUs mostly
belonged to the Obscuribacterales order (5 OTUs). A single
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FIGURE 1 | Neighbor joining phylogenetic tree based on all OTU reference sequences assigned to NCY in this study, with Microcystis aeruginosa (photosynthetic
cyanobacteria) as outgroup. Bootstrap values >0.50 are shown. The clade in red was assigned to class Sericytochromatia, and taxa highlighted in blue are
representatives of class Melainabacteria, which splits into three orders: Gastranaerophilales, Obscuribacterales, Vampirovibrionales, and Caenarcaniphilales (not
represented). The table next to the phylogeny indicates whether representatives of the group have been found to possess (full circle), or lack (empty circle) a given
functional trait (based on the available literature). Absence of circle signifies missing information.

OTU was assigned to Vampirovibrionales, and four OTUs
were not assigned to a class. The richness of environmentally
associated NCY OTUs did not increase significantly over the last
century across the studied lakes (n = 66, p > 0.3; Figure 3).
Lake Annecy was the only exception where the richness of
NCY increased significantly over time (R2 = 0.86, p = 0.003,
n = 7).

Temporal Changes in OTU Prevalence
Clustering of NCY OTUs highlights five groups (Figure 4).
Cluster I comprises of four OTUs that were prevalent

in the lakes at all time-periods. Representatives of this
cluster are all affiliated to class Sericytochromatia. Cluster
II shows a large number of OTUs that appear to be
randomly distributed and that were never found in high
prevalence across the ten lakes. Cluster III comprises of
rare and isolated OTUs, and cluster IV highlights a group
of OTUs that were generally more prevalent in older times
compared to the last 3–4 decades. Most of the latter OTUs
were also found in recent sediment, but they were less
common across the region. They are mainly representatives
of the Sericytochromatia class, and one OTU is assigned
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FIGURE 2 | Neighbor joining phylogenetic tree based on all OTU reference sequences assigned to NCY in this study (same as Figure 1), with M. aeruginosa
(photosynthetic cyanobacteria) as outgroup. The table next to the phylogeny summarizes the OTU composition in each lake (detected; full shape, not detected; no
shape). The shades of gray refer to the lake’s trophic status and the shapes refer to the location of the lakes relative to the Alpine mountain range (square; north,
circles; south).

to Obscuribacterales. Finally, cluster V is composed of two
Sericytochromatia representatives, and one unidentified OTU,
which is most likely associated with class Sericytochromatia
(ML635J-21) considering its position in the phylogeny (see
OTU 114 in Figure 1). Interestingly, OTUs in Cluster V
show the opposite pattern observed in Cluster IV: they
became more common across the region since the 1940s
(Figure 4).

Temporal and Regional Change in
Similarity
Between-lake phylogenetic similarity (based on Unifrac
distances) in NCY communities at each decade between the
1940s and 1970s was mostly stable, with a slight increase

starting from the 1980s onward (Figure 5). PERMANOVA,
however, did not support a temporal effect over the NCY
assemblages during the time span covered by our analysis
(i.e., 1940s−2000s; Table 2). Interestingly, no significant
discrimination of community similarity was detected in NCY
assemblages also north–south of the Alps. PERMANOVA
supported a lake effect in phylogenetic community similarity,
suggesting a significant lake-specificity of NCY communities
(Table 2). The community Unifrac similarity values obtained
for each pairwise set of samples plotted against geographic
distance revealed no significant distance-decay curve at
all time-periods in NCY communities (Figure 6A). The
relationship across all pairs of communities at each decade
was additionally tested using compositional similarity (Jaccard
distances based on presence-absence of OTUs) (Figure 6B).
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FIGURE 3 | Natural log-transformed OTU richness of NCY associated with
environmental samples over time in the ten lakes. The dashed lines show the
non-significant linear fit for each lake, and the full line (Lake Annecy only)
shows a significant OLS fit (R2 = 0.862, p = 0.003, n = 7). The OLS fit over all
observations (n = 66) is not significant at the p = 0.05 level (black dashed line).

Also in this latter case, there was no significant relationship
between compositional similarity in NCY and geographic
distance.

DISCUSSION

Little is known about the recently discovered clades of NCY in
nature. The class Sericytochromatia is the least understood since
only three genomes have been sequenced (Soo et al., 2017). The
ecological function and the niche occupied by NCY are currently
unknown. As reviewed in the introduction, it appears that NCY
might be present in both photic and aphotic habitats, with no
clear associations between clades and particular environments.
Both Melainabacteria and Sericytochromatia have been found in
surface waters, including lakes, and algal biofilms (Quast et al.,
2013; Gies et al., 2014; Soo et al., 2017; Salmaso et al., 2018).
It appears plausible that, like photosynthetic cyanobacteria,
Melainabacteria and Sericytochromatia are aquatic life forms.
In this study, we found members of NCY at every depth of
the sediment cores and in all the peri-Alpine lakes investigated.
It could be hypothesized that these organisms are also able
to thrive in sediment layers, given their ability to grow under
anoxic conditions (Soo et al., 2017). We, however, consider the
possibility that this organisms’ habitat is actually the sediment

FIGURE 4 | Color-coded map showing the prevalence (i.e., the proportion of lakes where an OTU was found at a given time period) of Sericytochromatia
(ML635J-21), Obscuribacterales, and Vampirovibrionales in the lakes between the 1870s and the 2010s. Hierarchical clustering was based on Euclidian distances
based on prevalence of OTUs and revealed five main clusters: I–V (see section “Results”). The absence of an OTU at a given time period is depicted by a white box,
and the gradient of color is proportional to the prevalence of an OTU in the group of lakes sampled at a given time period.
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FIGURE 5 | Violin plots showing the probability density of phylogenetic
similarities (overall range, interquartile ranges and median – based on Unifrac)
among lake communities of NCY at each decade from the 1940s to the
2000s. The horizontal dashed lines, representing the mean similarity value
across all observations for each group of cyanobacteria (black for
photosynthetic cyanobacteria from Monchamp et al. (2018a); dark gray for
NCY), are shown for reference.

quite unlikely, given the documented presence of NCY in aquatic
environments (Table 1). For example, recent evidence suggests
that NCY tend to be more prevalent during summer and autumn
in the deep, peri-Alpine, and meso-oligotrophic lake Garda
(Salmaso et al., 2018). More explorative studies and genome
sequencing are needed to shed light on the actual ecology of
these bacteria. Here, we consider sediment layers as archives for
bacteria living in the lake water and we discuss our findings in
terms of changes in NCY assemblages over time.

The topology of our reconstructed phylogenetic tree
(Figure 1) reflected the relationships among taxa that
were expected from previous work (Di Rienzi et al., 2013;
Soo et al., 2014, 2017; Fischer et al., 2016a): we found a clear
separation between the Sericytochromatia, Melainabacteria,
and photosynthetic cyanobacteria. The number of NCY
OTUs recovered from the sedimentary archive of peri-Alpine
lakes was much lower in comparison to the richness of
photosynthetic cyanobacteria determined previously in the

same lakes (Monchamp et al., 2018a). Most of the OTUs
were assigned to the deepest-branching paraphyletic group,
the Sericytochromatia, and to the Melainabacteria order
Gastranaerophilales. As mentioned earlier, the latter OTUs were
not retained for further analysis because of their association
mostly with guts and feces samples (Di Rienzi et al., 2013; Quast
et al., 2013). Gastranaerophilales diversity and distribution in
our samples also appears to be purely random, suggesting that
their presence in lakes might be the result of release from local
point sources, for example via run-off from land, wastewater, or
excretions by wild animals and livestock in the lake watershed.

Our results describing the long-term composition and
phylogenetic diversity of NCY assemblages in peri-Alpine lakes
represent the earliest attempt to explore the distribution of
these microorganisms across large spatial and temporal scales,
and to investigate their change over broad environmental
gradients. Our studied lakes have in fact been characterized
by a well-documented history of climate warming and
eutrophication, which have led to significant changes in the
composition and assembly of photosynthetic cyanobacterial
communities (Monchamp et al., 2018a,b). Unlike photosynthetic
cyanobacteria, which have increased their diversity at the local
and regional scale over the past century (Monchamp et al.,
2018a), the richness of environmentally associated NCY did
not significantly increase over time, with the exception of Lake
Annecy. We have no information to interpret the interesting
pattern detected in Lake Annecy. We have no evidence for
methodological biases specific for this lake, and neither for
directional environmental drivers that are unique to Lake
Annecy, which was the most pristine lake in our dataset and it
has been impacted by only weak anthropogenic changes over the
past century (Monchamp et al., 2018a). No change in community
structure, however, suggests that NCY live in a relatively stable
lake environment, either in terms of species composition (if they
depend on other organisms for growth) or in terms of water
physics and chemistry. This is a puzzle, given the evidence for
seasonality in NCY dynamics in Lake Garda (Salmaso et al.,
2018), and the clear changes in trends and seasonality of lake
environments over the past century (Adrian et al., 2009; Smith
and Schindler, 2009; Rigosi et al., 2014; Salmaso et al., 2015;
Yankova et al., 2017; Monchamp et al., 2018a).

Our results suggest that NCY communities are not shaped by
the same environmental drivers as photosynthetic cyanobacteria,
and that their composition is most likely lake-dependent
(Table 2). We have previously observed that, in the same lakes,

TABLE 2 | Test of the effects of temporal and spatial factors on community phylogenetic similarities of NCY and photosynthetic cyanobacteria [the latter from Monchamp
et al. (2018a,b)], determined by PERMANOVA∗.

Non-photosynthetic cyanobacteria Photosynthetic cyanobacteria

DF Pseudo-F p DF Pseudo-F p

Temporal (decades) 8 1.2031 0.211 7 1.7684 0.001

Regional (north-south) 1 1.8719 0.1042 1 3.381 0.0004

Local (lake) 9 3.6927 0.0001 9 2.6669 0.001

p-Values are based on 9,999 permutations, bold face indicates statistical significance (p < 0.05), DF, degree of freedom. Samples dated to years between the 1940s and
the 2010s were used. ∗PERMANOVA, Permutational Multivariate Analysis of Variance using Distance Matrices.
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FIGURE 6 | Distance-decay plot showing the natural log-transformed
pairwise (A) phylogenetic distances (based on Unifrac) calculated among all
pairwise communities of NCY and (B) community composition similarity
(based on Jaccard) at each decade (color-coded) between the 1910s to the
2000s (insufficient pairwise comparisons for the 1900s and 2010s). Each
point represents the pairwise natural log-transformed distance between
communities plotted against the natural log-transformed geographic distance.
A null geographic distance signifies that the pairwise phylogenetic similarity
was calculated between samples from the same lake corresponding to the
same time-period. The two vertical dashed lines mark 50 and 130 km
distances for reference. The absolute geographic distances between lakes (in
km) are shown in Supplementary Table S2.

the richness and composition of photosynthetic cyanobacterial
assemblages were significantly explained by the interaction
between warming and eutrophication, with climate change being
the strongest driver (Monchamp et al., 2018a,b). PERMANOVA
confirmed that photosynthetic cyanobacterial phylogenetic
diversity is strongly influenced by temporally changing drivers
(Monchamp et al., 2018a,b), and suggest that both local (lake)
and regional (north–south) environments play a significant
role in shaping composition of these assemblages (Table 2).
NCY communities did not show significant temporal dynamics

at the decadal scale, and therefore no signs of correlation
with temporally changing environmental conditions (Table 2).
Similarly, we found no significant effect of regional drivers, like
climatic difference between north and south of the Alps (Table 2).
We found, however, a significant lake effect on the phylogenetic
distance estimated between each pair of NCY communities.
Since we did not detect dispersal limitation between lakes,
neither for NCY (Figure 6) nor photosynthetic cyanobacteria
(Supplementary Figure S2; Monchamp et al., 2018b), our results
suggest that local features of lakes are important determinants of
community structure in Sericytochromatia and Melainabacteria.

We can only speculate about what the above-mentioned
lake features could be. If we assume that NCY thrive in the
water-column, as suggested by previous work (Salmaso et al.,
2018), it is possible that lake depth, volume, retention time,
mixing regime, trophic state and/or catchment characteristics
are important factors influencing the composition and
diversity of these microorganisms’ communities. Between-
lake phylogenetic similarity (based on Unifrac distances) in
NCY communities was higher than the average similarity
estimated between lakes for photosynthetic cyanobacterial
communities (Figure 5; Monchamp et al., 2018a). This could
indicate that within-lake factors have, however, a weaker
effect on the community composition of NCY than they
have on photosynthetic cyanobacterial community change.
Understanding of environmental factors driving the diversity
and distribution of NCY strongly requires follow up surveys,
such as the monitoring of several lakes of different characteristics
over depth profiles, and during seasonal succession (Salmaso
et al., 2018). It has been suggested that the scale of sampling
might be relevant to determine the relative influence of local
factors versus environmental gradients (Martiny et al., 2006).
Extending our survey of NCY diversity to a larger region might
also reveal patterns associated with changes in climate that
could not emerge from our peri-Alpine study, or of other
environmental gradients that may have played a significant
role in the establishment of NCY clades in different lakes and
regions. Another important aspect that could not be addressed
in our study is the abundance of NCY in lakes, to evaluate their
importance for microbial ecosystem functioning.

CONCLUSION

Eutrophication and climate warming have been strong
environmental drivers during the Anthropocene, impacting lake
ecosystem processes (Adrian et al., 2009; Smith and Schindler,
2009) and cyanobacterial community assembly (O’Neil et al.,
2012; Rigosi et al., 2014; Huisman et al., 2018; Monchamp
et al., 2018a,b). Our study suggests that NCY communities have
been unaffected by large-scale anthropogenic environmental
change. The lack of decay in phylogenetic similarity over time
and over geographic distance across lake communities suggests
temporally stable communities with no limitation to dispersal
at the regional (peri-Alpine) scale. This is consistent with
most reports about microbial dispersal, which rarely showed
evidence for geographic distance-decay patterns at the local
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(0–100 km) and regional (101–5,000 km) scales (Hanson et al.,
2012). As previously reported (Monchamp et al., 2018b), the
dissimilarity of communities over geographic distance was also
non-significant in photosynthetic cyanobacterial assemblages
(Supplementary Figure S2). Being temporally stable and lake
specific, NCY assemblages could perhaps be used in future studies
as an internal lake reference, to which compare patterns of other
ecological communities under suspected environmental forcing.

Our study represents an initial exploratory survey of the
composition and diversity of ecologically unknown clades of
NCY. Our results uncover the diversity of these currently cryptic
organisms, which might play a role in lake biogeochemistry.
High-throughput sequencing of environmental DNA has the
potential to illuminate the ecological niche of these understudied
and uncultivable groups of NCY, at the local as well as over
large geographic scales. In combination with genome sequencing,
diversity surveys and possibly outdoors experiments will help
gain understanding on the ecology, evolution and function of
these microbes in their natural environment.
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Advances in high-throughput sequencing technologies allow a more complete study of
microbial plankton community composition and diversity, especially in the rare microbial
biosphere. The DNA extraction of plankton is a key step for such studies; however,
little is known about its influences on the abundant or rare microbial biosphere. Our
aim was to quantify the influences of different DNA extraction kits on abundant and rare
plankton in the surface waters of a reservoir and provide a reference for the comparisons
between microbial community studies with different extraction methods. We evaluated
the influence of five common commercial kits on DNA quality, microbial community
diversity and composition, and the reproducibility of methods using both 16S and 18S
rRNA genes amplicon sequencing. Our data showed that results of Fast DNA Spin
Kit for Soil (MPF) had higher α diversity for bacteria and high DNA quality, indicating
that it is the most suitable approach for bacterioplankton diversity study. However,
DNeasy Blood & Tissue Kit (QD) and QIAamp DNA Mini Kit (QQ) methods could
produce results that are easier to replicate for bacteria and eukaryotes, respectively,
and were more comparable between studies. The use of different DNA extraction
kits had larger influence on the rare taxa compared with abundant taxa. Therefore,
the comparability between studies that employed different extraction methods can
be improved by removing low-abundance or less-representative OTUs. Collectively,
this study provides a comprehensive assessment of the biases associated with DNA
extraction for plankton communities from a freshwater reservoir. Our results may
guide researchers in experimental design choices for DNA-based ecological studies in
aquatic ecosystem.

Keywords: DNA extraction, high-throughput sequencing, plankton, species diversity, community composition

INTRODUCTION

Recently, with the rapid development of sequencing technology DNA-based experiments have
become routinely used to study the microbial community in various ecosystems (Shendure et al.,
2017; Sinha et al., 2017; Knight et al., 2018). Microorganisms in aquatic ecosystems (i.e., oceans,
rivers, lakes and reservoirs) which are some of the most studied ecosystems for their high microbial
diversity, play key roles in biogeochemical processes (Liu et al., 2015; Sunagawa et al., 2015; Xue
et al., 2018). Numerous studies have shown DNA-based approaches may provide unprecedented
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insight into the dynamics of microbial communities, and reveal
general principles about their ecology and mechanisms of
community assembly. However, several technical limitations are
still underexplored in acquiring the DNA from water samples and
constitute a key constraint to the accuracy of the new findings
(Deiner et al., 2015; Walden et al., 2017).

Generally, different DNA extraction methods are
recommended based on the origin of the samples as there
is not a single superior method which can be applied across
all samples and microbes (Kuhn et al., 2017; Sinha et al., 2017;
Walden et al., 2017). Studies have showed suitable extraction
methods for specific samples such as human fecal (Costea
et al., 2017), soil protist (Santos et al., 2015, 2017) and fish
(Eichmiller et al., 2016). The variable structure of microbial cell
walls can lead to a misrepresentation of specific microbial taxa,
increasing the difficulty of data comparison between studies
(Cabeen and Jacobs-Wagner, 2005; Santos et al., 2017). So far, few
researches have evaluated the influences of different extraction
methods on bacterial and eukaryotic plankton communities,
respectively (Eland et al., 2012; Albertsen et al., 2015; Li et al.,
2015; McCarthy et al., 2015; Walden et al., 2017). Further, we
have very limited knowledge how DNA extraction methods
influence the plankton community of bacteria and eukaryotes
together, with an emphasis on the comparison between abundant
and rare plankton.

An important aspect that should be considered is the influence
of DNA extraction methods on the rare biosphere of the
microbial community. The study of these rare taxa has become
a very active research area, due to the development of fast
and cheap high-throughput sequencing and their important and
unknown ecological roles (Sogin et al., 2006; Pedrós-Alió, 2012;
Liu et al., 2015, 2017, 2019; Lynch and Neufeld, 2015; Xue et al.,
2018). However, until now, only a few studies have evaluated the
influences of DNA extraction kits on rare taxa (Supplementary
Table S1). Limited studies have showed that kits contamination
of different methods may be different and would have a high
influence on microbial samples with low biomass (Salter et al.,
2014; Velásquez-Mejía et al., 2018). To better compare results
collected from different research groups or studies, the evaluation
of the influence of DNA extraction methods on taxa in different
relative abundances is an urgent call.

The reproducibility of each DNA extraction method is another
important aspect which should be considered and assessed. The
reproducibility has a very important role in comparing data from
different studies, labs, or even within the same study (Zhou
et al., 2011; Sinha et al., 2017). Here we collected one surface
water sample from a subtropical reservoir, and systematically
tested how distinct DNA extraction methods influence on the
taxa in different relative abundances (i.e., rare and abundant
taxa), instead of the effect of downstream analysis (i.e., PCR,
primer choice, DNA sequencing platform, and bioinformatics).
Additionally, sequencing depth was also considered to better
estimate the reproducibility of each DNA extraction method.

The aim of this study was to inform the experimental design
by quantifying the relative influence of DNA extraction on
plankton taxa with different relative abundances, and to provide
a reference for the comparison of different studies on microbial

plankton communities, instead of obtain the “best” protocols for
aquatic microbiome studies. We compared five commonly used
DNA extraction kits, using the 16S rRNA and 18S rRNA gene
amplicon sequences data as the readout, and evaluated taxonomic
variability of both bacterial and microeukaryotic plankton.
Specifically, we assessed: (i) the influence of DNA extractions on
the bacterial and eukaryotic diversity; (ii) the influence of DNA
extraction kits on plankton community composition based on
different distances; (iii) the similarity of community composition
detected from the replicate extractions, which indicates the
reproducibility of each method.

MATERIALS AND METHODS

Experimental Design
Water samples (upper 50 cm, 15 litter) were collected by a 5-L
polymethyl methacrylate sampler in Tingxi Reservoir (24◦48′N,
118◦08′E) on July 26, 2016. Then all waters were put into a
20-L PVC bottle and transferred to the laboratory as soon as
possible. The samples were first filtered through a 200 µm
pore-size sieve to remove debris, large metazoans and grains.
Then plankton communities (500 mL water) were collected on
each 0.22 µm pore-size polycarbonate filter (47 mm diameter,
Millipore, Billerica, MA, United States). The water was well
mixed in the 20-L PVC bottle before filtering to keep the
uniformity of each filtered sample. The filters were then stored
at−80◦C until DNA extraction.

Five commercial DNA extraction kits from three companies
which are commonly used to extract DNA from environmental
samples (Lear et al., 2018), were evaluated in this study (Table 1).
Commercial DNA extraction kits were used in this study for their
standardized application in multiple-labs (Renshaw et al., 2015;
Walden et al., 2017). The DNA extractions were carried out in
triplicate for each kit, and subsequent analyses were performed
on the 15 individual extracts. All triplicates were taken from
the same water and same bottle (20-L PVC bottle). Negative
control extractions, where new membranes without plankton
samples were added, were also performed for each method in
triplicate. Each membrane or filter represents one replication. We
mostly followed the instructions of manufacturers but introduced
changes to improve the comparability among different DNA
extraction kits. For MBS kit, to make it comparable to other
DNA extraction kits, instead of filtering by SterivexTM filter unit,
the filtered membrane was cut into small pieces and put into
a sterilization centrifuge tube. Then we added the 0.9 mL of
solution ST1B, vortexed as instruction and followed by adding
0.9 mL of ST2. After incubation at 90◦C for 5 min, the mixtures
were cooled at room temperature for 2 min. Next, the mixtures
were vortexed at maximum speed for 5 min. After this, the lysate
was added into the 5 mL PowerWater R© SterivexTM glass Bead
Tube. The other steps followed the manufacturer instructions
to extract the DNA. The extracted DNA was quantified by a
NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific,
Pittsburgh, PA, United States) and stored at −20◦C until
further use. Extracts were considered to contain sufficiently pure
genomic DNA when their A260/A280 nm ratio was between 1.8
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TABLE 1 | The five common DNA extraction kits used in this study.

Extraction kits Abbreviation Lysis method Company Headquarter address

PowerWater DNA isolation kit MB Mechanical, chemical MoBio Laboratories Inc. Carlsbad, CA, United States

PowerWater R© SterivexTM DNA isolation kit MBS Mechanical, chemical MoBio Laboratories Inc. Carlsbad, CA, United States

Fast DNA spin kit for soil MPF Mechanical, chemical MP Biomedicals Santa Ana, CA, United States

DNeasy blood and tissue kit QD Heat, chemical, enzymatic Qiagen Hilden, Germany

QIAamp DNA mini kit QQ Heat, chemical Qiagen Hilden, Germany

and 2.0. Otherwise, the extracted DNA included proteins, phenols
or other contaminants (Hermans et al., 2018).

PCR Amplification and Illumina
Sequencing
We used primer pairs targeting the V3-V4 variable region of 16S
rRNA gene in bacteria (341F, 5′-CCTAYGGGRBGCASCAG-
3′; 806R, 5′-GGACTACNNGGGTATCTAAT-3′) (Yu et al.,
2005; Sundberg et al., 2013; Guo et al., 2018) and the
V9 variable region of the 18S rRNA gene in eukaryotes
(1380F, 5′-CCCTGCCHTTTGTACACAC-3′; 1510R, 5′-
CCTTCYGCAGGTTCACCTAC-3′) (Amaral-Zettler et al.,
2009; Liu et al., 2017; Xue et al., 2018). Each DNA sample and
negative control were run in triplicate. Each DNA sample was
individually PCR-amplified in 30 µL reactions included an
initial denaturation at 98◦C for 1 min, followed by 30 cycles
of 10 s at 98◦C, 30 s at 50◦C, and 30 s at 72◦C. At the end of
the amplification, the amplicons were subjected to final 5 min
extension at 72◦C. The 30 µL PCR mixture included 15 µL
of Phusion R© High-Fidelity PCR Master Mix (New England
Biolabs, Beverly, MA, United States); 0.2 µM of forward and
reverse primers, and about 10 ng template DNA for both bacteria
and eukaryotes. The triplicate PCR products were mixed in
equimolar amounts and were confirmed after running in 1%
agarose gel. Then the PCR products were isolated from the
gel and purified with GeneJET Gel Extraction Kit (Thermo
Fisher Scientific, Hudson, NH, United States). Sequencing
libraries were constructed using NEB Next Ultra DNA Library
Prep Kit for Illumina (New England Biolabs, Ipswich, MA,
United States) following manufacturer’s instructions, and
barcodes were added. The library quality was estimated on the
Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA,
United States) and Agilent Bioanalyzer 2100 system (Agilent
Technologies, Palo Alto, CA, United States). At last, the library
was sequenced on the Illumina MiSeq platform (Illumina, Inc.,
San Diego, CA, United States) using a 250 bp paired-end protocol
(Liu et al., 2017).

Bioinformatics
Paired-end reads were merged by using FLASH (Magoč and
Salzberg, 2011) and then assigned to each sample according
to the unique barcodes. Sequence data were processed using
quantitative insights into microbial ecology (QIIME v.1.8.0)
software following standard protocols: maximum number of
consecutive low-quality base = 3; minimum of continuous high-
quality base = 75% of total read length; maximum number of
ambiguous bases = 0 (Caporaso et al., 2010). Chimeric sequences

were identified by UCHIME and discarded before further analysis
(Edgar et al., 2011). Quality-filtered sequences were then assigned
to operational taxonomic units (OTUs) at 97% level of sequence
similarity by using the pick_otus.py. The 97% threshold has been
widely used for both of bacteria and eukaryotes (Henderson et al.,
2013; Liu et al., 2015, 2017; Dai et al., 2016; Hermans et al., 2018;
Xue et al., 2018). There is no general agreement on a standard
definition to classify the eukaryotes into OTUs at species level.
We selected 97% threshold for eukaryotic plankton to facilitate
comparisons between studies because many previous studies used
this threshold to define OTUs (Liu et al., 2017; Xue et al., 2018).
Further, our previous study (Liu et al., 2017) found that the choice
of different thresholds (97% vs. 99%) had no apparent effect on
overall results and general conclusions in plankton community
ecology. Sequences were taxonomically classified by the RDP
classifier using the 80% confidence threshold against the Silva
123 for bacteria (Quast et al., 2013) and PR2 for eukaryotes
(Guillou et al., 2013), respectively. For bacteria, all eukaryota,
chloroplasts, archaea, mitochondria, unknown sequences and
singleton OTUs were excluded. For eukaryotes, unassigned and
singleton OTUs were excluded. Finally, sequences data were
normalized to 41,744 and 121,146 sequences per sample using
the “sub.sample” command in MOTHUR v.1.33.3 (Schloss et al.,
2009) for bacteria and eukaryotes, respectively.

All raw sequences from this study have been submitted to the
National Center for Biotechnology Information (NCBI) Sequence
Read Archive (SRA) database under the BioProject number
PRJNA474064 and the accession number SRP149868.

Definition of Rare and Abundant
Plankton
In order to evaluate the effects of DNA extraction kits on taxa in
different relative abundances, we expanded the classification of
microbial taxa based on the detected sequences and their relative
abundance. This followed the definition of abundant (1%) and
rare (0.01%) biosphere in previous studies (Pedrós-Alió, 2012;
Liu et al., 2015; Xue et al., 2018). All OTUs were artificially defined
and grouped into 6 exclusive categories following previous
studies (Dai et al., 2016; Xue et al., 2018; Liu et al., 2019): (i)
the OTUs with a relative abundance always ≥1% in all replicates
were regarded as always abundant taxa (AT); (ii) the OTUs with
a relative abundance greater than 0.01% in all replicates and≥1%
in some replicates but never rare (<0.01%) were regarded as
conditionally abundant taxa (CAT); (iii) the OTUs with a relative
abundance varying from rare (<0.01%) to abundant (≥1%) were
regarded as conditionally rare and abundant taxa (CRAT); iv)
the OTUs with relative abundance between 0.01% and 1% in all
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replicates were regarded as moderate taxa (MT); v) the OTUs
with a relative abundance <0.01% in some replicates but never
≥1% in all replicates were regarded as conditionally rare taxa
(CRT); (vi) the OTUs with a relative abundance always <0.01%
in all replicates were regarded as always rare taxa (RT).

Data Analyses
Rarefaction curves, and α-diversity indices were computed by
MOTHUR v.1.33.3 (Schloss et al., 2009). The non-parametric
Kruskal-Wallis test was used to evaluate the influences of DNA
extraction kits on α-diversity indices and the quality and quantity
of DNA by SPSS 22.0 (IBM Corp., Armonk, NY, United States).

Four dissimilarity matrices (Bray-Curtis, Jaccard, weighted
unifrac and unweighted unifrac) within and between DNA
extraction kits were calculated with the relative abundance-
based OTUs of bacteria and eukaryotes. Analysis of similarities
(ANOSIM) was used to estimate the significant differences
among different DNA extraction kits. Complete separation is
suggested by R = 1, with R = 0 representing no separation
(Clarke and Gorley, 2015). We used the adonis function
(vegan R packages) to run a PERMANOVA on the Bray-Curtis
dissimilarity profiles using 10,000 permutations for assessing the
effect of DNA extraction methods (Anderson, 2001). Similarity
of percentages analysis (SIMPER) analysis was performed
with PAST (Paleontological Statistics, version 3.01) software
to identify the contribution of each OTU to the community
dissimilarity (Hammer et al., 2001). The Bray-Curtis dissimilarity
was used as the distance for ANOSIM, PERMANOVA and
SIMPER analyses.

The reproducibility of each DNA extraction kit, evaluating the
difference between plankton community compositions among
triplicates within each DNA kit, was quantified by computing the
average dissimilarity of each set of three replicates, using four
dissimilarity matrices. The lower the dissimilarity measure, the
more consistent that method was predicted to be. In addition,
we randomly selected subsets of cleaned sequences (10,000,
20,000, 30,000, and 40,000 for bacteria; 10,000, 20,000, 30,000,
40,000, 50,000, 60,000, 70,000, 80,000, 90,000, and 100,000 for
eukaryotes) from each replicate to estimate the influence of
sequencing depth on the reproducibility. The one-way ANOVA
was used to test the significant difference for reproducibility of
DNA extraction kits.

A Venn diagram was constructed using the “Venn Diagram”
package to compare the number of OTUs detected by using
different DNA extraction kits. The “Niche breadth” approach
of Levins (1968) was used to evaluate DNA extraction kits
preference by the formula:

Bj =
1∑N

i=1 P
2
ij

(1)

where Bj indicates the number of DNA extraction kits which the
OTU occurred and Pij represents the percentage of individuals
belonging to species j present in a given DNA extraction kit
i. Phylotypes characteristic of specific DNA extraction kit were
identified using indicator species analysis (ISA). Those indicator
OTUs with a P-value <0.05 and phylotypes with indicator values

>50, were considered valid (Dufrene and Legendre, 1997). A heat
map of the 20 most abundant OTUs and high-rank taxa was made
using the “pheatmap” package in the R environment.

RESULTS

Effect of Extraction Kits on Plankton
DNA Quality and Quantity
Although the DNA purity of the same filtered samples had no
significant difference across different DNA extraction kits, the
DNA concentrations varied greatly (Supplementary Figure S1).
The DNA purity ranged from 1.90 to 2.15. The best results were
obtained using PowerWater DNA Isolation Kit (MB) (mean,
1.97), PowerWater R© SterivexTM DNA Isolation Kit (MBS) (1.95)
and Fast DNA Spin Kit for soil (MPF) (1.93). The highest DNA
concentration was obtained using Fast DNA Spin Kit for soil
(MPF) (mean± s.e., 64.80± 1.12 ng/µL), and PowerWater DNA
Isolation Kit (MB) (15.85 ± 2.90 ng/µL) produced the lowest
yield of DNA. Overall, MPF can maximize DNA concentration
and purity. All negative extraction controls yielded DNA below
the limit of detection.

Effect of Extraction Kits on Plankton
Richness and α-Diversity
Most of the microbial plankton taxa had been recovered, as
indicated by the species accumulation curves (Figure 1A),
although no single replicate sample achieved a full saturation
in the rarefaction curves. The sequencing depth for eukaryotic
plankton (121,146) was higher than that of bacteria (41,744).
Distinct influences of DNA extraction kits on α-diversity indices
were observed for bacteria and eukaryotes (Figure 1B). For
bacteria, only observed OTU number and Shannon-Wiener
index had significant differences among DNA extraction kits
(P < 0.05). MB showed the lowest OTU number (2005 ± 235)
and Shannon-Wiener (4.34 ± 0.02), however the highest
values of OTU number (3027 ± 19) and Shannon-Wiener
(4.89 ± 0.12) were obtained from MPF. For eukaryotes, no
significant difference was found for any α-diversity index among
five different DNA extraction kits.

Reproducibility and Comparability of
DNA Extraction Kits
To evaluate the effects of extraction kits on rare and abundant
microbial taxa, we defined and grouped all OTUs into six
exclusive categories based on their ranges of the relative
abundance in 15 replicate samples (Supplementary Figure S2).
Rare taxa had the highest OTUs number for both bacteria
(86.62%) and eukaryotes (80.75%), whereas abundant taxa
had the lowest OTUs number for both bacteria (0.04%) and
eukaryotes (0%). For bacteria, conditionally abundant taxa
showed the highest sequence number (42.65%), while the lowest
sequence number was found in conditionally rare and abundant
taxa (1.32%). For eukaryotes, conditionally abundant taxa also
showed the highest sequence number (57.71%), while the lowest
sequence number was found in abundant taxa (0%).
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FIGURE 1 | The effect of DNA extraction kits on α-diversity of both bacterial and eukaryotic plankton. (A) Rarefaction curves of each single community and the
combined communities for bacteria and eukaryotes, respectively. (B) Comparison of community diversity parameters. The OTUs were defined at 97% sequence
similarity level. All data are means ± standard error (n = 3). Significant difference (P < 0.05) is indicated by different letters of the alphabet, and the significance is
calculated by non-parametric Kruskal-Wallis test.

Community dissimilarity can be mainly due to the differences
of DNA extraction methods (Figure 2A and Supplementary
Figures S3A–S5A). The reproducibility of each DNA extraction
kit showed significant difference (P < 0.05). QD and QQ
exhibited the highest consistency for bacteria (0.62) and
eukaryotes (0.76), respectively (Figure 2B). Different DNA
extractions showed distinct patterns of consistency along relative
abundance ranks (Figure 2 and Supplementary Figures S3–S5).
Interestingly, RT, CRT and CRAT had lower consistency
compared with AT, CAT and MT categories for both bacteria and
eukaryotes (Figure 2B), indicating that DNA extractions have
the larger effects on taxa with the lower relative abundance. In
general, the higher the average between-replicate dissimilarity
was, the larger the standard error of the dissimilarity was
estimated (Figure 2 and Supplementary Figures S3–S5).
Furthermore, we did not find that the sequencing depth showed
any significant influence on the reproducibility of each DNA
extraction kit for eukaryotes from 10,000 to 100,000 sequences
(Supplementary Figure S6). For bacterial community, however,
the reproducibility of both QD and QQ was significant higher

for 40,000 sequencing depth than 10,000 sequencing depth
(P < 0.05), while sequencing depth exhibited no significant effect
on the reproducibility of three other DNA extraction kits from
10,000 to 40,000 sequences (Supplementary Figure S6).

Effects of Extraction Kits on Community
Composition
Four kinds of distance indices were considered to compare
the community differences among the DNA extraction kits
based on the variation of OTUs along relative abundance
ranks, and in general they produced similar results (Figures 2C
and Supplementary Figures S3C–S5C). For both bacteria
and eukaryotes, most of the community differences were
from rare taxa. By contrast, abundant, conditionally abundant,
and moderate taxa showed higher similarity and higher
consistency among different DNA extraction kits. In addition,
two non-parametric multivariate statistical tests (ANOSIM and
Adonis) showed that these observed differences were statistically
significant (Table 2). Furthermore, the SIMPER analysis showed
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FIGURE 2 | The effect of DNA extraction kits on community composition of both bacterial and eukaryotic plankton based on Bray-Curtis dissimilarity. (A) The
overview of pairwise Bray-Curtis dissimilarity of bacterial and eukaryotic plankton communities based on five different DNA extraction kits, respectively. Statistical
analysis is non-parametric Mann-Whitney U test. ∗P < 0.05, ∗∗P < 0.01, n.s. P > 0.05. (B) Variation in the community composition of six OTUs categories produced
by three replicates within the DNA extractions kits. The data were expressed as mean Bray-Curtis dissimilarity (left) and its standard error (right), with a more dark
blue indicating a more dissimilar or larger variation. (C) Pairwise Bray-Curtis dissimilarity of bacterial and eukaryotic plankton communities between different DNA
extraction kits. Note that no always abundant taxa (AT) was identified for eukaryotic plankton in this study. AT, always abundant taxa; CAT, conditionally abundant
taxa; CRAT, conditionally rare and abundant taxa; CRT, conditionally rare taxa; MT, moderate taxa; RT, always rare taxa.

TABLE 2 | Analysis of similarity (ANOSIM) and permutational multivariate analysis of variance (PERMANOVA) for comparisons of microbial plankton communities among
five different DNA extraction kits based on Bray-Curtis dissimilarity.

ANOSIM PERMANOVA

Category Bacteria Eukaryotes Bacteria Eukaryotes

R P-value R P-value R2 P-value R2 P-value

All 0.34 0.004 0.32 0.001 0.33 0.006 0.37 0.002

AT 0.48 0.001 – – 0.50 0.009 – –

CAT 0.40 0.001 0.51 0.001 0.30 0.318 0.54 0.001

CRAT 0.26 0.008 0.32 0.002 0.40 0.073 0.37 0.002

CRT 0.28 0.005 0.33 0.003 0.33 0.150 0.38 0.005

MT 0.58 0.001 0.18 0.040 0.39 0.016 0.35 0.241

RT 0.35 0.001 0.26 0.002 0.31 0.003 0.34 0.002

Bold font indicates the significance at P < 0.05. Values show the R and R2 values for ANOSIM and PERMANOVA, respectively. The operational taxonomic units (OTUs)
were defined at 97% sequence similarity threshold. The ANOSIM statistic compares the mean of ranked dissimilarities among groups to the mean of ranked dissimilarities
within groups. An R value close to “1” suggests dissimilarity between groups, while an R value near “0” suggests an even distribution of high and low ranks within and
between groups. Negative R values indicate that dissimilarities are greater within groups than between groups. AT, always abundant taxa; CAT, conditionally abundant
taxa; CRAT, conditionally rare and abundant taxa; CRT, conditionally rare taxa; MT, moderate taxa; RT, always rare taxa. Note that no always abundant taxa (AT) was
identified for eukaryotic plankton in this study.
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FIGURE 3 | The effect of DNA extraction kits on the OTUs occurrence. (A) Venn diagram showing the number of OTUs that shared and unique by different DNA
extraction kits. (B) The occurrence (that is, the number of DNA extraction kits where an OTU was found) based on niche breadth analysis for all the bacterial and
eukaryotic OTUs, respectively. AT, always abundant taxa; CAT, conditionally abundant taxa; CRAT, conditionally rare and abundant taxa; CRT, conditionally rare taxa;
MT, moderate taxa; RT, always rare taxa.

that RT and CRT accounted for the largest contribution for
community differences for both bacteria (69.62% for RT, 27.86%
for CRT) and eukaryotes (59.56% for RT, 38.24% for CRT)
(Supplementary Figure S7).

The influence of DNA extraction kits on community
composition was identified at both OTU and higher taxonomic
levels (Figures 3, 4). At OTU level, significant differences were
found for specific taxa. First, regardless the microbial plankton
types, most of the unique OTUs for each method belonged to
the rare taxa (Figure 3A). In total, 15% bacterial OTUs and
23% eukaryotic OTUs were identified in at least four extraction
kits, and less than 60% OTUs were found in no more than
two methods for both bacteria and eukaryotes (Figure 3B).
Second, indicator OTUs were identified for each DNA extraction
kit (Supplementary Table S2). For bacteria, the numbers of
indicator OTUs among kits were 1 for MB, 0 for MBS, 6 for
MPF, 0 for QD, and 2 for QQ methods. For eukaryotes, the
numbers of indicator OTUs were 4 for MB, 0 for MBS, 13
for MPF, 0 for QD, and 7 for QQ methods. At last, only 4
(Actinobacteria, Cyanobacteria, Proteobacteria, Bacteroidetes) of
20 most abundant OTUs were significantly different among
DNA extraction kits for bacteria, whereas no difference was

identified for eukaryotic plankton (Figure 4A). At high-rank taxa
level, no any significant difference was found for bacteria, while
both Rhodophyta and Centroheliozoa were significantly different
among five DNA extraction kits for eukaryotes (Figure 4B).

Finally, to improve data comparability, we removed singleton
sequences and OTUs with less and equal to 5, 10, 50, 100,
500 sequences. We found that the larger number of sequences
removed, the lower the community dissimilarity (Figure 5A) and
the higher overlap of the OTUs (Figure 5B) for both bacteria
and eukaryotes. This indicates that the low-abundance taxa had
significant contribution to the community dissimilarity.

DISCUSSION

With the development of high-throughput technologies of target
genes, researchers can now directly quantify the rare biosphere,
which play very important ecological and biogeochemical
roles in various ecosystems (Sogin et al., 2006; Pedrós-Alió,
2012; Liu et al., 2015, 2019; Lynch and Neufeld, 2015; Xue
et al., 2018). However, great caution is needed when using
DNA-based sequencing technologies for describing and
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FIGURE 4 | The effect of DNA extraction kits on the community composition. (A) Heat map of 20 most abundant OTUs in bacterial and eukaryotic plankton dataset.
(B) Variation of main high-rank taxa of bacterial and eukaryotic plankton within each of DNA extraction kit. Statistical analysis is non-parametric Kruskal-Wallis test.
∗P < 0.05. Each OTU or high-rank taxon is in a row, and color intensity indicates its average relative abundance of each DNA extraction kit (n = 3).

characterizing the diversity and composition of microbial
community. The aim of this study is to comprehensively
and systematically understand how low-abundance taxa
were influenced by different DNA extraction kits. Here, we
compared the variations of plankton communities from
a single water sample using five of the most commonly
used DNA extraction kits. We found that different DNA
extraction kits had distinct influences on the alpha-diversity,
community composition and specific taxa for both bacteria
and eukaryotes. Specifically, low-abundance taxa were greatly
affected by different DNA extraction kits. We also found that the
community composition reproducibility varied among the DNA
extraction kits.

The alpha-diversity of a microbial community could be
influenced by DNA extraction kits to different degrees. Previous
studies have found that the choice of DNA extraction methods
could affect the alpha-diversity of bacterial communities from
kick-net, leaf litter, soil and water (Purswani et al., 2011; Deiner
et al., 2015; Hermans et al., 2018). However, no significant
difference in alpha-diversity was obtained for eukaryotic (animal,
fungal and plant) communities from soil and water samples
(Hermans et al., 2018). Another study showed that no significant
differences were found among DNA extraction kits when
assessing diversity of eukaryotic microalgae from freshwater
by using denaturant gradient gel electrophoresis (Eland et al.,
2012). Compared with the previous studies mentioned above,
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FIGURE 5 | Effects of data preprocessing on resolving the differences of
microbial communities. (A) The overview of pairwise Bray-Curtis dissimilarity
of bacterial and eukaryotic plankton communities based on five different DNA
extraction kits after the OTUs with < = 1, 5, 10, 50, 100, 500 sequences were
removed. For bacteria, linear regression resulted in a significant pattern for
between kits (R2 = 0.19, P < 0.01) and within kits (R2 = 0.14, P < 0.01). For
eukaryotes, linear regression resulted in a significant pattern only for between
kits (R2 = 0.01, P < 0.01). (B) The overlap of three replicates of bacterial and
eukaryotic plankton communities based on five different DNA extraction kits
after the OTUs with < = 1, 5, 10, 50, 100, 500 sequences were removed.
Linear regression resulted in a significant correlation for bacteria (R2 = 0.37,
P < 0.01) and eukaryotes (R2 = 0.45, P < 0.01).

sequencing depths were higher in this study. Our results
indicated that the alpha-diversity of bacteria was significantly
affected by different DNA extraction kits, whereas there was
no significant influence on the alpha-diversity of eukaryotic
plankton community.

Additionally, significant differences were found for specific
taxa at OTU or phylum level for both bacteria and eukaryotes.
Previous studies have shown the preference in extraction specific
taxa such as cyanobacteria, Excavata, Cercozoa and Amoebozoa
(Singh et al., 2011; Santos et al., 2017). The differences in
community composition detected may partly be due to the
distinct susceptibility of bacterial and eukaryotic cell wall to
different lysis methods or beads of different materials and sizes

(Bürgmann et al., 2001; Fredricks et al., 2005; Henderson et al.,
2013; Velásquez-Mejía et al., 2018). Mechanical lysis is suitable
for bacteria attributed to its harder lysing cells, whereas direct
lysis of cells based on bead-beating protocols is considered to be
more suited to the detection of microeukaryotes, as these cells
often have fortified cell walls or very resilient cell membranes
(Santos et al., 2017; Hermans et al., 2018). Otherwise, even for
bacteria, methods without a bead beating or enzymatic treatment
step generally extracted less DNA from Gram-positive bacteria
(Knudsen et al., 2016). Other factors such as sample type or origin
(Knudsen et al., 2016), inherent specimen properties (Knudsen
et al., 2016; Sinha et al., 2017), primer choice (Albertsen et al.,
2015) and bioinformatics protocol choices (Sinha et al., 2017) can
also influence the outcome of microbial community analysis. It is
difficult to find a single extraction method for all circumstances.
Our results highlighted that it is important to design specific
DNA extraction method to target particular taxonomic groups.

Previous studies have found the influence of DNA extraction
kits on the whole or abundant taxa in microbial communities
(Knudsen et al., 2016; Sinha et al., 2017; Hermans et al., 2018),
however, the influence of extraction methods on low-abundance
taxa were not comprehensively and systematically evaluated.
Recently, Weiss et al. (2014) found that DNA extraction kits
had significant influence on the resulting microbial community
profile of low-biomass samples. Our results indicated that low-
abundance taxa were largely influenced by the DNA extraction
kits, and offered further evidence supporting that plankton
taxa in different relative abundances were disproportionately
influenced. One explanation for the results is that as the number
of “true” taxa becomes less, the potential for contaminants
occupying a larger fraction of the sequences will become greater
(Weiss et al., 2014). Another explanation for this is that some
of the community differences between DNA extraction kits may
be actually “real” chance differences between replicate samples.
It’s possible that some replicate samples may not contain any
individuals of a very rare taxon, despite the fact that we mixed
the water before filtering. In addition, the differences in microbial
communities may also come from the amplicon sequencing-
based detection method, as its influence on analyzing microbial
community composition (Zhou et al., 2011). To be conservative,
it is ideal to adopt a single DNA extraction method for increasing
the comparability of different studies. Our results indicate that we
can improve the community comparisons between studies that
employed different extraction methods with an exception of RT
and CRT for their large contributions to community differences
among different DNA extraction kits.

Consistency of generating OTU profiles is highly desirable
in order to facilitate assessments and comparisons of plankton
species diversity and distribution across space and time.
Reproducibility is a crucial issue for the study of microbial
community ecology. Sample processing steps, from sampling
to downstream data analysis, can introduce some biases; such
biases can skew data sets by introducing changes in the relative
abundances observed, and they can affect the variation among
replicates (Zhou et al., 2011; Costea et al., 2017; Pollock et al.,
2018; Velásquez-Mejía et al., 2018). The differences in the
replicates for each DNA extraction kit are likely the result of
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DNA extraction and sequencing depth, because other sample
process steps should influence all our replicate samples in a
similar way (Velásquez-Mejía et al., 2018). Similarly, Zhou et al.
(2011) found a reliable diversity comparison across different
samples by removing less-representative OTUs for bacteria (e.g.,
OTUs present only in 1 or 2 of the 14 tag sequence data sets).
Our result supported this finding and further demonstrated
that the taxa in different relative abundance showed distinct
patterns of reproducibility. This could be explained by the
high OTUs overlap between replicate samples when low-
abundance OTUs were removed from the dataset (Figure 5). In
addition, sequencing depth should also be considered, because
the percentage of shared OTUs increased as the sequencing
depth increase (Liu et al., 2017). However, sequencing depth
only exhibited a significant and minor influence on the results of
QD and QQ for bacteria, with no significant influence identified
for other DNA extraction methods (Supplementary Figure S6).
There are also some limitations in this research that need for
further study. For example, the technical replicates should be
increased to better estimate the background noise level (Zhou
et al., 2011). Sample handling environment, and bioinformatics
should also be considered for their important influence on the
community composition (Costea et al., 2017; Sinha et al., 2017).

CONCLUSION

In conclusion, DNA extraction methods had an influence on the
results of downstream microbial community analyses, including
relative abundances of specific community members for both
bacteria and eukaryotes at OTU and higher taxonomic levels.
The rare plankton subcommunities are far more affected by DNA
extraction kits than the abundant plankton. Every extraction
kit was effective, though each showed its own strengths and
weaknesses in observing special taxonomic community profiles.
MPF produced higher α diversity for bacteria and high quality
and yield of DNA, therefore it is the most suitable DNA
methods for bacterial plankton diversity study. While QD and
QQ methods could produce results that are easier to replicate
for bacteria and eukaryotes, respectively. Moreover, our results
highlight that the comparability between studies that employed
different extraction methods can be improved by removing low-
abundance OTUs for their larger contribution to community
variation. There is no doubt that the efforts to assess bias
within labs as proposed here, and guidelines for best practices

across labs, will facilitate comparative studies to characterize
microbial communities from multiple sampling surveys and
various environments.
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Large-scale harmful algal blooms (HABs) occur in the coastal waters of the northern

Beibu Gulf, China, and have deleterious effects on the marine ecosystem. The frequency,

duration, and extent of HAB events in this region have increased over the last 30 years.

However, the underlying causes of HABs and their likely future trends are unclear. To

investigate, we evaluated historical data for temporal trends of HABs in the Beibu Gulf,

and association with environmental factors as possible drivers. The results confirmed

that HAB events had increased in frequency, from 6 reported events during the period

1985–2000, to 13 during 2001–2010, and 20 during 2011–2017. We also found that

the geographic scale of algal blooms had increased from tens of km2 to hundreds

of km2. There were temporal changes in HAB trigger species: prior to 2000, the

cyanobacteriaMicrocystis aeruginosawas the dominant species, while during the period

2001–2010, blooms of cyanobacteria, dinoflagellates, and diatoms co-occurred, and

during 2011–2017, the haptophyte Phaeocystis globosa became the dominant algal

bloom species. Principal component analysis and variation partitioning analysis indicated

that nutrient discharge, industrial development, and human activities were the key drivers

of HAB events, and redundancy analysis showed that variation in the algal community

tended to be driven by nutrient structure. Other factors, such as shipping activities

and mariculture, also contributed to HAB events and algal succession, especially to

P. globosa blooms. We speculated that the increasing severity of algal blooms in the

northern Beibu Gulf reflects a more complex aquatic environment and highlights the

damaging effects of anthropogenic inputs, urbanization development, and an expanding

industrial marine-economy on themarine ecosystem. This research providesmore insight

into the increase of HABs and will aid their management in the Beibu Gulf.

Keywords: algal blooms, Beibu Gulf, occurrence trend, Phaeocystis globosa, marine pollution, management

INTRODUCTION

Phytoplankton are a fundamental component of the marine ecosystem, playing multiple roles in
nutrient cycling, and supporting global biological and geochemical processes (Lindh et al., 2013).
However, excessive propagation of phytoplankton may cause an ecological phenomenon called
harmful algal blooms (HABs). Some algal species that cause HABs produce toxins which lead to
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the human poisoning syndromes called paralytic shellfish
poisoning, diarrhetic shellfish poisoning, amnesic shellfish
poisoning, neurotoxic shellfish poisoning, and ciguatera fish
poisoning. In other cases, non-toxic, high-biomass HABs can kill
fish and marine organisms through both physical and chemical
mechanisms, and can also induce hypoxia or anoxia, killing
marine life at multiple trophic levels (Heisler et al., 2008).

HABs have significantly increased throughout the world’s
coastal oceans over the last century mostly due to seawater
eutrophication and climate change (Anderson et al., 2012; Glibert
et al., 2018). China is also challenged by eutrophication and
recurrent, large, and diversified algal blooms including red tides,
green tides, and brown tides in coastal waters (Yu and Liu, 2016;
Yi et al., 2018). The most persistent and damaging HABs occur in
the Bohai Sea, Changjiang River estuary, and the coastal waters
of the South China Sea (Tang et al., 2006; Yu and Liu, 2016; Zhou
et al., 2017).

The semi-enclosed body of water of the northern Beibu Gulf
is in southwest China, northwest of the South China Sea. Algal
blooms in the region are fairly new to scientists and the public,
as it is often thought of as the last “clean ocean” and one of
the most abundant fishing grounds in Chinese coastal waters
(Chen et al., 2011; Zhong, 2015). It was thus a shock to the local
government and even to HAB scientists when Phaeocystis globosa
blooms almost blocked the cooling waters used for a nuclear
power station in Fangchenggang (Cao et al., 2017; Gong et al.,
2018), covered waters near the nuclear station, and broke out
simultaneously across the whole coast of the northern Beibu Gulf
(Kaiser et al., 2013; Lai et al., 2014; Luo et al., 2016). Against
this background, our study reviewed algal blooms from 1980s

FIGURE 1 | Location of the study area.

to 2017, and analyzed their frequency, duration, geographical
distribution, and associated physicochemical parameters in the
Beibu Gulf, and aimed to speculate on future trends in HABs
occurrence to improve mitigation and management of future
HABs in the region.

MATERIALS AND METHODS

Study Area
The northern Beibu Gulf (20◦ 58′-22◦ 50′ N, 107◦ 29′-110◦ 20′

E) (Figure 1) covers an area of 130,000 km2, with an average
water depth of 38m and a 1,629 km coastline (Chen et al., 2011;
Li et al., 2014b). Tieshan, Lianzhou, Qinzhou, Fangchenggang,
and Zhenzhu bays lie from East to West, with Weizhou Island
offshore (Figure 1). The climate is tropical monsoon, with
prevailing southwest winds in summer and northeast winds in
winter, and an average annual seawater temperature of 24.5◦C.
The warm wet weather, in conjunction with abundant nutrient
input from coastal rivers, such as the Nanliujiang and Qinjiang
rivers, creates one of the most abundant fishing grounds in China
(Chen et al., 2011).

Data
Algal blooms recorded between 1985 and 2017 in the northern

Beibu Gulf were collected from published literature, online

media, monitoring station reports, and personal observations.
Information including location, causative organism, taxonomy,

and bloom area were extracted from these raw algal bloom data
and are summarized in Table 1. Data sources are summarized in
Table 2 and are provided as Supplements 1–15: (1) population;
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TABLE 1 | Details and sources of historical algal bloom data (1985–2017).

Date Location Causative organism Taxonomy Area (km2) References

June 1985 Weizhou Island Trichodesmium

erythraeum

Cyanophyta, Cyanophyceae — Liang and Qian, 1991

March 1995 Lianzhou Bay Microcystis sp. Cyanophyta, Chroococcophyceae ≤10 Wei and He, 1998; Li et al., 2014a

Apr 1995 Beihai Port Microcystis aeruginosa Cyanophyta, Chroococcophyceae — Beihai Yearbook Editorial Committee,

1997

Nov 1995 Beihai Port Microcystis aeruginosa Cyanophyta, Chroococcophyceae — Beihai Yearbook Editorial Committee,

1997

Dec 1999 Weizhou Island Microcystis aeruginosa Cyanophyta, Chroococcophyceae >50 Southland Morning Post, 2002; Qiu

et al., 2005

May 2000 Weizhou Island Microcystis aeruginosa Cyanophyta, Chroococcophyceae 3 China Ocean Yearbook Editorial

Committee, 2002

May 2001 Weizhou Island — — 20 China Ocean Yearbook Editorial

Committee, 2003; Luo et al., 2016

May, 2002 Weizhou Island — — 5 Beihai Yearbook Editorial Committee,

2003; Marine Environmental

Monitoring Center of Beihai Guangxi,

2006

June, 2002 Weizhou Island Trichodesmium

hildebrandtii

Cyanophyta, Cyanophyceae 20 Beihai Yearbook Editorial Committee,

2003

June 2003 Weizhou Island Microcystis flos-aquae Cyanophyta, Chroococcophyceae 20 Marine Environmental Monitoring

Center of Beihai Guangxi, 2006

July 2003 Weizhou Island Trichodesmium

erythraeum

Cyanophyta, Cyanophyceae 10 China Ocean Yearbook Editorial

Committee, 2004; China Oceanic

Information Network, 2011

Feb 2004 Beihai Microcystis flos-aquae Cyanophyta, Chroococcophyceae 40 Marine Environmental Monitoring

Center of Beihai Guangxi, 2006

Mar, 2004 Weizhou Island Microcystis flos-aquae Cyanophyta, Chroococcophyceae 2 Marine Environmental Monitoring

Center of Beihai Guangxi, 2006

June 2004 Weizhou Island Trichodesmium

erythraeum

Cyanophyta, Cyanophyceae 40 Beihai Chorography Office, 2005; Li

et al., 2009

May 2005 Weizhou Island — — 250 Tong, 2006

Apr 2008 Weizhou Island Noctiluca scintillans Dinophyta, Dinophyceae 0.025 State Oceanic Administration

People’s Republic of China, 2009

Apr 2008 Qinzhou Bay Noctiluca scintillans Dinophyta, Dinophyceae 0.0001 State Oceanic Administration

People’s Republic of China, 2009

July 2009 Lianzhou Bay Skeletonema costatum Bacillariophyta, Mediophyceae — Li et al., 2011

May 2010 Beibu Gulf Guinardia flaccida Bacillariophyta,

Coscinodiscophyceae

150 Dou et al., 2015

Apr 2011 Qinzhou Bay Noctiluca scintillans Dinophyta, Dinophyceae 1.2 Southland Morning Post, 2015; Luo

et al., 2016

Nov 2011 Beihai, Qinzhou,

Fangcheng

Phaeocystis globosa Haptophyta, Prymnesiophyceae 10 News China, 2011; Beihai

Chorography Editorial Committee,

2012

Feb, 2012 Lianzhou Bay Guinardia flaccida Bacillariophyta,

Coscinodiscophyceae

— Li et al., 2015b

Jan–Dec 2013 Beibu Gulf (12 small

blooms)

— — — Southland Morning Post, 2015

Feb–Mar 2014 Tieshan Port-Shatian

Port

Phaeocystis globosa Haptophyta, Prymnesiophyceae — Li et al., 2015a

Feb–Mar 2014 Lianzhou Bay- Beihai Phaeocystis globosa Haptophyta, Prymnesiophyceae — Li et al., 2015a

Jan 2015 Almost entire

northern Beibu Gulf

coast

Phaeocystis globosa Haptophyta, Prymnesiophyceae — Southland Morning Post, 2015

Feb 2017 Qinzhou Bay Phaeocystis globosa Haptophyta, Prymnesiophyceae — Author’s observation

Mar 2017 Almost entire

Weizhou Island coast

Phaeocystis globosa Haptophyta, Prymnesiophyceae — Author’s observation
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TABLE 2 | Supplements, data sources, authors and data for (1) population, (2) gross industrial output value, (3) gross domestic product, (4) consumption of chemical

fertilizers, (5) Guangxi seawater cultured areas, (6) Guangxi artificially cultured products, (7) Guangxi seawater aquatic products, (8) Guangxi marine related GDP, (9)

Fishing boats in the northern Beibu Gulf of China from 2001 to 2010, (10–14) seawater nutrient content of NO3, NO2, NH4, PO4, SiO3, dissolved inorganic nitrogen

(DIN), and Chemical Oxygen Demand (COD) in Tieshan Bay, Lianzhou Bay, Qinzhou Bay, Fangcheng Bay and the northern Beibu Gulf of China from 1983 to 2015, and

(15) areas of five classification of summer seawater quality between 2010 and 2016 in the northern Beibu Gulf.

Supplements Data sources Authors Data

Supplement 1 1989–2016 Guangxi Statistical Yearbook China Statistics Press Population (104 persons) for Nanning, Beihai, Qinzhou, and

Fangchenggang from 1988 to 2015.

Supplement 2 1989–2016 Guangxi Statistical Yearbook China Statistics Press Gross industrial output value (108 Yuan) for Nanning,

Beihai, Qinzhou, and Fangchenggang from 1988 to 2015.

Supplement 3 1989–2016 Guangxi Statistical Yearbook China Statistics Press Gross domestic product (108 Yuan) for Nanning, Beihai,

Qinzhou and Fangchenggang from 1988 to 2015.

Supplement 4 1989–2016 Guangxi Statistical Yearbook China Statistics Press Consumption of chemical fertilizers (104 tons) for Nanning,

Beihai, Qinzhou, and Fangchenggang from 1988 to 2015.

Supplement 5 1994–2007 Guangxi Statistical Yearbook China Statistics Press Guangxi seawater cultured areas (103 hectares) from 1978

to 2006.

Supplement 6 1994–2016 Guangxi Statistical Yearbook China Statistics Press Guangxi artificially cultured products (104 tons) from 1978

to 2015.

Supplement 7 1992–2017 Guangxi Statistical Yearbook China Statistics Press Guangxi seawater aquatic products (104 tons) from 1978

to 2015.

Supplement 8 2007–2016 Guangxi Marine Economic

Statistics Bulletin

Department of Ocean and Fisheries of

Guangxi Zhuang Autonomous Region

Guangxi marine related GDP (109 Yuan) from 2007 to 2016.

Supplement 9 Scientific publication (Lan and Li, 2013) Fishing boats in the northern Beibu Gulf of China from 2001

to 2010.

Supplement 10 Scientific publication See Supplementary Table 1 Seawater nutrient content in Tieshan Bay, Guangxi from

1983 to 2012.

Supplement 11 Scientific publication See Supplementary Table 2 Seawater nutrient content in Lianzhou Bay, Guangxi from

1991 to 2015.

Supplement 12 Scientific publication See Supplementary Table 3 Seawater nutrient content in Qinzhou Bay, Guangxi from

1983 to 2015.

Supplement 13 Scientific publication See Supplementary Table 4 Seawater nutrient content in Fangcheng Bay, Guangxi from

1983 to 2015.

Supplement 14 Scientific publication See Supplementary Table 5 Seawater nutrient content in the northern Beibu Gulf, China

from 1983 to 2015.

Supplement 15 2014-2016 Guangxi Marine

Environmental Quality Bulletin

Department of Ocean and Fisheries of

Guangxi Zhuang Autonomous Region

Areas of five classification of summer seawater quality

between 2010 and 2016 in the northern Beibu Gulf (km2).

(2) gross industrial output value; (3) gross domestic product;
(4) consumption of chemical fertilizers; (5) Guangxi seawater
cultured areas; (6) Guangxi artificially cultured products; (7)
Guangxi seawater aquatic products; (8) Guangxi marine related
GDP; (9) fishing boats in the northern Beibu Gulf of China
from 2001 to 2010; (10–14) seawater nutrient content of NO3,
NO2, NH4, PO4, SiO3, dissolved inorganic nitrogen (DIN), and
Chemical Oxygen Demand (COD) in Tieshan Bay from 1983 to
2012, in Qinzhou Bay, Fangcheng Bay and the northern Beibu
Gulf of China from 1983 to 2015, and in Lianzhou Bay from 1991
to 2015; and (15) areas of five classification of summer seawater
quality between 2010 and 2016 in the northern Beibu Gulf.
Among them, (1), (4–9) were defined as human activity, (2,3)
as industrial development, (5–8) as mariculture, and (10–15) as
environmental factors.

The seawater quality data containing the five classifications of
summer seawater quality from 2010 to 2016 came from the 2014–
2016 marine environmental quality bulletin of Guangxi, released
by the Department of Ocean and Fisheries of the Guangxi
Zhuang Autonomous Region. It was examined and classified

according to the seawater quality standard of China (GB3097-
1997), and was categorized from I to IV, where Grade I is defined
as high quality seawater for ocean fishing, and marine nature
reserves that contain rare and endangered marine organisms.
Grade II is used for aquaculture, bathing beaches, and seawater
activity areas with direct human contact, and also for industrial
water use in relation to human consumption. Grade III is defined
as general industrial water and coastal scenic areas, while Grade
IV represents the worst quality seawater used for harbor and
ocean engineering operations.

Statistical Analysis
We used one-way ANOVA in SPSS (v. 13.0) (Chicago, Illinois,
USA) to evaluate differences in environmental parameters during
three time periods (1985–2000; 2001–2010; and 2011–2017)
at the p < 0.05 or p < 0.01 level. Correlations between
HAB outbreaks and physicochemical factors based on euclidean
distance were calculated using principal component analysis
and visualized using R software (v2.15.1, www.r-project.org).
The relationship between the environmental factors, human
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activities, andHAB events from 1985 to 2017 wasmeasured using
multivariate correlation analysis (redundancy analysis), which
was performed using the Canoco software package for Windows
(v4.5) (Ithaca, New York, USA) with Monte Carlo permutation
tests (499 permutations) (Terbraak and Smilauer, 2002; Legendre
et al., 2011). HAB-causing species and environmental parameters
used in the redundancy analysis were normalized through a
logarithmic transformation (log10 (n+1)). We used variation
partitioning analysis (VPA) to analyze the relative contribution of
multiple parameters (industrial development, ID; environmental
factors, EF; and human activities, HA) to HAB variation. The
data came from Table 2 as defined in Data section. These data
were (log2 (x+1)) transformed for standardization. VPA was
performed using the VEGAN package in R.

RESULTS

Historical HAB Events
There were 39 algal bloom events from 1985 to 2017, 15.4%
occurred during the period 1985–2000, 33.3% during 2001–2010,
and 51.3% during 2011–2017 (Figures 2A,B). The maximum
area of algal blooms increased from >50 km2 in the 1990s to 250
km2 in the 2000s, and then HABs covered almost the entire coast
between 2011 and 2017 (Table 1). Unfortunately, the area values
between 2012 and 2017, when HABs became widespread, are not
available. HAB duration was relatively short, occurring over days
during the period 1985–2000; however, they typically occurred
for weeks in the latter periods (Table 1).

Prior to 2000, HABs tended to occur at Beihai Port, Lianzhou
Bay, and Weizhou Island; during the period 2001–2010, 70%
of HABs occurred at Weizhou Island; and after 2011, HABs
occurred at a greater number of sites, including along the coasts
of Tieshan, Beihai, Qinzhou, Fangchenggang, and Weizhou
Island (Figure 2C).

The causative microalgae included the cyanobacteria
Trichodesmium erythraeum and Microcystis spp., with M.
aeruginosa as the dominant species during the period 1985–
2000. Blooms of cyanobacteria T. hildebrandtii, T. erythraeum,
and M. flos-aquae, dinoflagellate Noctiluca scintillans, and
diatoms Skeletonema costatum and Guinardia flaccida co-
occurred without an obviously dominant species for the period
2001–2010. Between 2011 and 2017, the haptophyte P. globosa
was the major species in blooms, particularly in the past 5 years
(Table 1). We noticed that 4 of the 39 algal bloom events were
associated with mortality of marine organisms such as fish and
shrimp, and were attributed to T. erythraeum blooms in May
2001, July 2003, and June 2004 around Weizhou Island, and a
N. scintillans bloom in Qinzhou in April 2011 (China Ocean
Yearbook Editorial Committee, 2003, 2004; Beihai Chorography
Office, 2005; State Oceanic Administration People’s Republic of
China, 2009; Luo et al., 2016).

Industrial Development and Human
Activities
Nanning, Qinzhou, Beihai, and Fangchenggang are the main
districts in the Beibu Gulf Economic Zone. During the

FIGURE 2 | Number (A) and proportion (%) (B) of algal blooms reported in the

northern Beibu Gulf of China from 1985–2017; (C) proportion (%) of algal

blooms at different locations in the northern Beibu Gulf of China from 1985 to

2017.

period 1980s−2015, across the districts there were 3.2–
68.0, 98.1–22,703.3, 113.4–868.0, and 15.2-20,733.3-fold
increases in population, gross industrial output value, gross
domestic product, and fertilizer, respectively (Figures 3A–D).
Nevertheless, these parameters were quite stable until the 1990s,
when the substantial increases started. Although Nanning and
Qinzhou generally reached much higher values than Beihai and
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FIGURE 3 | Time-series plots of (A) population (104), (B) gross industrial output value (108 Yuan), (C) gross domestic product (108 Yuan), and (D) fertilizers (104 tons)

in four key regions of the Guangxi Beibu Gulf Economic Zone.

Fangchenggang since the 2000s, all maximum fold increases
were found in Fangchenggang due to its small initiating values in
the 1980s.

The seawater cultured area increased 33.6-fold from 1978 to
2006; artificially cultured products and seawater aquatic products
increased by 2,607.9- and 21.7-fold, respectively, from 1978
to 2015 (Figures 4A–C), with these parameters exhibiting a
significant increase after the 1990s. There was an associated 3.9-
fold increase in marine related GDP from 2007 to 2016 across
the region (Figure 4D). Shipping transport in the northern Beibu
Gulf intensified, with increases in the number of fishing boats
(from 500 in 2001 to 3,850 in 2010) and effluent (3.74-fold
increase from 2001 to 2010) (Figure 5).

Environmental Factors
We found significant increases in the levels of DIN, NO3, NO2,
NH4, and PO4 (p < 0.05) in the study region (Figure 6). From
1980 to 2010, there were 17.9-, 12.7-, 33.5-, and 1.5-fold increases
in average DIN, NO3, NO2, and NH4 in the northern Beibu Gulf,
respectively (Table 3). From 1990 to 2010, average PO4 increased
almost 2-fold, and there were no significant differences in
concentrations of SiO3 and COD (p > 0.05), although both were
lowest in the 1980s (Figure 6,Table 3).Maximum concentrations
of SiO3 in the northern Beibu Gulf increased from 81.0µM in the
1980s to 113.0µM in the 1990s, and to 167.1µM in the 2000s,

while maximum COD increased from 2.7 mg/L in the 1980s to
7.5 mg/L in 2010s (Figure 6).

There was a deterioration in summer seawater quality between
2009 and 2016, with a generally increasing trend in the area of
seawater with quality ranked in the lowest category (Grade IV),
quality worse than Grade IV, and quality lower than Grade I
during 2011–2015 (Figure 7).

Correlation Between Influencing Factors
and HAB Events
We found there were temporal trends in multiple factors
influencing HAB events (Figure 8A): between 1985 and 2000,
there was an association with NH+

4 , seawater aquatic products,
and marine related GDP value; while between 2001 and 2010,
there was an association with artificially cultured products,
fertilizer use, gross domestic product, and C-N-P-Si sources (such
as COD, NO3, PO4, and SiO3). Between 2011 and 2017 there was
an association between HAB events and NO3, NO2, COD, PO4,
fishing activities, seawater quality, population number, industrial
development, and mariculture.

For simplification, we used nutrients as the target in the
redundancy analysis, and found that there was temporal variation
in the dominant phytoplankton species (Figure 8B). Succession
of algae tended to be driven by N and P content, and the two
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FIGURE 4 | Time-series plots of (A) seawater cultured areas (103 hectares), (B) artificially cultured products (104 tons), (C) seawater aquatic products (104 tons), and

(D) marine related GDP (109 Yuan) in the northern Beibu Gulf. Red line denotes change in trend. For p<0.05, at the 0.05 level, the slope is significantly different from

zero; for p > 0.05, at the 0.05 level, the slope is not significantly different from zero.

FIGURE 5 | Number of fishing boats and harbored fishing boats, and amount

of effluent produced by boat in the northern Beibu Gulf of China from 2001 to

2010.

dominant species in earlier years, M. aeruginosa and M. flos-
aquae, showed a preference for high levels of NH4. Two species
prominent from 2001 to 2010, S. costatum and G. flaccida, were
closely associated with SiO3 and COD. Other dominant species,

Trichodesmium spp. and N. scintillans showed association with
high levels of NO3 and PO4, and we found that DIN and PO4

influenced P. globosa abundance.
VPA showed that when combined, ID, EF, and HA explained

65.7% of the variation in HAB outbreaks (Figure 9), whereas
independently, ID, EF, and HA explained 14.7% (p < 0.05),
20.6% (p < 0.05), and 13.2% (p < 0.05) of the variation,
respectively. Interactions between ID and EF, EF and HA, and
HA and ID explained 7.1, 4.9, and 5.2% of variation, respectively.
Overall 34.3% of variation in HAB events was not explained by
these parameters.

DISCUSSION

Similar to many coastal regions globally, HABs in the northern
Beibu Gulf have significantly increased in frequency, duration,
geographical distribution, and degree of harm in recent decades
(Anderson et al., 2002; Heisler et al., 2008). However, compared
with already developed Chinese coastal areas such as the Bohai
estuary and Changjiang River Estuary, there was an ∼ 10–15
year lag for the remarkable breakout of HABs in the northern
Beibu Gulf (Luo et al., 2016; Yu and Liu, 2016; Song et al., 2018).
Most anthropogenic activities surveyed in this study increased
substantially by the late 1990s, when HAB frequency started to
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FIGURE 6 | Temporal changes in seawater nutrient content between 1980 and 2015 in (a) Tieshan Bay; (b) Lianzhou Bay; (c) Qinzhou Bay; (d) Fangcheng Bay; and,

(e) Beibu Gulf, where n = 697, 456, 453, 442, 708, 278, and 560 for linear fit of DIN, NO3, NO2, NH4, PO4, SiO3, and COD, respectively, and the red line denotes the

long term trend. For p < 0.05, at the 0.05 level, the slope is significantly different from zero; for p > 0.05, at the 0.05 level, the slope is not significantly different from

zero.

TABLE 3 | Long term trend in seawater nutrient (µM) and COD (mg/L) content in the northern Beibu Gulf. Data are means ±SD.

Year DIN NO3 NO2 NH4 PO4 SiO3 COD

1980s 1.7 ± 1.9 2.1 ± 2.4 0.07 ± 0.05 1.5 ± 0.4 0.6 ± 0.2 23.5 ± 28.5 1.2 ± 0.9

1990s 14.2 ± 13.8 9.3 ± 11.9 0.37 ± 0.39 2.7 ± 2.5 0.3 ± 0.3 28.2 ± 27.5 1.8 ± 1.0

2000s 19.4 ± 17.8 20.4 ± 16.5 1.72 ± 1.66 2.7 ± 2.8 0.4 ± 0.4 31.4 ± 38.6 1.8 ± 1.0

2010s 29.9 ± 21.9 26.5 ± 20.2 2.43 ± 2.55 4.0 ± 2.9 0.6 ± 0.5 33.6 ± 29.6 1.6 ± 1.0

increase exponentially. It is thus likely anthropogenic activities
play crucial roles in the occurrence of HABs in the region. Similar
increases in HAB frequencies linked to anthropogenic activities,
population, and industrial development were reported as early
as 1976–1986 in Tolo Harbor, Hong Kong and 1965–1976 in the
Seto Inland Sea of Japan (Lam and Ho, 1989; Okaichi, 1989).
We thus speculate that the trend in HAB events in the northern
Beibu Gulf is extremely likely to follow HAB patterns in already
polluted coastal waters and will therefore further intensify if HAB
mitigation and management strategies are not carried out in the
near future.

Among the locations, Weizhou Island was the algal blooms
hot spot prior to 2010, but blooms occurrences near the island
subsequently declined while blooms increased in nearshore
waters along the entire Beibu Gulf coast. The volcanic Weizhou
Island is a natural source of trace metals such as iron and
manganese, and nutrients N and P (Li and Lai, 2007), and the
southwest monsoon in the Indian Ocean, which brings high
temperatures and strong rainfall to the region, washes terrestrial
nutrients into the nearshore waters, which fuels algal blooms.
Nutrient-rich seawater passes through the Qiongzhou Strait in
the northern Beibu Gulf all year round and elicited a stronger
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effect on HABs at Weizhou Island than in the bays of Beihai,
Qinzhou, and Fangcheng, because summer seawater upwelling
delivers abundant nutrients to the sea surface near the island

FIGURE 7 | Summer seawater quality between 2009 and 2016 in the northern

Beibu Gulf. Seawater quality is categorized from I–IV, where Grade I is defined

as high quality seawater for ocean fishing, marine nature reserves that contain

rare and endangered marine organism, while Grade IV represent the worst

quality seawater used for harbor and ocean engineering operations.

(Yang et al., 2006; Shi, 2014). Most HABs occur at the southern
part of Weizhou Island which is the main location for industrial
and mariculture activities, and has a dense population that has

FIGURE 9 | Variation partitioning analysis (VPA) of HAB events explained by

multiple influencing factors including industrial development, ID; environmental

factors, EF; and human activities, HA. The angles and sides of the triangles

represent the variation explained by each single factor and by the combination

of any two factors, respectively.

FIGURE 8 | Principal component analysis (A) and redundancy analysis (B) of industrial development, environmental factors, human activities and HAB events at

sampling stations from 1985 to 2017 in the study region. Arrow length indicates importance of each factor in HAB events.
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polluted the coastline (Qiu et al., 2005; He et al., 2013; Li
et al., 2014a; Dou et al., 2015). Finally, the nutrient structure
in Weizhou Island has changed from N limitation (N:P = 4.1)
in the beginning of the 1990s (Wei et al., 2005) to P limitation
(N:P = 38.1) in the late 2000s (Sun et al., 2010; He et al., 2013),
which may partly explain the decline in HABs after the 2000s.

There were also changes in the ratios of Si:N:P in the northern

Beibu Gulf over the study period, the N:P ratio increased from 2.9

to 6.5 in the 1980s to 24.8 to 202.6 in the 1990s in Qinzhou Bay
(Wei et al., 2002a), similar trends have been recorded in Tieshan

Bay and Lianzhou Bay (Wei et al., 2002b; Lan et al., 2014; Yang

et al., 2015). These shifts from N limitation to N abundance, with
relative sufficiency of Si, and P limitation (Wu, 2014; Wang F.

et al., 2015; Yang et al., 2015) are likely to have changed algal
species composition in marine ecosystems (Glibert, 2017). This
may explain the recent dominance of Phaeocystis blooms in the
region, in accordance with the substantial N requirements of
P. globosa to support its proliferation and sustained blooms (Xu
et al., 2003; Zheng, 2014; Gong et al., 2018).

Temporal shifts in dominant HAB species driven by
nutrient conditions have been widely seen in Chinese waters.
Changjiang River estuary, the most notable HAB area in China,
has experienced an obvious change of dominant blooming
microalgae from diatoms to noxious or toxic dinoflagellates in
the last 30 years (Yang et al., 2015; Yu et al., 2017). This shift was
thought to be largely driven by the increasing ratio of DIN:P and
high DIN, which increased 4-fold from 20.5µM in the 1960s to
80.0µM in the 2000s (Ye et al., 2004; Wang and Cao, 2012; Yu
et al., 2017). During 2009–2016, the proportion of dinoflagellate
blooms has also risen to as high as 79% on the south China
coast, induced by changes in seawater temperature, DIN, and
P concentration (Yi et al., 2018). Changes in phytoplankton
communities may also relate to climate change (Hallegraeff, 2010;
Wells and Karlson, 2018), which needs to be investigated in the
future for the northern Beibu Gulf.

The haptophyte Phaeocystis forms massive HABs in many
parts of the world, from tropical and subtropical to Arctic
and Antarctic oceans (Long et al., 2007; Smith et al., 2017).
This bloom is recognized both as a nuisance and as an
ecologically important phytoplankton, with production of
haemolytic substances in relation to the risk of marine life and
human health, as well as dimethylsulfide (DMS) involved in the
biological regulation of the climate (Medlin and Zingone, 2007;
Wang S. et al., 2015). So far, six Phaeocystis species have been
clearly defined, and only three of them, P. globosa, P. pouchetii,
and P. antarctica, were described to date as bloom forming
species (Schoemann et al., 2005; Medlin and Zingone, 2007).
However, in Chinese seawaters P. globosa is the only bloom
causing organism within this genus to date, with its blooms
first documented from Oct 1997-Feb 1998 in southeast China,
covering thousands of km2 in the coastal waters of Fujian and
Guangdong (Chen et al., 1999; Qi et al., 2002). It then frequently
appeared in southern coastal areas (Hainan, Hong Kong, and
Guangdong), and Bohai and Yellow River estuaries from 2000
to 2009 (Qi et al., 2002; Li et al., 2012). Blooms of P. globosa
started to occur from 2011 in the northern Beibu Gulf and have

continued breaking out in recent years (Table 1). Phaeocystis has
a complex polymorphic life cycle alternating between flagellated
cells and colonies enclosed in an exopolysaccharide matrix
(Rousseau et al., 2013), protecting it from predators, enhanced
UVB, and viral and bacterial infections (Brussaard et al., 2005;
Kennedy et al., 2012). Interestingly, Phaeocystis develops blooms
in the colonial form, particularly in waters with abundant
nitrates, phosphate, and urea (Schoemann et al., 2005; Wang
et al., 2007; Liang et al., 2018). In addition to the advantages
of colony morphology, another competitive advantage of P.
globosa in the northern Beibu Gulf may be its environmental
adaptations, such as high tolerance of varied environmental light,
preference for high temperatures and flexible nutrient uptake
strategy (Schoemann et al., 2005; Xu et al., 2017).

Both abiotic and biotic factors affect the formation and
duration of HAB events (Smith et al., 1999; Lewitus et al.,
2012; Smetacek, 2012; Smida et al., 2012). In this study, about
65.7% of HAB variation was explained by human activity
factors, environmental factors, and industrial development,
indicating that these parameters are dominant determinants
of HAB formation. Our findings support the previous
viewpoint that abiotic factors are the main drivers affecting
algal bloom formation and community structure (Worden
et al., 2015). On the other hand, we note that 34.3% of
HAB variation was not explained by the data measured,
which indicates that other abiotic (water chemistry and
hydrodynamics) and/or biotic (algal species interactions,
viral lysis, reactive oxygen species abundance, and fungal
and zooplankton predation) factors that were not included
in this analysis may be important drivers of HAB events
(Sun et al., 2017; Karasiewicz et al., 2018; Zhang et al., 2018).
Further investigation of the interactions among algae, bacteria,
viruses, and ciliates, particularly their network relationship
over longer time scales, is needed to better characterize the
underlying mechanisms driving the increases in HAB events
and phytoplankton community variation in the northern
Beibu Gulf.

CONCLUSION

Algal blooms in the northern Beibu Gulf have intensified over
the past three decades, likely as a result of anthropogenic
influences. Continuing economic and industrial development,
as well as a rising human population in the region, will
lead to further increases in HAB events in the future. Thus,
HAB mitigation strategies should include: (1) an increase
in the number of buoys and automatic monitoring stations
along the northern Beibu Gulf coast; (2) the development
of satellite remote sensing, in situ cell observations, and
computer modeling to predict bloom events; (3) reductions
in nutrient discharge and/or improved management for N/P
removal; and, (4) the creation of a science-based ecological
management plan to perform the ecophysiological and
toxicological characterization of regional algal bloom species.
There should be government-level efforts to enrich database
records of HAB events and analyze the key environmental
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drivers of HABs to improve the sustainable development of
this region.
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Taihu Lake is one of the largest freshwater lakes in China, serving as an important source
of drinking water; >60% of source water to this lake is provided by the Tiaoxi River.
This river faces serious fecal contamination issues, and therefore, a comprehensive
investigation to identify the sources of fecal contamination was carried out and is
presented here. The performance of existing universal (BacUni and GenBac), human
(HF183-Taqman, HF183-SYBR, BacHum, and Hum2), swine (Pig-2-Bac), ruminant
(BacCow), and avian (AV4143 and GFD) associated microbial source tracking (MST)
markers was evaluated prior to their application in this region. The specificity and
sensitivity results indicated that BacUni, HF183-TaqMan, Pig-2-Bac, and GFD assays
are the most suitable in identifying human and animal fecal contamination. Therefore,
these markers along with marker genes specific to selected bacterial pathogens were
quantified in water and sediment samples of the Tiaoxi River, collected from 15 locations
over three seasons during 2014 and 2015. Total/universal Bacteroidales markers
were detected in all water and sediment samples (mean concentration 6.22 log10

gene copies/100 ml and 6.11 log10 gene copies/gram, respectively), however, the
detection of host-associated MST markers varied. Human and avian markers were
the most frequently detected in water samples (97 and 89%, respectively), whereas
in sediment samples, only human-associated markers were detected more often (86%)
than swine (64%) and avian (8.8%) markers. The results indicate that several locations
in the Tiaoxi River are heavily polluted by fecal contamination and this correlated
well with land use patterns. Among the five bacterial pathogens tested, Shigella spp.
and Campylobacter jejuni were the most frequently detected pathogens in water
(60% and 62%, respectively) and sediment samples (91% and 53%, respectively).
Shiga toxin-producing Escherichia coli (STEC) and pathogenic Leptospira spp. were
less frequently detected in water samples (55% and 33%, respectively) and sediment
samples (51% and 13%, respectively), whereas E. coli O157:H7 was only detected
in sediment samples (11%). Overall, the higher prevalence and concentrations of
Campylobacter jejuni, Shigella spp., and STEC, along with the MST marker detection at
a number of locations in the Tiaoxi River, indicates poor water quality and a significant
human health risk associated with this watercourse.

Keywords: fecal pollution, Taihu watershed, Tiaoxi River, microbial source tracking (MST), pathogens,
qPCR quantification

Frontiers in Microbiology | www.frontiersin.org 1 April 2019 | Volume 10 | Article 69955

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2019.00699
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2019.00699
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2019.00699&domain=pdf&date_stamp=2019-04-24
https://www.frontiersin.org/articles/10.3389/fmicb.2019.00699/full
http://loop.frontiersin.org/people/712355/overview
http://loop.frontiersin.org/people/711901/overview
http://loop.frontiersin.org/people/712377/overview
http://loop.frontiersin.org/people/451604/overview
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00699 April 24, 2019 Time: 14:12 # 2

Vadde et al. Pathogen Tracking in Taihu Watershed

GRAPHICAL ABSTRACT | Tracking fecal contamination and pathogens in watersheds using molecular methods.

INTRODUCTION

Fecal contamination of drinking water sources, harvestable
shellfish, and recreational waters is a major concern of
public health, as it promotes human exposure to pathogenic
microorganisms (Napier et al., 2017). Therefore, continuous
monitoring and proper protection of these waters are required.
Traditionally, fecal indicator bacteria (FIB) have been used to
monitor pollution in environmental waters and to assess the
associated public health risks (Griffith et al., 2009). There are
several limitations to using FIB for microbial water quality
monitoring, as these bacteria can persist and replicate outside
of the host (Byappanahalli et al., 2003) and there can also
be a poor correlation between FIB and pathogen presence
(Ahmed et al., 2013). The major limiting factor, however,
is that FIB detection does not indicate the source or origin of
fecal contamination (Field and Samadpour, 2007), which is
crucial for the characterization of a public health risk and the
implementation of remediation measures. Therefore, microbial
source tracking (MST) techniques have been developed over
the last decade to unequivocally identify the sources and origins
of fecal pollution. Both library-dependent (LD-MST) and
library-independent MST (LI-MST) methods are available for
identifying the source of fecal pollution, although LD-MST
methods have several limitations in correctly assigning fecal
contamination to host-specific sources (Harwood et al., 2003;
Field and Samadpour, 2007). However, quantitative PCR (qPCR)
based LI-MST techniques have proven to be widely applicable
in the study of fecal contamination in environmental samples,
because they can accurately quantify the host-specific MST target
sequences (Layton et al., 2006; Kildare et al., 2007). Among the
LI-MST methods, Bacteroidales are often used as the target,
as they are obligate anaerobic bacteria found in the human and
animal gut at higher levels than E. coli (Bernhard and Field, 2000);
host-associated Bacteroidales 16S rRNA gene markers have been
developed for different hosts to discriminate between human

and other animal fecal sources in the environment (Kildare
et al., 2007; Shanks et al., 2008; Mieszkin et al., 2009; Raith et al.,
2013; Green et al., 2014). It has recently been reported that avian
feces could be better distinguished from other fecal sources by
targeting bacterial taxonomic groups such as Helicobacter spp.,
rather than Bacteroidales 16S rRNA (Green et al., 2012).

Previous reports specified that geographical differences could
significantly affect the performance of these MST assays and
recommended proper assessment prior to field application at new
study areas (Reischer et al., 2013; Odagiri et al., 2015; Boehm
et al., 2016). In China, studies on qPCR based MST assays to
monitor fecal pollution are very limited (Jia et al., 2014; He
et al., 2016; Fan et al., 2017). He et al. (2016) validated five
MST and four mitochondrial DNA fecal source tracking (FST)
markers for their applicability to study fecal pollution in the
Taihu Lake watershed. They reported that mitochondrial DNA
based human FST methods were superior (though slight cross-
reactivity was observed with pig fecal samples, the primary
livestock in the Taihu watershed) to those Bacteroidales based
MST (BacH, HF183 SYBR) assays tested, but the most widely
used MST makers, such as HF183 Taqman and BacHum qPCR
assays were not included. They also reported that the Pig-2-
Bac assay (Bacteroidales based) showed a higher accuracy than
other mitochondrial DNA based swine FST markers. Jia et al.
(2014) used swine specific Bacteroidales assay (Pig-2-Bac) to
assess the levels of swine fecal pollution in the Hongqi River,
and Fan et al. (2017) developed two new assays based on
genome fragment enrichment (GFE) targeting Bacteroidales-
like sequences present in pig fecal samples. Although MST
methods provide information on the source of fecal pollution,
they do not provide evidence for, or confirm the presence
of, bacterial pathogens. Determining the correlation between
MST data and direct pathogen detection has been addressed
in relatively few cases (Ridley et al., 2014; Bradshaw et al.,
2016; Steele et al., 2018). The correlation of MST markers
with pathogen presence in environmental samples has provided
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mixed results in MST field studies (Tambalo et al., 2012;
Marti et al., 2013). Field studies to evaluate the correlation
of MST marker and pathogens presence in a watershed are
important for the assessment of the associated public health
risk, have not previously been carried out in the Taihu
watershed region.

Taihu Lake, one of the top five freshwater lakes in China,
serves as a very important source of water supply, aquaculture,
tourism, flood protection, and transportation. The Taihu
watershed, located in southeast Jiangsu province and the Yangtze
River basin, is one of the most populated regions of China,
with a population density of 1,200 people per km2 and annual
production of approximately six million pigs and/or chickens
(Qin et al., 2007). It is reported that decline in the water quality
of Taihu Lake is due to pollutants such as untreated sewage,
animal and industrial waste inputs from rivers associated with
the volume of river discharge entering the lake (Zhang Y. et al.,
2016). Inputs from rivers are the main route of contaminants
and nutrients, to the detriment of the ecological health of the
lake (Saxena et al., 2015). Currently, more than 200 rivers
are connected to Taihu Lake but there are only 13 primary
inflow rivers (Zhang Y. et al., 2016). Tiaoxi River contributes
approximately 60% of the total source water to Taihu Lake,
significantly driving the water quality status of Taihu Lake
(Zhang Y. et al., 2016).

Here, we report the results of a comprehensive evaluation
of existing general and host-specific MST qPCR markers, using
fecal samples collected from the Taihu watershed region, in
order to identify the most suitable MST qPCR assays for
detecting host associated fecal pollution across this large and
important water catchment. Secondly, this study reports the
presence and abundance of MST and pathogenic bacterial gene
markers in the Tiaoxi River water and sediment samples, in
order to assess the fecal contamination of this river and to
characterize correlations across the FIB, MST, and specific
bacterial pathogens markers.

MATERIALS AND METHODS

Overview of the Study Area
The mainstream of the Tiaoxi River is 158 km in length
consisting of the Eastern, Western, Southern, and Northern
Tiaoxi Rivers (Zhang Y. et al., 2016). The Tiaoxi River flows in
northern Zhejiang province covering the upstream agricultural
areas and the downstream urban cities of the northern Zhejiang
Province. It has been estimated that the river collects water
from one million inhabitants residing in the moderately sized
cities of Zhejiang Province (Zhang Y. et al., 2016). Poultry is
a common livestock in Zhejiang province, and waste disposal
is an issue (Zheijiang, 2016). Excluding poultry, pigs comprise
more than 90% of the remaining livestock population in this
region (NBSC, 2015). It has been reported that the Tiaoxi
River is severely polluted by various sources such as farmlands,
domestic sewage, and industrial waste, subsequently affecting
the Taihu Lake water quality (Hagedorn and Liang, 2011;
Lv et al., 2015).

Evaluation of Existing MST Markers for
Applicability in Taihu Watershed
Selection of MST qPCR Assays and Fecal Sampling
The preliminary selection of MST assays for this study was based
on the identity of the livestock population in Zhejiang Province
and as per the data released by the National Bureau of Statistics,
PR China in 2015 (NBSC, 2015). The MST assays developed and
designed elsewhere were selected to validate their applicability;
the details of the MST assays are provided in Supplementary
Table S1. To determine the specificity and sensitivity of host-
associated MST qPCR markers, individual and composite fecal
and wastewater samples were used as target sources (Ahmed et al.,
2016b). In total, 61 fresh individual and composite fecal samples,
collected from various hosts in Huzhou (Zhejiang province)
and Suzhou (Jiangsu province), were tested. The details of the
collection of fecal and wastewater samples and preparation of
composite fecal samples are provided in Supplementary Note S1.
Individual fecal samples from animal hosts representing pigs,
chickens, dogs, and cows (n = 10 for each) and composite fecal
sources from ducks and geese (n = 3 pooled samples, each pooled
sample was prepared from five individual fecal samples) were
collected from farms, pet stores and the backyards of households
located near the Taihu Lake/Tiaoxi River watershed region in
the Huzhou area. All fecal samples were transported to the
laboratory on ice and stored at −20◦C within 6 h of collection.
Primary effluents (500 ml; n = 6) were collected from a wastewater
treatment plant (WWTP) located in Suzhou and brought to the
laboratory on ice. Biomass from primary influents was collected
by centrifugation at 4,000 × g for 10 min at 4◦C, and DNA
was extracted immediately. Ethical approval for handling fecal
samples in this study was acquired from Xi’an Jiaotong-Liverpool
University (XJTLU) Research Ethics Committee.

DNA Extraction and qPCR Assay Conditions
DNA extraction from the fecal/sewage samples was performed
using the PowerFecal

R©

DNA isolation kit that uses Inhibitor
Removal Technology

R©

(IRT) (MoBio, Carlsbad, CA,
United States), following the manufacturer’s instructions.
The quality and quantity of extracted DNA was confirmed by
NanoDrop ND 2000C (Thermo Fisher Scientific., United States)
and extracts were stored at −20◦C prior to further analysis.
Further quality assurance of extracted DNA samples and the
details of plasmid standard construction for MST qPCR assays
are provided in Supplementary Note S2.

All qPCR reactions (20 µl) were performed in triplicate
and the reaction mixture for all Taqman chemistry-based qPCR
assays included 10 µl of TaqMan Environmental Master Mix 2.0
(Applied Biosystems, Foster City, CA, United States), 2 µl of
the probe/primer set with a final concentration as shown in
Supplementary Table S1 and 8 µl of the 10-fold diluted target
DNA template. For the two SYBR Green chemistry based qPCR
assays (HF183 SYBR and GFD), the reaction mixture contained
10 µl of SYBR Green Master Mix 2.0 (Thermo Scientific,
United States), 2 µl of primer mixture and 8 µl of the 10-fold
diluted target DNA templates as stated above. The correct
amplification products for these SYBR Green assays were chosen
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based on the melting curve analysis as described previously
(Seurinck et al., 2005; Green et al., 2012).

qPCR Performance Characteristics and Data Analysis
For each MST assay, the limit of detection (LOD) was determined
from the standard curve. The lowest concentration of standard
gene copies that could be confidently detected in all triplicates
was considered as the LOD (Schriewer et al., 2013; Ahmed et al.,
2016a). All the qPCR results were normalized to gene copies/ng
of DNA and the samples considered positive if the concentrations
were above the LOD. The interpretation of the qPCR assay
results was as stated in the previous studies (Ahmed et al., 2016b;
Nshimyimana et al., 2017). Sensitivity and specificity of all qPCR
assays were determined as described previously (Ahmed et al.,
2013). The statistical and qPCR data analyses were carried out
using either Microsoft Excel or SPSS version 22.0. The linear
regression analysis was performed using Microsoft Excel; the
statistical significance in the abundance of Bac-Uni and GenBac3
markers of fecal and sewage samples was determined using SPSS
22.0 (IBM Inc., Chicago, IL, United States).

Quantification of MST and Pathogenic
Bacterial Gene Markers in Tiaoxi River
Water and Sediment Samples
Sample Collection and Processing
Initially, 25 sampling locations were selected covering the East
and West, and junctions of the Tiaoxi River with other tributaries,
extending to approximately 100 km of the mainstream river

(Figure 1); samples were collected from these locations in three
seasons (autumn 2014, winter, and summer 2015). Locations
comprising domestic, agricultural, and industrial areas were
selected for sampling and the land use pattern of the sampling
locations was reported in our previous study (Vadde et al.,
2018); the details are also provided in Supplementary Table S2.
Water samples were collected in sterile 5 L polypropylene
containers and sediments were collected using a sediment
sampler; the samples in triplicate were transferred to sterile
50 ml tubes. Water and sediment samples were transported to
the laboratory on ice and were processed within 8 h. Sediment
samples were frozen at −20◦C and the water samples (250 ml)
were filtered through 0.22 µm polycarbonate membrane filters
(Millipore, United Kingdom) and stored at −20◦C prior to
DNA extraction. The DNA was extracted from membrane filters
(water samples) and sediment samples using PowerSoil DNA
Isolation Kit (MoBio Inc., Carlsbad, CA, United States) as per the
manufacturer’s instructions.

Enumeration of Fecal Coliforms
The current study incorporates microbiological assessment data
published in our previous study (Vadde et al., 2018). The
enumeration of fecal coliforms (FC) was carried out by standard
membrane filtration technique (APHA, 2005) using mFC agar
(Difco, Germany) according to the manufacturer’s instructions.
The FC count data were used for initial assessment of fecal
pollution at the Tiaoxi River and to prioritize the locations for
further quantification of MST and pathogenic bacterial gene
markers at these locations.

FIGURE 1 | Map of the sampling locations selected for the current study in Tiaoxi River (Taihu watershed).
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Quantification of MST and Pathogenic
Bacterial Gene Markers by qPCR
As validated in this study, four previously designed qPCR assays
targeting total, human, swine, and avian associated fecal sources
were selected for their quantification in water and sediment
samples of the Tiaoxi River (Table 1). Three TaqMan assays
(BacUni, HF183 Taqman, and Pig-2-Bac) were selected for
detection of the total, human and swine associated Bacteroidales,
and one SYBR green-GFD assay was selected for detection of
avian associated fecal markers (Kildare et al., 2007; Mieszkin
et al., 2009; Green et al., 2012, 2014). In addition, five qPCR
assays targeting stx2, eae, LipL32, ipaH, and mapA genes of the
specific pathogenic bacteria were selected for this study (Table 1).
Two qPCR assays targeting the eae gene specific for E. coli
O157:H7 (Ibekwe et al., 2002) and stx2 gene specific for Shiga
toxin producing E. coli (Beutin et al., 2008) were applied using
SYBR Green chemistry. Three assays targeting the LipL32 gene
specific for pathogenic Leptospira sp. (Stoddard et al., 2009), ipaH
gene specific for Shigella spp. (Wang et al., 2007) and mapA
gene specific for Campylobacter jejuni (Best et al., 2003) used
TaqMan chemistry.

All qPCR reactions were run in triplicate with a final reac-
tion volume of 20 µL. A seven-point 10-fold serially diluted
recombinant plasmid DNA with a target sequence was used to
generate the standard curve (range 101 to 107 copies/reaction) in
each qPCR assay. All the TaqMan qPCR assays (20 µl of master

mix), contained 10 µl of TaqMan Environmental Master Mix 2.0
(Applied Biosystems, United Kingdom), 2 µL of template DNA,
6 µl nuclease-free water and 2 µL of primers and probes at the
final concentrations shown in Table 1. SYBR Green assays (20 µl
of master mix) contained 10 µl of SYBR Green PCR Master Mix
(Thermo Fisher Technologies, Foster City, CA, United States),
7.0 µL nuclease-free water, 2 µL of template DNA and 1 µL of
primer mixture with a final concentration as in Table 1. Prior to
quantification, the absence of PCR inhibitors was analyzed in at
least 10% of DNA samples by applying the BacUni qPCR assay
that amplifies the 16S rRNA gene of Bacteroidales (Odagiri et al.,
2015). The accuracy and efficiency of the standard curves were
determined by including a positive control of 103 copies of the
plasmid standard as the unknown in each assay (Oster et al., 2014).

Data Processing and Statistical Analyses
All the qPCR assay results were processed based on the Minimum
Information for Publication of Quantitative Real-Time PCR
Experiments (MIQE) guidelines (Bustin et al., 2009); if the
R2 or efficiencies were not achieved by any assay, the
samples were tested again. The details of the LOD, limit of
quantification (LOQ), and final assessment of qPCR results
for each of the MST and pathogen quantification assays
are provided in Supplementary Information. For statistical
analysis, the concentrations of FC, MST markers, and genes
of pathogenic bacteria were log transformed and non-detects

TABLE 1 | List of primers and probes used for quantification of MST markers and genes of pathogenic bacteria.

Target source/ Annealing

organism Assay Primer/probe Concentration Oligonucleotide sequence (5′–3′) temperature (◦C) References

Total Bacteroidales BacUni BacUni-520F 400 nM CGTTATCCGGATTTATTGGGTTTA 60 Kildare et al., 2007

BacUni-690R1 400 nM CAATCGGAGTTCTTCGTGATATCTA

BacUni656P 80 nM FAM-TGGTGTAGCGGTGAAA-MGB

Human associated
Bacteroidales

HF183 HF183F 1000 nM ATCATGAGTTCACATGTCCG 60 Green et al., 2014

BacR287R 1000 nM CTTCCTCTCAGAACCCCTATCC

BacP234P 80 nM FAM-CTAATGGAACGCATCCC-MGB

Swine associated
Bacteroidales

Pig-2-Bac Pig-2-Bac41F 300 nM GCATGAATTTAGCTTGCTAAATTTGAT 60 Mieszkin et al., 2009

Pig-2-Bac163R 300 nM ACCTCATACGGTATTAATCCGC

Pig-2-Bac113P 200 nM VIC-TCCACGGGATAGCC-MGB

Avian associated Marker GFD GFD-F 100 nM TCGGCTGAGCACTCTAGGG 57 Green et al., 2012

GFD-R 100 nM GCGTCTCTTTGTACATCCCA

C. jejuni mapA mapA F 400 nM CTGGTGGTTTTGAAGCAAAGATT 60 Best et al., 2003

mapA R 400 nM CAATACCAGTGTCTAAAGTGCGTTTAT

mapA P 80 nM FAM-TTGAATTCCAACATCGCTAATGTATA
AAAGCCCTTT-TAMRA

Pathogenic Leptospira spp. LipL32 LipL32F 300 nM AAG CAT TAC CGC TTG TGG TG 60 Stoddard et al., 2009

LipL32R 300 nM GAA CTC CCA TTT CAG CGA TT

LipL32P 200 nM FAM-AAAGCCAGGACAAGCGCCG-BHQ1

Shigella spp. ipaH ipaH F 400 nM CTTGACCGCCTTTCCGATA 64 Oster et al., 2014

ipaH R 400 nM AGCGAAAGACTGCTGTCGAAG-

ipaH P 80 nM FAM-AAC AGG TCG CTG CAT GGC TGG
AA-TAMRA

E. coli (STEC) stx2 Stx2F 200 nM CAGGCAGATACAGAGAGAATTTCG 61 Beutin et al., 2008

Stx2R 200 nM CCGGCGTCATCGTATACACA

E. coli O157:H7 eae eae-F 200 nM GTAAGTTACACTATAAAAGCACCGTCG 56 Ibekwe et al., 2002

eae-R 200 nM TCTGTGTGGATGGTAATAAATTTTTG
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were assigned as 0 (Bradshaw et al., 2016). The data were
not normally distributed (based on Kolmogorov–Smirnov test)
after transformation, therefore Kruskal–Wallis non-parametric
ANOVA with Dunn’s post-test was used for determining
statistical significance among different sampling locations.
The correlation among FC, MST markers and genes of
pathogenic bacteria in water samples was analyzed by Spearman’s
coefficient correlation.

RESULTS

Evaluation of Existing MST Makers for
Applicability in Taihu Watershed
Quality Assurance of Fecal DNA and Performance
Characteristics of MST qPCR Assays
Reliable quantification and specific detection of genetic markers
by qPCR poses many challenges, therefore assays should be
carefully designed and optimized to obtain maximum achievable
specificity and sensitivity (Bustin et al., 2009). The quality
assurance of fecal/sewage DNA was assessed by the BacUni
assay and the results showed that all the fecal/sewage DNA had
matching concentrations (based on mean Cp and percentage of
coefficient of variation) of BacUni markers in the two different
dilutions tested (1:10 and 1:100), indicating the absence or
negligible amounts of PCR inhibitors. Therefore, all further
assays were performed with 1:10 diluted DNA extracts. The Cp
mean values for the BacUni marker in 1:10 and 1:100 diluted
human fecal samples are provided in Supplementary Table S3.

The amplification efficiencies of all MST qPCR assays tested
were in the range 86–102% and the correlation coefficient (r2)
values were ≥0.98. The detailed performance characteristics of
all the qPCR assays are provided in the Supplementary Table S4;
all of the values were within the limits recommended in the
MIQE guidelines (Bustin et al., 2009). All of the qPCR standards
were re-analyzed to determine the master standard curve with
standardized slope, amplification efficiencies, and correlation
coefficient (r2) values. The details of master standard curves and
LOD for each tested MST assay are presented in Table 2.

TABLE 2 | Performance characteristics of MST qPCR assays tested using fecal
and sewage samples.

Assay Slope y-intercept R2 Efficiency LOD∗ (gc/rxn)

BacUni −3.32 43.3 0.99 100.0 24.5

GenBac3 −3.27 40.3 0.99 101.8 14.1

BacHum −3.26 38.4 0.99 102 36.8

HF183 Taqman −3.37 39.6 0.99 99.7 11.5

HumM2 −3.34 42.2 0.99 98.9 75

HF183 SYBR −3.3 36.2 0.99 100.9 10

Pig-2-Bac −3.27 41.1 0.99 102 30

BacCow −3.31 41.6 0.99 100.3 100

AV4143 −3.5 43 0.99 93 10

GFD −3.41 36.9 0.99 96 11.3

∗LOD, limit of detection. TA
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Performance of Universal and
Human Bacteroidales Assays
Both BacUni and GenBac3 assays, targeting universal/general
Bacteroidales, exhibited 100% sensitivity to fecal and sewage
samples as they amplified DNA from all the samples. The mean
concentration of these markers in fecal and sewage samples
is given in Supplementary Table S5. Comparatively, BacUni
showed slightly higher total Bacteroidales concentrations [copies
per nanogram (ng) of DNA] than the GenBac3 assay in all of
the tested samples.

Among the four human-associated assays tested, the HF183
SYBR marker was the most sensitive but showed high cross-
reactivity (Table 3). It was found in 80% of human origin
samples (7/10 human feces and 5/5 sewage samples) at an average
concentration of 2.72 log10 gene copies per ng of DNA and
showed cross reactivity with chicken (7/10), cow (3/10), duck
(1/3), dog (2/10), and goose (1/3) fecal DNA samples identifying
it as the least specific (69.5%). The BacHum marker had the
highest specificity (80.4%) among the tested human-associated
markers, along with HF183 Taqman. The BacHum assay had a
sensitivity of 73.3% (6/10 human feces and 5/5 sewage samples)
at an average concentration of 3.19 log10 copies per ng of DNA
and was detected (above LOD) in three different host fecal
DNA samples – chicken (6/10), cow (1/10), and dog (2/10).
Similar to BacHum, the HF183 Taqman marker was highly
specific (80.4%) among human-associated assays and was found
in 73.3% of target sources (6/10 human feces and 5/5 sewage
samples) at an average concentration of 3.63 log10 copies per ng
of DNA. However, HF183 Taqman marker was found in only
two different host fecal DNA samples, chicken (7/10) and dog
(2/10). The final human-associated assay, Hum2 was the least
sensitive marker and was detected in only 53% of samples of
human origin (7/10 human feces and 1/5 sewage samples) at
an average concentration of 2.52 log10 copies per ng of DNA.
It was also detected in chicken (4/10), cow (2/10), pig (2/10),
dog (1/10), and goose (1/3) fecal DNA samples, making it
less specific (78%). In general, chicken (40–70%) and dog fecal
samples (10–20%) had cross-reactivity with all of the human-
associated assays. Overall, HF183 Taqman was the only assay
that did not exhibit any cross-reactivity with cattle or swine
fecal DNA samples, while HF183 SYBR, Hum2, and BacHum
showed cross-reactivity with either cattle or swine fecal DNA
samples (Table 3).

Performance of Animal Associated MST Assays
The performance of the swine associated assay (Pig-2-Bac) was
evaluated with 10 pig fecal samples and the target was found
in 90% of samples (9/10) at an average concentration of 3.03
log10 copies per ng of DNA (Table 4). The Pig-2-Bac marker
was highly specific (95%) and it had a low level of cross-
reactivity with cow fecal samples (2/10). BacCow marker was
found in 100% of cattle fecal samples (10/10) at an average
concentration of 2.81 log10 copies per ng of DNA (Table 4),
but showed some cross-reactivity with pig (2/10) and chicken
(2/10) fecal DNA samples, although not found in any of the
human fecal DNA samples at above LOD levels, yielding a
specificity value of 77%.

Frontiers in Microbiology | www.frontiersin.org 7 April 2019 | Volume 10 | Article 69961

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00699 April 24, 2019 Time: 14:12 # 8

Vadde et al. Pathogen Tracking in Taihu Watershed

The avian associated MST assays performed very distinctively
on the tested fecal DNA samples (Table 4). The AV4143
marker was found in 100% of chicken fecal samples but was
also detected in human (1/10) and cow (2/10) fecal DNA.
The mean concentration of AV4143 marker was 4.13 log10
copies per ng of DNA in chicken feces. Those human and
cow samples for which there was cross reactivity comprised
ca. 3 log-fold fewer gene copies than chicken feces. The
GFD markers were only detected in 7 of the 10 chicken
feces samples and cross-reacted with dog fecal DNA samples
(3/10). The mean concentration of GFD markers was 2.20
log10 copies per ng of fecal DNA sample, so ca. 100-fold
less than AV4143.

Assessment of Microbial Quality of
Tiaoxi River Water and Sediments
Enumeration of Fecal Coliforms in Water Samples
FC count data was used for an initial assessment of fecal
contamination at these sampling locations and the results
reported in our previous study (Vadde et al., 2018). The FC
counts are interpreted according to US EPA standards (USEPA,
2012), and elevated levels of FC (>250 CFU/100 ml) were
detected at 15 locations (1–6, 8, 10, 12–16, 20, and 21) on one
or more occasions (Figure 2). In general, the FC counts were
higher during summer, which could be correlated with the warm
(optimal) weather supporting acclimatization of FC bacteria;
a rainfall event that occurred the day before the sampling may
have led to transport of fecal matter and proliferation of FC
bacteria (Heaney et al., 2015). Based on the elevated levels of FC,
15 out of 25 locations were considered as preliminary hotspots of
fecal contamination and were selected for further quantification
of MST fecal markers and pathogenic bacterial genes in DNA
extracted from water and sediment samples. The FC counts
(range and mean) along with physico-chemical analysis results
for 25 sampling locations monitored during 2014 to 2015 is
provided in Supplementary Table S6.

Quality Assurance of Extracted DNA and
Performance of qPCR Assays
DNA samples tested for PCR inhibition did not show any
major difference in concentration values (based on mean Cp
and percentage of coefficient of variation) for undiluted and
1:4 diluted DNA extracts, indicating that the samples were free
of potential PCR inhibitors. The range and compiled values
of amplification efficiencies and linear range of quantification
for all qPCR assays are provided in Supplementary Table S7.
The average Cp value for all negative controls (NTC) was
>38, and samples were repeat tested if the average Cp value
of NTCs was <38.

Detection Frequency and Concentration of MST
Markers in Water and Sediment Samples
Data on the presence and distribution of MST markers in water
and sediment samples at 15 sampling locations, determined
by qPCR, are presented in Table 5. Since these monitoring
locations selected for the MST study were presumed hot
spots of fecal contamination (based on FC count), the total
Bacteroidales marker was detected in all water and sediment
samples at the 15 locations. In water samples, the mean
concentration of total Bacteroidales marker was 6.22 log10
gene copies/100 ml with concentrations ranging from 4.62
to 7.63 log10 gene copies/100 ml (Figure 3A). For sediment,
the mean concentration was 6.11 log10 gene copies/gram and
concentrations ranged from 4.37 to 7.82 log10 gene copies/gram
(Figure 4A). Significant statistical variation in total Bacteroidales
concentrations among different locations was observed for both
water (P > 0.015) and sediment samples (P > 0.003). In relative
terms, the total Bacteroidales concentration was high during
winter for both water and sediment samples. Based on the
quantification of total Bacteroidales, the water samples from
location 16 and sediment samples from location 15 were found
to be the most fecally polluted, regardless of the fecal source
(human versus animal species). Locations 15 and 16 are suburban
areas, which are close to a WWTP. For the host associated MST

FIGURE 2 | Concentration of fecal coliforms observed in different sampling locations of Tiaoxi River.
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TABLE 5 | Detection frequencies of MST markers in water and sediment samples
of Tiaoxi River, Taihu watershed (2014–2015).

No. of

Sample samples

type tested (n) No. of positive samples (%)a

Human Swine Avian

Total associated associated associated

Bacteroidales markers markers markers

Water

Autumn 15 15 (100%) 15 (100%) 10 (66%) 13 (86%)

Winter 15 15 (100%) 15 (100%) 13 (86%) 15 (100%)

Summer 15 15 (100%) 14 (93%) 15 (100%) 13 (86%)

Total 45 45 (100%) 44 (97%) 38 (84%) 40 (89%)

Sediment

Autumn 15 15 (100%) 13 (86%) 6 (40%) –b

Winter 15 15 (100%) 11 (73%) 8 (53%) –b

Summer 15 15 (100%) 15 (100%) 15 (100%) 4 (26.7%)

Total 45 45 (100%) 39 (86%) 29 (64%) 4 (8.9%)

a Limit of detection (LOD) as cutoff. b Below detection limits.

marker analysis in water samples, human-associated markers
were the most frequently detected (97%), followed by avian (89%)
and swine (84%). In sediment samples, human-associated MST
marker was detected more often (86%), followed by swine (64%).
The avian markers were positive for several sediment samples but
were always below the LOD.

The human-associated marker, HF183 Taqman, was detectable
at most of the locations tested in water samples (44/45) in
all three seasons with a mean concentration of 3.75 log10
gene copies/100 ml (range 2.91–5.6 log10 gene copies/100 ml)
(Figure 3B). For sediment samples, the HF183 Taqman was
detected with high frequency (39/45) at concentrations ranging
from 3.8 to 5.6 log10 gene copies/gram (mean 3.91 log10
gene copies/gram) (Figure 4B). During the summer, human-
associated markers were detected at a higher prevalence in
water and sediment samples, probably due to the runoff water
received from heavy rainfall (349 and 268 mm in July and August
2015) that occurred before summer sampling (NBSC, 2016).
There was a statistically significant difference in the prevalence
of human markers in the sediment samples (P > 0.004)
but not in the water samples. Based on the HF183 Taqman
assay, water samples collected from locations 12 and 16, and
sediment samples collected from location 15 had the highest
concentration of human-associated marker during the three
seasons. Location 12 is very close to Huzhou city and as stated
above, locations 15 and 16 are suburban areas close to a WWTP,
and the sampling was carried out at the junction of Tiaoxi
River and a canal that enters Taihu Lake (Vadde et al., 2018)
(Supplementary Table S2).

With respect to swine fecal contamination, the swine
associated marker was detected less often in water (38/45)
and sediment samples (29/45) than human markers. The mean
concentration of swine marker in water samples was 2.96 log10
gene copies/100 ml (range 2.77–5.56 log10 gene copies/100 ml)

(Figure 3C). The mean concentration of swine markers in
sediment samples was 3.75 log10 gene copies/gram (range 3.6–4.7
log10 gene copies/gram) (Figure 4C). The variation in the
concentration of swine markers detected in water (P > 0.001)
and sediment samples (P > 0.001) was statistically significant.
Higher concentrations of swine associated marker were observed
in water samples at location 1 during summer and in sediment
samples at location 10 during winter. The samples at location 1
were collected 1 km inside the Taihu Lake from the junction with
the Tiaoxi River, and runoff during the summer was probably a
contributory factor. Location 10 was close to a rural area where
the agricultural input to the river upstream was likely to enhance
the swine marker content.

The avian associated fecal pollution was found to be the
second dominant host associated fecal pollution in the Tiaoxi
River water samples. The avian markers were detected in 89% of
water samples (40/45) at concentrations of 2.30–5.56 log10 gene
copies/100 ml (mean 2.70 log10 gene copies/100 ml) (Figure 3D).
There was no significant statistical variation for avian marker
concentration in water samples across different locations of
the study area. For sediment samples, the avian markers were
detected in only four of the 15 samples collected in the summer
season. During the autumn and winter seasons, although some
samples were positive for the avian MST assay, they were below
the LOD limits. The highest avian marker concentration was
observed at location 6 for both water and sediment samples.
Location 6 is in a suburban area near Qijia village, where several
swine and poultry farms are located.

Concentration of Pathogen Bacterial
Genes in Water and Sediment Samples
Data on the presence and distribution of gene markers for
five bacterial pathogens are presented in Table 6. Considering
detected but not quantifiable (DNQs) as positive samples, the
most commonly detected pathogens in water and sediment
samples, respectively, were Campylobacter jejuni (62% and 53%)
and Shigella spp. (60% and 91%), followed by STEC (55%
and 51%) and pathogenic Leptospira spp. (33% and 13%).
The E. coli O157:H7 marker was detected only in sediment
samples (11%). The concentrations of marker genes of bacterial
pathogens detected in water and sediment samples at each
location are provided in Supplementary Table S8. Using the
LOQ as the selection criterion, Campylobacter jejuni (mapA)
was present in a quantifiable range in 20 out of 45 water
samples (2.31–2.88 log10 gene copies/100 ml) and 13 of 45
sediment samples (3.30–3.86 log10 gene copies/gram) (Figure 5).
The highest mapA gene concentration was observed in water
samples collected at location 16, and in sediment samples
collected at location 20 (Supplementary Table S8). In the case
of Shigella spp., although the ipaH gene was detected in several
samples, it was quantifiable in only two out of 45 water samples
(locations 3 and 12) with concentrations of 2.32 and 2.35
log10 gene copies/100 ml, respectively. In sediments, the ipaH
gene was quantified in 14 samples with concentrations ranging
3.32–3.47 log10 gene copies/gram (Figure 5) and the highest
concentration was observed at location 12. Similarly, the stx2
(Shiga toxin-producing E. coli) was quantified in only 2 out of

Frontiers in Microbiology | www.frontiersin.org 9 April 2019 | Volume 10 | Article 69963

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00699 April 24, 2019 Time: 14:12 # 10

Vadde et al. Pathogen Tracking in Taihu Watershed

FIGURE 3 | Concentration of MST fecal markers quantified in water samples at different sampling locations of Tiaoxi River. (A) Total Bacteroidales;
(B) human-associated Bacteroidales; (C) swine-associated Bacteroidales, and (D) avian-associated MST marker.
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FIGURE 4 | Concentration of MST markers quantified in sediment samples at different sampling locations in Tiaoxi River. (A) Total Bacteroidales;
(B) human-associated Bacteroidales; (C) swine-associated Bacteroidales.

45 water samples (locations 5 and 21) with a concentration of 2.31
and 2.42 log10 gene copies/100 ml, respectively. In sediments,
it was quantified in 14 out of 45 samples with a concentration
range of 3.32–3.65 log10 gene copies/gram (Figure 5) and the
highest concentration of stx2 genes was observed at location 14.
The LipL32 gene (Pathogenic Leptospira spp.) was quantified in
15 out of 45 water samples with the concentration ranging from
2.43 to 3.13 log10 gene copies/100 ml, with the highest levels
recorded at location 21. The LipL32 gene was quantified in 6
(out of 45) sediment samples at a concentration of 3.32–3.65
log10 gene copies/gram (Figure 5) and highest concentrations
were observed at location 20. The eae gene of E. coli O157:H7
was quantified in only three sediment samples collected in

autumn 2014 with a concentration of 3.32–4.03 log10 gene
copies/gram and the highest concentration recorded at location
20 (Supplementary Table S8).

Correlation Between FC, MST Markers,
and Genes of Bacterial Pathogens
All the correlations in this study were considered as significant
only when Rho(r) and p-values were >0.5 and <0.05, respectively
(Steele et al., 2018). The concentrations of FC (FIB) were
positively correlated with BacUni (r = 0.667 and p < 0.01) and
HF183 Taqman (r = 0.572 and p < 0.05) but not with Pig-2-
Bac and GFD markers (Table 7), indicating that the common
source of fecal pollution is effluents from WWTP or human waste
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TABLE 6 | Detection frequencies of bacterial pathogen marker genes in water and sediment samples of Tiaoxi River, Taihu watershed (2014–2015).

Sample type No. of samples

tested (n) No. of positive samplesa

Leptospira Campylobacter Shigella STEC EHEC O157:H7

(LipL32) (mapA) (ipaH) (stx2) (eae)

Water

Autumn 15 5 (33%) 4 (26.6) 15 (100%) 0 0

Winter 15 10 (66%) 9 (60%) 8 (53%) 12 (80%) 0

Summer 15 0 15 (100%) 4 (26.6) 12 (80%) 0

Total 45 15 (33%) 28 (62%) 27 (60%) 25 (55%) 0

Sediment

Autumn 15 0 6 (40%) 15 (100%) 11 (73%) 5 (33%)

Winter 15 6 10 (66%) 12 (80%) 3 (20%) 0

Summer 15 0 8 (53%) 14 (97%) 9 (60%) 0

Total 45 6 (13%) 24 (53%) 41 (91%) 23 (51%) 5 (11%)

a DNQ’s (detected but not quantifiable) recorded as positive samples.

entry into the river. The FC did not show correlation with any
of the genes of bacterial pathogens tested in this study, which
is in agreement with previous studies (Bradshaw et al., 2016;
Zhang Q. et al., 2016); FC points to the potential risk of exposure
to pathogens but does not demonstrate their specific presence.
The BacUni marker showed a strong positive correlation with
HF183 Taqman (r = 0.832 and p < 0.01), suggesting humans
as the major contributor to the total Bacteroidales content.
BacUni also showed positive correlation with stx2 gene (r = 0.6
and p < 0.05). HF183 Taqman showed negative correlation
with GFD marker (r = −0.582 and p < 0.05) and positive
correlation with stx2 gene (r = 0.593 and p < 0.05). Since there
are multiple fecal sources (such as pig, cow, and poultry) of
stx2 gene presence in the environment, it is difficult to draw
conclusions on the stx2 gene correlation with BacUni and HF183
Taqman. No significant correlation was observed for Pig-2-Bac
and GFD markers with the marker genes of bacterial pathogens
addressed in this study.

DISCUSSION

Evaluation of MST qPCR Assays for
Their Applicability at Taihu Lake/Tiaoxi
River Watershed
Overall, this is a comprehensive study evaluating the performance
of existing universal, human and animal associated MST qPCR
assays for their applicability to ascertain host-associated fecal
pollution in the Taihu Lake/Tiaoxi River watershed, China.

Among universal/total Bacteroidales MST qPCR assays, the
high sensitivity of the BacUni (Universal Bacteroidales) marker
for human and animal feces, excluding avian sources, has
frequently been reported in Asian countries such as India
(Odagiri et al., 2015) and Singapore (Nshimyimana et al., 2017),
and also in the United States (Kildare et al., 2007), and Kenya
(Jenkins et al., 2009). The GenBac3 general Bacteroidales assay is

the most widely used assay in the United States for quantifying
Bacteroidales in environmental samples (Shanks et al., 2009;
Ervin et al., 2013). In our study, both BacUni and GenBac3
showed 100% sensitivity to fecal samples but the BacUni assay
amplified higher copies per ng of DNA than the GenBac3 assay
in all of the tested samples. We conclude that the BacUni assay
is more suitable for quantification of total Bacteroidales in the
Taihu watershed, China; Odagiri et al. (2015) also reported
that the BacUni marker quantified higher copy numbers than
GenBac3 in fecal DNA samples tested in Odisha, India. The
ability of human-associated markers to identify human fecal
sources as distinct from other sources in an aquatic environment
is vital to the MST approach. Variations, due for example to
the impact of dietary patterns on gut microbiomes (Wu et al.,
2011) or geographical differences (Yatsunenko et al., 2012), could
significantly affect the performance of MST assays and this has
been supported by several validation studies across different
countries in recent years (Jenkins et al., 2009; Reischer et al.,
2013; Odagiri et al., 2015; Boehm et al., 2016; He et al., 2016;
Nshimyimana et al., 2017; Malla et al., 2018). Therefore, it is
important to evaluate the performance of human fecal markers
prior to application. Here, with the exception of the HF183
SYBR assay, all of the human-associated assays showed lower
sensitivity (53–73%) than expected (81–100%). This reduced
sensitivity range could well be due to the geographical variability
in human gut microbiomes (Yatsunenko et al., 2012). The
HF183 SYBR assay, which performed well in Bangladesh (Ahmed
et al., 2010) and in Singapore as a human sewage indicator
(Nshimyimana et al., 2014), showed less specificity in our
study. Our results on the specificity of this assay are more in
line with previous studies conducted in India (Odagiri et al.,
2015) and Nepal (Malla et al., 2018). Although the remaining
three assays are less sensitive compared to HF183 SYBR, they
are more specific. The BacHum and HF183 Taqman assays
showed relatively more specificity (80.4%), followed by Hum2
with 72.5% specificity. All of the human target assays gave
some level of cross-reactivity with other fecal samples, with
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FIGURE 5 | The concentrations (mean and standard deviations) of genes of bacterial pathogens detected in water (A) and sediment samples (B) of Tiaoxi River.

the highest levels recorded in chickens (Table 3). The high
cross-reactivity with chicken fecal samples by human-associated
markers has been described in earlier studies directed in South
Asia (Odagiri et al., 2015; Nshimyimana et al., 2017). The
occurrence of the HF183 marker in dogs and chickens has also
been reported previously, with the HF183 forward primers with
Bac708 reverse primer picking up a target sequence in chicken
fecal samples (Gourmelon et al., 2007; Ahmed et al., 2012).
The BacHum assay’s cross-reactivity with chicken fecal DNA
has also been indicated previously in several studies (Reischer
et al., 2013; Odagiri et al., 2015; Nshimyimana et al., 2017).
With the exception of HumM2, none of the markers exhibited
cross-reactivity with pig fecal DNA, which is encouraging as
pigs are major livestock animals in Zhejiang province (Taihu
watershed region). An assay that showed zero cross-reactivity

to pig fecal DNA and highly sensitive to sewage samples
would be considered as very suitable for source tracking in
the Taihu watershed region. In this study, HF183 Taqman
and BacHum assays showed the same accuracy, but HF183
Taqman was found to be the more suitable human-associated
fecal maker than BacHum as it amplified DNA from all
of the sewage samples with higher abundance and did not
show any cross-reactivity with pig and cattle fecal samples
(Table 3). The HF183 Taqman’s cross-reactivity to chicken
fecal samples can be negated by employing avian associated
assays, such as GFD assay, in tandem to verify the existence
of true human fecal pollution. An evaluation study carried
out in Singapore (Nshimyimana et al., 2017) indicated similar
sensitivity and specificity for HF183 Taqman to that reported
here, though that study recommended another human-associated
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TABLE 7 | Correlation between FC, MST markers and pathogenic bacterial marker genes.

Correlation coefficient

FC BacUni HF183Taq Pig-2-Bac GFD LipL32 mapA ipaH stx2

FC 1 0.667∗∗ 0.572∗
−0.234 −0.27 −0.248 0.095 −0.361 0.397

BacUni 1 0.832∗∗
−0.036 −0.396 −0.04 −0.018 −0.168 0.600∗

HF183Taq 1 −0.061 −0.582∗
−0.265 0.1 −0.121 0.593∗

Pig-2-Bac 1 −0.268 0.346 0.5 0.068 −0.421

GFD 1 −0.095 0 0.057 −0.275

LipL32 1 −0.251 −0.225 0.207

mapA 1 0.379 −0.286

ipaH 1 −0.018

stx2 1

∗∗Correlation is significant at 0.01 level (two-tailed). ∗Correlation is significant at 0.05 level (two-tailed).

assay, B. theta (Taqman), for source tracking of human fecal
and sewage in Singapore. The inconsistencies in the performance
of Bacteroidales assays in regions other than the originally
developed have been reported elsewhere (Layton et al., 2013;
Reischer et al., 2013; Boehm et al., 2016).

The swine associated marker, Pig-2-Bac, has broadly been
evaluated and used for MST studies across different countries,
including China and Nepal (Jia et al., 2014; Arfken et al., 2015;
He et al., 2016; Malla et al., 2018). He et al. (2016) validated
the Pig-2-Bac assay on target and non-target fecal samples of
Taihu watershed region and reported that it was more sensitive
and specific than mitochondrial DNA based swine markers.
They have also applied the Pig-2-Bac marker for identifying
swine fecal pollution in the Taige River of Taihu watershed. Jia
et al. (2014) used Pig-2-Bac assay for quantification of swine
fecal markers in Hongqi River, Yongan River, and Taige River.
The results of the swine associated assay in our study are
in agreement with the findings of He et al. (2016), and the
suitability of the Pig-2-Bac assay for identifying contamination
by pig fecal sources at Taihu watershed is confirmed. The
BacCow marker, which was originally developed to detect
fecal source of cow or cattle origin (Kildare et al., 2007),
has shown cross-reactivity with fecal samples collected from
other ruminants (e.g., deer) and non-ruminants such as horse,
pig, dog, and chicken in a California based validation study
leading to its reclassification as ruminant-associated marker
(Raith et al., 2013). Similar findings were reported in evaluation
studies conducted in Australia and Europe, indicating that this
assay had cross-reactivity with non-targets such as chicken,
goose, dog, pig, and duck (Ahmed et al., 2013; Reischer et al.,
2013). In a validation study conducted in India, BacCow
markers were reported to be found in all types of composite
livestock/domestic animal feces (cow, buffalo, goat, sheep, dog,
and chicken) but not in tested human samples and it was
recommended that the BacCow assay could be used to detect
fecal pollution by livestock/domestic animals (Odagiri et al.,
2015). More recently, BacCow was detected in all fecal samples
tested including human origin (composite sewage) in a validation
study conducted in Nepal (Malla et al., 2018). In order to check
the true specificity and sensitivity of BacCow, this study was
conducted with individual fecal samples instead of composite

fecal samples. Here, we detected BacCow in all of the cattle
fecal samples tested but found some cross-reactivity with pig
(2/10) and chicken (2/10) samples in agreement with the
findings of Ahmed et al. (2013) and Reischer et al. (2013).
Since the BacCow marker was not identified in all of the
livestock/domestic fecal samples tested, it is not applicable in
the Taihu watershed as a livestock/domestic animal fecal source-
tracking marker.

The ability to draw conclusions on the microbial flora in avian
fecal samples is still ambiguous worldwide, making it difficult
to develop reliable qPCR assays for the specific detection of
avian fecal contaminations (Ohad et al., 2016). This could be
due to variation in food intake by the avian sources regionally
(Ahmed et al., 2016a). Though Bacteroides and its closely related
organisms are commonly used for identifying the source of fecal
contamination for human and animals (Bernhard and Field,
2000; Layton et al., 2006; Kildare et al., 2007), previous studies
revealed that Bacteroides are rarely present in avian sources (Lu
et al., 2009). The phylum level mapping of avian fecal samples
showed that Firmicutes, Proteobacteria, and Fusobacteria are
the main phyla (Lu et al., 2009). Bacteroidales members were
not frequently reported in avian gut or excreta, and they
were found to be nearly absent in a few studies (Zhu et al.,
2002) or they were identified in varying frequencies in other
studies (Scupham et al., 2008). Therefore, MST markers targeting
avian fecal markers are still limited (Fremaux et al., 2010;
Green et al., 2012; Ohad et al., 2016). We found that the
AV4143 assay targeting Lactobacillus showed higher sensitivity
and specificity than the GFD assay targeting Helicobacter spp.
However, GFD markers were not detected in human fecal
samples making this assay very suitable for application in the
Taihu watershed as it can reliably differentiate chicken and
human fecal samples. The GFD assay was similarly validated in
Australia, Bangladesh, New Zealand, and North America with
similar results for sensitivity and specificity (Ahmed et al., 2016b;
Boehm et al., 2016). Overall, BacUni, HF183 Taqman, Pig-2-
Bac, and GFD markers are recommended here, for tracking total
and host-associated fecal contamination in the Taihu watershed
region. The results also reinforce the importance of regional
MST validation studies prior to their application in a new
geographical region.
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Application of Evaluated MST qPCR
Assays to Track the Source of Fecal
Pollution in Tiaoxi River
Fecal pollution of surface waters is a serious concern to the
aquatic ecosystem and human health. In this study, fecal
coliform counts were higher than suggested limits at 15 out
of 25 monitoring locations, and increased concentrations were
observed during the summer season. Acclimatization of existing
FC bacteria to warm temperatures or entry of fresh feces
from different sources such as human, animal or sewage into
the surface water due to runoff from rainfall event occurred
prior to sampling could have elevated the levels of FC during
summer (Sidhu et al., 2012). Therefore, MST was conducted
to assess the presence of fresh fecal pollution in the Tiaoxi
River and to determine the fecal sources at these locations.
In general, the distribution of MST markers among different
locations correlated well with the land use pattern and results
indicated that there was a mixed input of fecal pollution at
several locations. Presence of Total Bacteroidales markers with
high frequency in water and sediment samples at all fifteen
locations (Figures 3A, 4A) shows possible fresh fecal source
entry and transportation to other locations within the study area
(Marti et al., 2013). Human-associated markers were consistently
identified (in both water and sediment) in most of the sampling
locations during three occasions (Figures 3B, 4B). Except
for summer season (July/August 2015) where a rainfall event
(∼349/268 mm) occurred, autumn (October 2014) and winter
(January/February 2015) were dry seasons (with only 32 and
66 mm precipitation) indicating that fecal contamination at these
locations might not be merely through runoff but could be
due to direct discharge of sewer and septic waste (Ohad et al.,
2015). The detection of Shigella spp. that solely originate from
human fecal sources at several locations also points to human
fecal contamination in the studied area. High levels of human-
associated markers were observed in water samples at locations
3, 5, 12, and 16 and in sediment samples at location 15 on
one or more occasions. The higher levels of human-associated
markers observed in water samples at locations 5 and 16 and
sediment samples at 15 could be associated with effluents from
WWTP located near these locations (Zheng et al., 2017). The
higher levels of human-associated markers in water samples at
location 3 (rural area) and 12 (urban area) that does not have
agricultural or effluent entry from WWTP (Vadde et al., 2018)
(Supplementary Table S2), indicates that the major source of
human-associated markers at these locations could be sewage
(Kapoor et al., 2015).

Swine farming is the dominant livestock-based agricultural
activity in Zhejiang province. The swine associated marker was
frequently detected in water samples collected at locations 6, 12,
13, 20, and 21 and sediment samples collected in locations 13 and
21 (Figures 3C, 4C). The results obtained were consistent with
the land use pattern as these locations have active pig-farming
operations. Location 6 is near Qijia village where commercial
and household backyard pig and poultry farms were observed
during the sampling. On the upstream side of location 13,
WWTP and active pig farming (Supplementary Table S9) were

found near to this location (Zheng et al., 2017). Locations
20 and 21 were close to Changxing port, which has several
farms for pigs and poultry (Supplementary Table S7). The
only possible explanation for the consistent detection of swine
associated markers at location 12 is the transport of bacteria from
location 13, as the distance between two locations is ∼1 km.
In China, both backyard and commercial based poultry farming
are common and the existence of such farms nearby leads to
the release of poultry feces into the watershed (Zhuang et al.,
2017). The provincial government of Zhejiang had concerns over
the illegal discharge of poultry wastes into the watershed and
has recently initiated monitoring control measures (Zheijiang,
2016). The avian associated marker quantification results prove
that poultry fecal pollution was high in the study area as markers
were detected in 89% of water samples (40/45) (Figure 3D).
Based on the GFD assay, water samples collected at locations
6, 15, 20, and 21 (Figure 3D) and sediments (summer season)
collected at locations 6 and 20 (data not shown here) had
high levels of avian markers. Active commercial and backyard
poultry farming was observed at these locations (locations 6,
20, and 21) and results correlate well with the land use pattern
(Supplementary Tables S2, S9) (Vadde et al., 2018). Although
the avian associated marker quantification results were positive
for sediment samples collected from several locations in autumn
and winter, the quantities were below the detection limit, i.e.,
LOD. Overall, the human associated Bacteroidales MST marker
was the most frequently detected host-associated MST marker
in the sediment samples, highlighting the presence of human
fecal pollution in the Tiaoxi River. The survival and persistence
of Bacteroidales associated MST markers in sediment samples,
which could act as a non-point source of fecal pollution, has
previously been reported (Kim and Wuertz, 2015). However,
recent studies have reported that the HF183 Taqman marker
showed limited persistence (<7 days) in freshwater sediments
and suggested that it could be a reliable marker to detect recent
fecal input into freshwater sediment, although these studies
also cautioned that the decay of this marker in a different
geographical setting could be influenced by various factors such
as organic matter and nutrients (Zimmer-Faust et al., 2017;
Ahmed et al., 2019). Overall, MST results obtained in the present
study indicate the potential occurrence of pathogens at these
locations, which was followed up with in-depth monitoring of
host-associated pathogens.

Detection of Pathogenic Bacterial Gene
Markers to Assess the Potential Health
Risk Posed by Tiaoxi River
Although MST is a promising technique for identifying
the source of fecal contamination, a combination of a
fecal indicator organism enumeration, MST, and associated
waterborne pathogenic bacterial gene marker quantification,
provides more reliable information on water quality and
associated health risks in the watershed. Such studies
provide valuable information to water quality management
authorities, taking tangible actions to reduce pollution in
contaminated waters.
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Among the bacterial pathogens monitored, Campylobacter
jejuni was found to be the most frequently detected pathogen
in the study area (Table 6). C. jejuni originates primarily from
chicken and other avian feces (Lund et al., 2004) and although
high frequency of C. jejuni detection could be indicative of
high avian fecal contamination, this organism can survive for
up to 4 months in the environment (Murphy et al., 2006). C.
jejuni was frequently detected in water and sediment samples at
locations 4, 6, 8, and 13 and the concentrations were higher at
locations 6 and 13 on one or more occasions, indicating that these
locations could pose significant health risks. Campylobacter jejuni
infective doses for human gastroenteritis have been reported to
be as low as 500 cells (Ahmed et al., 2009). Globally, Shigella
spp. are among the major bacterial causes of diarrhea; they
are considered as one of the top four groups of pathogens
that causes moderate to severe diarrhea in the children of
Africa and South Asia (Huynh et al., 2015). Shigella sonnei
is the most commonly recovered species in infected patients
of the United States, while in Asia and developing countries,
S. dysenteriae and S. flexneri were the major causative species
(Wu et al., 2009). In the present study, the Shigella marker
gene, ipaH, was detected in 68 (75.6%) of the 90 water and
sediment samples tested (Table 6). Humans are considered as
the common and natural reservoirs for Shigella spp. (Ishii et al.,
2013) and the presence of these bacteria indicates human fecal
contamination (Oster et al., 2014). As the ipaH gene occurs
in 5–10 copies in plasmid and genomic DNA of Shigella spp.
(Greenberg et al., 2010), only Shigella spp. detected in water
and sediment samples at locations 3 and 12 were found to
be at higher concentrations and may pose a potential human
health risk. Monitoring of Shigella and Campylobacter spp. is a
useful tool for watershed managers/monitoring agencies as these
organisms are associated with specific sources (host associated).
Shiga toxin-producing E. coli (STEC) can cause gastrointestinal
disease leading to mild or severe bloody diarrhea (Haack et al.,
2015) and they originate from multiple sources or reservoirs
(Beutin et al., 2008). Here, although STEC was detected in
nearly 50% of water samples tested in the study area (Table 6),
only locations 5 and 21 had higher concentrations indicating
significant human health risk at these locations. Pathogenic
Leptospira species cause leptospirosis by colonization of the
renal tubules of infected reservoir hosts such as dogs, rats
and, cattle, and leptospires enter the aquatic environment via
urine (Monahan et al., 2008). Pathogenic Leptospira spp. have
a high infective dose due to the acid sensitivity of the bacteria
(Ganoza et al., 2010). Therefore, the pathogenic Leptospira
quantified in the present study may not be of significant human
health risks, although the higher concentrations were frequently
detected at locations 20 and 21. E. coli O157:H7 (eae gene)
was not detected in any of the water samples, but detected
at low frequency (33%) in sediment samples (during autumn
season) (Figure 5). It has been reported that cattle are the
main reservoir for E. coli O157:H7 (Ahmed et al., 2009) and
the results presented here are consistent with the paucity of
cattle farming in the watershed area (NBSC, 2015). Overall, the
quantification of the genes of bacterial pathogens in water and
sediment samples indicate that C. jejuni and STEC are the major

concerns for human health risk in a few specific locations of the
study area. Furthermore, the bacterial pathogen quantification
results correlate with the findings of host associated fecal
markers, demonstrating the potential of MST in predicting the
presence of pathogenic organisms and the concomitant risk
to human health.

CONCLUSION

In summary, our MST qPCR validation study demonstrates
that BacUni, HF183 Taqman, Pig-2-Bac, and GFD assays are
the most suitable for differentially identifying and monitoring
human and animal fecal contamination in the Taihu watershed.
In the case of fecal pollution monitoring at the Tiaoxi River,
15 out of 25 monitoring locations were identified as hotspots
of fecal contamination based on FC enumeration, and samples
collected from those 15 locations were further used for the
quantification of MST and pathogenic bacterial gene markers.
The total Bacteroidales marker was detected in all of the water and
sediment samples at these 15 monitoring locations, confirming
the presence of fecal contamination. Although human-associated
markers were frequently detected at several locations, locations 3,
12, and 16 had high concentrations on one or more occasions,
indicating that they are major human fecal contaminated sites
of the Tiaoxi River region. The swine associated marker was
frequently detected in samples from locations 13 and 21 and the
avian associated marker was detected with high concentrations
at locations 6, 15, 20, and 21, matching the land use pattern and
pointing to the entry of swine and avian fecal sources to the Tiaoxi
River. Among five bacterial pathogens monitored, Campylobacter
jejuni was frequently detected at locations that are primarily
polluted with avian fecal material (locations 4, 6, 8, and 13)
and high concentrations were detected at locations 6 and 13 (on
one or more occasions) indicating that these sites pose potential
human health risks. Similarly, Shigella spp. were frequently
detected at higher concentrations in two locations (locations 3
and 12) that are highly contaminated with human fecal sources,
and the Shiga toxin-producing E. coli (STEC) at two locations
(locations 5 and 21), which are contaminated with either human
or pig fecal sources. The bacterial pathogen quantification results
correlate with the findings of host-associated fecal markers,
and the data generated here are valuable for water quality
monitoring authorities responsible for minimizing the health
risks associated with pathogens, by identifying sites where
intervention is required.
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Bacterial Community 16S rRNA Gene
Sequencing Characterizes Riverine
Microbial Impact on Lake Michigan
Cindy H. Nakatsu1* , Muruleedhara N. Byappanahalli2† and Meredith B. Nevers2‡

1 Department of Agronomy, Purdue University, West Lafayette, IN, United States, 2 Great Lakes Science Center,
United States Geological Survey, Chesterton, IN, United States

Restoration of degraded aquatic habitats is critical to preserve and maintain ecosystem
processes and economic viability. Effective restoration requires contaminant sources
identification. Microbial communities are increasingly used to characterize fecal
contamination sources. The objective was to determine whether nearshore and
adjacent beach bacterial contamination originated from the Grand Calumet River,
a highly urbanized aquatic ecosystem, and to determine if there were correlations
between pathogens/feces associated bacteria in any of the samples to counts of
the pathogen indicator species Escherichia coli. Water samples were collected from
the river, river mouth, nearshore, and offshore sites along southern Lake Michigan.
Comparisons among communities were made using beta diversity distances (weighted
and unweighted Unifrac, and Bray Curtis) and Principal Coordinate Analysis of 16S
rRNA gene Illumina sequence data that indicated river bacterial communities differed
significantly from the river mouth, nearshore lake, and offshore lake samples. These
differences were further supported using Source Tracker software that indicated
nearshore lake communities differed significantly from river and offshore samples.
Among locations, there was separation by sampling date that was associated with
environmental factors (e.g., water and air temperature, water turbidity). Although about
half the genera (48.1%) were common to all sampling sites, linear discriminant analysis
effect size indicated there were several taxa that differed significantly among sites;
there were significant positive correlations of feces-associated genera with E. coli
most probable numbers. Results collectively highlight that understanding microbial
communities, rather than relying solely on select fecal indicators with uncertain origin,
are more useful for developing strategies to restore degraded aquatic habitats.

Keywords: microbial communities, freshwater lake, 16S rRNA gene, hydrodynamic model, Escherichia coli

INTRODUCTION

Aquatic microbial contamination by pollutants derived from anthropogenic sources is a problem
across the United States and worldwide; control of this contamination and restoration of degraded
habitats can cost millions of dollars and considerable on-the-ground effort by water and land
managers (Great Lakes Interagency Task Force, 2016; Steinman et al., 2017). Traditionally,
indicator bacteria, such as Escherichia coli and/or enterococci, have been used to monitor potential
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contamination of recreational waters (U.S. EPA, 1986). Often,
these bacteria are not adequate to identify contamination sources
because they can originate from a variety of warm-blooded
animals and from environmental sources (Byappanahalli and
Ishii, 2011). This lack of specificity has led to the development
of other methods, such as detection of source-host bacterial
indicators (see Field and Samadpour, 2007).

Microbial source tracking has been used in recent years
to identify specific sources of fecal contamination through
the use of targeted genetic markers (Harwood et al., 2014).
Genetic markers have been used to indicate microbial
contamination from humans, birds, dogs, and other animals
(Harwood et al., 2014). This targeted approach is useful for
identifying and mitigating microbial contamination if there is a
dominant contamination source, but restoration becomes more
complicated if there are multiple sources (Byappanahalli and
Ishii, 2011; Nevers et al., 2014).

With the uncertainty associated with indicator bacteria
and microbial source tracking, as well as the need to refine
specificity of source identification, particularly in instances of
legal obligation, better characterization of pollutant sources
contributing to fecal contamination and associated links to
sources is needed. In the past 2–3 decades, molecular techniques
targeting the 16S rRNA gene and other genetic markers have been
developed to characterize and analyze microbial communities
from a variety of habitats including soil and water (Konopka
et al., 1999; Nakatsu, 2007; Tanaka et al., 2014). More recently, the
decrease in cost of next-generation high throughput sequencing
technology has enabled the use of metagenomic approaches
(targeted and non-targeted) to differentiate sources of aquatic
microbial contamination (Newton et al., 2013; Cloutier et al.,
2015; Newton et al., 2015). The depth of information acquired
by using these advanced molecular genetic approaches provides
a means to characterize microbial composition, distribution,
and transportation pathways in the environment and to relate
them to understand pollution mechanisms (Newton et al., 2013;
Halliday et al., 2014).

Through federal programs (e.g., The Beach Act of 2000;
Great Lakes Restoration Initiative, 2009-current; International
Joint Commission, 2012), federal-state partnerships have been
established to decrease contamination sources and the effects
of contamination on these lake ecosystems; among these
contamination concerns are beach closings due to high
concentrations of indicator bacteria such as E. coli. The objective
of this study was to determine if samples with elevated levels of
E. coli were correlated with potential pathogens or other fecal
indicator bacteria in the microbial community. A 16S rRNA
gene targeted high throughput sequencing approach was used
to determine microbial community structure and composition.
The objectives were (1) to determine the similarity of nearshore
and offshore lake microbial communities to the adjacent riverine
water source and (2) to determine the incidence and correlation
of pathogens/feces associated species in the aquatic microbiome
to the pathogen indicator species E. coli counts. The results
will help to illuminate the association of shoreline and riverine
bacterial communities and the potential contribution of bacteria
originating from the Grand Calumet River in northern Indiana.

The outcome of this work will contribute to determining
the critical role of microbial communities in these degraded
ecosystems and to aid in developing and assessing effective
strategies for management and restoration of these environments.

MATERIALS AND METHODS

Study Area
The study area is located in northern Indiana along the southern
shore of Lake Michigan of the Laurentian Great Lakes. The
focal point of the area is the Grand Calumet River, which has
been highly urbanized during industrialization of the early 20th
century. The Grand Calumet River flows into Lake Michigan
through the channelized Indiana Ship Canal, and the entire river
and associated shoreline is considered an “Area of Concern”
by the International Joint Commission on boundary waters
between the United States and Canada and therefore the focus
of significant restoration efforts.

Sample Collection
Sampling sites were located in the Grand Calumet River at
Columbus Drive (GCR), at the mouth of the river (GCM), at
offshore locations north (GCN) and east (GCE) of the peninsula
that lies between the river mouth and Jeorse Park, and at three
nearshore locations: Jeorse Park (JP), East Chicago, IN; Whihala
Beach (WH), Whiting, IN; and 63rd Street Beach (63rd), Chicago,
IL (Figure 1; Byappanahalli and Nevers, 2019).

Water samples (∼1.5 L) were collected in triplicate during
three independent events in the summer of 2015. Two dates
were during dry weather conditions (8/12, 9/1) and one date was

FIGURE 1 | Sampling locations along the southern shore of Lake Michigan.
Latitude and longitude for the study locations are as follows: 63rd,
41.782209/–87.572926; WH, 41.685118/–87.492282; GCR,
41.6394/–87.471276; GCM, 41.68719002/–87.43974003; GCN,
41.69217/–87.41554995; GCE, 41.66712/–87.40494006; and JP,
41.650478/–87.433551.
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after a rainfall event (9/21). The seven locations represented four
sources: river (9 samples), river mouth (9 samples), nearshore (27
samples), and offshore (18 samples), for a total of 63 samples.
Water from GCR was collected by tossing a sterile collection
bucket from the bridge crossing at Columbus Drive; offshore
surface water samples (GCM, GCN, GCE) were collected from
a boat by dipping a sterile 1-L collection bottle below the surface;
and nearshore samples (JP, WH, 63rd) were collected by dipping
a 1-L collection bottle below the surface in 45-cm deep water. All
samples were stored on ice directly after collection for return to
the laboratory for processing within 6 h of collection.

DNA Extraction
Upon return to the laboratory samples were concentrated
by vacuum filtration first through a 5.0 µm nitrocellulose
(Millipore) then 0.2 µm nitrocellulose filter (Millipore) then
stored at −80◦C until DNA extraction. Total genomic DNA
from each 0.2 µm filter was extracted using the MoBio
PowerWater kit according to the manufacturer’s instructions.
Nucleic acid quality (i.e., 260/280 ratio) was measured with a
Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific,
Wilmington, DE, United States). DNA concentrations for all
samples were measured by fluorometric quantitation using a
Qubit R© instrument and High Sensitivity dsDNA HS Assay kit
(Thermo Fisher Scientific, Waltham, MA, United States); and
purified DNA extracts were stored at −80◦C until used.

Illumina 16S rRNA Gene Sequencing
The 16S rRNA gene in water DNA extracts was PCR-amplified
using primers targeting the V3-V4 region (343-forward TAC
GGR AGG CAG CAG and 804-reverse CTA CCR GGG TAT
CTA ATC C) (Liu et al., 2008; Nossa et al., 2010). Primers with
dual index tags were used to differentiate multiple samples in
a single run following the manufacturer’s (Illumina, San Diego,
CA, United States) suggested step out protocol (Gloor et al.,
2010). Reactions were carried out using ∼10 ng of template
DNA in Q5 R© High Fidelity DNA Polymerase 2X master mix
(New England Biolabs). PCR amplicons were purified using
AxyPrepMag PCR clean-up kit (Axygen Scientific) and quantified
using a Nanodrop 3000 fluorospectrophotometer after staining
with the QuantiFluor dsDNA System (Promega). Equimolar
amounts of amplicons from each sample were combined and sent
to the Purdue Genomics Core Facility for 2 × 250 paired end
sequencing using a MiSeq Illumina system. Sequence reads were
pre-processed to remove primer tags and low-quality sequences,
and paired end reads were merged using PANDAseq software
(Masella et al., 2012).

16S rRNA Gene Sequence Analysis
Sequences were analyzed using the QIIME pipeline (version
1.9.1) (Caporaso et al., 2010). Operational taxonomic units
(OTUs) were picked using the “pick_open_otus” option in
QIIME (Rideout et al., 2014) that uses a 97% sequence
similarity threshold, the uclust method (Edgar, 2010) for
clustering, sequence alignment using PyNAST (Caporaso et al.,
2010), and taxonomic assignment to the Greengenes data
set version 13_5 (McDonald et al., 2012) using the RDP

classifier (Wang et al., 2007). The lowest number of reads among
the samples, 24,890, was chosen to rarefy datasets to use
equal number of reads for all community comparisons. Beta-
diversity measures were calculated using phylogenetic Unifrac
distances (weighted and un-weighted) (Lozupone et al., 2011)
and non-phylogenetic distance (Bray Curtis). Alpha-diversity
measurements were used for richness and evenness (Shannon
diversity), richness (ChaoI index, observed-species), Faith’s
phylogenetic diversity (PD whole tree) and Good’s coverage to
assess the completeness of OTU representation in each sample.
Venn diagrams illustrating genera common to all samples was
produced using the Venny program (Oliveros, 2007/2015).

The SourceTracker (Knights et al., 2011) plugin in QIIME
1.9.1 was used to predict if river samples were significant
contributors of OTUs to offshore or nearshore sites. Default
conditions of the program were used after filtering out OTUs
that were present in less than 1% of samples. This method used
relative proportion of genera present to estimate the probability
that the river was a significant source of microbes into the lake.

Quantification of Indicator Bacteria
Water samples were analyzed for E. coli using the IDEXX
Colilert-18 and Quanti-Tray 2000 method (IDEXX Laboratories,
Westbrook, Maine), a defined substrate technology (Edberg et al.,
1991). Generally, 100 ml of water was analyzed; excessively
turbid samples were diluted as needed before analysis. Results
are calculated as most probable number (MPN)/100 mL
(Byappanahalli and Nevers, 2019).

Hydrometeorological Measurements
Ambient conditions were measured at the time of sample
collection: water and air temperature (◦C, H-B Instrument,
Trappe, PA, United States), current speed (U.S. EPA, 2008)
and direction (eastward, westward, float method), wind
direction and speed (m/s, SKYTECH, Weatherhawk, Logan,
UT, United States), wave height (inches, meter stick), rainfall
(<24 h, <48, <72, and >72 prior to sample collection), and
cloud cover (percent scale). Bird counts were recorded, as well
as general beach conditions, including amount of debris, trash,
and Cladophora algae. Water samples were analyzed for turbidity
in the laboratory (2100N, Hach, Loveland, CO, United States)
(Byappanahalli and Nevers, 2019).

Hydrologic data, including water temperature (◦C),
specific conductance (µs/cm), pH, DO (mg/L), and turbidity
(FNU) at East Chicago, IN (Jeorse Park, 04092788) and
Jackson Park, IL (63rd, 04092440) were extracted from
the United States Geological Survey National Water
Information System (2018) database for use in the analysis
(United States Geological Survey, 2018).

In addition, at 63rd, hydrometeorological data were collected
from a multi-parameter weather station (Vaisala WXT520)
installed on a light post (30’) at the beach and a data buoy
(NexSens CB-100) installed in the swimming area (∼1.5 m
depth). Data obtained from the weather station included
measurements of wind direction and speed (m/s), air temperature
(◦C), rainfall (cm), solar radiation (LI-COR sensor; LI-200),
relative humidity (%), and barometric pressure (mm/Hg).
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Data obtained from the buoy included turbidity (NTU, FTS
sensor, DTS-12), wave height (m) and wave period (seconds)
(NexSens Accustage pressure transducer; OEM, Keller America),
and water temperature (◦C).

Statistical Analyses
Significant differences in beta diversity among communities
were determined using 999 permutations of PERMANOVA
(Anderson, 2001); then, PERMDISP (permutational analysis
of multivariate dispersions) (Anderson, 2006) was used to
ensure significant differences were not due to differences
in dispersion. Differences in alpha diversity metrics were
determined using non-parametric t-tests with 999 permutations.
Additionally, potential biomarkers differentiating collection sites
was determined using LEfSE (linear discriminate analysis effect
size) (Segata et al., 2012). LEfSE is a three-step process in which
non-parametric Krustal Wallis is performed to first identify taxa
that differed significantly among sources, then for these taxa,
pairwise Wilcoxon rank-sum test is performed and finally linear
discriminant analysis (LDA) is used to estimate the effect size and
biological consistency within groups being tested. Data output
are taxa with LDA greater than 2.0 at any taxonomic level
that is discriminating.

Correlations between genera and E. coli contamination levels
were determined using Spearman’s Rho. Associations among
relative abundances of genera in each sample and all measured
environmental factors (water temperature, air temperature,
turbidity, dissolved oxygen, and E. coli MPN) as well as
water source (river, river mouth, nearshore, or offshore) were
determined using canonical correspondence analysis (CCA) (Ter
Braak, 1986; Ter Braak and Verdonschot, 1995). Significantly
different correlations were calculated using a Monte Carlo
test with 999 permutations. Hydrometeorological data were
sub-divided into: 1, low; 2, medium; 3, medium/high; and 4,
high for analysis. This was accomplished using the visual binning
method in SPSS version 23 (SPSS, 2014); cut points for binning
were made using the ±1 SD option. All other statistics were
performed using the Paleontological Statistics package version
3.01 (PAST software1) or software available in QIIME. Differences
were considered significant if p ≤ 0.05 with multiple comparisons
using 999 permutations.

RESULTS AND DISCUSSION

One of the primary needs before initiating beach restoration for
recreational use is to determine sources of fecal contamination in
nearshore areas. Depending on the findings, remedial strategies
can then be employed to reduce or mitigate those sources
contributing to water quality; for instance, gull deterrence
using trained dogs and physical modifying structures (e.g.,
breakwalls) to improve water circulation and dissipation of
contaminants at shallow, embayed beaches are a few examples
of management actions to restore water quality (Ge et al., 2012;
Nevers et al., 2018).

1http://folk.uio.no/ohammer/past/index.html

The sampling locations for this study were specifically chosen
because the shorelines had traditionally suffered from elevated
levels of fecal indicator bacteria (E. coli) leading to frequent
beach closures (Byappanahalli et al., 2015; Nevers et al., 2018).
Specifically, the Grand Calumet River and associated shoreline
is an area designated for intensive restoration efforts under a
bi-national agreement between the United States and Canada
(International Joint Commission, 2012). Nearshore water quality
at Jeorse Park has steadily deteriorated between 2005 and until
recently, as evidenced by increased E. coli levels exceeding the
state recreational water quality standard for safe swimming
(Byappanahalli et al., 2015; Nevers et al., 2018). Early efforts
in source tracking have identified shorebirds and human fecal
contamination at these beaches. Unknown are the relative inputs
of point (river) and other non-point (shoreline) sources.

Illumina sequencing results produced an abundant number
of reads for bacterial communities across the sites. The 63 water
samples collected from seven locations on three dates produced
a total of 5,136,926 paired-end reads after quality filtering and
merging. There was an average of 81,538 ± 63,981 reads per
sample, ranging from 7,050 to 396,284 reads. The sample with
the lowest read (a river sample from the first sampling date)
was excluded from community analyses, and the remaining 62
samples were rarified to 24,890 reads per sample, with a Goods
coverage of 0.96 (±0.01 SD), ranging from 0.94 to 0.98.

Alpha Diversity Differences Among Sites
In terms of alpha diversity, rarefaction curves indicated Shannon
diversity reached saturation in all samples (Supplementary
Figure S1A) and was beginning to level off using other indices
(e.g., phylogenetic diversity, PD whole tree Supplementary
Figure S1B). The Shannon index, a measure of richness and
evenness, was statistically higher for river mouth samples
compared to the other sources (Figure 2A). Whereas, PD whole
tree, which only accounts for species richness, indicated the
phylogenetic diversity was statistically higher in lake nearshore
samples compared to lake offshore, river and river mouth samples
(Figure 2B). This could indicate more complex input sources
to the nearshore community because of coastal processes likely
mediated by (a) hydrometeorological events, previously seen for
E. coli in nearshore waters (Ge et al., 2012), (b) exchanges between
shoreline sources, and (c) interactions between nearshore and
offshore communities.

Beta Diversity Differences Among Sites
and Dates
Beta diversity analysis of the 16S rRNA gene sequences indicated
that the bacterial community in the Grand Calumet River was
the least similar to the communities along the shoreline or
offshore. The PCoA plots of beta diversity distances among
samples from the four water sources illustrate that the main
separation was between the river samples and all other sources
(Figure 3A). The first three axes of Bray Curtis distances
accounted for ∼74% of the variation with the river samples
separated from the other sources along the first axis (PCoA
1 = 54.5%). This difference was statistically significant based on
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FIGURE 2 | Boxplots of means and SD (standard deviations) of within sample (alpha) diversity indices (A) Shannon (richness and evenness) and (B) PD whole tree
(Faith’s Diversity, phylogenetic richness) of samples from different water sources. Non-parametric two sample t-test with 999 permutations with significant differences
p < 0.02 illustrated by different letters above bars.

FIGURE 3 | Principal coordinate analysis (PCoA) of Bray Curtis dissimilarity
metrics of samples labeled according to the (A) water sources and by (B)
sampling date. Differences among microbial communities are significant,
PERMANOVA and ANOSIM P = 0.001 and meets the assumption of
dispersion homogeneity because PERMDISP is not significant.

PERMANOVA (P = 0.001) and ANOSIM (R = 0.598, P = 0.001)
and not significant due to dispersion (PERMDISP P = 0.41).
If the samples were differentiated into the seven sampling
locations, the differences remained significant. Using distances
based on phylogenetic relationship of community members
(weighted and unweighted Unifrac) yielded similar statistically

significant results (data not shown). Similarity between samples
collected at the mouth of the river and offshore samples
indicates that perhaps river flow is minimal, with an extensive
mixing zone in the river mouth. This suggests that during the
three sampling periods between August and September 2015,
bacterial contribution from the river to the lake was minimal.
These findings support previous research that much of the
Jeorse Park (JP) nearshore microbial contamination, which has
led to recreational beach closures, is from local, non-point
sources (e.g., birds, Cladophora algae) with few anthropogenic
contributions (e.g., combined sewer outflows) from the river
(Byappanahalli et al., 2015; Nevers et al., 2018). This indicates
that mitigation strategies for this shoreline will likely differ
from those initiated for other riverine habitats in the Grand
Calumet River corridor.

The date of sampling was also significantly different
(P = 0.001) although community differences were less
pronounced than between water types (Figure 3). Factors
that differed by sampling dates were rain events, temperature
and dissolved oxygen (Supplementary Table S5). While
collection dates targeted one rain event (9/21) to compare
it to two dry weather events, there was no difference in
collection dates that could be attributed to rain rather
than the other factors that differed among the three dates.
Interestingly, combined sewer overflow was recorded at the
Hammond Sanitary District on 9/212, but the volume of
water released was likely insufficient to impact the shoreline
microbial communities. The similarity of community
composition in the river between sampling dates and
dissimilarity with the shoreline communities may result
from a combination of frequent combined sewage overflows and
low river flow, respectively.

2http://www.hammondsd.com/cso-discharge-activity-maps/
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Microbial Taxa Represented
There were 50 phyla (Supplementary Table S1) represented
in the 16S rRNA gene sequences, and >90% of the relative
abundance could be attributed to three phyla: Proteobacteria
(45.6 ± 5.9%), Actinobacteria (26.8 ± 8.9%), and Bacteroidetes
(22.8 ± 6.1%) (mean ± SD). These findings are consistent with
other studies suggesting the dominance of these three phyla
in freshwater systems (Newton et al., 2011; Mou et al., 2013).
Among the remaining phyla, those representing >0.1% included
the Chloroflexi (0.9 ± 0.9%), Cyanobacteria (1.5 ± 1.3%),
Firmicutes (0.3 ± 0.3%), and Verrucomicrobia (0.7 ± 0.6%);
0.9 ± 0.4% was not assigned to a phylum. Of the remaining phyla,
25 represent currently tentative phyla likely lacking in cultivated
isolates needed for classification. Dominance of a few taxa was
found at all taxonomic levels of classification. For example, there
was a total of 786 genera assignments, of which 23 (∼3% of
total genera) had a mean relative proportion >1% (mean of
all samples) and accounted for 85.6 ± 4.0% of the community.
The majority, 505 (64%), could not be assigned to a genus or is
currently listed as a candidate genus.

One of the major advantages of using targeted metagenomic
techniques, such as the 16S rRNA gene sequencing, is that
they are culture-independent and can theoretically recover
almost all bacterial taxa in any habitat. However, despite rapid
advancements in this area, most bacterial species in communities
remain to be identified (Locey and Lennon, 2016). A general lack
of cultured organisms with sequencing information (in NCBI and
other databases) essentially limits taxonomic identification from
the sequenced data.

Taxa Differences Among Sites
Venn diagrams illustrate the total number of genera shared
among samples as well as the percentage of the total number
of genera. About one third (284 genera, 36.1%) of the total
genera identified were common to all samples (Figure 4A).
They represent an average of more than 60% of the relative
proportion of genera in these samples. Shared genera, such
as Actinobacteria ACK-M1, likely represent those common to
aquatic ecosystems (Newton et al., 2011; Mou et al., 2013). Only
an additional 1.3% more genera were common to the river and
river mouth samples only (Figure 4A), indicating there are very
few unique genera from the river flowing into the lake microbial
community, perhaps because of low river flow and minimal
mixing. The combined nearshore sites had the greatest number
of unique genera (19.1%). A comparison of the number of genera
common among the river and individual nearshore sampling sites
(Figure 4B), and river and offshore sites (Figure 4C) showed
41.4 and 41.2%, respectively, were shared. The nearshore sites
had unique genera ranging from 2.6 to 10.1%. This could be
the result of high variation among the nearshore collection sites:
63rd (an urban beach) is located much further north of the other
two sites, and JP and WH are situated on opposite sides of a
large constructed industrial peninsula. There are likely different
sources of microbial communities, potentially arising from beach
sand (Solo-Gabriele et al., 2016; Staley and Sadowsky, 2016) and
the nuisance shoreline alga Cladophora (Zulkifly et al., 2012;

Whitman et al., 2014a; Chun et al., 2017), and the relative
locations of 63rd and JP further isolates exchange along the
shoreline (Ge et al., 2012; Byappanahalli et al., 2015).

Potential for Grand Calumet River to
Contribute to Nearshore Microbial
Communities
Since the Venn diagrams only illustrated the presence and
absence of genera at each study site, additional analysis was
conducted using SourceTracker that accounts for the relative
proportions of each OTU. SourceTracker estimated that the
highest possible contributions of river water to the river mouth,
offshore, and nearshore (combined) (Table 1) or nearshore
sites, 63rd, WH, JP (individually) (Table 1) were on the first
sampling date (8/12/15). Krustal Wallis test indicated that there
was an overall significant difference (p < 0.002) in contributions
from the river; however, pairwise comparisons only showed
that nearshore was significantly different from river mouth and
offshore. Analysis specifically of the river to nearshore sites
indicated significantly higher contribution to 63rd on 8/12/15;
alternately, 63rd and WH had significantly lower contribution
than JP on 9/1/15 (Table 1).

The program LEfSE was used to identify the taxa that
differed among the different sampling sites and to determine
if any of these genera were potentially pathogens or indicators
of potential fecal contamination. LEfSE analysis identified
significant differences in taxa among sample sources (river,
nearshore and offshore) at all levels of taxonomic classification,
and also in comparisons of sampling sites and sampling dates.
Comparisons of sample sources (river, nearshore and offshore)
indicated there were 233 taxa with LDA effect sizes greater than
2.0 (Supplementary Table S2). The most taxa differences were
in the river samples (96 taxa) followed by river mouth (63
taxa), nearshore (55 taxa) and offshore (42 taxa). Examination
of taxa with LDA effect sizes greater than 4.0 at the lowest
level of classification showed that most belonged to taxa yet to
be classified (Figure 5A). Taxa that could be classified to the
genus level were Flavobacterium, Polynucleobacter, and Fluviicola
in the river samples and various unclassified taxa in the other
water sources (Figure 5A); Polynucleobacter has been shown to
be widespread in streams associated with human/anthropogenic
activities (Hosen et al., 2017).

When the sources were split into specific sites there were
313 taxa with LDA effect sizes greater than 2.0 (Supplementary
Table S3). The most taxa differences were in the river samples
(84 taxa) followed by the JP nearshore site (76 taxa), river
mouth (63 taxa), then nearshore site 63 (36 taxa), offshore site
GCE (34 taxa), GCN (12 taxa) and the nearshore site WH (9
taxa). In this comparison there were no taxa identified that
are considered indicators of fecal contamination, therefore the
data was reanalyzed to include only the nearshore samples.
A comparison focusing on just the nearshore sites including
GCM (river mouth) indicates GCM has more taxa that differ
significantly with LDA effect sizes greater than 3.0 at the lowest
level of classification (Figure 5B; taxa LDA >2.0 Supplementary
Table S4). Most of the differing taxa in GCM samples belonged to
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FIGURE 4 | Venn diagram illustrating shared and unique genera among (A) water sources, (B) river and nearshore sites, and (C) river, river mouth, and lake offshore
sites. Sampling sites in (A,B) represented by nearshore locations Jeorse Park (JP), Whihala beach (WH), and 63rd Street Beach (63) in Chicago, Grand Calumet
River (GCR), mouth of the river (GCM), offshore sites north (GCN) and east (GCE). Calculations and illustrations were determined using the Venny program (Oliveros,
2007–2015).

TABLE 1 | Estimation of Grand Calumet River as a potential source† of bacterial populations (mean percentages ± standard error of mean) on three sampling dates for
(A) Lake communities as sink‡, or (B) Specific nearshore communities as sink§.

A B

Date River mouth Lake nearshore Lake offshore JP WH 63

8/12/15 83.7 ± 0.4%ab 81.1 ± 1.1%a 76.2 ± 0.9%ab 79.6 ± 1.5%ab 79.9 ± 2.2%ab 84.0 ± 1.0%a

9/1/15 80.7 ± 0.4%ab 71.9 ± 0.8%b 73.5 ± 2.1%ab 74.2 ± 0.9%ab 69.4 ± 1.1%b 72.0 ± 0.6%b

9/21/15 79.3 ± 0.3%b 78.7 ± 0.7%a 76.0 ± 0.8%ab 77.1 ± 0.3%ab 77.4 ± 0.3%ab 81.6 ± 0.4%ab

†Source contribution estimated using SourceTracker (Knights et al., 2011) plugin in QIIME 1.9.1 (Caporaso et al., 2010) using default conditions. ‡Sinks are river mouth,
nearshore, and offshore samples a (n = 3, 9, 6 per sampling date, respectively), Krustal Wallis (P = 0.00003). §Sinks are three nearshore beaches: Jeorse Park (JP),
Whihala (WH), and 63rd Street (63) in Chicago, Krustal Wallis (P = 0.004). Different superscripts letters in the tables indicate significant difference of pairwise comparisons
by date using Dunn’s post hoc test with Bonferroni correction.

the phylum Proteobacteria whereas in the JP samples they were
mainly in the Bacteroidetes and a mixture of Proteobacteria and
Actinobacteria in the site 63rd and WH samples. Bacteroidetes
are a common phylum in fecal samples but since the taxa that
differed are not classified to the genus level it is not possible
to speculate if they are feces associated. However, at LDA 2.0
unclassified Enterobacteriaceae are significant in the JP sample
(Supplementary Table S4). This group associated with fecal
contamination. Of the nearshore site JP had the highest frequency

of elevated E. coli MPN values (Supplementary Table S5).
This indicates that targeted metagenomic analysis can provide
additional data of fecal contamination.

Microbial Community and E. coli
Although the incidences of elevated E. coli MPN values
were limited, correlation analysis indicated that there were
positive correlations with other biomarkers and bacterial
genera commonly reported from fecal samples. There were
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FIGURE 5 | Linear Discriminate Analysis Effect Size (LEfSE) analysis of microbial communities from the various (A) water sources and (B) nearshore collection sites
and river mouth. Only taxa that differed significantly (p < 0.05) with LDA effect sizes greater than 4.0 in (A) and 3.0 in (B) are illustrated in the histograms. Taxa
names include phylum followed by lowest taxonomic assignment available. Nearshore beaches include Jeorse Park (JP), Whihala (WH), and 63rd Street (63) in
Chicago, and mouth of the Calumet River (GCM).
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few samples that had elevated E. coli (>235 CFU/MPN per
100 ml) that would lead to closures of recreational waters
(Supplementary Table S5; U.S. EPA, 2012). Spearman Rho
analysis of bacterial taxa relative abundances and E. coli MPN
(sorted into bins) indicated there were 52 genera with significant
positive correlations and 1 negative correlation (Supplementary
Table S6). Notable is the positive correlation with several
genera in the phylum Firmicutes that are associated with
fecal contamination, Enterococcus, Blautia, Faecalibacterium,
Clostridium, Collinsella, and Selenomonas as well as Bacteroides
from the phylum Bacteroidetes.

Enterococcus (Wheeler et al., 2002) and Bacteroides (Bernhard
and Field, 2000) are often used as fecal indicator species,
and more recently, Blautia (Koskey et al., 2014; Eren et al.,
2015) and Dialister (Jeong et al., 2011) have also been
proposed as indicator species. A species within Clostridium
(C. perfringens) has been suggested as a reliable indicator
of water quality in tropical areas (Fujioka and Shizumura,
1985; Fujioka et al., 1997), where traditional indicators
such as E. coli, and enterococci, are commonly found in
the environment (Byappanahalli and Ishii, 2011). Collinsella,
Blautia, and Faecalibacterium, are examples of commonly found
members of gut microbiomes that correlated with E. coli
MPNs. With the availability of high throughput sequencing
technology, others have suggested that community analysis
may be an additional means to assess water quality and can
be applied to microbial source tracking (Newton et al., 2013;
Henry et al., 2016).

The influence of physical conditions on overall microbial
community was also examined (Figure 6) using CCA. Factors
corresponding to the differences in the bacterial communities
were water type (river water being most distant from lake) along
the first axis explaining 64.3% of the variation; sampling time,
water temperatures and dissolved oxygen along the second axis
(14.3%) (Figure 6A); and E. coli MPN and turbidity along the

third and fourth axes (Figure 6B) (100 permutations, p < 0.01).
The influence of water type describing the microbial community
is like the finding of beta diversity analysis due to differences
of the river community to the other water types (Figure 3A).
A secondary factor was the difference in communities with
sampling time (Figure 3B) that was shown by CCA to be
influenced by increasing dissolved oxygen and decreasing water
temperatures (Figures 6A,B). The E. coli MPN corresponded
to the three river samples collected on the third sampling date
after rainfall (Figure 6B). This suggests that both shoreline
sources (e.g., gulls, runoff, nearshore sand-water interactions)
and large-scale processes (e.g., waves, currents, lake turnover),
as well as time of year, are likely to influence changes in
community along the shoreline. The relative impact of these
factors could have inter-annual variation. Integration of physical
modeling and multiple years of data could help resolve some of
these interactions.

Implications for Mitigation Strategies
After the recognition that aquatic systems have become degraded,
it is essential to develop strategies to restore compromised
ecosystems through appropriate remedial actions and in many
instances, those actions tend to be site-specific. For instance, at
the study locations, nonpoint sources of microbial contamination
by shoreline birds (gulls), has been previously identified as a
major contributing factor using microbial source tracking and
gull deterrence activities have significantly improved shoreline
water quality in recent years (Nevers et al., 2018). Similarly,
the periodic presence of the human marker Bacteroides HF183
(Byappanahalli et al., 2015) has been a cause of concern for
the potential significant human health threat; previously, the
Grand Calumet River was the presumptive source of any
human contamination. Results presented here, however, indicate
that the river, even following a rain event, was likely not
impacting shoreline bacterial communities. There may, therefore,

FIGURE 6 | Canonical correspondence analysis (CCA) of relative abundance of bacterial genera, water type (river, river mouth, nearshore, and offshore), Escherichia
coli most probable number (ECMPN), and the environmental variables water temperature (WaterT_C), water turbidity (Turbidity_FNU), dissolved oxygen in mgL-1

(DOmgLt) and sampling date (time). (A) CCA1 and 2 explain 64.3 and 14.4% and (B) CCA3 and CCA4 explain 11.8 and 6.6% of the total constrained variation,
respectively. Number of samples n = 63, overall P = 0.001.
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be additional sources of human contamination currently
unknown impacting these shoreline locations. At Jeorse Park
and 63rd, the shoreline configuration has also been identified as
contributing to the persistence of bacterial contamination due to
the tendency toward accumulation and the decrease in circulation
(Ge et al., 2012; Byappanahalli et al., 2015). Because the river is
not the major exogenous source of microbes into the nearshore
lake sites, efforts to curtail river flow toward recreational beach
areas would not be a sufficient means to decrease beach closures.
Efforts toward identifying and mitigating shoreline or nonpoint
sources, such as decreasing gull presence (Nevers et al., 2018)
and reducing other contributions (e.g., shoreline algae Whitman
et al., 2014b), would likely have a greater impact on eliminating
beach closures. By incorporating emerging technologies, such as
the microbiome, into water quality monitoring programs will
be helpful to study long-term changes and underlaying factors
that influence these changes which are difficult to elucidate with
traditional monitoring programs.

To summarize using a targeted 16S rRNA gene
sequencing approach to analyze aquatic microbial communities
demonstrated it is possible (1) to identify sources of
contamination using a consortium of microbes as an index
of pollutant sources rather than using one or two traditional
indicators (e.g., E. coli, enterococci) often used in monitoring
programs. Using this approach, we were able to show that the
Grand Calumet River had minimal influence on shoreline water
quality at the study sites, indicating that the sources contributing
to high E. coli levels (e.g., at JP, WH) were more likely internal
(e.g., shoreline birds, sand, Cladophora) with an intermittent
contamination from GCR. (2) The data gathered from this
research will be useful to management agencies, such as U.S.
EPA and Indiana Department of Environmental Management,
for addressing water quality restoration efforts currently under
implementation at the study locations. An example will be
delisting shorelines as impaired for beneficial use such as
recreation. This can begin the process to modify acceptable
approaches by government agencies to identify microbially
contaminated locations to implement effective mitigation.
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The DNRA-Denitrification Dichotomy
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Transformation Pathways in
Mountain Lake Benthic Habitats
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Joan Cáliz2||, Emilio O. Casamayor2¶ and Jordi Catalan1,4#
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Effects of nitrogen (N) deposition on microbially-driven processes in oligotrophic
freshwater ecosystems are poorly understood. We quantified guilds in the main
N-transformation pathways in benthic habitats of 11 mountain lakes along a dissolved
inorganic nitrogen gradient. The genes involved in denitrification (nirS, nirK, nosZ),
nitrification (archaeal and bacterial amoA), dissimilatory nitrate reduction to ammonium
(DNRA, nrfA) and anaerobic ammonium oxidation (anammox, hdh) were quantified, and
the bacterial 16S rRNA gene was sequenced. The dominant pathways and associated
bacterial communities defined four main N-transforming clusters that differed across
habitat types. DNRA dominated in the sediments, except in the upper layers of more
productive lakes where nirS denitrifiers prevailed with potential N2O release. Loss as N2

was more likely in lithic biofilms, as indicated by the higher hdh and nosZ abundances.
Archaeal ammonia oxidisers predominated in the isoetid rhizosphere and rocky littoral
sediments, suggesting nitrifying hotspots. Overall, we observed a change in potential
for reactive N recycling via DNRA to N losses via denitrification as lake productivity
increases in oligotrophic mountain lakes. Thus, N deposition results in a shift in genetic
potential from an internal N accumulation to an atmospheric release in the respective
lake systems, with increased risk for N2O emissions from productive lakes.

Keywords: denitrification, DNRA, lithic biofilms, mountain lake, nitrogen deposition, remote ecosystems,
sediment, 16S

INTRODUCTION

According to the planetary boundaries framework (Rockström et al., 2009), anthropogenic
alteration of the nitrogen (N) cycle is one of the major challenges facing the Earth system. Human
activities have at least doubled the levels of reactive N (Nr) available in the biosphere (Erisman
et al., 2011), resulting in deposition of Nr in or near heavily populated areas as well as remote
ecosystems (Catalan et al., 2013). In the context of global change, remote ecosystems — defined
here as being affected by atmospheric processes rather than direct human action in catchment
areas — can be particularly informative about potential large-scale changes in the Earth system
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(Catalan et al., 2013). Alpine lakes of the Northern hemisphere
and subarctic regions are examples of remote ecosystems that
have been exposed to increased Nr deposition during the last
decades (Holtgrieve et al., 2011; Camarero, 2017), triggering
a nutrient imbalance in these freshwater systems which are
otherwise known to have low nutrient availability (Catalan
et al., 2006). While alpine and subarctic lakes are often
considered important sensors of global change (Smol, 2012),
there is minimal understanding of how increased Nr availability
affects microbially-driven N-cycle pathways in these ecosystems
(McCrackin and Elser, 2010; Palacin-Lizarbe et al., 2018).

The N cycle is best described as a modular and complex
network of biological N-transformation reactions carried out
by metabolically versatile communities of microorganisms (Graf
et al., 2014; Kuypers et al., 2018), whose overall composition
largely determines whether Nr is lost, via denitrification or
anammox, or retained in the system via dissimilatory nitrate
reduction to ammonium (DNRA). Within lakes, benthic habitats
are known as hotspots of N cycling due to steep redox gradients
in the sediments and biofilms (Melton et al., 2014). Furthermore,
the presence and composition of macrophytes also influence the
biogeochemistry of the sediment (Gacia et al., 2009). In particular,
isoetid species oxygenate the sediment and may promote coupled
nitrification-denitrification (Vila-Costa et al., 2016). However,
the effect of increased N deposition on the N-cycling microbial
communities, and the factors controlling their distribution are
poorly understood in mountain lakes.

Our study aims to investigate how the distribution of
microbial communities in general and those that drive different
N-transformation pathways changes across a range of different
benthic habitats in mountain lakes that have been affected by
enhanced N deposition in the absence of significant acidification
(Camarero and Catalan, 1998). We hypothesise that benthic
habitat type and lake productivity together determines the fate
of deposited N and that increased productivity will promote
pathways resulting in Nr loss. Lakes at lower altitudes tend
to be more productive, particularly if they are small since
the productive period is longer (Catalan et al., 2009) and
phosphorus loading to the lake increases as the catchment is
more vegetated (Kopàček et al., 2011). In the Pyrenees, more
than 70% of the lakes are considered ultraoligotrophic based
on total phosphorus (TP; <150 nM), whereas 22 and 6%
are oligotrophic and mesotrophic, respectively (Catalan et al.,
2006). In general, more productive oligotrophic mountain lakes
exhibit low dissolved inorganic nitrogen (DIN) concentrations
due to higher consumption of excess N from atmospheric
loading by primary producers (Camarero and Catalan, 2012). We
therefore selected lakes to establish a DIN gradient and sampled
lithic biofilms, sediments with elodeid, isoetid and helophyte
macrophytes, and littoral and deep non-vegetated sediments
(Figure 1). We then characterised the N-functional pathways
by quantifying the abundances of key N-functional genes
involved in denitrification, nitrification, DNRA and anammox
pathways (Table 1). We also determined the bacterial community
composition in the benthic habitats and linked these to the
functional guilds using a multivariate approach combined with
indicator species analyses. The environment was characterised by

including proximal (benthic) and more distal (lake) descriptors
to capture potential drivers acting at different spatial scales
(Wallenstein et al., 2006; Battin et al., 2016).

MATERIALS AND METHODS

Sampling Location and Habitat
Description
The lakes are located in the central region of the Pyrenees
mountain range within the Aigüestortes i Estany de Sant Maurici
National Park (Table 2 and Figure 1). All lakes are dimictic
and ultra-oligotrophic (TP < 150 nM) except for Bassa de les
Granotes, which is classified as oligotrophic (150 < TP < 300 nM;
Catalan et al., 1993) with a circumneutral pH (∼7; Vila-
Costa et al., 2014). All main benthic habitats in the lakes
were considered (Figure 1), although certain habitats were
present in only a few lakes (Table 2 and Supplementary
Table S1). Plan Lake is particularly rich in macrophytes,
including isoetids (Isoetes setacea, I. palustris, and Subularia
aquatica), elodeids (Myriophyllum alterniflorum, Potamogeton
alpinus, and P. berchtoldii) and the helophyte Carex rostrata
(Gacia et al., 1994). Sampling was carried out during the ice-free
period (June–November) of 2013 and 2014, with a total of 30 sites
and 226 samples analysed.

Water, Lithic Biofilm, and Sediment
Characterisation
The overlying water, sediments and lithic biofilms were
characterised using physical, chemical and biological variables
(Supplementary Table S1). The temperature of the overlying
water was measured at the time of sampling. For chemical
analyses, water samples were filtered through a pre-combusted
(4 h at 450◦C) GF/F glass fibre philtre. Nitrate and sulphate
were determined by capillary electrophoresis using a Quanta
4000 (Waters) instrument. Ammonium and nitrite were
determined by colourimetric methods in a segmented-flow
autoanalyser (AA3HR, Seal), using the Berthelot reaction for
ammonium (Bran+Luebbe method G-171-96) and the Griess
reaction for nitrite (Bran+Luebbe method G-173-96). Dissolved
organic carbon (DOC) was measured by catalytic combustion
to CO2 and detection by IR spectroscopy in a TOC5000
(Shimadzu) analyser.

Lithic biofilms were sampled collecting several cobbles (ø
∼10 cm) from different sites of the lake. Cobbles were scraped
entirely (upper and lower sides) with clean metal brushes
and washed with deionized water and pooling together the
collected material. Biofilm subsamples were collected on 0.2-µm
pore polycarbonate membranes for DNA analysis, and triplicate
volumes were filtered through a pre-combusted and pre-weighted
GF/F glass fibre philtre for chemical and physical analyses.
Sediment cores (ø 6.35 cm) were collected with a gravity corer
(Glew, 1991) around the deepest point of each lake or manually
by scuba diving for the littoral sediments. The cores were sliced
in three sections (0–0.5, 0.5–2, and 2–4 cm) to capture the oxic
and the nitrate reduction zones (Melton et al., 2014).
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FIGURE 1 | Examples of the lakes and habitats studied. Lakes: Contraix (A), Gelats de Bergús (F), Bassa de les Granotes (G), Plan (M), and Llebreta (S). Benthic
habitats: sediments near the deepest point of the lake (non-vegetated) (N,O); littoral sediments from beds of isoetids [Isoetes lacustris (T)] and elodeids
[Myriophyllum alterniflorum (U), Potamogeton alpinus (V)] macrophytes, helophyte (Carex rostrata) belts (H–L) and rocky areas (B–E); and lithic biofilms from littoral
cobbles (P–R).

For total carbon (C) and N and isotopic composition, ca.
5 mg of the freeze-dried sample was placed with a catalyst
(Va2O5) in tin capsules, and the analyses were performed by the

TABLE 1 | N-functional genes accounted for in this study.

Gene Enzyme Pathway Reaction Process
type

amoA Ammonium
monooxygenase

Nitrification Ammonium oxidation
to hydroxylamine

Aerobic

nirS Nitrite reductase
(cytochrome-cd1)

Denitrification Nitrite reduction to
nitric oxide

Anaerobic

nirK Nitrite reductase
(copper-based)

nosZ Nitrous oxide
reductase

Denitrification Nitrous oxide
reduction to
dinitrogen

Anaerobic

nrfA Nitrite reductase
(formate-dependent)

DNRA Nitrite reduction to
ammonium

Anaerobic

hdh Hydrazine
dehydrogenase

Anammox Hydrazine oxidation
to dinitrogen

Anaerobic

University of California Davis Stable Isotope Facility. Organic
matter (OM) content was determined using the loss on ignition
(LOI) procedure (Heiri et al., 2001). The median grain size of
the sediment was determined by laser diffraction (Mastersizer,
2000, Malvern Instruments Ltd, United Kingdom), using freeze-
dried sediment rehydrated in distilled water and introduced into
the sample dispersion unit (Hydro 2000 G, Malvern Instruments
Ltd, United Kingdom) after adding hexametaphosphate and
sonicating to avoid aggregates. Laser obscuration was between
10–20% and the measuring range between 0.02 and 2000 µm.

DNA Extraction and Quantitative PCR of
16S rRNA and N Cycle Genes
DNA was extracted from 0.33 ± 0.06 g of sediment or lithic
biofilm using the FastDNA R© Spin Kit for Soil (MP Biomedical)
following the manufacturer’s instructions. The extracted DNA
was quantified using the Qubit R© fluorometer (Thermo Fisher
Scientific Inc.).

Quantitative real-time PCR (qPCR) was used to quantify
functional genes encoding enzyme involved in N-cycle pathways

Frontiers in Microbiology | www.frontiersin.org 3 June 2019 | Volume 10 | Article 122988

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-01229 June 1, 2019 Time: 10:30 # 4

Palacin-Lizarbe et al. N-transforming Pathways in Mountain Lakes

TA
B

LE
2

|S
ite

lo
ca

tio
n,

ha
bi

ta
ts

st
ud

ie
d

an
d

ch
ar

ac
te

ris
tic

s
so

rt
ed

by
th

e
di

ss
ol

ve
d

in
or

ga
ni

c
ni

tr
og

en
(D

IN
)c

on
ce

nt
ra

tio
n.

La
ke

(A
b

b
re

vi
at

io
n)

V e
g

et
at

io
n

b
el

t
H

ab
it

at
s

S
tu

d
ie

d
a

La
ti

tu
d

e
(N

)
Lo

ng
it

ud
e

(E
)

A
lt

it
ud

e
(m

a.
s.

l.)
A

re
a

(h
a)

C
at

ch
m

en
t

(h
a)

D
ep

th
b

(m
)

R
en

ew
al

ti
m

e
(m

o
nt

hs
)

T
P

c
(n

M
)

D
IN

d
(µ

M
)

R
ed

on
de

V
ila

m
òs

(R
)

A
lp

in
e

I
42

.7
80

78
0.

76
23

3
22

09
0.

6
12

5
1.

7
N

A
1.

2

P
la

n
(P

)
S

ub
al

pi
ne

D
,I

,E
,C

,L
42

.6
22

48
0.

93
07

21
88

5
23

9
15

.1
10

2
1.

7
±

0.
9

B
as

sa
de

le
s

G
ra

no
te

s
(G

)
A

lp
in

e
D

,L
42

.5
73

3
0.

97
12

4
23

30
0.

7
3

5
9.

9
29

2
2.

4
±

0.
7

R
ed

ó
A

ig
üe

st
or

te
s

(R
A

)
S

ub
al

pi
ne

D
,L

42
.5

82
16

0.
95

94
9

21
17

6.
3

32
5

11
1.

6
76

8.
5
±

0.
9

G
el

at
de

B
er

gú
s

(G
B

)
A

lp
in

e
D

,R
,L

42
.5

91
06

0.
96

33
1

24
93

1.
4

24
8

2.
3

42
8.

8
±

3.
3

Ll
on

g
(L

o)
M

on
ta

ne
D

,R
,L

42
.5

74
31

0.
95

06
3

20
00

7.
1

11
11

13
0.

6
89

10
.3
±

11
.6

B
er

gú
s

(B
)

A
lp

in
e

D
,L

42
.5

89
47

0.
95

71
7

24
49

6.
2

12
6

50
3.

9
44

17
.1
±

11
.3

Ll
eb

re
ta

(L
e)

M
on

ta
ne

D
,C

,R
,L

42
.5

50
83

0.
89

03
1

16
20

8
54

38
12

0.
1

89
17

.9
±

2.
7

C
on

tr
ai

x
(C

)
A

lp
in

e
D

,R
,L

42
.5

88
74

0.
91

86
1

25
72

9.
3

10
0

59
9.

9
49

18
.0
±

1.
3

R
ed

on
(R

C
)

A
lp

in
e

D
,R

,L
42

.6
42

08
0.

77
95

1
22

35
24

.1
15

3
73

36
58

23
.5
±

19
.6

P
òd

o
(P

o)
A

lp
in

e
D

,L
42

.6
03

07
0.

93
90

6
24

50
4.

6
33

25
9.

4
75

25
.2
±

14
.7

a
D

,
se

di
m

en
ts

in
th

e
de

ep
es

t
po

in
t

of
th

e
la

ke
;

I,
is

oe
tid

lit
to

ra
ls

ed
im

en
ts

;
E,

el
od

ei
d

lit
to

ra
ls

ed
im

en
ts

;
C

,
C

ar
ex

ro
st

ra
ta

be
lts

lit
to

ra
ls

ed
im

en
ts

;
R

,
ro

ck
y

ar
ea

s
lit

to
ra

ls
ed

im
en

ts
,

L,
lit

hi
c

bi
ofi

lm
s

fro
m

lit
to

ra
lc

ob
bl

es
.

b
M

ax
im

um
w

at
er

co
lu

m
n

de
pt

h.
c
To

ta
lp

ho
sp

ho
ru

s
(C

am
ar

er
o

an
d

C
at

al
an

,2
01

2)
.d

D
IN

co
nc

en
tr

at
io

n
(s

um
of

ni
tr

at
e,

ni
tr

ite
an

d
am

m
on

iu
m

)i
n

th
e

ov
er

ly
in

g
w

at
er

.

(Table 1 and Supplementary Table S2), as well as the bacterial
16S rRNA gene. All qPCR reactions were performed in duplicate
in a total reaction volume of 20 µL using DyNAmo Flash SYBR
Green qPCR kit (Thermo Fisher Scientific Inc.), 0.1% Bovine
Serum Albumin, 0.5–1.0 µM of each primer and 15 ng DNA on
the Biorad CFX Connect Real-Time System. Primers (Rotthauwe
et al., 1997; Hallin and Lindgren, 1999; Lopez-Gutierrez et al.,
2004; Mohan et al., 2004; Throbäck et al., 2004; Henry et al., 2006;
Schmid et al., 2008; Tourna et al., 2008; Jones et al., 2013; Welsh
et al., 2014), amplification protocols and resulting efficiencies
for each assay are listed in Supplementary Table S3. Potential
inhibition of the PCR reactions was checked by amplifying a
known amount of the pGEM-T plasmid (Promega) with the
plasmid-specific T7 and SP6 primers added to the DNA extracts
and non-template controls. No inhibition of the amplification
reactions was detected with the amount of template DNA used.
Standard curves for each assay were generated by serial dilutions
of linearized plasmids with cloned fragments of the respective
gene. Standard curves were linear (R2 = 0.997 ± 0.003) in the
range used, and amplification efficiency was 90% for the 16S
rRNA gene and 65–88% for the functional genes (Supplementary
Table S3). Melting curve profiles were inspected, and final
products were run on an agarose gel to confirm amplicon size.
Non-template controls resulted in negligible values.

Sequencing of the 16S rRNA Gene,
Sequence Processing and OTU
Clustering
The diversity and structure of total bacterial and archaeal
communities were determined by targeting the V3-V4 region
of the 16S rRNA gene (Takahashi et al., 2014). Amplicon
libraries for each sample were generated using a two-step
protocol (Berry et al., 2011). First, PCR products were generated
in duplicate 20 µL reactions per sample using 16S rRNA
primer constructs that included Nextera adapter sequences, with
reactions consisting of Phusion PCR mastermix (Thermo Fisher
Scientific), 0.5 µg µL−1 BSA, 0.25 µM of each primer and
10 ng extracted DNA. Thermal cycling was performed for 25
cycles, and cycling conditions and primer sequences are listed
in Supplementary Table S3. The resulting PCR products were
pooled and purified using the AMPure bead purification kit, and
3 µL of the purified product was used as template in the second
PCR using barcodes. Duplicate 30 µL reactions were performed
for each sample, with similar reagent concentrations as in the first
step except for the use of 0.2 µM final primer concentrations.
PCR was performed according to Supplementary Table S3.
Products were pooled, bead purified, followed by equimolar
pooling and sequencing performed by Microsynth AG (Balgach,
Sweden) using the Illumina MiSeq platform with v3 chemistry
(2× 300 bp paired-end reads).

Paired-end reads were merged using PEAR (Zhang et al.,
2013) and dereplicated and clustered into operational taxonomic
units (OTUs) at a cut-off of 3% identity using UPARSE (Edgar,
2013). The final dataset comprised 13069 OTUs after removal
of chimaeras and singletons, with 83% of the quality filtered
sequence pool mapped back to OTUs. Taxonomic assignment
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was carried out with the RDP classifier (Wang et al., 2007)
against the SILVA reference database (release 119) (Quast et al.,
2013). Sequences classified as mitochondria or chloroplasts were
excluded. The original OTU table was rarefied (100 random
subsampling) to 10660 sequences per sample. The sequences are
available in the NCBI Sequence Read Archive (PRJNA494630).

Statistical Methods
All multivariate, clustering and correlation analyses were
performed using R (R Core Team, 2017). Comparisons of
gene abundances between habitat types were performed using
Kruskal–Wallis (KW) and Wilcoxon–Mann–Whitney (WMW)
tests. Principal component analysis (PCA) and Redundancy
analysis (RDA) using Hellinger distances (Borcard et al., 2011)
were used to investigate the unconstrained ordination of the
relative abundances of the N-functional genes studied (PCA)
and of the bacterial community composition (PCA), and the
relationship between the relative abundance of the N-functional
genes and the environmental conditions (RDA), as well as
between the overall bacterial community composition and the
relative abundance of the N-functional genes (RDA). Hereafter,
we refer to the PCAs as gene-PCA (gen-PCA) and community-
PCA (com-PCA), and to the RDAs as gene-environment-RDA
(gen-env-RDA) and community-gene-RDA (com-gen-RDA),
respectively. In the analyses, functional gene abundances were
standardised to total 16S rRNA gene copy numbers. Taxa < 5%
occurrence (3453 of the total 13069 OTUs) were excluded from
the bacterial community composition analysis (com-PCA and
com-gen-RDA), and values for nitrate, nitrite, ammonium and
sulphate were log-transformed in the gen-env-RDA. In the
RDAs, forward selection was used to identify a minimum set of
significant explanatory variables (p < 0.05; Blanchet et al., 2008),
which exhibited low collinearity (variance inflation factors well
below 10). Permutation tests of the resulting ordinations showed
significant pseudo-F values (p < 0.05, n = 1000) for the main
explanatory axes in each ordination — first to third axes in the
gen-env-RDA, and first to fifth axes in the com-gen-RDA.

A structure of four sample clusters was present in both RDAs.
Consequently, we used the samples scores of the three main
axes of the com-gen-RDA as coordinates in four-group k-means
clustering. We looked for indicative OTUs of each cluster
performing a multi-level pattern analysis using the multipatt
function from the indicspecies R package (Cáceres and Legendre,
2009), considering site group combinations, and the entire OTU
set (13069) as the community data table. For each OTU, the
method provides an indicator value (IndVal) of each cluster or
a joint set of them. We accepted as significant indicator taxa
those with adjusted p-value < 0.001, using the false discovery rate
method to calculate the adjusted p-value (Storey et al., 2004).

RESULTS

Genetic Potentials
The sum of the N-functional gene copies per dry weight of
sediment increased with OM (r = 0.42, p < 0.001, Figure 2A) but
with a large scattering. Individual gene abundances were highly

positively correlated among them (Figure 2B). However, the
correlation structure markedly simplified when standardising by
the 16S rRNA copy number in each sample (Figure 2C), showing
that the nrfA pool was weekly related to the rest of N-functional
gene pools. The sum of the N-functional gene copies accounted
for an average of 15 ± 8% (mean ± SD) of bacterial 16S
rRNA gene copies across all samples (Supplementary Figure S1).
Maximum values of 52% were found in the lower sediment
layer (2–4 cm) near the isoetid rhizosphere, while minimum
values of 2% were observed in lithic biofilms. Hereafter, unless
otherwise indicated, we report the N-functional gene abundance
standardised to total bacterial 16S rRNA gene copies.

The nirS and nrfA genes showed the highest relative
abundances, up to 33 and 18% of total 16S gene copies,
respectively. The abundance of nirS was approximately 50-fold
greater than nirK across all lakes, with the highest numbers
detected in the more productive lakes (R, P and G, Table 2 and
Figures 3A,B). The abundance of nirK genes exhibited an overall
trend of increasing abundance with lake DIN levels (Figure 3B),
opposed to that observed for nirS. Higher nrfA abundance was
observed in the sediments of the deepest part of the lakes
(Figure 3E), while abundances in the elodeid sediments were
significantly higher than those of the isoetids (KW test, p = 0.028).
Closer inspection of the macrophyte sediment profiles showed
a significant nrfA increase deeper in the elodeid sediments
(r = 0.85, p < 0.001; Supplementary Figure S2A), while no trend
was observed in the isoetid sediments.

The amoA gene of ammonia-oxidising archaea (AOA) was
more abundant than the bacterial (AOB) counterpart. No obvious
trend was observed for either AOA or AOB abundance across
the lake DIN gradient. Although the average total abundance
of ammonia oxidisers across all lakes was low relative to those
of 16S rRNA genes (0.87 ± 2.66% and 0.05 ± 0.14% for
AOA and AOB, respectively), several lakes showed AOA and
AOB proportions of 57 and 23% of the total N-functional
gene abundance. The highest AOA abundance was observed
in the lower sediment layers of the isoetid rhizosphere and
rocky littoral sediments of high-altitude lakes in the alpine belt,
that is, those located above treeline (Figure 3G). Abundances
of AOA were significantly higher in isoetid than elodeid
sediments (KW test, p < 0.001), and increased with depth in
the former (r = 0.64, p = 0.001; Supplementary Figure S2B).
All habitats of the highest altitude lakes (GB and C lakes,
Table 2 and Figure 3H) showed a relatively high abundance
of AOB copies compared to the same habitats in lakes at
lower elevations.

The gene variants of the nitrous oxide reductase, nosZ clade
I and II, as well as the hdh gene associated with the anammox
pathway, exhibited low relative abundances (Figures 3C,D,F).
The abundance of clade I nosZ genes was typically higher (∼7-
fold on average) than that of clade II nosZ across all lakes
and habitats. The lithic biofilm habitats of Contraix, the most
elevated lake, showed the highest abundance of nosZ clade I
genes (Figure 3C), while nosZ clade II abundances were higher in
the rocky littoral sediments of alpine lakes (Figure 3D). Relative
abundances of hdh were higher in the lithic biofilms (Figure 3F),
with no obvious relationship with DIN levels across the lakes.
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FIGURE 2 | (A) Sum of the accounted N-functional gene copies g−1 of dry weight (DW) against the percentage of organic matter (OM). Labels are the Lake
abbreviations (see Table 2). Note that Y-axis has a square root scale. (B,C) Correlation structure of N-transforming gene abundances in mountain lake benthic
habitats. N-functional gene abundances are in gene copies g−1 DW (B) or standardised to the 16S rRNA gene copies (C) (Supplementary Table S2). The nodes
symbolise the genes whose colour and size indicate their associated pathway and abundance, respectively. Link width is proportional to the coefficient values of
significant associations (p < 0.05), and blue and red colours indicate positive and negative Spearman’s correlations, respectively.

N-Functional Genes and the Environment
The constrained ordination of N-functional gene abundances
identified three distinct gradients explaining 54% of the total
variation across habitats and lakes (Figure 4). A similar result
was obtained in a non-constrained analysis (Supplementary
Figure S3), indicating that the main environmental drivers
were captured by the constrained analysis. The main variation
of benthic N-cycling genetic potentials was across a nirS vs
nrfA abundance gradient (Figure 4). The nirS-rich samples
corresponded to those from shallow and productive lakes
(R, P, and G, Table 2 and Supplementary Figures S4A,B),
specifically the upper sediments in all habitats and sediments
near the roots of isoetids. These sites were associated with
higher temperature, DNA content, isotopic signatures, DOC
content, and C and N content, as well as coarser granulometry
(Supplementary Figure S5) and lower C/N and nitrate/nitrite
ratios (Figure 4). In contrast, nrfA rich environments occurred
in the deep parts of the deep lakes, the lower layers of all
sediments (except the isoetid rhizosphere) and the littoral
sediments of the montane belt lakes (Table 2 and Supplementary
Figures S4A,B). Sulphate, ammonium, nitrate and nitrite
concentrations were higher in these sites compared to those
associated with nirS. The same nirS-nrfA main axis was also
found if only samples from the deep habitat were included
in the analysis.

The gen-env-RDA second axis of variation discriminated
between sediments and lithic biofilms. The latter characterised
by higher abundances of nirK, nosZI, nosZII, hdh and AOB
(Figure 4A). The rocky littoral sediments of Lake Contraix
separated from the other sediment samples (Supplementary
Figure S4A). These sites shared relatively high concentrations
of nitrate, nitrite and sulphate in the overlying water, high OM
content, and particular isotopic signatures (high δ13C and low
δ15N). Finally, the third axis of variation was associated with the
AOA abundance (Figure 4B) and resulted in the segregation of
the majority of the isoetid sediments from the other habitats. The
sites with the highest abundance of AOA were located close to
the isoetid rhizosphere and in the rocky littoral sediments of the
alpine lakes (Supplementary Figure S4B and Table 2). These
samples showed high δ15N values and likely corresponded to
more oxygenated sediments (Figure 4B).

N-Functional Genes and the Associated
Microbial Community
The ordination of the OTU composition constrained by the
N-functional gene abundances resulted in a pattern of four
distinct sample clusters (Figure 5), similar to that obtained in
an unconstrained ordination (Supplementary Figure S6). The
four clusters consisted of samples associated with a high relative
abundance of nrfA, nirS, AOA, or a combination of the rest of
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FIGURE 3 | Abundances of nirS (A), nirK (B), nosZI (C), nosZII (D), nrfA (E), hdh (F), archaeal amoA (G), and bacterial amoA (H) standardised to the 16S rRNA
gene copies in different lakes and habitats. Numbers in brackets in the X-axis indicated the samples analysed. Boxplots depict the interquartile range (box), median
value (line), 1.5x interquartile (whiskers), and outliers (points). Lakes are arranged from left to right by increasing water-column DIN level (see Table 2 for lake
abbreviations and characteristics).

the targeted genes. Classification of samples into the four clusters
using k-means followed by indicator species analysis resulted
in approximately 29% of OTUs being identified as exclusively

associated with samples from a single cluster (Figure 6 and
Supplementary Tables S4, S5). Approximately 12 % of OTUs
were significant indicators of the AOA sample cluster and found
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FIGURE 4 | RDA based on N-functional gene abundances (response variables, black arrows) and the environmental variables (explanatory variables, blue arrows).
Red arrows represent the unselected environmental variables in the previous forward selection. Triplots of the 1st and 2nd (A) or of the 1st and 3rd (B) main
gradients. See Supplementary Figures S4A,B for samples scores. The axes sizes are proportional to the explained variation.

across a wide range of different bacterial taxa. By contrast, 6% of
OTUs were significant indicators of the mixed N-transformation
cluster, with large numbers of indicators concentrated within
the phyla Cyanobacteria, Bacteroidetes, and Planctomycetes, as
well as Alpha- and Betaprotoebacteria classes. Similarly, 6% of
OTUs were associated with samples in the nrfA cluster and
were classified into Firmicutes, Bacteroidetes, Actinobacteria, and
Chloroflexi phyla, and Epsilon- and Deltaproteobacterial classes.
Finally, 4% of OTUs were exclusive indicators of samples in the
nirS cluster and were found across a large number of bacterial
taxa, similar to the AOA sample cluster.

DISCUSSION

The DNRA-Denitrification Gradient
The gradient of nrfA to nirS dominance was the main pattern of
variation in the N-transforming microbial communities of the
benthic habitats. From an ecosystem perspective, this gradient
indicates a shift from habitats with a higher potential for
internal Nr cycling via DNRA, and thus retention of Nr in
the system, to those in which loss of Nr from the lake is
more likely through denitrification. The environments with the
lowest ratios of denitrifying to DNRA nitrite reductase genes
were characterised by variables indicating refractory OM with
high C/N, lower oxygen diffusion and lower redox potentials.
This was particularly the case in the deepest part of the deep
lakes (maximum depth ≥ 25 m) and in the deeper regions of
the reduced elodeid sediments. In agreement with our result,

previous work in a tropical high-altitude oligotrophic lake has
shown nrfA abundance to be highest in the deepest part of the
hypolimnion with anoxic conditions during late stratification
(Pajares et al., 2017), and more reduced conditions favoured
DNRA over denitrification in Australian estuaries (Kessler
et al., 2018). Increased C/N ratio may favour DNRA over
denitrification (Kraft et al., 2014).

The highest genetic potential for denitrification, based on
nirS abundance, was detected in shallower and less oligotrophic
lakes, where DIN levels were lower in the water column due to
higher primary productivity. These lakes also have lower C/N
ratios (Supplementary Table S1). Generally, lake autochthonous
OM is fresher and of higher quality (e.g., lower C/N), and is a
substantial proportion of total OM in lakes with a lower ratio
of the catchment to the lake area. This fresh OM can be used
as electron donors for denitrifiers, as demonstrated in several
aquatic ecosystems [eutrophic lakes (Chen et al., 2012; Gardner
et al., 2017), streams (Barnes et al., 2012; Stelzer et al., 2014),
wetlands (Dodla et al., 2008), and oceans (Van Mooy et al., 2002)].
Oxygen levels in upper sediments of shallow and productive
lakes likely fluctuate to a greater degree than those observed in
habitats dominated by DNRA, thereby favouring organisms with
facultative anaerobic respiration pathways such as denitrification
(Wittorf et al., 2016; Chen J. et al., 2017). The nirS denitrifiers
along the DNRA-denitrification gradient were associated with
nosZ clade II N2O reduction and AOA communities involved
in ammonia oxidation, whereas denitrifier communities present
in lithic biofilms dominated by nirK-types were associated with
nosZ clade I N2O reduction and AOB. These patterns indicate
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FIGURE 5 | RDA with the OTUs abundance (response variables) and the abundance of the N-functional genes (explanatory variables, red arrows). Triplots of the 1st
and 2nd (A) or the 1st and 3rd (B) main gradients. Only the most influential OTUs for each gradient are shown (black arrows and ID, Supplementary Table S6).
Clusters are resulting from the k-means analysis with the sample scores of the three main RDA gradients (Subplots C and D). See Supplementary Figures S4C,D
for samples scores. The axes sizes are proportional to the explained variation.

that different N transformation networks developed in these
habitats even when in both cases exhibited potential for linked
nitrification and denitrification.

The overall high proportion of denitrifying nitrite versus
nitrous oxide reductase genes (∼30 nir:nosZ ratio on average)
suggests a dominance of partial denitrification, especially in
productive habitats dominated by nirS denitrifier communities
(i.e., nirS-cluster showed nir:nosZ higher ratios compared to
the other clusters, WMW test, p < 0.01). This observation
agrees with Castellano-Hinojosa et al. (2017) who found high
N2O/N2 emissions in a productive, shallow warm Mediterranean
mountain lake, as well as Myrstener et al. (2016) who
demonstrated that addition of nitrate, phosphorus and labile
C to sediments from a boreal lake resulted in higher relative
N2O production compared to addition of nitrate alone. Other

studies have shown that higher nir:nosZ1 ratios in the sediments
of boreal lakes were associated with hypolimnion N2O excess,
as well as increased phosphate and nitrate concentrations
(Saarenheimo et al., 2015a). Thus, productive sites could favour
partial denitrifiers that survive anoxic periods. Before arriving to
the atmosphere, N2O might be consumed in the hypolimnion
of deep lakes. NosZ-harbouring bacteria have been found in the
hypolimnion of boreal lakes (Peura et al., 2018). However, in
the sediments studied, the higher nir:nosZ ratios were found in
shallower lakes. in which N2O may easily reach the atmosphere
(Dore et al., 1998). Further studies accounting for real N2O
emissions could corroborate our conjecture.

Nitrite-dependent anaerobic methane oxidation (N-DAMO,
Simon and Klotz, 2013) is a potential alternative to DNRA,
denitrification and anammox nitrite consumption. N-DAMO
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FIGURE 6 | Hierarchical taxonomic classification of OTUs found in all surveyed lakes. Major bacterial phyla are indicated by shaded areas, while dominant classes
within each phylum are labelled. External rings show OTUs that are exclusive indicators (adjusted-p < 0.001) of each of the four N-transformation functional sample
clusters, as delimited by the dominant N-functional gene abundances.

has been found as a key driver of methane oxidation in
nitrate-rich lakes (Deutzmann et al., 2014) and reduced
sandy riverbeds (Shen et al., 2019). In these habitats, bacteria
related to Candidatus Methylomirabilis oxyfera, known to
perform this pathway, were abundant. In our study, we
detected only two OTUs of low relative abundance (0.02%)
classified as Candidatus Methylomirabilis. Nonetheless,

OTUs belonging to the genus Methylocaldum were more
abundant (∼0.3%), and were significant indicators of the ‘nirS’
cluster. These findings are similar to those of a survey of
methane oxidation in Indian reservoirs (Naqvi et al., 2018),
where low relative abundance of NC10 bacteria capable of
N-DAMO (0.003–0.022%) was found; whereas Type I aerobic
methanotrophs, which include Methylocaldum and other
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members of the Methylococcaceae family, were predominant
and co-occurred with a diverse community of potential nirS
type denitrifiers. Other Methylococcaceae are partial denitrifying
aerobic methanotrophs with N2O as the end product (Kits et al.,
2015a,b). Overall, these results, added to the high ratio of nir to
nosZ gene abundance, suggest that N2O emissions are the most
likely endpoint of nitrite reduction in nirS-cluster sediments,
independent of the pathway. Further studies are required to
elucidate the importance and distribution of methane dependent
processes in mountain lakes and to evaluate their role as a bypass
of partial denitrification.

The Idiosyncratic Lithic Biofilms
Microbial N-transforming guilds in the lithic biofilms
differentiate from those in the sediments. Gene abundance
results indicate a complex N-transformation structure in
this habitat, consisting of processes demanding both oxic
and anoxic conditions, which suggest highly structured
microbial communities in relatively short spatial distances.
The idiosyncratic nature of the guild composition (e.g., nosZI,
hdh, nirK) declines as the productivity of the lake increases;
nirS becomes more prominent compared to nirK, and the
N-transforming communities are more similar to the upper
sediments. The high abundance of nirS differs from the
dominance of nirK previously found in another study of epilithic
biofilms from a subset of the same lakes. A main difference
between the two studies is that in Vila-Costa et al. (2014) only
sampled the upper side of the cobbles, whereas we sampled
both sides. Differences in ammonia oxidisers between the upper
(light-side) and lower (dark-side) sides of cobbles have been
previously reported (Merbt et al., 2017). The higher relative
abundance of hdh and nosZ genes indicates that N loss in the
form of N2 could be higher in the lithic biofilms compared to the
other benthic habitats in the studied lakes.

Archaeal Nitrification Hotspots
The positive δ15N signals observed in samples from the lower
sediment layers of the isoetid rhizosphere and the rocky littoral
sediments of the alpine lakes support the view of them as
nitrification hotspots (Mariotti et al., 1981), likely performed by
AOA as suggested by the amoA gene abundance. Nitrification
in rocky littoral sediments could be quantitatively more relevant
than the isoetid rhizosphere given that rocky littorals occupy
large areas in alpine lakes. Nevertheless, the archaeal amoA
densities observed in the lower isoetid sediment layer were nearly
100-fold higher than in the rocky sediment samples with the
highest AOA abundance. Sediments close to the roots of isoetids
are episodically well-oxygenated due to the release of oxygen
through roots during photosynthetic periods (Sand-Jensen et al.,
1982), which increases the interface between oxidised and
reduced sediments where the NH4

+ oxidation occurs. Intensive
nitrification would result in high NO3

− accumulation in the
sediment porewater (maxinun 2 mM; Catalan et al., 1994).
However, this is likely transient as the NO3

− concentration in
the overlying water column was negligible, suggesting a close
coupling of nitrification and denitrification in this habitat (Vila-
Costa et al., 2016). Indeed, there was a positive correlation

(r = 0.68, p < 0.001) between nitrification and denitrification
gene abundances in the isoetid sediments of Plan lake. Lakes at
a higher altitude, Contraix and Gelats de Bergús, also showed
significant correlations between nitrification and denitrification
gene abundances for deep and littoral habitats (r = 0.48,
p = 0.02 and r = 0.44, p = 0.08, respectively), suggesting
that nitrification and denitrification are also linked in the
nitrification hotspots.

Linking the Taxonomic Distribution and
Functional Potential
Each of the four main N-transforming communities consists of a
highly diverse and distinct consortium of co-occurring bacterial
taxa, based on the large number of indicator OTUs detected.
However, taxonomic classification does not necessarily predict
functioning, as different prokaryotic traits may be conserved
at different phylogenetic depths (Martiny et al., 2015). While
ammonia oxidation and anammox capacities are restricted to
only a few lineages, denitrification and DNRA are widely
distributed across the phylogeny (Graf et al., 2014; Welsh
et al., 2014). Thus, many of the indicator OTUs identified
are likely not directly involved in each N-transformation
pathway. However, the high degree of similarity observed
between unconstrained and functional gene-constrained OTU-
based ordinations indicates that shifts in the genetic potential
of different N-transformation processes are tightly linked to
changes in the overall prokaryotic community structure, which
itself is shaped by differences in environmental conditions
across habitats.

Links between taxonomic composition and functional
potential has been observed in previous works in lakes
based on metagenomes or sequencing of functional
genes. The occurrence of several proteobacterial families,
in particular, Rhodobacteraceae (Alphaproteobacteria),
Methylococcaceae (Gammaproteobacteria), and Burkholderiales,
Comamonadaceae and Rhodocyclaceae (Betaproteobacteria)
has been shown to be strongly associated with denitrification
gene presence or abundance (Vila-Costa et al., 2014; Peura
et al., 2015; Saarenheimo et al., 2015b; Castellano-Hinojosa
et al., 2017; Chen R. et al., 2017). These taxa were also highly
abundant in samples within the nirS-denitrifier and mixed
functional gene communities, which included nirK-type
denitrifiers. Moreover, metagenomic studies of boreal lakes
water columns have identified nosZ sequences originating from
Myxococcales (Deltaproteobacteria) and Sphingobacteriaceae
(Bacteroidetes) in the hypolimnion near the oxycline (Peura
et al., 2015, 2018). Many organisms within these families are
known to possess the clade II variant of the nosZ gene (Hallin
et al., 2018). Accordingly, a large proportion of indicator OTUs
for the mixed N-cycling communities, which includes the
clade II nosZ variant, were also classified as belonging to these
families. The 4th most abundant genus in the studied lakes is
Anaeromyxobacter, one member of this Deltaproteobacteria
genus is A. dehalogenans a chemodenitrifier, an organism
that combines chemical chemodenitrification reactions and
enzymatic reaction(s) to reduce NO3

− to N2O or N2, without
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FIGURE 7 | Conceptual sketch of a shallow, mountain lake with macrophytes (left), and a deep alpine lake (right). The benthic habitats with the genetic potential
for the dominant N-cycling process(es) and fate of N (Nr recycling, or N2 and N2O emission) are indicated. The dominant N functional gene(s) in each habitat
are shown in italics. Abbreviations: Nr, reactive nitrogen; AOA, ammonia-oxidising archaea; anammox, anaerobic ammonium oxidation; DNRA, dissimilatory nitrate
reduction to ammonium.

having denitrifying nitrite reductases codified by nirS or
nirK, also performs DNRA and Fe-reduction (Onley et al.,
2018). Rhodoferax (Beta-) and Desulfomonile (Delta-) possible
chemodenitrifiers (Onley et al., 2018) were also common genus
present. There are other eubacteria non-proteobacteria taxa also
carrying denitrifying genes (Graf et al., 2014) present in our
samples (e.g., Actinobacteria).

Operational taxonomic units associated with samples in
the nrfA cluster were classified as Firmicutes, Epsilon- and
Deltaproteobacteria (Campylobacterales and Anaeromyxobacter,
Desulfovibrio, and Geobacter, respectively), Bacteroidetes
(Bacteroidia), Actinobacteria (Coriobacterales and
Corynebacterales) and Chloroflexi (Anaerolineaceae), all
these taxa include microbes that are known to carry nrfA
(Welsh et al., 2014).

Regarding the ammonia oxidisers, the primers used in the
16S rRNA sequencing mainly target bacteria, but also pick up
Euryarchaeota (Takahashi et al., 2014). Therefore, OTUs assigned
to Thaumarchaeota were not detected, although AOA hotspots
could be identified based on qPCR data. Nitrosomonadaceae
was the most common AOB, with 89 OTUs classified as
being similar to uncultured members of this family. Nitrospirae
was the only identified nitrite oxidising bacteria (NOB) in
our samples. There was a likely coupling between AOA and
NOB, as suggested by the correlation between archaeal amoA
genes and the relative abundance of Nitrospirae members in
general, and Nitrospira in particular, in the AOA-cluster samples
(r = 0.65, p = 0.0005; r = 0.47, p = 0.02, respectively).
This coupling has previously also been found in grasslands
(Simonin et al., 2015), agricultural soils (Jones and Hallin,
2019), and sediments of an Andean mountain lake (Parro
et al., 2019). Comammox Nitrospira could be important in the
nitrifying hotspots found in the present study, as suggested by
previous studies in other surface-attached oligotrophic habitats
(Kits et al., 2017; Pjevac et al., 2017; Fowler et al., 2018).
For anaerobic ammonia oxidation, OTUs belonging to the
“Candidatus Anammoximicrobium” (Khramenkov et al., 2013)

was the only taxa present with demonstrated anammox capacity.
However, more bacteria within the numerous uncultured
Planctomycetes detected in our samples could potentially
perform anammox.

CONCLUSION

The N-transforming guild composition in benthic habitats of
mountain lakes is complex and deeply embedded in the overall
prokaryotic community. There is a high positive correlation
among all the genes, and they all generally increase with OM.
The dominant pathways change depending on the habitat and
productivity of the lake (Figure 7). The fate of nitrite is the main
diverging point differentiating the N-transforming guilds. The
genetic potential for DNRA dominate in the deep part of the
lakes and the lower sediment layers, which indicates recycling
of the Nr. By contrast, the denitrifying nirS nitrite reduction
potential prevails in the upper layer of the sediments in the
shallow, warmer and more productive lakes, which indicates a
loss of Nr. Emissions of N2O and N2 are likely spatially segregated
within lakes, with lithic biofilms being candidates for preferential
N loss as N2 as they show a more balanced gene abundance
of nitrous oxide reductases (nosZI+II) and anammox (hdh) in
relation to NO-forming nitrite reductases (nirS+nirK). The more
productive and nirS-dominated habitats may be a main source of
N2O because of the striking excess of this gene over the ones of
the final steps of complete denitrification unless another bypass
process is relevant (e.g., N-DAMO). There may be two types of
nitrifying-denitrifying coupled community types in the benthic
habitats of mountain lakes. The first is based on nitrification
by AOA coupled to Nitrospirae (NOB) and denitrification by
nirS-denitrifiers, with hotspots in the rocky littoral sediments
of the lakes above treeline and the sediments near the isoetid
rhizosphere. The second includes AOB coupled to nirK-type
denitrifiers reducing nitrite and nosZI-N2O reduction in the lithic
biofilms. Overall, our results point out two types of potential
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response to high atmospheric N deposition in these lakes. In
highly oligotrophic lakes, there will be an accumulation of Nr
because of the predominance of internal Nr recycling via DNRA.
In less oligotrophic lakes, generally with macrophyte growth, the
Nr deposition loads may be more effectively directed toward N
gas release to the atmosphere via denitrification.
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Aquatic environments serve as important reservoirs of antibiotic resistance genes
(ARGs), but the information on the high-resolution temporal pattern of ARGs in
waterbodies is extremely limited. In this study, the weekly dynamics of ARGs and
their relationships with microbial taxonomic communities and environmental variables
were analyzed in a subtropical urban reservoir over the period of 1 year using high-
throughput approaches. In total, 197 ARGs and 10 mobile genetic elements (MGEs)
were detected. The results showed that the bacterial community had a seasonal pattern,
while ARGs composition did not exhibit seasonality, thereby indicating the asynchrony or
decoupling of temporal patterns of microbial taxonomy and function. More importantly,
bacterial abundance and community diversity were more strongly correlated with 17
measured environmental variables than ARGs (36 significant correlations for OTUs,
11 for ARGs). However, stochastic processes appeared to have a minor role in
the structuring of the ARG profiles, but a more important role in the structuring of
bacterial taxonomic communities. Furthermore, we found that precipitation and turbidity
were significantly correlated with the richness and diversity of ARGs, suggesting that
multiple environmental factors influence the composition and dynamics of ARGs in
complex ways. MGEs were abundant and showed significant positive correlations with
ARGs, indicating a plausible influence of MGEs on the variation of ARGs. This is
the first study which provides an overview of high-resolution dynamics of ARGs in a
subtropical waterbody. Our results improve the understanding of microbial processes
and mechanisms of ARGs at fine temporal scale, and offer empirical data of use in the
monitoring, assessment and management of the urban water environments.

Keywords: antibiotic resistance genes, bacterioplankton, microbial community, high-resolution temporal pattern,
subtropical reservoir

INTRODUCTION

In aquatic ecosystems many studies have been carried out on nitrogen, phosphorus, and microbial
community (Yang et al., 2012; Zhang et al., 2019), however various “emerging” pollutants including
antibiotics and antibiotic resistance genes (ARGs) have been rapidly drawing increased attention
from the public and government (Pruden et al., 2006; Zhu et al., 2017; Yang et al., 2018).

Frontiers in Microbiology | www.frontiersin.org 1 July 2019 | Volume 10 | Article 1448101

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2019.01448
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2019.01448
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2019.01448&domain=pdf&date_stamp=2019-07-02
https://www.frontiersin.org/articles/10.3389/fmicb.2019.01448/full
http://loop.frontiersin.org/people/749700/overview
http://loop.frontiersin.org/people/565686/overview
http://loop.frontiersin.org/people/757390/overview
http://loop.frontiersin.org/people/90445/overview
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-01448 June 28, 2019 Time: 15:14 # 2

Fang et al. Decoupling Bacterial Taxonomy and ARGs

Antibiotics, first discovered by Sir Alexander Fleming in 1928,
were regarded as panacea for any microbial infections (World
Health Organization [WHO], 2014). However, with the emerging
problem of antibiotic resistance, antibiotic resistant bacteria
(ARB) and ARGs have been identified as a significant issue,
posing a serious threat to the health of humans and the
environment (Pruden et al., 2006; Berendonk et al., 2015).
Antibiotic resistance is ancient (D’Costa et al., 2011), but with
the continuous increase in discharge of overused antibiotics, the
development, spread, and enrichment of ARGs has accelerated
globally (Laxminarayan, 2014), and heavy metal has been
reported to play an important role in the enrichment of
antibiotic resistance by co-selection mechanisms (Stepanauskas
et al., 2006). More importantly, ARGs can be exchanged and
transferred among environmental bacteria, pathogens and non-
pathogens via horizontal gene transfer (HGT) carried out by
mobile genetic elements (MGEs) (Kruse and Sørum, 1994;
Martínez et al., 2015). Aquatic environments are considered
to be significant reservoirs of both ARB and ARGs, providing
ideal settings for the occurrence and dissemination of ARGs
(Marti et al., 2014). Due to long-term misuse and overuse of
antibiotics by human, urban water often contains diverse ARGs
at high levels (Xu et al., 2016), which may pose high risk to
human health during the interaction with receivers. Therefore,
ARGs occurrence and their temporal dynamics in the aquatic
environment have become an important issue in environmental
science (Yang et al., 2018).

Microbial communities can vary between environments, and
play an important role in drive global biogeochemical cycling,
but it is not well known how variation in taxonomic composition
relates to function (Louca et al., 2016). Previous studies reported
that bacterial community composition closely correlates with
ARG profiles and controls the transfer of ARGs in antibiotic-rich
environments (e.g., soil, urban wastewater, and sewage sludge)
(Forsberg et al., 2014; Su et al., 2015), but the contribution
of microbial community shifts to antibiotic resistance function
variations in natural waterbodies with low and medium antibiotic
concentrations remains largely unknown, especially at a fine
temporal scale. Furthermore, microbial communities have been
reported to exhibit seasonal variability in the environment
(Treusch et al., 2009), and high-frequency sampling analysis
could reveal and disentangle detailed temporal dynamics of
bacterial community (Lindh et al., 2015). Previous studies have
assessed the temporal variation of ARGs and supported the
occurrence of seasonal variations of ARGs based on only two
or four sampling time points in 1 year (An et al., 2018; Zheng
et al., 2018). However, research on the dynamics of ARGs in
urban water environment, and their relationship to microbial
taxonomic community and environmental factors based on high-
frequency time series is still lacking.

Revealing the mechanisms that drive the variation of microbial
communities and ARG profiles are major challenges. It has
been shown that microbial communities are simultaneously
shaped by stochastic (neutral) and deterministic processes (Sloan
et al., 2006; Logares et al., 2013). The neutral model is a
stochastic process that develops community through births, death
and immigration, can successfully predict microbial community

assembly dynamics (Hubbell, 2001). However, the neutral
model cannot completely descript the community assembly
without deterministic process such as environmental factors
and competition (Sloan et al., 2006; Ofiţeru et al., 2010).
Both stochastic (neutral) and deterministic processes need to
be considered when investigating the assembly of microbial
communities and ARG profiles, but there is still a lack of studies
on the contribution of both processes in structuring ARG profiles
(Zhu et al., 2017; Guo et al., 2018).

The urban reservoir in this study is located in a rapidly
urbanizing area of Xiamen, it receives numerous pollutants
from surrounding housing estates by point and non-point
source pollutions. However, this urban reservoir is the most
important landscape waterbody in the Jimei district, so the
ARB and ARGs in the water may pose ecological risk in the
interaction with inhabitants and tourists. In this study, we
simultaneously investigated the dynamics of bacterial OTUs and
ARGs in the urban reservoir using high-throughput qPCR and
16S rRNA gene sequencing on a weekly basis over a 1-year
period. We aimed to (1) characterize the temporal dynamics of
both bacterial taxonomic community and antibiotic resistance
gene profiles; (2) reveal the relationships between bacterial
taxonomic composition and antibiotic resistance function at
different levels of taxonomic resolution; and (3) explore the
community assembly processes and mechanisms shaping the
ARGs composition dynamics. Additionally, we hypothesize
that the temporal patterns of microbial OTUs and ARGs are
asynchronous, and their temporal patterns are influenced by
different processes and mechanisms. To our best knowledge,
this is the first study to analyze a high-resolution time series
of bacterial OTUs and ARGs communities in urban water
environments. Therefore, this study may provide a fundamental
data for evaluating the ecological risks of ARGs in urban
water environment and offer useful information for government
and policy maker.

MATERIALS AND METHODS

Study Area and Sample Collection
All samples were collected once a week from September 2016 to
August 2017 in station G (24◦36′ N, 118◦04′ E) of Xinglinwan
Reservoir, which is situated in the Houxi River watershed,
Xiamen city, Fujian province, southeast China (Supplementary
Figure S1). In total, 51 samples were collected in this study.
Several stormwater and wastewater inlets were found near the
station G along the reservoir shoreline within a distance of
1000 m. The Xinglinwan Reservoir is a subtropical eutrophic
urban reservoir, and is characterized by high turbidity and
low water transparency. It has multiple functions in flood
control, aquaculture and tourism, exerting a great impact on the
surrounding residents.

Surface waters were collected in a sterile container from the
top 0.5 m water, immediately transported to laboratory and kept
in the dark until pre-treatment within 0.5 h. In order to remove
the influence of large plankton and particles, samples were pre-
filtered through a 200 µm mesh, and then filtered through
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0.22 µm polycarbonate membranes (47 mm diameter, Millipore,
Billerica, MA, United States) using a vacuum filtration system. To
ensure the sufficient microorganisms, the filtrated water volume
ranged from 200 to 500 mL for all samples, because we kept a
similar filtrating time (about 50 min) for each of membranes. The
membranes were placed in sterilized tubes and stored at –80◦C
until DNA extraction.

Environmental Parameters
A total of 17 environmental variables were determined in this
study (Supplementary Figure S2). The comprehensive trophic
state index (TSIc) were calculated according to Yang et al.
(2012). Water temperature (WT), pH, dissolved oxygen (DO),
turbidity, electrical conductivity (EC), salinity, and oxidation
reduction potential (ORP) were measured in situ with a Hydrolab
DS5 multiparameter water quality analyzer (Hach Company,
Loveland, CO, United States). Chlorophyll a concentrations were
quantified by PHYTO-PAM Phytoplankton Analyzer (Heinz
Walz GmbH, Eichenring, Germany). Total carbon (TC), total
organic carbon (TOC), total nitrogen (TN), ammonium nitrogen
(NH4-N), nitrate nitrogen (NO3-N), nitrite nitrogen (NO2-
N), total phosphorus (TP), and phosphate phosphorus (PO4-P)
were measured according to the standard methods described
in our previous study (Liu et al., 2013). The precipitation data
referred to the cumulative rainfall during the last week before
the sampling day, and the data were collected from the Xiamen
Meteorological Bureau.

DNA Extraction and High-Throughput
Sequencing
Total DNA was directly extracted from each membrane using
the FastDNA SPIN Kit (MP Biomedical, Santa Ana, CA,
United States) according to the manufacturer’s protocol, and
subsequently the concentration and quality of the DNA were
determined using a NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, United States).

To investigate the bacterial taxonomic community, the V3-
V4 hypervariable regions of the 16S rRNA gene were amplified,
purified, and quantified according to our previous procedure
(Guo et al., 2018). The PCR products were pooled and sequenced
on the Illumina Miseq platform (Illumina, Inc., San Diego, CA,
United States) using a paired-end (2 × 250 bp) sequencing
strategy. All the raw sequences were quality-controlled using
MOTHUR v1.39.0 (Schloss et al., 2009). The unoise3 pipeline
was used to pick operational taxonomy units (OTUs) at
3% dissimilarity level (Edgar, 2010). OTU sequences were
taxonomically classified by USEARCH (sintax) against the
Greengenes database (DeSantis et al., 2006). All eukaryotic,
chloroplast, archaeal, mitochondrial and unknown sequences
were removed from the data set. Finally, all sequences were
normalized to 50,014 sequences for each of 51 samples, and these
sequences were clustered into 9834 OTUs.

The raw data for 16S rRNA gene analysis in this study
have been deposited in the NCBI sequence read archive (SRA)
database under the BioProject number PRJNA510463 and the
accession number SRP173857.

High-Throughput Quantitative PCR
(HT-qPCR)
High-throughput quantitative PCR was performed to detect
the abundance of ARGs using the Wafergen SmartChip real-
time qPCR platform (Wafergen Biosystems, Fremont, CA,
United States). A total of 296 primer sets targeting 285 resistance
genes, 8 transposase genes, the class I integron-integrase gene
(intI), the clinical class 1 integron-integrase gene (cIntI), and
16S rRNA gene were used. These primer sets and PCR reaction
protocols were listed in our previous studies (Guo et al., 2018; Liu
et al., 2018). Three technical replicates were performed for each
sample, and non-template negative control was also included for
each primer set. The absolute abundance of ARGs and MGEs
was calculated by normalizing their abundance to the absolute
16S rRNA gene copy number, which was estimated by real-time
quantitative PCR (Ouyang et al., 2015) as described below.

Real-Time Quantitative PCR (qPCR)
Real-time quantitative PCR was used to quantify the absolute
copy number of 16S rRNA genes in all samples. It was performed
on a Lightcycler 480 instrument (Roche, Basel, Switzerland).
The 20 µL reaction contained 10 µL 2× LightCycler 480 SYBR
Green I Master Mix (Roche, Basel, Switzerland), 7 µL nuclease-
free PCR-grade water, 2 µL diluted DNA, and 0.5 µM of each
primer. The reactions were performed in triplicate with negative
controls. The following thermal cycling conditions were used:
initial incubation at 95◦C for 5 min, followed by 40 cycles of 95◦C
for 15 s, 60◦C for 1 min, and 72◦C for 15 s.

A six-point calibration curve was generated from 10-fold
dilutions for an external standard calculation. The melting curves
were used to analyze the specificity of PCR products, and PCR
efficiency ranged from 96 to 105% in this study.

Statistics
The Bray-Curtis similarity was calculated using PRIMER v7.0
(Clarke and Gorley, 2015), and non-linear regression of time lag
with community similarity was analyzed to reveal the temporal
patterns of bacterial OTUs and ARGs communities. The non-
linear regression was the fit to the sinusoidal curve to explore
the seasonality in SigmaPlot v12.0 (Systat Software Inc., Chicago,
IL, United States). The diversity indexes were calculated using
the vegan package in R v3.3.1. The SIMPER analysis was
performed to identify the contribution of bacterial OTUs and
ARGs to the temporal variation of communities or profiles
(Clarke and Gorley, 2015).

Spearman’s and Pearson’s correlations were calculated using
SPSS v20.0 (IBM Corp, Armonk, NY, United States), and the
Mantel test was performed in an R environment with the vegan
package. Further, a Procrustes test was conducted with the
vegan package in R environment to explore the synchronicity of
bacterial OTUs communities and ARG profiles (Forsberg et al.,
2014). Network analysis was used to reveal Spearman correlations
between ARGs and bacterial taxa with the picante package in
R v3.3.1, and the correlation coefficients |ρ| > 0.6 between
microbial taxa and ARGs, and |ρ| > 0.4 between MGEs and
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ARGs, were considered at P < 0.01. Network information was
generated by the Gephi v8.2 and Cytoscape v3.6.1.

In addition, we used redundancy analysis (RDA) to explore
the relationship between environmental factors and the
compositions of bacterial OTUs and ARGs subtypes. We further
used partial redundancy analysis (pRDA) to evaluate the relative
contribution of bacterial taxonomic community, environment
variables and MGEs to the ARG profiles of all samples by R
v3.3.1 with the vegan package. To reveal the assembly processes
underlying both bacterial OTUs and ARGs compositions, we
used the neutral community model, which can evaluate the
importance of stochastic processes in explaining the assembly
of bacterial taxonomic and functional communities (Sloan
et al., 2006). This model predicts the relationship between the
frequency at which taxa occur in a set of local communities
(in this case, bacterial OTUs and ARGs at one sampling
point) and their abundance across the wider metacommunity
(bacterial OTUs and ARGs sampled over a year). The neutral
models were performed in R v3.3.1 using the Hmisc, stats4, and
minpack.lm packages.

RESULTS

Dynamics of Environmental Variables,
Bacterial OTUs, and ARGs Compositions
The major physicochemical variables exhibited a great change
over time (Supplementary Figure S3). Comprehensive TSIc
varied from middle eutrophic level to hypereutrophic level, and
nutrient concentrations were high throughout the study period,
with higher value in 2017 than 2016. Water temperature ranged
from 15 to 35◦C during the 1-year sampling. Higher precipitation
values were recorded in September 2016 and June 2017.

We found 197 unique ARGs and 10 MGEs in this study,
and the ARGs covered almost all major classes of antibiotics
commonly used. The number of ARGs detected in each
sample varied from 18 to 74, representing three major
resistance mechanisms including antibiotic deactivation
(53.8%), cellular protection (28.6%), and efflux pump (16.9%)
(Supplementary Figure S4). The absolute abundance of
ARGs ranged from 4.03 × 106 copies/L to 3.72 × 109

copies/L (mean ± s.e. = 4.55 × 108
± 1.11 × 108), while

the absolute abundance of MGEs varied from 6.62 × 105

copies/L to 1.84 × 109 copies/L (1.92 × 108
± 5.28 × 107).

The Shannon-Wiener index of bacteria ranged from 4.95 to
7.58 (Supplementary Figure S5). The bacterial community
was dominated by Actinobacteria, Proteobacteria and
Cyanobacteria, while Proteobacteria was the most abundant
phylum in September and October (36.1% ± 2.5%, n = 8), and
Actinobacteria dominated the bacterial community most of the
time (37.9%± 1.7%, n = 43).

Time series analysis indicated relative stability at bacterial
phylum and ARG type level, but very rapid or abrupt fluctuations
among both bacterial OTUs and ARG subtypes (Figure 1).
The relative abundance of ARG subtypes exhibited distinct
variations across the year at weekly intervals (Figure 1D). For
example, the relative abundance of qacE11-02 (multidrug

resistance gene) varied from 0 to 0.5 and its relative
abundance changed almost every week. Time-lag regression
analysis showed that the bacterial community displayed
a good fit to a sinusoidal curve (Figure 1E), but ARG
profiles failed to fit such a curve (Figure 1F); indicating
that bacterial community composition exhibited seasonality
while ARGs composition did not. The general variation of ARG
similarity was narrower compared to the bacterial taxonomic
community (Supplementary Figure S6), suggesting that the
compositions of resistomes were more stable. Additionally,
SIMPER analysis indicated that Proteobacteria contributed
most to the variation within the microbial community
(31.86%), while beta-lactamase resistance gene contributed
most to the variation of ARGs (23.41%) (Supplementary
Table S1). Furthermore, Procrustes test revealed asynchrony
or decoupling between bacterial ARGs and OTUs communities
(r = 0.347, P < 0.01, Figure 2A). However, the Pearson’s
correlation indicated a significant but weak relationship between
bacterial ARGs and OTUs communities (Figure 2B).

Co-occurrence Patterns Between
Bacterial Taxonomic Community and
Antibiotic Resistome
Network analysis was performed to reveal the significant
and robust correlations between ARG subtypes and bacterial
OTUs. The whole network consisted of 1,547 nodes and
2,139 edges, and showed a modularity index of 0.762.
Aminoglycoside resistance genes had the most edges (489)
with bacterial taxa, followed by tetracycline (474), MLSB (454),
and beta-lactamase (318) resistance genes (Figures 3A,B).
Meanwhile, Proteobacteria, Bacteroidetes, Firmicutes, and TM7
were significantly correlated with most ARGs. The co-occurrence
network showed that the hubs of all modules were ARGs
(Supplementary Figure S7A), indicating the important roles of
ARGs in the network.

We also used Mantel tests to evaluate the relationships
between bacterial phyla and ARG types. Similar to the results of
the network analysis, most ARGs were significantly and strongly
correlated with Bacteroidetes, Firmicutes, and Proteobacteria
(Supplementary Table S2). However, sulfonamide resistance
genes did not show any significant correlation with the
bacterial community, and MGEs only significantly correlated
with Chloroflexi, Firmicutes, and TM7.

Relationships Between Environmental
Factors, Bacterial OTUs, and ARGs
Mantel tests showed aminoglycoside, beta-lactamase, MLSB,
tetracycline, and vancomycin resistance genes were significantly
correlated with precipitation (Supplementary Table S3). RDA
further indicated that water temperature, chlorophyll a, salinity,
total carbon, TOC, total nitrogen, nitrate nitrogen, and total
phosphorus were significantly correlated with the β-diversity
of the bacterial community, while salinity, total carbon,
nitrate nitrogen, total phosphorus, and precipitation were
strongly correlated with ARGs compositions, suggesting that
nutrients were key factors that influence the dynamics of
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FIGURE 1 | Contrasting dynamics of bacterioplankton OTUs and antibiotic resistance genes (ARGs) from September 2016 to August 2017 in Xinglinwan Reservoir.
Although relative abundances of bacteria at phylum level (A) and ARG at type level (B) appeared to be relatively stable, the relative abundances of bacterioplankton
OTUs (C) and ARG subtypes (D) varied extensively and rapidly. Time-lag regression analysis showing temporal dynamics of bacterial community (E) and ARG
profiles (F). The red lines represent non-linear regression model fit to month lag versus Bray-Curtis similarity (%), and only bacterial community results in a good fit of
a sinusoidal curve, indicating only bacterial community has the evidence of seasonality.

both ARGs and bacterial communities (Figure 4). We found
that the bacterial community (R2 = 0.365) showed a much
better fitted to the neutral model (Figure 4) than ARGs
(R2 = 0.079), indicating that stochastic process played an
important role in microbial community assembly but not in the
resistome profiles.

The absolute abundance of ARGs was positively correlated
with total carbon and TOC, while ARGs richness was significantly

and positively correlated with turbidity and precipitation
(Figure 5A). Additionally, turbidity and precipitation also
exhibited a positive correlation with richness and α-diversity
of bacterial community, but were not significantly correlated
with 16S rRNA gene abundance (Figure 5A). Partial redundancy
analysis showed that the bacterial community, MGEs and
environmental factors separately explained 19.23, 19.87, and 9.4%
of the variation of ARG profiles, respectively. Interaction between
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FIGURE 2 | The relationships between bacterial community and ARG profiles. (A) Procrustes test of the significant correlation between ARG composition and
bacterial community composition based on Bray-Curtis similarity metrics (M2 = 0.879, r = 0.347, P = 0.001, 999 permutations). (B) The significant but weak
correlation between bacterial taxonomic community similarity and ARG profiles similarity.

FIGURE 3 | Significant correlation among bacterial OTUs, ARGs, and MGEs. Classification of nodes within the network depicting the co-occurrence patterns of
microbial taxa and ARGs (A), MGEs and ARGs (C). Other, other bacterial phyla; others, other ARGs. The Spearman’s absolute rho was calculated at OTU and ARG
subtype levels, and the number of edges was summarized at phylum and type levels, respectively. The edges correspond to a strong (Spearman’s |ρ| > 0.6 for
microbial taxa and ARGs, Spearman’s |ρ| > 0.4 for MGEs and ARGs) and significant (P < 0.01) correlation between nodes. Frequency distributions of correlation
coefficients between ARGs and microbial taxa (B) and between ARGs and MGEs (D) at P < 0.01.

all variables explained 4.63% of the variation, and 42.49% of the
variation was unexplained.

Correlations Between ARGs and MGEs
The absolute abundance of ARGs was positively correlated
with MGEs (Supplementary Figure S8), and the normalized
abundance of MGEs was significantly correlated with the richness
and normalized abundance of ARGs (Supplementary Table S4).
The network analysis further indicated that aminoglycoside,
beta-lactamase, MLSB, and tetracycline resistance genes were
significantly correlated with MGEs (Figures 3C,D), and the
co-occurrence pattern revealed that Tp614 and tnpA-03 play

the most important roles in the network (Supplementary
Figure S7B). However, the integrase gene intI-1 only showed
a significant correlation with multidrug and vancomycin
resistance genes (Supplementary Table S5), but the absolute
abundance of transpose gene tnpA-05 showed a strong
correlation to all ARG types except vancomycin resistance
genes (Supplementary Table S6). Additionally, the transposase
genes IS613, tnpA-03, tnpA-04, and tnpA-07 also showed
a significant correlation with some types of ARGs. Partial
redundancy analysis showed that 19.87% of the variation of
ARG profiles was explained by MGEs (Figure 5B), indicating
that MGEs were an important contributor to the change
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FIGURE 4 | The different assembly mechanisms of bacterial community (taxonomy) and ARG profiles (function). Redundancy analysis (RDA) showing the significant
relationship between environmental factors and bacterial community (A), environmental factors and ARGs (B). Chl a, chlorophyll a; TC, total carbon; TOC, total
organic carbon; TN, total nitrogen; NO3-N, nitrate nitrogen; TP, total phosphorus. Only factors with significant correlation were included. ∗P < 0.05; ∗∗P < 0.01. Fit of
neutral model for bacterial taxonomic (C) and ARG functional (D) communities. Red lines represent the best fit to the neutral model. Nm indicates metacommunity
size times immigration, R2 indicates the fit to the neutral model.

of ARG profiles during our study period. These results
suggested that MGEs played a crucial role in the change,
accumulation and dissemination of ARGs in this urban
landscape reservoir.

DISCUSSION

The Contrasting Temporal Patterns
Between Bacterial OTUs and ARGs
Our high-frequency time series-based study revealed clear
differences in the temporal patterns of microbial communities
and ARG profiles, along with the decoupling of the temporal
dynamics of bacterial taxonomy and antibiotic resistance
function in an urban waterbody. The composition of ARG
subtypes varied frequently over the year but was relatively stable
at the ARG type level. None of the ARG subtypes was present in
all 51 samples, and no distinct seasonal patterns in ARG profiles
could be determined, but microbial taxonomic community had
significant seasonal pattern.

ARGs in this urban reservoir were detected at relatively high
abundance and richness. The diversity of ARGs in this study

was greater than that reported from Chinese suburban/rural
lakes/reservoirs (Liu et al., 2018). The high abundance and
richness in this waterbody may be driven by the combined human
activities of sewage discharge and agricultural/urban runoff, as it
is generally known that these activities increase the number of
ARGs in waterbodies (Zhu et al., 2017; Ahmed et al., 2018; Liu
et al., 2018). Moreover, aminoglycoside and multidrug resistance
genes dominated the abundance of ARGs in this study, while
aminoglycoside and beta-lactamase resistance genes dominated
the types or richness of ARGs. In contrast, Jia et al. (2017) found
in swine wastewater and downstream water that tetracycline
and aminoglycoside resistance genes were the dominant ARGs,
perhaps due to the different antibiotic selection pressures in
different environments. However, the primer limitation of this
study may result in the bias of detected ARGs, as the PCR-
based method only covered limited number of ARG types.
Additionally, a majority of ARGs investigations have been carried
out in municipal wastewater treatment plants. An et al. (2018)
showed significant changes of ARG profiles based on samples
just collected in February and August, while another study based
on monthly samples for 1 year did not find obvious seasonal
variation in methicillin-resistant gene although it varied between
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FIGURE 5 | Variation of ARG profiles explained by different ecological variables. (A) Spearman’s correlation between bacterial OTUs, ARGs, MGEs, and
environmental parameters. ORP, oxidation reduction potential. ∗P < 0.05; ∗∗P < 0.01. (B) Partial redundancy analysis illustrating the effects of bacterial community
(relative abundance of ten major phyla), MGEs and environment factors on ARGs distribution pattern. Environmental factors referred to significant correlated factors,
including salinity, total carbon, nitrate nitrogen, total phosphorus, and precipitation.

months and sampling sites (Börjesson et al., 2009). Yang et al.
(2013) suggested that some types of ARGs in activated sludge
showed seasonal fluctuations during a 4-year investigation, while
most types of ARGs did not show seasonal fluctuations, but these
results were based on samples collected only in summer and
winter. However, according to our study, ARG subtypes were
extremely dynamic and some of them frequently showed rises
and falls over short-time periods (i.e., in just one week) but did
not show seasonal pattern, so the previous low-frequency based
studies may not completely and effectively reflect actual seasonal
dynamic patterns of ARGs at fine temporal scale. Overall, our
study based on high-frequency sampling over long timescales
provide better understanding of the detailed temporal pattern
of ARG profiles.

Our data revealed that some bacterial OTUs (e.g.,
Planktothrix) fluctuated rapidly, while major phyla remained
stable at a broad taxonomic level. The microbial community
showed an obviously seasonal variation and a trend of resilience
during 1 year (12 months). In the microbial community,
Proteobacteria and Actinobacteria were the dominant phyla,
consistent with previous studies in drinking water system (Jia
et al., 2015) and rivers (Jia et al., 2017). Additionally, the high
relative percentage of Cyanobacteria was previously reported
to have significant impacts on the variation of ARGs (Guo
et al., 2018). Wang et al. (2018) showed that Proteobacteria,
Actinobacteria and Cyanobacteria in the environment can carry

some ARGs, confirming the high normalized abundance of
ARGs and the vital roles of these bacteria in the dissemination
of ARGs. Furthermore, we found a significant seasonality in
the microbial taxonomic community, and the Procrustes test
indicated the asynchronous temporal patterns between microbial
OTUs and ARGs compositions (Figure 2). Previous studies have
shown that ARGs strongly correlate with microbial communities
in antibiotic-rich environments including human gut (Feng
et al., 2018) and landfill leachate (Zhao et al., 2018). Recently,
Ma et al. (2017) indicated that ARGs and bacterial communities
did not show a strong correlation in drinking water, which
is similar to the result of our study under low or medium
antibiotic pressure. Altogether, the weak correlation between
ARGs and bacterial communities in this study may be due to the
relatively low antibiotic and heavy metal selection pressure in the
natural environment.

The Co-occurrence Pattern of Bacterial
OTUs and ARGs
Previous studies have confirmed that network analysis is a useful
and reliable method to decipher the co-occurrence patterns
between bacterial taxa and ARG subtypes, and to track potential
hosts of ARGs (Barberán et al., 2012; Li et al., 2015; Ma et al.,
2017; Feng et al., 2018). The module hubs in the network
function as keystone of the module (Faust and Raes, 2012). All
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module hubs in our co-occurrence network were affiliated to
ARGs, implying that ARGs were important in maintaining
the structure of the network and that HGT of ARGs was
frequent among bacteria in the microbial community. The high
frequency of aminoglycoside resistance genes in the network
may be due to their high abundance and richness in the
community. However, the abundance and richness of tetracycline
resistance genes were relatively low in our studied system,
but they connected tightly with various bacterial taxa. This
suggests that the tetracycline resistance genes were shared
among multiple bacterial taxa (Li et al., 2015). An increasing
number of studies have reported the widespread distribution
of tetracycline resistance genes (Czekalski et al., 2014; Zhou
et al., 2017), as this antibiotic has been widely used in China
(Hvistendahl, 2012).

In the co-occurrence network, Proteobacteria, Bacteroidetes
and Firmicutes were the most prevalent phyla. These taxa were
predicted as possible ARG hosts, and/or they originated from
a similar source including upstream wastewater and surface
runoff, suggesting the potential dissemination risk of ARGs
with these taxa. In fact, Proteobacteria include a wide variety
of pathogens and occur frequently as opportunistic pathogens,
and have been found in soils that contained almost all major
ARG types (Forsberg et al., 2014). Moreover, Jang et al. (2018)
found that Bacteroidetes can be potential hosts of the intI-1
gene. In this study, Bacteroidetes were significantly correlated
to all major ARG types except sulfonamide resistance genes
(Figure 3 and Supplementary Table S2), suggesting the potential
transmission of ARGs to human pathogenic bacteria. The
Firmicutes were strongly correlated to aminoglycoside resistance
genes in sewage sludge (Su et al., 2015), and the ARGs were
shown to frequently switch hosts from Firmicutes to other
bacterial phyla (Wang et al., 2017). In our study, Firmicutes
were not the dominant bacteria but may carry diverse ARGs
and further cause ARGs pollution to different environments or
ecosystems. Nevertheless, the co-occurrence patterns revealed by
this study were based on correlation, so the exact ARG carrying
host and transmission pathway of ARGs need to be verified
by further study.

Assembly Mechanisms Driving the
Dynamics of ARGs
Our results indicated that the variation in ARGs could be
explained by the bacterial community, MGEs and environmental
factors. Environmental factors including salinity, total carbon,
nitrate nitrogen, total phosphorus and precipitation influenced
the temporal variation of ARGs, while precipitation was
the strongest factor. A recent study reported that nutrients
explained a large part of ARGs variation and that the nutrients
combined with other factors could drive the distribution of
ARGs (Zhao et al., 2017). The seasonal stormwater runoff
induced by rainfall can increase the absolute abundance of
ARGs and MGEs in an aquatic environment (Chen et al.,
2019) and could influence the ARGs load through increased
input from runoff and soil resuspension (Di Cesare et al.,
2017). In accordance with previous studies, we found that

precipitation displayed a significant influence on the ARG
composition and structure, and was positively correlated with the
richness and normalized abundance of ARGs, supporting the
view that rainfall contributed to the loading of ARGs in
the river and reservoir waters in urban region. In addition,
rainfall significantly influenced pathogenic bacterial abundance
because stormwater was able to significantly contribute to the
occurrence and elevated concentration of pathogenic bacteria
in subtropical waters (Ahmed et al., 2018). Our results further
showed that turbidity was strongly correlated to richness
and diversity of bacteria and ARGs. A turbidity increase
is normally associated with rainfall-induced contamination,
suspended particulate matter and sediment disturbance. This
may further drive changes in bacterial community and ARG
profiles. It has been demonstrated that turbidity was significantly
correlated to bacterial diversity, reiterating the influence of runoff
on the bacterial community (Peter and Sommaruga, 2016).
Taken together, our results indicated that precipitation had both
direct and indirect effects on bacterial taxonomic communities
and resistomes, supporting the idea that stormwater with
agriculture/urban runoff, with contaminants from the urban
region could increase loadings of bacterial ARGs thereby
increasing the risk of ARGs dissemination (Garner et al.,
2017). In contrast, we did not find any significant relationship
between water temperature and the ARGs composition or
abundance, corroborating the fact that the ARGs in this
subtropical urban reservoir did not have a significant seasonal
pattern. This is inconsistent with a previous finding that water
temperature was a potential factor driving the dynamics of
ARG profiles (Zheng et al., 2018), and this inconsistency
may be attributed to a difference in sampling frequency and
climate conditions, as the range of temperature was narrower
in this subtropical reservoir compared to other studies in
temperate zone. In the Zheng et al. (2018) study, water
samples were only collected in March, June, September, and
December, and their river showed a wider temperature range
than our studied reservoir. In our study, the 42.49% of
ARGs variance remained unexplained, may partly be due to
the environmental factors that were not considered, such as
anthropogenic factors and the co-selection of antibiotics and
heavy metals (Stepanauskas et al., 2006; Liu et al., 2018;
Chen et al., 2019).

The bacterial community has been identified as one of
the key drivers that shape the ARG profiles in antibiotic-
rich environments (Forsberg et al., 2014; Su et al., 2015).
However, our results of pRDA, Procrustes test and Spearman’s
relationship all showed that microbial community was weakly
correlated with ARG profiles. More interestingly, our results
indicated that the neutral process played a more important
role in the assembly of microbial taxonomic communities
than in ARG profiles, as the neutral model only explained a
minor part (7.9%) of the variation in ARG profiles. Therefore,
dispersal and stochastic processes appeared to have more
influence on bacterial taxonomic communities compared to ARG
profiles. This may be one of the reasons why microbial OTUs
and ARGs communities exhibited a decoupling change over
1 year. These results indicated that the vertical transmission
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(mother-to-child transmission) of ARGs in this environment
may not play a leading role.

Our study showed that MGEs could partly explain the
variation of ARG profiles in the urban reservoir, and the
absolute abundance of MGEs showed a significant and positive
correlation with ARGs. Further, MGEs that were always abundant
in our samples, could potentially enhance the probability of
HGT of ARGs. Previous studies reported that environmental
contaminants at low concentration have a potential role in the
dissemination of ARGs by promoting HGT, such as antibiotic
and non-antibiotic pharmaceuticals (Andersson and Hughes,
2014; Wang et al., 2019). In this study, the rainfall combined
with possible contaminants and MGEs may largely facilitate
the proliferation and spread of ARGs among different bacterial
taxa. These results suggest that MGEs played an important role
in the temporal variation of ARGs in the urban waterbody,
implying the potential risk that the ARGs may be transferred
by MGEs from aquatic environments to human pathogens
(Martínez et al., 2015).

CONCLUSION

Our weekly study revealed the asynchronous succession patterns
of bacterial taxonomic communities and ARG profiles, indicating
a decoupling dynamic between bacterial taxonomy and function
on a temporal scale in a subtropical urban reservoir. The
bacterial taxonomic community was significantly correlated
with water temperature and exhibited seasonality, while ARG
profiles was strongly correlated with precipitation and did not
show distinct seasonality. Precipitation had both direct and
indirect effects on the temporal patterns of bacterial community
and ARG profiles, reflecting the effect of stormwater runoff
on temporal dynamics of ARG profiles. The diversity and
composition of bacterial taxonomic communities appeared to
be more responsive to environmental variables than ARGs,
and the composition of ARG profiles appeared to be governed
less by stochastic processes. Additionally, MGEs were positively
correlated with ARGs and had significant contribution to the
variation of ARGs community, suggesting the potential risk of
HGT. This study may help to better understand the temporal
dynamic of ARG profiles in urban water environments at
fine temporal scale, and highlight that further high-frequency
and long-term time series research should be undertaken to

reveal the specific drivers and deep mechanisms of ARGs
assembly and dynamics.
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Water-depth biodiversity gradient, one of the typical biogeographical patterns on Earth, 
is understudied for bacteria in freshwater ecosystems, and thus left the underlying 
mechanisms poorly understood especially for benthic bacteria. Here, we investigated the 
water-depth distribution of surface sediment bacterial phyla and their driving factors in 
Lake Lugu, a plateau lake in Southwest China. Our results revealed that the relative 
abundance of 11 dominant bacterial phyla showed various water-depth patterns, such 
as increasing, decreasing, hump-shaped, and U-shaped patterns. These patterns across 
phyla were consistent with their different niche positions of water depth, while the 
occupancy-abundance relationships were not dependent on phylum attributes. 
Consistently, phylum abundance was best explained by water depth; other physical and 
chemical factors, such as metal ion concentrations, SiO2, and pH, can also explain the 
variations in some bacterial phyla. Chemical variables were the main drivers of the dominant 
bacterial phyla. However, biotic variables also showed substantial importance for some 
phyla, such as Planctomycetes, Actinobacteria, and WS3. This work could provide new 
insights into the general water-depth patterns and underlying mechanisms of the relative 
abundance of bacterial phyla in freshwater ecosystems.

Keywords: bacteria, phyla, relative abundance, water depth, biotic effects, abiotic effects

INTRODUCTION

Biogeographical patterns of biodiversity along gradients, such as those of latitude, elevation, 
and water depth, are among the most widely studied topics in ecology (Zintzen et  al., 2017), 
and researchers have described the latitudinal and elevational patterns in biodiversity in a 
variety of ecosystems across the globe (Fuhrman et  al., 2008; Wang et  al., 2011; Shi et  al., 
2014). Similar to the more commonly studied latitudinal and elevational gradients, water-depth 
gradient show complex changes in various environmental attributes and thus impose strong 
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environmental filtering on the aquatic microbial community 
(Bryant et al., 2012). The phylogenetic and physiological diversity 
of microbial phyla, especially those of bacteria, is considerably 
greater than that of animal and plant phyla (Prosser et  al., 
2007; Yeh et  al., 2019). Furthermore, benthic bacteria play an 
important role in organic matter transformation and in the 
biogeochemical cycling of major elements such as nitrogen, 
phosphorus, sulfur, and iron (Martins et al., 2011; Cheng et al., 
2014). Knowledge of benthic bacterial phyla distribution in 
aquatic ecosystems is of great significance and can provide 
novel perspectives regarding water-depth biodiversity patterns 
among microorganisms and their potential drivers and further 
contribute to the sustainable management of water resources. 
Nonetheless, as most studies focus on marine waters (Agogue 
et  al., 2011; Bryant et  al., 2012; Walsh et  al., 2016), the general 
patterns and driving mechanisms of bacterial communities 
along water-depth gradients have been less studied for 
freshwater ecosystems.

In recent years, the niche position and niche breadth 
hypotheses have been used to investigate how niche characteristics 
account for species distribution and abundance (Brandle and 
Brandl, 2001). Among these two referenced niche parameters, 
niche position indicates the availability of habitat and resources 
(Teittinen et  al., 2018). Some species have marginal niche 
positions at the very edges of the environmental ranges, while 
other species have nonmarginal niche positions that exist under 
average environmental conditions (Vilmi et  al., 2019). Niche 
position, rather than niche breadth, is the chief predictive 
factor of species distributions, such as those of stream insects 
(Heino and de Mendoza, 2016). In addition, previous research 
has provided strong evidence that the occupancy and abundance 
relationships of species tend to be positively and often strongly 
linked with each other in a variety of ecosystems (Gaston 
et  al., 2000; Foggo et  al., 2007; Zuckerberg et  al., 2009). Niche 
position could be  a strong predictor of species variation in 
terms of occupancy and abundance. For instance, niche position 
is negatively associated with mean abundance in diatom and 
macroinvertebrate species, and the occupancy-abundance 
relationship clearly differs across taxonomic groups (Vilmi et al., 
2019). At the community level, niche position and occupancy 
are related to the abundance distribution, but whether such 
a relationship exists at phylum level remains unexplored.

Traditional niche-based theory asserts that the relative 
abundances of species are determined by abiotic and biotic 
factors, such as environmental conditions, habitat heterogeneity, 
and species interactions (Dumbrell et  al., 2010; Liao et  al., 
2016). Most studies have shown that local environmental 
conditions, such as physical and chemical attributes, can affect 
microbial community composition and species diversity in lake 
ecosystems and the biogeochemical processes they mediate 
(Staley et  al., 2015; Qin et  al., 2016). The bacterial community 
can be  shaped by a variety of environmental factors, such as 
water depth, nitrogen, phosphorus, pH, and pollution (Brown 
et  al., 2009; Haller et  al., 2011; Song et  al., 2012; Liu et  al., 
2015b; Zhang et al., 2019). In addition, biotic interactions could 
also affect microbial community structure. However, rarely 
considered are the important ecological processes associated 

with biotic variables, such as the community composition and 
diversity of other organisms that feed on bacteria (Langenheder 
et  al., 2017). Ecosystems are constructed around interaction 
webs, such as predation, mutualism, competition, and host-
parasite interactions, that connect every species to many others 
at an array of spatial scales (Estes et  al., 2011; Amin et  al., 
2012). For example, viral abundance is typically strongly 
correlated with bacterial abundance in marine systems (Clasen 
et al., 2008; Hanson et al., 2017). In the soil, fungi and bacteria 
have an effect on the formation of each otherʼs community 
structure (Singh et  al., 2009). Moreover, biotic attributes such 
as the composition of other taxonomic groups are generally 
better predictors of species diversity in streams than other 
environmental variables (Johnson and Hering, 2010).

Here, we  explored the water-depth patterns and underlying 
drivers of the relative abundance of bacterial phyla in the 
surface sediments of Lake Lugu, a typical deep plateau lake 
system located in Southwest China. This lake has a water depth 
of 93.5  m and an area of 50.5  km2. We  had the four following 
objectives. First, we examined the water-depth patterns in terms 
of the relative abundance of benthic bacterial phyla. Second, 
we  expected that niche positions at the phylum and species 
levels are related and also the relationship between the occupancy 
and abundance of each phylum. Finally, we  explored the main 
factors driving the above water-depth patterns in bacterial phyla 
and further quantified the relative importance of physical, 
chemical, and biological drivers.

MATERIALS AND METHODS

Study Region
The studied Lake Lugu, with an elevation of 2,685  m, is 
located in the Yunnan Province, Southwest China (27°41′–
27°45′N, 100°45′–100°50′E). It is one of the deepest freshwater 
plateau lakes in the region. This lake has spatial characteristics 
that include high connectivity and a small area, allowing 
species to be  freely distributed at different locations with no 
apparent barriers to dispersal. Macrophytes were partly absent 
from the lake, allowing for the collection of surface sediments 
in shallow waters. In August 2010, we  collected 37 surface 
sediment (~0–1  cm) samples along the water-depth gradient 
from 0 to 93.5  m. At each site, three sediment cores with 
a 6-cm diameter were retrieved for surface sediments. The 
sample collection process was described in detail in a previous 
study (Wang et  al., 2012b).

Bacterial Community Analysis
Bacterial analyses were performed according to the previous 
literature (Wang et  al., 2012a). Briefly, genomic DNA was 
extracted from surface sediment samples using the phenol 
chloroform method (Zhou et  al., 1996). Bacterial tag-encoded 
FLX amplicon pyrosequencing was conducted as described 
previously (Dowd et  al., 2008). Bacterial 16S rRNA genes were 
amplified using the 27F primer (5′ GAG TTT GAT CNT 
GGC TCA G 3′) with the 454 Life Sciences A sequencing 
adapter, and the modified 519R primer (5′ GTN TTA CNG 
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CGG CKG CTG 3′) with a 8-bp barcode sequence and the 
454 Life Sciences B sequencing adapter. The PCR amplification 
of a single 35  cycle was performed in a ABI9700 thermocycler 
(ABI, Foster City, USA) using the program 95°C for 2  min; 
25  cycles of 95°C for 30  s, 55°C for 30  s, 72°C for 30  s; 
72°C for 5  min; finally kept at 10°C. Triplicate positive PCR 
products were pooled and purified with AxyPrep DNA Gel 
Extraction Kit (Axygen, USA). Amplicon sequencing was 
performed based upon the manufacturer protocols (Roche 
Applied Science, Indianapolis, IN) for Titanium sequencing 
on FLX-titanium platform (Dowd et  al., 2008). The purified 
amplicons were pooled at equal molality, and then sequenced 
using a Roche 454 FLX pyrosequencer (Roche, Switzerland).

All 16S rRNA pyrosequencing reads were analyzed using 
QIIME, version 1.9.0 (Caporaso et  al., 2010b). We  imported 
barcoded 16S rRNA gene sequences and removed the primers, 
demultiplexed reads, and then filtered them according to Phred 
quality scores. Quality criteria were a minimum sequence length 
of 200  bp, a maximum sequence length of 900  bp, and a 
minimum average quality score of 25. With such quality control, 
we  allowed few ambiguous bases or mismatches in the primer 
sequence and no barcode errors, and a maximum homopolymer 
length of 6  bp.

Sequences were denoised with the Denoiser algorithm 
(Reeder and Knight, 2010), clustered into operational taxonomic 
units (OTUs) at 97% similarity level with the seed-based 
UCLUST algorithm (Edgar, 2010). We used the longest sequence 
in a cluster as the representative sequence for that OTU. 
Singletons, i.e., OTUs with only one read in the entire dataset, 
were removed and chimeras were excluded using ChimeraSlayer 
(Haas et  al., 2011). After chimeras were removed via 
ChimeraSlayer, representative sequences from each OTU were 
aligned to the Greengenes v13.8 imputed core reference 
alignment (DeSantis et  al., 2006) using PyNAST (Caporaso 
et  al., 2010a). The taxonomic identity of each representative 
sequence was determined using the RDP Classifier (Wang 
et  al., 2007) and chloroplast and archaeal sequences were 
removed. Before the subsequent analysis, bacterial community 
were rarefied at 1,139 sequences to avoid the variation in 
abundance or sampling intensity biased. The generated sequences 
can be  found in figshare (https://doi.org/10.6084/
m9.figshare.8052788).

Abiotic and Biotic Variables
We evaluated several environmental characteristics important 
to the biological community in the surface water of 0.5  m 
and bottom water near the sediment-water interface at each 
site (Supplementary Table S1). We  analyzed the temperature, 
pH, conductivity, total nitrogen, total phosphorus, dissolved 
oxygen (DO), HCO3

-  concentration (HCO3·water), and silica 
of the surface water, and measured the temperature, pH, 
conductivity, and DO of the bottom water. In addition, the 
surface sediment total phosphorus, loss-on-ignition (LOI), water 
content, grain size, porosity, and the metal ion concentrations 
were measured. The measured metal ions included Al, Ba, Be, 
Ca, Co, Cr, Cu, Fe, Li, K, Mg, Mn, Na, Ni, Pb, Sr., Ti, V, 
and Zn. The grain size was divided into five classes: <4, 4–16, 

16–32, 32–64, and >64  μm. A detailed description of the 
methods for the measurement and calculation of the abiotic 
variables was described in a previous study (Wang et al., 2012b).

In terms of the biotic variables, diatoms and chironomids 
were classified and identified to the lowest possible taxonomic 
level (typically to the species level) as shown in previous studies 
(Wang et al., 2012b; Zhang et al., 2013). We used the following 
biotic factors as predictor variables: (1) the chlorophyll a 
concentration of the surface and bottom water, (2) the biomass 
of diatoms and chironomids, and (3) the richness of diatoms 
and chironomids. The concentration of chlorophyll a was the 
representative of the phytoplankton biomass. The biomass of 
diatoms and chironomids was indicated by the number of 
diatoms per gram of wet sediment and the count of head 
capsules per gram of wet sediment, respectively.

Statistical Analyses
First, we  only included the highly abundant bacterial phyla 
by considering species occurrence percentages larger than 
85%. We  explored the relationships between water depth and 
the relative abundance of bacterial phyla with linear or 
quadratic models. The most appropriate model was selected 
based on the lowest value of Akaike’s information criterion 
(Yamaoka et  al., 1978).

Second, we calculated the niche position of the water depth 
for both the species and phylum levels. For each species or 
phylum, we  estimated the weighted water-depth position by 
averaging the product of their water-depth values and their 
abundances across all samples (Wang et al., 2013). We selected 
the linear or quadratic model based on the lower value of 
Akaike’s information criterion and explored the relationship 
of niche position between the phylum and species levels. In 
practice, the proportion of sites was considered as “occupancy,” 
and the mean abundance at occupied sites was considered as 
“abundance.” The relationship between the occupancy and 
abundance of bacterial phyla was examined by linear or quadric 
models, and the better model was selected based on the lower 
value of Akaike’s information criterion (Yamaoka et  al., 1978).

Third, to identify the important factors affecting each phylum, 
we applied random forest model (Feld et al., 2016) and redundancy 
analysis (RDA). Statistical dependence between the explanatory 
variables was assessed using Pearson’s correlation coefficients, 
and variables with high correlation coefficients (Pearson r > 0.7) 
were excluded from the models. By performing principal 
component analysis, the 19 metal ion concentrations were 
reduced to the first two axes of the principal components 
analysis, which thus represented the environmental variables 
that reflected the geochemical factors. This process was performed 
to decrease the degrees of freedom so that they were lower 
than the number of sampled sites. The other measured variables 
were used as environmental variables without principal component 
analysis. For the random forest analysis, we  used techniques 
such as cross-validation to prune the 2,000 trees to an optimal 
size (Prasad et al., 2006). The importance of a predictor variable 
was determined by its frequency of selection weighted by a 
measure of improvement of the model given each split and 
averaged across all trees (contributions were scaled to sum to 100). 
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Furthermore, RDA was used to examine the potential explanatory 
variables of community composition at the phylum level. We used 
RDA with Hellinger-transformed abundance data of the bacterial 
community, as this transformation makes complex data with 
numerous zero values more suitable for the analysis with linear 
methods (Legendre and Gallagher, 2001).

Finally, we  applied variation partitioning to quantify the 
relative importance of the main environmental drivers using 
linear model (Anderson and Cribble, 1998; Legendre, 2008). 
We  categorized the explanatory variables into three groups: 
physical, chemical, and biological components. The physical 
component included water depth, conductivity of surface water, 
porosity, and grain size. The chemical component included 
surface water pH, total phosphorus, total nitrogen, SiO2 and 
HCO3, bottom water DO and pH, and surface sediment LOI, 
grain size, PC1 and PC2 of metals. For biological component, 
we  considered the richness and biomass of diatoms and 
chironomids, and chlorophyll a of surface and bottom water. 
We  generated three explanatory matrix models and estimated 
the proportions of variation in the relative abundance of the 
bacterial phyla explained by these three components. For each 
component, significant explanatory variables were selected by 
forward selection against the Hellinger-transformed abundance 
phylum data with 9,999 permutations.

We did not apply more statistical analyses because it is 
a challenge to differentiate the direct or indirect effects of 
underlying drivers on the relative abundance of bacterial 
phyla based on field observations. These above analyses 
were conducted with vegan V2.5-5 (Oksanen et al. 2013) 
and randomForestSRC V2.9.0 (Ishwaran and Kogalur 2014) 
in the R environment.

RESULTS

In total, we  selected 11 major bacterial phyla based on their 
relative abundance, including Proteobacteria, Nitrospirae, 
Chlorobi, Chloroflexi, and Bacteroidetes. Among these phyla, 
Proteobacteria was the most dominant, followed by Bacteroidetes, 
Chloroflexi, and Nitrospirae (Table 1). The relative abundance 
of most phyla, seven out of 11, exhibited significant (p  <  0.05) 
and clear water-depth patterns (Figure 1), such as increasing, 
decreasing, hump-shaped, and U-shaped trends. For example, 
the relative abundance of Bacteroidetes decreased with water 
depth, while that of Nitrospirae increased toward deep water 
(Figure 1). In addition, Acidobacteria, Planctomycetes, and 

FIGURE 1 | The relative abundance of bacterial phyla along the water-depth gradient. The relationships between water depth and relative abundance were 
modeled with linear and quadratic models. The better model was selected based on the lower value of Akaike’s information criterion. For better visualization, species 
relative abundance was scaled as mean = 0 and SD = 1.

TABLE 1 | Abbreviations for the abundant phyla.

Phyla Abbrev. Relative abundance 
(%)

Proteobacteria PRO 35.80
Bacteroidetes BAC 10.06
Chloroflexi CHF 9.58
Nitrospirae NIT 8.85
Acidobacteria ACI 5.39
Planctomycetes PLA 4.35
Chlorobi CHB 3.69
Actinobacteria ACT 3.22
Verrucomicrobia VER 3.06
WS3 WS3 0.87
Gemmatimonadetes GEM 0.83

The Table includes the most abundant bacterial phyla that together contributed up to 
85% of the total sequence read. Relative abundance represents the average value of 
each phylum across all sites.
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Gemmatimonadetes showed hump-shaped trends along the 
water-depth gradient (Figure 1). Interestingly, the phototrophic    
phyla Chlorobi and Chloroflexi showed U-shaped patterns.

At the phylum level, the niche position of water depth 
showed great variations, ranging from 26 to 48 m (Figure 2A). 
The phylum-level niche positions had significant (p  <  0.05) 
positive correlations with those at the species level (Figure 2A). 
For the whole bacterial community, there was a significant 
relationship between occupancy and abundance (Figure 2B). 
This is consistent with the finding at the phylum level, which 
also showed rather strong and positive occupancy-abundance 
relationships (Figure 2B). However, there were no clear 
differences among phyla in terms of the relationship of occupancy 
and mean abundance.

The random forest analyses showed that water depth was 
the strongest variable correlating with the relative abundance 

of the most bacterial phyla. Other environmental variables, such 
as metal ion concentrations, SiO2, pH, total phosphorus, DO, 
and conductivity also have important effects on bacterial phyla 
(Figure 3A). Interestingly, biological factors such as chironomid 
richness and chlorophyll a concentration were also important 
for some bacterial phyla (Figure 3A). Such findings were 
confirmed by RDA, which shows that water depth was the 
strongest factor (p < 0.001) related to the distribution of bacterial 
phyla, while biological attributes, such as diatoms biomass, also 
showed significant (p  =  0.038) correlations (Figure 3B).

In the variation partitioning analyses with the three variable 
components, the pure effect of chemical component was  
the higher for bacterial phyla rather than the pure effects  
of physical and biological components. The relative abundance 
of most phyla, such as Planctomycetes (29.9%), WS3 (22.1%), 
and Verrucomicrobia (21.0%), was well explained by the pure 

A B

FIGURE 2 | The relationship of niche position between the phylum and species levels (A), and the relationships between the occupancy and abundance of each 
phylum (B). The shapes in (A) represent various distributional patterns: ■, hump-shaped pattern; ●, decreasing pattern; ▲, increasing pattern; ♦, U-shaped 
pattern. (B) Relationships between occupancy and mean local abundance for bacterial phyla. The points in (B) represent the different species. Linear or quadratic 
models were selected according to a lower value of Akaike’s information criterion.

A B

FIGURE 3 | The abiotic and biotic factors related to the relative abundance of bacterial phyla. These factors were identified with random forest (A) and redundancy 
analysis (RDA, B). For abiotic factors, we considered water depth (depth), total phosphorus (TP.water), total nitrogen (TN.water), conductivity (Con.sur) and 
concentrations of -HCO3  (HCO3·water) and SiO2 (SiO2·water), pH (pH.bot and pH.sur), dissolved oxygen (DO.bot), sediment porosity, loss-on-ignition (LOI), the first 
two axes of metal ion principal component analysis (Comp.1 and Comp.2) and grain size. Grain size: <4 μm (GSL4), 4–16 μm (GS4_16), 32–64 μm (GS32_64), 
and > 64 μm (GSL64). Biotic factors included the biomass (Dia.bio and Chi.bio) and richness (Dia.rich and Chi,rich) of diatoms and chironomids, and chlorophyll a 
(Chla.bot and Chla.sur). For RDA, the abiotic variables were automatically selected based on Monte Carlo permutation tests (999 permutations).
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effect of chemical component. This is especially true for 
Verrucomicrobia and Gemmatimonadetes, which were only 
explained by the pure effect of chemical component (Figure 4). 
Physical and biological variables had effects on seven and six 
bacterial phyla, respectively. For Nitrospirae, physical variables 
were especially important, which explained 16.3% of its variation. 
The pure effect of biotic variables accounted for 8.1% variations 
of the relative abundance of Planctomycetes. For Proteobacteria, 
only 0.1% was explained by biological variables. Four bacterial 
phyla can be  explained by the combination of pure effects of 
biological, chemical, and physical variables.

DISCUSSION

A long-standing task in ecology has been to explain biological 
distribution patterns and the drivers underlying these patterns. 
In recent years, the water-depth patterns of microbial community 
distribution have been extensively investigated in aquatic systems. 
However, most studies have focused on marine environments 
(Smith and Brown, 2002; Wang et  al., 2013), while few studies 
have been conducted in freshwater ecosystems, such as lake 
sediments (Haglund et al., 2003; De Wever et al., 2005; Yu et al., 
2014). The main aim of our study was to explore the distributional 
patterns of bacterial abundance at the phylum level and to analyze 
the abiotic and biotic variables explaining these patterns. Our 
results highlight four main findings. First, the bacterial phyla 
exhibited various patterns along the water-depth gradient, some 
of which are rarely reported, such as the hump-shaped and 
U-shaped patterns. Second, the occurrence of these patterns 
across phyla might be  explained by the variation in their niche 
positions, while the occupancy-abundance relationships were not 
dependent on phylum attributes. Third, among all measured 

exploratory variables, water depth was the most important predictor 
of the relative abundance of bacterial phyla. Finally, although the 
environmental variables were shown to have pivotal roles in terms 
of the relative abundance of bacterial phyla, biotic variables could 
also substantially explain the abundance of some phyla, such as 
Planctomycetes, Actinobacteria, and WS3.

Proteobacteria was the most dominant phyla in the sediments 
of this lake, followed by Bacteroidetes, Chloroflexi, and Nitrospirae. 
This is consistent with previous studies that Proteobacteria and 
Bacteroidetes are the most abundant phyla in sediments (Diao 
et al., 2017). These phyla have frequently been shown to dominate 
freshwater bacterial communities (Dai et  al., 2016). At present, 
investigations of the spatial pattern of bacterial relative abundance 
in freshwater lake sediments indicate that bacterial abundance 
shows clear spatial variations (Bouzat et  al., 2013; Liu et  al., 
2015a). However, the distributional patterns of bacterial abundance 
along water-depth gradients, especially among bacterial phyla, 
have been less explored. Bacterial abundance generally decreases 
with water depth in freshwater systems (Liu et  al., 2016). Our 
results reveal various water-depth patterns in terms of the 
relative abundance of bacterial phyla, among which some patterns 
have been rarely reported so far. For instance, there were 
significantly (p  <  0.05) decreasing patterns for Bacteroidetes, 
increasing patterns for Nitrospirae, and hump-shaped patterns 
for Acidobacteria, Planctomycetes, and Gemmatimonadetes. The 
decreasing and increasing water-depth patterns of the relative 
abundance of bacterial phyla are consistent with the patterns 
found in earlier studies along other environmental gradients, 
such as elevations. For instance, the relative abundance of 
Actinobacteria, Bacteroidetes, and Deltaproteobacteria increases 
with elevation in stream biofilms, while that of 
Alphaproteobacteria decreases with elevation (Wang et al., 2012a). 
However, the U-shaped patterns of Chlorobi and Chloroflexi 

FIGURE 4 | The proportion of the variance in bacterial phylum relative abundance explained by physical, chemical, and biological variables. For simplicity, the pure 
effects of the three components in predicting the relative abundance are shown, but not the joint effects or unexplained variances. An alternative version of this 
figure showing the unique and shared variance of each group can be found in Supplementary Figure S1.
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were unexpected because such patterns are extremely rarely 
observed in nature, and these two phyla have phototrophic 
capability (Gupta, 2010). The two phyla are commonly present 
in the surface waters and bottom waters of deep lakes and 
oceans (Newton et  al., 2011). The phylum Chlorobi is resistant 
to very low light conditions (Freed et  al., 2019) and primarily 
exists in the anoxic aquatic environment of stratified lakes 
(Gupta, 2010). Chloroflexi, however, contains both photosynthetic 
and nonphotosynthetic members (Bryant and Frigaard, 2006), 
but metabolic insights suggest that a primarily heterotrophic 
lifestyle boosted by light-driven energy generation via aerobic 
anoxygenic phototrophy occurs in some groups (Mehrshad 
et  al., 2018). It should be  noted that alternative explanations 
may be  needed for such U-shaped patterns of Chlorobi 
and Chloroflexi.

These water-depth patterns may be  explained by the niche 
positions of the bacterial phyla. Consistent with the various 
water-depth patterns of relative abundance, the niche position 
also obviously differed among phyla. For instance, the phyla 
with decreasing water-depth patterns had a lower niche position, 
while those with increasing and hump-shaped patterns had a 
higher niche position. In other words, niche position may have 
a certain impact on bacterial phylum distributional patterns. 
This phenomenon has also been reported for other taxonomic 
groups, such as the distribution of stream insects, the predictability 
of which depends on niche position (Heino and de Mendoza, 
2016). Furthermore, niche position could be  an important 
predictor of the regional occupancy and local abundance of 
diatoms and insects, such as those in streams (Rocha et  al., 
2018). However, the occupancy-abundance relationship showed 
a relatively similar trend for all phyla. This result may have 
occurred because of the taxonomic relatedness among bacteria, 
as taxonomic relatedness has only minor influence on occupancy 
and abundance, as observed among the diatoms and 
macroinvertebrates across a set of lakes (Heino and Tolonen, 
2018). Hence, the occupancy-abundance relationship could not 
explain the variation in water-depth patterns across phyla.

Physicochemical variables were important in explaining the 
relative abundance of bacterial phyla along the water-depth 
gradient. Among them, water depth was the most important 
environmental factor affecting the relative abundance of bacterial 
phyla in this lake ecosystem, which is consistent with previous 
studies showing that water depth has important effects on 
bacterial community composition (Yokokawa et al., 2010; Zhang 
et  al., 2015). However, water depth could also be  associated 
with many other physiochemical variables, including temperature, 
pressure, productivity, and nutrient availability (Smith and Brown, 
2002; Bryant et  al., 2012). It seems that water depth is only 
a proxy for multiple physiochemical variables, and we  cannot 
completely exclude the influence of other environmental and 
biological factors on the vertical distribution of bacterial phyla.

In addition, some other environmental factors, such as metal 
ion concentrations, SiO2, pH, total phosphorus, and conductivity, 
were also related to some bacterial phyla abundance in our 
study. This is in line with the finding that species are filtered 
by environmental factors and reproduce more under more 
suitable conditions (Schei et al., 2012; Alofs and Jackson, 2015). 

For instance, sediment bacterial abundance in freshwater plateau 
lakes could be influenced by pH and conductivity (Xiong et al., 
2012; Liu et al., 2016), and ion concentrations are an important 
factor controlling bacterial community composition in lake 
system (Liu et  al., 2014). Environmental variables, such as pH 
and silicate silicon, are important for the composition of the 
bacterial community in lake sediments, such as those in an 
Arctic lake area (Wang et  al., 2016).

However, we also found that biotic variables were important 
in accounting for the relative abundance of bacterial phyla. 
For example, biotic variables explained 8.1, 5.7, 3.9, and 1.8% 
of the variation in Planctomycetes, Actinobacteria, WS3, and 
Acidobacteria, respectively. In particular, the relative abundance 
of Proteobacteria was only explained by biological variables of 
0.1%, indicating that additional abiotic and biotic interactions 
are involved. Biotic variables, such as chlorophyll a, and 
chironomid richness, were identified to be  important for the 
abundance of some bacterial phyla. This is in line with previous 
findings that biotic interactions can affect species distributions 
and alter biodiversity patterns (Alofs and Jackson, 2015; Sarker 
et al., 2018). Bacterial abundances within the lakes are positively 
correlated with chlorophyll a (Lee and Bong, 2008; Liu et  al., 
2016). In aquatic ecosystems, phytoplankton excrete dissolved 
organic matter, such as extracellular organic carbon, which 
may be an important source of bacterial growth. Phytoplankton 
and bacteria also compete for common inorganic phosphorus 
resources (Aota and Nakajima, 2001). Bacteria and benthic 
diatoms have a mutually beneficial effect in terms of promoting 
microalgae growth and maintaining the bacterial community 
(Jauffrais et  al., 2017). For example, in marine environments, 
the bacterial abundance and community structure largely depend 
on the growth and physiological status of diatoms (Grossart 
et  al., 2005), and bacteria can also control algal populations 
by inhibiting the growth of diatoms or by the active lysis of 
algal cells (Paul and Pohnert, 2011). Moreover, experimental 
evidence has shown that bacterial communities and chironomid 
larvae have a symbiotic relationship (Kuncham et  al., 2017), 
chironomids can influence bacterial densities by grazing, and 
bacterial densities can in turn be  related to variation in larval 
chironomids density (Schmid and Schmid-Araya, 2010).

CONCLUSION

In summary, we  found that the relative abundance of bacterial 
phyla showed various water-depth patterns, such as hump-shaped 
and U-shaped trends. The niche position of each phylum was 
significantly different, which is consistent with their abundance 
distribution patterns. The occupancy-abundance relationship  
did not show differences among phyla, and niche position  
could be  one of the predictors of the distribution of bacterial 
phyla. We  further found that water depth was the predominant 
driver of the relative abundance of bacterial phyla. The relative 
abundance was influenced mainly by chemical variables, while 
the pure effect of biological variables was also important for 
some phyla, such as Planctomycetes, Actinobacteria, and WS3. 
We provided new evidence regarding the important role of 
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biological variables in explaining the variation in bacterial 
communities from the perspective of the relative abundance 
of bacterial phyla.
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Highly Diverse Aquatic Microbial
Communities Separated by
Permafrost in Greenland Show
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The Greenland Analog Project (GAP) study area in the vicinity of Kangarlussuaq,
Western Greenland, was sampled for surface water and deep groundwater in order
to determine the composition and estimate the metabolic features of the microbial
communities in water bodies separated by permafrost. The sampling sites comprised
a freshwater pond, talik lake, deep anoxic groundwater, glacier ice and supraglacial
river, meltwater river and melting permafrost active layer. The microbial communities
were characterized by amplicon sequencing of the bacterial and archaeal 16S rRNA
genes and fungal ITS1 spacer. In addition, bacterial, archaeal and fungal numbers
were determined by qPCR and plate counts, and the utilization pattern of carbon and
nitrogen substrates was determined with Biolog AN plates and metabolic functions
were predicted with FAPROTAX. Different sample types were clearly distinguishable
from each other based on community composition, microbial numbers, and substrate
utilization patterns, forming four groups, (1) pond/lake, (2) deep groundwater, (3)
glacial ice, and (4) meltwater. Bacteria were the most abundant microbial domain,
ranging from 0.2–1.4 × 107 16S rRNA gene copies mL−1 in pond/lake and meltwater,
0.1−7.8 × 106 copies mL−1 in groundwater and less than 104 copies mL−1 in ice.
The number of archaeal 16S and fungal 5.8S rRNA genes was generally less than
6.0 × 103 and 1.5 × 103, respectively. N2-fixing and methane-oxidizing Actinomycetes,
Bacteroidetes and Verrucomicrobia were the dominant microorganisms in the pond/lake
samples, whereas iron reducing Desulfosporosinus sp. dominated the deep anaerobic
groundwater. The glacial ice was inhabited by Cyanobacteria, which were mostly
Chloroplast-like. The meltwater contained methano- and methylotrophic Proteobacteria,
but had also high relative abundances of the nano-sized Parcubacteria. The archaea
composed approximately 1% of the 16S rRNA gene pool in the pond/lake samples
with nano-sized Woesearchaeota as the dominating taxon, while in the other sample
types archaea were almost negligent. Fungi were also most common in the pond/lake
communities, were zoospore-forming Chytridiomycetes dominated. Our results show
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highly diverse microbial communities inhabiting the different cold Greenlandic aqueous
environments and show clear segregation of the microbial communities according to
habitat, with distinctive dominating metabolic features specifically inhabiting defined
environmental niches and a high relative abundance of putatively parasitic or symbiotic
nano-sized taxa.

Keywords: deep biosphere, nitrogen fixation, iron reduction, photosynthesis, groundwater, metabolic profile

INTRODUCTION

Arctic environments are highly susceptible to the effects of global
climate change. The effects can be seen as increased glacier
melt and glacier thinning, melting of the permafrost to greater
depths and increased generation of melt water (Hanna et al.,
2008). The permafrost has a major impact on hydrology in
Arctic regions since it separates the surface water from the deep
subsurface water, providing to two from each other separate
water environments (e.g., White et al., 2007; Bosson et al., 2013;
Kane et al., 2013). However, in specific spots or areas called
taliks, flow between surface and deep subsurface water may be
possible because the ground remains unfrozen below these taliks
throughout the year.

Warming of the arctic has a profound effect on arctic lake
ecosystems. Even a few degrees raise in temperature may increase
the open water period of arctic lakes, which may result in
greater primary production rates (Vincent et al., 2009). Greater
primary production is followed by increase (blooms) in biota
consuming the primary produced compounds, which affect
the light penetration to deeper water layers and eventually
increases the amount of dead biomass sinking to the bottom
of the lake where it is decomposed and causes alterations in
the oxygen levels of the lake (Scheffer and Carpenter, 2003).
Decreasing light penetration would also lead to decrease in
the original rate of primary production, turning the lakes from
CO2 sinks to CO2 sources (Mariash et al., 2018). Increased
organic matter could severely change the food web composition
in oligotrophic lakes from mostly bacteria driven in oligotrophic
water to microbial eukaryotic driven with increasing organic
carbon content (Cotner and Biddanda, 2002; Mariash et al.,
2018). Heterotrophic bacteria have been shown to dominate the
microbial communities in oligotrophic aquatic environments,
such as arctic lakes, where they have crucial roles in the
mineralization of primary produced organic compounds as well
as recycling of carbon (reviewed by Cotner and Biddanda, 2002).
In oligotrophic lakes the organic carbon is generally dissolved,
in comparison to eutrophic lakes, where the organic carbon is
bound in particulate matter (Biddanda et al., 2001).

Bioavailable nitrogen is introduced to the ecosystem through
nitrogen fixation. In Svalbard tundra and lake sediment the
availability of ammonia, nitrate, organic carbon and organic
nitrogen were strong drivers for the diversity of the bacterial
communities (Wang et al., 2016). In Greenlandic tundra
soil, moisture was the main factor driving the nitrogen
fixation, but increasing soil temperature had a negative
effect on the nitrogen fixation rate (Rousk et al., 2018).
Nevertheless, bedrock may also be a significant source of

nitrogen compounds in aquatic ecosystems as different types of
rock, e.g., metasedimentary rock types, may contain significant
(up to 1 g kg−1) concentrations of nitrogen (Holloway and
Dahlgren, 2002). In tundra ponds in Alaska, phosphorus was
the more critically limiting nutrient, whereas nitrogen was
constantly supplied from the bottom sediment (Alexander et al.,
1989). Severe phosphorus limitation was also reported for
two lakes in SW Greenland, especially in spring (Brutemark
et al., 2006). A study on more than 50 lakes and other
surface water types (supraglacial and subglacial meltwater) in
the Kangarlussuaq area also reported severe P and N limitations
in the water (Henkemans, 2016). Thus, oligotrophic lakes are
highly susceptible to increased input of nitrogen and phosphorus,
which may lead to increased growth of the algal communities and
this may lead to an elevation in the nitrogen and phosphorus
concentrations in the water resulting from decaying biomass
(Ogbebo et al., 2009).

The motivation for studying the microbial communities
in aquatic environments above and below the permafrost
in Greenland is connected to the safety of deep geological
repositories (DGRs) for high-level radioactive waste. DGRs are
designed to keep the spent nuclear fuel isolated from the
surface biosphere on a time scale of hundreds of thousands of
years. Over this time frame, glacial conditions are expected in
northern latitudes, such as the Nordic countries and Canada
(e.g.,SKB, 2011; Posiva, 2012). A thick ice cover may influence
groundwater flow due to increased ice load. Melt water from the
ice may also penetrate in to the bedrock environment bringing
nutrients and oxygen down to repository depths (e.g., SKB, 2011;
Posiva, 2012). Greenland with its ice sheet and permafrost was
used as an analogous environment in the Greenland Analog
Project (GAP) to investigate the hydrological, hydrogeological
and geochemical processes that a nordic DGR can experience
during glacial conditions resembling the retreat phase of a
glacial cycle (Claesson Liljedahl et al., 2016; Harper et al., 2016).
The aims were to investigate how and if the surface waters
influence the deep groundwater using both geochemical and
microbiological tools. In addition, we aimed to characterize
the composition of arctic microbial communities in different
aquatic environments and estimate the metabolic potential of
these communities in order to gain more information on
the little studied arctic microbial flora. Our hypotheses were;
(1) the deep subsurface microbial communities are distinctly
different from the surface water communities, and (2) the
different environment types contain defined, environment-
specific communities, even though the environments may be in
direct contact with each other, such as the inflow to the Talik lake
and the Talik lake water.
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FIGURE 1 | The study area is located on the west coast of Greenland (A) in the Kangarlussuaq area (B), which is indicated by the red square in A. The sampling
area (C) is indicated by a red square in B. The sampling sites are indicated by colored symbols in C. The sample codes are explained in Table 1. The white bar in the
lower left corner of the figures represent 1000, 100, and 1 km in A, B, and C, respectively. DWP, drill water pond; TLU, talik lake up; TLM, talik lake mid; DH-GAP01,
drillhole DH-GAP01; DH-GAP04, drillhole DH-GAP04; ICE, glacial ice from Issunguata Sermia; SGR, Supra Glacial River; MWR, melt water river directly below the
glacier; ISR, Issunguata Sermia River; ITL, inflow to Talik lake. Maps from Google Earth 2017.

MATERIALS AND METHODS

Site Description
The Kangerlussuaq area is situated on the west coast of
Greenland, approximately 50 km north of the Arctic circle. Local
bedrock belongs to the Nagssugtoqidian Orogen area, which
is composed of 1800–1900 Ma old Archaean ortho-gneisses
containing minor amounts of amphibolite and metasedimentary
rocks, that have undergone metamorphosis during the Palaeo-
Proterozoic (van Gool et al., 2002; Garde and Marker, 2010). The
nearest ice tongues of the Greenland Ice Sheet (GrIS) are situated
only 20 km east of the Kangerlussuaq village (Figure 1). Here the
ice sheet terminates on land at a distance of 150 km from the
coast. The mean annual air temperature is−5.1◦C and the annual
precipitation 173 mm for the period 1977–2011 (Cappelen, 2018).
The two main outlet glaciers in the area are Isunnguata Sermia
and the Russell glacier (Figure 1). In the GAP study area, the
ice sheet thickness reaches approximately 1500 m with a mean
value of approximately 800 m (Lindbäck et al., 2014). The ice
flow is generally in the direction from east to west with a mean
surface velocity of the 150 m/year. The outlet glaciers here are
land-terminated and isolated from marine influence.

The vegetation consists of dwarf-shrub heath, which grow
lower and less dense with increasing altitude and proximity to

the ice sheet. The ice sheet melt season, with surface melt and
runoff, lasts from May to September, during which time the
ice sheet loses 3–4 m of thickness. The climate in the study
area in low Arctic continental with continuous permafrost and
is highly impacted by the presence of the GrIS. The study
area is described in detail in Claesson Liljedahl et al. (2016)
and Harper et al. (2016).

Surface waters (glacial ice and meltwaters, melt water ponds,
lakes, rivers) and subsurface waters (deep groundwater) have
been extensively studied in the Kangarlussuaq area (Henkemans,
2016). The waters are typically highly nitrogen deficient with
nitrate concentrations generally below the detection limit of
0.2 mg L−1. The surface waters are furthermore severely depleted
in phosphorus, with P concentrations generally below 10 µg L−1.
However, the deep groundwater from three different sections
(described below) of borehole and DH-GAP04 was shown to
contain 42–4320 µg L−1 P, although the concentration of P in
groundwater from borehole DH-GAP01 was below 10 µg L−1.

A total of 12 different samples, representing lake and
pond water (samples DWP, TLU, TLM), deep subsurface water
(samples DH-GAP01, DH-GAP04.up/.mid/.low) and ice and
meltwater (samples ICE, SGR, MWR, ISR, and ITL) were
collected during September 6–14, 2014 (Table 1 and Figure 1)
when the permafrost is thinnest. The Talik lake area, from where
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TABLE 1 | Sampling sites, dates and coordinates of the study and explanations to the abbreviations (Code) in Figure 1.

Code Name Description Sampling date Coordinates (UTM 22 WGS84)

DWP Drill water pond Pond used as water source for DH-drilling
GAP04. Sample from 0–20 cm depth.

8.9.2014 N 7448270 E 0539892 z 427 m

TLU Talik lake Upper layer Talik Lake by DH-GAP01, 0–20 cm 11.9.2014 N7445789, E0535645, z 384 m

TLM Talik Lake Middle layer Talik Lake by DH-GAP01, 10 m depth 11.9.2014 N 7445751, E 0535581, z 334 m

DH-GAP01 Drillhole #01 of the Greenland
Analog Project

DH-GAP01 borehole, borehole section
129–191 m

6.9.2014 N 7445607, E 0535489

DH-GAP04.up Drillhole #04 of the Greenland
Analog Project upper sample

DH-GAP04 borehole 12.9.2014 N 7449004, E 0540732

DH-GAP04.mid Drillhole #04 of the Greenland
Analog Project middle sample

DH-GAP04 borehole 13.9.2014 N 7449004, E 0540732

DH-GAP04.low Drillhole #04 of the Greenland
Analog Project lower sample

DH-GAP04 borehole 14.9.2014 N 7449004, E 0540732

ICE Glacial ice Isunnguata Sermia 10.9.2014 N 7449156, E 0542424, z 517 m

SGR Supra glacial river Isunnguata Sermia 10.9.2014 N 7449007, E 0542209, z 489 m

MWR Melt water river Discharge directly below Isunnguata Sermia
glacier at DH-GAP04

9.9.2014 N 7449170, E 0540460, z 403 m

ISR Isunnguata Sermia river Downriver after meltwater pond 14.9.2014 N 7447968, E 0538703

ITL Inflow to Talik lake Infiltration of permafrost active layer meltwater
into Talik Lake

12.9.2014 N 7446570, E 0536194, z 384 m

samples ITL, TLU, TLM, and DH-GAP01 originate is situated at
an elevation of 369 m above sea level (masl) measured from the
lake surface, and approximately 800 m from the ice sheet margin.
The lake has a surface area of 0.37 km2 and a catchment area
of 1.56 km2 and a maximum depth of 29.9 m. The catchment
area is dominated by glacial till and glaciofluvial deposits overlain
by eolian silt and fine sand. Water flows into the lake from the
melting active layer of the permafrost and may also be influenced
by the under lying groundwater (Johansson et al., 2015).

Drill hole DH-GAP01 was drilled in 2009. It is situated 20 m
from the lake and was drilled at an angle to reach below the lake.
The drill hole has a length of 221 m and reaches a vertical depth of
191 m below land surface. It was drilled using sodium fluorescein
(C2OH10Na2O5) spiked water from the Talik lake. An inflatable
packer is installed at 129 m vertical depth below land surface (drill
hole length 150 m), allowing for sample collection from 129 –
191 m vertical depth, yielding a sampling section with a volume of
174 L. Sample intake and sensors for in situ pressure, temperature
and electric conductivity (EC) are located at 161 m borehole
length (138 m vertical depth) (Kontula et al., 2016). The lithology
of this section consists mostly of felsic gneiss, with inclusions
of intermediate gneiss at drill hole length 110–130 m and mafic
gneiss below 180 m (Pere, 2014). Fractures are frequent and the
fracture filling mineral is pyrite. The groundwater is anaerobic.

Drill hole DH-GAP04 is situated just at the margin of the
Isunnguata Sermia outlet glacier (Figure 1). This drill hole was
drilled in June 2011, has a length of 687 m and reaches a
vertical depth of 645 m below land surface. Water from the
Drill Water Pond (DWP), a small pond situated at approximately
1 km southwest of DH-GAP04, spiked with sodium fluorescein,
was used as drilling water. Two inflatable packers are installed
dividing the drill hole into three sections. The packers are
installed at vertical depths of 561 and 571 m below land surface
(drill hole lengths 593.5 and 605.5 m, respectively), isolating
a 44 L section (DH-GAP04.mid) including two fracture zones

(Harper et al., 2016). The section above the upper packer (DH-
GAP04.up) extends from the base of the permafrost at 400 m
depth to the upper packer, forming a 840 L drill hole section with
groundwater inflow from 3 fracture systems (borehole length 548,
551, and 584 m, vertical depth 518, 522, 554 m, respectively), with
a sample intake, EC and in situ pressure sensors installed at 541 m
borehole length (512 m vertical depth). The lower section (DH-
GAP04.low) has a volume of approximately 350 L containing
3 weak fractures at 638, 670, and 682 m drill hole length, equal
to 604, 632, and 644 m vertical depth. Sample intake, EC and
in situ pressure sensors are located within 2 m of the lower packer
(Kontula et al., 2016). The lithology of the DH-GAP04 drill hole
was intermediate gneiss at the sampling depths (Pere, 2014).
The fracture filling mineral is gypsum at the depth of sampling.
For more details on boreholes DH-GAP01 and DH-GAP04, see
e.g., Pere (2014), Harper et al. (2016), Kontula et al. (2016). The
groundwater is anaerobic.

Sampling for Chemistry
The temperature, pH and conductivity of the water samples
were measured immediately in the field with a portable pH,
conductivity and temperature meter (Oakton), with exception
of the ice sample, which was thawed in the laboratory before
measurement. Sodium fluorescein had been added to the drilling
fluid when the drill holes were drilled in order to monitor the
possible contamination of the deep groundwater by the drilling
fluid. By purging the drill holes and allowing them to fill with
groundwater from the fracture zones, the sodium fluorescein
concentration and thus the drilling fluid impact eventually
decreases. Samples for measuring the fluorescein content
were collected into plastic bottles and wrapped in aluminum
foil in order to protect the fluorescein from deterioration.
Water samples for analysis of anions were collected as such
directly in to unused factory-clean plastic bottles (Nalgene)
and were filtered in the laboratory prior to analysis through
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0.45 µm pore-size cellulose acetate filters. Samples for cationic
analyses were filtered in the field through 0.45 µm pore-
size cellulose acetate filters in to factory-clean plastic bottles
(Nalgene) and acidified with ultra-clean nitric acid that had
been rinsed three times with filtered sample water before
sample collection. The anaerobic samples from DH-GAP01
and DH-GAP04 samples were collected anaerobically under
nitrogen atmosphere. The samples for geochemical analyses were
sent to Teollisuuden Voima Oyj (TVO), Finland, where the
cations were analyzed with ICP-OES (iCAP 6500 Thermo Fisher
Scientific). Anions (Br, Cl, F, NO3, and SO4) were analyzed
with ion chromatography (DIONEX ICS-200). The alkalinity of
the samples was determined with titrimetric analysis (Metrohm
905 Titrando) and the concentration of HCO3 was calculated
from this analysis. Non-purgeable organic carbon (NPOC) and
Dissolved inorganic carbon (DIC) were filtered through 0.45 µm
pore-size cellulose acetate filters and analyzed with a TOC
analyzer at TVO with Shimadzu TOC-V CPH. Chemical analyses
were done from three subsamples of each sample.

Samples for Microbiology
Water samples were collected in triplicate from each sampling
site. The biomass from the water samples was collected on
to SterivexTM filter units using a peristaltic pump equipped
with sterile silicone tubing. The samples on the filters were
immediately fixed with 5 mL MoBio LifeGuardTM solution in
order to preserve the nucleic acids and placed on coolers in a
cooling box for a maximum time of 6 h until the samples could
be placed in a freezer at −20◦C. The samples were transported
frozen from Greenland to Finland for processing.

In addition, two parallel 50 mL water samples were collected
from each site into sterile, oxygen-free glass infusion bottles
equipped with an air tight butyl rubber stopper (Bellco) and
aluminum crimp cap. The water samples were collected in
sterile syringes equipped with a hypodermic needle. The water
samples were inserted into the sealed bottle by pushing the
needle through the rubber stopper. These live water samples were
kept refrigerated at 4◦C and transported on ice to Finland. The
storage time before processing, due to logistical necessity, was
at most 2 weeks.

Estimation of Number of Cultivable
Microorganisms
Nutrient agar, TSA and R2A (Sigma) agar plates for cultivation
of heterotrophic microorganisms were prepared from ready
media mixes according to the manufacturer’s recommendations.
In addition, autotrophic microorganisms were targeted using
modified Medium 72 agar plates1 without methanol. A ten-
fold dilution series was prepared from each sample in sterile
0.9% NaCl solution. Aliquots of 100 µl of the undiluted
sample, 10−1 and 10−2 dilutions were spread on duplicate
agar plates in a laminar flow hood. The agar plates were
incubated at+1◦C (+/−1◦C) and the appearance of colonies was
checked for weekly.

1http://bccm.belspo.be/catalogs/lmg-media-details?CultureMediaID=72

Biolog AM
The capacity of the indigenous microbial flora of the different
water samples for hydrolyzing carbon and nitrogen compounds
was tested on Biolog AM 96-well plates (Biolog, Hayward, CA,
United States) intended also for anaerobic microorganisms. The
Biolog AM plates were prepared in an anaerobic cabinet in order
to protect the plates and the samples from oxygen. The sealed
sample bottles were opened in an anaerobic cabinet and aliquots
100 µl sample water were pipetted into each well on four parallel
Biolog AM plates per sample. Two of the four plates were inserted
into anaerobic pouches equipped with an oxygen indicator in
order to maintain anoxic conditions during incubation, and two
of the plates were incubated in ambient atmosphere. The Biolog
AM plates were kept at 10◦C and checked weekly for changes in
color in the wells.

Nucleic Acid Isolation
For DNA extraction the Sterivex filter units were opened in a
laminar flow hood using sterilized pliers. The membranes were
removed with sterile scalpels and tweezers and put in 15 mL
sterile screw cap cone tubes (Corning) for DNA extraction.
DNA was extracted from the filters using the NucleoSpin
Soil DNA isolation kit (Macherey-Nagel, Germany). First the
beads from one bead tube were inserted to the cone tube
containing the SterivexTM membrane and two reaction volumes
of SL1 buffer was added to the tube, and the sealed tubes
were horizontally shaken using a vortex shaker for 10 min.
After 5 min centrifugation at 4000 rpm in an Eppendorf
5810R table top centrifuge the supernatant was collected and
the extraction procedure continued as recommended by the
manufacturer. The DNA was eluted in 50 µl of buffer SE and
the DNA concentrations were measured using a Nanodrop 1000
spectrophotometer (Thermo Fisher Scientific). The mean DNA
concentrations for the different sample types varied between
4.0 ± 1.0 ng µl−1 in DH-GAP04-UP to 10.2 ± 6.8 ng µl−1 in
ITL. The extracted DNA was stored at−80◦C.

Estimation of Microbial Community Size
by Quantitative PCR
The size of the microbial community in the different sampling
sites was estimated by bacterial and archaeal 16S rRNA gene
qPCR as described in Bomberg et al. (2016). The fungal
community sizes were estimated targeting the fungal 5.8
rRNA gene using a TaqMan approach, using primers 5.8F1
and 5.8R1 and probe 5.8P1 (Haugland and Vesper, 2002) as
described in Rajala et al. (2016).

Amplicon Library Preparation
The amplification libraries for high throughput sequencing with
Ion Torrent PGM were prepared by PCR from the DNA samples.
Bacterial 16S genes were amplified with primers S-D-Bact-0341-
b-S-17/S-D-Bact-0785-a-A-21 (Herlemann et al., 2011), targeting
the variable region V3-V4 region of the 16S rDNA gene, archaeal
16S genes with primers S-D-Arch-0349-a-S-17/S-D-Arch-0787-
a-A-20 (Klindworth et al., 2013), targeting the V4 region of
the gene and fungal internal transcribed spacer (ITS) gene
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markers with primer pair ITS1 and ITS2 targeting the fungal
ITS1 region (White et al., 1990; Gardes and Bruns, 1993). PCR
amplification was performed in parallel 25 µl reactions for every
sample containing 1× MyTaqTM Red Mix (Bioline, London,
United Kingdom, 20 pmol of each primer, up to 25 µl molecular-
biology-grade water (Sigma) and 2 µl of template. The PCR
program consisted of an initial denaturation step at 95◦C for
3 min, 35 cycles for bacteria and fungi and 40 cycles for archaea
of 15 s at 95◦C, 15 s at 50◦C, and 15 s at 72◦C. A final
elongation step of 30 s was performed at 72◦C. The PCR products
were verified with agarose gel electrophoresis. Amplicons were
sent to Ion Torrent sequencing with PGM equipment (Bioser,
Oulu, Finland) and amplicons were purified before sequencing
by the staff at Bioser. The sequences have been submitted to
the European Nucleotide Archive (ENA) under Study Accession
Number PRJEB30970.

Sequence Processing and Analysis
The fastq sequence files obtained from Ion Torrent sequencing
were first converted to fasta and qual files using the QIIME v.
1.9 software (Caporaso et al., 2010) and the sequence analysis
was continued using the mothur software, v. 1.33.4 (Schloss
et al., 2009). Adapters, barcodes and primers were removed and
the sequence reads were trimmed to a minimum length of 250
nucleotides using mothur. No barcode differences, no ambiguous
nucleotides and a maximum of 8 nucleotide homopolymers
were allowed. A qwindowaverage of 25 and a qwindowsize
of 50 were used on the PGM read data in order to remove
erroneous reads from the data set. Chimeric sequence reads
were removed with Chimera Slayer in mothur using the Silva
128 database as template (Quast et al., 2012). A phylip distance
matrix was built according to the aligned sequences using the
dist.seqs command in mothur with a cutoff value of 0.03.
Sequence reads were clustered in to operational taxonomic
units (OTU) sharing 97% identity within each OTU. The OTUs
were classified against the Silva.seed_v128 database in mothur
using the wang classification method. Functional profiles for
the bacterial and archaeal communities were predicted using
FAPROTAX (Louca et al., 2016).

ITS1 sequences were analyzed using the QIIME v 1.9
software. Adapters, barcodes and primers were removed
from the sequence reads, and chimeric sequence reads were
removed from the dataset with the USEARCH algorithm
(Edgar, 2010) by de novo detection and through similarity
searches against the UNITE reference dataset (Version
sh_refs_qiime_ver7_dynamic_s_20.11.2016_dev) (Kõljalg
et al., 2013; Unite Community, 2017; Nilsson et al., 2018) with
fungal sequences. Sequences that failed to hit the sequence
database with a minimum of 60% sequence identity were
discarded as sequencing errors. The open reference strategy in
QIIME was used for OTU picking and taxonomic classification
of the sequences.

Alpha-diversity measures (number of OTUs detected in the
dataset – observed OTUs, estimated number of OTUs that
could in total be detected in the environment from which the
data set originates – Chao1 OTU richness, and the Shannon
diversity index describing the OTU richness and evenness of

OTU distribution in the examined environment) were calculated
based on the absolute number of sequence reads per OTU using
the Phyloseq package in R (McMurdie and Holmes, 2013; R
Development Core Team, 2018) and visualized using ggplot2.
The similarity of the archaeal, bacterial and fungal communities
between the different sample sites was tested by principal
coordinate analysis (PCoA) using the Phyloseq package in R
using the Bray-Curtis dissimilarity model. Eigen values for the
variance explained by the PCoA dimensions were calculated on
999 random repeats.

Significant difference between the mean number of bacterial
and archaeal 16S rRNA gene copies, fungal 5.8S rRNA copies
and colony forming units (cfu) per mL sample water was tested
using one-way ANOVA, Tukey’s Q test and Kruskal-Wallis test
using the PAST3 software (Hammer et al., 2009). In addition,
the differences between microbial communities above and below
the permafrost and between different sample types was tested
with PERMANOVA using the Bray-Curtis dissimilarity model
and 9999 permutations in PAST3.

RESULTS

Chemical Parameters of the Samples
The pH of the different water samples varied between 6.3 in the
ICE sample (measured from molten ice in the laboratory) and
8.7 in the DH-GAP04.mid sample (Table 2). The conductivity
(EC) of the water was highest, 3.71 mS/cm, in the DH-GAP04.low
sample and lowest in the ICE and melt water samples. The
deep subsurface DH-GAP04.up, .mid, and .low samples had the
highest salinity, total concentration of sulfur and sulfate, while
the pond and lake water contained the highest concentrations
of dissolved inorganic carbon (DIC), bicarbonate and non-
purgeable organic carbon (NPOC) (Table 2).

Microbial Biomass
The number of bacterial and archaeal 16S rRNA gene copies,
fungal 5.8S rRNA gene copies and number of colony forming
units (cfu) varied greatly between the different sample types
(Figure 2). The concentration of bacterial 16S rRNA genes varied
between 1.5 × 107 mL−1 in TLM and 1.4 × 104 mL−1 in
DH-GAP04.low, while the concentration of archaeal 16S rRNA
genes was highest in MWR, 1.2 × 104 and lowest in ICE,
1.5 × 101 mL−1. The fungal 5.8S rRNA gene concentration
was highest, 3.2 × 103 in TLM and lowest, 5.0 mL−1, in DH-
GAP04.low. The amount of culturable microorganisms varied on
NA between 2.7 × 101 in TLM and 2.9 × 105 cfu mL−1 in DH-
GAP04.mid, on TSA between 7.5 × 101 in MWR and 2.6 × 105

cfu mL−1 in DH-GAP04.mid, and on R2A between 2.6 × 102 in
TLU and 2.6 × 105 cfu mL−1 in DH-GAP04.mid. No microbial
colonies were obtained from the ICE sample. No colonies were
detected on the modified M72 medium targeting autotrophs.

The highest concentration of bacterial 16S rRNA genes and
fungal 5.8S rRNA genes correlated positively and significantly
(r > 0.8, p < 0.02 and r > 0.6, p < 0.02 for bacteria and
fungi, respectively) with the highest concentrations of DIC and
bicarbonate. The highest number of cfu:s obtained on TSA
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TABLE 2 | The chemical characteristics of the sampled water.

Sample unit DWP TLU TLM DH-
GAP01

DH-
GAP04.up

DH-
GAP04.mid

DH-
GAP04.low

ICE SGR MWR ISR ITL

pH (field) 8.4 8.3 8.4 8.6 8.5 8.7 8.2 6.3∗ 8.1 7.5 7.4 6.9

Temperature (field) ◦C 6.7 7.4 6.4 7.0 11.3 10.5 10.6 – 0.4 0.4 6.8 3.4

Conductivity (field) mS/cm 0.18 0.19 0.19 0.82 2.68 2.66 3.71 0.00∗ 0.00 0.02 0.19 0.17

Gran titration, HCl
consumption

mmol/L 1.5 1.6 1.6 n.a. 0.21 0.23 0.31 <0.03 <0.03 0.09 0.07 0.41

NPOC mg/L 16 7.0 7.0 n.a. 4.6 4.0 0.8 6.9 <0.3 0.5 0.7 21

DIC mg/L 16 17 17 n.a. 2.2 2.3 3.2 0.3 <0.3 1.1 0.9 4.8

Charge balance
DIC

% 7.06 7.02 7.20 3.73 −0.39 −1.15 −1.14 −10.02 100.00 12.53 11.74 6.48

Charge balance
HCO3

% 2.17 1.86 2.02 3.73 −0.44 −1.21 −1.19 1.90 −31.11 13.04 13.44 6.12

Nitrogen total mg/L 1.1 0.49 0.50 n.a. 0.50 0.27 0.053 0.042 0.052 0.30 0.34 1.1

Nitrate mg/L <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4

Iron mg/L 0.11 0.009 0.020 0.027 0.024 0.018 0.056 0.064 0.017 0.15 0.15 0.24

Sulfur total mg/L 2.1 1.3 1.3 120 460 440 660 <0.3 <0.3 0.72 0.79 14

Sulfate mg/L 6.0 3.5 3.5 370 1410 1370 1990 <0.1 <0.1 2.1 2.3 41

TDS mg/L 144 148 148 568 2195 2147 3123 2 1 13 12 108

Aluminum µg/L 6 2 8 10 27 9 3 26 14 150 150 97

Bicarbonate mg/L 92 98 98 n.a. 13 14 19 1.2 0.6 5.5 4.3 25

Bromid, Br mg/L <0.1 <0.1 <0.1 0.2 1.2 1.3 2.1 <0.1 <0.1 0.3 <0.1 <0.1

Fluorid, F mg/L 0.2 0.3 0.3 0.6 0.2 0.2 0.1 <0.1 <0.1 <0.1 <0.1 0.1

Potassium mg/L 5.2 6.2 6.2 2.0 4.1 6.7 5.5 <0.1 <0.1 0.4 0.4 1.4

Calsium mg/L 14 15 15 99 370 330 430 <0.2 <0.2 1.9 1.7 14

Chloride, mg/L 8.5 8.6 8.5 7.7 100 110 170 <0.2 <0.2 <0.2 0.3 4.6

Magnesium mg/L 10 9.9 9.9 3.3 25 31 60 0.01 0.03 0.38 0.40 7.5

Sodium, mg/L 7.0 6.6 6.6 74 260 270 430 0.3 <0.2 0.4 0.3 4.7

SiO2 mg/L 0.70 0.45 0.46 8.1 5.4 6.4 7.9 0.09 0.29 1.9 1.6 8.8

Strontium mg/L 0.05 0.05 0.05 2.6 6.5 6.3 8.2 0.01 0.01 0.02 0.02 0.05

Sodium fluorescein mg/L n.d. n.d. n.d. <1 76 67 2.6 n.d. n.d. n.d. n.d. n.d.

∗ measured in the laboratory, n.a., not available; n.d., not determined.

correlated positively and significantly (r > 0.59, p < 0.05)
with the highest concentration of Ca, Stot , Sr, SO4, and
TDS, and the highest number of cfu:s on R2A correlated
positively and significantly (r > 0.6, p < 0.04) with the highest
concentration of Ca.

Alpha Diversity
The number of bacterial, archaeal and fungal sequences varied in
the samples between 3.0 × 103–7.9 × 103, 1.0 × 101–8.6 × 103

and 3.0 × 103–7.9 × 103, respectively (Supplementary Table S1
and Supplementary Figure S1). The highest number of observed
bacterial OTUs (1.5 × 103) was observed in MWR, while the
lowest number (2.2–4.5 × 102) were detected in the deep
subsurface samples and ITL. Nevertheless, the highest number of
Chao1 estimated bacterial OTUs (4.6× 103) was estimated for the
ITL sample and the lowest for the deep subsurface samples. The
ITL bacterial community also had the highest Shannon diversity
index of 8.8 while the lowest Shannon diversity indices 3.6–6.1)
were calculated for the deep subsurface samples and ICE.

The number of archaeal observed OTUs was highest in the
DWP, MWR, ISR and ITL (8.8 × 102 – 1.2 × 103) and lowest
in the deep subsurface and ICE, where the number of archaeal

sequences was also low. The highest number of Chao1 estimated
archaeal OTUs was also detected in DWP. The Shannon diversity
index was highest in the lake/pond samples and MWR, ISR, and
ITL and lowest in the deep subsurface and ICE samples.

The highest number of fungal ITS OTUs was observed in the
lake/pond samples and MWR, ISR and ITL, while the lowest OTU
numbers were obtained from the deep subsurface samples, ICE
and SGR. The same was seen in the Chao1 estimations, with
the exception that DH-GAP01 and ICE were also estimated to
contain approximately 1.0 × 103 OTUs. The Shannon index for
the fungal communities was above 4 in all other samples except
TLU and the deep subsurface samples.

Bacterial Community
The bacterial community profiles differed greatly between
the pond/lake, deep subsurface and ice/melt water samples.
Altogether 52 bacterial Phyla were detected (Figure 3A).
Nevertheless, specific bacterial phyla clearly dominated in the
different habitats. In the pond/lake samples (DWP, TLU, and
TLM), the majority of the bacterial communities consisted
of Actinobacteria (Figure 3A), especially taxa belonging to
the family Sporichthyaceae (unidentified Sporichthyaceae
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FIGURE 2 | The mean abundance of (A) bacteria, (B) archaea, (C) fungi estimated by quantifying the bacterial and archaeal 16S rRNA gene copies and the fungal
5.8S rRNA gene copies mL−1 sample water. (D) The mean number of colony forming units (cfu) mL−1 in the different water samples grown on Nutrient Agar (NA),
Tryptic Soy AgR (TSA) and R2A agar. The error bars show standard deviation. In (A–C) the number of biological replicants was 3, of which 3 individual qPCR
reactions were performed for each replicant. In (D) the mean number of cfu is based on dilution series including 4–6 plates per sample.

15–26% and hgcl clade 18 – 28% of the bacterial 16S rRNA
gene sequence reads, Supplementary Figure S2A), and
Candidate genus Planktophila (4.8 – 8.2%). In addition,
the Talik lake samples (TLU and TLM) contained a large
proportion of Verrucomicrobia sequences belonging to the
genus Methylacidiphilum (11–12%) (Supplementary Figure
S2B). Alphaproteobacteria belonging to the SAR11 clade were
present as a major group in the Talik lake (9.4 – 11.4%) and as a
small fraction (1.4%) also in the DWP sample.

In the deep subsurface samples, the major bacterial constituent
was Firmicutes belonging to the genus Desulfosporosinus (23 –
61% of the sequence reads, Supplementary Figure S2C), and
the DH-GAP04 samples also contained Thermoanaerobacterales
bacteria classified as family SRB2 (13 – 37% of the sequence
reads). Nevertheless, DH-GAP01 also contained 3%
deltaproteobacteria belonging to the Desulfovibrio, 5.1 and
7.2% alphaproteobacteria belonging to Janthinobacteria and
Undibacteria, respectively (Supplementary Figure S3A).

The bacterial community of the ICE consisted
mostly of Cyanobacteria (63.5 – 76.6%) (Figure 3A)

and proteobacteria belonging to the Polaromnas (10%)
(Supplementary Figure S3B).

Proteobacteria were the most abundant bacteria in SGR,
MWR and ISR (46 – 67%, Supplementary Figure S3B).
Betaproteobacteria of the genera Albiferax and Polaromonas were
detected in all three sample types (4.8 – 9% and 1.1–7.4%,
respectively). However, SGR had a large proportion of Massilia
(12.7%) and Undibacterium (20.6%), while MWR and ISR had
Rhodoferax (1.2 – 4.2%) and Methanotenera 6.3 – 8.8%). In
addition, MWR and ISR had between 10.7 – 17% Methylobacter
sequences. Actinobacteria belonging to the Candidate genus
Planktophila were present at a relative abundance of 6.1 – 7.1%
in these two samples.

In the ITL sample, the majority of the bacterial sequences
belonged to Parcubacteria (13.5 – 62% of all bacterial sequence
reads) (Figure 3A), of which approximately 15% (of all bacterial
sequence reads) belonged to a genus of the Candidatus class
Nomurabacteria and an 10% to an unidentified Parcubacteria
genus. Proteobacteria (19 – 50% of the sequence reads) belonged
mostly to Methylobacter (6.4%) (Supplementary Figure S3D).
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FIGURE 3 | The relative abundance of (A) bacterial, (B) archaeal, and (C) fungal phyla identified in the different samples. Note that each sampling site is represented
by three biological replicates. The deep subsurface samples are indicated with a red rectangle, the pond/lake samples are presented to the left and the ice and melt
water samples to the right of the rectangle for clarity. The bacteria with the highest relative abundances are indicated in A.

Bacteroidetes bacteria were present in all samples to some
extent, 0.6 – 22%, most of which were Flavobacteria (Figure 3
and Supplementary Figure S2D).

The difference in the bacterial communities could also be seen
in the PCoA plots (Figure 4A), where the lake/pond samples fall
to the lower right corner of the plot and the DH-GAP04 samples

to the lower left. The bacterial community of the lake/pond
samples are most strongly affected by the concentration of
inorganic carbon (DIC, HCO3) and buffering capacity (HCl
consumption), while the deep subsurface bacterial communities
are affected by salinity, sulfate and total Sulfur concentrations.
Most of the ITL, MWR, and ISR cluster to the top of the plot, in
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FIGURE 4 | Principal coordinates analysis plots of the (A) bacterial, (B) archaeal, (C) fungal communities, and (D) the hydrolysis patterns of substrates in the Biolog
AN tests. The key to the samples in all figures is found in A. In D, the anaerobic Biolog AN tests are indicated with a red oval in the upper left quadrant. Only
physicochemical parameters with p < 0.0001 (A–C) and p < 0.001 (D) were plotted.

the same direction as the concentration of Fe and Al, and the ICE
and SGR samples to the middle. Interestingly, the DH-GAP01
samples also fall to the middle of this plot.

The two-way PERMANOVA analysis showed that the
bacterial communities of the deep subsurface samples differed
significantly (p = 0.0001) from the bacterial communities in water
samples from above the permafrost. The bacterial communities
identified from each sample type, i.e., lake/pond, deep subsurface,
and ice and meltwater, also differed significantly (p = 0.0001)
from each other.

Archaeal Diversity
Archaea were numerous only in the surface samples, but
not in the DH-GAP01 or DH-GAP04 samples, or in ICE
(Figure 2B). Altogether 13 archaeal phyla were detected, of
which Woesearchaeota showed the highest relative abundance
(Figure 3B and Supplementary Figure 4A). Although the
archaea were not abundant in the deep drillhole samples, the
most common archaea in DH-GAP01 was Ianiarchaeum (37.3%).
The DH-GAP04 samples contained Woesearchaeota (24.7 –
33.3%) and Methanoperedens (3.3 – 31.5%) (Supplementary
Figure S4B). In addition, DH-GAP04.mid had Nanoarchaeum
(17.5%) and Bathyarchaeota (33.3%), and DH-GAP04.low had

16.7% Methanoregula. The archaeal community of the SGR the
archaeal community consisted solely of Euryarchaeota, of which
Methanosaeta contributed with 37.4% and Methanospherula with
58.7%. MWR and ISR contained a rich archaeal community,
consisting of the euryarchaeotes Methanoregula (17.5 – 19.1%),
Methanoperedens (5.2 – 7.3%), Methanosaeta (3.3 – 5.1%) and
TMEG (3.1 – 3.5%), and also Woesearchaeota (31.7 – 40.6%),
Thaumarchaeota (6.7 – 13.3%) and Bathyarchaeota (4.8 – 8.5%).
The ITL archaeal community was similar to that of the pond/lake
communities, containing 53.3% Bathyarchaeota. In all samples,
except ICE and SGR, between 10 – 56% of the sequence reads
belonged to unidentified Archaea. No archaeal sequences were
obtained from the ICE sample.

The archaeal communities divide in to four distinct groups
in the PCoA analysis (Figure 4B). The lake/pond samples form
a cluster to the lower right corner of the plot, together with the
highest concentration of inorganic and organic carbon (NPOC),
total N concentration and buffering capacity of the water, while
the MWR and ISR cluster together to the left of the plot. The
SGR archaeal community cluster to the upper right of the plot
while the deep subsurface samples fall in to a loose group to the
middle right of the graph. The ITL samples appear to fall closer
to the deep subsurface samples, but this is most likely a bias due
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to the low number of archaeal sequences obtained from the deep
subsurface samples.

The two-way PERMANOVA analysis showed that the archaeal
identified from samples above and below the permafrost, as well
as between different sample types (lake/pond, deep subsurface,
and ice and meltwater) differed significantly (p = 0.0001).

Fungal Diversity
The fungal communities consisted of up to eight different fungal
phyla. In the pond/lake samples, the fungal communities were
dominated with Chytridiomycota (35.5 – 82.4% of all fungal ITS
sequence reads in these samples) (Figure 3C), most of which
(23.0 – 45.5% of the total number of fungal ITS reads) belonged
to unidentified Chytridiomycota (Supplementary Figure S5A).
In addition, the chytridiomycotal communities consisted of
Powellomyces in all pond/lake samples (9.7 – 19.5%), and
Spizellomyces (13.6 – 14.5%) in the Talik lake samples. DWP had
also Zygomycota belonging to the Ramicandelaber (25.3%) and
Basidiomycota (15.4 – 22.7%) belonging to different genera of
the class Tremellomycetes (11.7%) (Supplementary Figure S5C).
Neocallimastigomycota were represented by Orphinomyces in
the lake/pond samples and by Anaeromyces in the metl water
samples (Supplementary Figure S5D). The deep subsurface
samples, as well as the ICE, contained mostly Ascomycota (20.2 –
72.5%) and Basidiomycota (22.3 – 69.9%), with the exception of
the DH-GAP04.low samples, where Ascomycetes were only 1.4 –
7.2%, but Basidiomycetes contributed with 92.6 – 98.6%. In the
deep subsurface samples (except DH-GAP04.low) Cladosporium
was present in all samples (5.9 – 23.4%) (Supplementary
Figure S6A). In addition, DH-GAP01 contained a number
of Ascomycetes genera, such as an uncultured Helotiales
(9.2%), Phaeosphaeria (6.2%), Phaeococcomyces (4.9%), and
Comoclathris (4.7%), DH-GAP04.mid contained unidentified
Herpotrichiellaceae (41.3%) and the ICE sample Aspergillus
(4.4%) and unidentified Dothideomycetes (5.0%), in addition
to numerous genera present at lower relative abundances
(Supplementary Figures S6A–D). In contrast, Basidiomycetes
belonging to the Cryptococcus were present at relative abundances
of 5.6 to 22.3% in the ICE and all deep subsurface samples, except
in DH-GAP04.mid, while the genus Naganisha was present in
the DH-GAP04 and the ICE samples at relative abundances
between 6.4 and 30.0, but at only 1.1% in the DH-GAP1 sample
(Supplementary Figure S7). In addition, DH-GAP01 contained
7.9% Collybia and 17.4% Mrakiella and DH-GAP04.up Hydnum
(5.2%), Glaciozyma (14.7%) and all deep subsurface samples
and the ICE sample contained 1.5 – 5.3% Malassezia sequences
(Supplementary Figures S7A–D).

SGR, MWR, ISR, and ITL had the highest diversity of fungal
phyla and contained Ascomycota (7.7 – 66.7%), Basidiomycota
(5.0 – 48.2%), Chytridiomycota (4.0 – 30.4%), Glomeromycota
(0.9 – 17.5%) and a great deal on sequences of unidentified fungi
(Supplementary Figure S3C). The main Ascomycetes groups
present in all these samples belonged to Cladosporium (2.2 –
4.7%) and unidentified Helotiales (1.0 – 8.5%) (Supplementary
Figures S6A,C). The Basidiomycetes in these samples consisted
of Rhodotorula (1.8 – 4.8%) and unidentified Microbotrymycetes
(1.6 – 3.3%), with the exception of SGR (Supplementary
Figure S7B). In addition, ITL contained a high relative

abundance of Cronartium (16.5%) (Supplementary Figure S7B).
All the melt water samples, especially SGR, contained a high
relative abundance of sequences affiliating with groups of the
Glomeraceae (2.9 – 14.5%) not present in the other sample types
(Supplementary Figure S5B).

The fungal communities followed the trend of the bacterial
and archaeal communities in the PCoA analysis (Figure 4C). The
TLU and TLM samples grouped together and the SGR, MWR
and ISR formed a cluster of their own. The DH-GAP01, DH-
GAP04, ICE and, surprisingly, ITL samples clustered together in
the direction of salinity, sulfate and total S concentrations, while
the DWP samples fell into a separate group closer to the deep
subsurface samples than the other lake samples.

In accordance to the bacterial and archaeal communities,
also the fungal communities identified from samples above and
below the permafrost, as well as between different sample types
(lake/pond, deep subsurface, and ice and meltwater) differed
significantly (p = 0.0001) from each other when tested with
two-way PERMANOVA.

Metabolic Profiles
The Biolog AM 96-well substrate plates were used to screen
the capacity to utilize different carbon and nitrogen substrates.
Substrate hydrolysis was recorded in the oxic tests in all other
samples, but ICE (Figure 5). In the anoxic tests, substrates were
hydrolyzed only by DWP and ITL communities. Between 32
and 86 of the 95 different substrates were hydrolyzed aerobically
(Figure 5). The least number of substrates, 32 and 38, were
hydrolyzed by the TLU and DH-GAP04.mid communities,
respectively. The highest number of substrates, 80 and 86, were
hydrolyzed by the ISR and ITL communities, respectively. In
the anaerobic tests, 19 and 28 substrates were hydrolyzed by
the ITL and DWP communities, respectively. The two-way
PERMANOVA showed that the substrate utilization patterns
were distinctly different in the surface water samples (lake/pond,
ice and meltwater) compared to the deep subsurface samples
(p = 0.0009), as well as between the different sample types
(lake/pond, ice and meltwater, deep subsurface) (p = 0.0001)
and the anaerobic vs. aerobic substrate utilization (p = 0.0001).
In the PCoA analyses the anaerobic DWP and ITL samples
clustered together as a separate group from the rest, with the
DWP in the direction of the total N, NPOC and Fe concentrations
(Figure 4D). The aerobic samples clustered to the lower half of
the plot with the samples with the lowest number of hydrolyzed
substrates in the left part of the cluster and to the right the
samples with the highest number of hydrolyzed substrates.
The greatest difference in substrate utilization was observed
in the utilization pattern of carbohydrates, as the melt water
communities were able to hydrolyze almost all tested substrates,
while only D-Cellobiose, beta-Cyclodextrin, Dextrin, alpha-
D-Glucose, Maltose, Maltotriose, L-Rhamnose, Sucrose and
D-trehalose were hydrolyzed in at least 50% of the reactions from
the lake/pond samples, and D-Cellobiose, beta-Cyclodextrin,
L-Fructose, D-Galactose, alpha-D-Glucose, Maltose, D-Melibiose,
L-Rhamnose, Sucrose and D-trehalose were used in at least
50% of the tests of the deep subsurface samples. Gentibiose
was hydrolyzed anaerobically in DWP, but not aerobically.
Carboxylic acids were generally hydrolyzed in all sample types,
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FIGURE 5 | The hydrolysis of substrates on the Biolog AN tests. All tests were done on duplicate test plates. The color coding in the figure indicates whether the
hydrolysis occurred on only 1 (light blue) or on both (dark blue) plates. The samples with anaerobic hydrolysis are indicated with anox.

but interestingly, formic acid was not used in any sample. Acetate
was used in the DWP, but not in the Talik lake samples. In
addition, acetate was sporadically used in the meltwater sample
type, but not in the deep subsurface environment, with the
exception of one of the replicate reactions from DH-GAP04-
LOW. D-Galacturonic acid, D-Glucuronic acid, L-Malic acid,
Propionic acid, Pyruvic acid, and Succinic acid were used in
all samples, of which D-Galacturonic acid, L-Malic acid and
Pyruvic acid were also hydrolyzed anaerobically in DWP and
ITL. Beta-hydroxybutyric acid, Succinamic acid, and Urocanic
acid was used in all but one sample. Of the alcohols, D-Arabitol
was used by all communities, also anaerobically in DWP and
ITL. Of the amino acids, L-asparagine, L-glutamic acid, L-serine,
and L-valine plus L-aspartic acid were utilized aerobically in all
samples, while Glycyl-L-Proline was used only in two of four deep
subsurface samples and the MWR, ISR, and ITL. L-Threonine
was generally only used in the MWR, ISR, and ITL. Glycosides
were sporadically used in all samples, but arbutin was especially

popular and used by all, except the TLU and MWR. Interestingly,
all tested glycosides, except Amygdalin, was used was used
anaerobically in DWP. In contrast, Amygdalin was hydrolyzed
aerobically in DWP. Thymidine and Uridine was used only in the
melt water samples MWR, ISR and ITL, and only aerobically. DL-
alpha-Glyserol Phosphate was used only in DWP, MWR, ISR, and
ITL. Glucose-6-Phosphate was used in all sample types, although
in a lesser degree in the Talik lake and the DH-GAP04 samples.
The amino sugars N-acetyl-D-galactosamine and N-acetyl-D-
glucosamine were used to some degree in all sample types, but not
in the Talik lake. N-acetyl-D-glucosamine was also hydrolyzed
anaerobically in DWP and ITL.

The FAPTOTAX predictions showed that chemoheterotrophy
was the most common metabolic strategy in all identified
bacterial communities, with the exception of the ICE, where
chloroplasts and photosynthesis was most common (Figure 6A
and Supplementary Table S2). Fermentation, sulfate and
sulfur respiration were also prominent in the deep subsurface
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FIGURE 6 | Heatmap cluster based on the relative functional abundance predictions of the (A) bacterial and (B) archaeal communities based on FAPROTAX. The
cladograms were calculated using the Bray-Curtis dissimilarity model in phyloseq.
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communities, whereas methylotrophy, methanotrophy and
hydrocarbon degradation were prominent metabolic strategies
in the Talik lake (TLU and TLM) communities and in the
melt water communities (MWR, ISR, and ITL). Ureolysis,
in addition to chemoheterotrophy, was the most prominent
metabolic strategy in the SGR, although this was not seen in
the ICE or the MWR samples. In the archaeal communities,
aceticlastic and CO2-reducing-H2-oxidizing methanogenesis was
the most common predicted metabolic strategy (Figure 6B
and Supplementary Table S3). However, in the DWP and
ITL, chemoheterotrophy was more prominent in the archaeal
communities than methanogenesis.

DISCUSSION

We discovered a surprisingly wide microbial diversity in the
permanently cold aquatic environments of western Greenland,
ranging from glacier ice and melt water to river, lake and
permafrost active layer melt water and deep groundwater from
below the permafrost (Figure 1). The microbial communities
clustered into 3 – 4 more or less distinct community types
according to the different habitat types, namely lake/pond (DWP,
TLU, and TLM), deep groundwater (DH-GAP01 and DH-
GAP04 samples) and the melt water samples (SGR, MWR, and
ISR) with ICE and ITL often grouping with different samples,
depending on the analysis (Figure 4). Adams et al. (2014)
showed that the bacterial communities in the inflow, lake water,
and outflow of a lake system differed significantly from each
other. The authors suggested that the environmental parameters
and the prevailing microbial communities had a greater role
in determining the microbial community composition than the
input of new organisms from inflow water. It has been shown that
the deep subsurface water of the Kangarlussuaq area of Greenland
originates from glacier melt water (Claesson Liljedahl et al.,
2016). However, the microbial communities inhabiting the deep
groundwater differ greatly in composition from the communities
in the water above the permafrost layer.

Lake/Pond
Bacteria
The lake/pond samples (DWP, TLU, and TLM) were
mostly affected by the concentration of DIC and the
alkalinity (Figure 4A). Controversially, they contained high
proportions, between 50.7 and 72.7%, of usually nitrogen-
fixing Actinomycetes, such as Planktophila, typical in alkaline
lakes (Jezbera et al., 2009) and Frankiales. According to
the FAPROTAX analysis, these bacteria are responsible for
the chemoheterotrophy in the lake. Bacteroidetes were also
abundant in these samples, which also contribute to the
chemoheterotrophy predicted in the bacterial communities
(Figure 6A and Supplementary Table S2). Flavobacteria-like
bacteria (also belonging to the Bacteroidetes) generally co-occur
with periods of high heterotrophic activity and growth, and they
have the ability to adapt to high-nutrient conditions (Newton
and McMahon, 2011). Such conditions may have been prevailing
in the lake ecosystem at the time of our sampling campaign, as
we visited the site at the end of the growth season. Nitrogen

fixation was not predicted by the FAPROTAX analysis for
the Actinomycetes or Bacteroidetes phyla, but whole genome
sequences of species belonging to the phylum Bacteroidetes
(Inoue et al., 2015) have contained genes for nitrogen fixation.

Cyanobacteria were present in all lake/pond samples, but
in the DWP their relative abundance was especially high. The
Cyanobacteria were mostly similar to chloroplasts, indicating
the importance of phytoplankton as primary producers in this
ecosystem. The Talik lake samples, TLU and TLM, also contained
a high relative abundance of methane-oxidizing Verrucomicrobia
belonging to the novel Methylacidiphilum genus (Khadem et al.,
2012), which also fixes nitrogen. The known Methylacidiphilum
strains are extremely acidophilic, growing at pH as low as
1. However, in our study, approximately 12% of the bacterial
sequences detected in the Talik lake samples (TLU and TLM)
belonged to this genus, indicating a broader pH tolerance by
this genus, or the presence of a novel type of Methylacidiphilum.
This was also supported by the FAPROTAX predictions, which
identified the Methylacidiphilum as both a methanotroph and a
methylotroph (Figure 6A and Supplementary Table S2).

Archaea
The archaeal communities in the lake/pond samples were most
affected by the concentration of organic carbon (NPOC), total N,
inorganic carbon (DIC and HCO3) and alkalinity (Figure 4B).
Woesearchaeota were the most prominent archaeal lineage
present in the lake/pond (DWP, TLU, and TLM) samples.
This novel archaeal phylum was first detected in deep sea
hydrothermal vents (DHVEG-6, Takai and Horikoshi, 1999),
but has since then been shown to be wide spread in aquatic
environments. Woesearchaeota were for example found to be
frequent and abundant archaeal inhabitants of oligotrophic,
high-altitude lake water in the Pyrenees (Ortiz-Alvarez and
Casamayor, 2016). Ortiz-Alvarez and Casamayor (2016) also
suggested that the Woesearchaeota preferred environmental
conditions that also promoted high bacterial diversity, which
might explain why the organic carbon, total N and inorganic
carbon concentrations affected the archaeal community in this
habitat. Interestingly, the Woesearchaea live in aquatic habitats
covering a pH range of at least 4.4 – 10.1 as reported by
Ortiz-Alvarez and Casamayor (2016). Castelle et al. (2015)
showed in a study of single cell genome re-construction
that the Woesearchaea have very small genomes completely
lacking genes for several common metabolic pathways, such
as glycolysis/gluconeogenesis, and appears to have only partial
pathways for the biosynthesis of nucleotides and amino
acids. It has been proposed that this group of archaea live
symbiotic/parasitic lives. Between 33.4 and 40.4% of the archaeal
sequences in the lake/pond samples belonged to yet unidentified
archaea. Due to novel high throughput sample handling and
sequencing techniques the number of genomes of uncultured
archaeal lineages are expanding almost exponentially (Adams
et al., 2014). Thus, the genes contained in these new genomes as
well as the functions and metabolic properties or phylogenetic
affiliations of the genomes of the uncultured archaea may not
yet be defined, which is reflected in the databases. Due to their
novelty, Woesearchaea have not yet been included in the latest
version of the FAPROTAX database.
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Fungi
The fungal community did not appear to be affected by organic or
inorganic carbon concentrations, nor by nitrogen concentration,
only by salinity and sulfate concentrations (Figure 4C). The
main fungal component in the lake/pond (DWP, TLU, and TLM)
samples belonged to the zoospore-forming Chytridiomycota.
These fungi are typical aquatic inhabitants and are important
decomposers of recalcitrant material, thus contributing to the
nutrient cycle by releasing more easily digestible compounds
from e.g., plant cell walls to the general microbial community.
In addition, the DWP contained a high proportion of saprobic
Ramicandelaber fungi belonging to the Zygomycetes phylum
(Ogawa et al., 2001). These fungi were quite recently described
and are generally found in soil, but now also in aquatic habitats.
It is possible that the DWP, being small and shallow, is more
profoundly influenced by the surrounding soil than the Talik lake,
thus having a surplus of Ramicandelaber. However, the active
layer melt water infiltrating into the Talik lake (ITL) did not have
a high relative abundance of these fungi, which suggests that the
Ramicandelaber is not originating from the soil. Or, it may also
be possible that the soil surrounding the DWP differs from the
soil in the vicinity of the Talik lake. The Talik lake environment
have been glacier free for longer than the DWP, which may
affect the chemical composition of the soil, which could be less
favorable for the Ramicandelaber fungi compared to the younger
soil surrounding the DWP.

The lake/pond samples had the highest concentration of
bacterial 16S rRNA and fungal 5.8S rRNA genes but the lowest
cfu concentrations. The TLU and TLM also showed among the
lowest number of utilized substrates in the Biolog AM tests.

Deep Subsurface Environment
Bacteria
The bacterial community of the deep groundwater (DH-GAP01,
DH-GAP04.up/.mid/.low) consisted mostly of Firmicutes (37.2 –
94.3%), which in contrast were almost absent in the surface water
samples. The Desulfosporosinus genus had the highest relative
abundance, with exception of DH-GAP04.low, contributing with
up to 61% of the bacterial 16S rRNA gene sequences in these
samples. The other significant firmicutes group belonging to the
SRB2 cluster of the Thermoanaerobacterales family, contributed
with 13.3 – 37.2% of the bacterial sequences in DH-GAP04
samples, but was absent in DH-GAP01. Desulfosporosinus species
are known sulfate reducers with the capacity to also reduce
Fe(III), nitrate, elemental sulfur ant thiosulfate (Pester et al.,
2012; Sánchez-Andrea et al., 2015). The Thermoanaerobacterales
SRB2 cluster is also highly likely sulfate reducers, although
many Thermoanaerobacterales species do not reduce sulfate
(e.g., Slobodkina et al., 2017). Desulfosporosinus species also
have a broad range of possible electron donors and may
even turn to fermentation in the absence of reducible electron
acceptors (Sánchez-Andrea et al., 2015). The FAPROTAX
predictions supported this as the Desulfosporosinus were
the predominant bacteria deemed capable of fermentation,
sulfate and sulfur compound respiration (Figure 6A and
Supplementary Table S2). This makes the Desulfosporosinus

very versatile bacteria able to survive in the harsh conditions
of the arctic deep subsurface. Nixon et al. (2017) showed that
Desulfosporosinus were important iron reducers in sub glacial
arctic sediments, and this taxon appears to be wide spread
in arctic anaerobic environments around the globe (Blanco
et al., 2012). However, the FAPROTAX predictions did not
show iron reduction for the Desulfosporosinus, neither did the
deep subsurface community appear to be influenced by iron
(Figure 4A). Instead, the samples containing the highest relative
abundance of Desulfosporosinus were also most affected by the
concentration of sulfate and total Sulfur.

Archaea
The archaea in the deep subsurface environments contributed
with approximately 1% of the 16S rRNA gene pool. The
main archaeal groups detected were the Ianarchaeum (DH-
GAP01, DH-GAP04.mid), the Woesearchaeota (mainly DH-
GAP04.up/.mid/.low) and the Bathyarchaeota (mainly DH-
GAP04.mid). Ianarchaea, like the Woesearchaea, are minimal
microbial cells dependent on other microbial species to support
their growth (Golyshina et al., 2017). Nanorchaeota have been
shown to grow together with specific Thermoplasma species in
samples and cultures derived from acidic streamers, but in the
deep Greenlandic subsurface groundwater the Nanorchaeota did
not co-occur with any Thermoplasma. Due to the low abundance
of archaea in these habitats, it is possible that these interactions
were not seen because we worked close to the detection limit
of the archaea. Bathyarchaeota, found in the DH-GAP04.mid
and DH-GAP04.low samples have recently been described as
a new archaeal phylum, formerly known as the Miscellaneous
Crenarchaeotic Group, MCG (Evans et al., 2015). Based on single
cell genome analyses this group of archaea have the necessary
genes for methanogenesis, revealing that methanogenesis may
be more widely spread among archaeal groups than previously
thought. In addition, the fact that these archaea live in deep
groundwater with an ambient temperature of 0–2◦C may also
suggest psychrophilic methanogenesis by these archaea.

Fungi
The fungal community in the deep subsurface samples was
almost negligent. It should be considered, however, that the qPCR
standard used for the estimation of fungal biomass is based on
number of spores, and that spores may have several rRNA gene
operons per genome. Nevertheless, the fungal communities were
most affected by salinity and sulfate concentrations (Figure 4C).

Cladosporium was present in all samples (5.9 – 12.0 %),
except DH-GAP04.low. This fungus is commonly found as a
constituent of indoor mold communities and as parasites and
pathogens of fungi and plants, respectively. Because the fungal
community in the deep subsurface samples were very scarce,
it is possible that the Cladosporium sequences in these samples
are derived from contaminants. Nevertheless, these samples
also contained different kinds of fungi previously detected in
arctic environments, such as the Helotiales (Walker et al., 2011),
Phaeococcomyces black yeast growing on rock surfaces (Gadd,
2007) and a variety of decomposer fungi (Singh and Singh, 2012).
Despite their low abundance in the deep subsurface water, these
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fungi may be important decomposers in biofilms on rock surfaces
in the subsurface environments. In addition, fungi weather rock
releasing important nutrients for the use by the rest of the
microbial community. Fossils of filamentous fungal structures
have recently been revealed from deep subsurface rock (Bengtson
et al., 2017). The heterotrophic anaerobic fungi inhabiting
the anoxic deep subsurface release hydrogen through their
metabolism, thus also supporting other microbial growth (Drake
and Ivarsson, 2018). It has also been shown in igneous crystalline
deep rock environments that there is a coupling between the
anaerobic, rock-weathering fungi and sulfate reducing bacteria
(Drake et al., 2017).

The deep subsurface waters had (together with ICE and SGR)
the lowest number of bacterial and archaeal 16S rRNA and fungal
5.8S rRNA genes in this study, with the exception of the number
of archaea in DH-GAP04.up and DH-GAP04.mid, where the
archaeal number was approximately the same as in ISR and
ITL. In contrast to the low gene copy numbers, the highest
numbers of bacterial colonies were detected in DH-GAP04.up
and DH-GAP04.mid, despite these samples being anoxic. The
microbial communities hydrolyzed between 33 and 53 of the 95
substrates provided on the Biolog plate, similarly to the lake/pond
communities. In addition to the sulfate reducing bacteria and
the fastidious archaea, a subpopulation of heterotrophic aerobic
bacteria inhabited this ecosystem.

Ice and Melt Water
Bacteria
The glacial ICE had a surprisingly high number of bacterial 16S
rRNA gene copies, 4.8 × 104 mL−1. The population consisted
mostly of Cyanobacteria, more exactly to Chloroplasts, which
may originate from ice algae. Tanaka et al. (2016) found a large
population of green algae and cyanobacteria in Siberian glaciers
and showed that the biomass of algae increased with increasing
temperature. Algae and cyanobacteria are primary producers, i.e.,
produce carbon compounds in their photosynthesis. In addition,
these microorganisms fix atmospheric nitrogen. The produced
carbon and nitrogen compounds are released in to the melt
water and may be carried long distances from the point of
primary production. Kohlbach et al. (2016) showed that the
substrates produced by ice algae sustain ecological (macrobiota)
key species in the Arctic Ocean, where the ice algae contribute
with up to 25% of the primary produced carbon. This carbon
strongly affects food webs in this ecosystem. In our study, the
effect may be seen in the increase of microbial 16S rRNA gene
copy numbers in the MWR and ISR, which are down flow
from the glacier.

Proteobacteria was the most abundant bacterial phylum in
the SGR, MWR and ISR, with beta- and gammaproteobacterial
types as the most common. Psychrotrophic Polaromonas (1.1 –
7.4%) (Mattes et al., 2008; Darcy et al., 2011) and iron and
manganese reducing Albidiferax (4.8 – 9.0%) (Lu et al., 2013;
Akob et al., 2014; Kaden et al., 2014) were detected in all samples.
The MWR and ISR also contained iron reducers belonging
to the Rhodoferax (1.2 – 4.2%) (Kaden et al., 2014), some of
which have been shown to be psychrotolerant and facultatively

anaerobic (Finneran et al., 2003). This is well in agreement with
the chemical parameters, as the bacterial communities in MWR,
ISR and ITL were most strongly affected by the concentration of
iron (Figure 4A). The Rhodoferax also contributed the majority
of the phototrophy predicted to be present in the ISR and
ITL (Figure 6A and Supplementary Table S2). Interestingly,
the MWR and the ISR had a high relative abundance of
methylotrophic bacteria belonging to the Methylotenera (6.3 –
8.8%) and Methylobacter (10.7 – 17.0%). Methylobacter species
frequently been detected in arctic environments (Wartiainen
et al., 2006). Although generally aerobic, Methylobacter species
have been shown to perform anaerobic methane oxidation in sub-
arctic lake sediments and to closely associate with iron reducers
(Martinez-Cruz et al., 2017) and Methylotenera have also been
shown to perform methane oxidation in arctic lake sediment
(He et al., 2012). In addition, ISR had 5.4% of the 16S rRNA
gene sequences belonging to Crenotrix, which have recently been
shown to oxidize methane aerobically, but also anaerobically
while reducing nitrate (Oswald et al., 2017). The FAPROTAX
predictions also identified the Methylotenera, Methylobacter,
and Crenotrix as the main methylotrophs in these samples
(Figure 6A and Supplementary Table S2). Undibacterium, a
genus ubiquitously found in aquatic (Chen et al., 2017) and
soil (Li et al., 2017) environments was detected at high relative
abundance (20.6%) only in SGR. Massilia, which contributed
with a significant portion (12.7%) of the bacterial 16S rRNA
gene pool in SGR, have been found in soil environments and
especially as colonizers of plant roots (Ofek et al., 2012). Massilia
could also play a significant role in the cycling of nitrogen
compounds in the melting surface environment on glaciers, as
they were predicted to be the main ureolytic microorganisms
in the SGR (Figure 6A and Supplementary Table S2). Urea
may be released from the decomposition of nitrogenous organic
matter (Berman et al., 1999), which in this case could originate
from the abundant Cyanobacteria found in the ICE. Our
results indicate a more widespread distribution of habitats
for this bacterium.

The MWR and ISR contained a high relative abundance
of Parcubacteria (9.2 – 17.2%), which is a novel bacterial
superphylum. These bacteria have reduced genome sizes, leading
to limited metabolic capabilities, and they strongly rely on
fermentation for their energy demand (León-Zayas et al., 2017).
They are adapted to oxidative stress and they have genes for
nitrate reduction. Due to their reduced metabolic capabilities
in addition to the presence of genes for several adhesion and
attachment proteins, it is assumed that they lead either symbiotic
or parasitic lifestyles, but the assumption leans more toward
symbiotic (Nelson and Stegen, 2015). The Bacteroidetes and
Actinomycetes communities in these samples consisted of similar
genera as in the lake/pond samples and were responsible for
the chemoheterotrophic cycling of nutrients (Figure 6A and
Supplementary Table S2). In the ITL samples, Parcubacteria
dominated the bacterial communities with a relative abundance
of up to 62.0%. The Proteobacteria were the second most
abundant bacterial phylum, and also in ITL, Methylobacter
contributed with 6.4% of the bacterial 16S rRNA gene sequences,
indicating their important role in the oxidation of methane and
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methylated compounds in this environment (Figure 6A and
Supplementary Table S2).

Archaea
The ICE had hardly any archaea according to the qPCR and only a
few sequences from one ICE sample replicate, all belonging to the
Nitrosoarchaeum, were obtained. The SGR had 2.5 × 102 mL−1

archaeal 16S rRNA gene copies consisting almost exclusively
of methanogens belonging to the Methanosaeta (37.3%) and
Methanospherula (58.7%). The MWR had the highest abundance
of Archaea measured in this study, with up to 1.2 × 104 mL−1

archaeal 16S rRNA gene copies. The ISR had 1 order of
magnitude less archaea, but the archaeal community structure
in the MWR and ISR were very similar. The majority of the
archaea belonged to the earlier mentioned Woesearchaeota.
Methanogens belonging to the Methanoregula (17.5 – 19.1%)
and Methanosaeta (3.3 – 5.1%) were also prominent. However,
ammonia oxidizing Nitrosoarchaeum (Li et al., 2016) (5.9 – 8.2%)
and anaerobic methane oxidizing Methanoperedens (formerly
known as ANME-2D archaea) contributed with 5.2 – 7.3% of
the archaeal 16S rRNA gene sequences. Putative methanogenic
Bathyarchaeota (Evans et al., 2015) were also present in these
samples (5.8 – 6.9%). This further implies that the methane
and nitrogen cycling microbiota are important parts of the
microbial communities of the melting arctic (Figure 6B and
Supplementary Table S3). The ITL archaeal community was
similar to that of the lake/pond samples.

Fungi
The fungal community in the ICE sample consisted of only
7.9 × 101 mL−1 spore equivalents. In the SGR, MWR, ISR and
ITL the fungal communities were over 10 times larger. Yeasts,
such as Cryptococcus and Rhodotorula (Basidiomycetes) have
previously been found in subglacial ice of high Arctic glaciers
(Butinar et al., 2007), and the authors reported up to 4.0 × 103

cfu mL−1 melt ice. Other yeasts, such as Microbotryomyces, were
also found in these samples. Genera of the Glomeraceae were
abundant and found exclusively in this group of samples. This
phylum contains fungi that grow only in symbiotic mycorrhizal
relationships with plants. They may have ended up in these
environments as spores or sloughed off from plant roots from the
surrounding terrestrial habitats. The rust fungus Cronartium was
only detected in ITL, probably because the melt water from the
active layer of the permafrost runs through shrub vegetated soil,
from where the rust has infected the plants. Fungi belonging to
the Anaeromyces were found only in the SGR, MWR, ISR, and
ITL samples, but only at low relative abundances. Nevertheless,
this fungus is obligately anaerobic (Breton et al., 1990), but in our
samples found in aerobic habitats.

The number of cfu in the SGR, MWR, ISR and ITL samples
were in the range of the deep subsurface samples, but the number
of bacterial 16S rRNA gene copies and fungal 5.8S rRNA gene
copies were 1 order of magnitude higher, with exception for the
bacteria in the SGR. The ISR and ITL microbial communities
hydrolyzed the highest number of substrates in the Biolog
AM test, indicating a high metabolic variety of the microbial
communities in these samples. The lack of autotrophically

growing bacteria also support the dominance of heterotrophic
strategies in the high Arctic aquatic systems.

SUMMARY

The microbial communities in the different habitat types differed
both in taxonomical and metabolic characteristics. The most
important microbial process in the lake/pond environment
at the time of sampling was chemoheterotrophy. These
heterotrophic bacteria have key positions in the degradation
of organic matter and nutrient cycling in oligotrophic aquatic
environments. Nitrogen fixation capacity was predicted to be
low, according to the metabolic predictions, indicating that
the bioavailable nitrogen is cycled through the breakdown of
biomass, but may also originate from geological deposits in
the host rock. The primary producing phytoplankton are also
important key species because they provide photosynthetically
produced carbon for the use of the rest of the microbial
community. The relatively high abundance of fungi in the
lake/pond environments also indicate that dead biomass
needs to be recycled. Methane released from the anaerobic
sediments in the lake/pond environment is oxidized by the
methylotrophic Verrucomicrobia.

The deep subsurface biosphere functions mostly through
sulfate or iron reduction or fermentation. Thus, the both the
microbial community composition as well as the metabolic
profiles of the communities in the deep subsurface differ from
the microbial communities of the surface biosphere.

The algae of the glacial ice are important primary producers
for the whole aquatic system as the ice melts. These algae
release photosynthetically produced carbon compounds and
nitrogen compounds from their nitrogen fixation, which is then
transported away from the glacier. They may also function as a
nitrogen source in the melt water through biomass breakdown.
The melt water streams are rich in methane oxidizing bacterial
and archaeal types, which may function together with iron
reducing bacteria when oxidizing methane. The high relative
abundance of methane oxidizers and iron reducers in the melt
water streams may thus decrease the general methane emissions
from arctic aquatic environments.

Most of the archaea and some of the bacteria detected
in this study affiliated with newly described groups, which
have extremely small genomes. It is still debated whether
these microorganisms are symbionts or parasites. However,
their high abundance in cold arctic aquatic environments may
mean that they are symbionts. By serving as symbionts to
larger microorganisms, these micro-archaea and –bacteria may
provide their hosts with specific enhancement or advantage
for better survival in these conditions. These small genome-
size microorganisms appear to have in common the capacity
for fermentation coupled with the release of hydrogen, which
may aid the host.

Fungi and yeast degrade organic macromolecules in arctic
conditions by secretion of cold-adapted enzymes. They also
weather rock, which releases important mineral nutrients, and
release hydrogen, which is a preferred energy source for many
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microorganisms. Thus, fungi contribute strongly to nutrient
cycling in these environments.

CONCLUSION

In conclusion, our results demonstrate that the different water
types (lake/pond, deep subsurface, ice and melt water) differ
from each other both by chemical and biological measurements,
despite the fact that a great part of the waters originate from
glacier melt water. The infiltration of water from one habitat type
to the other, does not affect the microbial communities as much as
the environmental conditions of the habitat do. For example, the
harsh conditions in the subsurface below the permafrost does not
support survival of most of the aerobic surface microorganisms.
However, some cultivable aerobic microorganisms survive in
the anaerobic deep subsurface, although in the deep subsurface
conditions, they form a minority of the microbial community.
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Alpine lakes are considered pristine freshwater ecosystems and sensitive to direct and
indirect changes in water temperature as induced by climate change. The bacterial
plankton constitutes a key component in the water column and bacterial metabolic
activity has direct consequences for water quality. In order to understand bacterial
response to global temperature rise in five alpine lakes located in the Austrian Alps
(1700–2188 m a.S.L.) water temperature was compared within a decadal period.
Depth-integrated samples were characterized in community composition by 16S rDNA
deep-amplicon sequencing early [56 ± 16 (SD) days after ice break up] and later
(88 ± 16 days) in the growing season. Within the 10 years period, temperature rise was
observed through reduced ice cover duration and increased average water temperature.
During the early growing season, the average water temperature recorded between
circulation in spring until sampling date (WAS), and the day of autumn circulation, as
well as chemical composition including dissolved organic carbon influenced bacterial
community composition. In contrast, only nutrients (such as nitrate) were found
influential later in the growing season. Metabolic theory of ecology (MTE) was applied
to explain the dependence of taxonomic richness on WAS in mathematical terms. The
calculated activation energy exceeded the frequently reported prediction emphasizing
the role of WAS during early growing season. Accordingly, the relative abundance of
predicted metabolism related genes increased with WAS. Thus, the dominant influence
of temperature after ice break up could be explained by overall climate change
effects, such as a more intense warming in spring and an overall higher amplitude of
temperature variation.

Keywords: high mountain lakes, climate change, growing seasons, nutrient level, metabarcoding, richness,
activation energy

INTRODUCTION

Climate change, which is mainly caused by anthropogenic activities, is a global issue. Since 1850,
the Earth’s surface temperature has increased by 0.76◦C, and it is expected to increase by another
1.1–6.4◦C by the end of this century (Stocker, 2014). Ongoing climate change has been shown to
cause a rapid change in ecological communities, thereby threatening ecosystem functioning and
services (Jassey et al., 2013). Mountain regions are suffering more from warming than the global
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average (Beniston et al., 1997; Sommaruga-Wögrath et al., 1997;
Parker et al., 2008). Over the past century, the annual average
temperature in the Alps has risen by about 2◦C, which is on
average twice as high as estimated for the northern hemisphere
(Djukic et al., 2013; Weckström et al., 2016). The alpine lake
ecosystem is affected by global climate change through thawing
of ice, melting of frozen soils, altered snow packing, shortened
ice cover duration, and increasing summer water temperatures,
thereby affecting biodiversity and functioning of water cycles
and the microclimate (Holzapfel and Vinebrooke, 2005; Parker
et al., 2008). Traditionally mountain lake ecosystems are highly
sensitive to global warming, functioning as sentinels of climate
change (Kamenik et al., 2001; Adrian et al., 2009; Williamson
et al., 2009). Although various studies have documented the
responses of plant and animal biodiversity to temperature, less
studies have examined microbial responses to climate warming
(Zhou et al., 2016; Guo et al., 2018).

One current challenge is to determine how environmental
parameters (in)directly related by climate change affect the
structure and diversity of the microbiota in lakes. Various
factors have been elucidated, for example, studies have shown
that climate warming impacts on alpine’s lake bacterioplankton
community structure through affecting the turbidity shift along
with the glacier retreat (Peter and Sommaruga, 2016), or through
changing the surrounding soil characteristics (Rofner et al.,
2017). Besides, it is well established that temperature is a key
driver in microbiota biodiversity construction, as temperature
directly regulates metabolic rates and biochemical processes
(Gillooly et al., 2001; Brown et al., 2004; Zhou et al., 2016). The
metabolic theory of ecology (MTE) addresses the relationships
between ecosystem properties, body size, and metabolism (Brown
et al., 2004). The dependence of species richness on temperature
is based on the energetic equivalence rule (Allen et al., 2002),
assuming that the total energy flux of a population per unit
area does not depend on body size. It is predicted that at
higher temperature, each species has fewer individuals (because
of faster growth) but the total number of individuals is the
same. In other words, with increasing temperature the richness
is increasing, since more species are present. Although the
MTE was established for macroorganisms in the last decade,
for the microbiota in soil this relationship has also been found
(Zhou et al., 2016).

In this study we compared average water temperatures and
ice cover duration observed during two summers in lakes
located in the alpine zone of the Austrian Alps to records
from 10 years earlier. We expected that based on the general
understanding of climate change water temperature should
show an increase in relation to corresponding air temperature
while ice cover duration should decline. In a second step,
we aimed to understand how the microbiota in alpine lakes
respond to the temperature changes and other environmental
factors occurring seasonally during two consecutive years. We
hypothesized that besides water temperature regional factors
influenced by the geology in the catchment (e.g., Kamenik et al.,
2001) should be of major influence. In a third step MTE was
applied to explain the dependence of taxonomic richness on the
bacterial metabolic activity. We expected the so-called activation

energy Ea (calculated from the slope between temperature
and taxa richness) in a range of the previously observed
and more frequently reported −0.65 prediction equivalent
to a Q10 of ∼2.5 (Stegen et al., 2009; Zhou et al., 2016).
Taking into account the overall climate change scenario on
temperature rise in the Alps we speculate on the role of
climate change effects.

MATERIALS AND METHODS

Study Sites and Topographic Parameters
Five alpine lakes in the “Niedere Tauern” region of the eastern
Alps, Austria (Weckström et al., 2016) [Unterer Giglachsee
(GIG), Moaralmsee (MOA), Oberer Landschitzsee (OLA),
Twenger Almsee (TWA), and Wirpitschsee (WIR)], were selected
as sampling sites (Figure 1A). The lakes were located along
an altitude gradient ranging between 1700 and 2120 m above
sea level (a.S.L.) in the alpine zone either above the treeline
(WIR) or above the timberline (others). MOA was the smallest
lake with an area of 2.1 ha and max depth of 5.9 m; the
lake area and max depth of other lakes were 3.1–16.8 ha
and 8–33.6 m, respectively (Table 1). Maps of the five lakes
were generated with R using package “ggmap”. In addition,
meteorological data recorded from four relevant stations were
used to compare changes in temperature and to analyze the
potential influence of precipitation on the observed microbiota
community composition: Sonnblick (3109 m a SL), Rudolfshütte
(2317 m), Schmittenhöhe (1956 m), Obertauern (1772 m).

Sampling
Depth-integrated water samples were taken in the years 2010
and 2011 during (i) early stage of the growing season, i.e.,
in July 26–56 ± 17–82 (min–mean ± SD–max) days after
ice break up, and (ii) later stage of the growing season, i.e.,
in August 69–88 ± 16–116 days after ice break up. Depth-
integrated samples were taken based on the maximum depth
of each lake, i.e., were integrated by subsampling every meter
in MOA, OLA, and WIR, every two meters in GIG, and every
three meters in TWA (Figure 1B and Table 1). To minimize
changes occurring during transport, samples (1.5–2 L) were
prefiltered immediately on the shore using a hand vacuum
pump through previously autoclaved glass fiber filters (GF/C)
to remove eukaryotic algae and particle-associated bacteria. An
aliquot of 100 mL of each sample was fixed using formaldehyde
(2% v/v final concentration) and used for bacterial cell counting
by DAPI staining according to standard conditions (Porter
and Feig, 1980). One to three milliliters were filtered onto
polycarbonate membrane filters (0.2 µm, Nuclepore Track-
Etch membrane, Whatman, Dassel, Germany) and microbes
were counted using epifluorescence microscopy at 1000-
fold magnification (Axioplan, Zeiss, Oberkochen, Germany).
Cyanobacteria were differentiated using autofluorescence. The
glass fiber prefiltered water samples were filtered onto previously
autoclaved nitrocellulose membranes (NC, pore diameter:
0.2 µm, Whatman, 1–2.1 L) using low-vacuum filtration
(<0.4 bar), and the filters were transferred into Eppendorf
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FIGURE 1 | (A) Map of study area and the five alpine lakes in the “Niedere Tauern” region of the Austrian Alps. (B) Depth-integrated sampling of water column. The
subsamples were taken at every 1 m (MOA, OLA, and WIR), every 2 m (GIG), or every 3 m (TWA) from surface. The maps were generated with “ggmap” in R, a
package based on Google Maps.

tubes, immediately frozen in dry ice, and stored at −20◦C
until DNA extraction.

Environmental Parameters
Water temperature was recorded at 2.5 m-depth in 2-h intervals
between 26 September 1998 and 26 September 1999 (Schmidt
et al., 2004) and in 4-h intervals between 1 September 2009
and 28 August 2012 using thermistors (MINILOG, Vemco
Ltd., Bedford, NS, Canada). For each year and each lake, the
calendar dates of spring mixing and autumn mixing were
estimated by visual examination of individual temperature curves
as described previously (Schmidt et al., 2004; Kamenik and
Schmidt, 2005). The calendar day of circulation in autumn
(CiA) was calculated from the date when the water temperature
decreased to 4◦C, while the calendar day of circulation
in spring (CiS) was calculated from the first date when
water temperature exceeded 4◦C. The duration of ice cover

(ICD) was calculated from the number of days in between
CiA and CiS (Schmidt et al., 2004). The annual average
water temperature (YAWT) over the entire year (including
both the ice-free and ice-covered periods) and the average
water temperature during the period between the calendar
day of circulation in spring until the sampling date (WAS)
were calculated.

Conductivity (Cond.) and pH were determined in the field
using a multiprobe (YSI6920, YSI Environmental, Yellow
Springs, OH, United States). The depth-integrated samples for
chemical analyses were kept cool and analyzed within 2 days
and included the following: Sulfate (SO2−

4 ), chloride (Cl−),
ammonium (NH+4 ), sodium (Na−), potassium (K+), magnesium
(Mg2+), calcium (Ca2+), total phosphorus (TP), dissolved
organic carbon (DOC), nitrate (NO−3 ), dissolved nitrogen
(DN), and dissolved reactive silica (DRSi), were determined as
described previously (Kamenik et al., 2001; Schmidt et al., 2004).
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TABLE 1 | Environmental characteristics (mean ± SD) for five alpine lakes.

Lake Unterer Giglachsee GIG Moaralmsee MOA Oberer Landschitzsee OLA Twenger Almsee TWA Wirpitschsee WIR

Altitude (m a.s.l) 1922 1825 2067 2118 1700

Lake area (ha) 16.8 2.13 8.8 3.11 2.72

Max depth (m) 18 6 14 33 8

YAWT (2010–2011) 5.43 4.90 6.06 5.34 6.41

YAWT (1998–1999) 5.25 4.46 5.05 4.61 5.34

ICD (2010–2011) 221.5 205 222 232.5 193

ICD (1998–1999) 221 223 224 240 209

Conductivity 74.15 ± 0.52b 28.83 ± 2.1c 14.15 ± 0.67d 72.4 ± 1.36b 85.25 ± 2.16a

pH 7.5 ± 0.42a 6.95 ± 0.58ab 6.19 ± 0.39b 7.36 ± 0.09a 7.46 ± 0.61a

Alkalinity (µeq/L) 607.5 ± 12.29b 186.75 ± 11.18d 70.5 ± 3.87e 552.75 ± 5.74c 724.75 ± 27.44a

NO−3 (µM) 0.23 ± 0.09d 3.13 ± 0.17a 1.04 ± 0.04c 0.03 ± 0.03d 2.52 ± 0.37b

SO2−
4 (µM) 60.63 ± 0.73b 29.06 ± 2.08d 21.67 ± 0.73e 76.35 ± 2.92a 52.71 ± 0.21c

Cl− (µM) 5.07 ± 0.28a 3.94 ± 1.13ab 3.1 ± 0.85b 4.23 ± 0.56ab 5.63 ± 1.13

NH+4 (µM) 0.24 ± 0.1 0.22 ± 0.2 0.17 ± 0.1 0.18 ± 0.07 0.26 ± 0.05

Na+ (µM) 19.13 ± 0.43b 21.3 ± 0.87b 13.04 ± 1.3c 19.13 ± 0.43b 25.22 ± 1.74a

K+ (µM) 3.59 ± 0.26c 7.44 ± 0.51a 7.18 ± 0.26a 4.62 ± 0.26b 5.13 ± 0.77b

Mg2+ (µM) 90.91 ± 2.06b 11.52 ± 0.41d 5.76 ± 0e 121.76 ± 2.47a 69.11 ± 2.06

Ca2+ (µM) 271.75 ± 4b 112.75 ± 5.5d 49.5 ± 3.75e 224.75 ± 3.25c 347.75 ± 12.75a

TP (µM) 0.14 ± 0.04a 0.1 ± 0.02a 0.08 ± 0.01b 0.11 ± 0.03a 0.08 ± 0.03

DOC (µg/L) 858 ± 71.82a 444.75 ± 64.55bc 631 ± 44.79bc 590.25 ± 40.14bc 407 ± 179.25c

DN (µg/L) 73.5 ± 16.86 209 ± 9.83 109.25 ± 14.38 218.5 ± 194.01 244.5 ± 127.25

DRSi (µM) 0.08 ± 0.03 0.08 ± 0.03 10.84 ± 0.48 11.43 ± 2.22 17.84 ± 1.17

Chl a (µg/L) 1.98 ± 0.34a 0.44 ± 0.72b 0.43 ± 0.26b 0.85 ± 0.61ab 0.35 ± 0.05b

Bacteria (Counts/ml) 2.28 × 106
± 5.17 × 105a 7.39 × 105

± 2.42 × 105b 7.47 × 105
± 3.05 × 105b 1.89 × 106

± 5.42 × 105ab 9.14 × 105
± 3.44 × 105b

Cyanobacteria (Counts/ml) 1.05 × 105
± 8.93 × 104a 9.63 × 102

± 2.79 × 102b 4.71 × 102
± 1.62 × 102b 1.17 × 104

± 7.81 × 103b 2.93 × 103
± 2.61 × 103b

Sampling Date∗ 2010 W3Jul/W3Aug W3Jul/W3Aug W3Jul/W4Aug W2Jul/W4Aug W2Jul/W4Aug

2011 W5Jul/W3Aug W1Jul/W3Aug W2Jul/W3Aug W5Jul/W4Aug W1Jul/W1Aug

(i) Superscripts indicate significant difference among lakes (p < 0.05). (ii) ∗W. . . means the week of sampling in July or August.
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The concentration of chlorophyll a (Chl a) was determined
from depth-integrated sample aliquots filtered on GF/C
filters and stored frozen until extraction using hot ethanol
(International Organisation of Standardization [ISO], 1992).

DNA Extraction
DNA was extracted and purified from bacteria collected on
NC filters (as described above) using a NucleoSpin R© Soil DNA
purification kit (MACHEREY-NAGEL GmbH & Co. KG, Düren,
Germany) according to the manufacturer’s protocols. The quality
and quantity of DNA were measured using a NanoDrop R© ND-
1000 Spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, United States). The amount of total extracted DNA ranged
from 5–143 ng/µl (mean 32 ± 7 (SE) ng/µl), and the DNA was
stored at−20◦C.

Bacterial 16S rRNA Gene Amplification
and 454 Sequencing
One hundred nanograms of purified genomic DNA from each
sample were used as the template for PCR amplification. The
V3-V6 hypervariable regions of the bacterial small-subunit (16S)
rRNA genes were amplified with primers 338F (5′-ACT CCT
ACG GGA GGC AGC AG-3′) (Weisburg et al., 1991) and 1046R
(5′-CGA CAG CCA TGC ANC ACC T-3′) (Sogin et al., 2006)
resulting in 726 bp of product size (E. coli, Access. No. U00096).
In addition, the 5′ end of the forward primer was tagged with
the Roche 454 pyrosequencing adapter “A” (5′-CGT ATC GCC
TCC CTC GCG CCA TCA G-3′) as well as a unique 10 bp
barcode sequence. For the reverse primer another adapter “B”
(5′-CTA TGC GCC TTG CCA GCC CGC TCA G-3′) was used
(Palmer et al., 2012). PCR amplification was performed in a
total volume of 50 µL containing one-unit Phusion High-Fidelity
DNA-Polymerase (Finnzymes Oy, Espoo, Finland), 10 µL buffer
HF (5×), 1 µL of 10 mM of each dNTP, and 2.5 µL of primers
(10 pmol µL−1). After an initial denaturation at 98◦C for 30 s,
there were 25 cycles of (1) 98◦C for 10 s, (2) 67.8◦C for 20 s,
and (3) 72◦C for 30 s, and a final extension at 72◦C for 1 min.
For each sample four PCR amplicons were generated, cut out
from the agarose gel in the expected size range (800 bp), purified
using the QIAquick gel extraction kit (Qiagen, Hilden, Germany),
and pooled for the emPCR reaction. A standard concentration of
5 ng/µl was sequenced from both directions using 454 titanium
chemistry (GS Junior, Roche, Basel, Switzerland) installed at the
Red Cross Transfusion Service of Upper Austria (Linz, Austria).
Four amplicons were sequenced in four regions each separated
by 4-region gaskets, loading approximately 3,100,000 amplicon-
coated beads per run and recovering a combined total of 800,000
sequence tags (Deng et al., 2017).

Processing of Pyrosequencing Data and
Statistics
Sequencing analysis was performed with the Quantitative
Insights Into Microbial Ecology (QIIME, version 1.9.0) toolkit
(Caporaso et al., 2010). Both forward (V4 region) and reverse
(V6 region) sequences were processed and used as technical
replicates. The clean reads were generated by split_libraries.py

with default parameters (sequence length: 200–1000 bp, and
average qual score: 25) to remove the potential adapters
and primers and performing identify_chimeric_seq.py and
filter_fasta.py to remove the chimeric sequences. After that, the
clean reads were clustered to operational taxonomic units (OTUs)
using an open reference strategy at the 97% similarity level
(Stackebrandt et al., 2002; DeSantis et al., 2006). Subsequently,
a representative sequence of each OTU was picked and
assigned to a taxonomy based on the Greengenes Database
(DeSantis et al., 2006).

Venn diagrams were constructed using jvenn (Bardou et al.,
2014), and Circos plots were performed with R (Version 3.2.1).
Variation in planktonic microbiota composition (beta-diversity)
among samples was visualized via non-metric multidimensional
scaling (NMDS) ordination based on Bray-Curtis dissimilarity
matrices, while similarity of beta-diversity was tested via Analysis
of Similarities (ANOSIM) using 999 permutations and Bray-
Curtis distance. Both NMDS and ANOSIM were performed
using the “vegan” package in R (Dixon, 2003). PCA and
RDA were sequentially applied to relate OTUs abundance to
the climatic and physico-chemical variables using CANOCO
(version 4.5), Ter Braak and Smilauer, 2002: In a first step,
since many of the environmental variables were autocorrelated,
a Principal Component Analysis (PCA) was performed on the
Pearson correlation matrix. Only the environmental variables
that correlated most with PCA ordination axes 1-4 were kept
for subsequent ordination analysis. These axes included monthly
average water temperature (MAWT), YAWT, WAS, CiA, pH,
Cl−, DOC, NO−3 for the early growing season, and maximum
depth, WAS, NO−3 , K+, Ca2+, TP, DOC, and DN for the late
growing season. In a second step, from this subset of non-
redundant variables redundancy analysis (RDA) using forward
selection procedure was applied to select for the statistically
significant environmental variables (p < 0.05). The potential
dependence within consecutive samples taken repeatedly from
the same lake was accounted for by including the sampling
date as a covariate. Ordination biplots were constructed with
CanoDraw. Alpha-diversity indices including richness (Chao1
and Sobs, indicating estimated and observed OTUs) and diversity
(Shannon-Weaver index and Simpson index) were calculated
with packages “vegan” and “OTUtable” (Dixon, 2003). The
richness indices Chao1 and Sobs were included into the model of
MTE (Brown et al., 2004) with command lm(). MTE addresses the
relationship between organismal metabolism and temperature
using the formula (Alcaraz, 2016):

ln(Schao1 or obs) = a− Ea ×
1

kT
(1)

where k is Boltzmann’s constant (8.62× 10−5 eV/K), and T is the
absolute temperature in Kelvin (K). Ea is the activation energy,
which equals the inverse of the slope calculated from the linear
regression, and a is the intercept of the same linear regression.

To address the influence of water temperature more
directly, functional genes (PFGs), such as metabolic genes,
were predicted from the 16S rDNA derived OTUs using
Phylogenetic Investigation of Communities by Reconstruction of
States (PICRUSt, version 1.1.3) according to the Metagenome
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Prediction Tutorial (Langille et al., 2013) and related to
the same units as applied for MTE. Mantel test, Pearson
correlation, AIC value and significance analysis were performed
with R. Specifically, Mantel test was used to estimate the
correlation between the composition of bacterioplankton and
environmental parameters with the package “vegan,” while
Pearson correlation was used to investigate the environmental
parameters and alpha-diversity indices correlation with the
function cor(). AIC (Akaike information criterion) values were
generated with the function AIC() to evaluate the goodness
of fit to the linear regression. Significant differences of alpha-
diversity indices among lakes were tested using one-way
ANOVA (p < 0.05).

RESULTS

Climate Change Effects and
Environmental Parameters
The lakes had an average ice cover duration of 200 ± 18.7
(SD) days per year and maximum water temperature of 17.8◦C
(Supplementary Figures S1a,b). When comparing the two
time periods 1998–1999 and 2009–2011 a trend of warming
was observed. In particular, YAWT increased during the past
decade by less than 1◦C (Table 1). The measured increase in
water temperature was related to increasing air temperatures
as recorded from meteorological stations during the same
observation period (see also Weckström et al., 2016). Compared
with 1998–1999, ICDs in 2010–2011 were reduced by 11–
37 days (Table 1). The shorter ICDs correlated significantly
with the calendar day of spring mixing (R2 = 0.92), but
not with the calendar day of autumn mixing (R2 = 0.007)
(Supplementary Figures S1c,d). Consequently, the shorter ICD
could be explained by an earlier ice break up in spring rather than
by later ice formation in autumn.

The low concentrations of nutrients and Chl a in the
study lakes indicated that all the five lakes were oligotrophic.
The physico-chemical characteristics differed significantly
among lakes because of differences in the geology of the
various catchments (Kamenik et al., 2001), (Table 1). For
example, OLA was slightly acidic (pH 6.3), while MOA was
neutral (pH 7), and GIG, TWA, and WIR were slightly
alkaline (pH 7.3–7.5). Furthermore, water chemistry such
as NO−3 , SO2−

4 , Cl−, Na+, K+, Mg2+, Ca2+, TP, DOC, and
DRSi, differed significantly between lakes (p < 0.05, Table 1).
During the study period, physico-chemical variables in each
lake were found rather stable (Supplementary Table S1).
Correlation analysis showed that environmental parameters
were interrelated, e.g., in the early growing season, Cl−
showed high correlation with NH4+, Na+, K+, Mg2+,
Ca2+, and TP (Supplementary Table S2). Not surprisingly,
biological characteristics were found more variable. For
example, cyanobacteria abundance ranged from 5.7 × 102 to
2.3 × 105 cells/ml. When compared with the early growing
season, the bacterial abundance were found increased at the later
stage of the growing season, i.e., in lake GIG, bacterial abundance
was 1.78–1.94× 106 cells/ml in the early growing season but

ranged from 2.51–2.90× 106 cells/ml in the late growing season.
Altogether the results suggest that although study lakes differed
in local influence, an on average minor, albeit significant increase
in water temperature has become visible such as by reduced
ice over duration.

Composition of the Microbiota in the
Alpine Lakes
After denoising, 161 943 sequences were obtained clustering
into 13 050 OTUs as defined by the 97% identity threshold.
The OTUs were assigned to 36 phyla. Among these, 14
phyla occurred in all 5 lakes and were considered core phyla.
Proteobacteria were dominant, with relative abundances
in the range of 48–75%. Actinobacteria, Cyanobacteria,
Bacteroidetes, and Firmicutes were abundant with proportions
of 3.1–26.7, 3.7–28.7, 6.9–19.7, and 0–8%, respectively
(Supplementary Figures S2a,b). There were 11 pan phyla
that occurred in one lake only and in lowest proportion
(<0.01%, Supplementary Figure S2), i.e., the phyla WS5 in
GIG; Armatimonadetes, Fusobacteria and SR1 in MOA; GN02
and OP11 in OLA; AD3 and AB3 in TWA; GN04, AC1 and
an unknown phylum in WIR. The relative abundances of the
dominant phyla varied by season, i.e., in the early growing
season, the most abundant phyla included Proteobacteria
(58.8%), Cyanobacteria (16.2%), Actinobacteria (10.6%),
Bacteroidetes (6.4%), Firmicutes (5.3%), and Acidobacteria
(1.2%), while in the late growing season, the dominant phyla
were composed of Proteobacteria (61.8%), Bacteroidetes
(17.2%), Actinobacteria (14.2%), and Cyanobacteria (5.7%)
(Supplementary Figures S2c,d).

NMDS analysis revealed a higher similarity of microbiota
composition among lakes (Figure 2A), but higher variability
between growing seasons (Figure 2B). Notably the microbiota
showed higher variability in the early growing season (Figure 2C)
than during the late growing season (Figure 2D). In the early
growing season, planktonic microbiota structure was found
significantly related to WAS, DOC, CiA, and Cl−, explaining
18.4% of the total inertia in OTU distribution as revealed
by ordination analysis (Figure 3A). The influence of time
dependence (included as a covariate) was found small and both
the first axis and all four axes were statistically significant (Monte
Carlo permutation tests, n = 499, p = 0.006, p = 0.002). Canonical
axis 1 and 2 explained 6.5 and 5% of total OTU variation based
on variables WAS and DOC vs. CiA and Cl−. In contrast,
during the later growing season, only one variable (NO−3 )
explained 6.9% of the total OTU variation (Figure 3B). Using
permutation analysis including time dependence as covariate
the first axis was found marginally significant (p = 0.088).
Correspondingly, Mantel tests revealed that for the early growing
season, climatic parameters such as WAS and CiA, and nutrient
concentrations were related to microbiota assembly. During later
growing season, only nutrient concentrations, such as NO−3 and
TP were related to the microbial composition (Table 2). It is
concluded that the microbiota composition during early growing
season significantly depended on temperature and nutrients. In
contrast during later season the influence of water temperature
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FIGURE 2 | Non-metric multidimensional scaling (NMDS) plots of beta-diversity recorded from five alpine lakes using the Bray-Curtis matrix. (A) NMDS plots for
individual lakes. (B) NMDS plots for samples from early and late growing season. (C) NMDS plots for individual lakes in the early growing season. (D) NMDS plots for
individual lakes in the late growing season. Ellipses represent 95% confidence intervals (p < 0.05). ANOSIM (indicated by R and p values) revealed a significant
dissimilarity between groups of individual lakes or growing seasons (p < 0.05).

became less visible, while inorganic nutrients still played a
significant role.

Richness and Diversity of Microbiota in
Alpine Lakes
Both richness and diversity differed spatially more among lakes
in the early growing season, but less in the late growing season
(Figure 4 and Supplementary Figure S3 and Supplementary
Table S3). Seasonally α-diversity differed significantly between
the two growing seasons, i.e., both richness and diversity indices
were higher in the late growing season than in the early growing
season (p < 0.01, Figure 4 and Supplementary Figure S3).
Richness correlated with lake area, water temperature (WAS) and

nutrients during the early growing season (Table 3). However,
in the late growing season, correlation was found generally
decreased and only ICD and CiA correlated with richness
(Table 3). In contrast, diversity was significantly related to
altitude, lake area, maximum depth, ICD, and CiA/CiS as well
as nutrients. Using the same environmental variables as used
for ordination analysis stepwise multiple regression included
WAS, MAWT, pH, NO−3 , Cl−, YAWT for the prediction of
richness indicator Chao1 (multiple R2 = 0.88, p < 0.001) and
MAWT, pH, WAS, Cl−, NO−3 , and YAWT for Sobs (multiple
R2 = 0.92, p < 0.001), (Supplementary Table S4). Vice versa for
the prediction of diversity indices stepwise multiple regression
included the variables CiA, MAWT, YAWT, WAS, pH, NO−3 ,
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FIGURE 3 | Redundancy analysis (RDA) of planktonic microbiota composition in five alpine lakes during the early growing season (A) and the late growing season
(B). The first characters indicates the lake name (G: GIG, M: MOA, O: OLA; T: TWA; W: WIR), and the second character indicates the sampling period (J: July, early
stage of growing season, A: August, later stage of growing season).

FIGURE 4 | Indices of richness (a,c,e,g Chao1, b,d,f,h, Sobs) recorded from planktonic microbiota for five alpine lakes (A–D) during the entire study period, (E,F)
during early growing season, (G,H) during late growing season. Lowercase letters and ∗ indicate that subgroups differ (p < 0.05), while uppercase letters and ∗∗

indicate that subgroups differ at (p < 0.01).

Cl−, DOC for Shannon (multiple R2 = 0.96, p < 0.001)
and CiA, MAWT, YAWT, WAS, NO−3 , Cl− for Simpson
(multiple R2 = 0.86, p < 0.001 (Supplementary Table S4). It
is concluded that besides lake morphometry, climatic variables
related to water temperature and nutrients were influential to
richness and diversity.

Relationship Between Metabolic Activity
and Temperature
Since multivariate ordination analysis revealed a significant
influence of WAS and CiA on OTU abundance (Figure 3)
and richness and diversity were found significantly related to
water temperature (Table 2 and Supplementary Table S4) in the

early growing season, we were interested to see to which extent
MTE predicts higher richness and diversity with increasing water
temperature. According to MTE only WAS (but not YAWT)
was found significantly negatively related to richness in the early
growing season (Figure 5 and Supplementary Figure S4). The
activation energy as calculated from the inverse slope of the
regression curve varied from −3.8 eV for Chao1 and −3.7 eV
for Sobs exceeding the theoretical estimate for Ea of −0.65 eV
(Brown et al., 2004). Notably in the later growing season the
observed slopes were closer to the more frequently reported
−0.65 prediction. In conclusion, while water temperature played
an apparent role for metabolic activity during the period from ice
break up to the first sampling date, this factor got less important
later in the year.
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TABLE 2 | Correlations between the planktonic microbiota composition in five
alpine lakes and various environmental variables.

Early growing season Late growing season

Factor r(M) p Factor r(M) p

WAS 0.25 0.002 Max depth 0.19 0.01

CiA 0.27 0.002 WAS 0.13 0.06

MAWT 0.08 0.061 NO−

3 0.25 0.01

YAWT 0.15 0.006 Ca2+
−0.02 0.56

Climate related variables 0.21 0.001 K+ 0.09 0.10

pH 0.14 0.004 TP 0.22 0.02

NO−3 0.19 0.003 DOC 0.13 0.04

Cl− 0.19 0.003 DN 0.14 0.03

DOC 0.18 0.002 Nutrients 0.20 0.01

Nutrients 0.21 0.001

Climate variables included WAS, CiA, MAWT, YAWT; Nutrients for the early growing
season included NO−3 , Cl−, and DOC; Nutrients for the late growing season
included NO−3 , Ca2+, K+, TP, DOC, and DN.

Functional Gene Prediction
To investigate the highlighted influence of water temperature
more directly, functional genes (PFGs), such as metabolic genes,

were predicted from the 16S rDNA derived OTUs using PICRUSt.
Five groups of functional genes were predicted which included
metabolism, environmental information processing, genetic
information processing, others and unclassified. On average,
metabolism related genes contributed the largest proportion
that varied between and within habitats (Figure 6A). The
natural logarithm of relative abundance of metabolism related
genes [ln(PFGs-M)] was negatively related with 1/(kWAS)
(Figure 6B) in the early growing season and also during the later
growing season (Figure 6C). In summary, besides planktonic
microbiota richness and diversity also metabolic genes increased
proportional in response to water temperature supporting the
more direct role of temperature variation in the study lakes.

DISCUSSION

Microbiota in Remote Alpine Lakes
Microorganisms in alpine lakes are exposed to extreme
environmental pressures such as high radiation, low temperature,
short growing season, and low food availability (Sommaruga,
2001; Rose et al., 2009). Not surprisingly bacterial abundance,
cyanobacterial abundance, and concentration of Chl a (Table 1)

TABLE 3 | Pearson correlation coefficients between environmental variables and α-diversity indices recorded from planktonic microbiota composition in five alpine lakes.

Early growing stage Late growing stage

Chao1 Sob Shannon Simpson Chao1 Sob Shannon Simpson

Altitude −0.08 −0.05 0.4∗ 0.43∗ 0 0.06 0.48∗ 0.41

Lake area 0.5∗∗ 0.56∗∗ 0.44∗ 0.24 −0.03 0.08 0.01 −0.15

Max depthL
−0.05 0.04 0.44∗ 0.48∗∗ 0.05 0.13 0.75∗∗∗ 0.62∗∗

ICD −0.38∗ −0.35 0.24 0.43∗
−0.51∗

−0.5∗ 0.21 0.4

CiAE 0.39∗ 0.42∗ 0.4∗ 0.2 0.6∗∗ 0.72∗∗∗ 0.5∗ 0.09

CiS −0.29 −0.25 0.36∗ 0.5∗∗
−0.39 −0.36 0.34 0.44∗

MAWTE 0.08 0.12 0 −0.13 −0.03 0.12 0.28 0.07

YAWTE
−0.01 −0.07 −0.3 −0.24 0.02 0.01 0.07 −0.02

WASEL 0.55∗∗ 0.6∗∗∗ 0.47∗∗ 0.19 −0.02 0.13 0.27 0.03

WT 0.12 0.16 0.03 −0.11 −0.14 −0.01 0.35 0.19

Conductivity 0.17 0.26 0.13 0.11 0.06 0.11 0.42 0.28

pHE
−0.22 −0.16 −0.26 −0.25 −0.03 0.04 0.29 0.25

Alkalinity 0.2 0.29 0.12 0.09 0.08 0.13 0.39 0.24

NO−3
EL

−0.14 −0.22 −0.55∗∗
−0.53∗∗ 0.03 −0.08 −0.59∗∗

−0.44∗

SO2−
4 0.05 0.16 0.31 0.34 0.04 0.1 0.63∗∗ 0.5∗

Cl−E
−0.06 0.02 −0.33 −0.35 0.17 0.17 −0.09 −0.18

NH+4 0.23 0.39∗ 0.15 −0.13 0.32 0.33 −0.25 −0.3

Na+ −0.09 −0.04 −0.32 −0.26 −0.03 −0.09 −0.19 −0.1

K+L
−0.32 −0.44∗

−0.48∗∗
−0.38∗ 0.03 −0.06 −0.48∗

−0.33

Mg2+ 0.09 0.2 0.36 0.37∗ 0.09 0.16 0.67∗∗ 0.5∗

Ca2+L 0.2 0.28 0.03 −0.01 0.09 0.14 0.28 0.14

TPL
−0.19 −0.07 −0.05 0.05 −0.34 −0.34 −0.02 0.13

DOCEL 0.51∗∗ 0.59∗∗∗ 0.61∗∗∗ 0.43∗ 0.24 0.36 0.23 −0.03

DNL
−0.46∗∗

−0.52∗∗
−0.47∗∗

−0.09 −0.36 −0.39 −0.17 0.06

DRSi −0.37∗ −0.43∗
−0.57∗∗∗

−0.39∗ −0.16 −0.3 −0.5∗
−0.23

Statistical significance threshold (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.005). Eparameters of the early growing season, Lparameters of the late growing season (as selected
through PCA).
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FIGURE 5 | Relationships between taxonomic richness of microbiota in five alpine lakes and average water temperature after circulation in spring (WAS) in Kelvin
(1/(KT(WAS))). (A) Relationship between Chao1 and 1/(KT(WAS)) in the early growing season. (B) Relationship between Sobs and 1/(KT(WAS)) in the early growing
season. (C) Relationship between Chao1 and 1/(KT(WAS)) in the late growing season. (D) Relationship between Sobs and 1/(KT(WAS)) in the late growing season.

were lower than corresponding values in lowland lakes (Clasen
et al., 2008) which is mostly because of lower trophic
conditions and shorter vegetation times (Weckström et al., 2016).
However, the abundances were in accordance with the microbial
abundances reported for cold environments such as high altitude
lakes in the Himalayan region (Sommaruga and Casamayor,
2009), the Qinghai-Tibet Plateau lakes (bacterial abundance
ranged from 1.59 × 105 to 3.37 × 105 cells mL−1) and lakes
in the Mount Everest region (Nepal, bacterial abundance ranged
from 2.4 × 105 to 1.15 × 106 cells mL−1) (Liu et al., 2009;
Sommaruga and Casamayor, 2009; Liu et al., 2011). The observed
Chao1 and Sobs indices were similar to those reported for the
bacterial community in lakes on Yunnan Plateau, while Shannon
was lower (Chao1: 802∼2638, Sobs: 579∼2005, average Shannon:
8.44; Zhang et al., 2015). The dominant phyla in the study
lakes included Proteobacteria, Actinobacteria, Cyanobacteria, and
Bacteroidetes, which accounted for 75–99.8% of the relative
abundance, which is similar to the findings in Tibetan lakes

and Nepal lakes (Sommaruga and Casamayor, 2009; Xiong
et al., 2012). In contrast, abundances of other phyla, such as
Verrucomicrobia and Planctomycetes, that have been reported
frequently in lowland lakes (Newton et al., 2011; Gies et al., 2014;
Zhang et al., 2015), were less abundant. In this study there was less
difference spatially among lakes in composition or in diversity
detected by NMDS or ANOVA when compared with seasonal
variation (Figures 2, 4), indicating generally high similarity in
structure and diversity of the alpine microbial communities at
the spatial scale.

Microbiota in Alpine Lakes and the
Influence of Temperature
In this study, evidence showed that temperature and/or nutrients
were drivers shaping the microbiota in the alpine lakes, which
highlighted the potential sentinel role of alpine lakes for climate
change related changes, i.e., after the ice break up during the
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FIGURE 6 | (A) Relative abundance of predicted functional genes in five alpine lakes and (B) relative abundance of metabolism related genes as a function of WAS in
Kelvin (1/(KT(WAS))) during early growing season and (C) later growing season.

early growing season (Figure 3 and Table 2). Both temperature
and nutrients impact on the microbiota assembly directly and
indirectly. For example, the nutrient level shapes microbiota
both directly through bottom up regulation and indirectly
through regulating the composition of the predators (Bouvy
et al., 2011). Temperature after ice break up was shown to be a
relevant factor determining microbial composition. Since about
two dozen of environmental variables were found correlated in
ordination analysis, the individual highlighted variables should
be interpreted with caution although an indirect and direct
increased temperature effect seems plausible. Direct effects would
be related to higher metabolic activity and higher energy flux
as outlined above. Indirect effects of increased temperature

would include interactions among organisms in the lake food
web, animal behavior, life histories, species interactions and
ecosystem carbon cycling (Kraemer et al., 2017). Predator prey
relations between zooplankton and bacteria (Kammerlander
et al., 2016), bacteria and bacteria, such as Cytophaga vs.
Cyanobacteria, and the viruses (Suttle, 2007; Bouvy et al., 2011;
Martins et al., 2018) are also known as factors driving the
assembly of microbiota in lakes. Besides direct effects it is known
that the biomass and composition of plants are regulating the
composition and diversity of planktonic bacteria in lowland
lakes (Zeng et al., 2012) and may influence the seasonality of
the pelagic microbiota in the alpine lakes as well. It seems
possible that under increased terrestrial run off conditions during
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snow melt the influence from the catchment becomes more
visible and contributes to the observed dependence of richness
on temperature conditions. Terrestrial runoff can introduce
organic matter and nutrients from soils in the catchment thereby
structuring planktonic microbiota composition (Crump et al.,
2012). In order to test the possibility that the richness or diversity
may be influenced by run-off through rainfall or snow melting
the precipitation recorded twice a day at two meteorological
stations (Schmittenhöhe, 1956 m a SL, Obertauern, 1772 m) were
compared for both seasonal periods. Average rainfall in 12 h was
calculated from ice break up to the respective sampling date.
In general, slightly higher average rainfall was recorded in the
later season, i.e., in early vs. late growing season 2.1 ± 0.2 vs.
2.4 ± 0.2 mm rainfall in 12 h were recorded for Obertauern,
and 2.5 ± 0.4 vs. 3.5 ± 0.2 mm rainfall in 12 h were recorded
at Schmittenhöhe. In addition, the maxima of rainfall which
were recorded varied between 22.1 vs. 24.1 mm during the early
and late growing season for Obertauern, and 20.2 vs. 27.8 mm,
respectively, for Schmittenhöhe. Thus, run-off influence on
microbiota composition was considered stable when compared
between both early and late growing periods.

Richness of Alpine Planktonic Microbiota
and the Influence of Water Temperature
After Ice Break Up
Metabolic Theory of Ecology is a linear mechanistic approach
addressing the correlation between metabolism of individuals,
the population growth rate, the number of taxa and temperature.
It underlines the role of temperature on the metabolic rate and
taxon richness (Gillooly et al., 2001; Brown et al., 2004; Zhou
et al., 2016). In general, for bacterial communities a few studies
reported a significant dependence of richness vs. the inverse
of annual average temperature. With their impressive example
from soil Zhou et al. (2016) list numerous directly and indirect
factors, mainly by annual average temperature, not at least by
the influence of higher plant organisms. However, in this study,
we found that the annual average temperature (YAWT) did not
contribute significantly as explanatory variable in alpine lakes
(Supplementary Figure S4) which would rather argue against
a potential influence related to specific habitat characteristics
(e.g., so called under cooled lakes, Thompson et al., 2005). On
the contrary to YAWT, WAS showed significant correlation with
richness (Figure 5), indicating the potential of water temperature
to regulate the microbial metabolic rate in the early growing
season after ice break up. Additionally, the significant correlation
between the WAS and proportion of metabolic genes (Figure 6)
implies that bacteria contributing to metabolic activity increased
along with temperature. Notably, activation energy (Ea), as
calculated from the slope and reflecting the metabolic rate, was
−3.83 for Chao1 and−3.67 for Sobs exceeding the more frequent
estimate five times (Brown et al., 2004) (Figure 5). In other words,
the influence of temperature was more visible when compared
with microbiota analyzed from lower altitudes. Compared with
lowland lakes the microbiota in alpine lakes suffers from a shorter
growing season that typically lasts from June to October (Parker
et al., 2008). It might be speculated that during the early period
after ice break up energy limitation of metabolic growth is the

dominant factor while availability of nutrients or light availability
is of minor importance. It is generally known that colder (arctic
and alpine) habitats are warming faster than warmer places
and warming phases in spring become more intense. The water
phase in colder places might show steeper increases and perhaps
higher amplitudes for a given time window when compared
with habitats less affected by climate change. Steeper increases or
decreases in temperature for a certain time period might explain
the rather steep slopes observed in the early growing phase after
ice break up. Vice versa after a certain temperature threshold
is exceeded the limiting role of temperature gets less important
as the seasonal vegetation period proceeds and nutrients and
perhaps biotic factors become more relevant.

CONCLUSION

Within the 10 years period climate change was visible through
reduced ice cover duration and increased average water
temperature. While WAS and CiA, as well as nutrients and DOC,
had a significant influence on bacterial community composition
during the early growing season, only nutrients (such as nitrate)
were found influential later in the growing season. In other
words, the limiting role of temperature became overruled by
limiting nutrients later in the growing season. MTE could explain
the dependence of taxonomic richness on bacterial metabolic
activity in mathematical terms. Interestingly the activation energy
exceeded the MTE predicted estimate by far emphasizing the
dominant role of temperature during early growing season. In
contrast later in the growing season a less significant MTE
dependency could be observed. The dominant influence of
temperature after ice break up could be explained by overall
climate change effects, such as a more intense warming in spring
and an overall higher amplitude of temperature variation.
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Picophytoplankton in Lake Fuxian, a
Deep and Oligotrophic Mountain
Lake
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1 State Key Laboratory of Lake Science and Environment, Nanjing Institute of Geography and Limnology, Chinese Academy
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Spatial and seasonal dynamics of picophytoplankton were investigated by flow
cytometry over a year in Lake Fuxian, a deep and oligotrophic mountain lake in
southwest China. The contribution of picophytoplankton to the total Chl-a biomass
and primary production were 50.1 and 66.1%, respectively. Picophytoplankton were
mainly composed of phycoerythrin-rich picocyanobacteria (PE-cells) and photosynthetic
picoeukaryotes (PPEs). PPEs were dominant in spring, reaching a maximum
cell density of 3.0 × 104 cell mL−1, while PE-cells were prevalent in other
seasons. PE-cell abundance was relatively similar throughout the year, except for
a decrease in summer during the stratification period, when nutrient concentration
was low. High-throughput sequencing results from the sorted samples revealed that
Synechococcus was the major PE-cell type, while Chrysophyceae, Dinophyceae,
Chlorophyceae, Eustigmatophyceae, and Prymnesiophyceae were equally important
PPEs. In spring, PPEs were mainly composed of Chlorophyceae and Trebouxiophyceae,
while in summer, their dominance was replaced by that of Chrysophyceae and
Prymnesiophyceae. Eustigmatophyceae and Chlorophyceae became the major PPEs
in autumn, and Dinophyceae became the most abundant in winter. Single cells of
Microcystis were usually detected in summer in the south, suggesting the deterioration
of the water quality in Lake Fuxian.

Keywords: photosynthetic picoeukaryotes, picocyanobacteria, Lake Fuxian, community structure, seasonal
succession

INTRODUCTION

Picophytoplankton (0.2–3 µm), comprising picocyanobacteria and photosynthetic picoeukaryotes
(PPEs), are ubiquitous and important components of aquatic ecosystems. They contribute to 10–
90% of the total plankton biomass and production in oceans and freshwaters (Stockner et al.,
2000; Callieri, 2007). Picophytoplankton constitute an important energy resource in the aquatic
microbial loop, and thus, are important in the biogeochemical processes (Cotner and Biddanda,
2002). Their contributions to the total biomass and production of plankton decline systematically
with lakes of higher trophic status (Vörös et al., 1998; Bell and Kalff, 2001; Callieri et al.,
2007). Environmental factors, such as water temperature, light limitation, nutrients and biotic
factors, including grazing and viral-induced lysis, are all regarded as important factors controlling
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picophytoplankton abundances (Stockner and Shortreed, 1989;
Lefranc et al., 2005; Lepère et al., 2006; Mózes et al., 2006;
Callieri et al., 2012; Li et al., 2016).

The understanding of the taxonomy and dynamics of
picophytoplankton is largely enriched due to the developments
in molecular biology (Callieri, 2007; Lepère et al., 2010; Li et al.,
2017; Zhang et al., 2019). Synechococcus is the most abundant
photosynthetic prokaryotes living in oceans and lakes, and
their relative abundance among the total autotrophic biomass
increases with decreasing trophic state in aquatic systems (Bell
and Kalff, 2001; Callieri, 2007). In fact, freshwater Synechococcus
strains were polyphyletic and cannot be considered a natural
taxon (Callieri, 2017). In contrast, studies regarding PPEs were
mainly focused on marine ecosystems during recent decades
and to a lesser extent in lacustrine environments (Li et al.,
2017). In recent years, the combination of flow cytometric
sorting and high-throughput sequencing has allowed progress
in understanding the diversity and composition of PPEs in
eutrophic shallow lakes (Li et al., 2017; Shi et al., 2018). However,
the PPEs community composition in oligotrophic and deep lakes
has rarely been investigated, especially in China.

In addition, previous studies related to picophytoplankton
in freshwater lakes have mostly focused on temperate lakes.
The seasonal cycle of picocyanobacteria populations has been
studied in temperate lakes of all trophic types, and a diverse
successional patterns have been noted (Weisse, 1988; Weisse and
Kenter, 1991; Callieri and Stockner, 2002; Winder, 2009). There
is relatively scarce information on the abundance and population
dynamics of picophytoplankton in tropical freshwater systems. In
fact, subtropical water ecosystems are different from temperate
ecosystems in many aspects, e.g., temperature, light and the food
web (Bonilla et al., 2016; Iglesias et al., 2017). The aim of the
present study is to expand our knowledge of the abundance
and composition of the picophytoplankton community in warm
subtropical and deep oligotrophic lakes.

MATERIALS AND METHODS

Study Site Description
Lake Fuxian is a subtropical and oligotrophic freshwater lake
located in central Yunnan Province (24◦17′-37′N, 102◦ 49′-57′E,
altitude 1721 m, surface area 212 km2, volume 189 × 108 m3). It
is the second deepest lake in China, with maximum and average
depths of 155 and 89.7 m, respectively. The water retention time
of Lake Fuxian is ∼167 years. The annual average rainfall is
951.4 cm. Lake Fuxian is considered warm-monomictic, with
mixing during the cool dry season and thermal stratification from
May to September.

Environmental Variables
Water samples from 50 cm depth were collected in March, July,
October and December of 2015 at 5 sites along a N-S axis of the
lake (Figure 1). Water temperature (T), pH, dissolved oxygen
(DO), total dissolved solids (TDS), nephelometric turbidity units
(NTU),conductivity (COND) and oxidation-reduction potential
(ORP) were determined in situ using a multiparameter water

quality probe (YSI 6600, Yellow Springs, OH, United States).
A Secchi disk (SD) was used to measure the water transparency
in situ. Water samples were collected in sterile bottles and
transported immediately to the laboratory near shore on ice
for further analysis. Total nitrogen (TN) and total phosphorous
(TP) nitrate-nitrogen (NO3

−-N), ammonium-nitrogen (NH4
+-

N), and orthophosphate (PO4
3−-P), and dissolved organic

carbon (DOC) were determined as described before (Li et al.,
2016). Subsamples used for flow cytometric analysis were
fixed with paraformaldehyde (1% final concentration, 10% PBS,
pH 7.5), quick-frozen with liquid nitrogen, and then kept at
−80◦C until analysis.

Pigment Analysis
Chlorophyll a (Chl-a) was estimated as a proxy of size-
fractionated phytoplankton biomass. The large planktonic size
fraction was firstly collected under a gentle vacuum on 3 µm
Millipore IsoporeTM membrane filters (Merck Millipore Ltd.,
Tullagreen, Carrigtwohill Co., Cork, IRL). Subsamples of the
filtrate representing the pico-planktonic size fraction were further
filtered through 0.2 µm Millipore IsoporeTM membrane filters.
The different size-fractionated biomass were summed to calculate
the total phytoplankton biomass. The Chl-a of the membrane
filters were extracted overnight in 90% acetone and determined
spectrometrically as described in Yan et al. (2004). Water samples
collected directly on GF/C glass fiber filters (1.2 µm pore
size; Whatman, Maidstone, England, United Kingdom) were
used for phycocyanin analysis, which were extracted in Tris
buffer (0.05 M, pH 7.0) and measured spectrofluorometrically as
described in Yan et al. (2004)

Primary Production Measurement
Primary production was determined as described in Li et al.
(2015). Briefly, the oxygen production based on light-dark
bottle incubation was determined to represent the plankton
production. The 22-mL Perkin-Elmer headspace vials (Jansson
et al., 2012) were filled with either integrated water samples
representing the whole phytoplankton or filtrates representing
the pico-planktonic size fraction. The vials were then submerged
in waters near shore and incubated for 4 h under light and
dark conditions. A micro fiberoptic oxygen transmitter with
an oxygen sensor (PreSens Micro TX3, Germany) was used to
determine the oxygen concentrations at the start and end of the
incubation. The gross community production was determined by
calculating the difference between bottles, assuming respiration
to be the same in the light and dark bottles. All analyses were
performed in triplicates.

Flow Cytometric Analysis
The frozen samples were thawed on ice and then filtered
through a 48 µm pore-sized sieve as pretreatment to
eliminate large particles (such as metazoan zooplankton
and algal aggregates) and to avoid blocking the nozzle.
A FACSJazzSE flow cytometer (Becton Dickinson, United States)
equipped with two lasers emitting at 488 nm and 640 nm,
respectively, was used for the analysis. Full details of the
discrimination and counting of different picophytoplankton
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FIGURE 1 | Location of Lake Fuxian in China and the sampling sites. (A) Location of Lake Fuxian in China. (B) Distribution of the sampling sites in Lake Fuxian.

groups can be found in Li et al. (2015). Two groups of
picophytoplankton, photosynthetic picoeukaryotes (PPEs)
and phycoerythrin-rich picocyanobacteria (PE-cells), were
clearly distinguished by the flow cytometry. They were also
detected frequently during the investigation (Supplementary
Figure 1). PPEs were identified with higher forward scattering
(FSC) signals and far-red autofluorescence from Chl-a, while
PE-cells were with lower FSC and rich phycoerythrin (PE)
fluorescence (Supplementary Figure 1). PPEs and PE-cells
(100,000 to 150,000 cells) were sorted in enrichment mode
directly into Eppendorf tubes containing 180 µL of lysis
buffer (Tris-HCl, pH 8; EDTA-Na2 2 mM; Triton X-100, 1.2%)

(Marie et al., 2010; Shi et al., 2018). They were stored at −20◦C
until DNA extraction.

DNA Extraction, PCR, and
Pyrosequencing
DNA was extracted from the sorted samples using the DNeasy
Blood and Tissue Extraction Kit (Qiagen, Germany) as modified
by Marie et al. (2010). The V4 region of 16S rDNA was amplified
using the cyanobacteria specific primers CYA 781R(a) 5′-GAC
TAC TGG GGT ATC TAA TCC CAT T-3′ and CYA 781R(b) 5′-
GAC TAC AGG GGT ATC TAA TCC CTT-3′. The V4 region
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of the 18S rDNA was amplified using the universal eukaryote
primers Ek-NSF573 (5′-CGCGGTAATTCCAGCTCCA-3′) and
Ek-NSR951 (5′-TTGGYRAATGCTTTCGC-3′) (Mangot et al.,
2013). The amplicons were purified using the PCR purification kit
(Agencourt AMPure XP, Beckman) following the manufacturer’s
instructions. They were subjected to paired-end sequencing on an
Illumina MiSeq platform. The subsequent sequence processing
and taxonomic affiliation were described in Shi et al. (2019).
Singletons were removed before further analysis. Sequences have
been deposited at NCBI under BioProject number PRJNA534173.

Data Analysis
All of the statistical analyses and visualizations were implemented
in the R environment (version 3.2.11). The relationships
between the environmental variables and the abundances of
the picophytoplankton groups were assessed by Spearman
correlations. The sequence data were Hellinger-transformed
before further multiple statistical analyses to decrease the effect
of rare species (Legendre and Gallagher, 2001). The correlations
between the environmental factors and PPE community
composition were explored using a Redundancy analysis (RDA).

RESULTS

Physical and Chemical Characteristics
The main physical and chemical parameters in Lake Fuxian
were monitored in 4 months representing different seasons in
2015. The mean, minimum and maximum values recorded for
each variable are listed in Table 1. As a typical subtropical
lake, the water temperature of Lake Fuxian showed a small
variation throughout the year, ranging between 15◦C and
23◦C. As Lake Fuxian is an oligotrophic lake, the nutrient

1http://www.r-project.org

TABLE 1 | The key environmental factors among different seasons of
Lake Fuxian in 2015.

Spring Summer Autumn Winter

T (◦C) 15.1 ± 0.4 21.9 ± 2.8 20.7 ± 2.4 16.3 ± 0.0

pH 8.53 ± 0.02 8.33 ± 0.69 9.30 ± 0.38 8.98 ± 0.74

NTU 5.39 ± 3.21 30.71 ± 1.44 16.75 ± 2.34 23.53 ± 7.07

ORP (mV) 236.20 ± 70.08 50.30 ± 25.52 1.23 ± 11.75 −4.78 ± 16.27

Cond
(mS cm−1)

0.27 ± 0.00 0.31 ± 0.01 0.30 ± 0.01 0.27 ± 0.00

DO (mg L−1) 9.77 ± 0.45 7.81 ± 1.22 6.80 ± 2.53 8.39 ± 0.06

DOC (PPM) 4.53 ± 1.75 15.86 ± 8.70 6.91 ± 1.69 6.96 ± 1.72

TN (mg L−1) 0.33 ± 0.11 0.22 ± 0.07 0.34 ± 0.07 0.39 ± 0.04

TP (mg L−1) 0.02 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.02 ± 0.00

NO3-N
(mg L−1)

0.06 ± 0.06 0.04 ± 0.04 0.10 ± 0.03 0.10 ± 0.06

PO4-P
(µg L−1)

1.00 ± 0.58 3.22 ± 0.91 2.11 ± 0.65 3.83 ± 1.43

NH4-N
(mg L−1)

0.04 ± 0.01 0.03 ± 0.01 0.06 ± 0.05 0.02 ± 0.01

The values are listed as mean ± sd.

concentrations are relatively low. The TP and TN concentrations
were approximately 0.01 and 0.3 mg L−1, respectively.

Picophytoplankton Biomass, Production
and Abundances
The total phytoplankton Chl-a concentration was quite low in
Lake Fuxian, with the average level being 2.63 µg L−1. The Chl-
a biomass of picophytoplankton was highest in spring, with an
average of 2.47 µg L−1, whereas it maintained at a relatively
low level in the other three seasons and reached its minimum in
winter, with an average of 0.70 µg L−1 (Figure 2A). Likewise, the
proportion of picophytoplankton to total phytoplankton Chl-a
concentrations was lowest in winter, with an average of 36.3%,
and highest in summer, with an average of 58.6% (Figure 1A). In
addition, picophytoplankton also contributed greatly to the total
phytoplankton primary production in Lake Fuxian (Figure 2B).
Picophytoplankton production showed a similar dynamic with
its Chl-a biomass and was highest in spring, with an average
of 0.52 mg O2 L−1 h−1, followed by autumn and winter.
Unfortunately, the primary production data in summer were
missing due to a malfunction. The total phytoplankton primary
production was clearly dominated by picophytoplankton, with
its contributions being over 50% during most of the investigated
year (Figure 2B).

Based on the flow cytometric scatter and fluorescence signals,
two major picophytoplankton groups were identified in Lake
Fuxian: PPEs and PE-cells (Supplementary Figure 1). These two
groups were detected throughout the whole year at all sampling
sites. The abundance of total picophytoplankton fluctuated
throughout the year, and the highest levels were also achieved in
spring, with approximately 3.0 × 104 cells mL−1 (Figure 3). The
dynamics of PE-cells and PPE abundances were similar to total
abundances with concentrations ranging from 0.5 to 1.5 × 103

cells mL−1 and 0.2 to 1.8 × 103 cells mL−1, respectively. PE-
cells dominated picophytoplankton in abundance in most of the
seasons except in spring (Figure 3).

Relationships Between
Picophytoplankton Abundances and
Environmental Factors
The Spearman correlation analyses showed that the abundances
of PPEs and PE-cells showed significant relationships with
many environmental variables (Table 2). Specifically, PPE
abundance was significantly negatively correlated with PO4-P
and positively correlated with Cond and DO concentrations,
whereas PE-cell abundance showed little significance with
those factors but was significantly positively correlated with
TN and NO3-N concentrations. In addition, PPE and PE-
cell abundances exhibited similar correlations with other
environmental factors (Table 2).

The Community Structure of
Picocyanobacteria
A total of 1,502,233 sequences were retrieved for the 16S
rRNA from GenBank, over 99% of which were associated
with cyanobacteria and grouped into 44 OTUs. Synechococcus

Frontiers in Microbiology | www.frontiersin.org 4 September 2019 | Volume 10 | Article 2016160

http://www.r-project.org
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-02016 September 4, 2019 Time: 12:54 # 5

Shi et al. Picophytoplankton in Lake Fuxian

FIGURE 2 | (A) The size fractioned Chl-a concentrations (the columns) and the contribution of picophytoplankton to total phytoplankton Chl-a (the points) in Lake
Fuxian. (B) The size fractioned net primary production (NPP, the columns) and the contribution of picophytoplankton to total phytoplankton primary production (the
points) in Lake Fuxian.

FIGURE 3 | The abundances of photosynthetic picoeukaryotes (PPEs) and picocyanobacteria (PCY) in different seasons in Lake Fuxian. The points indicated the
contributions of PCY to total picophytoplankton abundances.

turned out to be the most dominant cyanobacteria genus
in Lake Fuxian, which accounted for 77.0% of the total
cyanobacterial sequences. Unfortunately, the identification of
cluster for the representative OTUs were not achieved, since
the sequence of 400 bp is too short to build up a robust
phylogenetic tree with high bootstrap values. In summer, at
Station S1, 80.3% of the cyanobacteria sequences were related
to unclassified Chloroplast, while only 18.1% of sequences
belonged to Synechococcus. At Station S5, the majority of
sequences were associated with Microcystis. In autumn and
winter, more than 90% of cyanobacterial sequences were all
linked to Synechococcus (Figure 4).

The Community Structure of PPEs
The diversity of PPEs was described based on a total of 730,293
quality-filtered reads grouped into 480 OTUs. Interestingly, the

number of sequences affiliated with PPEs was quite low, and
over 50% of the sequences were affiliated with non-pigmented
picoeukaryotes. PPEs contributed to 37.87% of the total reads
and represented only 165 OTUs. The taxonomic composition
of the PPEs retrieved from Lake Fuxian is shown in Table 3.
About 9.54% of the sequences were not assigned to any known
PPE assemblages and were identified as unclassified PPEs
in the present study. When compared at a high taxonomic
level (i.e., class), Dinophyceae, Chrysophyceae, Chlorophyceae,
Eustigmatophyceae, and Haptophyceae represented most of the
PPE diversity in Lake Fuxian. In spring, PPEs were mainly
composed of Chlorophyceae and Trebouxiophyceae, while in
summer, their dominance was replaced by that of Chrysophyceae
and Haptophyceae. Eustigmatophyceae and Chlorophyceae
became the major PPEs in autumn, and Dinophyceae became the
most abundant in winter (Figure 5).
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TABLE 2 | The correlations between environmental factors and the abundance of
picophytoplankton.

PPEs PE-cells

T −0.489,∗∗ −0.539∗∗

pH −0.172 0.135

ORP −0.485∗∗ −0.607∗∗

Cond 0.768∗∗ 0.262

DO 0.368∗ 0.153

NTU −0.865∗∗ −0.748∗∗

DOC −0.453∗∗ −0.519∗∗

TN 0.201 0.572∗∗

TP 0.375∗ 0.358∗

NO3-N −0.047 0.370∗

PO4-P −0.690∗∗ −0.293

NH4-N 0.284 0.28

∗P value <0.01, ∗∗P value <0.05.

During the investigated year, the top 10 most abundant
PPE OTUs detected in Lake Fuxian were mainly affiliated
with Dinophyceae (OTU197, OTU194, OTU262, OTU267),
Chlorophyceae (OTU203 and OTU23), Chrysophyceae
(OTU80), Eustigmatophyceae (OTU14), Haptophyceae
(OTU190) and Synurophyceae (OTU87). Specifically, the
four dominant Dinophyceae OTUs were all affiliated with
uncultured eukaryotes according to the BLAST results (Table 4).
Except for Eustigmatophyceae OTU4, the other 5 dominant
OTUs were all aligned to known species with high identity.

The Relationship of PPE Community
Structure and Environmental Factors
Based on the DCA analysis, the length of the first axis was 2.43;
thus, we used the RDA analysis to investigate the correlation
between the PPE communities and environmental factors, which
showed a significant correlation (p = 0.008). After a forward

TABLE 3 | Taxonomic composition of putative photosynthetic picoeukaryotes
retrieved in Lake Fuxian.

Numbers Percentages (%)

OTUs Reads OTUs Reads

Bacillariophyta 10 7377 2.08 1.01

Bacillariophyceae 2 3279 0.42 0.45

Coscinodiscophyceae 7 2812 1.46 0.39

Fragilariophyceae 1 1286 0.21 0.18

Chlorophyta 59 46555 12.29 6.37

Chlorophyceae 38 37821 7.92 5.18

Mamiellophyceae 6 2371 1.25 0.32

Pedinophyceae 1 12 0.21 0.00

Trebouxiophyceae 8 6275 1.67 0.86

Ulvophyceae 3 19 0.63 0.00

Unassigned 3 57 0.63 0.01

Chrysophyceae 43 75481 8.96 10.34

Cryptophyta 11 1303 2.29 0.18

Dictyochophyceae 4 1383 0.83 0.19

Dinophyceae 27 82869 5.63 11.35

Eustigmatophyceae 3 27259 0.63 3.73

Haptophyceae 2 27229 0.42 3.73

Synurophyceae 6 7128 1.25 0.98

Unassigned 22 69642 4.58 9.54

Sum 187 346226 38.96 47.41

selection based on the variance inflation factor (VIF) values, six
factors, including DOC, TN, T, DO, NTU and PO4, were retained
and entered into the model. The first two axes explained 20.36%
and 12.59% of the PPE community variances, respectively, in
Lake Fuxian (Figure 6). The results indicated that the samples
from the same season tended to cluster together; specifically,
spring and autumn samples were closer to each other and
exhibited more similar PPE community compositions.

FIGURE 4 | The taxonomic composition of PE-cells from the sorted samples in Lake Fuxian.
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FIGURE 5 | The taxonomic composition at class level of PPEs from the sorted samples in Lake Fuxian.

TABLE 4 | Taxa of the 10 most abundant PPEs OTUs in Lake Fuxian, 2016.

OTU ID Reads (%) Class Blast closest relative (identity) Accession number

OTU80 8.38 Chrysophyceae Dinobryon sociale (100%) MK464020.1

OTU197 7.57 Dinophyceae Uncultured eukaryote (99.71%) JF317691.1

OTU190 3.73 Haptophyceae Chrysochromulina parva (100%) MH206612.1

OTU14 3.55 Eustigmatophyceae Eustigmatophyceae sp. (87.29%) KF757253.1

OTU203 1.64 Chlorophyceae Tetradesmus obliquus (100%) MK541731.1

OTU194 1.05 Dinophyceae Uncultured eukaryote (100%) JF317773.1

OTU262 0.80 Dinophyceae Uncultured eukaryote (100%) MG418714.1

OTU87 0.77 Synurophyceae Poterioochromonas malhamensis (100%) MH536661.1

OTU267 0.60 Dinophyceae Uncultured eukaryote (99.71%) JF317733.1

OTU233 0.51 Chlorophyceae Volvox aureus (100%) LC086362.1

DISCUSSION

The Contribution of Picophytoplankton in
Lake Fuxian
Different populations of picophytoplankton in Lake Fuxian
were identified based on their FSC (a proxy for cell size)
signals and predominant pigments autofluorescence through
flow cytometry. They were composed of phycoerythrin-rich
prokaryotic and eukaryotic picophytoplankton. The relative
proportion of picophytoplankton to total phytoplankton
increases with decreasing trophic status of aquatic systems
(Callieri, 2007; Ivanikova et al., 2007; Sterner, 2010; Shi et al.,
2018). Unicellular picocyanobacteria and picoeukaryotes can
outcompete the large phytoplankton in the ultraoligotrophic

extreme of the trophic gradient (Suttle and Harrison, 1988;
Suttle et al., 1988). One of the advantages of small cell
size in low nutrient environments is that these organisms
are less limited by molecular diffusion of nutrients because
of the increase of the surface-to-volume ratio (Raven, 1998).
Furthermore, better acclimation of picophytoplankton than that
of the larger phytoplankton (>3 µm) to low-temperature and
low-light winter environment was also confirmed by their higher
maximum photosynthetic rate and light utilization parameter
(Somogyi et al., 2016). Picophytoplankton concentrations in
Lake Fuxian were in the 104 cells mL−1 range during the
investigated year, which were lower than that in the oligotrophic
tropical lakes and eutrophic subtropical lakes, being in the
105 cells mL−1 range (Sarmento et al., 2008; Li et al., 2016). The
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FIGURE 6 | RDA triplots of samples, environmental parameters and the main
taxa of PPEs in Lake Fuxian. Bacill, Bacillariophyceae; Cosc,
Coscinodiscophyceae; Chl, Chlorophyceae; Mam, Mamiellophyceae; Treb,
Trebouxiophyceae; Chrys, Chrysophyceae; Crypt, Cryptophyceae; Dicty,
Dictyochophyceae; Din, Dinophyceae; Eust, Eustigmatophyceae; Hapt,
Haptophyta; Syn, Synurophyceae; oth, other PPEs.

model of picophytoplankton contribution to total production
in freshwater is largely based on results from a study of
eight New Zealand lakes (Petersen, 1991). In a trophic
gradient, expressed as increasing Chl-a concentration from 0.57–
103 µg L−1, Petersen found an inverse relationship between
picoplankton contribution to total carbon fixation and lake
trophic state. In the present study in Lake Fuxian, which is an
oligotrophic lake with low TN and TP concentrations, the mean
contribution of picophytoplankton to total Chl-a biomass and
primary production were 36.3% and 66.1%, respectively, which
was significantly higher than that in the eutrophic lakes, Lake
Taihu and Lake Chaohu (Li et al., 2016).

Picocyanobacteria Dominate
Picophytoplankton Abundances in Lake
Fuxian
The present study showed that picocyanobacteria were prevalent
in Lake Fuxian in most seasons. The prokaryotic structure of the
picocyanobacteria cells provides them with the minimum costs
for metabolism, and this factor has been considered as the main
reason for their success in oligotrophic conditions (Weisse and
Kenter, 1991). Besides, the ability to adapt to low-P conditions
by accessing multiple forms of organic P also contributed to their
success in oligotrophic conditions (Kutovaya et al., 2013; Callieri,
2017). In a 4-year study of picophytoplankton communities in
Lake Maggiore, the abundance of picocyanobacteria gradually
increased as the lake’s nutrient loads declined (Stockner, 1991).
Lake typology and morphogenesis are also key factors influencing
the picophytoplankton. Picocyanobacterial development was
favored by the stability of the vertical structure of the lakes
and by a high hydrological retention time. Large, deep lakes
generally constitute preferred environments for the succession

of picocyanobacteria (Stockner, 1991). In temperate lakes, the
seasonal cycle of picocyanobacteria usually showed a bimodal
pattern. They firstly peaked in spring or early summer,
corresponding to the start of stratification, followed by a second
peak during autumn (Stockner et al., 2000). In Lake Fuxian,
picocyanobacteria showed equal abundances in winter as in
spring and autumn because the temperature in winter is as high
as 16◦C in the subtropical region. The relatively low cell density
in summer corresponded to the low nutrient concentration
during the stratification period because our results showed
that picocyanobacteria abundance was significantly positively
correlated with TN and NO3-N concentrations.

The Chroococcales order has been considered as polyphyletic,
with disperse clades among Cyanobacteria, based on
phylogenetic analysis of the 16S rDNA sequences (Urbach
et al., 1998). However, Synechococcus and Cyanobium are
the two genera dominate the prokaryotic picophytoplankton
in freshwater (Komárek, 1996). Our results indicated that
Synechococcus was the major picocyanobacteria in Lake Fuxian
in autumn and winter. Freshwater Synechococcus strains have
developed the production of pigments to exploit various
underwater light niches, thus being successful in different
light fields along trophic gradients of lakes (Callieri, 2017). In
summer, many sequences affiliated with Microcystis, which is
a typical bloom species, were retrieved in Station S5. In fact,
single Microcystis cells were also detected by flow cytometry in
the late spring and autumn in the highly eutrophic lakes, Lake
Chaohu and Lake Taihu (Li et al., 2016), and thus, the detection
of Microcystis suggests a potential deterioration of water quality
in Lake Fuxian. The water quality of Lake Fuxian is shown to
be consistently good but is threatened by increasing pollution,
as shown by the increasing trend of pollutants over the past
25 years (Chen et al., 2019). Since Lake Fuxian is designated as a
drinking water conservation area, it is critical to take actions for
pollution control.

PPEs Community Structure in Lake
Fuxian
Factors controlling PPE distribution differed markedly from
those affecting picocyanobacteria both in space and time, largely
because of their different nutritional and light requirements and
potential growth rates (Weisse and Kenter, 1991). PPEs are
often approximately one order of magnitude less abundant than
picocyanobacteria, and in temperate regions, they tend to show a
single population peak during spring isothermal mixing and early
thermal stratification (Stockner, 1991; Fogg, 1995). Our results
were consistent with this pattern, with PPEs in Lake Fuxian
showing their peak abundances in spring.

To date, the community structure of PPEs in oligotrophic
lakes has been little known. A previous study of Lake Pavin
revealed that Chrysophyceae and Cryptophyta were major small
pigmented eukaryotes (Lepère et al., 2006). However, classical
methods using cloning and sequencing of the 18S rRNA genes
in filtered water samples could cause an underestimation of
PPEs because universal eukaryotic primers are heavily biased
toward heterotrophs (Shi et al., 2009). Flow cytometric sorting
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has been proven to be a key advance in analyzing the PPEs
community, and this approach produced a notable reduction in
the contribution of heterotrophic groups within 18S rRNA gene
clone libraries and allowed the recovery of several novel lineages
(Shi et al., 2009).

Consistent with the presence of Chrysophyceae (Lepère
et al., 2006), we also revealed the dominances of Dinophyceae,
Eustigmatophyceae, Chlorophyceae and Haptophyceae in Lake
Fuxian. In comparison, the PPE community structure was mainly
composed of Chlorophyceae and Bacillariophyceae in eutrophic
lakes (Li et al., 2017; Shi et al., 2018, 2019). Therefore, freshwater
ecosystems with various trophic states contain different PPE
community structures. Research from marine ecosystems also
showed that PPE community structure can be quite different
in regions with different trophic statuses. In oligotrophic water,
Prasinophyceae (IX), clades of marine Chrysophyceae and
Haptophyta dominated, whereas in the coastal region, groups
with cultivated representatives such as Mamiellales prevailed
(Shi et al., 2009). In addition, the community of PPEs in
Lake Fuxian also exhibited a seasonal dynamic and were
dominated by various taxa in different seasons. The RDA
analysis indicated that the dominance of PPE taxa in different
seasons was significantly correlated with environmental changes,
which indicated that these PPE taxa can occupy different
ecological niches.

The most abundant OTU in Lake Fuxian was affiliated
with Dinobryon sociale. Dinobryon has been reported to be
present in oligotrophic lakes and has high affinity for low
ambient concentrations of inorganic phosphate and a capacity
to absorb organically bound phosphate (Lehman, 1976; Dokulil
and Skolaut, 1991). A bloom of Dinobryon sociale was recorded in
Lake Balaton in 1993, caused by the release of resting cysts from
sediment to the water by a coastal dredging operation (Reynolds
et al., 1993). Four OTUs were associated with Dinophyceae,
contributing approximately 10% of the total reads. Dinophyceae
was widely present in the oligotrophic mountain lakes of the
northern and southern slopes of the eastern Alps (Tolotti et al.,
2003). Another dominant OTU belongs to Chrysochromulina
parva. This is a common species in oligotrophic lakes that
is mixotrophic and has potential toxicity (Parke et al., 1962;
Hansen et al., 1994; Queimaliños, 2002). One potential advantage
of mixotrophy is the acquisition of nitrogen and phosphorus
from particulate food when concentrations of dissolved nutrients
are low (Sanders et al., 2000). Consistent with our results,
Eustigmatophyceae was reported to be a common member of
the phytoplankton community in Lake Baikal and occurred
throughout the year (Fietz et al., 2010). Chlorophyceae, including

Volvox aureus and Tetradesmus obliquus, is widely distributed
in the freshwater ecosystem, and the latter is considered
a promising green microalgae for sustainable production of
biofuels (Di et al., 2017).

In summary, picophytoplankton was a major contributor
to phytoplankton biomass and primary production in Lake
Fuxian, a deep and oligotrophic mountain lake in the southwest
China. PPEs were dominant in spring, while phycoerythrin-rich
Synechococcus was prevalent in other seasons. PPEs community
composition exhibited a seasonal variation. In spring, PPEs
were mainly composed of Chlorophyceae and Trebouxiophyceae,
while in summer, their dominance was replaced by that
of Chrysophyceae and Prymnesiophyceae. Eustigmatophyceae
and Chlorophyceae became the major PPEs in autumn, and
Dinophyceae became the most abundant in winter. Furthermore,
single Microcystis cells were also detected in the lake in summer,
suggesting the deterioration of the water quality in Lake Fuxian.
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This study examined diel shifts in metabolic functions of Microcystis spp. during a 48-h
Lagrangian survey of a toxin-producing cyanobacterial bloom in western Lake Erie in
the aftermath of the 2014 Toledo Water Crisis. Transcripts mapped to the genomes of
recently sequenced lower Great Lakes Microcystis isolates showed distinct patterns
of gene expression between samples collected across day (10:00 h, 16:00 h) and
night (22:00 h, 04:00 h). Daytime transcripts were enriched in functions related to
Photosystem II (e.g., psbA), nitrogen and phosphate acquisition, cell division (ftsHZ),
heat shock response (dnaK, groEL), and uptake of inorganic carbon (rbc, bicA). Genes
transcribed during nighttime included those involved in phycobilisome protein synthesis
and Photosystem I core subunits. Hierarchical clustering and principal component
analysis (PCA) showed a tightly clustered group of nighttime expressed genes, whereas
daytime transcripts were separated from each other over the 48-h duration. Lack
of uniform clustering within the daytime transcripts suggested that the partitioning
of gene expression in Microcystis is dependent on both circadian regulation and
physicochemical changes within the environment.

Keywords: Microcystis, metatranscriptomics, microcystin, cyanobacterial blooms, Lake Erie

INTRODUCTION

Cyanobacterial harmful algal blooms (cHABs), dominated primarily by Microcystis, have recurred
annually in the open waters of western Lake Erie since the mid-1990s (Brittain et al., 2000; Steffen
M.M. et al., 2014) with blooms increasing in severity and duration over the past decade (Michalak
et al., 2013; Bullerjahn et al., 2016). Within a bloom, a subset of strains of Microcystis spp. are
capable of producing microcystins, which are known hepatotoxins and potential tumor promoters
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(Falconer, 1994; Fan et al., 2014). Consequently, within the
western Lake Erie watershed, cHABs result in increased costs
for water treatment and are responsible for economic declines
related to tourism, property values, and recreational fisheries
(Bingham et al., 2015; Wolf and Klaiber, 2017).

Microcystis spp. can dominate late summer phytoplankton
communities due to a variety of adaptive strategies. Cells
over-winter in the sediments where they can be recruited to
surface waters during the summer as light availability and
temperatures increase (Brunberg and Blomqvist, 2003; Rinta-
Kanto et al., 2009; Kitchens et al., 2018). Microcystis can also
promote and tolerate the formation of pH extremes that preclude
the growth of competing eukaryotes (Krausfeldt et al., 2019).
Buoyancy resulting from gas vesicles allows cells to control their
position in the water column, thus shaping light and nutrient
availability (Reynolds et al., 1987; Brookes and Ganf, 2001).
The genomic architecture of Microcystis aeruginosa is thought
to be “plastic” due to horizontal gene transfer as well as the
activity of transposases and restriction modification enzymes
encoded within its genome (Kaneko et al., 2007; Frangeul
et al., 2008; Steffen M. et al., 2014; Meyer et al., 2017). These
functions are presumed to generate genetic diversity within
the cyanobacterial population via deletion, duplication and/or
acquisition of genes from the endemic community into the
genome. Together, these mechanisms offer adaptive strategies
to maintain competitive dominance (Humbert et al., 2013).
Microcystis spp. also possess a variety of genes and pathways
to compete for light and nutrients, including uptake systems
for various nitrogen and carbon species (Valladares et al.,
2002; Badger and Price, 2003). Increasing temperatures are
also favorable for growth of M. aeruginosa, whose optimum
growth temperature (>25◦C) is typically higher than that of
other phytoplankton species (Reynolds, 2006; Jöhnk et al.,
2008). In many lakes, increasing temperatures consistent with
climate change will likely strengthen vertical stratification thereby
reducing mixing and allowing phytoplankton growth at the
surface to remain undisturbed, promoting formation of surface
blooms (Huisman and Hulot, 2005; Paerl and Huisman, 2008).

A critical adaptation of bloom-forming phytoplankton is
the regulation of processes according to diel light availability.
Circadian oscillators are genetic regulators of expression
operating at a period of about 24 h. The circadian “clock”
functions as a regulator that anticipates daily environmental
changes that can shape cell metabolism. Circadian rhythms
function as a constant, entrained by cycles of light/dark,
independent of temperature effects (Bünning, 1973; Pittendrigh,
1981; Johnson and Hastings, 1986; Sweeney, 2013). These
functions were initially observed in eukaryotes and thought to
occur only within Eukarya (Konopka and Benzer, 1971), until
their discovery in cyanobacteria (Kondo et al., 1993; Lorne et al.,
2000). The kaiABC gene cluster and its physiological outputs
within cyanobacteria have been shown to specifically control the
rhythmicity of cell functions (Ishiura et al., 1998; reviewed in
Welkie et al., 2019). The photosynthetic nature of cyanobacteria
presumes the circadian pacemaker will initiate expression of
some genes to anticipate dawn to maximize daytime functions
such as photosynthetic light harvesting. Other physiological

functions have been shown to yield maximum expression at
subjective midday (Kucho et al., 2005). The cyanobacteria clock
controls global gene expression by regulating the activity of all
promoters (Liu et al., 1995; Xu et al., 2003; Labiosa et al., 2006).

Multiple cellular functions within cyanobacteria are coupled
to circadian rhythms, including nutrient acquisition and
assimilation, amino acid uptake, respiration, carbohydrate
synthesis, replication, and cell division (Chen et al., 1991; Kramer
et al., 1996; Golden et al., 1997; Ishiura et al., 1998). While
fluctuating environmental conditions (light, temperature, pH,
nutrient availability) may invoke stress responses, it is important
to understand the mechanisms and range of circadian control
that may mask or overlay expression resulting from transient
stress. Indeed, patterns of gene expression under changing
conditions of light, temperature and nutrient starvation are
distinct from those under global circadian control. With respect
to cHAB events, it is important to differentiate these two patterns
(Labiosa et al., 2006; Penn et al., 2014). Additionally, diel patterns
of expression can exist in cyanobacteria in the absence of a
circadian clock (Holtzendorff et al., 2008). Whereas this study
alone cannot sort out what functions are regulated by KaiABC,
this work, along with future studies, can begin to understand the
interplay of environmental cues and the circadian pacemaker.

This study queried expression of key metabolic functions
to understand the ecophysiology of a Microcystis spp. bloom
over the course of diel cycles. Specifically, a metatranscriptomic
approach was undertaken to study temporal changes in the
metabolic functions of an August 2014 Microcystis spp.-
dominated bloom. Just 3 weeks prior, this event resulted in a
“do not drink” order issued for Toledo, OH due to detection of
microcystins in the finished water supply above the 1 µg L−1

World Health Organization (WHO) drinking water advisory
(Bullerjahn et al., 2016; Steffen et al., 2017). Metatranscriptome
analyses paired with environmental metadata provided insight
into factors related to bloom success and toxicity, along with
a better understanding of bloom metabolism throughout the
day and night, particularly with regard to photosynthesis,
nutrient assimilation and microcystin production. Overall,
this information can help inform the development of new
strategies toward prediction of bloom toxigenicity and mitigation
of bloom events.

MATERIALS AND METHODS

Sample Collection
A 48-h Lagrangian survey of the 2014 Microcystis bloom was
conducted in western Lake Erie in late August 2014. Our study
was designed to track the bloom over diel cycles using a drifter
with GPS capabilities deployed near the Toledo water intake.
Over the course of the survey, the drifter moved roughly 2 km
through water depths varying from 10–15 m (Figure 1). Samples
were collected at 6-h intervals beginning on August 26, at
22:00 h, producing two sets of triplicate samples from 22:00 h
(samples 1S, 5S), one set of triplicates at 04:00 h (2S), and
two sets of triplicates at 10:00 h (3S, 6S), and 16:00 h (4S,
7S). A sample for 04:00 h over the second diel cycle was not
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FIGURE 1 | Map of Maumee Bay, western basin of Lake Erie indicating movements of bloom during 48-h survey. The seven sampling events were mapped to the
four sites indicated on the map.

collected due to adverse weather that precluded sampling. At
each sampling time point, triplicate water samples for chlorophyll
and nutrients were collected adjacent to the drifter by hand
casting a Niskin bottle to a depth of 1 m. Biomass from
each water sample was collected onto Sterivex cartridge filters
(0.22 µm; EMD Millipore, Billerica, MA, United States) using
a peristaltic pump. Filters were immediately stored in liquid
nitrogen upon field collection followed by transfer to −80◦C
until RNA extraction.

Physico-Chemical Measurements
Chlorophyll-a (chl a) biomass was measured by concentrating
lake water on a glass fiber filter (GF/F, 47 mm diameter,
Whatman, Maidstone, United Kingdom) at low vacuum pressure
under low light conditions and stored at −20◦C until extraction.
Samples were extracted with N, N-dimethylformamide and
analyzed by fluorescence with a 10AU fluorometer (Turner
Designs, Sunnyvale, CA, United States; Speziale et al., 1984).

Phycocyanin concentrations were measured by concentrating
lake seston on a glass fiber filter (GF/F, 47 mm diameter,
Whatman). Sodium phosphate buffer (pH 6.8; Ricca Chemical,
Batesville, IN, United States) was added to the filter and
phycocyanin was extracted using two freeze-thaw cycles followed
by sonication. Relative fluorescence was measured using a
Turner AquaFluor (Sunnyvale, CA, United States) and converted
to phycocyanin concentration using a series of dilutions
of a commercial standard (Sigma-Aldrich, St. Louis, MO,
United States; Horváth et al., 2013). For total phosphorus (TP),
duplicate 50 mL aliquots of whole lake water were collected
into acid-washed glass culture tubes and stored at 4◦C until
analysis within 1 week. For dissolved nutrients, duplicate whole
water samples were collected in a triple rinsed (ultrapure water)

20 mL syringe and filtered through 0.22 µm nominal pore-
size nylon filters into 15 mL collection tubes that were stored
at −20◦C until analysis. Dissolved inorganic nitrogen (DIN)
and phosphate concentrations were determined using standard
automated colorimetric procedures as modified by Davis and
Simmons (1979) on a QuAAtro Continuous Flow Analyzer
(SEAL Analytical, Inc., Mequon, WI, United States) according
to methods detailed by the manufacturer and in compliance
with United States. EPA Methods 365.4, 350.1, and 353.1. TP
and total dissolved phosphorus (TDP) used the same analysis
following a persulfate digestion adapted from Menzel and Corwin
(1965). Particulate microcystins were measured by filtering whole
lake water onto a 3-µm pore-size polycarbonate membrane
and kept at −20◦C until analysis. Particulate microcystins were
extracted from samples using a combination of physical and
chemical lysis techniques. All samples were resuspended in 1 mL
molecular grade water (pH 7; Sigma-Aldrich) and subjected to
three freeze-thaw cycles before the addition of the QuikLyse
reagents (Abraxis LLC, Warminster, PA, United States) per the
manufacturer’s instructions. The samples were then centrifuged
for 5 min at 2 × 103 g to pellet cellular debris. The concentrations
of microcystins (reported as microcystin-LR equivalents) were
measured using a microcystin enzyme-linked immunosorbent
assay (Abraxis LLC) following methods standardized by the
manufacturer (Fischer et al., 2001). This assay is congener-
independent and detects the ADDA moiety, a shared moiety
among microcystins. The detection limit of the assay was
0.04 µg L−1.

Nucleic Acid Extraction and Sequencing
RNA was extracted from a single Sterivex cartridge from
each sampling time using the PowerWater DNA Isolation Kit
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for Sterivex (Qiagen, Carlsbad, CA, United States), modified
for RNA using manufacturer’s protocols. To improve RNA
yield, Sterivex R©cartridges were vortexed for 5 min longer than
recommended each time and all wash buffers were allowed to
sit for 1 min before vacuum extraction through the binding
column. DNase treatment was performed as recommended in
the protocol using the On-Spin Column DNase kit (QIAGEN).
This protocol was optimized by allowing the DNase solution to
sit for an extra 15 min than recommended. RNA was checked
for DNA contamination by PCR with universal 16S primers (27F
and 1522R). Any additional DNase treatments required were
performed using the Turbo DNase kit (Ambion, Austin, TX,
United States). rRNA was removed from 1 µg of total RNA
using Ribo-Zero rRNA Removal Kit (Epicenter, Madison, WI,
United States). Stranded cDNA libraries were generated using the
TruSeq Stranded Total RNA LT kit (Illumina, Inc., San Diego,
CA, United States). The rRNA depleted RNA was fragmented and
reversed transcribed using random hexamers and Superscript II
reverse transcriptase (Invitrogen, Carlsbad, CA, United States)
followed by second strand synthesis. The fragmented cDNA
was treated with end-pair, A-tailing, adapter ligation, and eight
cycles of PCR. The prepared libraries were quantified using a
KAPA Library Quantification kit (Kapa Biosystems, Wilmington,
MA, United States) and run on a LightCycler 480 real-time
PCR instrument (Roche Diagnostics Corp., Indianapolis, IN,
United States). The quantified libraries were then multiplexed
with other libraries, and the pool of libraries was then prepared
for sequencing on the Illumina HiSeq sequencing platform
utilizing a HiSeq Cluster kit, v4 (IlluminaTM), and Illumina’s
cBot instrument to generate a clustered flow cell for sequencing.
Sequencing of the flow cell was performed on the Illumina
HiSeq2500 sequencer using a TruSeq SBS sequencing kit, v4,
following a 2 × 150 indexed run recipe (Mavromatis et al., 2009).
Metatranscriptomes obtained were accessed and downloaded
through the Integrated Microbial Genomes platform (IMG)
developed by U.S. DOE Joint Genome Institute (JGI) (Markowitz
et al., 2012, 2014) and the JGI genome portals (Nordberg
et al., 2014). Raw unassembled metagenomic sequence data were
uploaded to the online server MG-RAST (Meyer et al., 2008) for
assembly attribute data, phylogenetic, and functional analysis.

Bioinformatics and Statistical Analysis
Analyses and visualization of data were performed using CLC
Genomics Workbench v 12.0.2 (Qiagen CLC Bio). Sequences
were imported utilizing the Illumina High-Throughput
Sequencing Import function. Low-quality reads and failed reads
were automatically removed. The reads were trimmed with a
quality limit of 0.05 and an ambiguous base limit of 2. Automatic
read-through adapter trimming was performed. RNA-Seq
Analysis was performed using the raw reads of the seven diel
transcriptomes against the following genomes: M. aeruginosa
LE3 from Lake Erie (Brittain et al., 2000; Meyer et al., 2017),
Synechococcus elongatus PCC 6301, Sulfurimonas denitrificans
DSM 1251, Desulfovibrio magneticus RS-1, Anabaena cylindrica
PCC 7122, Aphanizomenon flos-aquae NIES-81, Klebsiella
pneumoniae 1158, and Burkholderia pseudomallei K96243,
and an annotated genome of Planktothrix agardhii from

Lake Erie obtained from Greg Dick at the University of
Michigan. RNASeq parameters were: one reference sequence
per transcript, mismatch cost of 2, insertion cost of 3, deletion
cost of 3, length fraction of 0.8, similarity fraction of 0.8. Data
output of expression values were calculated as Transcripts
Per Million mapped reads (TPM) through RNA-Seq function
to normalize within each sample and manually normalized
across all samples with a ratio to the housekeeping gene
gyrB TPM.

Principal Component Analysis (PCA) was performed using
the CLC Genomics Workbench (Qiagen CLC Bio) to assess
relationships between diel samples with regards to expression.
TPM gene expression plots were created in R 3.5.1 (R Core
Team, 2018) using the packages tidyr 0.8.2 (Wickham and Henry,
2018) and ggplot2 v3.1.0 (Wickham, 2016). Raw sequences are
available from the NCBI sequence read archive under SRP117911,
SRP117914, SRP117915, SRP117922, SRP128942, SRP128945,
and SRP128954.

RESULTS

Survey Physico-Chemical Properties
The bloom tracked a southwesterly course traveling nearly
2 km over the 48-h survey in late August (Figure 1).
Whereas winds originated from S/SW leading up to buoy
deployment and initial bloom tracking, wind direction
switched in the early morning of August 27 and remained
E/NE with daily averages of 5–6 knots for the remainder
of the survey (weather data from KPCW: Erie-Ottawa
International Airport; KTDZ: Toledo Executive Airport).
Western Lake Erie is shallow (Zmean = 7.4 m) and characterized
as polymictic. Whereas buoyancy afforded by gas vesicles
helped to maintain Microcystis colonies near the surface,
wind gusts up to nine knots over the course of the survey
likely promoted mixing as was predicted using a Lagrangian
particle tracking model (Rowe et al., 2016) applied to the
same geographic area preceding the early August 2014 cHAB
at the Toledo water intake (Steffen et al., 2017). Increases
in chl a biomass of 75% and more than a doubling of
phycocyanin (PC) indicated that cyanobacterial biomass
was increasing over the survey (Figure 2). Molar ratios of
dissolved inorganic nitrogen to dissolved inorganic phosphorus
(DIN:DIP) showed only minor variation around Redfield
stoichiometry (N:P = 16:1; dashed line) during the first
18 h of sampling (Figure 2). The system then shifted to
P-deficiency (N:P ∼ 40–60) during day 2 of the survey.
Particulate microcystins, were initially between 1 and 2 µg
L−1, but reached as high as 5 µg L−1 toward the end of the
survey (Figure 2). Archived weather reports from KPCW
and KTDZ confirmed skies to be clear leading up to the
start of the survey and switching to variable cloud cover
during the morning hours of day 21. Irradiance both days
were similar (Supplementary Figure S1), yielding maximum
PAR at the nearby Toledo intake crib of 1542 µmol quanta

1https://flightaware.com/live/airport/KPCW/weather
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FIGURE 2 | Physico-chemical water data over the course of the 48-h Lagrangian study. (A) Photopigment and microcystin toxin concentrations; (B) dissolved
inorganic nitrogen and phosphorus ratios.

m−2s−1 on August 27 and 1573 µmol quanta m−2s−1

on August 282.

Phylogenetic Classification of
Transcripts
Seven metatranscriptomes were produced from the Western
Lake Erie water samples (1.97 Gbp assembled) with read counts
ranging from 109,124 to 570,660 per sample. rRNA accounted for
∼1% of the assembled metatranscriptomes. Fifty seven percent
of the mRNA was annotated as encoding known proteins, the

2http://lees.geo.msu.edu/research/sensor_net.html

remaining ∼40% encoded unknown proteins. Of the predicted
proteins, ∼70% were assigned to functional categories. Less than
5% of reads (per transcriptome) failed quality control tests.

Taxonomic analysis derived from MG-RAST showed reads
dominated by Bacteria (∼70% of all reads) and Eukaryota
(∼30%). Archaea and viral reads represented <1% of all
transcripts. Of the Bacteria reads, Cyanobacteria (22–35%),
Proteobacteria (16–37%), and Bacteroidetes (17–40%) were
prominently represented in each metatranscriptome (Figure 3).
The Bacteroidetes were dominated by the classes Cytophagia
(∼30% of Bacteroidetes reads), Flavobacteria (∼30%), and
Sphingobacteria (∼25%), whereas β-Proteobacteria were the
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FIGURE 3 | Phylogenetic breakdown of transcripts over the course of the 48-h sampling period – community composition by phyla. “Other” refers to bacterial reads
that could not be unambiguously assigned to a phylum.

most abundant proteobacterial reads (∼40%) followed by
α-Proteobacteria (∼30%), γ-Proteobacteria (∼15%), and δ-
Proteobacteria (Figure 4). Of the Cyanobacteria, ∼65% were
order Chroococcales. Microcystis was the dominant genus,
contributing half of the Chroococcales population. Classes
Nostocales and Oscillatoriales contributed one-third of the
Cyanobacteria, namely genera Nostoc and Dolichospermum
within the Nostocales.

Differential Relative Abundance of
Microcystis spp. Transcripts
The microcystin toxin-producing Microcystis LE3 genome
isolated from Lake Erie was recruited to annotate
metatranscriptomes to increase transcript coverage compared

to publicly available Microcystis genomes currently available
in the National Center for Biotechnology Information
(GenBank assembly accession numbers GCA_000010625.1,
GCA_000981785.2, GCA_001704955.2, GCA_002095975.1).
PCA of differential expression and transcript abundance
partitioned the seven transcriptomes into two general day
and night groups (Figure 5). Variability within the day and
night sample groups likely reflect day-to-day and hour-by-hour
changes in nutrient and light availability, resulting in changes in
gene expression patterns.

Highly Transcribed Genes
Supplementary Table S1 summarizes the most transcripts at each
time point. In all samples, tmRNA transcripts were uniformly
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FIGURE 4 | Abundances of Proteobacteria (A) and Cyanobacteria (B) reads
by order and Bacteroidetes reads (C) by class.

the most abundant, indicating active mechanisms were in place
ensuring translational fidelity (Takada et al., 2002). Whereas
many of the highly transcribed genes encoded gene products
of unknown function, gas vesicle genes (gvp) were highly
transcribed at all time points, and high light inducible (hli)
and psbA transcripts were abundant by day, reflecting their
role in Photoprotection, turnover and repair of Photosystem II
(Kulkarni and Golden, 1994; Hutin et al., 2003). Genes encoding
Hsp20 were highly transcribed by day and phycobilisome
transcripts (cpcAB) were abundant in night samples.

Photosynthesis – Light Reactions
Gene transcripts associated with antenna function, Photosystems
I and II (PSI, PSII) and the cytochrome b6/f complex were
assessed and revealed that relative abundance of phycobilisome
(cpc, apc) and PSI (psaA-L) transcripts compared to gyrB

increased primarily at night (Figures 6A,B,E). Conversely,
PSII (psb), b6/f complex (petA-D), ferredoxin and plastocyanin
(petEFH) transcript abundance increased by day, yielding
maximum relative abundance at 10:00 h (Figures 6C,D,F).
psbA, encoding the PSII D1 protein, was analyzed separately
due to its very high relative daytime expression due to high
rates of DI protein turnover (Supplementary Table S1), and
psbA expression matched the daytime pattern of other PSII-
associated genes.

Photosynthesis – Ci Assimilation
Genes associated with Rubisco (rbcLSX) showed higher relative
transcript abundance at night (04:00 h) during the first day of
sampling and a pronounced minimum by the next afternoon
(16:00 h), but during Day 2, the pattern was less distinct, as
relative transcript abundance proceeded throughout the daytime
hours (Figure 7). bicA transcripts were detected at low levels
during the day, but with an inconsistent pattern from Day 1 to
Day 2 that may reflect variation in bicarbonate availability.

Nutrient Acquisition
In general, transcription of nutrient acquisition functions
was more active during the daytime hours. Genes encoding
functions associated with N acquisition and N-responsive gene
regulation yielded different patterns of transcript abundance.
Whereas transcripts associated with the GS-GOGAT pathway
and ammonium uptake (amt, glnAN, glsE, gltBD, icd) had
a peak relative abundance in the afternoon (16:00 h), urea
transporters and urease showed a more variable pattern and
comparatively low relative expression throughout the two day
period (Figures 8A,C,E). Relative transcript abundance for genes
encoding nitrate and nitrite reduction also followed a daytime
pattern, peaking at 16:00 h on Day 1 (Figure 8B). By contrast,
transcripts detected associated with phosphorus acquisition and
uptake (pho, pst) exhibited no clear diel pattern (Figure 8D).

Cell Division
Relative abundance of transcripts encoding the septation ring
protein FtsZ and cell division function FtsH peak during
the day on both days, indicating that cell division likely
followed later during the daytime hours (Figure 9). Proxy
measurements for bloom biomass suggested that the bloom was
expanding at the time of the sampling (Figure 2), and the
pattern of fts transcription reflects active growth of Microcystis
during this time.

Microcystin Synthesis and Stress
Responses
Relative expression of the mcy genes was very low and was
elevated only during the afternoon of Day 2. Microcystin
measured during the course of the sampling show a pattern of
increased toxin, trending toward highest concentrations during
morning of the second day (Figure 10).

Stress response genes examined included those involved in
heat shock (groEL, dnaK), phycobilisome stability (nblA) and
high light stress (hliA). Unsurprisingly, given increased daytime
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FIGURE 5 | Principal Component Analysis (PCA) of transcripts obtained from each time point during the study.

temperature, photosynthetic oxygen production and daytime
irradiance, all genes showed increased relative transcription at
10:00 h and 16:00 h (Figure 11).

DISCUSSION

Metatranscriptomes spanning two diel cycles were produced
from a toxic cyanobacterial bloom in western Lake Erie during
late August 2014. The survey described here coincided with a
mid-bloom phase with the bloom persisting through October
(Steffen et al., 2017). A Lagrangian approach was adopted to
ensure that a common patch of biomass was sampled over the
48-h experiment. In this way, changes in relative abundance
of transcripts could be attributed to either diel patterns or
changing physico-chemical conditions but not to sampling of
different bloom populations. Taxonomic analysis of recruited
transcripts showed Microcystis spp. to dominate cyanobacterial
reads during the survey consistent with independent surveys of
the western basin conducted during August 2014 (Berry et al.,
2017; Steffen et al., 2017).

Cyanobacteria are known to regulate gene expression under
circadian influences (Golden et al., 1997). The intent of this
study was to identify cellular processes within a Microcystis

bloom that show diel patterns of expression. PCA of Microcystis
transcriptomes revealed grouping of samples based upon time
of collection (i.e., “day” and “night”). Variability amongst day
samples as shown by PCA (Figure 5) suggested circadian rhythms
were not the sole determiner of expression, rather transient
environmental changes may have contributed to differing
transcript accumulation. A summary of transcriptional activity
throughout the diel cycle is presented in Figure 12.

Reflecting the demands of a phototrophic lifestyle,
photosynthesis-related functions for the dark and light reactions
were detected at all time points. Photosynthesis functions
appear to partition so that PSII-dependent O2 evolution peaks
in mid-afternoon, as has been observed in laboratory studies
(Garczarek et al., 2001; Mackenzie and Morse, 2011). Expression
of genes involved in the cyt b6/f complex follow this same
pattern. However, PSI genes were preferentially expressed at
night, peaking at 22:00 h. Given the variability of the timing
of PSI gene expression in N-fixing cyanobacteria (del Carmen
Muñoz-Marin et al., 2019), and that degradation of PSI occurs
during the night in Crocosphaera watsonii WH8501 (Masuda
et al., 2018), nighttime expression of psa genes in Microcystis may
be a genus-specific trait.

Consistent with modest nitrogen depletion during the first
18 h as revealed by nutrient stoichiometry, expression of
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FIGURE 6 | Diel transcriptional patterns of Microcystis photosynthesis genes. (A,B) Phycobilisome subunits; (C) Photosystem II; (D) cytochrome b6/f ; (E),
Photosystem I; (F), ferredoxin and plastocyanin. Gray shading indicates time periods between sunset and sunrise.

FIGURE 7 | Diel transcriptional patterns of Microcystis inorganic carbon acquisition genes. Gray shading indicates time periods between sunset and sunrise.

nitrogen assimilation genes was detected, as has been reported
previously for western Lake Erie (Harke and Gobler, 2013,
2015; Steffen M. et al., 2014; Steffen et al., 2017). In the
present survey, expression of nitrogen metabolism genes may

reflect both transient nitrogen availability as well as circadian
control. Indeed, elevated transcript abundance for glnA at
the conclusion of sampling on Day 2 (16:00 h) may suggest
environmental stresses resulting in reduced N bioavailability
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FIGURE 8 | Transcriptional patterns of Microcystis nutrient assimilation genes. (A) GS-GOGAT pathway; (B) nitrite reductase; (C) N regulation genes; (D)
phosphorus assimilation; (E) urea assimilation. Gray shading indicates time periods between sunset and sunrise.

FIGURE 9 | Transcriptional patterns of Microcystis cell division genes ftsH and ftsZ. Gray shading indicates time periods between sunset and sunrise.

(Figure 8). However, the increasing DIN/DIP ratio over the
course of the survey indicated a greater demand for P. Transcripts
related to nitrogen assimilation that accumulated during the day
included narB and nirA (encoding nitrate and nitrite reductase)

and glnA (encoding glutamine synthetase), indicating active
mechanisms of nitrogen assimilation and synthesis of amino
acids in daylight (Mérida et al., 1991; Kramer et al., 1996;
Marzluf, 1997; Wyman, 1999; Flores and Herrero, 2005). Overall,
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FIGURE 10 | Transcriptional patterns of Microcystis microcystin biosynthesis genes. Gray shading indicates time periods between sunset and sunrise.

FIGURE 11 | Transcriptional patterns of Microcystis stress response genes (heat shock, high light, phycobilisome stability). Gray shading indicates time periods
between sunset and sunrise.

nitrogen metabolism transcripts exhibited increases in relative
abundances during the light period. Since nitrate reduction is an
ATP-dependent process, nitrate assimilation may be regulated by
day so that it is temporally aligned with daytime photosynthetic
energy generation.

Regarding phosphate uptake, Penn et al. (2014) described
highest transcription of alkaline phosphatase (pho) and
phosphate transported (pst) genes during the day in a Microcystis
bloom event, in this study, no such pattern is seen. Such
differences may also be due to transient changes in P availability
during the course of each survey. Indeed, analysis of dissolved
nutrients over the course of the survey revealed a pronounced
shift in dissolved N:P ratio (Figure 2).

Cyanobacteria are known to contain multiple inorganic
carbon uptake genes and pathways, facilitating variable responses
to availability of carbon for photoautotrophic growth (Sandrini
et al., 2014, 2015). A growing concern in bloom formation
and mitigation is the response of cHAB species to increasing
atmospheric CO2 (Verspagen et al., 2014; Visser et al., 2016).
Whereas C fixation genes were preferentially expressed at
night, carbon concentrating mechanism transcripts did not
appear to express distinct diel patterns (data not shown). The
relative transcript abundance of Rubisco genes in the predawn
hours of Day 1 and elevated expression throughout Day 2
is in partial agreement with Wyman (1999) examining rbcL
expression in natural populations of marine Synechococcus, and
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FIGURE 12 | Summary of significant Microcystis functions expressed during the 24 h cycle in the Toledo, 2014 bloom event. Lines of the clock indicate sunrise at
0654 h and sunset at 2016 h on August 26, 2014.

Straub et al. (2011), who documented a decline in rbc expression
during daytime in culture experiments with M. aeruginosa PCC
7806. The data in this study are in some agreement with the
findings of Sandrini et al. (2016) who demonstrated similar
variable diel responses during a bloom event, in which bicA
transcription was also correlated to bicarbonate concentration.

As expected, given environmental changes through the day,
a diel pattern exists regarding transcript abundance for genes
encoding stress and cell division proteins. Synechococcus cells
have shown a specific gating of cell division independent of
the circadian clock in avoidance of peak irradiance exposure
(Mori et al., 1996). In agreement with this observation, relative
transcript abundance for the ATP-binding ftsH and septation
gene ftsZ increased during the morning, suggesting cell division
at midday or in the afternoon (Figure 9). Relative abundance of
the heat shock chaperones dnaK, groEL and high-light inducible
gene hliA all peak during the day (Figure 11), similar to previous
reports (Aoki et al., 1995).

Microcystin biosynthesis gene (mcy) transcript levels were
very low (Figure 10), although transcripts were modestly
higher during Day 2. Other studies have indicated toxin
production to occur early in the night in a tropical bloom
event (Penn et al., 2014) or as a daytime function in a culture

experiment (Straub et al., 2011). Further complicating the issue
is the observation that microcystin production is elevated at
lower temperatures (Peng et al., 2018). Furthermore, previous
studies that have examined the western Lake Erie Microcystis
blooms have shown that toxin concentrations increase and
mcy genes are significantly upregulated when the ambient
communities are experimentally exposed to elevated nitrogen
concentrations and high light, especially during August and
September (Chaffin et al., 2018). Due to the low level of
expression, it remains impossible within our data set to separate
diel and light-driven effects on toxin production from the
subtle effects of minor temperature fluctuations on both toxin
gene transcription and toxin biosynthesis (Peng et al., 2018).
However, what is known is that changes in toxic to non-
toxic Microcystis strain ratios can be significantly influenced by
physiochemical parameters such as nutrients and temperature
(Davis et al., 2009, 2010) and that the shift in the toxic:
non-toxic ratio will likely lead to changes in bloom toxin
concentrations (O’Neil et al., 2012; Gobler et al., 2016). As such,
both changes in gene expression and Microcystis community
composition need to be taken into account when determining the
relationship between the toxin concentration and the molecular
underpinnings of production.
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Examining the relative transcript abundance for the genes
analyzed in the study reveals a marked increase in relative
transcript abundance for a few genes (e.g., rbcS, rbcX, glnA, mcyA-
J) at the final time point (16:00 h on Day 2). This increase
likely indicated a change in environmental conditions on the
second day. The nutrient profile shifted toward P deficiency on
the 28th (Figure 2), suggesting the onset of modest nutrient
stress, but light stress was likely not a factor given the similar
peak irradiances measured at the Toledo water intake crib
during both days (Supplementary Figure S1). This documented
change in gene expression remains unexplained, but since the
sample passed QA/QC at JGI it was not due to changes in
transcript composition due to rRNA contamination or RNA
degradation (data not shown). High abundance of viral reads
were also not detected.

CONCLUSION

Lake Erie experiences annual cHAB events, and these events
will continue as eutrophication intensifies (Watson et al., 1997;
Michalak et al., 2013). In light of concerns over the safety
of water resources and human health, there is an urgent
need to elucidate the factors influencing cHAB formation,
proliferation, and maintenance, to better inform prevention and
mitigation strategies. Toward this goal, the present study used a
metatranscriptomic approach to investigate metabolic function
of a Lake Erie Microcystis bloom over diel cycles. Lab studies
have found the genomes of Microcystis to be highly plastic and
adaptable to the environment, increasing their competitive ability
(Meyer et al., 2017). Previous investigations report the presence
of circadian regulation of gene expression in cyanobacteria
(Kondo et al., 1993; Golden et al., 1997). The circadian clock
has been shown to enhance the fitness of the species within the
microbial community. Paired with a highly adaptive genome,
Microcystis has the potential to be very successful. Our analysis
indicates that Lake Erie Microcystis likely utilizes efficient
organization of gene expression to maintain productivity, such
as utilization of a variety of nutrient species throughout a diel
cycle (CO2, bicarbonate, nitrate, ammonium), cell division and,
if a toxic genotype, the production of microcystins. Our results
suggest that although diel patterns are detectable, environmental
cues also influence regulation, as supported by PCA analysis.
The next step of this analysis is to study the metabolism of the
global microbial community. In doing so, those results paired
with this analysis of Microcystis spp. will provide insights into
factors leading to the natural mitigation of a bloom, and how
the surrounding consortium of heterotrophs and phages interact
and influence both cHAB success and decline. Indeed, a role
for Microcystis phage infection was suggested in constraining
this same bloom 3 weeks earlier in Lake Erie, yielding shifts in
microcystin toxin from an intracellular particulate fraction to
the soluble phase (Steffen et al., 2017). Conversely, recent work
invokes the Black Queen Hypothesis (Morris et al., 2012) in
demonstrating a role for catalase produced by bloom-associated
heterotrophs in protecting Microcystis from oxidative stress thus
promoting bloom success (Greg Dick, personal communication).
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Knowledge about the primary factor controlling stable isotope ratios of particulate
nitrogen (δ15NPN) and total dissolved nitrogen (δ15NTDN) in a subtropical reservoir
can improve the understanding of regional and global nitrogen cycles. Taking Lianhe
Reservoir as a representative subtropical reservoir, we studied the spatial and temporal
distributions of δ15NPN andδ15NTDN and their relationships with the surrounding
physicochemical factors and phytoplankton. The results showed that variations in
δ15NPN and δ15NTDN followed seasonal thermal cycles. The values of δ15NTDN were
inversely proportional to those of δ15NPN. PCA showed that phytoplankton cell density
and pH were the primary drivers of the variation of δ15NPN (45.2%). The primary
factors influencing δ15NTDN were Chl a and phytoplankton cell density, which both
indicated phytoplankton biomass. We also determined that the dominant species was
Microcystis densa during the thermal stratification period and Staurodesmus aristiferus
during the mixing period. Laboratory experiments showed that δ15NPN values in both
M. densa (from 19.5 to 14.6h) and S. aristiferus (from 19.4 to 16.0 h) media decreased
significantly as the algal cells grew. Furthermore, the δ15NTDN values increased from 4.9
to 7.9h and from 4.7 to 6.9h in M. densa and S. aristiferus media, respectively, when
the δ15NPN values decreased. These experimental results were consistent with field
investigation results and indicated that variations in δ15NPN and δ15NTDN were mainly
controlled by phytoplankton cell density, especially the cell density of the dominant
species, in both the thermal stratification and mixing periods. The results also suggested
that cell density, not phytoplankton species, was the key factor regulating the distribution
of nitrogen stable isotopes. These results together indicated that phytoplankton cell
density is the primary factor in the regulation of nitrogen stable isotope composition
and that its influence is greater than that of other physical and chemical factors. This
study provided detailed information supporting the primary role of phytoplankton in the
nitrogen geochemical cycle and improved the understanding of biochemical processes
in natural subtropical reservoirs.

Keywords: phytoplankton, nitrogen stable isotope, subtropical reservoirs, nitrogen cycle, microbial ecology
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INTRODUCTION

Nitrogen pollution has become a serious environmental problem
in aquatic ecosystems worldwide (Smith and Schindler, 2009).
Large amounts of industrial, agricultural, and urban nitrogen
pollutants are discharged into rivers, reducing water quality (Bu
et al., 2011; Chen et al., 2019). These increased nitrogen loadings
in rivers flow into lakes and reservoirs, causing algal biomass
development, and even algal blooms (Dodds et al., 2009; Gao
et al., 2018). Sewage pollutants heavy in nitrogen in wastewater
treatment plants are removed by denitrifying bacteria (Zhang
et al., 2019). The microbial community in aquatic ecosystems is
closely related to nitrogen migration and transformation.

The nitrogen stable isotope ratio (δ15N) is an effective tool
for studying the nitrogen (N) cycle in aquatic systems. δ15N is
also used as a tracer for detecting the distribution of pollutants
and the amplification of biological effects on pollutants. δ15N
can produce an integrative picture of chemical and biochemical
N transformations (Waser et al., 1998; Granger et al., 2004).
Therefore, the N stable isotope ratios of particulate nitrogen
(δ15NPN) and total dissolved nitrogen (δ15NTDN) can be used to
assess nitrogen sources and various nitrogen cycling processes,
such as nitrification and denitrification, the uptake of nitrogen
by phytoplankton and even food chains and biological webs
(Lehmann et al., 2004; Hadas et al., 2009). There are different
δ15N compositions in rivers, lakes, reservoirs and marine
regions, because of characteristic living organisms and inanimate
matter. Many studies have suggested that variations in δ15NPN
and δ15NTDN are associated with thermal and hydrological
characteristics, trophic states, nitrogen sources, N2 fixation, and
phytoplankton abundance (Altabet, 2006; Gu et al., 2006, Gu,
2009; Gu and Schelske, 2010; Hou et al., 2013). However, the key
factors that control variations in δ15NPN and δ15NTDN are not
well understood. Clear and strong evidence for phytoplankton
directly regulating the distribution of δ15NPN and δ15NTDN
is still needed.

Phytoplankton, responsible for the primary productivity
in aquatic systems, uptakes and assimilates nitrogen for
photosynthesis and the biosynthesis of macromolecules, such as
proteins, nucleic acids, and chlorophyll (Gao et al., 2018). These
processes influence the nitrogen stable isotope composition in
the water column (Needoba and Harrison, 2004). Sachs et al.
(1999) showed that when nitrogen is sufficient in water column,
algal cells preferentially absorb 14N, increasing the proportion of
15NTDN and decreasing the proportion of 15NPN. However, when
nitrogen is exhausted, algae preferentially absorb 15N, which
weakens the fractionation of nitrogen stable isotopes. Nutrient
supply, light intensity, phytoplankton species and nitrogen type
are suggested to affect the 15N/14N uptake of phytoplankton
(Waser et al., 1999; Doi et al., 2004). However, the effect of
phytoplankton biomass on the absorption of 15N in a subtropical
reservoir is still unclear.

In contrast to natural rivers and lakes, subtropical reservoirs
are artificial aquatic systems with unique hydrological
characteristics that experience the thermal stratification and
mixing periods. Many subtropical reservoirs with similar
hydrological and biochemical environments have experienced

large-scale algal blooms, especially cyanobacterial blooms
(Table 1). Lianhe Reservoir, located in a subtropical marine
monsoon climate region, has also experienced a large outbreak
of cyanobacteria. The temporal and spatial distributions of
nitrogen in reservoirs are different from those before outbreaks
because of the absorption and assimilation by large amounts of
phytoplankton. The δ15NPN and δ15NTDN in the water column
also change. Many studies have indicated the important role
of phytoplankton in varying δ15NPN and δ15NTDN in rivers,
lakes and marine areas (Sugimoto et al., 2014; Liu et al., 2017;
Kharbush et al., 2019). However, the trends in δ15NPN and
δ15NTDN in subtropical reservoirs might be less predictable than
those listed above (Hou et al., 2013). Therefore, with Lianhe
Reservoir as a classic example of a subtropical reservoir, it is
necessary to study the relationship between phytoplankton cell
density and seasonal variations in δ15NPN and δ15NTDN. Our
hypothesis is that phytoplankton cell density was the primary
key factor controlling the temporal and spatial distributions of
δ15NPN and δ15NTDN in subtropical reservoirs.

To comprehensively test our hypothesis, we carried out
field surveys and laboratory experiments. The objective was
to explore whether phytoplankton cell density plays a primary
role in nitrogen migration and transformation that is more
important than the roles of other physical and chemical factors.
To fulfill our objective, we (1) investigated temporal and
spatial variations in δ15NPN and δ15NTDN, the phytoplankton
community, and other physical, chemical and biological factors in
Lianhe Reservoir; (2) analyzed the relationships between δ15NPN,
δ15NTDN, phytoplankton and other physicochemical factors; and
(3) used experiments to show that phytoplankton cell density was
the key factor affecting variations in δ15NPN and δ15NTDN. These
results provide detailed information supporting the important
role of phytoplankton in the nitrogen geochemical cycle and
improve the understanding of the biochemical processes in
subtropical reservoirs.

MATERIALS AND METHODS

Study Area
Lianhe Reservoir (23◦17′57.2′′N and 113◦55′8.8′′E), located in
Guangdong Province, South China, is a typical canyon-shaped
reservoir in the subtropical marine monsoon region (Figure 1).
The catchment area is 110.8 km2 with plenty of rainfall and
heat in summer, and warmth and dryness in winter. The annual
average rainfall and temperature is 1932.7 mm and 21.8◦C,
respectively. The dam was built in the southwest part of the
study area in the 1970s, forming the reservoir with a surface
area of 3.33 km2 and a storage capacity of 8.2 × 107 m3.
Lianhe Reservoir serves multiple purposes, including irrigation,
hydroelectric power generation, flood control, and especially
drinking water supply.

The hills surrounding the reservoir are covered with pine
and spruce on the east side and eucalyptuses on the other
sides. A small river K (stations Y2) flows into the reservoir.
Another small river M (station Y4) flows into the reservoir from
Daogutian village (Figure 1).
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TABLE 1 | Comparing the water temperature (WT, ◦C), dissolved oxygen (DO, mg l−1), NO3
−-N (mg l−1), NH4

+-N (mg l−1), total nitrogen (TN, mg l−1), total phosphorus
(TP, mg l−1), and dominant algae during the thermal stratification period between the Lianhe Reservoir and other subtropical reservoirs.

Reservoirs WT DO NO3
−-N NH4

+-N TN TP Dominant algae Location References

Lianhe 30.5 8.4 1.3 0.3 3.8 0.07 Cyanobacteria China –

Salto Grande 27 7.5 – – 2.9 0.02 Cyanobacteria Aragentina O’Farrell et al., 2012

Caxias 30.4 7.6 0.4 0.1 1.41 0.01 Cyanobacteria Brazil Wojciechowski et al., 2017

Chopim 29.2 7.1 0.4 0.1 1.28 0.04 Cyanobacteria

Tingxi 30 5 2 0.1 5.5 0.14 Cyanobacteria China Lv et al., 2014

Shidou 33.1 5.4 0.05 0.03 5.5 0.02 Cyanobacteria Yang et al., 2012

Bantou 32.3 5.3 0.01 0.03 6.1 0.03 Cyanobacteria

Fengtou 31.2 4.9 5.7 0.1 6.5 0.03 Cyanobacteria

Field Sampling and Methods
Water samples of Lianhe Reservoir were taken from stations X1
to X5 each month in 2017 (Figure 1). Because the depths at
stations X1 and X2 were very shallow (<1.3 m), only surface
(0.5 m) water (1000 ml) was collected there. Stations X3 and X5
were located in the deepest parts of the reservoir, with a depth
of approximately 30 m, and station X5 was also near the dam

where the water intake was positioned. Therefore, water samples
(1000 ml) at the surface and 3, 5, 7, 10, 13, 15, 17, 20, 25, and
30 m below the surface were collected. The water at station X4
had a depth of approximately 16 m, and water samples (1000 ml)
at 0.5, 5, 10, and 15 m below the surface were collected. The
water columns at stations Y2 and Y4 were very shallow (<1.5 m),
therefore, only surface water was collected there.

FIGURE 1 | Illustration of Lianhe Reservoir showing the location of sampling stations in 2017.
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The water temperature, pH and dissolved oxygen (DO)
profiles were measured in situ using a multi-parameter water
quality meter EXO2 (YSI, United States). Water samples for
chemical and isotope analysis were collected in pre-sterilized 1 l
polyethylene bottles in triplicate from these stations. The samples
were transported to the laboratory as soon as possible and stored
at 4◦C. Before analysis, the water samples were filtered through
pre-combusted (450◦C, 2 h) GF/F filters.

Water samples for determining the phytoplankton species
were collected in triplicate in 1 l polyethylene bottles. The
samples were collected from the surface to a depth of 30 m
in the reservoir. The samples of phytoplankton were preserved
with acidic Lugol’s iodine solution (2% final concentration)
in situ for later enumeration using a sedimentation technique.
Phytoplankton samples were stored in polypropylene vials at 4◦C
before taxonomical analysis.

Quantitative zooplankton samples were collected as a 5 l water
samples at each station from the surface to a depth of 30 m in
the reservoir. Samples were filtered through a mesh of 64 µm to
form an integrated sample. Vertical hauls were also made with 64
and 113 µm meshes. These zooplankton samples were preserved
with 4% formaline and stored in polypropylene vials at 4◦C before
taxonomical analysis.

Total nitrogen (TN), NO3
−-N, and NH4

+-N analyses were
carried out using standard combined persulfate digestion
methods for water quality (American Public Health Association
[APHA] et al., 1989). The chlorophyll a (Chl a) concentrations
were determined by a spectrofluorometer (Hitachi U-2810,
United States) after extraction in 90% ethanol and filtering with
glass microfiber filters (Whatman GF/F) (Pápista et al., 2002).

The phytoplankton samples were settled for 48 h by adding
Lugol’s solution, and gradually enriched to 10 ml. The cell
density was measured with a Sedgwick-Rafter counting chamber
under a fluorescence microscope at 200–400× magnification
(Olympus, Japan). At least 100 individual cells from every
abundant taxon were counted in each sample. Phytoplankton
species were identified, as suggested by Hu and Wei (2006).

The identification of zooplankton was carried out by qualified
Aquatic Biology Center (Jinan University, Guangzhou). The
samples were counted (75× magnification) and taxonomically
identified (150× magnification) as Rotifera, Cladocera, and
Copepoda species (Wang, 1961; Chiang and Du, 1979; Shen,
1979), using a stereo microscope (Nikon, Japan).

Algal Strain and Culture Conditions
Strains of Microcystis densa (No. MD-1) and Staurodesmus
aristiferus (No. SA-1) were isolated from the water column of
Lianhe Reservoir in July and January 2017, respectively, and were
maintained in the algal collection at the School of Environmental
Science and Technology, Sun Yat-sen University, China.

Prior to the experiment, the cultures were re-inoculated
three times during the exponential phase in BG-11 media
(Stanier et al., 1971) and had final nitrogen concentrations
of approximately 4 mg l−1. The cultures were maintained at
28 ± 1◦C for M. densa and at 15 ± 1◦C for S. aristiferus, in a
light dark cycle of 12:12 with an irradiation of 100 µmol photons
m−2 s−1. Antibiotics including penicillin G and streptomycin

sulfate, were used to exclude bacterial contamination 48 h
before the next inoculation (Guillard, 1973). The cultures
were checked for bacterial contamination by 4′,6-diamidino-2-
phenylindole (DAPI) (Sigma) staining at regular intervals by
microscopic inspection.

Laboratory Experiments
The initial cell densities of M. densa and S. aristiferus in the
media were both ∼4.5 × 105 cells ml−1. NO3

−-N was added
as the substrate with final concentrations of ∼1.4 mg N l−1.
To simulate actual field conditions as much as possible, the
treatments were incubated at 28 ± 1◦C for M. densa and at
15 ± 1◦C for S. aristiferus with an irradiation of 100 µmol
photons m−2 s−1. These conditions were consistent with the
actual water temperature and light intensity recorded in the field.
These treatments were performed in triplicate.

Samples for the cell counts were obtained daily with fixation
in a 2% acid Lugol’s solution. Cell density was measured with
a Sedgwick-Rafter counting chamber under a light inverted
microscope (Olympus, Japan). The specific growth rates (µ, d−1)
of M. densa and S. aristiferus were calculated according to the
following equation:

µ =
ln N2 − ln N1

t2 − t1
(1)

where N2 and N1 were the cell densities at respective time,
t2 and t1.

Samples for the Chl a and NO3
−-N analyses were obtained

daily in triplicate. Fifty ml Chl a samples were determined
by a spectrofluorometer (Hitachi U-2810, United States) after
extraction in 90% ethanol and filtering with glass microfiber
filters (Whatman GF/F) (Pápista et al., 2002). Hundred
ml NO3

−-N samples were filtered through pre-combusted
(450◦C, 2 h) GF/F filters and measured according to the
APHA method (1989).

Stable Isotope Ratios for the PN and
TDN Analyses
One liter and 250 ml water samples were required for δ15NPN
measurements of the field and laboratory water samples,
respectively. The samples were filtered through precombusted
(450◦C, 2 h) GF/F filters. After drying at 60◦C for 48 h, the cell
particulate samples for δ15NPN were scraped off the membrane
with a small blade. The samples were stored in tin capsules
for measurement.

One liter and 250 ml water samples were also filtered
through precombusted (450◦C, 2 h) GF/F filters for δ15NTDN
measurements of the field and laboratory samples, respectively.
These water samples for δ15NTDN were freeze-dried at−80◦C for
72 h to a powder and stored in tin capsules for measurement.

Three sediment cores were taken at each station in the
reservoir for δ15NPN measurements using a Mackereth corer
(Mackereth, 1969). These sediments were retrieved from a depth
of 0 ∼ 5 cm (Glew et al., 2001). Three replicate sediment cores
were composited into one sample. After sampling, the cores were
subsampled in the laboratory at 1 cm intervals. These sediment
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samples were freeze-dried at−80◦C for 72 h. The dried sediment
samples were then ground in an agate grinder and sieved through
a 0.149 mm mesh, and stored in tin capsules until isotope analysis.

All δ15NPN and δ15NTDN samples were measured by
continuous flow isotope ratio mass spectrometry using a Flash
2000 elemental analyzer coupled to a Thermo Fisher Delta Plus
XP IRMS (Thermo Fisher, United States). The results were
expressed in the delta notation as follows:

δ15N(h) = [


15N

14Nsample
15N

14Nreference

−1] × 103 (2)

The δ15NPN measurements were calibrated against
the international standard of atmospheric N2. The
standard deviation (S.D.) for the analytical standards was
approximately± 0.2h.

Statistical Analysis
A one-way ANOVA with a Tukey test was performed to compare
the differences and correlations among each parameter. A P-
value < 0.05 was regarded as significant and <0.01 as highly
significant for all tests. Principal component analysis (PCA) was
used to determine the environmental variables that explain the
largest per cent variance in δ15NPN and δ15NTDN. Prior to the
analysis, untransformed data in all cases were tested for normality
and homogeneity of variation. Statistical analyses was performed
using the SPSS 19.0 statistical package for personal computers
(SPSS, United States).

RESULTS

Spatial and Temporal Variations in the
Hydrographic and Biogeochemical
Properties Within the Reservoir
Thermal stratification occurred from March to November (the
thermal stratification period) and was absent in December,
January and February (the mixing period) when the vertical
temperature difference in the water column was small (Figure 2,
WT). During the thermal stratification period, the water
temperature (WT) was high, ranging from 27.3 ± 0.1 to
32.2 ± 0.1◦C in the epilimnion but approximately 9.3 ± 0.2 to
12.4± 0.1◦C in the hypolimnion. The thermocline was at a depth
of approximately 20 m. During the mixing period, the WT was
approximately 10◦C in the whole water column.

The pH values were significantly higher during the thermal
stratification period than during the mixing period (p < 0.05)
(Figure 2, pH). The values from the surface to a depth of 6 m
(7.2 ± 0.3 ∼ 9.2 ± 0.2) were significantly higher than those in
other layers during the thermal stratification period, indicating a
distinct stratified state (p < 0.05). The pH values (approximately
6.9± 0.3) were not stratified during the mixing period.

In the surface of the water column, the DO content was
sufficient, ranging from 5.9 ± 0.4 to 11.2 ± 0.2 mg l−1.
During the thermal stratification period, the epilimnion was even

FIGURE 2 | Vertical profiles of the water temperature (WT, ◦C), pH, dissolved
oxygen (DO, mg l–1), total nitrogen (TN, mg l–1), ammonia (NH4

+-N, mg l–1),
nitrate (NO3

–-N, mg l–1), particulate nitrogen stable isotope ratios (δ15NPN,
h), total dissolved nitrogen stable isotope ratios (δ15NTDN, h) and chlorophyll
a (Chl a, µg l–1) at stations X3 and X5 in 2017 in the Lianhe Reservoir.

hypersaturated at times (from 8.5± 0.3 to 10.5± 0.2 mg l−1), but
the DO content was below 2.5 ± 0.2 mg l−1 in the hypolimnion.
Especially from June to November, DO concentrations in the
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hypolimnion can be as low as 0 mg l−1, forming an anoxic closed
region. The oxycline occurred within the thermocline at a depth
of approximately 16–20 m. DO was relatively abundant at the
bottom during the mixing period. Vertical DO stratification was
not obvious (Figure 2, DO).

The concentrations of TN were not vertically stratified year
round (Figure 2, TN). The concentrations were approximately
3.1 ± 0.4 to 4.3 ± 0.2 mg l−1 during the thermal stratification
period and 2.1± 0.3 to 3.1± 0.1 mg l−1 during the mixing period.
TN concentrations during the thermal stratification period were
higher than those during the mixing period (p< 0.05).

The concentrations of NO3
−-N were much higher than the

concentrations of NH4
+-N, indicating that NO3

−-N is the
primary source of inorganic nitrogen in the reservoir (Figure 2,
NO3

−-N and NH4
+-N). The NO3

−-N concentration during the
thermal stratification period was approximately 0.75 ± 0.01 ∼
1.20 ± 0.01 mg l−1, which was significantly higher than that
(0.55 ± 0.02 ∼ 0.75 ± 0.01 mg l−1) during the mixing period
(Figure 2, NO3

−-N) (p < 0.05). The highest concentrations
of NH4

+-N (0.34 ± 0.03 mg l−1) were detected in January,
while the lowest concentrations (0.04 ± 0.01 mg l−1) occurred
from September to November (Figure 2, NH4

+-N). Neither the
NO3

−-N nor the NH4
+-N concentrations changed significantly

with depth (p> 0.05).
During the thermal stratification period, the vertical profile

of δ15NPN varied dramatically (Figure 2, δ15NPN). The δ15NPN
values in the hypolimnion (16.3 ± 0.3 ∼ 22.7 ± 0.5h) were
significantly higher than those in the epilimnion (2.0 ± 0.1 ∼
16.4 ± 0.3h) (p < 0.05). During the mixing period, the δ15NPN
value varied little with depth (Figure 2, δ15NPN).

The values of δ15NTDN were significantly lower than the values
of δ15NPN (p < 0.05), ranging from 2.6 ± 0.3 to 8.0 ± 0.4h
(Figure 2, δ15NTDN). The δ15NTDN values were approximately
5.2 ± 0.2 ∼ 7.9 ± 0.1h at the surface and approximately
4.6 ± 0.2 ∼ 8.0 ± 0.4h at the bottom. The average value of
δ15NTDN during the mixing period (3.7 ± 0.3h) was higher
than that during the thermal stratification period (6.1 ± 0.1h)
(Figure 2, δ15NTDN).

Chl a, a common pigment in phytoplankton cells, is often
used as an environmental index to characterize phytoplankton
biomass. The Chl a concentration was high (6.1 ± 0.2 ∼
22.3 ± 0.2 µg l−1) from the surface water to a depth of 6 m,
where most phytoplankton gathered (Figure 2, Chl a). The
average concentration of Chl a during the thermal stratification
period (12.3 ± 0.4 µg l−1) was higher than that during the
mixing period (4.6 ± 0.2 µg l−1). The Chl a concentration was
distributed evenly in the vertical direction during the mixing
period (Figure 2, Chl a).

Phytoplankton Community and the
Dominant Species
A total of 87 and 80 phytoplankton species were identified
during the thermal stratification and mixing periods, respectively
(Supplementary Table S1). M. densa and S. aristiferus were the
dominant species during the thermal stratification and mixing
periods in 2017, respectively (Table 2). During the mixing period,

the maximum cell density of S. aristiferus was 6.3 ± 0.2 × 105

cells ml−1 in the surface water (January 2017). However, during
the thermal stratification period, the maximum cell density
of M. densa was 9.6 ± 0.2 × 105 cells ml−1 and occurred
in the epilimnion, while S. aristiferus was still the dominant
species in the hypolimnion, with a maximum cell density of
1.4± 0.1× 105 cells ml−1 (August, 2017). The total cell densities
of phytoplankton during the thermal stratification period were
much higher than those during the mixing period (Table 2). The
cell densities of dominant species accounted for 77 to 93% of the
total cell densities of phytoplankton (Table 2).

Zooplankton Community
A total of 4 rotifera, 3 cladocera and 2 copepoda species were
found during the thermal stratification period (Supplementary
Table S2). During the mixing period, there were 7 Rotifera,
3 Cladocera and 3 Copepoda species in the reservoir
(Supplementary Table S2). Zooplankton densities varied
from 2 to 19 ind. l−1 and 7 to 27 ind. l−1 during thermal
stratification and mixing periods, respectively, indicating that
zooplankton were more abundant during the mixing period.

δ15NPN Values in Rivers and Sediments
The δ15NPN values from the surface water at stations X1 and X2
and the stations in rivers (Y2 and Y4) are also shown in Table 3.
The δ15NPN values at X1 and X2, the two stations in the reservoir
that were the closest to the river shore, varied from 4.9 ± 0.4
to 7.4 ± 0.2h and from 4.5 ± 0.3 to 6.9 ± 0.7h, respectively.
The δ15NPN values at Y2 and Y4, the two stations in the rivers
and close to the reservoir, ranged from 1.4 ± 0.3 to 5.7 ± 0.3h
and from 4.2 ± 0.4 to 5.7 ± 0.4h, respectively. The δ15NPN
values from the rivers (Y2 and Y4) were much lower than those
at reservoir stations X1 and X2 (Table 3).

The δ15NPN values of sediments at different depths at stations
X1 ∼ X5 were also measured (Table 4). There were small
differences in these δ15NPN values among depths and stations
(p > 0.05). The average value of δ15NPN was 3.0 ± 0.5 h.
However, the δ15NPN values in the sediment (2.3 ± 0.2 ∼
3.8 ± 0.2h) were much lower than those in the bottom of the
water column, especially at station X3 (p< 0.05).

The Relationships Between δ15NPN,
δ15NTDN and Phytoplankton in the Field
The δ15NPN values in the reservoir were negatively correlated
with the δ15NTDN and Chl a concentrations (Figures 3A–D) and
positively correlated with the TN concentrations (Figures 3E,F)
in both the thermal stratification and mixing periods. These
results indicate that phytoplankton biomass is potentially the
primary factor affecting the variations in δ15NPN in the reservoir.

PCA of δ15NPN, δ15NTDN and the associated environmental
variables revealed three principal components (PCs) with
eigenvalues greater than 1.0 (Table 5). The first principal
component (PC1) for δ15NPN included phytoplankton cell
densities and pH, and explained 45.2% of the variance in the
dataset. The second principal component (PC2) for δ15NPN
included DO, TN and Chl a, and explained 26.3% of the variance.
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TABLE 2 | Dominant species of phytoplankton and their cell densities/total cell densities of phytoplankton (×105 cells ml−1) at stations X3 and X5 at a water layer depth
of 0.5, 10, and 20 m during thermal stratification (e.g., August) and mixing periods (e.g., January) in 2017 at Lianhe Reservoir.

Depth (m) Mixing period (e.g., January) Thermal stratification period (e.g., August)

X3 X5 X3 X5

0.5 S. aristiferus S. aristiferus M. densa M. densa

(6.3 ± 0.2/7.3 ± 0.3) (5.2 ± 0.3/5.7 ± 0.4) (9.6 ± 0.2/10.3 ± 0.3) (8.9 ± 0.3/9.7 ± 0.4)

10 S. aristiferus S. aristiferus M. densa M. densa

(3.1 ± 0.2/3.8 ± 0.2) (1.7 ± 0.1/2.2 ± 0.2) (3.2 ± 0.1/3.7 ± 0.3) (2.6 ± 0.1/2.8 ± 0.1)

25 S. aristiferus S. aristiferus S. aristiferus S. aristiferus

(1.3 ± 0.1/1.4 ± 0.1) (1.0 ± 0.0/1.3 ± 0.1) (1.3 ± 0.1/1.5 ± 0.1) (1.4 ± 0.1/1.7 ± 0.0)

The values are the mean ± SD (n = 3).

TABLE 3 | Seasonal variations of particulate nitrogen stable isotope ratios
(δ15NPN, h) in surface water of stations X1 and X2 in the reservoir, and stations
Y2 and Y4 in the nearby rivers in 2017.

Months X1 X2 Y2 Y4

January 6.9 ± 0.3 5.6 ± 0.6 5.2 ± 0.3 5.4 ± 0.5

February 7.0 ± 0.3 5.4 ± 0.1 4.8 ± 0.4 4.8 ± 0.9

March 7.4 ± 0.2 6.1 ± 0.3 5.5 ± 0.5 5.7 ± 0.4

April 6.2 ± 0.4 5.1 ± 0.2 4.4 ± 0.1 4.2 ± 0.3

May 5.9 ± 0.3 4.7 ± 0.4 3.2 ± 0.2 4.7 ± 0.4

June 5.7 ± 0.6 4.5 ± 0.3 1.4 ± 0.3 5.4 ± 0.6

July 5.7 ± 0.3 5.2 ± 0.4 2.3 ± 0.2 4.3 ± 0.2

August 6.0 ± 0.4 5.7 ± 0.3 4.1 ± 0.4 4.4 ± 0.2

September 4.9 ± 0.4 6.9 ± 0.7 5.7 ± 0.3 4.2 ± 0.4

October 5.0 ± 0.4 6.5 ± 0.8 2.8 ± 0.3 4.8 ± 0.7

November 6.1 ± 0.2 5.3 ± 0.2 4.4 ± 0.3 5.5 ± 0.2

December 6.7 ± 0.4 5.7 ± 0.3 2.5 ± 0.4 4.7 ± 0.6

The values are the mean ± SD (n = 3).

The third principal component (PC3) included NO3
−-N and

WT, and explained 18.1% of the variance (Table 5). These
three PCs together accounted for 89.6% of the variation for
δ15NPN (Figure 4A). For δ15NTDN, PC1 contained δ15NPN and
Chl a, and explained 34.1% of the variance. PC2 contained
phytoplankton cell density, NO3

−-N and TN, and explained
26.2% of the variance. PC3 contained WT, DO, and NH4

+-
N and explained 15.9% of the variance (Table 5). These
three PCs together accounted for 76.2% of the variance in
δ15NTDN (Figure 4B). However, δ15NPN and δ15NTDN were
interacted with each other. δ15NPN can not be considered
as a factor influencing δ15NTDN. Moreover, both Chl a
(represents phytoplankton biomass) and phytoplankton cell
density indicated the phytoplankton abundance. Therefore, these
two factors were equally important for variations in δ15NTDN.
These results showed that phytoplankton cell density was the
primary factor controlling the variations in δ15NPN and δ15NTDN.

Variations in δ15NPN and δ15NTDN in
Cultures of M. densa and S. aristiferus
Both M. densa and S. aristiferus grew well, and the cell densities
peaked on Days 5 ∼ 6 in the experiments (Figures 5A,B). The

TABLE 4 | Nitrogen stable isotope ratios (δ15NPN, h) at different depths of
sediments at stations X1, X2, X3, X4, and X5 in Lianhe Reservoir.

Depths (cm) X1 X2 X3 X4 X5

1 3.4 ± 0.3 2.7 ± 0.2 2.4 ± 0.2 2.7 ± 0.4 2.5 ± 0.3

2 3.0 ± 0.5 2.9 ± 0.3 3.2 ± 0.4 2.4 ± 0.2 2.3 ± 0.2

3 2.8 ± 0.4 3.1 ± 0.3 3.3 ± 0.1 3.8 ± 0.2 2.6 ± 0.1

4 3.2 ± 0.1 3.3 ± 0.3 3.6 ± 0.2 3.5 ± 0.2 2.7 ± 0.2

5 2.4 ± 0.1 2.8 ± 0.1 2.5 ± 0.1 3.4 ± 0.1 3.3 ± 0.2

The values are the mean ± SD (n = 3).

maximum cell density of M. densa was 6.9 ± 0.5 × 106 cells l−1,
while that of S. aristiferus was 7.8 ± 0.4 × 106 cells l−1. Both
M. densa and S. aristiferus cells entered the stationary phase after
Day 7 and decreased in number after Day 17. The specific growth
rates of M. densa decreased on Day 4, while that of S. aristiferus
decreased on Day 5 (Figures 5C,D).

The δ15NPN values were negatively correlated with the
Chl a concentration (Figure 6A) and positively correlated
with the nitrogen concentrations (Figure 6B) in the cultures.
Similar trends were found in the field (Figure 3), indicating
that variations in δ15NPN in the reservoir were mainly
determined by phytoplankton cell density, especially the
dominant species cell density.

The values of δ15NTDN in the cultures of both M. densa and
S. aristiferus increased (Figures 7A,B). In the stationary phase on
Day 13, the maximum value of δ15NTDN was 7.9 ± 0.3h in the
culture of M. densa, while that in the culture of S. aristiferus was
6.9 ± 0.2h. However, the δ15NPN value decreased continuously
and reached its lowest value on Day 11: 14.6± 0.3h in M. densa
cultures and 16.0± 0.1h in S. aristiferus cultures (Figures 7C,D)
indicating that the continuous growth of both S. aristiferus and
M. densa can directly reduce δ15NPN and increase δ15NTDN.

DISCUSSION

Factors Affecting Variations in δ15NPN
and δ15NTDN
In general, nitrogen in reservoirs can be divided into exogenous
nitrogen, including that entering via atmospheric deposition
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TABLE 5 | Principal components and eigenvalues for δ15NPN and δ15NTDN in
Lianhe Reservoir based on the analysis using monthly values at each depth of
stations X1 ∼ X5 in 2017.

Component Variables Eigenvalues

Total % of Variance Cumulative%

δ15NPN 1 Phytoplankton
cell density, pH

2.9 45.2 45.2

2 Chl a, TN, DO 1.7 26.3 75.1

3 NO3
−, WT 1.3 18.1 89.6

δ15NTDN 1 δ15NPN, Chl a 2.7 34.1 34.1

2 NO3
−, TN,

phytoplankton
cell density

2.1 26.2 60.3

3 WT, DO, NH4
+ 1.3 15.9 76.2

and rivers, and endogenous nitrogen, which originates from
denitrification, sediments and biological processes. These
nitrogen sources influence variations in δ15NPN and δ15NTDN in
reservoirs to different degrees.

Exogenous Factors
Nitrogen pollutants in the air, mainly nitrate and nitrite, enter
the surface water of the reservoir by wet deposition. Because the
nitrogen isotope fractionation in the atmosphere is different from
that in the water column, atmospheric deposition changes the
variation in δ15N in the water column. However, the δ15NTDN
values in the surface water of Lianhe Reservoir ranged from
4.5 ± 0.3 ∼ 7.4 ± 0.2h, which are much different from of
the values for wet deposition (Xiao and Liu, 2002; Elliott et al.,
2007). This result indicated that nitrogen from atmospheric
deposition made little contribution to the nitrogen stable isotope
composition in Lianhe Reservoir.

Particulate matter from the shore can be washed into the
reservoir via rivers during heavy rain events. However, our results
showed that the δ15NPN in the rivers near the reservoir (stations
Y2 and Y4) was lower than that in the surface water at the
junctions of Lianhe Reservoir and the nearby rivers (stations X1
and X2) (Table 3). If nitrogen from rivers is the major controller
of variation in δ15NPN in Lianhe Reservoir, the river δ15NPN value
should be greater than or equal to the values in the reservoir.
However, our investigation showed the opposite, suggesting that
the effects of nitrogen from rivers on the variations in the δ15NPN
values in the reservoir were not large as expected.

Endogenous Factors
Isotopic fractionation occurs during nitrogen migration and
transformation. Sugimoto et al. (2010, 2014) suggested that
the value of δ15NPN is principally determined by the dissolved
inorganic nitrogen (DIN) concentration. Hou et al. (2013)
suggested that TN is the primary driver of the change in δ15NPN.
However, in our study, the vertical profiles of TN, NO3

−-N, and
NH4

+-N changed little, but particulate and dissolved nitrogen
stable isotope fractionation had already occurred (Figure 2). PCA
revealed that the effects of TN, NO3

−-N, and NH4
+-N on both

δ15NPN and δ15NTDN were not significant (Table 5). Obviously,

nitrogen concentration might affect the variations in δ15NPN and
δ15NTDN, but it was not the critical controlling factor.

Debris from shore or sediment is generally considered an
important source of δ15NPN, especially in deep water (Hamilton
et al., 2001; Wollheim et al., 2001). However, in Lianhe Reservoir,
the δ15NPN values in the sediments were all lower than those
in the water column (Tables 3, 4). Furthermore, we observed
a large proportion of algal cells in particulate matter (PM)
under a microscope. Therefore, we believe that Lianhe Reservoir
is a phytoplankton-dominated PM subtropical reservoir. Other
surveys have also shown that lakes or reservoirs with strong
solar radiation and thermal stratification of the water body are
usually phytoplankton-dominated PM pools (Gu, 2009). Lianhe
Reservoir, located in southern China, is exposed to intense solar
radiation. The water column in the reservoir thermally stratifies
in summer. Therefore, the main source of PM is not the debris
but phytoplankton cells.

Sediments contributed a low δ15NPN level (2.3 ± 0.2 ∼
3.6 ± 0.2h) in Lianhe Reservoir, which was significantly lower
than the δ15NPN in the bottom water (p < 0.05) (Figure 2
and Table 4). This difference suggested that the denitrification
between sediment and the water column at the bottom was not
strong. Other studies have shown that the δ15NPN values resulting
from denitrificatin in sediments are approximately 14 ∼ 38h
(Casciotti et al., 2003), which were very different from the values
obtained in this study. We speculate that the reason for this result
is that reservoirs are semiartificial water bodies. The reservoir
management station dredges every year, and the community
of denitrobacteria in the sediment is destroyed. Furthermore,
sedimentary denitrification had a minimal effect on the vertical
variations in δ15NPN during the thermal stratification period
because transport limited the overall rate, resulting in a low
isotopic fractionation potential (Hadas et al., 2009). However, we
cannot rule out the possibility that the remineralization of organic
nitrogen and subsequent nitrification might have contributed
to δ15NTDN in the reservoir during the mixing period, which
requires further study.

Biochemical processes must be considered when studying the
variations in nitrogen stable isotopes in reservoirs. In our study,
although the distribution of δ15NPN differed greatly between the
thermal stratification and mixing periods, δ15NPN still showed a
strong correlation with phytoplankton cell density in both the
field investigation and laboratory experiments (Figures 4, 6).
PCA showed that variations in δ15NPN and δ15NTDN were
principally determined by phytoplankton cell density (Table 5).
These results suggested that phytoplankton cell density was
the key factor controlling nitrogen stable isotope composition.
Phytoplankton biological effects are a primary factor in the N
cycle of subtropical reservoirs, and their effects are much greater
than those of other physical and chemical factors.

The laboratory experimental results showed that the δ15NPN
values decreased and the δ15NTDN values increased in both
M. densa and S. aristiferus cultures (Figure 7). To simulate
the natural dynamics, phytoplankton were cultured at different
WT, and the results were consistent with those of our field
investigation. Because of the different culture temperatures,
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FIGURE 3 | Scatter plots of particulate nitrogen stable isotope ratios (δ15NPN, h) against total dissolved nitrogen stable isotope ratios (δ15NTDN, h) during (A)
mixing and (B) thermal stratification periods, Chlorophyll a (Chl a) during (C) mixing and (D) thermal stratification periods, and total nitrogen (CTN ) during (E) mixing
and (F) thermal stratification periods as well as their fitted curves in every depth at stations X1 ∼ X5 in Lianhe Reservoir in 2017.

we could not compare the nitrogen fractionation effects
between these two dominant species, but the results still
suggested that both of these dominant species could regulate
the assignment of 15N between particular nitrogen and total
dissolved nitrogen. Based on the fact that both of these dominant

species had the same regulatory capacity, this 15N assignment
mechanism seemed to be closely related to only cell density,
not phytoplankton species. Furthermore, dominant species
accounted for 77–93% of the total phytoplankton (Table 2).
Therefore, dominant species are an important indicator of total
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FIGURE 4 | Principal component 1 (PC1) versus principal component 2 (PC2) for δ15NPN (A) and δ15NTDN (B) using monthly values at eat depth of stations X1 ∼ X5
in the Lianhe Reservoir in 2017.

FIGURE 5 | The growth of M. densa and S. aristiferus during treatment with NO3
–-N. (A) Cell densities of M. densa. (B) Cell densities of S. aristiferus. (C) Specific

growth rates of M. densa. (D) Specific growth rates of S. aristiferus. The values are the mean ± SD (n = 3).
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FIGURE 6 | Scatter plots of particulate nitrogen stable isotope ratios (δ15NPN, h) against (A) Chlorophyll a (Chl a, µg l–1) and (B) NO3
−-N (CN, mg l–1) and their

fitted curves in the batch cultures.

FIGURE 7 | The variation of the total dissolved nitrogen stable isotope ratios (δ15NTDN) in the batch cultures of (A) M. densa and (B) S. aristiferus, and the particulate
nitrogen stable isotope ratios (δ15NPN) in the batch cultures of (C) M. densa and (D) S. aristiferus. The values are the mean ± SD (n = 3).

phytoplankton that can be used to evaluate the effect of biological
processes on the N cycle.

Zooplankton play a mediating role in the food web of
aquatic ecosystems, and excess zooplankton puts predation

pressure on phytoplankton (Boyce et al., 2010; De Stasio et al.,
2018; Sitta et al., 2018). When zooplankton biomass is low,
phytoplankton will proliferate rapidly (Paerl et al., 2011; Er
et al., 2018). In our study, 9 and 13 species of zooplankton
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were found during the thermal stratification and mixing periods,
respectively (Supplementary Table S2). The number of species
and the biomass of zooplankton in Lianhe Reservoir were
significantly lower than those in other subtropical reservoirs
(Lin et al., 2003). On the other hand, phytoplankton cell
density could reach up to 10.3 ± 0.3 × 105 cells ml−1

(Table 2) and the predation pressure from zooplankton seemed
to not have an effect. Therefore, in the plankton community,
phytoplankton accounted for an overwhelming proportion of
both species and biomass. Zooplankton could surely also regulate
the spatial and temporal distribution of δ15N. However, the
proportion of zooplankton in Lianhe Reservoir was so small
that it did not play an important role in controlling δ15NPN
and δ15NTDN.

Compared to the δ15NPN values determined in other studies
(Fogg et al., 1998; Kendall, 1998; Russell et al., 1998; Mayer
et al., 2002; Vuorio et al., 2006; Bateman and Kelly, 2007; Finlay
et al., 2007; Hales et al., 2007; Singleton et al., 2007; Lee et al.,
2008; Xue et al., 2009; Doi et al., 2010; Titlyanov et al., 2011;
Ólafsson et al., 2013), the δ15NPN values in Lianhe Reservoir
were within the range of δ15NPN values from phytoplankton,
which was approximately 3 ∼ 22h (Figure 8). This finding also
supported our hypothesis that phytoplankton cell density was the
primary factor controlling the temporal and spatial distributions
of δ15NPN in a subtropical reservoir.

Implications for Biochemical Processes
Laboratory experiments showed that δ15NPN values were
inversely proportional to δ15NTDN values (Figure 9).
Interestingly, in the growth stationary phase, δ15NTDN in
the media still increased while δ15NPN remained relatively
constant (red circles in Figure 9). This result indicated that the
amount of nitrogen is sufficient for algal cells, which no longer
take up nitrogen from the ambient environment. Conversely,
algal cells released nitrogen to maintain a balance of intracellular
and extracellular nitrogen.

Excessive nitrogen flows into the reservoir and sinks
to the bottom, which increases the nitrogen budget year
by year. Denitrification is generally considered the major
process that removes this excess nitrogen, especially in deep
lakes and reservoirs (Han et al., 2014; Zhou et al., 2018).
At the anoxic bottom during the thermal stratification
period, NO3

−-N reduction to NO2
−-N, N2O, and even N2

is accomplished by the denitrifying bacterial community
(Saunders and Kalff, 2001; Zhang et al., 2019). Generally, the
ambient environment at the dark and anoxic bottom is not
suitable for phytoplankton. Surprisingly, we found biomass
of phytoplankton at the bottom (Table 2). As mentioned
above, these phytoplankton not only take up nitrogen but
also continuously excrete excess nitrogen into the water
column to maintain metabolism stability (Figure 9). That
is, in addition to denitrification causing nitrogen loss, there
is a process for nitrogen accumulation by phytoplankton.
There was no significant difference in the NO3

−-N vertical
concentration even during the thermal stratification period
(Figure 2), which also supported our deduction. These two
opposing pathways maintain the nitrogen balance at the bottom
of the reservoir.

Areas with industrial production, urban wastes, and fishing
are enriched in δ15NTDN and can carry δ15NTDN signatures
as high as 20h (Bedard-Haughn et al., 2003; Leavitt et al.,
2006; Hou et al., 2013). However, in the middle water layer
(18 ∼ 24 m below the surface) of Lianhe Reservoir, the
phytoplankton biomass was low. Additionally, it is difficult for
river runoff, rainfall and bottom denitrification to influence
the physicochemical processes of this water layer during the
thermal stratification period. Moreover, there is also less human
activity around the reservoir. Therefore, we speculated that the
low δ15NTDN value in this layer is close to the background
value of δ15NTDN in natural subtropical reservoirs. Surely, the
value of δ15NTDN is also associated with dissolved inorganic
and organic nitrogen. Expanding the scope of investigation

FIGURE 8 | Scatter plots of δ15NPN (h) against NO3
–-N (mg l–1) and the range of δ15NPN values from different sources.
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FIGURE 9 | Scatter plots of particulate nitrogen stable isotope ratios (δ15NPN, h) against total dissolved nitrogen stable isotope ratios (δ15NPN, h) and their fitted
curves for M. densa (A) and S. aristiferus (B) cultures.

in further studies is needed to characterize the background
δ15NTDN signature in natural subtropical reservoirs. However,
we believe that the δ15NTDN value of this water layer can
provide a reference for determining the natural background
value of δ15NTDN.

Biochemical Characteristics of
Subtropical Reservoirs
The Thermal Stratification Period
The depth of the reservoir and intense solar radiation cause
a discrepancy in the vertical heat budget during the thermal
stratification period. This discrepancy represents a thermocline
separating WT in the epilimnion and hypolimnion, leading
to the vertical heterogeneity in the biomass and species
composition of phytoplankton. The WT in the epilimnion
is higher than that in the other layers, especially the
surface temperature, which is close to the air temperature.
However, the temperature drops sharply in the thermocline,
while the temperature in the hypolimnion stays cool year
round (Figure 10A).

Because of strong water-vapor exchange at the surface and
photosynthesis by phytoplankton, the DO level in the epilimnion
is always sufficient and sometimes even supersaturated. However,
an anoxic environment is formed because of the lack of
oxygen supplementation and phytoplankton respiration in the
hypolimnion. There is also an oxycline that usually accompanies
the thermocline (Figure 10A).

Due to relatively high temperature and optimum light
intensity in the epilimnion, the abundant phytoplankton
aggregate for photosynthesis. The dominant species in this layer
are thermophilic species, such as M. densa. In the thermocline,
temperature and light intensity decrease rapidly, and many
species cannot endure the severe change in this layer. Therefore,
the phytoplankton biomass in the thermocline is less than that
in the epilimnion. Even fewer species gather in the hypolimnion,

a totally dark anoxic zone. The phytoplankton community
structure is mainly composed of psychrophilic species, such as
S. aristiferus. The cells of dead phytoplankton in the upper
layer will be decomposed into many fragments or mineralized
into particulates down in the hypolimnion. These fragments
and particulates further release nitrogen. Phytoplankton living
in the hypolimnion also contributes some nitrogen through
metabolism. However, the thermocline prevents the penetration
of this nitrogen into the epilimnion, resulting in nitrogen
accumulation in the hypolimnion (Figure 10A).

Nitrogen concentrations, such as the TN, NO3
−-N, and

NH4
+-N, were higher during the thermal stratification period

than during the mixing period. These types of nitrogen have less
vertical variation. However, δ15NPN and δ15NTDN are vertically
stratified. Depending on high phytoplankton cell density, the
δ15NPN value decreases in the epilimnion, while the δ15NTDN
value increases. In contrast, there are higher δ15NPN and lower
δ15NTDN in the hypolimnion than in the epilimnion due to the
lower phytoplankton cell density in the former. Dentrification
also occurs in the hypolimnion, removing excessive NO3

−-N and
balancing the nitrogen budget (Figure 10A).

The Mixing Period
The thermocline disappears during the mixing period. Water
density is homogeneous in the vertical direction, resulting in well-
mixed water and vertical movement of materials (Figure 10B).
Water-vapor exchange still occurs, and there is also sufficient
oxygen in the surface water. DO can be transported vertically,
forming a homogenous distribution throughout the water
column (Figure 10B).

WT cool in the surface water, but solar radiation is still
intense. Therefore, many phytoplankton gather in the upper
water, and the dominant species changes to a psychrophilic
species (S. aristiferus). Fewer phytoplankton live at the bottom
than in the upper water, which is the same pattern as in the
thermal stratification period. The dominant species remain those
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FIGURE 10 | Biochemical characteristics of Lianhe Reservoir during the thermal stratification (A) and mixing (B) periods.

that prefer to live in cool water. Due to the strong vertical water
mixing, particulates and fragments generated from dead algal
cells are distributed evenly along the vertical profile.

The concentrations of TN, NO3
−-N, and NH4

+-N are lower
in the mixing period than in the thermal stratification period
and are still distributed uniformly throughout the water column.

Vertical variations in δ15NPN and δ15NTDN are the same in the
mixing and the thermal stratification periods, with lower δ15NPN
and higher δ15NTDN in the upper waters and higher δ15NPN and
lower δ15NTDN at the bottom (Figure 10B). Obviously, variations
in δ15NPN and δ15NTDN are less affected by water movement and
WT than by phytoplankton cell density, which dominates.
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Deep Lakes
Nico Salmaso*

Research and Innovation Centre, Fondazione Edmund Mach, San Michele all’Adige, Italy

In deep lakes, many investigations highlighted the existence of exclusive groups of
bacteria adapted to deep oxygenated and hypoxic and anoxic hypolimnia. Nevertheless,
the extent of bacterial strain diversity has been much less scrutinized. This aspect is
essential for an unbiased estimation of genetic variation, biodiversity, and population
structure, which are essential for studying important research questions such as
biogeographical patterns, temporal and spatial variability and the environmental factors
affecting this variability. This study investigated the bacterioplankton community in the
epilimnetic layers and in the oxygenated and hypoxic/anoxic hypolimnia of five large
and deep lakes located at the southern border of the Alps using high throughput
sequencing (HTS) analyses (16S rDNA) and identification of amplicon sequence variants
(ASVs) resolving reads differing by as little as one nucleotide. The study sites, which
included two oligomictic (Garda and Como) and three meromictic lakes (Iseo, Lugano,
and Idro) with maximum depths spanning from 124 to 410 m, were chosen among
large lakes to represent an oxic-hypoxic gradient. The analyses showed the existence
of several unique ASVs in the three layers of the five lakes. In the case of cyanobacteria,
this confirmed previous analyses made at the level of strains or based on oligotyping
methods. As expected, the communities in the hypoxic/anoxic monimolimnia showed
a strong differentiation from the oxygenated layer, with the exclusive presence in
single lakes of several unique ASVs. In the meromictic lakes, results supported the
hypothesis that the formation of isolated monimolimnia sustained the development
of highly diversified bacterial communities through ecological selection, leading to the
establishment of distinctive biodiversity zones. The genera identified in these layers
are well-known to activate a wide range of redox reactions at low O2 conditions. As
inferred from 16S rDNA data, the highly diversified and coupled processes sustained
by the monimolimnetic microbiota are essential ecosystem services that enhance
mineralization of organic matter and formation of reduced compounds, and also
abatement of undesirable greenhouse gasses.

Keywords: deep lakes, meromixis, bacterioplankton, biodiversity, habitat partitioning, amplicon sequence
variants, high throughput sequencing

INTRODUCTION

In deep lakes, seasonal differences in vertical water density gradients driven by water temperature
and salinity are a key feature in the control of stratification dynamics and patterns (Wetzel, 2001;
Kallf, 2002). In holomictic lakes, the cooling of surface waters in the coldest months is sufficient
to trigger the complete circulation and vertical homogenization of the water column every year.
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Within this typology, oligomictic lakes mix only irregularly.
Conversely, in meromictic lakes, circulation in the winter months
affects only the upper portion (mixolimnion) of the water
column, whereas the deeper stratum of water (monimolimnion)
is perennially separated from the surface by a steep salinity
gradient (the chemolimnion) (Wetzel, 2001). As a consequence
of complete isolation and oxidation of sinking particulate organic
matter, in meromictic lakes the monimolimnion is almost (<1–
2 mg L−1) or completely depleted of oxygen, causing low
redox potential conditions. The monimolimnion is often rich in
phosphorus and reduced nitrogen compounds. Conversely, while
reduced substances accumulate in the monimolimnion, biota in
the surface illuminated layers and dark mixolimnion may be
deprived of essential nutrients (Humayoun et al., 2003).

Depending on the lake physiography, illumination and
nutrients, different communities develop in the epilimnion of
lakes, including well-diversified photosynthetic cyanobacteria
populations (Newton et al., 2011; Salmaso et al., 2018a). In
the epilimnion and hypolimnion of holomictic lakes, and in
the oxygenated mixolimnetic layers of meromictic lakes, the
metabolic activities of microorganisms can rely on a sufficient
replenishment of oxygen. In depleted-O2 layers, microorganisms
have to switch electron acceptors from oxygen to other
compounds such as nitrate, manganese, iron, sulfate, and carbon
dioxide (Stumm and Morgan, 1996; Humayoun et al., 2003).
In the metalimnion of relatively shallower meromictic lakes,
oxygen diffusing down from the surface and sulfide diffusing
up from the hypolimnion, provide a niche for photosynthetic
and non-photosynthetic sulfur-oxidizing bacteria (Storelli et al.,
2013; Bush et al., 2017). As a result, several studies based on
classical culture-independent approaches showed the occurrence
of specific bacterioplankton populations exclusively occurring in
the oxygenated (Urbach et al., 2001; Pollet et al., 2011; Okazaki
and Nakano, 2016) and hypoxic/anoxic hypolimnia (De Wever
et al., 2008; Casamayor et al., 2012; Mori et al., 2013; Kubo et al.,
2014). A number of investigations, based on the application of
high throughput sequencing (HTS) approaches, identified a high
operational taxonomic unit (OTU) richness in the hypolimnetic
layers shaped by oxygen availability (Garcia et al., 2013; Llirós
et al., 2014; Kurilkina et al., 2016). Nevertheless, insights into
the richness and spatial extension/distribution of bacteria in large
and deep lakes remain largely to be explored (Rinke et al., 2013).

The lakes Garda, Maggiore, Como, Iseo, Lugano, and Idro are
part of the group of deep lakes located at the southern border
of the Alps [deep southern perialpine lakes (DSL) (Ambrosetti
and Barbanti, 1992)]. Owing to their different maximum depths,
deep mixing dynamics and oxygenation patterns, these lakes
are excellent sites to study the selection of bacterial populations
along oxic-hypoxic and light gradients. In a selection of these
lakes, including both oligomictic and meromictic typologies, the
application of CARD-FISH showed more pronounced differences
in the vertical profile of prokaryoplankton than those observed
between spring and summer (Hernández-Avilés et al., 2018).
These changes were interpreted as caused by the physical
and chemical differences between the epilimnetic and deep
hypolimnetic layers. However, it was not possible to test the
extent of these effects on the whole community biodiversity

and the potential ecological selection of taxa adapted to specific
lakes and layers.

Thanks to the vertical partition of the water layers, ecological
selection in deep lakes has the potential to lead to the
development of communities composed of different populations
adapted to different local habitats. In this perspective, the
work aims to clarify the extent and pattern in the bacterial
community diversification and how this diversification may be
explained by environmental variations. A specific objective of
this work is to characterize the bacterioplankton community
composition (BCC) in the upper and oxygenated layers, dark
oxygenated layers, and deep hypoxic layers of DSL, quantifying
the influence of light and oxygen concentrations (as a proxy of
redox conditions) on the potential selection of specific bacterial
lineages. A specific emphasis will be given to Cyanobacteria. This
group of bacteria is widely represented with several adaptations
in many aquatic and terrestrial ecosystems (Jungblut et al., 2010;
Whitton, 2012; Jasser et al., 2013). Moreover, many species
belonging to this phylum are able to develop huge blooms
(Reynolds and Walsby, 1975; Bullerjahn and Post, 2014; Davis
et al., 2019), producing a wide variety of toxic compounds
that can strongly deteriorate the quality of water resources
used for drinking and bathing purposes (Meriluoto et al.,
2017a,b). Cyanobacteria are an issue also for the DSL where
they are represented by several toxigenic species producing
either hepatotoxins (microcystins; Planktothrix rubescens and
Microcystis aeruginosa) or neurotoxins (anatoxins; Tychonema
bourrellyi) (Cerasino et al., 2017).

MATERIALS AND METHODS

Study Sites
The lakes included in this work are located at the southern
border of the Alps (Figure 1). The status of investigations in
this selection of lakes and in the other large and deep lakes
surrounding the Alpine chain has been reviewed by Salmaso et al.
(2018b, and references therein). In this regard, in the Alpine
region, an operational demarcation of large and deep lakes was
defined by surface (S), maximum depth (zm), and volume (V)
values set at S 10 km2, zm 50 m, and V 0.5 km3. The two largest
lakes included in this work, i.e., Garda and Como, are oligomictic
and oligo-mesotrophic; they have surface and maximum depths
of 368 and 146 km2, and 350 and 410 m, respectively. The two last
complete vertical circulation events were between 2004 (Garda)
and 2005–2006 (Garda and Como) (Rogora et al., 2018). Since
then, hypolimnetic oxygen concentrations were above 7 mg L−1.
Lakes Iseo, Lugano, and Idro are meromictic and characterized
by a trophic state between mesotrophy and meso-eutrophy; water
surface and maximum depths are 62, 28 and 11 km2, and 251,
288, and 124 m, respectively (Ambrosetti and Barbanti, 1992).
In lakes Iseo and Lugano a larger overturn with hypolimnetic
(<150 m) O2 concentrations increasing up to 8 and 2.5 mg L−1,
respectively, was observed in 2006 and, partially, 2005 (Rogora
et al., 2018); hypoxia and anoxia conditions restored immediately
after 2–4 years. In Lake Idro, low oxygenation from 60 to 100 m
and anoxia from 100 m to the bottom were documented since
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FIGURE 1 | Geographical location of the deep southern perialpine lakes (DSL)
investigated in this work. The yellow circles indicate the sampling points.

1969 (Viaroli et al., 2018). Meromixis in lakes Iseo, Lugano, and
Idro was triggered by a number of related factors, including
the smaller water volumes compared to the other oligomictic
lakes, geographical location sheltered from winds (Lugano, Idro),
water warming (Lepori and Roberts, 2015; Pareeth et al., 2017),
eutrophication and enhanced calcite precipitation, and supply
of dissolved minerals from groundwater springs (Idro) (Rogora
et al., 2018; Salmaso et al., 2018b; Viaroli et al., 2018).

Sampling and Laboratory Measurements
Samplings and measurements were carried out in 2016 during
the stratification period in the deepest zones of the lakes Garda
(5 July), Iseo (29 August), Lugano (northern basin, 21 June)
and Idro (23 August); in Lake Como (14 June), samplings were
carried out at the station of Dervio, in the northern basin
(zmax = 270 m). The sampling stations in lakes Garda, Como,
and Iseo are part of the Italian and European Long Term
Ecological Research network (LTER1,2). Constant volumes of
water were collected in each layer with a 5 L Niskin bottle
for successive subsampling. Vertical profiles of temperature and
oxygen were carried out using underwater probes (Idronaut,
Seacat-Seabird, WTW probes). In the upper layers, samples were
collected at 0, 10, 20, 40, and 60 m. Additional samples were
collected, every 50 m or less, in the hypolimnetic layers (see
Figure 2). The overall number of samples collected in the five
lakes was 11 (Garda), 9 (Como), 9 (Iseo), 10 (Lugano), and 7
(Idro). Conductivity (at 20◦C), pH, nitrogen compounds (NO3-
N, NH4-N), total phosphorus (TP), soluble reactive phosphorus
(SRP), reactive silica (Si), alkalinity and major ions (Ca, Mg,
Na, K, Cl, and sulfate) were determined in a single laboratory

1http://www.lteritalia.it
2http://www.lter-europe.net/

(FEM) using standard analytical procedures (APHA-AWWA-
WEF, 2005; Cerasino and Salmaso, 2012).

DNA Extraction and Amplification
For HTS analyses, aliquots of water were filtered through 25 mm
polycarbonate Isopore membranes (Merck) with 0.2 µm pore
size. Filtered volumes ranged between around 500 and 1000 mL,
depending on the quantity of suspended particles, and until near-
clogging of the filters. Filters were stored at −20◦C until DNA
extraction with MO BIO PowerWater R© DNA Isolation Kit (MO
BIO Laboratories, Qiagen, United States). DNA concentrations,
measured with a NanoDrop ND-8000 (Thermo Fisher Scientific,
Inc., Waltham, MA, United States), ranged between 5 and
46 ng µL−1. PCR amplification of bacterial sequences was
carried out by targeting a ∼ 460-bp fragment of the 16S rRNA
gene variable regions V3–V4 using the specific bacterial primer
set 341F (5′-CCTACGGGNGGCWGCAG-3′) and 805Rmod (5′-
GACTACNVGGGTWTCTAATCC-3′) with overhang Illumina
adapters. The final barcoded library was sequenced on an
Illumina R© MiSeq (PE300) platform. A detailed description of
procedures is reported in Salmaso et al. (2018a). Sequences
in FASTQ format were deposited to the European Nucleotide
Archive (ENA) with study Accession No. PRJEB33405.

Bioinformatic Pipelines and Downstream
Analyses
Sequences were analyzed using the DADA2 package 1.10
(Callahan et al., 2016a) in R 3.5.1 (R Core Team, 2018) and
Bioconductor 3.8 (Huber et al., 2015). The DADA2 algorithm
is more sensitive and more specific than common bioinformatic
pipelines based on the OTU identification, and resolves amplicon
sequence variants (ASVs) that differ by as little as one nucleotide
(Callahan et al., 2017). The results are exact ASVs that replace
the traditional OTUs obtained by pipelines that cluster reads
using subjective fixed global clustering threshold (generally 97%)
or local thresholds (Swarm method) (Nguyen et al., 2016).
Taxonomic assignment was carried out using the RDP naive
Bayesian classifier method described in Wang et al. (2007) and
the SILVA v. 132 ribosomal reference database (Quast et al.,
2013; Glöckner et al., 2017) with a 80% minimum bootstrap
confidence threshold. The corresponding general tree was built
after alignment of sequences and phylogenetic analysis carried
out using the R packages DECIPHER 2.10 and phangorn
2.4.0 (Callahan et al., 2016b), respectively. The workflow and
intermediate steps are illustrated in the Supplementary Methods.
After the application of the DADA2 pipeline, a total of 3514 ASVs
were obtained, with an average sequence length of 417 bp. The
number of reads per sample ranged between 13448 and 48922
(mean± SD, 30809± 8790).

The ASVs abundance table, taxonomy, DNA reads and
environmental data were imported into the R package
phyloseq 1.28.0 (McMurdie and Holmes, 2013). Chloroplasts,
mitochondria, unclassified/non-bacterial sequences were
removed from the original dataset, obtaining 3298 ASVs. After
inspection of the distribution of sample sequencing depth, the
ASVs table was rarefied without replacement to 13367 sequences
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FIGURE 2 | Vertical measurements of water temperatures and oxygen concentrations in the two oligomictic (Garda and Como) and three meromictic (Iseo, Lugano,
and Idro) lakes at discrete depths. Vertical scales are identical in lakes Como, Iseo, and Lugano. Samples for the determination of other chemical compounds and for
HTS analyses were collected at the same depths.

per sample, obtaining a final table with 3216 ASVs. Alpha
diversity (observed ASVs, Chao1 index, and Shannon diversity)
and beta-diversity (Bray and Curtis) were computed following
Salmaso et al. (2018a). Differences in alpha diversity between
samples and layers were estimated using the Kruskal–Wallis
rank sum test (KW). Ordination of samples was carried out by
non-metric multidimensional scaling (NMDS) computed on
a Bray and Curtis (BC) dissimilarity matrix, and vector fitting
procedures (Salmaso et al., 2018a). Differences in bacterial
composition between groups of samples were tested using
PERMANOVA computed on the same BC distance matrix used
in NMDS, with 9999 bootstraps and function adonis in R vegan
2.5.5 package (Oksanen et al., 2018).

Correlations between environmental variables and
the bacterial community in the 5 lakes and selected
layers were calculated by computing Mantel tests
(Legendre and Legendre, 1998; Oksanen et al., 2018). The

environmental distance matrix was computed using a set
of standardized environmental variables (temperature, pH,
conductivity, O2, SRP, NO3-N, NH4-N, Si, Alk, SO4). A second
distance matrix was computed including only a subset of
variables linked to stratification (water temperature) and
major chemical gradients (pH, O2, NH4-N). The bacterial
dissimilarity matrix was computed using the same methods used
in NMDS. The significance of the statistic was evaluated by 9999
permutations of rows and columns of the dissimilarity matrix.

The differential distribution of taxa along the vertical
oxygen gradient was tested using DESeq2 1.22.1 package in
R (Love et al., 2014). Computations were carried out on the
original (non-rarefied and un-normalized) abundance ASV table.
Additionally, for every k species (or higher level taxonomy),
the observed optimum environmental levels of oxygen were
estimated by computing the average values – weighted by the
corresponding abundances values – of the O2 concentrations in
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the corresponding samples where the k species were identified.
Species optima (uk), and species tolerances (tk), were computed
using standard approaches (ter Braak and van Dame, 1989) (R
script in Supplementary Code).

The distribution of ASVs in the selected phylum
Cyanobacteria was evaluated by mapping abundances on a
phylogenetic tree built, after aligning sequences with MAFFT
7.427 (Katoh and Standley, 2013), using phyML 3.1 (Guindon
et al., 2010) and the R package phyloseq. Potentially poorly
aligned positions and divergent regions of the alignment were
checked using Gblocks (Talavera and Castresana, 2007). The
DNA substitution model (GTR + I + G) was selected after
calling PhyML 3.1 with the phymltest function in the R package
ape (Paradis, 2012; Salmaso et al., 2016). Only taxa identified
at least at the genus level were included in the analysis. The
outgroup was chosen from non-photosynthetic Cyanobacteria
(NCY, Melainabacteria, unclassified taxa belonging to the order
Caenarcaniphilales; Soo et al., 2014), after previous verification
of their position in the general phylogenetic tree.

RESULTS

Vertical Physical and Chemical Gradients
The five lakes showed steep surface temperature gradients
up to 40–50 m (Garda, Como, Iseo) and 20 m (Lugano,
Idro) (Figure 2). Dissolved oxygen concentrations in the two
oligomictic lakes (Garda and Como) showed only a minor
vertical decrease, ranging between 6 and 13 mg L−1. In the
meromictic lakes, O2 concentrations between 5.7 and 6.2 mg L−1

were measured up to the depths of 60 m (Iseo and Lugano)
and 20 m (Idro). Below 60 m, O2 concentrations in these
three lakes were always below 0.5 mg L−1. Based on the
stratification patterns and O2 concentrations, three layers were
identified. In the five lakes, the upper oxygenated and productive
layer included sampling depths between the surface and 20 m
(“epi_oxy”; 15 samples); the dark oxygenated layers included
all the hypolimnetic sampling depths in the oligomictic lakes
(Garda and Como), and the depths at 40 and 60 m in lakes Iseo
and Lugano (“hyp_oxy”; 18 samples); the third layer included
the deep, dark and hypoxic sampling depths in the three
meromictic lakes, below 100 m (Iseo and Lugano) and 40 m
(Idro) (“hyp_hypox”; 13 samples).

The vertical gradients of oxygen were paralleled by similar
changes in the vertical distribution of nitrate and ammonium
nitrogen (Supplementary Figure 1). In lakes Garda and Como,
NO3-N begun to increase after the first 20–30 m, up to around
320 µg L−1 (Garda) and 750 µg L−1 (Como) in the deep
layers; conversely, NH4-N was generally below 20 µg L−1. Apart
from the increase of nitrate up to 20–50 m, both NO3-N and
NH4-N in the three meromictic lakes showed opposite vertical
patterns (Supplementary Figure 1). In lakes Garda, Como and
Iseo, TP concentrations at the surface (0–20 m) were between
7 and 9 µg L−1, whereas in lakes Lugano and Idro values were
20 and 12 µg L−1, respectively. In the deep layers (>20 m),
TP reached the highest concentrations in the meromictic lakes
(averages between 88 and 204 µg L−1). All the five lakes showed

vertical decreasing values of pH and vertical increasing values of
conductivity, Si, Alk, Ca, and Mg. In particular, the hypolimnion
of the meromictic lakes showed low-medium pH (range: 7.4–
8.3), high conductivity values (229–454 µS cm−1), and high
concentrations of calcium (37–71 mg L−1) and alkalinity (117–
209 mg L−1) and, especially in Lake Idro, sulfate (7.6–86 mg L−1),
magnesium (7.2–20 mg L−1), and silica (0.8–5.4 mg L−1).
Corresponding ranges in lakes Garda and Como were: pH, 7.4–
8.2; conductivity, 169–240 µS cm−1; calcium, 25–39 mg L−1;
alkalinity, 71–134 mg L−1; sulfate, 11–27 mg L−1; magnesium,
5.6–8.5 mg L−1; silica, 0.3–2.3 mg L−1. Differences in the
distribution of Cl, Na, and K (i.e., conservative ions, or ions
not susceptible of chemical precipitation) in the oligomictic and
meromictic lakes were less apparent.

Alpha Diversity
The number of ASVs in the 5 lakes was generally comparable
(Figure 3A; KW, P = 0.32). The median number of ASVs per
lake was between 243 (Idro) and 316 (Como). Chao1 values
closely followed the observed number of ASVs. Compared to
Lake Como, the Shannon diversity in the other lakes showed a
larger dispersion and lower values (KW, P = 0.04). The number
of ASVs was higher in the oxygenated hypolimnion (median
344) than in the other two layers (251–261) (Figure 3B; KW,
P < 0.01). Shannon diversity was higher in the oxygenated layers
(Figure 3B; KW, P < 0.01).

Distribution of Bacterioplankton
The most abundant bacterioplankton phyla were Proteobacteria,
Actinobacteria, Bacteroidetes, Chloroflexi, Planctomycetes,
Verrucomicrobia, Cyanobacteria, and Epsilonbacteraeota. The
relative contributions of these groups along with those of eight
other phyla contributing with a minor fraction of reads are
reported in Figure 4. In the two oligomictic lakes Garda and
Como, differences in the vertical distribution of the main phyla
were less apparent compared to the three meromictic lakes,
and mostly limited to particular groups such as the Chloroflexi
(family Anaerolineaceae) and Actinobacteria (hgcI clade, CL500-
29 marine_group). Other dominant taxa in the two oligomictic
lakes included Proteobacteria (Ralstonia, Limnohabitans),
Bacteroidetes (Fluviicola, Flavobacterium), and Planctomycetes
(CL500-3), whereas photosynthetic Cyanobacteria were mostly
represented by Tychonema bourrellyi. In lakes Garda and
Como, the dominant orders almost coincided (10 out of 12;
Supplementary Figure 2).

The three meromictic lakes showed a strong increase of
Proteobacteria in the upper and/or deep hypolimnion. Lake
Idro had a peculiar presence of Epsilonbacteraeota (formerly
Epsilonproteobacteria, Proteobacteria) at higher depths.
Differences in the bacterial composition in the hypoxic layers
were already apparent at the order level (Supplementary
Figure 2). In Lake Iseo, the surface sample showed a lower
abundance of Proteobacteria and Actinobacteria, and a greater
fraction of Cyanobacteria (Dolichospermum lemmermannii)
and Planctomycetes (family Gemmataceae) (Figure 4). In
the trophogenic layers, a further important contribution of
Oxyphotobacteria (Pseudanabaena) was found in Lake Lugano.
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FIGURE 3 | Alpha diversity estimates in (A) the 5 lakes and (B) the three main
water layers; epi_oxy, oxygenated upper layers (0–20 m); hyp_oxy,
oxygenated hypolimnion; hyp_hypox, hypoxic/anoxic hypolimnion; the three
layers are defined as in the text. Boxes report the median and hinges as 25th
and 75th quartiles.

The number of ASVs exclusively present in the single
lakes overshadowed those common in two or more lakes
(Supplementary Figure 3A). Differences were even more
amplified considering the distribution in the three main lake
layers (Supplementary Figure 3C); the hyp_hypox layer included
the larger fraction of exclusive ASVs. Differences between
layers were apparent also considering the two oligomictic
lakes (Supplementary Figure 3E). Nevertheless, most of the
differences were due to the occurrence of rarest ASVs, as shown
in Supplementary Figures 3B,D,F, which included only the more
common species selected after filtering out rarest ASVs that did
not appear more than 10 times in at least two samples (995 ASVs).

Relationship With Environmental
Variables
Differences in the bacterial community in the 5 lakes and 3 main
water layers were well-exemplified in the configurations obtained
by NMDS (final stress, 0.09) (Figure 5A). Samples collected in the
oxygenated upper layers, in the deep oxygenated layers, and in
the deep hypoxic layers were grouped into three different zones
(PERMANOVA, P < 0.001). A closer inspection of sites in the
three layers allowed to identify differences in the positioning

of samples belonging to the different lakes (PERMANOVA,
P < 0.001), due to, e.g., the position of the samples of Lake Garda
in the left area of the configuration, and to the three meromictic
lakes, which showed a clear separation of the respective samples
in the deep hypoxic hypolimnion (Figure 5A). The separation
of samples was followed by a different positioning of ASVs
(Figure 5B), which, in the case of the deep hypoxic layers, showed
a clear grouping near the three meromictic lakes, suggesting the
existence of peculiar deep communities. This was supported by
the greater ASVs average dissimilarities between the samples of
the deep hypoxic layers across lakes compared to the epi_oxy and
hyp_oxy layers (Supplementary Figure 4).

Besides O2, samples in the upper oxygenated layers were
characterized by higher temperature values and pH, whereas
the deep oxygenated layers had higher concentrations of NO3-
N, Cl, Na, and K (Figure 5A). Especially in Lake Idro, the
deep hypoxic layers showed higher conductivity values, and
higher concentrations of NH4-N, TP, SRP, Si, sulfate, alkalinity,
Ca, and Mg. The vector fitting analysis carried out including
the dominant phyla listed in Figure 4, confirmed the close
association between different bacterial groups and specific water
layers (Figure 5C), such as, among others, Proteobacteria and
Epsilonbacteraeota in the deep hypoxic layers, and Cyanobacteria
in the upper illuminated layers.

The correlations between the environmental variables and the
community structure were highly significant considering both
the pooled data (5 lakes and layers; Table 1A), and the single
lakes (Table 1B) and layers (Table 1C) separately. In general,
though characterized by lower r values, all the correlations based
on the group of 4 variables were equally significant (epi_oxy,
P < 0.05) or highly significant (lakes, and the layers hyp_oxy and
hyp_hypox; P < 0.001).

Characterization of the Dominant Genera
Along the Oxygenation Gradient
Differential prevalence of taxa in one of the three reference
water layers (epi_oxy, hyp_oxy, and hyp_hypox) was evaluated
testing their abundances in one selected layer compared to the
remaining layers (Table 2 and Supplementary Table 1). The
analysis has been carried out at the level of genus, including
results significant at least at P < 0.05, and with a log2 fold
change (Love et al., 2014) > 4. As expected, all the genera
in the epi_oxy layer were aerobic and adapted to metabolic
functions requiring O2 (uk optima ranges of O2 between 8.7
and 11.9 mg L−1; Supplementary Table 1), and/or potentially
associated with human and animal hosts (Table 2A). Besides
Dolichospermum, the most abundant genus in this group was
Flavobacterium, which was present with a sizeable relative
number of reads also in the oxygenated hypolimnion. A number
of families with uk-O2 ranging between 9.0 and 11.2 mg L−1

tested positive for their prevalence in the epilimnetic layers
(Table 2A). As expected, genera characteristics of the hyp_oxy
layer (Table 2B) mostly inhabited the two oligomictic lakes
Garda and Como, with a very limited presence in the three
meromictic lakes. The O2 optima range for this group of taxa was
7.1–9.7 mg L−1.
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FIGURE 4 | Temporal development of the 16 more abundant phyla in the 5 lakes. Samples are coded by the name of the lake and depth (meters). The bars report
the percentage contributions on the sample totals. The bacterial groups were selected identifying, for each lake, the 12 more abundant phyla. The high fraction of
cyanobacteria at the surface of Lake Iseo was caused by a higher development of Dolichospermum lemmermannii.

The deep and hypoxic layers showed a number of classifiable
genera typically present in the three meromictic lakes (Table 2C).
Consistently with the distribution of ASVs at the phylum
level (Figure 4), many genera belonged to the Proteobacteria,
mostly Delta- and Betaproteobacteria, and Epsilonbacteraeota,
as well as to other less represented phyla. uk-O2 ranged
between 0.05 and 1.4 mg L−1. The taxa identified belonged to
genera that are known to be strictly or facultative anaerobic,
or microaerobic, and linked to a wide variety of redox
reactions at low O2 conditions. Most genera belonging to the
class Deltaproteobacteria were associated with sulfate reduction
reactions, with Desulfomonile and Desulfurivibrio in lakes Idro
and Lugano, Desulfobacca in both lakes, and Desulfatirhabdium
in the three meromictic lakes. Along with other members of
the Desulfobulbaceae, Desulfurivibrio is known also to perform
disproportionation of elemental sulfur to sulfide and sulfate
(Poser et al., 2013). A variety of oxidation processes under
anaerobic and/or microaerobic conditions was carried out by
a wide array of bacterial groups. Processes included methane
oxidation (families Methylomonaceae, Methylomirabilaceae)
and ammonium oxidation (Candidatus Anammoximicrobium);
besides part of the family Rhodocyclaceae, denitrification can
be performed by a wide array of microbial groups (including
methanotrophs and methylotrophs). Other processes connected
with known phenotypic characters included H2-utilization in

syntrophic association (Syntrophus) and, particularly in Lake
Idro, sulfide (and hydrogen) oxidation at the expense of
nitrate (Sulfuricurvum and Sulfurimonas). Sulfurimonas have
been shown not only to use sulfide as electron donors but
also for example thiosulfate or elemental sulfur. In Lake
Lugano, Gallionella included iron-oxidizing bacteria requiring
at least a certain amount of O2. Further genera belonging
to the less abundant phyla were linked to the mineralization
of a wide variety of organic matter, including complex
carbohydrates, cellulose, proteinaceous C, and organic acids
(Table 2). Though it is difficult to clearly associate prevalent
chemical functions to specific genera of bacteria (most of them
are associated to multiple chemical transformations), the above
descriptions provide an indication about the specialization of
biologically mediated chemical processes in oxygen depleted
hypolimnetic waters. Compared to the oxygenated layers,
a few families emerged as typical monimolimnetic groups.
Excluding the Methylophilaceae (uk-O2, 4.5) the optimum range
of O2 of “monimolimnetic” families was between 0.06 and
1.45 mg L−1.

Variability of ASVs
The reads identified at the genus level were characterized by a
very variable number of ASVs, due to variability in how many
ASVs were nested within each genus. In a number of genera,
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FIGURE 5 | Non-metric multidimensional scaling (NMDS) ordination
(stress = 0.09) of samples based on the bacterioplankton composition;
samples are coded by lake name (symbols) and layer (colors). (A) Vector fitting
of significant (P < 0.01) environmental variables: Temp, water temperature;
Cond, water conductivity; O2, dissolved oxygen; SRP, soluble reactive
phosphorus; TP, total phosphorus; NO3_N, nitrate nitrogen; NH4_N,
ammoniacal nitrogen; Si, reactive silica; Alk, alkalinity; SO4, sulfate; depth,
sampling depth; other major ions are indicated by the element name.
(B) Ordination of ASVs. (C) Vector fitting of significant (P < 0.01) dominant
phyla: Acido, Acidobacteria; Actin, Actinobacteria; Bacte, Bacteroidetes;
Chlam, Chlamydiae; Chlor, Chloroflexi; Cyano, Cyanobacteria; Depen,
Dependentiae; Epsil, Epsilonbacteraeota; Nitro, Nitrospirae; Pates,
Patescibacteria; Planc, Planctomycetes; Prote, Proteobacteria; Rokub,
Rokubacteria; Verru, Verrucomicrobia. epi_oxy, 0–20 m layer; hyp_oxy,
oxygenated hypolimnion; hyp_hypox, hypoxic/anoxic hypolimnion.

TABLE 1 | Association of the bacterial community structure with environmental
factors based on (A) all the lakes and layers, (B) single lakes, and (C) single layers.

A

Lake/layers Factor Mantel r P

ALL 10 var 0.72 <0.001

ALL 4 var 0.75 <0.001

B

Lake Factor Mantel r P

Garda 10 var 0.93 <0.001

Como 10 var 0.89 <0.001

Iseo 10 var 0.78 <0.001

Lugano 10 var 0.89 <0.001

Idro 10 var 0.91 <0.001

Garda 4 var 0.86 <0.001

Como 4 var 0.86 <0.001

Iseo 4 var 0.71 <0.001

Lugano 4 var 0.82 <0.001

Idro 4 var 0.87 <0.001

C

Layer Factor Mantel r P

epi_oxy 10 var 0.41 <0.05

hyp_oxy 10 var 0.58 <0.001

hyp_hypox 10 var 0.73 <0.001

epi_oxy 4 var 0.33 <0.05

hyp_oxy 4 var 0.50 <0.001

hyp_hypox 4 var 0.58 <0.001

The analyses were carried out by applying Mantel tests using Bray and Curtis
dissimilarity matrices for ASVs abundances, and Euclidean distance matrices for
groups of standardized environmental variables. Significance was assessed with
9999 permutations. The four variables include temperature, O2, pH and NH4-N; the
10 variables include, additionally, conductivity, SRP, NO3-N, Si, alkalinity and SO4.

such as Flavobacterium, the variability in ASVs was very high
(61) and, considering the high number of species potentially
included in this genus, not straightforward to interpret (mean
sequence similarity in the 61 ASVs was 94%). For this genus,
it was actually possible to assign a species name to only a
low fraction of ASVs, i.e., F. pectinovorum, F. succinicans,
F. paronense, F. chungnamense/koreense, and F. terrigena, each
one present with only one sequence variant. Most of the different
variants were mostly present in 2 or 3 lakes, only rarely 5
(figure not shown).

A similar distribution characterized other genera, such as
those included in Cyanobacteria (Figure 6). The largest group
in this phylum was represented by 15 ASVs classified within
the picocyanobacteria (0.8–1.4 µm), namely Cyanobium PCC-
6307. The similarity between each pair of aligned sequences
assigned to this taxon ranged between 94.8 and 99.8%. Of these,
only one ASV was present in the 5 lakes, whereas the majority
(8) was found in one or several samples in one unique lake
(Figure 6). The distribution of the Cyanobium strain present in
the five lakes showed significant differences (KW, P < 0.001),
with a number of reads greater in Lake Garda. Conversely, the
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TABLE 2 | Differential distribution of genera along the vertical oxygen gradient.

A

Family Genus Ga Co Is Lu Id epi_ oxy hyp_ oxy hyp_
hypox

Notes

Acetobacteraceae Roseomonas + + + + + + Aerobic. Associated with human infections

Rhodobacteraceae Pseudorhodobacter + + + + + Aerobic chemoorganotrophic

Sphingomonadaceae Sandarakinorhabdus + + + cf. limnophyla; aerobic, bacteriochlorophyll-a

Burkholderiaceae Lautropia + + + + Mostly aerobic; human oral cavity and
respiratory tract

Burkholderiaceae Polaromonas + + + Aerobic, psychrophilic/psychotolerant

Microbacteriaceae Candidatus_Aquiluna + + + + Aerobic; photoheterotroph

Microbacteriaceae Candidatus_Planktoluna + + + + Aerobic; cf. sp. difficilis

Flavobacteriaceae Flavobacterium + + Widespread. Mostly aerobic.

Nostocaceae Dolichospermum + + + + D. lemmermannii; photosynthetic

Leptospiraceae Leptospira + + + + + Includes pathogenic species

B

Beijerinckiaceae Methylocystis + Oxidizes methane; fixes N2

Clade_I Clade_Ia + + Includes Pelagibacter ubique

Alteromonadaceae Rheinheimera + + + + + Aerobic, chemoheterotrophic

Nitrosomonadaceae MND1 + + + + +

Solibacteraceae s.g.3 Bryobacter + + + + Abundant within soils

Solibacteraceae s.g.3 Candidatus_Solibacter + + + + + + + Aerobic, mesophilic

Iamiaceae Iamia + + + + Similar clones isolated from Lake Bourget

Chthonomonadaceae Chthonomonas + + + + + Includes obligately thermophilic species

Saprospiraceae Haliscomenobacter Utilization of complex carbon sources

Gemmataceae Gemmata + + + + Strictly aerobic

C

Desulfobacteraceae Desulfatirhabdium + + Sulfate-reducing; anaerobic

Desulfobacteraceae Desulfobacula + + + Sulfate-reducing; anaerobic

Desulfobacteraceae Sva0081_sediment_g. + + + + + + Sulfate-reducing; anaerobic

Desulfobulbaceae Desulfurivibrio Sulfate-reducing; anaerobic; perform S
disproportionation

Syntrophaceae Desulfobacca + Sulfate-reducing; anaerobic

Syntrophaceae Desulfomonile + Sulfate-reducing; anaerobic

Syntrophaceae Syntrophus + + Syntrophic association with H2-utilizing
bacteria

Gallionellaceae Gallionella Includes iron-oxidizing bacteria living in low O2

Methylophilaceae Methylotenera + + Denitrifying methylotroph

Rhodocyclaceae Dechloromonas + + Able to grow under anoxic conditions;
dentrification

Rhodocyclaceae Denitratisoma + + Denitrifying bacterium

Rhodocyclaceae Sterolibacterium + Denitrifying; O2 or NO3 as terminal electron
acceptor

Rhodocyclaceae Sulfuritalea + + + + Oxidation of reduced sulfur compounds and
hydrogen under anoxic conditions

Methylomonaceae Crenothrix + + Methane-oxidizing bacteria (O2 and O2-low
conditions)

Methylomonaceae Methyloglobulus + + + + + Microaerobic, methane-oxidizing bacterium

Methylomonaceae pLW-20 + +

Thiovulaceae Sulfuricurvum + + Sulfide oxidation at the expense of nitrate;
also thiosulfate or elemental sulfur as electron
donors

Thiovulaceae Sulfurimonas + Sulfide oxidation at the expense of nitrate; use
H2

(Continued)
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TABLE 2 | Continued

C

Family Genus Ga Co Is Lu Id epi_ oxy hyp_ oxy hyp_
hypox

Notes

Paludibacteraceae Paludibacter + + + Anaerobic chemo-organotrophic

Prolixibacteraceae BSV13 Isolated from anoxic soils

Parachlamydiaceae Candidatus Protochlamydia + + + + + + Intracellular symbionts

Anaerolineaceae GWD2-49-16 + Includes anaerobic species

Anaerolineaceae Longilinea + Chemoheterotrophic, anaerobic

Anaerolineaceae Pelolinea + + + Anaerobic, chemoorganotrophic

Family_XIII Anaerovorax + + + + Strictly anaerobic chemoorganotrophic

Kiritimatiellaceae MSBL3 + The family includes bacteria found in anoxic
environments

Pirellulaceae Candidatus
Anammoximicrobium

+ Ammonium oxidation under anaerobic
conditions

Methylomirabilaceae Candidatus
Methylomirabilis

+ Methane oxidation under anaerobic
conditions

Methylomirabilaceae Sh765B-TzT-35 + +

Opitutaceae Opitutus?
(Cephaloticoccus)

+ + Anaerobe; chemo-organotrophic metabolism

Pedosphaeraceae ADurb.Bin063-1 + + + +

Taxa recorded with higher abundances (DESeq2, P < 0.05) in (A) the epilimnetic and (B) the hypolimnetic oxygenated layers, and (C) the hypoxic and anoxic monimolimnia.
Cumulative relative abundances are highlighted as: +, 0% < reads < 1%; light gray, 1% ≤ reads < 5%; dark gray, reads ≥ 5%. For each layer in (A–C), families with
abundances significantly different from the other two layers were reported in bold (P < 0.01) and italic (P < 0.05). Ga, Garda; Co, Como; Is, Iseo; Lu, Lugano; Id, Idro.
epi_oxy, oxygenated upper layers (0–20 m); hyp_oxy, oxygenated hypolimnion; hyp_hypox, hypoxic/anoxic hypolimnion. Family and genus names are based on the SILVA
132 taxonomy. The complete taxonomic table and additional information are reported in Supplementary Table 1. The bacteria listed in the table are known to present a
wide array of adaptations and metabolic functions; only a few of the most characteristics are reported under the column “Notes.”

second more abundant strain present in four lakes did not show
apparent differences (KW, P < 0.1, excluding Lake Lugano).
At the species level, the two Planktothrix NIVA CYA 15 were
assigned to the complex P. agardhii/rubescens. These two ASVs
were distinguished by two sequence variants (AG). After a BLAST
analysis, the more abundant ASV, (A), which was identified in all
the lakes with the exclusion of Lake Idro, showed 100% similarity
with many P. rubescens/P. agardhii sequences, including those
previously associated to P. rubescens in the largest lakes south of
the Alps (Salmaso et al., 2016). The distribution of this variant
showed significant differences among lakes (KW, P < 0.001),
with higher abundances in Lake Lugano. The second variant
(G; lakes Garda, Iseo, and Lugano) was previously identified
in Lake Garda using HTS approaches (Salmaso et al., 2018a).
The sequence of the most abundant member of Nostocaceae
(Aphanizomenon NIES 81), fully coincided (BLAST, 100%)
with that of Dolichospermum lemmermannii (lakes Garda, Iseo,
and Idro); the identification was confirmed also by previous
observations carried out in all the DSL using a polyphasic
approach (e.g., Capelli et al., 2017), and by further classification of
reads using EzBioCloud (Yoon et al., 2017) and SILVA 132. The
less abundant taxon among Nostocaceae coincided (99%) with
Aphanizomenon flos-aquae (lakes Lugano and Idro). Tychonema
sequences were identified, with one unique abundant oligotype,
in lakes Como, Garda, and Iseo.

In this work, the new established group of non-photosynthetic
Cyanobacteria was identified only in the three meromictic
lakes, both in the oxygenated and hypoxic layers (Class
Melainabacteria, orders Caenarcaniphilales, Gastranaerophilales,

and Vampirovibrionales) and in the hypoxic layers (Class
Sericytochromatia). The identity of the ASV attributed to
Sericytochromatia was confirmed using a further downstream
classification in SILVA 132, and evaluation of its position in
the general phylogenetic tree. Considering the overall means,
the relative abundances of NCY on the total of Cyanobacteria
was however low, with maximum contributions < 6% in
Melainabacteria and < 1% in Sericytocromatia.

The most impressive differences in the ASVs composition
characterized the populations inhabiting the deep hypoxic/anoxic
layers. Focusing on the most abundant taxa of Table 2C, all
the genera were represented by at least one ASV exclusively
present in one lake (Table 3). The high proportion of bases in
common between each pair of sequences suggested that most of
these genera, which were unclassified at the species level, were
composed of the same or very closely related species. In several
cases, only a very few ASVs were shared between two or more
than one lake. It is worth to highlight the presence of unique
ASVs of Methylotenera and Crenothrix, not shared with the
meromictic lakes, in the two oligomictic lakes Garda and Como.

DISCUSSION

This work demonstrated the existence of a clear link between the
vertical partition of water layers and the ecological selection of
different bacterial populations and groups adapted to different
local habitats. The BCC showed a large and significant divergence
in the three main water layers that were identified on the basis
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FIGURE 6 | Maximum likelihood (ML) rooted topology of cyanobacteria identified at least at the genus level in the 5 lakes based on alignment of 16S rRNA gene
fragments; the tree is rooted by an outgroup member of non-photosynthetic cyanobacteria (unclassified Caenarcaniphilales, Melainabacteria). Each symbol on the
tip of the tree corresponds to a single sample; different symbols and colors correspond to the cyanobacterial families (with the exclusion of the outgroup, “NA”) and
to the 5 lakes, respectively; the size of symbols is scaled according to abundance. The small black filled circles at the nodes indicate corresponding branch support
aLRT-SH-like (Anisimova and Gascuel, 2006) values > 0.85.

of the oxygen concentrations and the main vertical physical and
chemical gradients, namely the upper and oxygenated layers, dark
oxygenated layers, and deep hypoxic layers. The differentiation
was detected at different taxonomic levels and was linked to
the ecological selection of different taxa adapted to perform a
variety of metabolic functions constrained and driven by the
availability of oxygen (as a proxy of redox conditions) and
chemical compounds. Further, the higher sequence resolution
to marker gene surveys provided by the oligotyping approach
allowed to identify several exclusive ASVs present in single
lakes and/or specific water layers and depths. After a brief
examination of the elements that should be taken into account
when analyzing ASVs, these aspects will be addressed in
the next sections.

Interpretation of Oligotyping Results
The interpretation of data based on the identification of 16S
rDNA oligotypes has to take into account several potential
limitations intrinsic in the restricted sensitivity of this marker

to resolve ecological and evolutionary variation between closely
related lineages (Berry et al., 2017). The elucidation of ASVs
diversity has to take into account the multicopy nature and
intragenomic variability of the 16S rRNA gene (Větrovský and
Baldrian, 2013; Stoddard et al., 2015; Callahan et al., 2017).
Nevertheless, polymorphic sites in intragenomic 16S rRNA genes
are scarce and occur at a much lower frequency than between
16S rRNA genes of different species (Espejo and Plaza, 2018).
ASVs cannot be confused with species or clones (Dijkshoorn
et al., 2000), rather they represent different oligotypes (Eren
et al., 2013) of the same or different species and clones. As
highlighted by Berry et al. (2017), the hypothesis that 16S rDNA
oligotypes represent ecotypes or species like groups is still largely
untested. Further, interpretation of ecological differentiation
(differential traits) based on 16S rDNA oligotypes requires
great care because many bacterial functional traits are not
phylogenetically conserved (Martiny et al., 2013). For example,
the investigations carried out in Lake Erie and several Michigan
inland lakes showed that Microcystis 16S rDNA oligotypes were
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TABLE 3 | Number of ASVs in the genera identified with higher abundances in the hypoxic and anoxic hypolimnia (Table 2C); only the most abundant genera
(cumulative abundances > 1%) and with more than one ASVs have been included.

Genus ASVs % sim Iseo Lugano Idro More lakes

Desulfatirhabdium 3-3 99.1 2 1, Is_Lu_Id

Desulfurivibrio 3-3 99.4 3

Desulfobacca 17-17 97.2(a) 9 8

Desulfomonile 7-7 96.8 7

Syntrophus 8-8 95.4 6 1 1, Is_Lu

Methylotenera 7-7 96.7 4 1, Is_Lu_Id – 1, Co _Lu_Id – 1, Ga_Co

Sterolibacterium 9-9 95.4 3 5 1, Lu_Is

Sulfuritalea 10-10 97.7 5 2 1, Is_Lu_Id – 1, Is_Id – 1, Ga

Crenothrix 8-8 94.4 1 1 3, Lu_Id – 2, Is_Id – 1, Ga_Co

pLW-20 7-7 98.6 3 4, Is_Lu_Id

Sulfuricurvum 4-4 96.2 1 2 1, Is_Id

Sulfurimonas 3-3 99.3 2 1, Is_Id

Paludibacter 14-13 97.4 5 4 4, Is_Id - 1, Is_Lu

BSV13 17-16 94.6 7 3 4 2, Is_Lu_Id - 1, Is_Id

GWD2-49-16 2-2 98.5 1 1, Lu_Id

Longilinea 2-2 92.1 1 1, Lu_Id

MSBL3 11-10 97.2(b) 1 5 3 1, Lu_Id - 1, Is_Id

C. Methylomirabilis 3-3 97.5 2 1, Is_Lu

Opitutus? (Cephaloticoccus) 2-2 98.1 1, Is_Lu_Id - 1, Is_Lu

“ASVs” reports the number of sequence variants identified on the original and rarefied tables, respectively. “% sim” reports the mean percentage DNA base similarity among
ASVs; (a,b) excluding two and one, respectively, singular and very rare sequences in Lake Lugano. The number of exclusive ASVs in the lakes refers to determinations
made on the original table; “More lakes” reports the number of ASVs shared between two or more lakes; oligomictic lakes are highlighted in light gray. Abbreviations as in
Table 2.

not monophyletic and that they could not be used to infer toxicity
(Berry et al., 2017).

At evolutionary time scales, the 16S rRNA gene has intrinsic
limitations when the aim is to look at fine scale genetic
differentiation because its molecular evolutionary rate is very
slow (Ochman et al., 1999; Bahl et al., 2011; Dvořák et al.,
2012; Segawa et al., 2018). Nevertheless, substitution rates
in the 16S rRNA genes are highly variable across bacterial
species, strongly depending on the life strategies and habitats.
For example, rates of 16S rRNA gene evolution are higher
in cultures or obligate pathogens and symbionts due to
smaller population sizes and increased levels of genetic drift
(Kuo and Ochman, 2009). However, these rates are still
not within the ecological timescales of common limnological
investigations, including the analyzed dataset. Therefore, from
an evolutionary perspective, the 16S rRNA gene may not
resolve more recent evolutionary diversification within a lineage
(Berry et al., 2017).

Environmental Drivers and BCC
Distribution
The bacterial communities in the DSL showed a different
distribution in the single lakes and water layers. A distinguishing
element in the NMDS configuration was well-represented by the
presence of clusters of ASVs in correspondence the hypoxic layers
of the three meromictic lakes.

Differences in the bacterial community structure were
significantly associated with the main environmental variables.

Based on the Mantel tests, besides the whole group of physical
and chemical variables, bacteria showed a strong link with a
subgroup of variables particularly representatives of the main
physical and chemical gradients that contribute to differentiate
the deep oligomictic and meromictic DSL, i.e., besides thermal
gradients, pH, O2, and NH4-N (Garibaldi et al., 1997; Mosello
and Giussani, 1997; Viaroli et al., 2018). These results supported
the view that significant ecological processes contributed to
assemble different bacterial communities adapted to different
ecological conditions. Compared to the oxygenated layers,
the association between BCC and environmental variables
was even more pronounced in the deep hypoxic layers of
the three meromictic lakes, highlighting the existence of a
strong environmental filtering and peculiar deep habitats.
These results were fully consistent with the identification by
DESeq2 of specific groups of taxa inhabiting the oxygenated
layers (epi-oxy and hyp_oxy) in the five lakes and the
hypoxic layers (hyp_hypox) in the three meromictic lakes
(see next sections).

The identification of genera typical of the three water
layers was fully consistent with the corresponding optima
(uk) for oxygen, which, in the hypoxic/anoxic layers, and in
the oxygenated layers, were between 0.05 and 1.4 mg L−1,
and 7.1 and 11.9 mg L−1, respectively. These optima values
allowed to quantify the O2 concentration requirements of
distinct taxa developing in distinct strata. At the same time,
these values can contribute to compare, on a quantitative
basis, the oxygen niche of the same group of taxa in other
aquatic systems.
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Diversity and Quantitative Importance
and Ecophysiology of Representative
Bacteria in the Three Lake Layers
The significance of the presence of 16S rDNA oligotypes in
specific water layers (Table 2) was supported by a high number
of ASVs characterized by cumulative relative abundances greater
than 1 and 5%. The establishment of distinct bacterial genera in
distinct layers allowed inferring a variety of metabolic processes.
Although the 16S rRNA gene do not intrinsically provide
evidence on microbial metabolism, this information has been
widely used to identify metabolisms associated with related
phenotyped strains (Bowman and Ducklow, 2015). Besides
direct approaches (physiology and metabolomics), more detailed
information on metabolic and functional profiles should rely
on other sequencing techniques, such as shotgun metagenomic
sequencing (Ortiz-Estrada et al., 2019).

Species localized at the surface were well-known to belong
to groups living in oxygenated environments. Among these,
Flavobacteria are known to include commensal and opportunistic
pathogens (Crump et al., 2001). Though a few species of
Flavobacterium may grow weakly under micro- and anaerobic
conditions, many species are obligately aerobic and occurring
in a variety of terrestrial and aquatic environments, and food
(Betts, 2006). Other typical taxa at the surface included genera
potentially associated with human and animal hosts (e.g.,
Roseomonas and Lautropia), as well as aerobic, anoxygenic
(such as Sandarakinorhabdus; Gich and Overmann, 2006) and
oxygenic (Cyanobacteria; Whitton, 2012) phototrophic bacteria.
In the oxygenated hypolimnion, Anaerolineales (unclassified
Anaerolineaceae) contributed for a great fraction to the
bacterial community. A recent growing number of investigations
confirmed the presence of this group (specifically the CL500-11
lineage) in the oxygenated hypolimnia of lakes (Urbach et al.,
2007; Okazaki et al., 2013, 2018). CL500-11 was identified using
CARD-FISH also in the hypolimnion of Lake Garda (Okazaki
et al., 2018). In the oxygenated hypolimnion of Lake Michigan,
Denef et al. (2016) showed an important role played by this taxon
in nitrogen-rich DOM mineralization. Up to now, only a few
species have been isolated and included in the class Anaerolineae,
all of which showed anaerobic growth (Okazaki et al., 2013), as
the three genera identified in the anoxic hypolimnion (Table 2C).
Overall, the characteristics of this class and corresponding lower
taxonomical levels will require a better characterization.

In the three meromictic lakes, the presence of peculiar species
(Supplementary Figure 3) was particularly apparent in the
hypoxic/anoxic hypolimnia. In the DSL, the unique assemblages
in the deep layers were the result of the ecological selection
of bacteria adapted to low redox conditions. The high relative
abundance of sulfate reducing bacteria in Lake Idro can be linked
to the replenishment of calcium sulfate from subsurface springs
(Viaroli et al., 2018). The presence of several methane oxidizing
bacteria in the hypoxic layers was indicative of an important
methanotrophic activity. In freshwater lakes, methanotrophs are
mostly part of aerobic Gamma- and Alpha-proteobacteria (such
as Methylocystis in oxygenated hypolimnia; Table 2B). In the
hypoxic/anoxic layers of lakes Iseo and Lugano, an important

methanotroph was Candidatus Methylomirabilis. This genus
includes species that are known to oxidize methane using a
unique pathway of denitrification that tentatively produces N2
and O2 from nitric oxide (NO) (Graf et al., 2018). Selected species,
such as Ca. M. limnetica were found to bloom in the anoxic
layers of the deep stratified Lake Zug, suggesting a niche for NC10
bacteria in the methane and nitrogen cycle (Graf et al., 2018).
A further important methanotroph able to develop with oxygen
as well as under oxygen-deficient conditions in lakes Lugano
and Idro was Crenothrix. Oswald et al. (2017) demonstrated
that an important fraction of upward-diffusing methane in
stratified freshwater lakes was oxidized by Crenothrix polyspora.
Overall, methane-oxidizing bacteria are a major biological sink
of CH4, protecting Earth against the effects of this strong
greenhouse gas. Conversely, during mineralization of organic
matter, the production of methane in anoxic conditions is due to
anaerobic Archaea (not analyzed in this work). Methanogenesis
represents the largest biogenic source of methane on Earth
(Vanwonterghem et al., 2016). Though documented also in the
upper well-oxygenated layers (Grossart et al., 2011; Bogard et al.,
2014), methanogenesis is the cause of significant production
and accumulations of CH4 in hypoxic and anoxic hypolimnia
(Brock, 1985). Candidatus Anammoximicrobium, a bacterium
capable of ammonium oxidation under anaerobic conditions in
the presence of nitrite (Khramenkov et al., 2013) was detected
in lakes Lugano and Idro. Nevertheless, high concentrations
of ammonium in these two lakes could suggest that anammox
activity is negligible (or at least at levels that do not consume
the ammonium pool) or that nitrite, not measured, is limiting.
Denitrification processes were exemplified by the presence of two
denitrifying genera in lakes Iseo and Lugano: Denitratisoma and
Sterolibacterium; these bacteria were shown to be able to use
also O2 as terminal electron acceptor (Tarlera and Denner, 2003;
Fahrbach et al., 2006). The phylum Epsilonbacteraeota included
two among the most abundant monimolimnetic organisms, i.e.,
Sulfurimonas and Sulfuricurvum. Both oxidize sulfide at the
expense of nitrate (Haaijer et al., 2012); their high abundance
in Lake Idro can be coupled to high sulfate concentrations and
reduction. Further, Sulfurimonas species can grow with a variety
of electron donors and acceptors, including O2 as an electron
acceptor for selected species (Han and Perner, 2015). Overall,
the observation that anoxic hypolimnia harbor putative sulfur
cycling groups not present in polymictic hypolimnia, which are
more frequently oxygenated, was confirmed also in smaller lakes
(zm = 5–22 m) (Linz et al., 2017).

Besides large and deep lakes (Kurilkina et al., 2016; Salmaso
et al., 2018a), the high diversity of deep layers documented in
the DSL is also consistent with previous results obtained in
a group of medium size (zm < 30 m) stratified lakes, which
showed a higher number of unique OTUs in the hypolimnia than
epilimnia (Schmidt et al., 2016). A few of the most representative
taxa identified in the DSL were common to the more abundant
genera found recently in other two meromictic (Lake Pavin,
zm = 92 m) and dimictic (Lake Aydat, zm = 12 m) perialpine
lakes (Keshri et al., 2018). Besides the core microbiome typical
of one or both lakes (clade hgcI and CL500-29 marine group,
Limnohabitans), the most represented genera in the anoxic
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zone were Syntrophus, Methylotenera, Gallionella, Sulfurimonas,
Desulfurivibrio, and Sulfuritalea. These genera were mostly
present in the meromictic lakes included in this work, further
confirming how predominant vertical environmental gradients
can affect the environmental filtering of bacterial communities.

Identification and Distribution of ASVs
and Genera in Lakes and Water Layers
The identification of genera in Tables 2, 3 cannot be considered
exhaustive because, in the analyzed dataset, only the 40 and <4%
of taxa were classified at least at the genus and species level,
respectively. Besides highlighting the limitations of techniques
based on amplicon sequencing based on short reads (Poretsky
et al., 2014; Ranjan et al., 2016), the high fraction of unclassified
taxa at the lower taxonomic ranks contributed partly to confirm
the existence of a fraction of diversity still not described in
taxonomic databases (Menzel et al., 2015, 2016; Sunagawa et al.,
2015). This incompleteness is mostly due to the limits of classical
culture-based approaches in the estimation of environmental
biodiversity (Lloyd et al., 2018; Overmann et al., 2019).
Due to current fast technological developments, the detection
of uncultured environmental “species” using metagenome-
assembled genomes (MAGs) is expected to grow exponentially,
calling for an update of present nomenclatural approaches
(Oren and Garrity, 2018; Rosselló-Móra and Whitman, 2019).
A paradigmatic example is provided by the recent discovery
of non-photosynthetic cyanobacteria in a wide variety of
environments (Di Rienzi et al., 2013; Soo et al., 2017) and in
the perialpine lakes (Salmaso et al., 2018a; Monchamp et al.,
2019). Excluding one isolated species (Soo et al., 2015), NCY are
presently recognized and described from MAGs (Glöckner et al.,
2017), without being formally described in the nomenclatural
systems of prokaryotes (ICP) and algae fungi and plants (ICN)
(Komárek et al., 2014; cf. Guiry and Guiry, 2019), and without
clear described ecological roles and functions (but see Soo et al.,
2015). On the other side, the taxonomic annotations in databases
from predictions from sequences rather than authoritative
assignments based on studies of type strains or isolates are not
free of complications (Edgar, 2018).

A few classified genera included a high number of ASVs.
At the genus level, though characterized by a high dispersion,
the association between abundances and ASVs diversity was
highly significant (Spearman ρ = 0.68, P < 0.001), highlighting
the general relationship between sequencing depth and
ASVs numbers. This was exemplified by the high number
of ASVs in the genera identified with higher abundances
in the hypoxic and anoxic hypolimnia (Table 3) and in the
phylum Cyanobacteria. In this group, the higher number
of ASVs was found in the smallest cell−size Cyanobacteria
(Cyanobium), i.e., the fraction roughly corresponding to
the picocyanobacteria (Jasser and Callieri, 2017). The high
diversity of this functional fraction was recognized, using
oligotyping methods (Eren et al., 2013), also in previous
investigations carried out in Lake Garda (Salmaso et al.,
2018a). In the case of Cyanobacteria investigated in previous
studies, such as Planktothrix rubescens (D’Alelio et al., 2013;

Salmaso et al., 2016), it was possible to confirm the existence of
two sequence variants already identified in Lake Garda using
oligotyping methods (Salmaso et al., 2018a). Conversely,
filaments of Tychonema bourrellyi were identified with
only one ASV, and only in the lakes where their presence
was for the first time discovered using microscopical and
phylogenetic methods (Shams et al., 2015; Salmaso et al.,
2016). The appearance of this cryptogenic (sensu Kokociński
et al., 2017) species was documented, for the first time
in Lake Maggiore in 2004–2005. Since then, excluding
lakes Lugano and Idro, Tychonema showed an increasing
emergence in all the DSL. The discovery of Tychonema in
the largest DSL was cause of concern, because of the ability
of this species to produce neurotoxins (anatoxins; Shams
et al., 2015; Cerasino et al., 2016). Analogously, the unique
ASV detected in the populations of the bloom forming
Dolichospermum lemmermannii (Figure 6) was consistent
with the equivalence of 16S rDNA sequences in strains
previously isolated in lakes Garda, Como, Iseo, and Lugano
(Capelli et al., 2017).

While the presence of specialized bacterial communities in
the monimolimnia of the three meromictic lakes was widely
expected, the existence of groups of different ASVs was less
obvious. Though not independent on the denoising strategy
used (Nearing et al., 2018), the extent of ASVs differentiation
was however apparent for several genera and species. A few
dominant genera as well as ASVs were exclusively found in the
deep layers of only one or two meromictic lakes. Considering
the high 16S rDNA base similarity, most of the ASVs could
represent strains belonging to the same species. The uneven
distribution of taxa does not have a clear-cut explanation. Starting
from the assumption that no barriers can prevent the migration
of hypolimnetic inhabitants between the hypolimia of different
lakes, the results of this study suggest that the exclusive (or
dominant) presence of genera and species can be explained
by ecological selection due to differences in environmental
conditions in different lakes and strata.

The results obtained in this work have to be considered
representative of the stratification period. As previously
demonstrated, in large lakes BCC in the trophogenic layers
can show strong temporal fluctuations following the temperate
seasonal climate patterns (Salmaso et al., 2018a). Therefore,
differences are expected to be mainly manifest in the layers
mostly affected by climatic fluctuations and mixing dynamics,
i.e., the surface layers, whereas the BCC in the more stable and
not or only partially mixed deep hypolimnia should be less
affected. Nevertheless, considering that at present the range of
seasonal variation of BCC in the deepest layers is unknown,
this speculation must be considered as a hypothesis to be
verified on the basis of the investigations currently underway on
a seasonal basis.

CONCLUSION

The establishment of meromixis in deep lakes opens the way
to the creation of new isolated, dark, hypoxic and anoxic
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habitats, drastically changing the biogeochemical gradients and
processes along the water column. In the deep meromictic
lakes south of the Alps, the formation of habitats completely
segregated for long periods of time sustained the ecological
selection and development of diversified bacterial communities.
The highly diversified and coupled processes sustained by the
monimolimnetic microbiota are essential ecosystem services
that enhance mineralization of organic matter and formation
of reduced compounds, and also abatement of undesirable
greenhouse gasses. Though much less marked, the presence of
distinctive populations was substantiated, confirming previous
works (Denef et al., 2016; Okazaki et al., 2017, 2018), also
in the oxygenated hypolimnia. Finally, though ASVs does not
necessarily reflect phylogenetically consistent populations (Berry
et al., 2017), this study confirms the utility of oligotyping
based methods for distinguishing sequence types along ecological
gradients. ASVs have an intrinsic biological meaning as
a DNA sequence (Callahan et al., 2017). In perspective,
their use will contribute providing a more solid basis to
compare biodiversity in a wide spectrum of habitat types,
including large lakes.
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This study reports the discovery of Aster-Like Nanoparticles (ALNs) in pelagic

environments. ALNs are pleomorphic, with three dominant morphotypes which do

not fit into any previously defined environmental entities [i.e., ultramicro-prokaryotes,

controversed nanobes, and non-living particles (biomimetic mineralo-organic particles,

natural nanoparticles or viruses)] of similar size. Elemental composition and selected-area

electron diffraction patterns suggested that the organic nature of ALNs may prevail over

the possibility of crystal structures. Likewise, recorded changes in ALN numbers in the

absence of cells are at odds with an affiliation to until now described viral particles.

ALN abundances showed marked seasonal dynamics in the lakewater, with maximal

values (up to 9.0 ± 0.5 × 107 particles·mL−1) reaching eight times those obtained for

prokaryotes, and representing up to about 40% of the abundances of virus-like particles.

We conclude that (i) aquatic ecosystems are reservoirs of novel, abundant, and dynamic

aster-like nanoparticles, (ii) not all virus-like particles observed in aquatic systems are

necessarily viruses, and (iii) there may be several types of other ultra-small particles in

natural waters that are currently unknown but potentially ecologically important.

Keywords: pleomorphic nanoparticles, femtoplankton, femtoplanktonic diversity, aquatic ecosystems, aquatic

ecology

INTRODUCTION

Recent advances in environmental and nanoparticle sciences have helped to reveal an unexpected
diversity of living and non-living femto-entities (0.02–0.2µm as defined for femtoplankton
by Sieburth et al., 1978) in the environment. Previously considered to be mainly composed
of viruses (Sieburth et al., 1978), the successive discovery in significant abundance, and in
various environments, of mysterious nanobes (Folk, 1993; McKay et al., 1996; Sillitoe et al.,
1996; Uwins et al., 1998), extracellular vesicles (EVs) (Soler et al., 2015; Biller et al., 2017),
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ultramicro-prokaryotes (Duda et al., 2012; Brown et al., 2015;
Hug et al., 2016; Ortiz-Alvarez and Casamayor, 2016; Wurch
et al., 2016; Castelle et al., 2018; Ghuneim et al., 2018), and
biomimetic mineralo-organic particles (BMOPs) (Wu et al.,
2016), has significantly increased the complexity within the
environmental fraction of femto-entities.

Contrary to viruses or EVs, controversed nanobes, some of
which could be affiliable to BMOPs, and ultramicro-prokaryotes,
including recently discovered CPR (Candidate Phyla Radiation)
and DPANN (Diapherotrites, Parvarchaeota, Aenigmarchaeota,
Nanoarchaeota, Nanohaloarchaea), have the ability to develop
outside a host (Benzerara et al., 2003, 2006; Martel and Young,
2008; Raoult et al., 2008; Wu et al., 2016). Nanobes exhibit
diverse morphotypes: coccoid, amiboid, ovoid or filamentous
shapes (Folk, 1993; McKay et al., 1996; Sillitoe et al., 1996; Uwins
et al., 1998). Among them, only ultramicro-prokaryotes are
clearly affiliated to living organisms according to the volumetric
criteria advanced by the National Research Council (1999), i.e.,
the theoretical minimal cell volume (TMCV) sufficient to house
nucleic acids and the associated biosynthetic machinery is at
0.008 µm3. Though these new entities were described in natural
environments, relatively little is known about their ecological
significance. Available data however suggests a significant impact
on the biogeochemical cycles. EVs are potentially involved in cell
communication, competition and survival of bacteria (Liu et al.,
2019). Interactions between ultramicro-prokaryotes and other
micro-organisms communities may shape natural microbiome
function (Castelle et al., 2018). Likewise, BMOPs incorporate
trace elements and proteins suggesting that these entities may
play a role in the circulation and availability of minerals
and organic molecules in the environment (Wu et al., 2016).
Characterizing the femtoplankton biomass and the diversity of
its representatives seems crucial to our understanding of the
functioning of aquatic ecosystems.

In this study, we report the discovery of abundant and
seasonally-fluctuating populations of “Aster-Like Nanoparticles”
(ALNs) in a freshwater lake of Massif Central (France),
with volumes lower than TMCV. ALNs display typical and
unique morphological features. Physical-chemical aspects,
pleomorphism, flow cytometry and growth analyses of ALNs
are presented and compared to distinctive features of living
or not-living particles of similar size. Preliminary attempts to
evidence DNA-based heredity support are reported.

MATERIALS AND METHODS

Study Sites and Sample Collection
Samples were collected at the surface of an artificial and highly
eutrophic freshwater lake (surface area 1.2 ha, maximum depth
2.5m) near Neuville in the French Massif Central (45◦44’24”N;
3◦27’39”E; 465m altitude). Part of the samples were immediately
fixed with 1% (v/v) formaldehyde and stored at 4◦C until
analysis (see below). Unfixed samples were transported at 4◦C
to the laboratory and treated within two h (see below). In situ
dynamics of ALNs were monitored in 11 fixed samples collected
between November 2016 and January 2018. Table 1 lists the

TABLE 1 | Physical–chemical characteristics of the lakewater on February 2017.

Parameters Values

Water temperature, ◦C 4

pH 7.4

Total carbon, mg·L−1 16

Total phosphorous, mg·L−1 0.28

Un-ionized ammonia, mg·L−1
<0.05

Alkali concentration, ◦F 0

Complete alkali concentration, ◦F 27.65

Kjeldahl nitrogen, mg·L−1 3.3

Overall nitrogen, mg·L−1 4

Ammonium, mg·L−1 0.12

Carbonate, mg·L−1 Below limit of detection

Chloride, mg·L−1 12.5

Nitrate, mg·L−1 3.1

Orthophosphate, mg·L−1 0.05

Nitrite, mg·L−1 0.05

Total potassium, mg·L−1 9.6

Total sodium, mg·L−1 3.1

Total calcium, mg·L−1 9.1

Total magnesium, mg·L−1 1.7

physical-chemical characteristics of the water analyzed once, in
February 2017.

Detection of ALNs was also conducted on surface microlayer
samples of 16 selected geographical stations (namely HL1 to
HL16) from the Ha Long Bay (Vietnam). Details on these
samples and their environment were provided in a previous work
(Pradeep Ram et al., 2018). ALNs were quantified on electronic
microscopy grids prepared as mentioned below.

ALN, Prokaryote, and Virus-Like Particle
(VLP) Counts and Imaging
ALNs in fixed samples were collected by centrifugation at 15,000
g for 20min at 14◦C directly onto 400-mesh electron microscopy
copper grids covered with carbon-coated Formvar film (Pelanne
Instruments, Toulouse, France). Particles were over-contrasted
using uranyl salts as described elsewhere (Borrel et al., 2012).
ALNs were counted by transmission electron microscopy (TEM)
using a Jeol 1200EX microscope (JEOL, Akishima, Tokyo,
Japan) at 80 kV and x50,000 magnification. Grids were scanned
before counting to check that ALNs were randomly distributed.
A defined area of the grid was then randomly selected for
counting ALNs. Counts of ALNs were converted into ALNs per
milliliter using a conversion factor deduced from control grids
prepared with pre-determined concentrations of viruses. Direct
magnifications ranging from x50,000 to x150,000 were required
for morphological characterization of the particles. Volume of
the ALN particles was computed by considering the radial arms
as cylinders (extrapolation validated by cryo-TEM and SEM
imaging; see below) and the central core as a sphere. Ultra-
thin (20-nm thickness) sections were obtained and imaged as
previously described (Kéraval et al., 2016). Counts of prokaryotes
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FIGURE 1 | Electromicrographs showing heterogeneity of pelagic communities (A) in lakewater collected on March 15th 2017 and ALN-enriched culture (B) obtained

from this sampling. P, prokaryote; VLP, virus-like particle; A, ALNs. Scale bars = 100 nm.

and VLPs from fixed samples were performed by flow cytometry
as described elsewhere (Brussaard, 2004) using a BD FACS
Calibur cytometer (BD Sciences, San Jose, CA) equipped with an
air-cooled laser, delivering 15 mW at 488 nm with the standard
filter set-up.

Experimental Design
Enrichment and Culture of ALNs
The sample with the highest density of ALNs collected on March
15th 2017 was used for enrichment and culture of ALNs. Within
two h after sampling, 20 L of raw lake water was filtered through
a 25-µm-pore-size nylon mesh and filtrates were immediately
concentrated by tangential-flow ultrafiltration using a Kross-
Flow system (Spectrum, Breda, The Netherlands) equipped with
a 0.2-µm cut-off cartridge. Aliquots of this concentrated 0.2
µm−25µm fraction were sequentially centrifuged at 8,000 g,
10,000 g (pellets discarded) then 12,000 g for 20min each time
at 14◦C. ALNs contained in the supernatant of this last run were
cultivated at 4◦C in the dark with a regular supply of culture
medium. To obtain this culture medium, ultra-filtrate < 0.2µm
of the initial lake sample was filtered through a 30 KDa cut-off
cartridge and autoclaved. Figure 1 shows ALN cultures obtained
through this procedure compared to the raw samples. The pellet
obtained at 12,000 g was suspended in distilled/deionized sterile
water (DDW), centrifuged at 10,000 g, and the supernatant was
directly frozen to−20◦C for microscopic and flow cytometry
analyses of Enriched-ALNs (E-ALNs).

Detailed procedure of experimental design and analyses is
provided in supplementary materials (Figure S1).

Growth Monitoring
As state above, ALN cultures were enriched by sequential
centrifugations at 8,000 g, 10,000 g (pellets discarded) then

12,000 g for 20min each time at 14◦C. For growth monitoring,
this was followed by successive filtrations of the highest-speed
supernatant through 0.45-µm and 0.2-µm filters (Sartorius,
Göttingen, Germany) to obtain ALN-enriched but prokaryote-
free medium. This filtrate (<0.2-µm) was diluted 10-folds in the
culture medium (see above) and incubated in triplicate over a
36-day period at 4◦C in the dark, then 12 uneven subsamples
were taken and formaldehyde-fixed before counts. Absence of
prokaryotes at the start and end of the growth monitoring
period was checked by flow cytometry, transmission electron
microscopy and plate count agar spreading incubated at 4◦C and
20◦C during 4 weeks.

Susceptibility to Chemical or Physical Agents
To address the question of the living nature of the ALNs we
examined their susceptibility to various chemical (lysozyme,
antibiotics) or physical (heat) agents. Lysozyme is an
antimicrobial enzyme that destructs Gram + bacteria cell
wall by peptidoglycan hydrolysis (Manchenko, 1994) and which
can also act against viruses (Cisani et al., 1984; Lee-Huang et al.,
2005). Antibiotics treatments used in this study are all known to
block replication processes of bacteria DNA or protein synthesis
(Engle et al., 1982; Dar et al., 2007). Novobiocin is principally
active against Gram+ bacteria, gentamycin against Gram-
bacteria and norfloxacin has a broad-spectrum bactericidal
action. Heat shock above 85◦C was used owing to the irreversible
physiological damage caused by this treatment to biological
entities (Mackey et al., 1991).

Prokaryote-free ALN fractions prepared as described under
the ‘growth monitoring’ section were separately treated with 2
mg/mL lysosyme (1 h at room temperature), submitted to heat-
shock (1 h at 90◦C) or supplemented with antibiotics (50µg/mL
norfloxacin in sterile DDW; 10µg/mL gentamycin in sterile
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DDW or 250µg/mL novobiocin in sterile DDW) (all chemicals
from Sigma-Aldrich, Saint-Quentin-Fallavier, France). Treated
samples were incubated for 20 days in the dark at 4◦C. To
test the efficiencies of these biocide treatments, we used two
treated “control fractions”: ALN-free bacteria cultures isolated
from lake Neuville and grown on the same culture medium
as ALNs, and 0.2µm filtered ALN-free but ultrafiltration-
enriched VLP water lake. This second control fraction was
obtained from Lake Pavin where ALNs are undetectable over
the year. Biocide effects of treatments were determined by direct
comparison of treated vs. untreated samples at day 20. ALN,
prokaryote and femtoplanktonic communities were performed
on formaldehyde-fixed samples at the end of the incubations as
previously described. All tests were carried out in triplicates.

Cryo-Transmission Electron Microscopy
(Cryo-TEM) Specimen Preparation and
Imaging
For cryo-TEM, 3 µL of unfixed suspensions containing ALNs
were deposited onto glow-discharged Lacey Carbon 200-mesh
grids and loaded into the thermostatic chamber of a Leica EM-
GP automatic plunge freezer, set at 20◦C, and 95% humidity.
Excess solution was blotted for 1” with a Whatman filter paper
No. 1, and the grid was immediately flash-frozen in liquid ethane
cooled at−185◦C. Specimens were then transferred onto a Gatan
626 cryo-holder, and cryo-TEM was carried out on a Jeol 2100
microscope, equipped with a LaB6 cathode and operating at
200 kV, under low-dose conditions. Images were acquired using
SerialEM software (Mastronarde, 2005), with defocus ranging
of 1,000 nm, on a Gatan US4000 CCD camera. This device
was placed at the end of a GIF Quantum energy filter (Gatan
Inc., Pleasanton, CA), operated in zero-energy-loss mode, with
a slit width of 25 eV. Images were recorded at a magnification
corresponding to the calibrated pixel size of 1.80Å or 0.89Å.

Scanning Electron Microscopy (SEM)
Specimen Preparation and Imaging
A fixed suspension (1% (v/v) formaldehyde) containing
ALNs was deposited by filtration on 0.2-µm-pore-size
filters (Whatman, Maidstone, UK), post-fixed with 1%
osmium tetroxide, rinsed, and dehydrated through increasing
concentrations of ethanol and then of hexamethyldisilasane.
Following Cu sputter coating, dry filters were observed and
imaged using a Zeiss Merlin Compact SEM operating at 2, 3 or 5
kV (Zeiss, Oberkochen, Germany).

Energy-Filtered Transmission Electron
Microscopy (EFTEM) and Electron Energy
Loss Spectroscopy (EELS) Analyses
Observations of unfixed samples were carried out using a
Jeol 2010F transmission electron microscope operating at 200
kV, equipped with a field emission gun, an high-resolution
ultra-high-radiation (UHR) pole piece, a STEM device which
allows Z-contrast imaging in the high-angular annular dark-field
(HAADF) mode, and a GIF 200 Gatan energy filter. EFTEM
elemental mapping of C, N, O and Ca was performed on entire

ALN using the 3-window technique (Hofer et al., 1997). The
3-window technique requires three energy-filtered images: two
positioned before the ionization edge (pre-edge images), which
serve to calculate the background, and one positioned just after
the edge (post-edge image). Calculated background image was
subtracted from the post-edge image to give an elemental map,
in which changes in background shape were taken into account.
Maps were calculated for C, N and O K-edges and Ca L2,3
edges using a 20-eV-wide (for C) or 30-eV-wide (for N, O, Ca)
energy window for pre-edge and post-edge. Zero-loss images
were obtained by selecting elastically scattered electrons only.
EELS spectra were acquired using a dispersion of 0.2 eV/channel
to record spectra in the range 270–600 eV. Energy resolution was
1.3 eV asmeasured by the full width at half maximum of the zero-
loss peak. Dwell time was optimized to acquire sufficient signal
intensity and limit beam damage. Spectra were corrected from
plural scattering using the Egerton procedure available with the
EL/P program (Gatan).

Nucleic Acid Staining, Membrane Markers,
and Flow Cytometry (FC) Analyses and
Sorting of ALNs
Unfixed suspensions containing ALNs were thawed at 4◦C
and diluted in 0.02-µm-filtered Tris EDTA buffer prior to
FC analyses. Analyses were performed using four nucleic acid
dyes [SYBR Green I (Invitrogen S7563, Paisley, UK), SYBR
Gold (Invitrogen S11494), propidium iodide (PI) (Sigma-Aldrich
P4864) and DAPI (Sigma-Aldrich 32670)] and two lipophilic
membranemarkers [FM4-64 (Molecular Probes T13320, Eugene,
OR) and PKH26 (Sigma-Aldrich P9691)]. ALNs were i) stained at
80◦C for 10min with SYBRGreen I or SYBR Gold as described in
Brussaard (2004); ii) pre-heated at 80◦C for 10min then stained
with 10 µg·mL−1 PI or 1 µg·mL−1 DAPI for 10min in the
dark. Nucleic acids were also stained without heating. Staining
with FM4-64 (5 µg·mL−1) and PKH26 (1/500 diluted from
commercial solution) was carried out in the dark for 10min at
room temperature. All experimental conditions were reproduced
in triplicates. Triplicates of 0.2µm ALN-free filtrated water
lake (i.e., enriched VLPs water from lake Pavin) and cultivated
bacteria from lake Neuville were used for biological controls.
Cytometric analysis was performed on a BD FACSAria Fusion
SORP flow cytometer (BD Biosciences) equipped with a 70-
µm nozzle. Laser and filter configuration was as follows: DAPI
was excited by a 355-nm UV laser, fluorescence was collected
with a 410 long pass (LP) and a 450/50 band pass (BP). SYBR
Green I and SYBR Gold were excited at 488 nm and fluorescence
was collected with a 502 LP and a 530/30 BP. PI and FM4-
64 were excited at 561 nm and fluorescence was collected with
a 600 LP and a 610/20 BP for PI, and with a 685 LP and
a 710/50 BP for FM4-64. PKH26 was excited at 561 nm and
fluorescence was collected with a 582/15 BP. Targeted particles
were visualized on a “marker fluorescence vs. side scatter”
dotplot. Data were acquired and processed using FACSDivA 8
software (BD Biosciences). Characterization of ALNs and VLPs
from samples processed for cytometric analyses was carried
out by TEM as previously described. Plots were compared
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with those of a similarly-processed VLPs community obtained
from Lake Pavin (see site description in Borrel et al., 2012)
on October 24th 2017. FC sorting was performed on samples
stained with SYBR Green I in un-heated conditions for optimal
preservation of ALNs morphology and reliable morphotype
diagnosis. Commonly described “viral fractions” (Brussaard,
2004) were gated on SYBR Green I fluorescence and sorted out
using the continuous “Purity” mode. 0.5-µm fluorescent beads
(Polysciences, Warrington, PA) served as control sorted fraction.
Particles from sorted gates were re-analyzed by FC and identified
and counted by TEM.

Genomic Analyses
Nucleic Acids Extraction and Amplification
Genomic DNA was extracted from unfixed suspensions
containing ALNs obtained as described in the section “Growth
monitoring”. The sample was harvested by centrifugation at
12,000 g for 20min at 14◦C. The pellet was resuspended in
500 µl of sterile DDW and mixed with 600ml of saturated
phenol (pH 8.0). Then, two cycles of freezing in a liquid
nitrogen bath (15min) and thawing in a 100◦C water bath
(5min) were conducted. The sample was mixed with 750 µL
of chloroform and centrifuged at 14,000 g for 20min at 4◦C.
Thereafter, the aqueous layer was transferred to another fresh
1.5ml microtube and mixed with same volume of cold absolute
ethanol and 3M sodium acetate. The nucleic acid pellet obtained
by centrifugation at 14,000 g for 20min at 4◦C was washed
twice with ice-cold 70% ethanol and pelleted again. The pellet
was resuspended in 50 µL of deionized water. Total extracted
DNA was randomly amplified by Whole Genome Amplification
(WGA) with GenomiPhi V2 kit (GE Healthcare, Chicago,
Illinois, USA).

Library Preparation and Sequencing
Single-molecule Real-time long reads sequencing was performed
with a PacBio Sequel Sequencer (Pacific Biosciences, Menlo Park,
CA, USA). The SMRTBell library was prepared using a DNA
Template Prep Kit 1.0, following the “procedure and checklist for
greater than 10 kb template using AMPure PB beads” protocol.
Genomic DNA(1,7 ug) was slightly sheared using a Covaris g-
Tube (Covaris, UK) generating DNA fragments of approximately
20 kb. A Fragment Analyzer (Agilent Technologies, Santa Clara,
CA, USA) assay was used to assess the fragment size distribution.
Sheared genomic DNA was carried into the first enzymatic
reaction to remove single-stranded overhangs followed by
treatment with repair enzymes to repair any damages that
may be present on the DNA backbone. A blunt-end ligation
reaction followed by exonuclease treatment was conducted to
generate the SMRT Bell template. Two AMPure PB beads
0.45X purifications, and one at 0.4X were used to obtain the
final library. The SMRTBell library was quality inspected and
quantified on a Fragment Analyzer (Agilent Technologies) and
a Qubit fluorimeter with Qubit dsDNA HS reagent Assay kit
(Life Technologies). A ready-to-sequence SMRTBell Polymerase
Complex was created using a Binding Kit 2.1 (PacBio) and the
primer V4, the diffusion loading protocol was used, according to
the manufacturer’s instructions. The PacBio Sequel instrument

was programmed to load and sequenced the sample on PacBio
SMRT cells v2.0 (Pacific Biosciences), acquiring one movie of
600min per SMRTcell and generate 8 Gb of bases and an insert
N50 at 7.75Kb.

Sequence Assembly and Annotation
The 1,930,845 raw PacBio reads (4.1 Kb in average) were
assembled using the SMRT Analysis software and the
Hierarchical Genome Assembly Process (HGAP) workflow
(Chin et al., 2013). This procedure includes pre-assembly error
correction, assembly and polishing. The circular nature of HGAP
derived contigs was assessed via the dot-plotting tool Gepard
(Krumsiek et al., 2007) and circular genome sequences were
derived through an alignment approach and manual curation.
The 5,162 corrected long reads (12.6 Kb in average) produced
after the pre-assembly error correction process were utilized to
determine the coverage of each contig using BLASTn (threshold
of 90% on the identity percent) (Altschul et al., 1997). These
corrected reads and contigs were compared using BLASTn to
the SILVA 16S rRNA gene reference database (version 132)
(Quast et al., 2013). The 233 contigs were also compared to the
UniProt (February 2019) (UniProt Consortium, 2019) protein
database using Diamond (sensitive mode) (Buchfink et al., 2015).
Gene-calling was performed on contigs through the Prodigal
software (Hyatt et al., 2010) and proteins were also compared
to Uniprot using Diamond. Genomic data are presented in
Supplementary Data Sheet 1.

RESULTS

Morphological Analyses
The ALN shape corresponds to arm-like segments which
extend radially from a unique core structure. Three dominant
morphotypes emerged on the basis of size and number of
arms. The first morphotype displayed 4 to 10 arms connected
to a delta-shaped tail with a mean length of 110 ± 18 nm
and an average volume of 0.000055 µm3 (Figures 2A–F).
The second morphotype consisted of forms with 11-arms
that were consistently observed within the ALN population
(Figures 2G–K). They were clearly distinct from the first
morphotype by their length (333 ± 28 nm) and volume
(mean value: 0.00057 µm3). Some appeared endowed with
a singular bud-like appendix that seemed to arise from the
center of symmetry of the particle. This appendix is thicker
and slightly longer than the radial arms (Figures 2I–K). Finally,
the third ALN morphotype corresponds to a sub-population
that was composed of 20 arms (Figures 2L–P). These 20-armed
forms constituted the lengthiest (439 ± 39 nm) and the most
voluminous (0.0014 µm3) ALNs identified in our samples. Their
arms displayed characteristic tapered shapes, were frequently
associated by pairs (Figure 2P), and there was no indication for
supernumerary outgrowths as seen in other ALN morphotypes.

Standard, scanning, and cryo-transmission electron
microscopy (cryo-TEM) indicated that the arms of ALN
particles project from a central core (Figures 3A–D). This core
displayed high and homogeneous electron density, while the
arms showed differential contrasts depending on the plane
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FIGURE 2 | Transmission electron microscopy (TEM) micrographs of different morphotypes of aster-like nanoparticles (ALNs). (A–F) 4–10-armed forms with some

(A–D) presenting a few arms articulated around a delta-shaped excrescence (arrows). (G–K) 11-armed forms and their budding 11-armed variants (I–K) with

elongated and swollen bud-like excrescences (arrows). (L–P) 20-armed forms. Scale bars = 100 nm.

of the section. Arms appeared as hollow structures when
viewed in sagittal sections (Figure 3C). Cryo-TEM of whole
specimens allowed direct comparison between the central
core, the radial arms and the supernumerary appendix of the
11-armed morphotypes (Figures 3D,E). All areas showed a
similar dot-pattern, which was more conspicuous in the case
of the central-core/appendix complex. Branched chains formed
by these elementary components might account for the higher
electron contrast and apparent rigidity of the supernumerary
appendix compared to the slacker aspect of radial arms.

Descriptively, ALNs are pleomorphic nanoparticles with a
reduced biovolume (<0.0014µm3) exhibiting 4 to 20 radial arms
organized around a unique central core.

Elementary Analysis
Energy-filtered transmission electron microscopy and electron
energy loss spectroscopy (EELS) analyses performed on entire
ALNs indicated that these nanoparticles were mostly composed
of carbon, oxygen, calcium and nitrogen (Figures 4A,B). Trace
amounts of potassium were also identified in association with
the particles. EELS spectra at the C K-edge and Ca L2,3-edges of
ALNs were significantly different from those of Ca-carbonates
used as reference (Figure 4C) as they did not show a peak at
290 eV indicative of 1s→ π

∗ electronic transitions in carbonates
and a much lower Ca/C ratio. Likewise, selected-area electron
diffraction of ALNs revealed an amorphous structure (K.B.
personal communication).

Elemental composition and selected-area electron diffraction
patterns thus suggest that ALNs are presumably formed of
organic components, indicating that their organic nature may
prevail over the possibility of mineral structures.

Flow Cytometry Analysis
Flow cytometry (FC) analyses were performed on enriched-
ALNs fraction (E-ALNs, see Materials and methods) composed
of 96% ALNs and 4% of VLPs (Figure 1B) ascertained by TEM
observation and counting.

No fluorescence signal was obtained using lipophilic markers
FM4-64 or PKH26. Different nucleic acid dyes were tested,
including DAPI, PI, SYBR Green I, SYBR Gold. While labeling
with DAPI (a weakly permeant AT selective dye) and PI
(impermeant nucleic acid intercalating dye) were unsuccessful,
the SYBR dyes (permeant cyanine dyes), which are more
sensitive compounds with high penetrating capacities, allowed
to separate distinctive populations from E-ALN samples. As
shown in Figure 5A, three populations termed P1, P2, and P3
were reproducibly split on the basis of SYBR Green I signal
intensity and side scatter. Because ALNs were shown to be
thermo-sensitive, heating was omitted in the protocol used for
SYBR labeling. TEM indicated ALNs with familiar shapes in all
sorted gates excepted in P4 gate that exclusively contained beads
used as a control for sorting quality control (Figure 5B). Absence
of ALNs in P4 indicated a non-random but differential sorting
of the nanoparticles using the selected sorting gates. This was
confirmed by TEM analyses of ALNs from the three sorting
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FIGURE 3 | Electromicrographs of aster-like nanoparticles (ALNs). (A,B) Scanning electron microscopy (SEM) micrographs showing ALNs with multiple full-grown

radial arms (A) or a mix of emerging (arrow) and full-grown arms (B). (C) TEM micrograph of an ultra-thin section of an ALN. Sagittal sections of arms reveal a tubular

appearance with electron light area enclosed by a wall-like structure (arrows). (D,E) Cryo-TEM micrographs. (D) Radial arms display a similar mottled appearance. (E)

Magnified view of the box selected from the previous image revealing circular substructures (arrow). Scale bars = 100 nm.

gates (Figure 5B). The sub-population from P3 gate provided the
strongest SYBR signal, and consisted of large ALN morphotypes,
i.e., 20-armed, budding 11-armed, and 11-armed morphotypes.
The smaller ALNs (4–10 armed forms) were mostly concentrated
in gates P1 and P2 together with virus-like particles and similar-
sized particles of undetermined nature (VLPs).

Interference between ALNs and VLPs in FC particle
quantification was evaluated using thermo-sensitivity property
of ALNs compared to VLPs. This was achieved through
comparative analysis of E-ALNs and a VLP community used as
an ALN-free control, submitted or not to heating (Figure 5C).
Heat induced a significant increase of counted VLPs in P2 (from
4.8 ± 0.7 to 8.2 ± 1.1 × 106 mL−1) and P3 (from 1.7 ± 0.2 to
2.0 ± 0.3 × 106 mL−1) populations sorted from the ALN-free
control. Heating of P2 and P3 sorted from E-ALNs resulted in
the opposite effect, i.e., a decrease in number of recorded events
(P2: from 5.8 ± 0.6 to 4.2 ± 0.4 × 106 mL−1; P3: from 1.8 ± 0.2
to 0.9± 0.1× 106 mL−1).

Overall, ALNs are positively labeled with SYBR nucleic
acid dyes and interfere with VLPs quantification when using
fluorescence based methods.

Nucleic Acid Detection
Detection of nucleic acid was performed on fraction composed of
>99% ALNs and<1% of VLPs ascertained by TEM and obtained
as described in section ‘growth monitoring’.

No reads or contigs were similar to a prokaryotic 16S rRNA
sequence. All the 233 contigs were shorter than 6Kb except one
contig of 11,258 bp. Almost all contigs could be unambigously
affiliated to small single-stranded DNA viruses, 213 being
affiliated to the Microviridae family and 16 to CRESS DNA
viruses (circular Rep-encoding ssDNA viruses) (Figure 6). Two
contigs had no similarity to Uniprot proteins and one contig was
similar to a bacterial DNA-directedDNApolymerase (49.5 amino
acid identity on 94 residues), but these contigs were all very
short (1,300, 115, and 290 bp, respectively). Although the largest
contig of 11,258 bp had no obvious affiliation, its characteristics
are similar to known viruses that infect prokaryotes: (i) short
genes (23 protein coding genes, 442 bp long in average), (ii) no
strand switching and (iii) only 4 proteins out of 23 being similar
to a protein of Uniprot (3 similar to proteins from unaffiliated
phages and one to an archaeal protein, all four proteins having an
unknown function).

Based on our genomic analyses and on the methodology used
presence of nucleic acids in ALNs is not proved.

Susceptibility to Chemical or Physical
Agents
Effects of various life-inhibiting treatments were tested on ALNs,
and on ALN-free prokaryotes and femtoplanktonic communities
used as control after 20-day incubations.
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FIGURE 4 | Energy-filtered transmission electron microscopy (EFTEM) (A) and electron energy loss spectroscopy (EELS) analyses (B,C) of aster-like nanoparticles

(ALNs). (A) Zero-loss image and EFTEM C, O, and Ca maps of an ALN. Scale bar=200 nm. (B) EELS spectra of an ALN particle (blue) and formvar (red). Insert:

close-up of the background-normalized spectrum of an ALN particle at the N and O K-edges. (C) EELS spectra of a reference calcite crystal at the C K-edge and the

Ca L2,3-edges. The relative intensities at the C K-edge and Ca L2,3 edges correlate with C/Ca atomic ratio.

Dramatic effects on total ALNs (T test, p < 0.05) were
observed (Figure 7) after heating 1 h at 90◦C or lysozyme (2
mg/mL) treatments (80 ± 12% and 51 ± 19% loss after 20 day
incubation), and in the presence of the norfloxacin (50µg/mL)
and novobiocin (250µg/mL) antibiotics (85 ± 7% and 58 ±

8%, respectively). Gentamycin antibiotic treatment had a smaller
effect on the nanoparticles (41 ± 17% loss; p = 0.05). The losses
were more pronounced following heating, lysozyme, norfloxacin,
novobiocin and gentamycin treatments for the 4–10–armed form
(96 ± 1, 53 ± 15, 89 ± 5, 61 ± 8, 41 ± 14%, respectively)
compared to the 11–armed forms (0 ± 10, 37 ± 4, 66 ± 2, 53
± 1, 12± 4%, respectively).

Lysozyme treatment leaded to a rise of prokaryotes (58%)
suggesting that this ALN-free fraction was mostly composed of
Gram – species. The complete loss of ALN-free femtoplanktonic
communities (99%) showed the strong antiviral activity of this
enzyme (Cisani et al., 1984; Lee-Huang et al., 2005). As expected
prokaryotic “control fraction” displayed drastic loss in response
to heat, norfloxacin, gentamicin and novobiocin (100%, 100%,
57%, 41%, respectively) (Figure 7).

Clearly, ALNs are susceptible to the life-inhibiting treatments.
It seems also worth noting that responses to the treatments
differed depending on the morphotypes. For example, 11-armed

morphotypes proved much more resilient than others, while the
4–10-armed appeared more sensitive to the treatments.

In vitro Monitoring
ALN population fluctuates over a 36-day period in prokaryote-
free medium (PFM) at 4◦C (Figure 8). A transient rise of
abundance was evident from day 0 to day 1 (multiplication factor
MF=3.6). The population then appeared relatively stable from
day 1 to day 15 before amarked decrease up to day 20, preceding a
second rise period from day 20 to day 29 (MF=3.3), then a second
decline phase up to day 36. All these fluctuations with time
were statistically significant (Figure 8). Quantification of ALN
morphotypes in PFM revealed that 4–10-armed and 11-armed
morphotypes fluctuate inversely over time (Figure 8, Spearman’s
r=-0.86, p < 0.001). These fluctuations were positively (4–
10-armed forms) or negatively (11-armed forms) correlated to
total ALN population (Spearman’s r = 0.66 and r = −0.82,
respectively, p< 0.05). The proportion of the smallest ALN forms
(predominant morphotype at day 0) increases concomitantly
with total number of ALNs but decreases as the abundance of
total ALNs returns to baseline (day 0, day 20, and day 36).
Inversely, the proportion of 11-armed forms increases during
phases of total ALN decline (days 20, day 36). Throughout the
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FIGURE 5 | Flow cytometry analysis of aster-like nanoparticle-enriched preparations (E-ALNs). (A) Gating of three distinctive populations (P1, P2, P3) of SYBR

Green-stained E-ALNs. Heating was omitted during the staining procedure, and beads (0.5µm) were used as control fraction (P4). The gray area in scatter plot

including in P1, P2, and P3 commonly represents VLP fractions (see Brussaard, 2004). A pie chart shows the relative proportions of ALNs morphotypes attested by

TEM. (B) Distribution of ALNs morphotypes and beads in the four FACS-sorted fractions counted by TEM. (C) Cytometry counts of P1, P2, and P3 gated fractions

compared to counts obtained when heating was included in the SYBR Green staining procedure, and to counts of particles in ALNs-free viral community stained in

heat-driven conditions. Mean values from triplicate and standard errors are plotted. Significant representativeness of morphotypes in sorted populations (B) is

indicated by symbols: ¤ (Fisher’s exact test on a contingency table, p < 0.01). Significant differences between “non-heated” and “heated” conditions (C) are indicated

by an symbol ¤ (Student T-test, p < 0.05).

incubation period, we were not able to detect any prokaryotic
cells using different approaches: flow cytometry, transmission
electron microscopy, and plate count agar spreading.

The above incubation monitoring show that the abundance
of ALNs can change significantly over time in the absence of
cellular entities, with different patterns registered in contrasted
morphotype categories. The mechanisms under these changes
remain unclear in the absence of a detectable genomic support.

Ecosystemic Monitoring
Analysis of natural samples collected over a 13-month period
in an eutrophic lake of the French Massif Central revealed high
ALN abundances characterized by marked seasonal fluctuations
(Figure 9). The maximal density reached a value of 9.0 ± 0.5
× 107 mL−1 (March 15th 2017). ALN abundances were up to
8-fold higher than those obtained for FC-counted prokaryotes
and represented up to 39% of the total FC-counted VLPs

in corresponding samples. ALN abundances increased with
season from autumn to spring (MF=60). Prokaryote abundances
fluctuated slowly from 0.8 ± 0.1 to 2.1 ± 0.4 × 107 mL−1, while
VLPs ranged from 2.0 ± 0.2 to 48.4 ± 1.5 × 107 particles mL−1.
For both communities, highest values were recorded in spring
and in autumn, respectively (Figure S2). ALN abundance was not
correlated to those of prokaryotes or VLPs.

At themorphotype level, we observed a high dominance of 11-
armed forms which averaged 79 ± 16% of the total abundance
over the 13-month sampling period (Figure 9). The 4–10 and
20-armed forms appeared in much smaller proportions (mean
values = 10 ± 11% and 11 ± 11%, respectively). Proportions of
these two forms were inversely correlated with those of 11-armed
forms over time (Spearman’s r=-0.77 and r=-0.73, respectively,
p < 0.05). Proportions of budding 11-armed forms and 11-
armed forms devoid of bud-like appendix were also negatively
correlated to each other (Spearman’s r=-0.91, p< 0.01). Budding
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FIGURE 6 | Taxonomic affiliation of the 233 contigs from ALN-enriched DNA templates. Each piece of the pie corresponds to a contig and its size is proportional to

the number of reads that were associated to this contig.

FIGURE 7 | Sensitivity of the particles to heat, antibiotics or lysosyme treatments. Effects of treatments by heat, antibiotics and lysosyme were assessed compared to

untreated controls at day 20. Results are expressed as the percentage of ALNs which have resisted to treatments and continued to develop compared to control after

a 20-day incubation. ALN-free prokaryotic cultures and femtoplanktonic communities (0.2µm filtrated water from an eutrophic lake) were used as controls. Mean

values from triplicate and standard errors are plotted. Significant differences with control are indicated by symbol (T-test, p < 0.05).

forms accounted for the highest proportions at the onset
and throughout the increasing phase of total ALNs, but then
disappeared with the decline in the total ALN abundance. ALNs
were exclusively composed of 11-armed morphotypes a few
months after their population was stabilized at its lowest level.

Detection of ALNs conducted on surface microlayer of 16
selected geographical stations (namely HL1 to HL16) from
Ha Long Bay (Vietnam) show a high spatial heterogeneity
with values ranging from undetectable to 3.4 × 104 mL−1

(Figure 10A). The dynamics of ALNs and bacteria were
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FIGURE 8 | Development monitoring of aster-like nanoparticles (ALNs) in prokaryote-free medium. Temporal variations of ALNs abundances and ratios (in %) of

different morphotypes over a 36-day period. Mean values from triplicate and standard errors are plotted. Significant differences between ALNs abundance at t (n) and

t (0) and between ALNs abundance at t (n) and t (n-1) are indicated by symbols ¤ and , respectively (T-test, p < 0.05).

FIGURE 9 | Abundance of aster-like nanoparticles (ALNs) in situ (Neuville-France) and ratios (in %) of different morphotypes over a 15-month period. Note the peak of

abundance between late December 2017 and mid-March 2017 and the return to low-density populations within a few months. Mean values from triplicate and

standard errors are plotted. Significant differences between ALNs abundance and the previous time are indicated by asterisks (Student T-test, p < 0.05).

significantly correlated (Spearman’s r = 0.81, p < 0.01,
Figure 10B). No reliable correlation could be established between
ALNs and physico-chemical variables (Figure 10B).

ALNs show seasonal and ecosystemic fluctuations probably
induced by environmental parameters. Proportions of each
recorded morphotype shift according to seasonal dynamics.

DISCUSSION

ALNs Are Original Pleomorphic
Nanoparticles
Here we report the discovery of ‘Aster-Like Nanoparticles’
(ALNs) in lakewater. These pleomorphic entities, exhibit
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FIGURE 10 | (A) Distribution of aster-like nanoparticles (ALNs) and bacteria abundances in 16 selected stations of a tropical coastal ecosystem (Ha Long

Bay-Vietnam), and (B) analyses of correlations (Spearman’s product-moment correlation coefficient) between ALNs and environmental parameters which compile all

sampling points. All details on Ha Long Bay (Vietnam) environment are available from Pradeep Ram et al. (2018). Level of significance: *p < 0.001. VA, viral

abundance; BA, bacterial abundance; BP, bacterial production; FIC, frequency of infected cells; TEMP, temperature; SAL, salinity; Turb, turbidity; DOC, dissolved

organic carbon; TPC, total particulate carbon; TPN, total particulate nitrogen in the bulk sample.

puzzling aster-like shapes with arm-like processes that project
from a central core (Figure 3). All morphotypes exhibit shapes
that distinguish ALNs from previously established groups of
nanoparticles, including ultramicro-prokaryotes (Duda et al.,
2012; Castelle et al., 2018; Ghuneim et al., 2018), controversed
nanobes (Folk, 1993; Sillitoe et al., 1996; Uwins et al., 1998;
Aho and Kajander, 2003; Yaghobee et al., 2015), biomimetic
mineralo-organic particles (BMOPs) (Wu et al., 2016), viruses
(King et al., 2018) or extracellular vesicles (EVs) (Soler et al.,
2015; Biller et al., 2017). Their mean length ranges from 110
± 18 nm (4–10-armed morphotype) to 439 ± 39 nm (20-armed
morphotype). Volumetric estimates of all ALN types indicated
values (averaging 0.000055 µm3, 0.00057 µm3, and 0.0014 µm3

for 4–10, 11, and 20-armed morphotypes respectively) that were
significantly lower compared to the smallest known prokaryotes
(Ghuneim et al., 2018) and to the Theoretical Minimal Cell
Volume (TMCV). Nanobes, BMOPs, viruses (excepted giant
viruses) and EVs are the sole examples of entities comparable to
ALNs in terms of numerical volume. The composition (mostly
carbon, oxygen, calcium and nitrogen with trace amounts of
potassium) and the amorphous structure revealed by electronic
microscopy (Figure 4) point out that ALN are possible organic
particles (Uwins et al., 1998; Benzerara et al., 2003), or at
least that their organic content may prevailed over their
mineral composition known from mineral forming nanobes
(Kajander et al., 2003), BMOPs or “natural nanoparticles” (Wu

et al., 2016; Griffin et al., 2018), partly or totally composed
of minerals.

ALN volumes were largely under the theoretical minimal
cell volume (TMCV) required to house nucleic acids and the
associated biosynthetic machinery required for a self-sufficient
form of life (National Research Council, 1999). Use of the
TMCV established there is 20 years ago to define compatibility
with living nature must be however considered with caution.
Indeed, recent advances in microbiology and virology have
revealed existence of nanosized prokaryotes with biovolumes
close to the TMCV. Giant viruses were reported as well.
Genomic analysis of nanosized prokaryotes revealed a limited
sub-cellular organization coupled with a significant reduction of
biosynthetic and energy conservation pathways (Castelle et al.,
2018; Ghuneim et al., 2018). Meanwhile, exceptionally large
viruses were discovered that contain DNA encoding proteins
involved in mRNA translation (Schulz et al., 2017; Abrahão et al.,
2018). These discoveries have reopened the debate on the origin
and the definition of life. In the absence of scientific consensus
on what the TMCV should be exactly, it would be perhaps
premature to make the conclusion that ALNs cannot be living
particles with the only criteria being their exceptionally small size.
Various experimental approaches were developed to address this
issue (see below).

The ability of ALNs to develop in the absence of cells
(Figure 8) provides additional entry points to discuss the nature

Frontiers in Microbiology | www.frontiersin.org 12 October 2019 | Volume 10 | Article 2376230

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Colombet et al. Novel Aster-Like Nanoparticles in Aquatic Systems

of these particles compared to viruses or extracellular vesicles
(EVs). It seems worthwhile to underline, at this point, that
host-independent morphogenesis is quite unusual in viral world
or for EVs, although extracellular morphological plasticity
has been reported for ATV viruses (Acidianius Two-tailed
Virus) that infect archaeons living in particularly harsh aquatic
environments (Häring et al., 2005; Prangishvili et al., 2006). ALN
morphotype fluctuations that happen in the absence of cells
seem at odds with a viral nature of ALNs if viewed as gradual
assembly/disassembly processes within a single particle having a
pleomorphic lifestyle. However, the alternative, i.e., convergence
of otherwise unrelated nanoparticles, toward an “aster-shaped”
morphology must also be considered. In this case, morphotype
fluctuations could merely reflect survival capabilities of unrelated
particles in the absence of cells. Clearly, further studies are
required to elucidatemorphotype fluctuations related to the exact
nature of ALNs.

Sensitivity to a wide range of antibiotics was used as a
critical point to establish the non-living nature of biomimetic
particles (Raoult et al., 2008). The abundance of ALNs was
dramatically affected by biocide agents (norfloxacin, novobiocin,
lysozyme or heat shock) (Figure 7). These results could suggest
ALNs as self-sufficient forms of life. Differential responses
of ALN morphotypes to the multiple damaging treatments
should also be considered. 4–10-armed forms appeared more
affected than the 11-armed forms, suggesting possibility of more
resilient morphotypes within the population of nanoparticles.
Comparisons of ALN responses to those of other populations
used as controls did not however permit to draw more definite
conclusions indicative of the living or non-living nature of
these particles.

More basically, the ability of ALN populations to persist in
the absence of cells and the sensibility of the particles to biocide
agents both raise the question of the existence of endogenous
nucleic acids. Hypothesis of an heredity support is also supported
by the reoccurrence of different ALN morphotypes whatever
was the environmental context or season (see below) and
the recurrent radial symmetry of the particles which might
reflect a developmental relationship between morphotypes. Flow
cytometry (FC) plotting and subsequent TEM analysis of the
sorted ALNs provided preliminary insights in this topic. The
cytometry step was assessed using permeant cyanine SYBR dyes.
These stains preferentially bind to double-stranded DNA, but can
also stain single-stranded DNA and RNAwith variable efficiency.
TEM analyses of sorted fractions showed that SYBR Green I and
side scatter signal intensities were morphotype-dependent and
allowed to establish a positive correlation between the complexity
of morphotypes and the intensity of fluorescence emitted by the
particles (Figure 5). Assuming that FC-detected SYBR-staining
is indicative for the presence of nucleic acids encased in the
nanoparticle (core structure?), highly enriched ALN cultures
(0.2µm filtered) appeared as suitable material from which
putative DNA could be directly extracted and characterized
at the molecular level. Whole genome sequencing was then
developed using the same DNA template. 16S rRNA genes
have not been identified as part of the 233 contigs assembled
through this approach (Figure 6). Assuming that DNA extraction

and amplification were efficient, our data suggests that ALNs
lack a detectable genomic features and translation machinery
of prokaryotes. The great majority of contigs delivered by
whole genome analysis were affiliated to the microviridae, a
family of bacteriophages with a single-stranded DNA genome.
However, microviridae contigs must be viewed as assemblies of
sequence fragments from remnants of viral populations initially
comprised in the lake water sample. According to these results,
we were not able to demonstrate the presence of nucleic acids
in ALNs. Extraction and non-specific amplification efficiencies
of nucleic acids are strongly linked to the nature of the particle.
Development of a specific protocol to purified ALN enriched-
cultures will be a critical point as soon as the exact nature of ALNs
will be determined.

Overall, our data on the atypical morphology, the reduced
biovolume, the suspected dominant organic nature, the
sensibility to biocide treatments, and the ability to develop in the
absence of cells indicate than ALNs are new femto-entities which,
at the moment, cannot be classified in any known category of
femto-entities previously described in environmental samples.

Ecological Significance of ALNs
Our discovery of ALNs and the existence of other ultra-
small non-viral particles raise the ecological question of the
accuracy of the “VLP” (i.e., virus-like-particles) fraction in
aquatic ecosystems. Commonly used to designate free-occurring
viruses, the acronym VLP is also synonymous of “known and
yet unknown viral aquatic particles” especially as standardized
FC methodologies include heat-driven procedures particularly
efficient for detection of viral particles that are, otherwise,
refractory or weakly responsive to SYBR-staining (Brussaard,
2004). Interference between ALNs and VLPs in FC particle
quantification and successful sorting of largest morphotypes
(Figure 5), indicate that ALNs must be viewed as atypical
nanoparticles comprised in the VLP fraction. Events recorded
from ALNs may lead to overestimate the viral load when
analyzing viromes in aquatic ecosystems by counting SYBR-
stained particles which is the methodology currently used for
optimal detection of viruses by flow cytometry (Weinbauer,
2004). Experimental bias generated by overlapping of fluorescent
signals produced by viruses and by other types of nanoparticles
encompassed within the viral population was previously assessed
in the case of EVs which constitute regular components of VLP
fractions in natural environment (Soler et al., 2008, 2015; Forterre
et al., 2013). Comparative studies between ecological groups
comprising viral communities should therefore be interpreted
with caution when pleomorphic nanoparticles such as ALNs
occur in samples, notably when seasonal variations favor
temporary bloom or predominance of one ALN morphotype
over others.

Ecological significance of ALNs was approached by in situ
seasonal and ecosystemic analyses. Seasonal analyses in a French
eutrophic lake revealed a marked seasonal dynamic in ALN
abundances from 8.0 ± 3.8 × 104 to 9.0 ± 0.5 × 107 mL−1

(Figure 9) and suggest a tight control of the environmental
parameters on ALNs. Relative proportions of each morphotype
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FIGURE 11 | (A–C), Electromicrographs documenting a putative interaction between aster-like nanoparticles (ALNs) and microbial cells. (A’–C’) are magnified views

of sections indicated by arrows in (A–C). Note the close contact between arms of the ALNs and the microbial cells. Scale bars = 100 nm.

shifted concomitant to fluctuations in total ALN abundance. 11-
armed form appeared the alone form in condition of the lowest
density of ALNs, suggesting that this peculiar form could bemore
resistant to adverse environmental factors than others forms.
Inverted correlation between 11-armed forms and the others
forms, also noted when ALNs were maintained for 36 days in
prokaryote-free lake water (in laboratory condition) suggests that
these forms may be of importance in maintaining a permanent
pool of ALNs in lake water and in promoting propagation of the
nanoparticles when growth conditions become more favorable.
This assumption is only possible assuming that pleomorphism
arises from inter-conversion betweenmorphotypes. The idea that
morphotypes described in this study all develop from the same
“stem entity” is not demonstrated and remains a fundamental
question to be addressed in the future. The importance of ALN
degeneration or starvation controlled by environmental factors,
which can differently affect the abundances of ALNmorphotypes
in both controlled and in situ conditions, must also be addressed.
Such a regulative function by environmental factors has been
reported in the case of ultramicro-bacteria (Duda et al., 2012) and
in the case of Phaeodactylum tricornutum, a 10µm sized diatom
(He et al., 2014).

Identification of ALNs in a tropical estuarine system and
in Saloum river in Senegal (J.C. unpublished data) shows a
pan-geographic distribution and adaptability of ALNs. This
property prompted us to explore the environmental parameters
potentially affecting ALN dynamics at the spatial scale. This was

achieved on 16 selected geographical stations from Ha long bay
estuary in Vietnam, a highly spatially contrasted environment
previously characterized by Pradeep Ram et al. (2018). This
spatial survey indicated significant coupling between ALN and
prokaryote abundances (Figure 10). No reliable correlation
could be established with physico-chemical variables of the bay
environment. In contrast, no closed relation between ALNs
and prokaryote abundances was recorded at the seasonal scale
in the French Lake. However, in this environment, ALNs
displayed limited pleomorphism and abundance changes in
cell-free medium compared to in situ analyses (multiplication
factor of 3.6 in cell-free medium compared to 60 in French
Lake). These data suggests that microbial communities may
help promoting the nanoparticle dynamics. Interestingly, more
detailed observations of microbial communities collected from
eutrophic lakes revealed arm-mediated contacts between ALNs
and bacteria (Figure 11). The role of microbial communities
in the control of ALNs and the functional significance of the
observed contacts between ALNs and bacteria are still unclear.
Further ecological studies of these puzzling nanoparticles should
be placed in the context of ecosystemic relationships between
ALNs and prokaryotes as well as between ALNs and other
biological or physic-chemical components.

Seasonal and spatial dynamics are a characteristic of aquatic
microbial communities which regulate energy and matter flows
in aquatic systems (Weinbauer, 2004; Diao et al., 2017). To
our knowledge, long-term ongoing researches on the ecology
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and population dynamics of nanobes or non-living particles
are currently lacking. This precludes any comparison with
our ALN studies. Nevertheless, our observations clearly raise
the question of the ecological importance of ALNs in the
functioning of aquatic ecosystems. Although reduced on a unit
scale, the biomass of total ALNs during bloom periods is
likely to mobilize circulating mineral and organic nutrients at
the expense (competition?) of other microbial communities of
aquatic ecosystems. In addition, direct interplay with bacteria
(Figure 11) could significantly influence the energy and material
flows mediated by the prokaryotic compartments.

CONCLUSION

This study shows, for the first time, that aquatic ecosystems may
contain abundant and dynamic nanoparticles of a novel type
with ecological potentialities, especially in meso- and eutrophic
waters which are predilection sites for ALN detection. Tough
the question of the living or non-living nature of ALNs remains
unresolved at this time, their original features re-open the
debate on the minimal cell volume for a self-sufficient form of
life. Experiments are in progress to explore the exact nature
of ALNs and identify biotic and abiotic factors involved in
regulation of their dynamics in microcosm and environmental
conditions. In this context, an upcoming challenge will be
to obtain mass cultures of ALN particles grown in VLP-,
EV- and prokaryote-free medium. Clearly, we have describe
novel types of environmental nanoparticles that, as the most
ecological outcome, emphasize that not all virus-like particles
observed in aquatic systems are necessarily viruses and that
there may be several types of other ultra-small particles in
natural waters that are currently unknown but potentially
ecologically important.
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Kinetoplastid flagellates are generally abundant in the deep sea and recently they were
even found to be dominant in the hypolimnion of a deep freshwater lake. Therefore,
to understand the distribution of kinetoplastids in deep freshwater lakes, we have
collected vertical samples from five lakes in Japan. The abundance of kinetoplastids was
enumerated by Catalyzed Reporter Deposition-Fluorescence in situ Hybridization, and
the diversity was determined by 18S amplicon sequencing using universal eukaryote
and kinetoplastid-specific primers. Kinetoplastids were abundant in the deep waters of
all the lakes, contributing up to 53.6% of total nanoeukaryotes. Despite this significant
contribution, kinetoplastids remain undetected by amplicon sequencing using universal
primers that are widely used in eukaryotic diversity studies. However, they were detected
with specific primers, and the communities were characterized by both ubiquitous and
lake-specific unique OTUs. Oligotyping of a ubiquitous and dominant OTU revealed the
presence of lake-specific sequence types (oligotypes). Remarkably, we also detected
diplonemids (a sister group of kinetoplastids and considered to be specific in the marine
habitat) using kinetoplastid-specific primers, showing their presence in freshwaters.
Underestimation of kinetoplastids and diplonemids using universal primers indicates that
euglenozoan flagellates are overlooked in diversity studies worldwide. The present study
highlighted the importance of kinetoplastids in the hypolimnion of deep lakes, thereby
indicating their role in material cycling in deep waters.

Keywords: 18S amplicon sequencing, CARD-FISH, deep lakes, diplonemids, flagellates, hypolimnion,
kinetoplastids

INTRODUCTION

Diversity studies in microbial eukaryotes conducted recently by various molecular techniques
have shown immense diversity of protists (Moon-van der Staay et al., 2001; Moreira and Lopez-
Garcia, 2002; Grossmann et al., 2016) and identified several important lineages. Several of these
recently reported lineages were previously unknown when the studies were mainly culture-based
and employed light microscopy for identification (Massana et al., 2006; de Vargas et al., 2015).
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However, the universal eukaryote primers commonly used to
understand the diversity of these organisms often underestimate
several lineages owing to the divergent nature of their 18S rRNA
gene (Berney et al., 2004; Simpson et al., 2006; Bochdanksy and
Huang, 2010). This might not create a serious problem if minor
groups are underestimated, but can display a different picture of
the ecosystem processes if abundant groups are ignored.

One particular flagellate group, kinetoplastids, have regularly
been undetected in nearly all the diversity studies in microbial
eukaryotes using molecular techniques (Von der Heyden
and Cavalier-Smith, 2005; Vaerewijck et al., 2008; Mukherjee
et al., 2015). Kinetoplastids are among the most cosmopolitan
flagellates in aquatic environments (Patterson and Larsen, 1991;
Arndt et al., 2000) with high diversity (Von der Heyden and
Cavalier-Smith, 2005). An important aspect of kinetoplastid
phylogeny is the massive evolutionary change of their 18S rRNA
gene, due to which they are found at the base of the eukaryotic
phylogenetic trees (Simpson et al., 2006; Janouškovec et al., 2017;
Strassert et al., 2019). Kinetoplastids, along with diplonemids
and euglenids belong to the phylum Euglenozoa (Cavalier-Smith,
1981), where the free-living and occasionally parasitic group
diplonemids are their closest relatives (Lara et al., 2009). The
euglenozoans diverged from other eukaryotes (Moreira et al.,
2004; Vlcek et al., 2010) and are known as basal eukaryotes
(Cavalier-Smith, 2009).

Class Kinetoplastea consists of parasitic, uniflagellate
trypanosomatids and free-living, biflagellate bodonids
(Vickerman, 1976). Trypanosomatids are well studied
owing to their medical importance, whereas bodonids have
received limited attention (Simpson et al., 2006). Bodonids are
heterotrophic and are often found to dominate in cultures.
Owing to their opportunistic nature, several stains have been
cultured and a few laboratory studies have been conducted to
understand their ecology (Caron, 1987; Boenigk and Arndt,
2000; Zubkov and Sleigh, 2000). Although these flagellates
are cosmopolitan with high diversity they are considered to
have lower abundance in the aquatic ecosystems (Arndt et al.,
2000). Recent studies reported that owing to the mismatches in
their 18S rRNA gene the commonly used universal eukaryote
primers and probes do not target kinetoplastids (Bochdanksy
and Huang, 2010; Mukherjee et al., 2015). This has led to their
underestimation in diversity and abundance-based studies
worldwide and is likely the reason for there being fewer reports
on them in natural environments in such studies. This group
has recently attracted some interest among researchers as
using specific primers and Catalyzed Reporter Deposition-
Fluorescence In Situ Hybridization (CARD-FISH) probes
kinetoplastids were reported to have high abundance and
diversity in the deep sea (López-García et al., 2003; Edgcomb
et al., 2011; Morgan-Smith et al., 2011, 2013; Salani et al., 2012)
and also from the hypolimnion of a freshwater deep holomictic
lake (Mukherjee et al., 2015). The results from these studies
suggest that kinetoplastid flagellates mainly inhabit the deep
waters of both oceans and lakes. However, limited studies
from the deep waters of freshwater lakes have restricted our
understanding of the hypolimnion kinetoplastid communities,
therefore indicating the need for further studies to understand

the importance of these less-studied flagellates, especially from
the deeper waters of freshwater lakes.

Owing to the water mixing patterns in freshwater deep
holomictic lakes, where water column is mixed in some seasons
and remain stratified in other seasons, the microbial communities
in different depths undergo community assembly and re-
assembly. This seasonal community variation in different depths
presents an interesting ecosystem to understand the ecology of
these microorganisms. However there are only a few studies
on freshwater deep lakes, and the microbial communities in
the hypolimnion waters are poorly understood (Okazaki and
Nakano, 2016; Mukherjee et al., 2017). The limited number of
studies that have been conducted on the oxygenated hypolimnion
of freshwater deep lakes have studied bacterial community, where
they reported the dominance of hypolimnion-specific bacterial
lineages (Urbach et al., 2001; Callieri et al., 2015; Okazaki et al.,
2017; Mehrshad et al., 2018; Andrei et al., 2019). Information
about the protist communities in hypolimnion waters is poorly
known. However, the limited information available about the
protist communities in the oxygenated hypolimnion waters of
some deep holomictic lakes also indicates the dominance of
hypolimnion-specific lineages (Lepère et al., 2010; Mukherjee
et al., 2015, 2017).

To understand the abundance and distribution of
kinetoplastids in deep freshwater lakes, we took water samples
of various depths from five deep freshwater lakes in Japan
(Figure 1) with oxygenated hypolimnion during summer
stratification (Table 1). The abundance of kinetoplastids
was examined using group-specific CARD-FISH probes and
their detailed community composition was analyzed by 18S
rRNA gene amplicon sequencing with universal eukaryote
and kinetoplastid-specific primers. Moreover, oligotyping was
conducted on ubiquitous kinetoplastid OTU to understand
whether geographically isolated deep waters of freshwater lakes
exhibit sequence variation among the OTUs.

MATERIALS AND METHODS

Study Site and Sampling
Samples were collected from five monomictic deep freshwater
lakes in Japan with oxygenated hypolimnion (Figure 1 and
Table 1). Samples from various depths covering the epilimnion
and hypolimnion were taken once from one station in each lake
(except for Lake Biwa where sampling was conducted twice)
during the thermal stratification period (Figure 2A and Table 1).
Sampling in Lake Biwa was conducted from station Ie-1 (a long-
term limnological survey station of Kyoto University, Japan) and
from a station located at the deepest part for all the other lakes.
Samples were collected with a 5 liter Niskin sampler (General
Oceanics, Miami, United States) and the hydrographic structure
was determined with a conductivity-temperature-depth profiler
(911 plus, Sea Bird Electronics, Inc., United States) for Lake
Biwa and with a Rinko profiler (ASTD 102, JFE Advantech Co.,
Ltd., Japan) for the other lakes. The concentration of chlorophyll
a was measured simultaneously using the CTD and Rinko
profiler (Supplementary Figure S1A and Table 1). Samples were
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FIGURE 1 | Map of Japan with the location of the sampled lakes.

TABLE 1 | Characteristics and sampling information of each lake.

Lake Trophic status Surface area (km2) Z max (m) Sampling month
and year

Mean bacterial abundance
(× 106 cells ml−1)

Mean conc. (till 30 m) of
chlorophyll a (µg l−1)

Biwa Mesotrophic 674.0 104 August and November 2014 2.0 ± 1.3 0.8 ± 0.5

Chuzenji Oligotrophic 11.62 161 August 2014 1.3 ± 0.6 0.8 ± 0.4

Motosu Oligotrophic 4.7 121 October 2014 0.7 ± 0.1 0.5 ± 0.9

Sai Oligotrophic 2.1 74 October 2014 1.4 ± 0.4 1.1 ± 0.7

Ikeda Mesotrophic 11.0 200 July 2015 2.8 ± 3.2 1.9 ± 1.5

collected in clean plastic bottles, which were rinsed three times
with sample water before collection and were kept cool and dark
in an icebox and transported to the laboratory within a few
hours of collection.

Total Bacteria Count
Samples were fixed immediately after collection with
glutaraldehyde (1% final concentration) and stored at 4◦C
until filtration. A 1 ml water sample was filtered through a
polycarbonate membrane filter (pore size 0.2 µm, diameter
25 mm, Advantec), and stained with 4, 6-diamidino-2-
phenylindole (DAPI) (Porter and Feig, 1980). The bacterial
cells were observed under UV light with an epi-fluorescent
microscope (Olympus BX- 50, Japan). Duplicate counts from
each sample were counted at 1000 × magnification from 20
randomly chosen fields (a minimum of 300 cells were counted)
(Supplementary Figure S1B and Table 1).

DNA Extraction and Pyrosequencing
In Lake Biwa, owing to the relatively high abundance of
kinetoplastids in the hypolimnion from August and November
and also in the epilimnion from August (Mukherjee et al.,
2015), DNA samples were collected from both the epilimnion
and hypolimnion in August and only from the hypolimnion in
November (Table 2). DNA samples from the four other lakes
were collected from one depth in the hypolimnion (Table 2).
Water samples were pre-filtered just after collection using
a 20-µm mesh plankton net to exclude bigger organisms.
One to two liters (500 ml for Lake Ikeda) of water samples
were filtered with a 0.8 µm polycarbonate filter (47 mm
diameter, Costar) at low vacuum (7.5 cm Hg) and immediately
frozen at −30◦C until analysis. DNA was extracted using
a Power Soil DNA isolation and purification kit (MoBio
laboratories, Carlsbad, CA, United States) and quantified
using a Nanodrop ND-1000 spectrophotometer (NanoDrop
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FIGURE 2 | Vertical profile of (A) temperature; (B) abundance of nanoeukaryotes; (C) percentage contribution of kinetoplastids to total nanoeukaryotes in the
studied lakes. Sampling depths are indicated by symbols. Sampling depths of each lake covering the epilimnion and hypolimnion are: Biwa (5, 10, 15, 20, 50, and
60 m), Chuzenji (5, 10, 15, 20, 50, 60, and 100 m), Motosu (5, 10, 15, 20, 50, 60, and 100 m), Sai (5, 10, 20, 50, and 60 m), and Ikeda (5, 50 and 60 m).

TABLE 2 | Details of individual libraries with kinetoplastid-specific primers.

Sample Depth (m) No. of OTUs Unique OTUs Euglenozoan sequences Shannon diversity Richness S.chao1

Biwa Epi 5 6 1 458 2.07 17

Biwa Aug Hypo 60 15 3 1558 1.09 24.33

Biwa Nov Hypo 60 19 10 1036 0.95 25.33

Chuzenji 70 5 1 2555 0.78 4.0

Motosu 100 1 0 181 0.08 3.0

Sai 65 4 0 293 0.63 5.0

Ikeda 50 8 2 286 1.72 9.0

Biwa Epi, Lake Biwa epilimnion; Biwa Aug Hypo, Lake Biwa August hypolimnion; Biwa Nov Hypo, Lake Biwa November hypolimnion.

Technologies, Inc., Wilmington, DE, United States). Separate
polymerase chain reactions (PCR) were conducted for
general eukaryotes and kinetoplastids. PCR was conducted
using universal eukaryote primers TAReuk454FWD1 (5′-
CCAGCA(G/C)C(C/T)GCGGTAATTCC-3′) and TAReukREV3
(5′-ACTTTCGTTCTTGAT(C/T)(A/G)A-3′) to amplify the
V4 region of the 18S rRNA gene of all eukaryotes (Stoeck
et al., 2010). Samples from Lake Ikeda were not used for the
analysis of the total eukaryotic community. The kinetoplastid
18S rRNA gene was amplified using kinetoplastid-specific
primers, kineto14F (Von der Heyden and Cavalier-Smith, 2005)
and Kin500R (Scheckenbach et al., 2005) to amplify the V1
and V2 variable regions. Adapters for the 454 pyrosequencer
were attached to both the forward and reverse primers and
sample-specific barcode tags were attached only to the forward
primers. PCRs were performed in 25 µl of reaction volume
with a Blend Taq PCR kit (Toyobo, Osaka, Japan). The PCR
conditions for the universal eukaryote primers were: initial
denaturation at 98◦C for 30 s, 10 cycles (98◦C for 10 s, 53◦C
for 30 s, and 72◦C for 2 s), then 15 similar cycles with a
48◦C annealing temperature, and a final extension at 72◦C
for 10 min (Massana et al., 2015). The PCR conditions for
the Kinetoplastid-specific primers were 94◦C for 5 min, 35
cycles (94◦C for 30 s, 69◦C for 36 s, and 72◦C for 4.5 min),
and a final extension at 72◦C for 10 min (Von der Heyden and
Cavalier-Smith, 2005). For the Lake Ikeda samples, owing to the
lower concentration of kinetoplastid template DNA, the number

of PCR cycles was increased to 40. Amplicons were checked
using agarose gel electrophoresis and DNA was purified using an
UltraClean PCR Clean-Up kit (MoBio Laboratories, Carlsbad,
CA, United States). Samples were quantified using a Nanodrop
ND-1000 spectrophotometer (NanoDrop Technologies, Inc.,
Wilmington, DE, United States). The samples were pooled to
have uniform DNA concentration in each sample and were
sent to Macrogen, Japan for pyrosequencing using a Roche 454
GS-FLX titanium system (Macrogen Japan Corp. Kyoto, Japan).
The sequence data were submitted to the DDBJ Sequence Read
Archive (DRA) database and are available under the Bio-project
accession number: PRJDB6819.

Pyrotag Processing
The processing and quality control of the sequencing data were
conducted using UPARSE (Edgar, 2013). Sequences were de-
multiplexed using the bar code identifier in the forward primer.
A chimera check was conducted with UCHIME (Edgar et al.,
2011) using de novo and reference-based chimera searches against
the PR2 database (Guillou et al., 2013). Pyrotags were trimmed to
have 300 bp of a good quality sequence, and pyrotags with less
than 200 bp lengths were excluded from further analysis. OTUs
were then clustered with 97% similarity with USEARCH (Edgar,
2010). Classification of each OTU was conducted against the
SILVA reference database1. The unknown OTUs were separately

1www.arb-silva.de/
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classified to their closest relatives with BLAST searches against
the NCBI nucleotide collection (nt) database2.

Oligotyping
Oligotyping was conducted to understand the intra-diversity
within a particular OTU by analyzing the single nucleotide
variation, excluding the sequencing errors based on Shannon
entropy values (Eren et al., 2013). The dominant kinetoplastid
OTU was selected for oligotyping following the author’s
instructions3. The quality filtered FASTA files of the individual
reads in each OTU generated by the UPARSE pipeline were
aligned using online aligner SINA 1.2.11 (Pruesse et al., 2012).
Gaps in the aligned sequences were eliminated and sequences
were trimmed using the scripts “o-trim-uninformative-columns-
from-alignment” and “o-smart-trim” scripts, respectively. The
most informative column with the highest entropy value was
chosen from several rounds of oligotyping until all oligotypes
with >100 reads exceeded the purity score of 0.90.

Phylogenetic Analysis
Phylogenetic analysis was conducted with 18S rRNA gene
sequence of diplonemids closely related to the diplonemid OTU
obtained in the present study and also with the sequences
of cultured diplonemids. Kinetoplastids and other euglenozoan
sequences were considered as an outgroup. Sequences were
aligned using MAFFT (LINSI) (Katoh and Toh, 2010) and
a maximum likelihood tree was inferred using IQ-TREE (-
m GTR + I + G4) with standard bootstraps (-b 100)
(Nguyen et al., 2014).

CARD-FISH
Water samples were pre-filtered through a 20-µm mesh plankton
net and fixed in a 2% final concentration of formaldehyde (freshly
prepared by filtering through 0.2 µm syringe filter) for at least
3–4 h before filtration. 50 ml of epilimnion and 100 ml of
hypolimnion samples were filtered through polycarbonate filters
(pore size 0.8 µm, diameter 25 mm, Advantec), rinsed twice with
1X PBS and twice with MilliQ water, air dried and frozen at
−20◦C until further processing.

CARD-FISH was performed according to the method
described in Mukherjee et al. (2015). The filters were embedded
in 0.1% low-gelling-point agarose and cut into eight sections,
which were hybridized at 35◦C for 12 h with a 0.5 µg ml−1

probe concentration and a 30% concentration of formamide.
The probes (Supplementary Table S1) were purchased
from Thermo Electron Co. (Ulm, Germany). Counting was
performed using an Olympus BX50 epifluorescence microscope
under 1000 × magnification at blue/UV excitation. For the
kinetoplastids, either 100 microscopic fields were counted,
or when the densities were low the complete filter piece
was screened per sample. The total eukaryotes were counted
simultaneously with the kinetoplastid cells by DAPI staining
under UV excitation.

2https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=
BlastSearch&LINK_LOC=blasthome
3http://merenlab.org/software/oligotyping/

Statistical Analysis
Coverage-based rarefaction (Chao and Jost, 2012) was conducted
before diversity analysis, where the reads were discarded from
each sample until the coverage was 97%, or slope of the
rarefaction curve was >0.03, which was the minimum value
recorded among the samples. To compare the kinetoplastid
communities in the studied lakes, cluster analysis was computed
on the rarefied data on a Bray-Curtis similarity matrix using
the ‘Vegan’ R package. Subsequently, kinetoplastid diversity in
different samples was compared with a diversity index analysis
(Shannon) using the ‘Vegan R package’ (Oksanen et al., 2013).
Venn diagram was plotted to compare the OTUs of Lake Biwa
samples using the ‘Venn diagram’ package for R. All the analyses
were computed in R environment4 (R Development Core Team,
2013). The distance between kinetoplastid communities in the
studied lakes were estimated by an unconstrained ordination
analysis, Detrended Correspondence Analysis (DCA) using
Canoco v5.0 program package (Ter Braak and Smilauer, 2012)
on the rarefied data.

RESULTS

Physico-Chemical Parameters
The water columns from all the studied lakes were thermally
stratified with the thermocline located at 20–30 m (Figure 2A).
The epilimnion temperature of Lakes Biwa and Ikeda were
relatively higher at 27◦C, whereas the temperatures in the other
lakes were 23◦, 19◦ and 18◦C in Lakes Chuzenji, Motosu and
Sai, respectively. The hypolimnion of Lake Ikeda had the highest
temperature of 11◦C, followed by 8◦, 6◦, 5◦ and 4◦C in Lakes
Biwa, Motosu, Sai and Chuzenji, respectively. All the lakes
had oxygenated hypolimnion except for Lake Ikeda, which has
an anoxic hypolimnion near the bottom waters (ca. 200 m).
Therefore, hypolimnion samples from Lake Ikeda were taken
from the oxygenated layers (50 and 70 m).

Abundance of Nanoeukaryotes and
Kinetoplastids
A high abundance of nanoeukaryotes was found in the
epilimnion of all the lakes, where the highest abundance of
9.1 × 103 cells ml−1 was found at 5 m in Lake Biwa (Figure 2B).
The abundance of nanoeukaryotes reduced with the increase in
depth and the lowest abundance was found at 100 m in Lake
Motosu (0.5 × 103 cells ml−1). In the epilimnion, kinetoplastid
flagellates were detected only from Lake Biwa and Lake Ikeda
(Figure 2C). The abundance of kinetoplastids was 1.7 × 103

cells ml−1 and 1.3 × 103 cells ml−1 and contributed up to 18
and 20% of total nanoeukaryotes at 5 and 10 m, respectively in
Lake Biwa, and the abundance in Lake Ikeda was 2.9 × 102 cells
ml−1, and contributed 6% of total nanoeukaryotes (Figure 2C).
The contribution of kinetoplastids increased with the increase in
depth in all lakes, and they were the dominant members of total
nanoeukaryotes in the hypolimnion. The highest abundance of

4www.r-project.org
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kinetoplastids was detected from the hypolimnion of Lake Biwa
with the maximum abundance of 9.3 × 102 cells ml−1 at 70 m,
contributing up to 54% of total nanoeukaryotes. Similarly, the
abundance of kinetoplastids in the hypolimnion of Lake Ikeda
was 2.3 × 102 cells ml−1 at 50 m and 2.0 × 102 cells ml−1 at
70 m, contributing up to 32 and 36% of total nanoeukaryotes,
respectively. The maximum abundance of kinetoplastids in the
hypolimnion of other lakes was 2.4× 102 cells ml−1 (31% of total
nanoeukaryotes) in Lake Chuzenji, 1.5 × 102 cells ml−1 (18% of
total nanoeukaryotes) in Lake Sai and 9.1 × 101 cells ml−1 (19%
of total nanoeukaryotes) in Lake Motosu.

Diversity of Kinetoplastid and Other
Euglenozoan Flagellates
A total of 9610 raw reads were obtained with the universal
eukaryote primers, from which 7946 sequences remained
after quality filtration. Various group of microbial eukaryotes
were detected using the universal primers, where Cryptophyta
and Dinophyta dominated the epilimnion and hypolimnion
communities, respectively, in all the lakes based on the sequence
abundance (Figure 3A). However, the major groups were evenly
distributed in each lake based on the number of OTUs observed
in each group (Figure 3B). Several OTUs specific to epilimnion
and hypolimnion with a significant contribution were also
detected. Although they had a high abundance, no sequences
affiliated to kinetoplastids were detected from any lakes using the
universal primers. However, kinetoplastids were readily detected
from all the lakes using kinetoplastid-specific primers (Figure 4).
Seven samples with kinetoplastid-specific primers produced 9017
raw reads, which yielded 7449 pyrotags after quality filtering.
A total of 58 OTUs were obtained, where 17 OTUs were unique
to each environment (Table 2). OTUs affiliated to eukaryotes
other than the Euglenozoans, were not considered for further
analysis. In the Shannon diversity index the highest diversity was
observed in the epilimnion of Lake Biwa, followed by Lake Ikeda
(Table 2). However, the richness (S.chao1) was the highest in the
hypolimnion of Lake Biwa followed by the epilimnion of Lake
Biwa (Table 2).

Six OTUs of kinetoplastids were obtained from the epilimnion
sample, where the dominant OTU (OTU_5) was closely related
to Rhynchomonas nasuta (Figure 4 and Supplementary Table
S2). Interestingly, the second dominant OTU was affiliated
to Diplonema sp. (OTU_4), followed by OTU_3, which was
closely related to Azumiobodo hoyamushi. OTU_15, which was
closely related to Neobodo designis was only detected from
the epilimnion of Lake Biwa, though it was not among the
dominant representatives. Two samples were analyzed from
the hypolimnion of Lake Biwa to understand the community
of the dominant kinetoplastids. Both the samples representing
60 m from August and November showed high number of
OTUs with 15 and 19 OTUs, respectively (Table 2). The
kinetoplastid community in both the samples was similar
with the dominant OTU (OTU_1) being closely related to
Bodo saltans (Figure 4 and Supplementary Table S2). The
OTU affiliated to Diplonema sp. (OTU_4), which had a
significant contribution in the epilimnion was also dominant

in the hypolimnion community. Five out of the six epilimnion
kinetoplastid OTUs were present in both the hypolimnion
samples (Figure 5). Compared with the epilimnion OTUs, the
hypolimnion showed a high number of unique OTUs with 3
in August and 10 in November. The dominant hypolimnion
OTU (OTU_1), which contributed 78% and 82% of total
sequences in August and November, was not detected from the
epilimnion sample.

OTU_1 was also predominant in the hypolimnion of Lakes
Chuzenji, Motosu and Sai (Figure 4), contributing 63%, 100%
and 23% of total sequence abundance, respectively. However,
this OTU was not detected in the hypolimnion of Lake Ikeda.
The dominant OTU in the hypolimnion of Lake Ikeda (OTU_7)
was closely related to B. saltans, contributing 34% of total
sequence abundance. The OTU closely related to Diplonema
sp., that was found in the epilimnion and hypolimnion of
Lake Biwa was also detected in the hypolimnion of Lake
Ikeda (OTU_4) with a significantly high contribution (25%
of total sequence abundance). In phylogenetic analysis, the
diplonemid OTU was separated from the marine clones and
majority of the cultured diplonemids. However, this OTU was
closely related to two diplonemid isolates from the sea around
Japan (Figure 6). The Lake Biwa epilimnion kinetoplastid
community had the closest similarity with the hypolimnion
community of Lake Ikeda (Figure 4), though the similarity
was low and the distance was high (Supplementary Figure
S2). In contrast, the kinetoplastid community of the Lake
Biwa hypolimnion showed a high similarity to the hypolimnion
community of Lakes Chuzenji and Motosu (Figure 4 and
Supplementary Figure S2).

Presence of Ubiquitous and Unique
OTUs in Each Lake
The most ubiquitous OTU in the present study was OTU_3,
which was closely related to Azumiobodo hoyamushi and which
was detected in all the samples, except for those from Lake
Motosu (Figure 4 and Supplementary Table S2). Another
ubiquitous OTU (OTU_1), which was closely related to Bodo
saltans was found in the hypolimnion of all the lakes, except for
Lake Ikeda. Three out of the five lakes showed the presence of
unique OTUs confined to each environment (Table 2), where the
hypolimnion of Lake Biwa had the highest number of unique
OTUs (Table 2). The exceptions were Lakes Sai and Motosu,
which were inhabited by four and one kinetoplastid OTUs,
respectively. The OTUs unique to Lake Biwa (the major ones-
OTU_ 5, 10, 13 and 15), Lake Chuzenji (OTU_2) and Lake
Ikeda (OTU_7 and 17) had significant contributions to the total
kinetoplastid community (Supplementary Table S2). Moreover,
several of these unique OTUs and also OTUs obtained from the
hypolimnion of all the lakes had less similarity with the closest
sequences in the database (Supplementary Table S2).

Oligotyping of the Dominant OTU
Oligotyping of OTU_1, which was dominant in the hypolimnion
of four of the five studied lakes (Figure 7A), revealed
five oligotypes (GA, G-, UA, AA and A-) (Figure 7B and
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FIGURE 3 | Diversity of nanoeukaryotes in Japanese deep freshwater lakes using universal primers, (A) sequence abundance of each OTU and (B) OTU abundance
(number of OTUs).

Supplementary Figure S3). Each lake consisted of three
oligotypes, and the oligotype UA was found in all lakes. Lakes
Biwa and Motosu shared the same oligotypes, with oligotype
GA the dominant representative. Similarly, oligotypes of Lakes
Chuzenji and Sai were the same with oligotype AA being the
dominant representative.

DISCUSSION

The abundance of nanoeukaryotes in the studied lakes
(Figure 2B) corroborates the results from studies of other
deep lakes of the world (Lepère et al., 2010). However, the
present study is the first to analyze the abundance and diversity
of kinetoplastids in deep freshwater lakes to understand their
importance in the hypolimnion waters, which will lead to
understanding their ecological role in the freshwater food
web. The results of the present study along with the previous
studies show that kinetoplastids are important eukaryotes in
the hypolimnion of freshwater lakes (Steinberg et al., 1983;
Mukherjee et al., 2015), suggesting their importance in matter
cycling in deep waters. The dominance of kinetoplastids in the
oxygenated hypolimnion of Japanese deep lakes (Figure 2C)
and kinetoplastid-like flagellates in some European deep lakes
(Steinberg et al., 1983) indicate the possible dominance of
this previously underestimated group in the deep freshwater
lakes of the world.

Distribution of Kinetoplastid and Other
Euglenozoan Flagellates in Deep
Freshwater Lakes
The diversity of a particular group of flagellates is poorly
understood and the present study is the first to understand
the detailed diversity of a flagellate group using amplicon
sequencing. The kinetoplastid communities in the hypolimnion
were similar among all the lakes, except for Lake Ikeda (Figure 4
and Supplementary Figure S2), probably due to the relatively
warmer water in its hypolimnion (Figure 2A). The communities
of the studied lakes were characterized by the presence of
both ubiquitous and unique lake-specific OTUs (Figure 4
and Table 2). Identical OTUs of eukaryotic microorganisms
were reported from geographically distant sampling stations in
oceans (Atkins et al., 2000; Massana et al., 2004). Moreover,
dominant and identical kinetoplastid OTUs were also reported
from the deep waters of geographically distant parts of the
Atlantic Ocean as oceanic waters are interconnected and allow
extensive gene flow (Salani et al., 2012) and also owing to
the high dispersal potential of the microorganisms, which
can overcome geographical and environmental barriers (Finlay,
2002). Even though freshwater lakes are isolated environments,
the same genotype of flagellates was reported and isolated from
freshwaters of geographically distant countries (Boenigk et al.,
2005). Therefore, the presence of ubiquitous OTUs, with some
dominant, in the hypolimnion of the studied lakes suggests that
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FIGURE 4 | Diversity of kinetoplastids and other euglenozoan flagellates in Japanese deep freshwater lakes using kinetoplastid-specific primers (based on sequence
abundance of each OTU). The cluster dendrogram is based on a Bray-Curtis similarity matrix.

dispersal also play a major role in shaping the community of
geographically distant freshwater lakes that have similar physico-
chemical characteristics.

Detection of unique lake-specific OTUs (Figure 4 and Table 2)
was an interesting finding, as these OTUs were not minor taxa
and had significant contribution to the kinetoplastid community.
However, deeper sequencing and temporal data collection are
necessary to conclude about their lake-specificity. Nevertheless,
low similarity of these OTUs along with the other hypolimnion
OTUs with the related sequences in the database (Supplementary
Table S2) indicates that these taxa are potentially new. Near full-
length sequences of the dominant hypolimnion kinetoplastids
obtained from the present study using clone library analysis and

Sanger sequencing, also showed low similarity with the closely
related sequences in the database (data not shown).

Detection of one OTU of diplonemids from both Lake
Biwa and Ikeda using kinetoplastid-specific primers reveal the
close similarity between the two sister groups (Lukeš et al.,
2005). No diplonemid OTU was detected using the universal
eukaryote primers (Figure 3), indicating that the commonly used
universal primers also underestimate diplonemids. Diplonemids
are considered as marine flagellates (Lukeš et al., 2015; Tashyreva
et al., 2018) and are especially associated with sediments
(López-García et al., 2007). Recently, this group has attracted
significant interest due to their high abundance and diversity
in global oceans, especially in the deep waters (Lara et al., 2009;
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FIGURE 5 | Venn diagram showing the OTU sharing of kinetoplastid
flagellates among the epilimnion and hypolimnion of Lake Biwa.

de Vargas et al., 2015; Flegontova et al., 2016). To the
best of our knowledge, diplonemids are not reported from
freshwaters and this is the first report on their presence in
freshwater lakes. The diplonemid OTU of the present study
has less similarity with the marine diplonemids, indicating
that freshwater diplonemids are new (Figure 6). However,
the relatively close similarity with two marine diplonemid
isolates from sea around Japan indicates some evolutionary
link between the freshwater and marine diplonemids, which are
geographically closely distributed. The detection of diplonemids
with a significant contribution in the freshwater lakes and their
un-detection using universal eukaryote primers indicates their
hidden distribution in freshwater deep lakes.

Dynamic Community Composition of
Kinetoplastid Flagellates in Lake Biwa
Kinetoplastids were found to be dominant in the hypolimnion
of Lake Biwa throughout the stratified period (Mukherjee
et al., 2015). Although, the overall community in the two
hypolimnion samples of Lake Biwa was similar (Figure 4), high
OTU richness (Table 2) and the presence of several distinct
OTUs showed a variation in the community composition among
the less represented OTUs (Figures 4, 5). A study from Lake
Fuschlsee has also observed highly variable protist community
compositions in the epilimnion, primarily due to the variations
in the less represented taxa (Nolte et al., 2010). Flagellate
communities in the hypolimnion are known to fluctuate based
on the season (Mukherjee et al., 2017), and the fluctuations in
the present study were also found within a single group in the
stable hypolimnion waters. This indicates that due to the seasonal
variation in the hypolimnion communities, the kinetoplastid
communities in the studied lakes may also change, especially
among the less represented members. Thus, seasonal changes in
the individual communities must be studied to understand the
community dynamics in more detail.

Intra-Diversity Within the Dominant OTU
Oligotyping has been conducted in environmental prokaryotic
communities to understand the sequence variation within

particular OTUs among different environments (Eren et al.,
2013; Magnabosco et al., 2014; Newton and McLellan, 2015;
Kleindienst et al., 2016; Okazaki et al., 2017). This is the first
study in microbial eukaryotes to conduct oligotyping to reveal
the intra-diversity within an OTU and their distribution in
different lakes. We detected five oligotypes of the dominant
hypolimnion OTU with shared and restricted representatives
in particular lakes (Figure 7) indicating the role of both
dispersal and local environmental conditions in sequence
variation in deep waters. However, the distribution pattern
of the oligotypes among the lakes hints at the possibility
of environmental selection or geographic isolation in playing
the major role in structuring the community of microbial
eukaryotes, as the shared oligotype was not dominant and
the dominant oligotypes were not shared among all the
lakes. However, the reason behind the presence of similar
oligotypes between Lakes Biwa-Motosu and Chuzenji-Sai is
not clear. Nevertheless, intra-diversity within OTUs and their
distribution pattern shows interesting information about the
adaptation of oligotypes in different lakes, which are otherwise
missed when only OTUs are considered. This pattern was
well represented in freshwater bacterioplankton communities
where oligotypes of ubiquitous bacterial lineages specific to
each environment were present in eutrophic and oligotrophic
waters (Newton and McLellan, 2015). Thus, oligotyping is an
essential tool and more studies on microbial eukaryotes are
needed to understand the intra-diversity within the OTUs
of ubiquitous lineages from different trophic levels or from
isolated environments or environments separated by geographic
distance. In the present study oligotyping was conducted at
OTU levels, separated at 97% cut-off. Although the cut-off was
97%, the similarity among the sequences in OTU1 (OTU used
for oligotyping in the present study) was still more than 99%
(the commonly used OTU level cutoff in microbial eukaryotic
diversity studies).

Undetection of Euglenozoan Flagellates
in Diversity Studies Using Universal
Primers
Kinetoplastids were overlooked in clone libraries by commonly
used universal eukaryote primers (Mukherjee et al., 2015), and
in the present study these flagellates were also overlooked using
amplicon sequencing with another commonly used universal
eukaryote primer pair (Stoeck et al., 2010) (Figure 3). Therefore,
the frequently used universal primers employed to study the
diversity of microbial eukaryotes (Massana et al., 2015; Pernice
et al., 2016) overlook an important group, irrespective of the
sequencing platform used. Moreover, undetection of diplonemids
in the present study by the universal primers indicate the
underestimation of Euglenozoans in diversity studies worldwide
due to their highly divergent 18S rRNA gene (Simpson et al.,
2006; Bochdanksy and Huang, 2010; Mukherjee et al., 2015).
A recent study has reported that similar to kinetoplastids,
diplonemids also have mismatches in the conserved region of
the 18S rRNA gene (Bochdansky et al., 2017). This indicates that
the contributions of several important groups in the ecosystem
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FIGURE 6 | 18s rRNA gene phylogenetic tree of diplonemid from freshwater deep lakes of Japan with 28 sequences of cultured and environmental sequences of
marine diplonemids. The diplonemid OTU obtained from the present study (OTU 4) is highlighted in bold and red color. Kinetoplastids and other euglenozoan
sequences were considered as outgroup. ML tree was inferred with standard bootstraps (-b 100). Scale bar = 0.3 substitution per site.

FIGURE 7 | Oligotyping of the dominant kinetoplastid OTU (OTU_1). (A) Percentage contribution of OTU_1 in the hypolimnion of studied lakes; (B) Percentage
contribution of OTU_1 oligotypes. GA, AA, G-, UA and A- represent the detected oligotypes.
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are overlooked owing to their underestimation by the universal
primers. One of the limitations of the present study is that we
could not collect seasonal samples from each lake to be able to
understand the fluctuations in the community in detail. Thus,
seasonal studies in particular groups should be conducted to
understand the dynamics and importance of individual groups.

CONCLUSION

The use of 18S amplicon sequencing in the present study
helped to unravel the detailed diversity of a dominant group
of flagellates in various deep freshwater lakes. High diversity
of a particular group and presence of oligotypes within
an OTU suggest that flagellate communities are complex
and more studies are required with a focus on individual
groups. The results of the present study suggest the need
for further studies to understand the probable dominance of
these cosmopolitan flagellates in the hypolimnion of other deep
lakes of the world. The complete ignorance of kinetoplastid
flagellates with universal primers even with high amplicon
sequencing indicates the global ignorance of an important
group. Moreover, detection of diplonemids from freshwater
lakes shows their presence in freshwaters and indicates the
underestimation of euglenozoan flagellates in molecular diversity
studies. Studies on particular groups are necessary due to
the limitation of universal primers in being able to target
phylogenetically diverse groups and also to understand the
importance of individual groups to better understand the
ecosystem processes.
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Protists are key stone components of aquatic ecosystems, sustaining primary
productivity and aquatic food webs. However, their diversity, ecology and structuring
factors shaping their temporal distribution remain strongly misunderstood in freshwaters.
Using high-throughput sequencing on water samples collected over 16 different
months (including two summer and two winter periods), combined with geochemical
measurements and climate monitoring, we comprehensively determined the pico- and
nanoeukaryotic community composition and dynamics in a Canadian river undergoing
prolonged ice-cover winters. Our analysis revealed a large protist diversity in this
fluctuating ecosystem and clear seasonal patterns demonstrating a direct and/or
indirect selective role of abiotic factors, such as water temperature or nitrogen
concentrations, in structuring the eukaryotic microbial community. Nonetheless, our
results also revealed that primary productivity, predatory as well as parasitism lifestyles,
inferred from fine phylogenetic placements, remained potentially present over the
annual cycle, despite the large seasonal fluctuations and the remodeling of the
community composition under ice. In addition, potential interplays with the bacterial
community composition were identified supporting a possible contribution of the
bacterial community to the temporal dynamics of the protist community structure.
Our results illustrate the complexity of the eukaryotic microbial community and
provide a substantive and useful dataset to better understand the global freshwater
ecosystem functioning.
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INTRODUCTION

Eukaryotic microorganisms are widespread, diverse and involved
in global functioning of ecosystems (Sherr and Sherr, 1988;
Caron et al., 2009; Worden et al., 2015; Debroas et al., 2017). As
primary producers, global consumers or prey for larger microbial
grazers and metazoans, they represent a key link in aquatic food
webs (Sherr and Sherr, 1988; Arndt, 1993; Premke and Arndt,
2000; Šlapeta et al., 2005). However, they have received less
attention than prokaryotes in microbial ecology (Simon et al.,
2015; Debroas et al., 2017) and their diversity has been generally
less investigated in freshwaters than in oceans (Nolte et al.,
2010; Debroas et al., 2017). Therefore, there is a gap in the
current knowledge of the distribution, biodiversity and temporal
dynamics of these microorganisms in freshwater environments
(Triadó-Margarit and Casamayor, 2012).

From autotrophy (photosynthesizers) to heterotrophy
(predators feeding on other eukaryotic or prokaryotic organisms,
decomposers, saprophytes, and parasites of other organisms),
through mixotrophy, protists cover multiple ecological roles
in ecosystems (Arndt et al., 2000; Zubkov and Tarran, 2008).
While it was commonly accepted that some eukaryotic phyla
were strictly photosynthetic or phagotrophic, numerous
studies have demonstrated that many groups are actually more
flexible in their nutritional capabilities than initially thought
(Laval-Peuto and Febvre, 1986; McManus and Fuhrman, 1986;
Stoecker and Silver, 1987; McManus et al., 2018). For example,
photosynthetic capability via endosymbiotic associations
or chloroplast retention (uptake of chloroplast from their
prey, or kleptoplasty) has been observed in a broad range
of eukaryotic lineages, such as ciliates, that were previously
associated with a phagotrophic non-photosynthetic lifestyle
(Stoecker and Silver, 1987; Dolan, 1992; Johnson, 2011;
McManus et al., 2018) or dinoflagellates (Minnhagen et al.,
2008; Hansen et al., 2016). Likewise, the loss of chloroplasts by
lineages within commonly accepted photosynthetic groups has
also been detected, such as the Paraphysomonas-clade within
Chrysophyceae (Stramenopiles) (Caron et al., 1999; Boenigk et al.,
2005; Scoble and Cavalier-Smith, 2014; Grossmann et al., 2016).
Mixotrophy, defined as the combination of phagotrophy and
photosynthesis in an individual cell, is increasingly recognized
as an important trophic mode among aquatic eukaryotes and
is likely the rule rather than the exception in microbial food
webs (Caron et al., 1999; Stoecker et al., 2017; McManus et al.,
2018; Stoecker and Lavrentyev, 2018). In addition, bacterivorous
eukaryotes do not feed equally on all microorganisms. Some
of them are considered generalists, feeding on a broad range
of prey, while others are specialists, feeding on a narrow
range of species (Haraguchi, 2018). Thus, each phagotrophic
eukaryotic species might have different prey preferences affecting
the microbial assemblage differently (Massana et al., 2009).
Moreover, growth, grazing and photosynthesis rates as well
as prey preferences could be greatly modulated depending
on environmental factors such as temperature (Wilken et al.,
2013), light (Millette et al., 2017) and nutrient availability
(Urabe et al., 1999; Kamjunke et al., 2006; Stoecker and
Lavrentyev, 2018) or presence/absence of some microbial

lineages (Terrado et al., 2017), adding a supplementary layer of
complexity in microeukaryote ecology.

While amplicon sequencing and “omic” analyses allow the
identification of prokaryotic microorganisms as well as their
functional and nutritional capabilities which might explain
temporal and spatial dynamics (Logares et al., 2014; Lima-
Mendez et al., 2015; Salcher et al., 2015; Samad and Bertilsson,
2017; Vigneron et al., 2018, 2019; Cruaud et al., 2019), these
analyses do not yet allow as easily the assignment of functional
roles to complex eukaryotic communities. Over the past few
years, increasing efforts have been made to understand their
ecological roles using extensive genome-level description and
single-cell sequencing revealing genomic elements associated
with bacterivorous or photosynthetic lifestyles (Roy et al.,
2014; Seeleuthner et al., 2018). However, these studies are still
scarce and challenged by the high eukaryotic genome size that
leads to highly fragmented assemblies and incomplete genomes
(Seeleuthner et al., 2018). Therefore, the understanding of
the temporal dynamics of eukaryotic microorganisms and the
underlying environmental drivers remains a real challenge in
environmental microbial ecology.

Previous studies on freshwater environments showed that
seasonal cycles characterized by both abiotic and biotic
disturbances may influence the protist community composition
and more broadly control the structure of all biota (Kalff and
Knoechel, 1978; Carrias et al., 1998; Lepère et al., 2006; Zhao et al.,
2011; Sommer et al., 2012; Jones et al., 2013; Simon et al., 2015).
For its part, the Plankton Ecology Group (PEG) model propose
a standard template to describe the successive stages of the
phytoplankton and zooplankton biomasses in lake ecosystems. It
also indicates potential factors driving these seasonal successions
and emphasizes that further investigations at finer taxonomical
level are required to complete this model (Sommer et al., 1986,
2012). Study of the temporal dynamics of eukaryotic microbial
community composition in freshwater ecosystems experiencing
large fluctuations in environmental parameters, that lead to
marked changes in populations, can therefore contribute to a
better understanding of the mechanisms driving the dynamics of
these communities.

The Saint-Charles River, located in Quebec, Canada,
experiences contrasted seasons with long freezing winters
and relatively short temperate summers (Cruaud et al., 2019)
and might therefore represent an interesting environment to
investigate microeukaryotic ecology in freshwaters. The harsh
climatic conditions of the region have been shown to induce an
annual cycle of bacterial communities in this river with rapid
successions of bacterial lineages (Cruaud et al., 2019). Bacterial
communities detected during the warm season (WS) were
typical of other freshwater ecosystems with high proportions
of Limnohabitans and Actinobacteria, such as Sporichthyaceae
hgcI/acI lineages, which are frequently reported as prey for
eukaryotes (Grujcic et al., 2018; Piwosz et al., 2018; Šimek et al.,
2018). By contrast, the bacterial communities changed during
winter, with a notable increase in proportions of potential
gammaproteobacterial methanotrophs (Cruaud et al., 2019),
revealing a deep modification of the microbial ecosystem, with
potential consequences on aquatic food webs.
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The present study is therefore the eukaryotic counterpart of
the bacterial community analysis conducted in the Saint-Charles
River (Cruaud et al., 2019) and aim to better understand the
dynamics of eukaryotic microbial communities in freshwater
ecosystems and the underlying mechanisms of the global
functioning of this river.

With these objectives, we have monitored the changes in the
community structure of pico- and nanoplanktonic protists (i.e.,
small microbial eukaryotes of 0.22–20 µm diameter) in the Saint-
Charles River water samples collected over 16 different months
(including two summer and two winter periods) using massive
sequencing of the 18S rRNA gene (rDNA). We then examined
these results in the light of environmental parameters, such
as geochemical measurements and climate monitoring. After
an overall analysis of the entire protist community structure,
we focused on a subset of 25 dominant eukaryotic OTUs that
explained most of the community variation across samples. We
investigated in detail the dynamics and potential trophic modes
of these protists using phylogenetic analyses and looked for
interplays between eukaryotic, bacterial microbial communities
and environmental parameters.

MATERIALS AND METHODS

Sampling Sites and Methods
The Saint-Charles River, a major drinking water source in the
Quebec city region, is evenly fed by the Saint-Charles Lake and
two main tributaries (Jaune and Nelson Rivers) (Figure 1). The
river flow of the Saint-Charles River is mainly controlled by flood
gates at the Saint-Charles Lake dam to ensure adequate supply
for the Loretteville Drinking Water Treatment Plant (DWTP –
Quebec city, 11 km downstream of the dam) and a minimum
ecological flow in the river. The Saint-Charles Lake is stratified
during summer and winter and mixed during fall and spring
turnovers (Boulé et al., 2010). The lake is ice-covered during
winter and usually ice-free after mid-April or early May, before
the spring turnover (APEL, 2015). The Saint-Charles River water
samples were collected weekly or bimonthly at the raw water
intake of the Loretteville DWTP (Figure 1) from May 2016 to
June 2017 with two additional sampling on 31 January and 12
February 2018, representing a total of 34 sampling dates. The part
of the Saint-Charles River from the dam to the DWTP is a river
of order 5, with an average width of 22 m and is characterized
by numerous meanders and wetlands (Brodeur et al., 2009). Raw
water was collected at the DWTP before any chemical or physical
treatments excepted a coarse screening at the water collection
point. Water incoming at the DWTP cover a large part of the
river water column (∼2 m depth) and could be considered
as a representative sample of the full river water column at
this point. Water was collected directly in three different sterile
and nucleic acid-free 4-liter CubitainersTM (replicates) then
transported at 4◦C to the laboratory, and processed within
2 h. The sampling strategy and experimental procedures used
in this study were detailed in the previous work focusing on
the bacterial communities of the Saint-Charles River (Cruaud
et al., 2019). Briefly, 400 mL of each CubitainersTM were first

passed through a 20 µm mesh and then filtered through a 3 µm
pore-size polycarbonate membrane filter (large pore-size filter) in
line with a 0.22 µm SterivexTM unit (small pore-size filter). To
evaluate replicability of the protocol, filtrations were carried out
in duplicate per CubitainersTM, leading in total to 204 large and
204 small pore-size filters.

The environmental metadata associated with the samples,
including details on the geochemistry and climatic conditions,
were previously analyzed in Cruaud et al. (2019), where further
information about the measurement procedures can be found.
Briefly, during the sampling period (May 2016 – February 2018),
the Saint-Charles River experienced large water temperature
variations from 0.7◦C to 21.7◦C (Figure 1 and Supplementary
Table S1). Snow was on the ground from 19 November
2016 to 26 April 2017 and for the two sampling dates in
January and February 2018 (turquoise arrow on Figure 1 and
Supplementary Table S1). The winter period was characterized
by an increase in nitrogen and nitrates/nitrites concentrations,
reaching 0.88 mg N.L−1 and 0.58 mg N.L−1 on 23 February 2017,
respectively (Supplementary Table S1). The sampling period
was characterized by some significant rainfall events during
spring, summer and autumn. Both snowmelt and rainfall events
usually led to an increase in the river flow and to the opening
of the floodgates to prevent flooding of the lakefront. These
events also led to a decrease in alkalinity and conductivity
(Supplementary Table S1).

DNA Extraction, DNA Amplifications and
Sequencing
For each sampling date, nucleic acids were extracted from two
large pore-size filters and two small pore-size filters coming from
two different CubitainersTM using the AllPrep DNA/RNA mini
kit (QIAGEN) with modifications, as described in Cruaud et al.
(2017b, 2019), for a total of 136 DNA samples. Eukaryotic 18S
rRNA genes (rDNA) were amplified and sequenced following a
two-step PCR library preparation as detailed in Cruaud et al.
(2017a). During the first PCR step, the V4 region of the
eukaryotic 18S rDNA was amplified by PCR using primers E572F
and E1009R (Comeau et al., 2011). PCR conditions were the same
as in Cruaud et al. (2019) with 35 cycles of amplification and
a hybridization temperature of 55◦C. Illumina MiSeq adaptors
and barcodes were subsequently added during the second PCR
step, then PCR products were pooled, purified and paired-end
sequenced on an Illumina MiSeq sequencer using a V3 MiSeq
sequencing kit (2 × 300 bp) at the IBIS sequencing platform
(Université Laval, Canada). The raw sequencing data have been
submitted to the NCBI database under BioProject accession
number PRJNA486319.

Sequencing Analyses
Sequence quality controls were performed on the raw sequence
dataset with FastQC v0.11.5 (Andrews, 2012). Paired-end
reads were merged using FLASH v2.2.00 (Magoč and Salzberg,
2011) with default parameters and extended maximum overlap
length (300). Afterward, CUTADAPT v1.12 (Martin, 2011)
was used to remove primers and filter out sequences shorter
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FIGURE 1 | Global eukaryotic microbial community in the Saint-Charles River. Top left: map of the Saint-Charles River showing the principal tributaries (Saint-Charles
Lake and Jaune and Nelson Rivers) and the sampling location (DWTP) (QGIS software, v. 2.8.6-Wien, Geoindex + platform with geospatial data from Ville de Quebec
held by the Library of the Université Laval). Bottom left: pictures of the Saint-Charles River taken at the sampling location during the warm and the cold season.
Bottom right: daily measurements of air and water temperatures at the water intake from May 2016 to February 2018. Turquoise arrows at the bottom of the graph
indicate the presence of snow on the ground. Top right: pie charts representing the average proportion of the main microbial eukaryotic communities detected in all
samples.

than 350 bp. Sorted sequences were then dereplicated and
clustered into Operational Taxonomic Units (OTUs, 97%
similarity), then putative chimeric sequences and singletons
were removed using VSEARCH v.2.3.4 (Rognes et al., 2016).
Finally, taxonomic assignment of the reads was performed
using the Mothur Bayesian classifier (Schloss et al., 2009),
on the Protist Ribosomal Reference database (PR2, Version
4.10.0, March 2018,Guillou et al., 2013). Analysis scripts
and documentations are available in a GitHub repository1.
OTUs affiliated with Bacteria, Archaea or Metazoa were
removed and results were normalized so that each sample
contained the same number of sequences (5,053 normalized
reads per sample corresponding to the lowest number of
sequences in one sample for the large-pore size filters). Since
eukaryotic communities from duplicate samples strongly
clustered together in dendrogram analyses with Unweighted

1https://github.com/CruaudPe/MiSeq_Multigenique

Pair Group Method with Arithmetic mean (UPGMA)
(Supplementary Figure S1), an average relative proportion
of each OTU was therefore calculated for each sampling date for
the subsequent analyses.

Statistical Analyses
All statistical analyses (Bray–Curtis indexes, UPGMA, Non-
metric MultiDimensional Scaling (NMDS) analyses, Non-
Parametric Multivariate ANalysis Of VAriance (NP-MANOVA)
Student t-tests and Pearson’s correlation tables) were conducted
using the software environment R (v. 3.4.4) and the RStudio
toolkit (v.1.0.143) implemented with Vegan (Oksanen et al.,
2007), stringr (Wickham, 2015), dendextend (Galili, 2015), gplots
(Warnes et al., 2015), plotrix (Lemon, 2006), and corrplot
(Wei et al., 2017) packages.

SIMilarity PERcentage analysis (SIMPER) was performed
using the Vegan package on the entire OTU dataset, including
sequences obtained from large and small pore-size filters. The
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25 OTUs that explained the most of the dissimilarity observed
between the eukaryotic community structures of cold and warm
season samples were selected for further analyses.

Interplays among these 25 OTUs and between these 25 OTUs
and the bacterial OTUs detected in proportions >1% for at least
one sampling date in our previous study (Cruaud et al., 2019)
were investigated using Pearson’s correlation and local similarity
(LS) analyses using the eLSA package (Ruan et al., 2006; Xia
et al., 2011, 2016) with default parameters and no delay between
sampling dates. While Pearson’s correlation coefficients detect
linear relationships between OTUs during the full sampling
period, the LS method might capture non-linear associations,
such as predator-prey interactions for which successive positive
and negative covariance may exist over the course of the time
(Ruan et al., 2006; Xia et al., 2011; Carr et al., 2019). Results
were represented as networks using the software environment R
implemented with the igraph package (Csardi and Nepusz, 2006).
For both Pearson’s correlation and LS networks, eukaryotic OTUs
were defined as nodes and position of the nodes were determined
using a same force-directed layout calculated with the Pearson’s
correlations (Fruchterman-Reingold layout algorithm, using the
weight parameter defined with Pearson’s correlation coefficient to
increase the attraction/repulsion forces among nodes connected
by higher coefficients). Connecting links (edges) represented the
Pearson or LS scores with a p-value < 0.05. In addition, the
bacterial OTUs sharing the highest Pearson and LS scores (p-
value < 0.05) with eukaryotic OTUs (top 10 bacterial OTUs
from both large and small pore-size filters) were represented
around the eukaryotic networks. Correlations between two OTUs
can indicate a predictive relationship that can be exploited
whether or not these variables are causally related to one another.
Thus, the results obtained through these analyses have to be
interpreted with caution and were used in this study to search for
hypothetical interactions, such as mutualism or competition, that
might be experimentally tested in the future (Carr et al., 2019).

Phylogenetic Analyses
Five phylogenetic trees (for Stramenopiles, Cryptomonads,
Spirotrichea, Dinophyceae, and Perkinsea) were constructed
to assign a finer taxonomic affiliation than obtained with
the comparison against PR2 database and to infer potential
nutritional capabilities for the 25 OTUs selected by SIMPER
analyses (Supplementary Figures S2–S6). Sequences were
compared to the GenBank, EMBL, and DDBJ databases, using
the NCBI BLAST search program (Altschul et al., 1990). A total of
453 sequences composed of BLAST hits of these OTUs, sequences
from PR2 database and reference publications (>1,000 bp in
length) (Shalchian-Tabrizi et al., 2008; Bråte et al., 2010b;
Thamm et al., 2010; Remias et al., 2013; Fernandes et al.,
2016; Piwosz et al., 2016) were downloaded and aligned with
MAFFT 7.310 (Katoh and Standley, 2013). Sequences of the
25 selected OTUs were aligned with this reference alignment
using the “-addfragments” options in the MAFFT package
(Katoh and Frith, 2012). Phylogenetic trees were estimated
using maximum likelihood methods performed with RAxML
HPC v8 on XSEDE (CIPRES gateway) (Miller et al., 2010;
Stamatakis, 2014), using a GTR model with among-site rate

variation modeled by a discrete gamma approximation with four
categories. GTRCAT approximation of models was used for ML
bootstrapping (1,000 replicates). The phylogenetic trees were
visualized and annotated according to reference publications
and PR2 taxonomic affiliations using the iTOL online tool
(Letunic and Bork, 2016). Sequences of these 25 OTUs were
deposited in the GenBank nucleotide sequence database under
accession numbers MK618733 – MK618757. Based on their
phylogenetic proximity with known lineages and considering that
proximity in biological evolution could potentially lead to similar
trophic mode between organisms, we tentatively classified these
OTUs into three potential nutritional strategies: phototrophy,
heterotrophy and mixotrophy (Supplementary Figures S2–S6
and Supplementary Table S2), with phototrophy including
kleptoplasty, heterotrophy including grazing, predation and
parasitism (the latter being distinguished from the heterotrophy
in our figures) and mixotrophy gathering both phototrophy and
heterotrophy in a same lineage. Since prediction of trophic modes
based on 18S rRNA data can be challenging, only large categories
of putative trophic modes were considered in this study.

RESULTS

Overall Protist Diversity and Community
Composition
The protist diversity was characterized based on 18S rDNA
amplicon sequencing from duplicate water samples collected on
large (3 µm) and small (0.22 µm) pore-size filters over 2 years
from the Saint-Charles River (Figure 1). We obtained a total
of 611,413 quality-filtered reads (5,053 reads per sample) that
grouped within 10,500 OTUs (97% similarity), with an average
of 1,217 OTUs per sampling date. Most OTUs (98.2% of the
OTUs) occurred at low abundance (<1% of the reads in all
samples), however, predominant OTUs (>1% of the reads in at
least one sample) represented the majority of sequences (73.8% of
total sequences). Only 48 OTUs (0.5% of the OTUs) were highly
abundant (>5% of the reads in at least one sample) representing
on average 48.9% of the reads per sample.

Bray–Curtis dissimilarity indices (Bray and Curtis, 1957,
ranging from 0: the two samples have the same microbial
composition, to 1: the two samples do not share any OTU) were
calculated between all pairs of samples. Based on these indices,
UPGMA and NMDS analyses revealed a clear seasonal pattern
(Figure 2 and Supplementary Figures S7, S8). A significant
difference of the eukaryotic community structure was detected
between the cold and the WS (Figure 2 and Supplementary
Figure S8) (NP-MANOVA, p-value < 0.001) with 45.8 and 48.1%
of the predominant OTUs that significantly differing between
the two seasons, for the large and the small pore-size filters,
respectively (t-test, p-value < 0.05). Only the samples collected
on 08 November showed a divergent clustering between the
large and the small pore-size filters (with the cold season (CS)
for the large and with the WS for the small pore-size filters,
Supplementary Figure S7). Thus, the samples collected from
24 May 2016 to 24 October 2016 and from 17 May 2017 to
15 June 2017 were thereafter referred as WS samples (water
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FIGURE 2 | Non-metric multidimensional scaling ordination plot derived from the Bray–Curtis dissimilarity measure between samples collected on the large pore-size
filters. Seasons as defined in UPGMA dendrograms are indicated in yellow and blue for the warm and the cold season, respectively. Sampling dates are indicated in
black. Fitted vectors (black arrows) were added to the ordinations for the most significant variables (envfit, p-value < 0.001). The length of the arrow is proportional
to the correlation between ordination and environmental variable. The 25 eukaryotic OTUs selected by SIMPER analyses were also added to the ordination (cross).
The stacked barplot on the right represents the average distribution of the main microbial eukaryotic communities detected in the samples collected during the warm
(left) and the cold (rigth) season as defined by UPGMA dendrograms, for the large pore-size filters. PT, Total phosphorus; Turb, Turbidity; Col, Apparent color;
TempW, Water temperature; TempA, Air temperature; NT, Total nitrogen, Mr, March; Ma, May; Jn, Juni; Jl, July.

temperature > 8◦C, Supplementary Table S1), whereas the
samples collected from 21 November 2016 to 04 May 2017
and the two sampling dates from January and February 2018
were associated to CS samples (Supplementary Figure S7,
water temperature < 8◦C). Bray–Curtis indices ranged from
0.98 between winter (31/01/2018) and summer (12/07/2016)
samples to 0.33 between two summer samples (09/008/2016 and
16/08/2016) with an average of 0.75 over the year.

Ordination analyses of the eukaryotic community
composition with environmental vector fitting suggest that water
temperature and covarying factors, including air temperature,
snow cover and nitrogen concentrations, as well as pH, apparent
color, turbidity and phosphorus concentrations were among the
main drivers of the community structure detected throughout
the year (envfit, goodness of fit statistic r2 = 0.86 for water
temperature, 0.67 for air temperature, 0.61 for snow cover, 0.47
for nitrogen concentrations, 0.44 for pH, 0.42 for apparent
color, 0.39 for phosphorus concentrations and 0.38 for turbidity,
p-value < 0.001, Figure 2, Supplementary Figure S8, and
Supplementary Table S1).

Overall, Alveolates (mainly Ciliophora, Dinoflagellata, and
Perkinsea), Hacrobia (mainly Cryptophyceae, Telonemia and
Katablepharidophyta), Stramenopiles (mainly Chrysophyceae and
Synurophyceae), Opisthokonta (mainly Fungi), Rhizaria (mainly
Cercozoa), and Archaeplastida (mainly Chlorophyta) were the

most predominant groups detected in our samples, both on
the large and the small pore-size filters (Figure 1). Higher
proportions of Ciliophora and Telonemia were detected during
the CS (Figure 2 and Supplementary Figure S11) (t-test,
p-value < 0.005, 27.2% in CS vs. 16.0% in WS and 4.6% in
CS vs. 1.2% in WS, respectively, for the large pore-size filters,
and 44.4% in CS vs. 20.9% in WS and 7.5% in CS vs. 3.8% in
WS, respectively, for the small pore-size filters). Chrysophyceae
were also detected in higher proportions during the CS but the
difference was not statistically significant (Figure 2, 18.6% vs.
9.8% for the large pore-size filters and 14.2% vs. 7.5% for the small
pore-size filters). In contrast, Cryptophyta and Dinoflagellata
were detected in higher proportions during the WS (Figure 2 and
Supplementary Figure S1, t-test, p-value < 0.005, 24.3% vs. 9.7%
and 13.3% vs. 5.2%, respectively, for the large pore-size filters
and 24.3% vs. 9.7% and 9.6% vs. 2.1%, respectively, for the small
pore-size filters).

Large Versus Small Pore-Size Filters
Results obtained from the large and the small pore-size filters
were quite similar (Figures 2, 3, Supplementary Figures S7–
S10, and Supplementary Table S2). Many published works
considered eukaryotic cells smaller than 3 µm as important
component of the eukaryotic community (e.g., Medlin et al.,
2006; Newbold et al., 2012; Marquardt et al., 2016). However,
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FIGURE 3 | Heatmap display of the relative proportions of the 25 OTUs selected by SIMPER analyses for the large pore-size filters. The color intensity represents the
relative proportion of each OTU where dark colors represent high relative proportions and light colors represent low relative proportions. The darkest colors for the
highest relative proportions were defined separately for each OTU. Letters to the right of OTU names represent potential nutritional capabilities for each OTU: green
“A” for potential phototrophy, purple “H” for potential heterotrophy, “H/A” for potential mixotrophy and black “P” for potential parasitism. Variations of the
environmental and physico-chemical parameters highlighted using envfit analyses for NMDS ordination are represented at the top of the heatmap. Unc, Unclassified;
PT, Total phosphorus, TW, Water temperature; NT, Total nitrogen.

a large number of sequences affiliated with organisms that are
well known to be bigger than the pore-size of the large pore-
size filters (e.g., ciliates and dinoflagellates) was detected on
the small pore-size filters (0.2–3 µm). This observation could
result from potential methodological bias maybe associated with
filtration failures, although different bacterial communities were
observed between small and large pore-size filters (Cruaud et al.,
2019). It could also result from cell plasticity and disruption.
Furthermore, low PCR amplifications and insufficient sequence
numbers, leading to the removal of four samples from our
datasets, were observed for the small pore-size filters. For these
reasons, results from the two size fractions were not averaged or

pooled to avoid assignment of the same weight for the large and
the small pore-size filters in our dataset. Consequently, results for
the small pore-size filters are presented as Supplementary Files
(Supplementary Figures S1, S7–S10), while results for the large
pore-size filters are presented in the main text.

Affiliations and Phylogenetic Placements
of 25 Specific Protist OTUs
Based on SIMPER analyses, we identified 25 OTUs that
explain most of the dissimilarity between seasons (39.4% of
total number of sequences, cumulative contribution to the
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FIGURE 4 | Co-varying networks for the 25 OTUs selected by SIMPER analyses for the large pore size filters with bacterial OTUs detected on both large and small
fractions. Networks were constructed based on the significant Pearson’s correlation coefficients (PCC, top) and on the significant local similarity (LS) scores (bottom)
between eukaryotic OTUs and between eukaryotic and bacterial OTUs (p-value < 0.05). Large nodes in the center of the networks represent eukaryotic OTUs
(circle) with the same color code as in Figure 3. Small nodes at the periphery of the networks represent the top 10 bacterial OTUs detected on the large pore-size
filters (dark purple) and the top 10 bacterial OTUs detected on the small pore-size filters (light purple) that shared the highest PCC (network on the top) or the highest
LS scores (network on the bottom) with the 25 eukaryotic OTUs. Solid links (edges) represent correlation between eukaryotic OTUs and dashed links represent
correlation between bacterial and eukaryotic OTUs. Pink links and gray links represent positive and negative correlations, respectively (darker and larger edges
represent higher PCC or LS scores, detailed in Supplementary Table S3).
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dissimilarity 38.6%). These OTUs, affiliated to Stramenopiles,
Hacrobia, and Alveolata, were studied in detail (Figures 3,
4, Supplementary Figure S9, and Supplementary Table S2).
Phylogenetic trees (Supplementary Figures S2–S6) were used
to (i) confirm taxonomic affiliations obtained with the PR2
database, (ii) identify phylogenetically close sequences and their
isolation source, and (iii) to infer potential nutritional strategies
depending on their phylogenetic placements.

Six OTUs affiliated with Stramenopiles were selected
(Supplementary Figure S2 and Supplementary Table S2). The
OTUs 4, 7, 10, 17, and 19 were affiliated with Chrysophyceae.
The OTU4 was close to the mixotrophic Ochromonas tuberculata
(Bird and Kalff, 1986; Charvet et al., 2012; Stoecker and
Lavrentyev, 2018) and the OTU7 was affiliated with the
mixotroph Uroglena americana (Kimura and Ishida, 1985;
Sandgren et al., 1995; Urabe et al., 1999) and formed a highly
supported group with other sequences affiliated with Uroglena
within the clade C of Chrysophyceae. The OTU10 was close
to the colorless chrysomonads Paraphysomonas genus group
(Caron et al., 1999; Scoble and Cavalier-Smith, 2014) and the
OTU17 clustered with the Hydrurus-related algae (Klaveness and
Lindstrøm, 2011; Remias et al., 2013) and other environmental
clones isolated from high-mountain and arctic lakes in the
Hydrurus-clade. Finally, the OTU19 formed a highly supported
phylogenetic group with colorless Spumella-like flagellate
JBC27 (Boenigk et al., 2005). Belonging to the Synurophyceae, the
OTU20, affiliated with Synura petersenii, clustered with the highly
supported group of the strict phototrophic Synura (Olefeld et al.,
2018) (Supplementary Figure S2 and Supplementary Table S2).

Five OTUs affiliated with Hacrobia were selected by SIMPER
analyses (Supplementary Figure S3 and Supplementary Table
S2). Three OTUs were affiliated with Cryptophyceae (OTUs 1,
5, and 9), whereas one OTU was affiliated with Telonemia
(OTU8) and another OTU with Kathablepharidales (OTU22).
Two cryptophyte OTUs formed a highly supported group
with the mixotrophic Cryptomonas (OTUs 1 and 5) (Tranvik
et al., 1989; Choi et al., 2013). The third cryptophyte OTU,
affiliated with unclassified Cryptomonadales, formed a highly
supported phylogenetic group with potential phototrophic CRY2
lineage within the Cryptophyceae (OTU9) (Laza-Martínez et al.,
2012). The OTU8 was affiliated with the heterotrophic predator
lineage Telonemia (Klaveness et al., 2005; Bråte et al., 2010a)
and the kathablepharid OTU22 formed a highly supported
phylogenetic group with other uncultured freshwater eukaryotes
within the kathablepharids, a group of predatory, heterotrophic
biflagellates (Arndt et al., 2000) (Supplementary Figure S3 and
Supplementary Table S2).

Fourteen OTUs affiliated with Alveolata were selected
(Supplementary Figures S4–S6 and Supplementary Table S2).
Nine OTUs were affiliated with Ciliophora (OTUs 2, 3, 6, 11, 14,
15, 16, 23, and 24), three were affiliated with Dinoflagellata (OTUs
13, 18, and 21), one was affiliated with Perkinsida (OTU25) and
one OTU remained unclassified within the Alveolata (OTU12)
according to the PR2 database. Among the Ciliophora, four OTUs
were affiliated with Spirotrichea (OTUs 3, 6, 14, and 24). The
OTU3 was affiliated with unclassified Hypotrichia and the OTU6
was affiliated with unclassified Choreotrichida [clustering with the

highly supported group C of potential heterotrophs Strobilidiidae
(Stoecker and Michaels, 1991)]. The OTU14, affiliated with
Limnostrombidium within the Strombidiida lineage, might be
able to switch from heterotrophy to phototrophy using ingested
chloroplast (kleptoplasty (Stoecker and Silver, 1990; Dolan,
1992; Schoener and McManus, 2012). The last Spirotrichea
OTU, the OTU24, grouped within the Strobilidiidae clade C
composed of potentially heterotrophic lineages (Stoecker and
Michaels, 1991) (Supplementary Figure S4 and Supplementary
Table S2). Two ciliates OTUs were affiliated with Stentor: the
OTUs 11 and 23, close to Stentor muelleri and Stentor cf.
katashimai, which are known to contain no symbiotic green
algae (Gong et al., 2007; Thamm et al., 2010) (Supplementary
Table S2). Two other ciliates OTUs, the OTU2, and the
OTU16, were affiliated with potentially mixotrophic Vorticella
(feeding on bacteria but usually containing Chlorella) (Dolan,
1992; Jacquet et al., 2005) (Supplementary Table S2). The
last ciliate OTU, the OTU15, was affiliated with the potential
heterotrophic Acineta (Dovgal and Pesic, 2007; Gazulha and Utz,
2016) (Supplementary Table S2). Among the OTUs affiliated
with Dinoflagellata, the OTU18 was affiliated with unclassified
Suessiaceae close to Biecheleriopsis adriatica while the OTU13
and the OTU21 were phylogenetically closed and affiliated
with unclassified Dinophyceae. These OTUs were potential
mixotrophic dinoflagellates (Hansen et al., 2007; Moestrup et al.,
2009) (Supplementary Figure S5 and Supplementary Table S2).
The OTU25 was affiliated with Perkinsida within the PERK 12-17
clade among the parasitic lineage Perkinsea (Lepère et al., 2008;
Bråte et al., 2010b; Chambouvet et al., 2014) (Supplementary
Figure S6 and Supplementary Table S2). Finally, the unclassified
Alveolata OTU12 (based on PR2 database affiliation) shared 97%
sequence similarity with sequences amplified from the oligo-
mesotrophic Lake Pavin and identified as perkinsid based on
Chambouvet et al. (2014). This OTU was thus included in the
phylogenetic tree of perkinsid that confirmed its place close to the
perkinsid OTU25 within the PERK12-17 clade (Supplementary
Figure S6 and Supplementary Table S2).

Temporal Variation of the 25 Selected
Protist OTUs and Correlations With
Biotic and Abiotic Factors
Temporal variations of the relative proportions of the 25 protist
OTUs were analyzed in detail (Figure 3 and Supplementary
Figure S9). In addition, highest covariations between the relative
proportions of these 25 OTUs based on Pearson’s correlation
and LS analyses were explored using networks (Figure 4,
Supplementary Figure S12, and Supplementary Table S3).
Correlations between relative proportions of eukaryotic and
bacterial OTUs [details in Cruaud et al. (2019)] were also
investigated and the highest correlations were represented on
the same networks (Figure 4, Supplementary Figure S13, and
Supplementary Table S3). Finally, correlations have been also
searched between the 25 eukaryotic OTUs and environmental
parameters (Supplementary Figure S14).

The eukaryotic OTUs were distributed in the networks
according to a force-directed layout, clustering together the most

Frontiers in Microbiology | www.frontiersin.org 9 October 2019 | Volume 10 | Article 2359257

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-02359 October 14, 2019 Time: 17:5 # 10

Cruaud et al. Protist Communities of an Ice-Covered River

covariable OTUs (Figure 4). The OTUs 3, 4, 6, 8, 10, 14, 15,
16, 17, 19, and 20 were mainly detected during the CS while
the other OTUs were detected throughout the year or mainly
during the WS. Both the Pearson and the LS analyses showed
higher covariation patterns between OTUs detected during the
CS than between other OTUs. A larger number of significant
correlations were detected with the LS analyses than with the
Pearson’s analyses (Figure 4) but some correlations detected
with the Pearson analyses were also not identified with the LS
analyses (Figure 4).

The Chrysophyceae OTU17 as well as the three Ciliophora
OTUs 6, 15, and 16 were detected throughout the CS and showed
similar pattern of variation (Figures 2–4, Supplementary Figure
S9, and Supplementary Table S3). Covariations were detected
between these eukaryotic OTUs and numerous bacterial OTUs
detected during the CS such as Crenothrix, Methylotenera,
unclassified Comamonadaceae, unclassified Nitrosomonadaceae,
Candidatus Nitrotoga and Methylococcales pLW20 (Figure 4,
Supplementary Figure S13, and Supplementary Table S3).
These eukaryotic OTUs were positively correlated with
environmental variables increasing during the winter season
such as the snow cover and the nitrogen concentrations and were
negatively correlated with environmental variables decreasing
during the CS such as the air and the water temperatures
(Figure 2 and Supplementary Figure S14). Also mainly detected
during the CS, relative proportions of the Hypotrichia OTU3
and the three Chrysophyceae OTUs 4, 10, and 19 showed similar
variations reaching maximal proportions in March in winter
2017 and larger proportions during winter 2018 (up to 40.8% of
the reads for the OTU4, Figures 2–4, Supplementary Figures S9,
S13, and Supplementary Table S3). Covariations were detected
with bacterial OTUs detected during the CS such as Crenothrix,
Methylococcales CABC2E06, Flavobacterium or Luteolibacter
(Figure 4, Supplementary Figure S13, and Supplementary
Table S3). Although coefficients were lower, the eukaryotic
OTUs 3, 4, 10, and 19 were also correlated with environmental
variables that characterize the CS (Figure 2 and Supplementary
Figure S14). The Telonemia OTU8, the Ciliophora OTU14 and
the Synura OTU20 also showed the highest proportions during
the CS (Figures 2, 3 and Supplementary Figure S9). However,
these OTUs showed a slightly different pattern, reaching maximal
proportions at the beginning of the CS as well as at the first
date of the WS (17 May 2017, Figures 3, 4 and Supplementary
Figures S9, S12), sharing lower correlations with the bacterial
OTUs detected during the CS (Figure 4, Supplementary Figure
S13, and Supplementary Table S3). These three OTUs were
slightly correlated with the environmental variables associated
with the CS such as the decrease in temperatures and the increase
in snow cover and nitrogen concentrations (Figure 2 and
Supplementary Figure S14). These three patterns (throughout
the CS, higher proportions detected during the winter 2018 and
beginning of the CS as well as the first date of the WS) were
clearer on network build using Pearson’s correlation analyses
than using LS analyses where all eukaryotic OTUs detected
during the CS were connected (Figure 4).

By contrast, covariations between the eukaryotic OTUs mainly
detected during the WS were less obvious, each of them

showing relatively different temporal patterns. Furthermore,
only few correlations were detected with the environmental
variables measured in this study (Supplementary Figure S14).
Some of these eukaryotic OTUs (OTUs 1, 5, 11, 12, 18,
and 21) were correlated with different bacterial OTUs mainly
detected during the WS, such as Sporichthyaceae hgcI clade
and Limnohabitans (Figure 4, Supplementary Figure S13,
and Supplementary Table S3) The OTUs affiliated with
Cryptophyceae and Katablepharidales (OTUs 1, 5, 9, and 22)
were detected throughout the year but their relative proportions
remained relatively low from February to May (Figures 2–
4 and Supplementary Figure S9). The Cryptomonas OTUs 1
and 5 were highly correlated with environmental parameters
associated with the WS such as the increase in temperature
and the decrease in snow cover (Figure 2 and Supplementary
Figure S14). The Uroglena OTU7 was the only OTU affiliated
with Stramenopiles showing the highest relative proportions
during the WS (Figures 2, 3 and Supplementary Figure
S9) but was also detected in significant proportions on 31
January 2018 (up to 12.35% for the small pore-size filters,
Figure 3 and Supplementary Figure S9). The distribution of
the dinoflagellates OTUs 18 and 21 reached maximal relative
proportions at the end of May (Figure 3 and Supplementary
Figure S9). These OTUs were highly correlated according to
Pearson’s correlation analyses, showing a global covariation along
the entire time of our sampling period, while only a little
correlation was found with the LS analyses, revealing different
local dynamics (Figure 4 and Supplementary Table S3), that
preclude real relationship between these OTUs. In addition
with the bacterial OTUs noted above, these two OTUs were
correlated with a bacterial OTU affiliated with Polynucleobacter
(Figure 4, Supplementary Figure S13, and Supplementary
Table S3). The third dinoflagellate OTU (OTU13) fluctuated
throughout the year (Figure 3 and Supplementary Figure
S9). The Ciliophora OTUs 2, 11, 23, and 24 showed higher
relative proportions during the WS. Among them, the Stentor
OTUs 11 and 23 reached maximal relative proportions at
the beginning of the WS (May and June, Figure 3 and
Supplementary Figure S9) and the OTU11 was correlated with
the increase in air and water temperatures (Supplementary
Figure S14). The OTU24 reached maximal relative proportions
on 28 June 2016 and high relative proportions on 08 November
2016 as well (Figure 3 and Supplementary Figure S9). The
Perkinsida OTU25 was detected intermittently throughout the
year and mainly on the small pore-size filters with highest
proportions on May 2017 (up to 12.6% on these filters, Figure 3,
Supplementary Figure S9, and Supplementary Table S2). This
OTU was highly correlated with a bacterial OTU affiliated
with Polaromonas (Figure 4, Supplementary Figure S13, and
Supplementary Table S3). This OTU was also correlated
with the increase in river flow, the opening of the dam
floodgates and the amount of rainfall 3 days before sampling
(Supplementary Figure S14). Finally, the OTU12 was mainly
detected on 3 sampling dates, in late summer 2016 (up to
19.8% for the small pore-size filters on 29 September, Figure 3,
Supplementary Figure S9, and Supplementary Table S2) and
was highly correlated with two bacterial OTUs mainly detected
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during the WS and affiliated with Sporichthyaceae hgcI clade
and Candidatus Methylacidiphilum (Figure 4, Supplementary
Figure S13, and Supplementary Table S3) and with the increase
of the dissolved organic carbon concentration in the water
(Supplementary Figure S14).

DISCUSSION

Marked Seasonality of Overall
Composition of Protist Communities
Using 18S rDNA sequencing, a high diversity of small eukaryotes
was observed in the Saint-Charles River with members of all
eukaryotic superphyla (Figure 1) and numerous rare OTUs. The
eukaryotic microbial communities were dominated by Alveolata,
Hacrobia, and Stramenopiles while Opisthokonta, Rhizaria, and
Chlorophyta were detected in smaller proportions (Figure 1).
If this result is consistent with many reports from freshwater
ecosystems (Lefranc et al., 2005; Richards et al., 2005; Šlapeta
et al., 2005; Triadó-Margarit and Casamayor, 2012; Taib et al.,
2013; Simon et al., 2015), the large variation in 18S rRNA gene
copy numbers among eukaryotic species and between growth
phases [1 to highest estimates around 37,000 copies per cell
in diatoms and 310,000 copies in ciliates (Prokopowich et al.,
2003; Godhe et al., 2008; Gong et al., 2013)] might have led
to overestimation of the relative abundance of some lineages
compared to others, as previously mentioned (e.g., Mangot et al.,
2009; Gong et al., 2013; Ren et al., 2018). We thus avoided as far
as possible to compare relative proportions between the different
lineages and focused on the dynamics of eukaryotic OTUs over
months and seasons.

Eukaryotic communities showed a clear seasonal pattern with
different communities between winter and summer (Figure 2
and Supplementary Figures S7, S8), as a probable consequence
of the contrasted environmental conditions. This pattern was
repeated during the 2nd year of sampling, suggesting an
annual eukaryotic community cycle, which is consistent with
previous investigations on lakes (Nolte et al., 2010; Bock et al.,
2014), ponds and brooks (Simon et al., 2015). This seasonal
pattern was correlated with summer and winter-associated
contrasting parameters such as air and water temperatures,
snow cover and nitrogen concentrations and has also been
observed for the bacterial communities of the Saint-Charles
River (Cruaud et al., 2019). This suggests that both bacterial
and eukaryotic communities undergo deep modifications of their
community composition, reflecting the dramatically different
seasonal and environmental conditions of the region (Figure 2
and Supplementary Table S1) and confirming the structuring
role of environmental selection in this ecosystem.

Ciliophora, Chrysophyceae, and Telonemia were detected in
higher proportions during the CS, whereas Cryptophyta and
Dinoflagellata were detected in higher proportions during the
WS (Figure 2 and Supplementary Figure S11). Although DNA
might not directly indicate activity or viability of the cells
and the fact that 18S rDNA relative proportions could not
be considered as abundances due to different copy numbers
and primer efficiency, the successive increases and decreases

in relative proportions of specific eukaryotic lineages during
the CS (Supplementary Figure S10) suggest that, despite the
ice-cover and the very low water temperature during this
season (Figure 1 and Supplementary Table S1), at least a
part of the eukaryotic microbial community could potentially
be active and growing in the river and/or in the lake feeding
the river. Furthermore, phylogenetic trees indicated that some
18S rRNA genes sequenced from winter samples clustered with
sequences recovered from cold environments (ice, moutain lakes)
(Klaveness and Lindstrøm, 2011; Charvet et al., 2012; Remias
et al., 2013), supporting the viability of these lineages during
the CS. This may reveal a potential better tolerance to cold
conditions or different strategies for overwintering among these
lineages. This change in microbial community composition was
also observed for the bacterial community, with increasing
proportion of potential methane and nitrogen cycling bacteria
(e.g., bacterial OTUs 5, 6, 17, 18, 22, 33 and 41 in Figure 4)
in winter, which was consistent with environmental conditions
during this season. Together these results suggest that the winter
season is probably not a dormant season for prokaryotic and
eukaryotic microorganisms. However, we cannot exclude that a
non-negligible part of the observed diversity may overwinter in a
dormant or resting state (Sommer et al., 2012).

While Ciliophora are mainly considered as predators of
bacteria (Lefranc et al., 2005; Richards and Bass, 2005) and
Cryptophyta are assumed to be mainly photoautotrophic (Lepère
et al., 2008; Grujcic et al., 2018), plastid-retention and true
symbiosis with algal cell in Ciliophora as well as bacterivory
in Cryptophyta have been also reported (Dolan, 1992; Stoecker
et al., 2017; Grujcic et al., 2018; Stoecker and Lavrentyev, 2018),
challenging the attribution of a consensus nutritional mode for
these large groups. Therefore, we selected and analyzed in detail
25 predominant OTUs that fluctuated throughout the sampling
period to investigate the freshwater microeukaryote ecology and
the potential variations of nutritional mode throughout the
annual cycle (Figure 3 and Supplementary Figure S3).

Life in a River Covered by Ice
The CS was characterized by a broadly constant low water
temperature and ice- and snow-cover on the river and
on the upstream lake (Figure 1 and Supplementary Table
S1). These conditions are usually associated with limited
atmospheric gas exchanges and reduced particulate inputs in
the water (Catalan, 1992; Bertilsson et al., 2013; Hampton
et al., 2017), as well as reduced macro- and mega-faunal
predatory pressure, although zooplankton and fish predation
may be high even in winter (Jeppesen et al., 2004; Sørensen
et al., 2011; Sommer et al., 2012). Taxonomic comparison with
known representatives of the selected OTUs that predominated
during winter revealed that the potential for phototrophy and
phagotrophy could occur in the river during the CS (Figure 3,
Supplementary Figure S3, and Supplementary Table S2).
Inhibition of photosynthesis at low temperatures has been
previously reported (Murata, 1989; Anesi et al., 2016) but specific
physiological adaptations have been proposed for lineages in cold
ecosystems, such as the Hydrurus-clade that includes the OTU17
(Supplementary Figure S5 and Supplementary Table S2)
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(Klaveness and Lindstrøm, 2011; Remias et al., 2013), suggesting
that eukaryotic primary productivity might be maintained under
ice. During the CS, the bacterial communities also changed in
the river (Cruaud et al., 2019), suggesting a modification of the
potential prey availability. Eight predominant eukaryotic OTUs
with heterotrophic or mixotrophic potential were positively
correlated with various winter-associated bacterial lineages, such
as Crenothrix, Candidatus Nitrotoga and Methylococcales pLW20
(Cruaud et al., 2019; Figure 4, Supplementary Figure S13,
and Supplementary Table S3). While these correlations might
indicate that the same or related environmental factors (e.g.,
temperature, nitrogen, Figure 2, Supplementary Figure S14,
and Supplementary Table S1) drive bacterial and eukaryotic
populations, it might also suggest potential variation in prey
availability, supporting an influence of the bacterial community
composition on heterotrophic eukaryotes and vice versa (Jezbera
et al., 2005, 2006; Pernthaler, 2005; Massana et al., 2009; Šimek
et al., 2013, 2018; Grujcic et al., 2018). Together these results
suggest that winter conditions did not preclude the use of light
for photosynthesis or the existence of a potential grazing pressure
on bacterial communities and that important mechanisms could
occur during this season as emphasized in the re-evaluation of
the Plankton Group Ecology (PEG) model of seasonal succession
of phytoplankton and zooplankton biomasses in lake ecosystems
(Sommer et al., 2012). However, these conditions may select
a different fraction of the eukaryotic community that is more
adapted and competitive under winter conditions than lineages
identified in summer, as previously reported (Brown et al., 2004;
Gyllström et al., 2005).

Winter Comes Every Year but Each
Winter Is Different
Although the overall community structure remained relatively
similar during the two sampled winters (Figure 2 and
Supplementary Figures S7, S8), a group of covarying OTUs that
were mainly detected in March during the winter 2017 showed
very high proportions during the winter 2018 (OTU3 within the
Ciliophora and OTUs 4, 10, and 19 within the Stramenopiles,
Figures 3, 4, and Supplementary Figure S9, and Supplementary
Table S2), highlighting potential changes in environmental
conditions between winters. The winter 2018 was characterized
by a particularly important mid-winter thaw in January (maximal
air temperature 9.3◦C on 12 January 2018, Figure 1), that led to
an unusual increase in river flow and a massive flooding of the
watershed. Such events could potentially result in nutrient inputs
from the watershed. Furthermore, below freezing temperatures in
the following days coupled with the residence time of the water in
the lake [32 days in average (APEL, 2015)] could have allowed
the persistence of the disturbance effect over a long period
of time. Thus the difference observed in eukaryotic microbial
community composition between the two winters might be
explained by this mid-winter weather perturbation. Interestingly,
while only a limited part of the protist community was impacted,
the eukaryotic microbial community composition was more
altered than the bacterial communities (Cruaud et al., 2019),
suggesting differences in the response time or sensitivity between

the eukaryotic and the bacterial communities to environmental
changes. Based on their taxonomic proximity with known
species, heterotrophic and mixotrophic lifestyles were inferred
for the eukaryotic OTUs detected in high proportions during the
winter 2018. Therefore, they might have been triggered directly
by nutrient inputs from the watershed, boosted by potential
increase of light penetration in the water, or indirectly activated
through the predation of specific organic matter degrading
bacteria, such as Polynucleobacter that was also detected in
unusually high proportions during the winter 2018 (affiliated
as Polynucleobacter asymbioticus on Silva release 128 Cruaud
et al., 2019). This Polynucleobacter lineage, that was mainly
detected in strong proportion during the WS, is known to exploit
photodegradation products of humic substances (Hahn et al.,
2012) and to be consumed by a wide range of bacterivorous
eukaryotes (Grujcic et al., 2018). However, the emergence of
Polynucleobacter in the winter 2018 was not associated with
a simultaneous growth of summer bacterivorous eukaryotes,
suggesting that environmental conditions (e.g., cold temperature)
apply a stronger selection on bacterivorous eukaryotic lineages
than the availability of bacterial prey.

Complex Temporal Dynamics During the
Ice-Free Period
The relative proportions of the OTUs detected during the WS
were more fluctuant than during the CS and only few correlations
were detected among them (Figure 4, and Supplementary Figure
S12, and Supplementary Table S3), suggesting a more complex
temporal dynamic of the eukaryotic microbial community during
this season. This results might be directly due to larger variations
in environmental conditions (e.g., frequent rainfall events and
runoff, water temperature fluctuating from 8◦C to 23◦C, changes
in the watershed input such as pollen, leaf fall or erosion,
Figure 1 and Supplementary Table S1) that might provide a large
variety of niche opportunities for eukaryotic microorganisms.
The environmental conditions during the WS could also impact
the potential bacterial prey community composition (Cruaud
et al., 2019) and also change the predation by higher trophic levels
(Sommer et al., 1986, 2012).

At the beginning of the WS, different OTUs, related to major
identified groups (Ciliophora, Hacrobia, and Stramenopiles) were
detected in higher proportions (OTUs 8, 14, 18, 20, 21, 22, 23, and
24 Figure 3 and Supplementary Figure S9). While the Telonemia
OTU8, the Limnostrombidium OTU14, the Synura OTU20 and
the Dinophyceae OTU21 were detected throughout the CS and
the Suessiaceae OTU18, the Stentor OTU23 and the Strobilidiidae
OTU24 were rather detected in very low proportions during
this season (CS), all these OTUs were characterized by a sudden
increase in relative proportions on 17 May 2017 (Figures 3, 4 and
Supplementary Figure S9). This period could correspond to the
spring bloom as described in the PEG model (Sommer et al., 1986,
2012). After the spring break up in mid-April, the Saint-Charles
Lake, the main source of the Saint-Charles River, was totally ice-
free in early May. At this period, water of the lake mix once the
water temperature reach 4◦C. The mixing of the lake, as well
as the large water inputs produced by snow- and ice-melting in
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spring, likely bring fresh nutrients which could intermittently fuel
the eukaryotic community and enrich it with additional species
from snow, ice, deeper waters of the lake or soil leaching. Thus,
toward the end of winter, increasing water temperature, light
and nutrient availability could allow the growth of fast-growing
protists that overwintered in an active or a resting stage with
early termination of the diapause phase (Sommer et al., 1986,
2012), as potentially illustrated by the OTUs described above and
supporting that the growing season does not start from zero after
the winter season (Sommer et al., 2012). Moreover, some of these
OTUs were also detected in higher proportions at the beginning
of the CS (OTUs 8, 14, 20, and 24). This period correspond to
the fall turnover in the Saint-Charles Lake (Wetzel, 2001; Boulé
et al., 2010), leading to the redistribution throughout the water
column of the nutrients isolated in the hypolymnion during
the summer season and potentially modifying the microbial
community composition through nutrients or bacteria intake
(Cruaud et al., 2019). By contrast with the WS, the beginning
of the CS is not characterized by an increase in light supply
and in water temperature, suggesting that these lineages might
rather respond to an increase in nutrient availability or another
confounding factor rather than an increase in light supply, as
suggested as main starter for the spring bloom in the PEG model
(Sommer et al., 1986, 2012).

After this early summer stage, we observed an increase in
relative proportions of different OTUs, such as the Cryptomonas
OTUs 1 and 5 and the Stentor OTU11 (Figure 3 and
Supplementary Figure S9). These OTUs were correlated with
the increase in air and water temperatures (Supplementary
Figure S14) and with the relative proportion of some bacterial
lineages mainly detected during the WS, such as Limnohabitans,
Limnobacter or Sporichthyaceae hgcI (Figure 4, Supplementary
Figure S13, and Supplementary Table S3), which are known
prey for bacterivorous eukaryotes (Šimek et al., 2013, 2018;
Grujcic et al., 2018; Piwosz et al., 2018). These results suggest
that these potentially mixotrophic or heterotrophic OTUs could
be more competitive in the middle of summer and could be
slower growing species than the OTUs detected in early summer
as suggested in the PEG model (Sommer et al., 1986). In addition,
other eukaryotic OTUs were detected more sporadically during
the WS (Uroglena OTU7, Unc. Alveolata OTU12, and Stentor
OTU23) or both during the warm and the CS (Unc. Dinophyceae
OTU13) with few correlations with the main environmental
parameters (Supplementary Figure S14). Punctual events, such
as a transient increase in phosphorus (07 June 2016, 15 June
2017) or nitrogen concentrations (CS), could explain these kinds
of temporal dynamics. Likewise, the OTU12 and the OTU25,
affiliated with the parasitic lineage Perkinsidea (Lepère et al.,
2008; Chambouvet et al., 2014) were also detected sporadically
throughout the sampling period. Moreover, the Perkinsida
OTU25 was strongly correlated with a bacterial OTU affiliated
with Polaromonas (Figure 4, Supplementary Figure S13, and
Supplementary Table S3), highlighting potential hosts for this
Perkinsidae OTU. The detection of these parasitic lineages among
the main protist lineages suggests an important role of parasitism
in regulation of population dynamics in freshwater ecosystems,
as previously suggested (Lefranc et al., 2005; Lepère et al., 2008;
Sommer et al., 2012; Mangot et al., 2013).

Together, these results might indicate potential differences
among protist lineages detected during the WS such as
in generation times, resistance to grazing, susceptibility to
infection by virulent parasites or sensitivity to nutrient and
prey availability. According to the PEG model, the plankton
community during the ice-free period follows successive stages
starting from a phytoplankton spring bloom followed by the
development of zooplankton in response to food availability.
This growth of zooplankton leads to the decline of early
summer lineages, which is known as the “clear water phase”
(Sommer et al., 1986, 2012). Subsequently, food limitation
and fish predation limit the zooplankton biomass allowing
the increase of zooplankton preys (Sommer et al., 1986,
2012). Interestingly, the variations observed in our study in
the protist community composition and diversity throughout
the WS did not reveal clearly separated groups for these
successive stages. Without any protist, zooplankton and other
predators (e.g., fish) community quantifications, the stages of
plankton biomass succession cannot be clearly distinguished
in our dataset. However, our study suggests that beyond
the total biomass changes, complex and numerous species
replacements also occur in freshwater ecosystems during
the WS.

CONCLUSION

Our study shows a pronounced seasonal clustering of eukaryotic
microbial communities confirming the important role of
environmental selection in freshwater ecosystems and the
necessity of temporal series to comprehensively assess the
biodiversity of these systems. Although all nutritional modes
(autotrophy, heterotrophy, mixotrophy, and parasitism)
were potentially identified throughout the year, complex
patterns of distribution have been observed suggesting a large
complexity of factors and interactions that could shape the
temporal dynamics of the microbial eukaryotic community.
While the modulation of grazing, photosynthesis and growth
rates by water temperature could be an important variable
controlling the annual dynamics of eukaryotic microbial
populations, our results suggest that other factors such as
the availability of specific bacterial and eukaryotic prey,
variations in nutrients concentrations and the presence of
various predators could also greatly influence the eukaryotic
community composition warranting further investigations.
Thus, understanding the underlying causes of eukaryotic
microbial community temporal dynamics is highly complex
and will require considerable efforts and an adequate
way to understand this specific part of microbial ecology.
However, such efforts are crucial considering the important
impact of microbial eukaryotes on the global functioning of
freshwater ecosystems.
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Microcystis biomass remineralization after blooming represents a hotspot of nutrient
recycling in eutrophic lakes. Because Microcystis blooms are massively deposited
on lake sediments, resulting in anoxic conditions, it is important to understand the
response and role of benthic microbial communities during the anoxic decomposition
of Microcystis in freshwater lakes. In the present study, we employed a microcosm
method, combined with high-throughput sequencing, functional prediction, and network
analysis, to investigate microbial succession during the short-term (30 days) anaerobic
decomposition of Microcystis in a eutrophic sediment. Continuous accumulation of
CH4 and CO2 and increasing relative abundance of methanogens were observed
during the incubation. The microbial community composition (MCC) significantly
changed after addition of Microcystis biomass, with a shift in the community from a
stochastic to a functional, deterministic succession. Families, including Clostridiaceae,
Rhodocyclaceae, Rikenellaceae, Peptostreptococcaceae, Syntrophomonadaceae,
Lachnospiraceae, and Methanosarcinaceae, were predominantly enriched and formed
diverse substitution patterns, suggesting a synergistic action of these family members
in the decomposition of Microcystis biomass. Importantly, intense species-to-species
interactions and weak resistance to disturbance were observed in the microbial
community after Microcystis biomass addition. Collectively, these results suggest that
the addition of Microcystis induce phylogenetic clustering and structure instability in
the sediment microbial community and the synergistic interactions among saprotrophic
bacteria play a key role in Microcystis biomass remineralization.

Keywords: microbial interaction, deterministic succession, Microcystis, anoxic decomposition, Clostridiaceae

INTRODUCTION

Cyanobacterial blooms have become a widespread phenomenon in freshwater habitats (Zhang
et al., 2010; Zhai et al., 2013) as one of the harmful consequences of eutrophication, which
mainly results from intensive human activities affecting freshwater lakes and reservoirs worldwide
(Paerl et al., 2001). As the primary producer, Cyanobacteria contribute 0.05% of the global
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carbon biomass, causing high product accumulation during
blooms and making eutrophic lakes extremely active sites for
the transport, transformation, and storage of a considerable
amount of carbon and nutrients (Wilms et al., 2006). In
bloom seasons, high microbial activity leads to oxygen depletion
within the uppermost few millimeters of the sediment and
even the overlying water (Karlson et al., 2008; Chen et al.,
2010). In this scenario, accumulated bloom biomass is primarily
mineralized through anaerobic processes in the surface sediment
(Bastviken et al., 2008). Furthermore, anaerobic mineralization
in the sediments contributes to massive CH4 emission from
inland water bodies on a global scale (Cole et al., 1994;
Schink, 1997; Krinner, 2003; Bastviken et al., 2004a). Thus,
it is important to comprehensively understand the microbial
transformation process and relevant prerequisite conditions,
constituting the basis for the estimation of local and global
CH4 contribution by anaerobic decomposition of cyanobacterial
blooms in inland waters.

Some studies addressing the associated microbial
communities during cyanobacterial blooms have been reported,
mainly focusing on microbial community dynamics in freshwater
environments during the blooms (Li et al., 2012) or bacterial
communities associated with certain algae species (Shi et al.,
2009). These studies have revealed the influence of algal blooms
on the planktonic bacterial community and have also provided
important information about the microorganisms involved in
algal biomass transformation (Tang et al., 2015).

However, the knowledge of which and how microbes
participate in the anaerobic degradation of cyanobacterial blooms
in the eutrophic lakes and reservoirs is limited. On the one hand,
the involvement of microbial taxa, as well as the interactions
between them, are not clear; on the other hand, the limitations
of analysis methods have hampered the investigations of the
phylogenetic diversity (PD), composition, and dynamics of the
microbial community participating in the decomposition of
sedimentary algae. In general, the anaerobic decomposition of
organic material includes sequential hydrolytic, homoacetogenic,
and methanogenic processes (Schink, 1997). Non-representative
microbial taxa have been identified for each key step during the
anaerobic degradation of cyanobacterial biomass. However, such
research has been lagging far behind the analogous research in
artificial anaerobic digestion, such as in wastewater treatment
plants, where the different types of microorganisms involved have
been extensively studied (Li et al., 2014; Narihiro et al., 2015; Shu
et al., 2015). Using 13C-labeled Spirulina biomass and denaturing
gradient gel electrophoresis (DGGE), Graue et al. (2012) found
that Psychrilyobacter atlanticus and some Propionigenium-like
taxa participated in Spirulina biomass anoxic degradation. In situ
Microcystis scums were incubated for 90 days to simulate the
degradation of Microcystis biomass in an anoxic water column,
and subsequent T-RFLP analysis revealed the predominance of a
few novel Clostridium spp. during this process (Xing et al., 2011).
Shao et al. (2013) investigated the effect of Microcystis bloom
decomposition on sediment bacterial communities using DGGE
in the 100 L mesocosms. The relative abundance of Bacteroidetes
and Verrucomicrobia strongly increased after 14 days. However,
it is remarkable that (i) the scenarios of cyanobacterial biomass

mineralization in anoxic sediments have been less touched in
the available studies; (ii) because of being restricted by the
resolution of fingerprinting methods, the important processes
in decomposition and the associated microbial groups remain
undefined; (iii) greenhouse gas effect of decomposition in the
sediment, which is even crucial for the CH4 formation in
eutrophic aquatic environments, has not been studied well.

The objective of the present study was to determine how
sediment microbial communities respond and participate in
Microcystis anaerobic decomposition after the massive deposition
of Microcystis into freshwater sediment. Microcosms with
sediment slurry and supplemental Microcystis biomass under
anoxic conditions were generated to examine the sediment
microbial communities after incubation for 30 days. Illumina
MiSeq sequencing was applied to the sequential samples
to elucidate the differential patterns with high taxonomic
resolution. To further depict the inherent response of the
microbial community to Microcystis addition, the relationship
among co-occurring species was evaluated, and the community
function profiles were also predicted based on the structural
data. We observed distinct microbial succession during the
anoxic decomposition of Microcystis in freshwater sediment,
characterized by enhanced species-species interaction and low
resistance to disturbance. Such works are helpful for a better
understanding of algae biomass transformation and greenhouse
gas production, constituting the center of carbon cycling in
eutrophic lakes.

MATERIALS AND METHODS

Microcosm Setup
The Microcystis strain used was Microcystis sp. FACH-B 7806
(obtained from Freshwater Algae Culture Collection at the
Institute of Hydrobiology, Chinese Academy of Sciences).
Microcystis biomass was collected in the lab, cultivated in
BG11 medium1 under a luminance of 1200 Lux and 12 h
dark: 12 h light photoperiod for 15 days, then collected by
centrifugation and dried using a freeze dryer (ALPHA 1-2,
CHRIST, Osterode am Harz, Germany). The Microcystis powder
was UV sterilized for 20 min and stored at −80◦C before adding
to the microcosms. The sediment slurry used for the anaerobic
Microcystis biodegradation tests were collected from Meiliang
Bay (31.28946◦ N, 120.812905◦ E) of Lake Taihu in October 2012.
Prior to the experiment, the sediments (1–5 cm deep) were sieved
using a 0.6-mm mesh to remove the macrofauna and debris
and subsequently incubated at room temperature (20–25◦C) for
2 weeks to decrease the organic carbon content.

More than 60 microcosms built up in the sterile 100-mL air-
tight glass bottles (100-mL capacity; CNW Technologies GmbH,
Düsseldorf, Germany), which were divided into two groups.
Each bottle in the control group contained 12.5 g homogenized
sediment slurry +10 mL of sterile water, and in the treatment
group, 12.5 g homogenized sediment slurry +10 mL of sterile
water +25 mg freeze-dried Microcystis biomass. All the bottles

1https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium1593.pdf

Frontiers in Microbiology | www.frontiersin.org 2 October 2019 | Volume 10 | Article 2474267

https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium1593.pdf
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-02474 October 29, 2019 Time: 15:50 # 3

Wu et al. Microbial Interaction During Microcystis Decomposition

were sealed with rubber stoppers and aluminum seals and
wrapped with a silver paper to keep them in the dark. The
headspace in the bottles was vacuumed for 10 s and filled with
purified N2 gas four times to maintain the anoxic conditions. All
the microcosms were incubated in an incubator at 25◦C.

Sampling and Physicochemical Analyses
During the incubation, six bottles from the treatment group
and two bottles from the control group were randomly selected
at each time point of (0, 1, 3, 10, 17, 23, and 30) days. The
headspace in each jar was sampled with a 500 µL syringe (Part
Number/REF: 81256, HAMILTON, Romania) after vigorously
shaking to remove the gas bubbles trapped in the sediment
slurry. The concentrations of H2, CO2, and CH4 in the headspace
were measured on a gas chromatograph equipped with a
packed column TDX-01 (Techcomp, Shanghai, China), a flame
ionization detector (FID), and a thermal conductivity detector
(TCD). The gas concentration was calibrated using H2, CH4,
and CO2 standards purchased from the National Institute of
Metrology P. R. China Standard Gas Testing Center. The bottles
were sacrificed after gas measurement. A pH meter (METTLER
TOLEDO FE20, Shanghai, China) was used to measure the
pH of the slurry.

Microbial Biomass Collection and DNA
Extraction
The sediment slurry samples were collected and stored at −20◦C
after freeze-drying. Genomic DNA was extracted from 0.25 g of
freeze-dried sediment slurry using the FastDNA SPIN Kit (MP
Biomedicals, Santa Ana, CA, United States) according to the
manufacturer’s instructions. The genomic DNA was quantified
using a spectrophotometer (GE, Pittsburgh, United States) and
stored at−20◦C until subsequent procedures.

Real-Time Quantitative PCR
The 16S rRNA genes of the total bacteria were quantified by
real-time PCR using the primer set 341F and 534R (Bru et al.,
2008). Total Archaea were quantified using the 16S rRNA gene
primer set Arch 333F and Arch 554R (Suzuki et al., 2000).
Methanogens were quantified using the primer set ME1 and
mlas (Steinberg and Regan, 2008), which targets the mcrA
gene. The PCR conditions were as described by Nunoura et al.
(2006). To construct standard curves for quantitative PCR,
the PCR products for the partial bacterial 16S rRNA (341F
and 534R), archaeal 16S rRNA (Arch333F and Arch554R), and
mcrA (ME1 and mlas) genes (Supplementary Table S1) were
purified and cloned into the pMD18-T vector (Takara, Dalian,
China), and subsequently transformed into Escherichia coli
DH5α competent cells (Takara, Dalian, China). The successfully
inserted plasmids were extracted using a Plasmid Mini-Prep Kit
(Axygen Biosciences, Union City, CA, United States), and the
concentrations were determined by spectrophotometry using a
NanoVue (GE, Pittsburgh, United States). The standard curves
were prepared from linearized plasmid serial dilutions of 100

to 108 gene copies directly calculated from the concentration
of the extracted plasmid. Quantitative PCR was performed in

a 20 µL reaction comprising 10 µL of SYBR Premix ExTaqTM

(Takara, Dalian, China), 0.25 µM each primer, 1 µL of 1/10
diluted DNA, and RNase-free water. The thermocycling program
for quantitative PCR comprised an initial cycle at 95◦C for
30 s, followed by 40 cycles at 95◦C for 5 s and 60◦C for 34 s.
All measurements were obtained in triplicate. The standard
curves were used as the references to calculate the copy number
of bacterial 16S rRNA, archaeal 16S rRNA, and methanogens
mcrA genes (correlation coefficient r2 = 0.993, 0.993, and
0.993, respectively). The efficiencies of the qPCR amplification
for the bacteria, archaea, and mcrA were 105.8, 96.6, and
97.1%, respectively.

Illumina MiSeq Sequencing and Data
Processing
Genomic DNA was extracted from six replicates in the treatment
group and two replicates in the control group at (0, 1, 3,
10, 17, 23, and 30) days. To analyze the bacterial diversity
during cultivation, the V4-V6 region of the bacterial 16S rRNA
genes was amplified and sequenced on an Illumina MiSeq
platform. The V4-V6 region of the 16S rRNA gene was amplified
using the primers 515F (5′- GTGCCAGCMGCCGCGGTAA-
3′) and 907R (5′- CCGTCAATTCCTTTRAGTTT-3′) (Zhou X.
et al., 2015). PCR amplification was performed using an ABI
GeneAmp R© 9700 thermal cycler (Applied Biosystems, Waltham,
MA, United States). The PCR reaction was performed in a 20-
µL reaction volume containing 10 µL of Trans Start Fast pfu
DNA Polymerase Super Mix (Trans Gen AP221-02), 0.2 µM of
forward and reverse primers, and 10 ng of template DNA. The
thermal cycling parameters were denaturation at 95◦C for 1 min,
followed by 30 cycles at 94◦C for 10 s, 55◦C for 30 s, and 72◦C
for 45 s, with a final step at 72◦C for 5 min. The PCR products
were analyzed on a 2% agarose gel, purified using the AxyPrepTM

DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA,
United States) according to the manufacturer’s instructions, and
quantified using QuantiFluorTM -ST (Promega, Fitchburg, WI,
United States). The purified amplicons were pooled in equal
molar ratios and paired-end sequenced (2 × 250 bp) on an
Illumina MiSeq platform according to the standard protocols of
the Major Bio Co., Ltd. (Shanghai, China).

The raw sequencing reads were de-multiplexed, quality-
filtered, and analyzed using QIIME v1.17 (Caporaso et al., 2010).
Sequence quality management and operational taxonomic units
(OTUs) analysis were conducted using the UPARSE pipeline
according to Edgar (2013). Briefly, reads <250 bp, with an
average quality score (Q score) of <25 in a sliding window
of 50 bp, with mismatched primer sequences, or containing
ambiguous bases (Ns) were removed from downstream analyses.
Both the forward and reverse primers were truncated from
the reads. Chimeric sequences were removed using USEARCH
software (Edgar, 2010) based on the UCHIME algorithm (Edgar
et al., 2011). After quality and chimera filtering, 1.73 million
reads with an average read length of 395 bp in 56 samples were
obtained. The lowest number of sequences was 13,628. Therefore,
the sequences in the samples were randomly normalized to
13,628 prior to conducting subsequent analyses. All the reads
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were clustered into OTUs at 97% pairwise identity using
UCLUST (Edgar, 2013). Representative OTUs were aligned to the
Greengenes database (gg_13_8_otus).

Community Diversity Analysis and Null
Model Test
Alpha diversity was estimated according to the Shannon index,
Chao1, observed species, and PD for all the samples by using
QIIME v1.17. Beta diversity was based on Bray–Curtis algorithm
of the OTU table to identify the clustering patterns in the
microbial communities among the samples across the incubation
times (R-vegan function vegdist). In addition, the null model
Raup-Crick index (βRC) was used to assess whether the null-
expected number of shared species between any two communities
was different from the observed number of shared species
(Chase et al., 2011). The null community was generated by
randomly shuffling the original community 199 times with the
independent swap algorithm by holding the number of OTUs
in each sample and the number of samples, in which each
OTU appears constant. The PAST program (Hammer et al.,
2001) was used for these analyses. Both the Bray–Curtis and
Raup-Crick algorithms were visualized on the 2D non-metric
multidimensional scaling (NMDS) plots using the program
PRIMER v7 (Clarke and Gorley, 2015).

Microbial Functional Prediction and
Network Construction
The functional profiles of the microbial communities were
predicted by using PICRUSt (Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States2; Langille
et al., 2013) based on our 16S rRNA data. The 6,763 close-
reference OTUs were picked up with Greengenes 13.5 in
Galaxy3 and their functional profiles were predicted from the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
(Kanehisa et al., 2014). The average nearest sequenced taxon
index (NSTI, 0.182 ± 0.02 SD) of these samples was near
that reported for soil communities (0.17 ± 0.02) (Langille
et al., 2013). To identify functional and metabolic subsystems,
whose relative frequencies (rel. freq. %) in treatments differed
significantly from that in control samples based on KEGG, two-
sided Welch’s t-test (p-value) was used in the STAMP v2.01
software (Parks et al., 2014).

Potential interactions between co-occurring microbial taxa in
control and treatment were determined by molecular ecological
networks (MENs), which were constructed by using a random
matrix theory (RMT)-based approach on an open-accessible
comprehensive pipeline (Molecular Ecological Network Analysis
Pipeline, MENAP4, Deng et al., 2012). In the construction
of the MENs, data standardization, Spearman’s correlation
estimation, adjacency matrix determination by RMT-based
approach, network characterization, module detection, eigengene
network analysis, and network comparisons were accomplished

2http://picrust.github.com
3http://huttenhower.sph.harvard.edu/galaxy/
4http://ieg2.ou.edu/MENA

in order (Zhou et al., 2010). For each network, 100 corresponding
random networks were then generated with the same network
size and an average number of links. A Z-test was applied to
determine the differences in the indices between the constructed
and random networks. Cytoscape 3.4.0 was used for the
network visualization.

Statistical Analysis
One-way ANOVA was used to identify the statistical significance
of the pH value within each group along the incubation
time. The differences of alpha diversity index, as well as
the q-PCR abundance of bacteria, archaea, and methanogens,
between the control and treatment groups was evaluated
by Independent-Samples t-test (SPSS v20.0) at a single time
point. Heatmaps representing the relative sequence abundances
of bacterial OTUs among the samples were constructed
using the “pheatmap” and “gplots” packages. Significantly
enriched microbial taxa during the treatment was evaluated by
Independent-Samples t-test (SPSS v20.0) at each time point. The
relationships between relative abundance and incubation time
for each group were then explored with four models, linear,
quadratic, exponential, and logarithmic regression. The best
models were selected based on Akaike’s information criterion
(AIC, Bozdogan, 1987). Permutational multivariate analysis
of variance (PERMANOVA) (Anderson, 2001) was performed
using the adonis function in the Vegan package (R studio,
version 2.14.1, R Development Core Team, 2011) to evaluate
the two-sided effects of Microcystis addition and incubation
time on microbial community dynamics. The correlation
between methane concentration and methanogen abundance was
measured by Pearson correlation coefficient (r-value, SPSS v20.0).

Deposition of DNA Sequences
All the DNA sequences retrieved from the control and treatment
groups at different sampling times were deposited at the
European Nucleotide Archive and can be found under the
Accession number PRJEB210145.

RESULTS

Decomposition of Microcystis Biomass
and CH4/CO2 Production
Production of CO2 and CH4 is an indicator of Microcystis
decomposition, and they continuously accumulated
after Microcystis addition, with final concentrations of
27.10± 2.28 µmol cm−3 sediment and 21.87± 2.29 µmol cm−3

sediment, respectively (Figures 1A,B). The CH4 production
exhibited a sigmoidal curve with a lag phase (from day 0 to day
7), an exponential phase (from day 7 to day 17), and a stationary
phase (from day 23 to day 30). CO2 rapidly accumulated from
the beginning to the stationary phase (day 17) and remained
stable throughout the experiment. In the control group, the
production of CO2 and CH4 was not detectable. The addition
of Microcystis biomass caused no significant pH difference in

5https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJEB21014
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FIGURE 1 | The cumulative CH4 (A) and CO2 (B) production, pH (C) in the microcosms, and the abundances of Bacteria (D), Archaea (E), and Methanogens (F)
during 30-day cultivation in the microcosm without (Control, open circles) or with (Treatment, solid squares) Microcystis addition. Microbial abundances were
determined by qPCR method.

the treatment group (one-way ANOVA, p > 0.5), which seemed
more stable (6.66–7.06) than the control (6.19–7.30) throughout
the 30-day period (Figure 1C).

Accordingly, the bacterial abundance increased in the
treatment group from day 1 to day 17, followed by a slight
decrease, whereas it remained stable in the control group
(Figure 1D). The abundance of Archaea and methanogens
were significantly higher in the treatment group than in the
control group (for both, Independent-Samples t-test, p = 0.001)
(Figures 1E,F). As a subgroup of the total archaeal population,
methanogens accounted for approximately 2–47% of the total
Archaea. There was a close correlation between the abundance
of methanogens and CH4 production in the treatment group
(Pearson’s correlation r = 0.88, p = 0.009) but not in the control
group (Pearson’s correlation r =−0.04, p = 0.931).

Microbial Community Diversity
In total, 18,540 OTUs were detected and classified into 73
phyla and 1,011 genera. We observed significantly lower OTU
numbers, Shannon index, and PD value in the treatment group
than in the control group (Table 1). For the Chao1 estimates
of microbial communities component, the treatment group was
significantly lower than the control during the first 10 days of
the incubation and then no significant difference was observed
between the two groups (Table 1).

Non-metric multidimensional scaling analysis with whole
samples revealed a clear separation of the microbial community
composition (MCC) between the control and treatment groups

(Figure 2A). The MCC in the treatment group significantly
changed after Microcystis biomass addition (Figure 2D and
Supplementary Figure S1, PERMANOVA, F1,42 = 17.02,
p < 0.001), whereas in the control group, the MCC remained
almost undisturbed (Figure 2B). Random sampling effects were
primarily observed in the control samples during incubation,
and there was no difference in βRC before and after the
incubation course (Figures 2B,C). However, the βRC values of
the treatment samples indicated that the MCC after Microcystis
biomass addition was more similar to the start-point samples
than expected by chance (Figures 2D,E). This observation
suggests that the changes in β-diversity did not reflect the random
influence of incubation on the microbial species and that the
input organic matter provided a systematic ecological filter for
the removal of some species from each community exposed
to the substrate.

Microbial Succession During Microcystis
Degradation
We observed systematic successions of the relative abundances
of dominant OTUs (Figure 3A) during Microcystis degradation
(Figure 3B). Based on the AIC test, microbial successions
can be classified into three distinct types (Figure 3C and
Table 2). (i) The type I group exhibited an exponential
increase in abundance across time. Representative taxa included
Bacteroides, Syntrophomonas, and unidentified genera from
Bacteroidales and Methanobacteriaceae. (ii) The type II group
exhibited a quadratic regression along time with positive
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TABLE 1 | Comparison of microbial community diversity between microcosms without (Control) or with Microcystis (Treatment) addition during the incubation course.

Observed OTUs Shannon index Chao1 PD

Day Control Treatment Control Treatment Control Treatment Control Treatment

0 5654 (±808) 5277 (±420) 10.41 (±0.05) 9.42 (±0.31) 9571.52 (±1499.6) 9420.07 (±1563.9) 255.9 (±25.9) 246.8 (±18.37)

1 5150 (±110) 2242 (±245)∗∗ 10.33 (±0.001) 6.79 (±0.46)∗∗ 9084.26 (±47.2) 4524.54 (±143.5)∗∗ 243.0 (±4.5) 128.7 (±9.2)∗∗

3 5324 (±823) 2435 (±607)∗∗ 10.30 (±0.16) 6.79 (±0.67)∗∗ 8739.55 (±2068.8) 4631.02 (±960.2)∗ 248.2 (±30.7) 135.9 (±25.5)∗∗

10 5698 (±814) 2717 (±368)∗∗ 10.31 (±0.05) 7.22 (±0.58)∗∗ 11037.34 (±2743.7) 5489.47 (±736.8)∗∗ 259.9 (±27.1) 150.7 (±15.4)∗∗

17 4722 (±95) 3239 (±509)∗ 10.13 (±0.05) 7.76 (±0.35)∗ 7656.56 (±343.8) 6261.16 (±1035.9) 223.9 (±5.2) 168.7 (±20.7)∗

23 4917 (±690) 3021 (±497)∗ 10.36 (±0.09) 8.26 (±0.33)∗ 8028.89 (±743.8) 5284.65 (±1164.6) 231.7 (±26.5) 161.6 (±20.2)∗

30 4644 (±314) 2823 (±464)∗ 10.13 (±0.001) 8.11 (±0.44)∗ 7695.61 (±299.5) 5088.86 (±809.4) 219.2 (±11.9) 152.7 (±18.6)∗

All data are listed as: mean (±SD). The statistical significance of Control and Treatment group was evaluated by the Independent-Samples t-test and statistical levels are
indicated by asterisks of p ≤ 0.01 (two asterisks, ∗∗), p ≤ 0.05 (one asterisk, ∗) and p > 0.05 (no asterisk).

binomial coefficients. Representative taxa included Tepidibacter,
unidentified Fusobacteriales, Lachnospiriaceae and unidentified
genera from Clostridiaceae. The relative abundance sharply
increased after the addition of Microcystis and remained
relatively stable during the incubation. (iii) The type III group
exhibited a quadratic regression along time with negative
binomial coefficients. Representative taxa included Clostridium,
Dechloromonas, Methanosarcina, and Hydrogenophaga.

The differences in the MCC between the control and
treatment groups were also significant at coarse taxonomic
resolution. For example, at the phylum level, the relative
abundances of the abundant phyla in the control group
remained stable throughout the experiment. However, in
the treatment group, the relative abundances of Firmicutes
and Bacteroidetes immediately increased after Microcystis
addition, whereas the relative abundances of Proteobacteria and
Cyanobacteria (Microcystis) rapidly decreased (Supplementary
Figure S2). At the family level, eight families in the treatment
group, Clostridiaceae, Lachnospiraceae, Peptostreptococcaceae,
Ruminococcaceae, Veillonellaceae, Bacteroidaceae, Rikenellaceae,
and Aeromonadaceae immediately increased in abundance
after Microcystis addition (Figure 4). Interestingly, five of these
families belong to the same order of Clostridiales. The relative
abundance of methanogens also steadily increased from 0.8%
on day 0 to 3.8% on day 17 and remained stable thereafter
(Supplementary Figure S3). In addition to the increasing
abundance of methanogens, the families Anaerolinaceae,
Spirochaetaceae, Peptococcaceae, and Syntrophomonadaceae also
increased in abundance on day 17 (Figure 4).

Network Analyses and Community
Functional Prediction
Based on the network analysis, 157 and 82 nodes were
obtained from the control and Treatment, respectively. Positive
correlations were predominant in both networks with rare
negative correlations (Figure 5). The clustering coefficients
and harmonic geodesic distance were significantly different
from those of the corresponding random networks with the
same network size and average number of links (Table 3),
indicating that the MENs in both the control and the
treatment showed small-world characteristics. In comparison

with the control, MENs in the treatment generally had
significantly higher connectivity, higher clustering efficiencies,
and fewer modules (Table 3). Focusing on the microbial
associations within the treatment group showed that three
clusters were distinct in the treatment network (Figure 5).
Cluster I, including OTUs affiliated with the phyla Proteobacteria-
Acidobacteria-Chloroflexi, showed co-occurrence among most
nodes within it, and Cluster II, including the phyla Bacteroidetes-
Firmicutes, showed an overall negative connection with Cluster
I. Furthermore, Microcystis formed a co-exclusive pattern with
other bacterial taxa in Cluster II, and Cluster III, including
methanogens, Syntrophomonas and Longilinea, was independent
of Cluster I and II.

Functional prediction indicated that17 subpathways I belong
to four major categories were significantly different between
control and treatment (Figure 6A, p < 0.01). Nine of them
were significantly enriched in the microcosms of the treatment
group, including membrane transport, replication and repair,
carbohydrate metabolism, amino acid metabolism, transcription,
metabolism of cofactors and vitamins, nucleotide metabolism,
enzyme families, and metabolism of other amino acids. The
dynamics of relative frequencies along time are shown in
Figure 6B. Five of the nine subpathways I belonged to the
category metabolism. In subpathway II, we observed increased
frequency of genes distributed in diverse pathways in the
treatment group (Supplementary Figure S4). For example,
within the carbohydrate metabolism, six metabolic pathways
showed higher frequency in the treatment samples: fructose
and mannose metabolism, galactose metabolism, starch and
sucrose metabolism, the pentose phosphate pathway, pentose and
glucuronate interconversions, and amino sugar and nucleotide
sugar metabolism.

DISCUSSION

Efficient Production of CH4 From Anoxic
Decomposition of Microcystis
Blooming Microcystis form scum, which is massively deposited
onto lake sediments, resulting in rapid oxygen depletion on
the surface sediment (Xing et al., 2011). A positive correlation
between the biomass of Microcystis and CH4 production has
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FIGURE 2 | Non-metric multi-dimensional scaling (NMDS) ordinations based on Bray–Curtis Index (A,B,D) and βRC (C,E) for Control and Treatment examining the
effects of Microcystis biomass addition on patterns of microbial community compositions. Each symbol in the NMDS plot represents a sample collected during the
incubation.

been observed in the littoral zones of hypereutrophic Lake Taihu,
suggesting that the biomass of Microcystis is actually transformed
to CH4 in the field (Wang et al., 2006). The observations of
this study further demonstrated that sedimentary Microcystis
blooms could enhance the accumulation of CO2 and CH4 in
the anaerobic sediment, and this process occurred instantly after
Microcystis biomass addition.

In the present study, approximately 14.56 mL of CH4
(equivalent to 7.8 mg carbon, estimated with the gas density of

0.717 g/L at standard condition) was produced from the initial
25 mg dry-weight of Microcystis biomass (equivalent to 9.5 mg
carbon with chemical formula C106H263O110N16P, molecular
weight 3350 g/mol) during the 30-day anaerobic incubation,
indicating an efficient transformation from algal organic carbon
to greenhouse gases (∼82.5% conversion efficiency). Based on
water content of 99% in living Microcystis cells, 1 kg of wet algal
biomass could be degraded with ∼5.82 L of CH4 gas production.
In Lake Taihu, cyanobacterial blooms might reproduce at a
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FIGURE 3 | The relative abundance of Microcystis and three distinct microbial groups during the incubation. (A) The overview of relative abundance of Microcystis
and three bacterial groups in Treatment samples; (B) the decay of Microcystis along the time; (C) variation of the relative abundance for representative genera in
each group. The colors in subfigure of (C) are corresponding to those in panel (A).

TABLE 2 | The dynamics of the significantly enriched groups were simulated by the multiple regression models.

Group Best modelsa r2 p-value Equation Constants

Bacteroidales Exponential/linear/quadric 0.69 <0.001 Type I: Exponential y = a × eˆT ± b a:0.21, b:0.79

Bacteroides Exponential/quadric 0.47 <0.001 a:0.22, b:−0.44

Methanobacteriaceae Exponential/linear/quadric 0.40 <0.001 a:0.02, b:0.00

Syntrophomonas Exponential/quadric 0.68 <0.001 a:0.07, b:−0.08

Clostridiaceae Quadric/exponential 0.25 <0.01 Type II: Quadric y = aT2
± bT ± c a:1.71, b:−6.28, c:7.59

Tepidibacter Quadric 0.36 <0.001 a:0.60, b:−2.54, c:3.53

Blvii28 Logarithmic/linear/quadric 0.53 <0.001 a:0.57, b:−7.56, c:22.83

Fusobacteriales Quadric 0.81 <0.001 a:2.36, b:−12.96, c:17.68

Lachnospiraceae Quadric/logarithmic 0.48 <0.001 a:0.86, b:−4.79, c:8.97

Peptostreptococcaceae Quadric 0.80 <0.001 a:0.09, b:−0.49, c:0.84

Clostridium Quadric 0.74 <0.001 Type III: Quadric y = aT2
± bT ± c a:−10.72, b:43.23, c:−13.44

Dechloromonas Quadric 0.30 <0.01 a:−3.43, b:15.03, c:−7.73

Hydrogenophaga Exponential/linear/quadric 0.21 <0.05 a:−0.34, b:0.67, c:−0.40

Methanosarcina Linear/logarithmic/quadric 0.39 <0.001 a:−0.08, b:0.99, c:−0.81

aThe best models were selected based on the minimum Akaike’s Information Criterion (AIC) value. If the difference of AIC value between two models <2, there is no
difference in their performance. T in the equations means incubation time (days).
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FIGURE 4 | Heatmap diagram showing relative abundances of the top 25 families selected from Control and Treatment (a total of 42 families). Upper dendrogram
shows community similarity among samples and left dendrogram depicts clustering of families by co-occurrence.

rate of at least 0.25 million kilograms (weight wet) per year
during the whole bloom season (personal communication with
Dr. Hongtao Duan). In this case, 1.46 million liters of CH4
(equivalent to 1043 kg) would be generated under anoxic or
anaerobic conditions. Please note that this estimate does not
take into account the contribution of other organic matter in
sediments to the methane formation under anoxic and anaerobic
conditions. The real lake ecosystems are much more complex
and dynamic than the microcosms built up in this study;
therefore, the conversion efficiency from cyanobacterial biomass
to CH4 needs to be further evaluated before its application.
In any case, methane accounts for approximately 20% of
the greenhouse effect (Wuebbles and Hayhoe, 2002; Sessions
et al., 2009), significantly contributing to global warming. The
present study evidently demonstrates that, under hypertrophic
conditions, accumulated CH4 induced by cyanobacterial blooms
is an important component of methane budgets in local lakes as
well as in the drainage basin (Bastviken et al., 2004b, 2008, 2011).

Distinct Microbial Succession During
Anaerobic Degradation of Microcystis
Although decomposition of organic material under anaerobic
conditions is generally assumed to include hydrolysis,
acidogenesis, syntrophic acetogenesis, and methanogenesis
(Schink, 2002), the composition and dynamics of the microbial
communities involved in Microcystis biodegradation is far

from well-documented. In the present study, we investigated
the MCC based on Illumina Miseq sequencing, enabling the
detection of the distinct pattern of microbial successions during
Microcystis degradation.

During the hydrolysis phase, Bacteroides spp. and an
unidentified genus in Bacteroidales continuously increased
in abundance (type I group). The superb ability of these
bacteria for degradation of polymers, particularly various
types of polysaccharides (Wexler, 2007; Ravcheev et al.,
2013), initiated flourishing during Microcystis degradation.
The bacteria taxa belong to type II, such as the Blvii28
group (Rikenellaceae), Fusobacteriales, Lachnospiraceae, and
Peptostreptococcaceae, rapidly responded to Microcystis biomass
addition and peaked at Day 1. Most of them were considered
as hydrolytic fermenting bacteria in the degradation of complex
polysaccharides (Tholozan et al., 1992; Bennett and Eley,
1993; Schink, 2002; Zhou L. et al., 2015). Some of the 16S
rRNA sequences from Blvii28 were highly similar (∼99%
identity) with that of Acetobacteroides hydrogenigenes, which
is involved in the conversion of carbohydrates to acetate
and CO2 (Su et al., 2014). Clostridium and Dechloromonas
from the type III group also strongly increased in abundance
during the initial days of incubation. Bacteria in the genus
Clostridium are commonly known as hydrolytic (saccharolytic
and proteolytic) and fermentative bacteria that can ferment
various polysaccharides to volatile fatty acids, H2, and CO2 (Ruan
et al., 2014; Deng et al., 2015). The importance of Clostridium
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FIGURE 5 | Networks based on correlation analysis of co-occurring bacterial and archaeal genera in a 30-day incubation with (treatment) or without (control)
Microcystis addition. A connection between nodes stands for a statistically significant positive (a Spearman’s ρ > 0.8 and p < 0.01, red line) or negative (b
Spearman’s ρ < -0.8 and p < 0.01, blue line) correlation. The size of each node is proportional to the number of connections (that is, degree). The nodes were
colored by taxonomy, the top 20 abundant phyla are shown in different colors and all the others were in gray.

species during the anaerobic degradation of organic material in
freshwater environments has previously been identified (Mallet
et al., 2004; Xing et al., 2011), and Dechloromonas is frequently
detected in various degradation and nitrate reduction processes
of monoaromatic compounds (Coates et al., 2001).

The increase in the abundance of syntrophic bacteria after
Day 10 reflected the accumulation of fatty acid intermediates
during Microcystis biomass decomposition. Syntrophic acetogens
(in type I group), such as Syntrophomonas, was significantly
promoted during Microcystis degradation, suggesting that these
species are more likely to utilize the intermediates generated
from Microcystis hydrolysis. Syntrophomonas species utilize
a variety of fatty acids ranging from C4 to C8 or other
longer fatty acids and coexist with butyrate-producing bacteria
(McInerney et al., 1981, 2008).

Methanogens, such as Methanobacteriaceae and
Methanosarcina species, were significantly enriched during
the degradation. The most dominant Methanosarcina reached
the highest abundance on day 17. Species within Methanosarcina
can use all the methanogenic substrates, H2 and CO2, methanol,
methylamine, methyl sulfides, and acetate, except for format
(Galagan et al., 2002; Lambie et al., 2015). The increase in
the abundance of these methanogens suggested that diverse
substrates were available for CH4 synthesis.

Overall, hydrolytic-fermenting bacteria (such as Blvii28 group,
Clostridium, and Bacteroidales species), syntrophic acetogens

(Syntrophomonas), and methanogens (Methanobacteriaceae
and Methanosarcina) were significantly enriched, and their
succession patterns suggested that these microbial groups might

TABLE 3 | Topological properties of the empirical molecular ecological networks
(MENs) for the control and treatment group and their associated random MENs.

Group Control Treatment

Empirical networks Similarity threshold
(St)

0.86 0.86

Network size (n) 157 82

R2 of power law 0.873 0.788

Harmonic geodesic
distance (HD)

2.127 2.768

Average
connectivity (avgK)

2.328 4.561

Average clustering
coefficient (avgCC)

0.127 0.373

Modularity 0.729 (24) 0.581 (6)

Transitivity (Trans) 0.105 0.36

Random networks Harmonic geodesic
distance (HD ± SD)

2.557 ± 0.262 2.915 ± 0.127

Average clustering
coefficient
(avgCC ± SD)

0.042 ± 0.014 0.101 ± 0.019

Modularity ± SD 0.646 ± 0.012 0.384 ± 0.012
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FIGURE 6 | Differences of predicted microbial community function between Control and Treatment throughout the incubation. (A) KEGG subpathway I with
significant different relative frequency (rel. freq. %) picked up by STAMP with a two-sided Welch’s t-test of a symptomatic confidence intervals (0.95). Subpathways
overrepresented in the Treatment which have a positive value of proportions are indicated by orange filled circles and those overrepresented in the Control are
indicated by blue filled circles. (B) Nine line charts showing specific dynamics of the overrepresented pathways in Treatment group (corresponding to orange filled
circles in panel A) during the incubation.
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possess unique substrate utilization preferences and could
synergistically function during the degradation of Microcystis.

Predicted Community Function and
Inter-Specific Connections
Studies have shown that ecosystem properties greatly depend on
biodiversity due to differences in the functional characteristics
of organisms present in the ecosystem (Bell et al., 2005; Hooper
et al., 2005). Based on diversity-stability relationships (Naeem
and Li, 1997), the lower α-diversity (Shannon and PD index) in
the treatment group indicated a weaker anti-interference ability
of the microbial community during Microcystis degradation.
Moreover, good consistency was found between the realistic
Bray–Curtis dissimilarity and the probabilistic βRC index
for the treatment, which suggested the relative importance
of deterministic (niche-related) processes in their microbial
community assembly. Therefore, the input of organic matter
imposed as a systematic ecological filtering to enhance
partial members with specific functional characteristics in the
community (Zhang et al., 2018).

During the anaerobic decomposition of Microcystis, the
relative frequency and dominance of metabolic pathways
significantly varied at each phase, uncovering the non-
overlapping niches of the functional groups in the process.
Mannose is one of the most abundant mono-saccharides
within the Microcystis cells (Jürgens et al., 1989). The relative
frequency of fructose and mannose metabolism pathways was
significantly higher in the treatment group, which suggested
that mannose in the biomass could be effectively transformed
during the decomposition. Not only that, the enriched
amino acid metabolism and secreted peptidases suggested
that Microcystis biomass could provide plenty of carbon and
nitrogen sources for the co-existing microbiomes. Furthermore,
the phosphotransferase system plays an important role in
the transportation and phosphorylation of numerous mono-
saccharides, disaccharides, amino sugars, and other sugar
derivatives through the bacterial cell membrane (Deutscher et al.,
2006). The higher frequency of the phosphotransferase system in
the treatment group indicated the transportation of those small-
molecule intermediates following initial extracellular hydrolysis.

In the ecological processes, microorganisms interact with
each other and therefore form a complex network within
the communities. MENs construction is an ideal way to
characterize the species co-occurring pattern in an ecosystem.
In general, positive links could be attributed to niche overlap

or cross-feeding, and negative links could be attributed
to competition or antagonism (Faust and Raes, 2012). In
the present study, co-existing taxa in the treatment group
was much more connected and clustered than those in the
control group, which implied that the decomposition of
Microcystis or utilization of Microcystis substrates required
inter-specific cooperation among various functional groups.
The lower modularity in treatment group indicated a less
resistance of the system to disturbance. Therefore, the
enhanced connection in the community might be an adaptive
mechanism in response to massive disturbance, i.e., the
organic matter impulse.

Taken together, the community dynamics, predicted functions
and network analysis reflected the transition of the microbial
communities toward a low diverse, high connected and high
effective situation for the nutrient assimilation during algal
carbon/nitrogen transformation.
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Microbes in various aquatic ecosystems play a key role in global energy fluxes
and biogeochemical processes. However, the detailed patterns on the functional
structure and the metabolic potential of microbial communities in freshwater lakes
with different trophic status remain to be understood. We employed a metagenomics
workflow to analyze the correlations between trophic status and planktonic microbiota
in freshwater lakes on Yun-Gui Plateau, China. Our results revealed that microbial
communities in the eutrophic and mesotrophic-oligotrophic lake ecosystems harbor
distinct community structure and metabolic potential. Cyanobacteria were dominant
in the eutrophic ecosystems, mainly driving the processes of aerobic respiration,
fermentation, nitrogen assimilation, nitrogen mineralization, assimilatory sulfate reduction
and sulfur mineralization in this ecosystem group. Actinobacteria, Proteobacteria
(Alpha-, Beta-, and Gammaproteobacteria), Verrucomicrobia and Planctomycetes,
occurred more often in the mesotrophic-oligotrophic ecosystems than those in the
eutrophic ecosystems, and these taxa potentially mediate the above metabolic
processes. In these two groups of ecosystems, a difference in the abundance of
functional genes involved in carbohydrate metabolism, energy metabolism, glycan
biosynthesis and metabolism, and metabolism of cofactors and vitamins significantly
contribute to the distinct functional structure of microbiota from surface water.
Furthermore, the microbe-mediated metabolic potentials for carbon, nitrogen and
sulfur transformation showed differences in the two ecosystem groups. Compared
with the mesotrophic-oligotrophic ecosystems, planktonic microbial communities in the
eutrophic ecosystems showed higher potential for aerobic carbon fixation, fermentation,
methanogenesis, anammox, denitrification, and sulfur mineralization, but they showed
lower potential for aerobic respiration, CO oxidation, nitrogen fixation, and assimilatory
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sulfate reduction. This study offers insights into the relationships of trophic status to
planktonic microbial community structure and its metabolic potential, and identifies the
main taxa responsible for the biogeochemical cycles of carbon, nitrogen and sulfur in
freshwater lake environments.

Keywords: metagenomics, trophic status, taxonomic diversity, community structure, metabolic potential,
planktonic microbiota, lake ecosystem, Cyanobacterial bloom

INTRODUCTION

The microbiota in aquatic ecosystems plays an important role
in elemental cycling and global energy fluxes (Falkowski et al.,
2008; Clark et al., 2018; Cronan, 2018). The relations between
the taxonomic structure of microbial communities in aquatic
environments and complex environmental factors such as trophic
status (Llirós et al., 2014; Wan et al., 2017), seasons (Zhu
et al., 2019), elevation gradient (Li H. et al., 2017), and salinity
(Eiler et al., 2014) have been well studied. However, little is
known about the correlations of these factors with community
functions. Therefore, improving our knowledge about the link
between taxonomy and function of microbial communities can
contribute to a better understanding of the response mechanisms
of microbiota to key environmental changes and gradients
(Logue et al., 2015; Arora-Williams et al., 2018).

The Yun-Gui Plateau Lake Zone is the smallest of the five
lake-zones in China (Ma et al., 2011). About half of the lakes
in this zone, accounting for 90% of the lake area, are located in
Yunnan Province which is a biodiversity hotspot (Zhou et al.,
2019), and these lakes are sensitive areas for recording regional
ecology and global climate change (Li et al., 2015). The plateau
lake ecosystems are vulnerable and not easily restored once
damaged because of the relatively low rate of water exchange and
resilience, and the steep and little-developed lakeshores (Wang
and Dong, 1998; Liao et al., 2016). In the past few decades, some
of these lakes have been seriously damaged by intensification of
human activities, leading to deterioration of water quality and
degradation of ecosystem function (Li W. et al., 2017; Liu et al.,
2017; Gao et al., 2018; Wu et al., 2019). Eutrophication is one
of the biggest of such challenges; it changes the diversity and
composition of lake organisms and poses a serious threat to
ecosystem service function (Liu et al., 2012; Shi et al., 2016; Dong
et al., 2018). To date, most studies have concentrated on microbial
communities in sediment from Yun-Gui Plateau lakes with
different trophic levels (Bai et al., 2012; Dai et al., 2016; Yang et al.,
2017a,b). Only a few studies have focused on microbiota in lake
surface waters, in which the microorganisms are more sensitive
to lake eutrophication than those in sediment (Zeng et al., 2019).
Bacterioplankton compositions in eutrophic Lake Dianchi (Wen
et al., 2012; Dai et al., 2016; Han et al., 2016), mesotrophic
Lake Erhai (Hu et al., 2013) and oligotrophic Lake Haixihai
(Dai et al., 2016) were investigated by analyzing 16S rRNA gene
sequences. Dai et al. (2016) and Han et al. (2016) demonstrated
that trophic status may play important roles in shaping the
taxonomic structure of bacterioplankton communities in the
Yun-Gui Plateau freshwater lakes. Nevertheless, the relations of
lake trophic status to the functional structure of the microbial

communities and the ecological processes within freshwater
systems have seldom been examined.

Because of decreased cost and increased throughput of
sequencing technology (Neufeld, 2017; Quince et al., 2017),
the powerful approach of metagenomics is now widely applied
in studies of microbial communities from many diverse
environments, including soil (Diamond et al., 2019), sediment
(Vavourakis et al., 2018), hosts (Rothschild et al., 2018),
seawater (Sunagawa et al., 2015), and freshwater (Arora-Williams
et al., 2018). A curated set of metabolic marker genes was
used to quantify the genetic potential for microbe-mediated
biogeochemical cycles in a meromictic lake by Lauro et al.
(2011). This method has since been widely used in different
types of ecosystem, including salt marsh (Dini-Andreote et al.,
2016), sediments (Hamilton et al., 2016), an estuary (Kieft
et al., 2018), and a stratified euxinic lake (Llorens-Marès et al.,
2015). Therefore, besides the characterization of community
structure and reconstruction of genomes in individual samples,
comparative analysis of the samples at multiple time points or of
parallel samples across different environmental gradients using
metagenomics facilitates the elucidation of complex microbial
processes in the community, which are difficult to simulate
in the laboratory.

In this study, we applied shotgun metagenomics to examine
the taxonomic and functional structure of surface-water
microbial communities from five freshwater lakes on the Yun-
Gui Plateau. These lakes had four trophic levels: eutrophic, meso-
eutrophic, oligo-mesotrophic and oligotrophic. The relative
abundance of metabolic marker genes was used to assess the
genetic potential for each conversion step of the carbon, nitrogen,
and sulfur cycles in the freshwater lake ecosystems. We explored
the links between microbial composition and metabolic potential,
and inferred the response mechanisms of microbe-mediated
carbon, nitrogen, and sulfur cycles to lake trophic-level changes.
We addressed the following two questions: (a) How does trophic
status relate to distinct taxonomic and functional structures of
planktonic microbial communities? (b) To what extent is it
related to trophic status that each conversion step of microbe-
mediated biogeochemical cycling pathways?

MATERIALS AND METHODS

Study Sites and Sampling
To investigate the relationship of trophic status and the microbial
communities in a plateau lake ecosystem, five lakes with
different trophic status were selected in Yunnan Province, China
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(Supplementary Figure S1 and Table 1). Dianchi Lake (DCL)
and Xingyun Lake (XYL) are eutrophic lakes, turbid with
abundant algae (Yang et al., 2010; Gao et al., 2018). Erhai Lake
(EL) has undergone alteration from mesotrophic to eutrophic
conditions owing to excessive usage of chemical fertilizers and
severe destruction of wetland vegetation along the lakeshore
(Hu et al., 2014; Wang et al., 2015a). Fuxian Lake (FXL)
is oligo-mesotrophic (Cui et al., 2008). Lugu Lake (LGL) is
oligotrophic, and clear with abundant submerged plants (Liao
et al., 2015). Water samples were collected from the surface layer
(0–0.5 m depth) of each lake between June 2014 and September
2017. Our study focused on the planktonic microbes in water
samples, and the methods of sample collection are described in
Supplementary Table S1 and Supplementary Figure S2. Two
samples (DCL-1 and XYL-1) from eutrophic lakes during the
algal bloom period were filtered to enrich the “Cyanobacteria-
attached” fraction (CA, >64 µm) (Li et al., 2011), and the
other samples were collected with mixed-size fractions (>0 µm,
>0.2 µm, and 0.2–64 µm). The volume of water sampling water
was determined by the abundance of the planktonic microbial
community and the size-fraction of filtration to ensure sufficient
biomass for metagenomic DNA extraction. Collected biomass
was stored at −80◦C until processing. The sampling dates,
sampling locations and physicochemical properties of lake water
are shown in Table 1. A flow diagram describing the data analysis
process is shown in Supplementary Figure S3, and scripts used
in this study are available in a public GitHub repository1.

DNA Extraction, Sequencing, and
Assembly
Total community DNA extraction was conducted following a
modified phenol-chloroform method from Xie et al. (2016).
Metagenome sequencing was performed on an Illumina Genome
Analyzer IIx, and yielded > 40 GB per library (>276 M reads,
150 bp paired-end, insert size ∼300 bp). Reads from the same
lake were then co-assembled with MEGAHIT assembler (Li
et al., 2016) (v.1.1.1, with preset meta-large). Coding sequences
(CDSs) were predicted using Prodigal v2.6.3 (-p meta) in all
contigs > 500 bp long (Hyatt et al., 2012). In each sample,
clean reads were aligned back to the contigs using Bowtie2
(Langmead and Salzberg, 2012) and counted by featureCounts
(Smyth et al., 2013). The number of reads for each CDS was
normalized to “transcripts per million” (TPM) as described
elsewhere (Ribicic et al., 2018).

Taxonomic and Functional Assignment
of Metagenome
Two main approaches were chosen for taxonomic annotation,
involving assembly free and assembly based methods (Quince
et al., 2017). The clean reads from each sample were classified
for community composition analysis by using the assembly free
approach. The Kaiju classifier (Menzel et al., 2016) was used to
assign metagenomic reads against the subset of NCBI-NR protein
database (bacteria, archaea, virus) (E-value 0.05). Then, the

1https://github.com/shenmengyuan/Yun-Gui_plateau_lake

kaijuReport program was used to count the phylum-level, class-
level, and order-level abundance of each sample. In addition, the
predicted CDSs were taxonomically assigned to filter eukaryotic
contamination by using the assembly based method. Diamond
(Buchfink et al., 2015) was used to compare predicted protein
sequences against the NR database (version Apr 2, 2019; blastp -f
100 -e 0.00001 –sensitive –top 3), and then the LCA algorithm in
MEGAN6 (blast2lca -f DAA -m BlastP) was performed for CDSs
to produce a taxonomic classification (Huson et al., 2016).

Functional analysis was performed based on microbial CDSs.
The GhostKoala server2 was used to functionally annotate
each CDS by giving KEGG Orthology (KO) accession numbers
(Kanehisa et al., 2016). Then, the annotated functional CDSs were
extracted and assigned to KEGG metabolism of level 2 categories
for subsequent distribution analysis of CDSs with metabolism.
The TPM values of CDSs from the same functional category
were added together.

The analysis of metabolic potential focused on three elemental
biogeochemical cycles (carbon, nitrogen, and sulfur) for the
four trophic lake types. To infer the genetic potential of each
lake ecosystem, the relative abundance of metabolic marker
genes (KO accession numbers) identified in previous studies was
calculated as described elsewhere (Lauro et al., 2011; Llorens-
Marès et al., 2015; Dini-Andreote et al., 2016; Hamilton et al.,
2016; Kieft et al., 2018). In this study, 50 marker genes were used,
representing 20 microbe-mediated elemental cycling processes
(Supplementary Table S2).

Statistical Analysis
Phylum-level read count data matrices and functional abundance
matrices were Hellinger-transformed, respectively. Unweighted
pair group method with arithmetic mean (UPGMA) clustering
analysis and principal coordinate analysis (PCoA) were used
to display and compare the patterns of taxonomic structure
and metabolic function among different samples. In addition,
the significant variance (P < 0.01) between groups of samples
was assessed by permutational multivariate analysis of variance
(PERMANOVA). The correlation between taxonomic and
functional composition was calculated by the Mantel test
(9999 permutations). Similarity percentage (SIMPER) analysis
determined the contributions from each metabolic function
group to PERMANOVA reported differences. Based on the
taxonomic annotation of the metagenomic reads results at the
order-level, the alpha-diversity of each community was calculated
using the ‘diversity()’ function.

Environmental data were normalized to z-scores before
calculating distance. Euclidean distance was used for
environmental data, and Bray-Curtis distance was used for
compositional data. Based on these distance matrices, Mantel
correlations between environmental data and taxonomic and
functional compositional data were calculated, respectively.
Furthermore, pairwise Pearson’s correlation analysis was carried
out to examine the relationship between environmental variables.
Pearson’s correlation analyses between all environmental factors
and the relative abundances of the functional categories were

2www.kegg.jp/ghostkoala/
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TABLE 1 | Description of the samples used in this study.

Sample ID DCL-1 DCL-2 XYL-1 XYL-2 EL-1 EL-2 FXL-1 FXL-2 LGL-1 LGL-2

Physicochemical
properties

Date 20160618 20170925 20160607 20170924 20140614 20170721 20151210 20170924 20160518 20170812

Location 24.96◦N 24.95◦N 24.38◦N 24.36◦N 25.94◦N 25.90◦N 24.57◦N 24.38◦N 27.71◦N 27.71-27.73◦N

102.65◦E 102.66◦E 102.78◦E 102.79◦E 100.16◦E 100.15◦E 102.89◦E 102.85◦E 100.78◦E 100.76-100.80◦E

WT (◦C) 22.13 21.80 25.08 23.80 23.50 22.20 16.91 22.40 15.19 20.87

PH 8.45 8.63 8.88 9.45 9.51 8.66 8.04 8.94 8.18 8.76

TP (mg/L) 0.544 0.351 0.468 0.581 0.032∗ 0.031 0.022 0.020 0.024 0.013

TN (mg/L) 5.815 4.816 5.181 4.151 0.57∗ 0.593 0.220 0.168 0.048 <0.103

Geographic
information#

Lake Lake Dianchi Lake Xingyun Lake Erhai Lake Fuxian Lake Lugu

Trophic status Eutrophic Eutrophic Mesoeutrophic Oligomesotrophic Oligotrophic

Basin The Yangtze River The Pearl River The Lancang River, Jinsha, and Yuanjiang Rivers The Pearl River The Yangtze River

Water level (m a.s.l.) 1887.4 1722 1971 1721 2690.75

Area (km2) 308.6 34.7 249.8 211 48.25

Average water
depth (m)

4.4 7 10.5 87 40.3

Maximum depth(m) 6 11 21.5 155 93.5

Volume (108 m3) 11.69 1.84 25.31 189 19.53

Lake type Shallow Shallow Shallow Deep Deep

Metagenomic
survey

Clean data (Gbps) 50.60 58.91 50.38 64.12 63.43 63.98 60.49 53.01 51.85 41.43

Number of clean
reads

337,333,394 392,760,680 335,888,304 427,445,344 422,842,886 426,528,358 403,286,044 353,402,296 345,656,552 276,184,372

Number of contigs
(>500 bps)

2,381,193 2,318,367 3,929,297 3,368,043 1,604,121

Number of
predicted CDS

3,775,712 3,059,812 6,560,747 5,229,770 2,840,196

% Predicted CDS
with taxonomic
group assignment

60.22 44.12 57.69 40.85 58.89

% Predicted CDS
with KOs
assignment

26.45 20.66 27.24 20.23 27.91

Bacteria (%, based
on reads from
metagenomic data)

23.31 33.11 14.66 41.15 13.65 18.79 19.69 12.55 22.61 28.97

Archaea (%, based
on reads from
metagenomic data)

0.04 0.02 0.01 0.01 0.02 0.03 0.03 0.02 0.03 0.02

Viruses (%, based
on reads from
metagenomic data)

0.74 0.09 0.03 0.03 0.06 0.14 0.28 0.08 0.39 0.11

TN, total nitrogen concentration (mg/L); TP, total phosphorus concentration (mg/L); WT, water temperature; ∗Data source: Cao et al. (2018). #Data source: Cui et al. (2008); Yang et al. (2010), Hu et al. (2014); Liao et al.
(2015), Wang et al. (2015a,b), Ding et al. (2017); Gao et al. (2018).
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performed using the ‘corr.test’ function. Redundancy analysis
(RDA) was performed to investigate the relationships between
environmental variables and microbial communities. Based on
Monte Carlo permutation tests (n = 999 permutations), only the
significant environmental variables were accepted (p < 0.05) for
RDA. In addition, to avoid col-linearity among environmental
variables, high variance inflation factors (VIF > 20) were
eliminated. Environmental variables significantly explaining
community variations were selected by using forward model
selection with the ‘ordistep’ function, and then the variance
explained by each key variable was evaluated by variation
partitioning. All of the above statistical analyses were performed
using the vegan (Oksanen et al., 2019) and psych (Revelle, 2019)
packages in R version 3.5.3.

STAMP software was used to test for differences in microbial
community structure and relative abundance of KOs between
groups, as described elsewhere (Castro-Nallar et al., 2015).
White’s non-parametric t-test in STAMP was applied to
compare the relative abundance of phyla, orders and KOs
between two groups of lake samples (White et al., 2009).
A percentile bootstrapping method (10,000 replications) was
used to estimated confidence intervals, and the false discovery
rate (FDR) in multiple testing was corrected with the Storey’s
FDR method (p < 0.05) (Storey et al., 2004). The trophic
preference KO lists were then uploaded to the online functional
pathway mapping tool iPath3 (Interactive Pathways Explorer v33)
for visualization. KOs that differentially segregated across groups
were identified from 50 metabolic marker genes by random
forest analysis with Boruta feature selection (R package Boruta,
maxRuns = 1000).

RESULTS

Diversity of Microbial Communities
On average, 372.13 million high-quality sequence reads with an
average length of 150 bp were obtained from 10 samples from
the five lakes with different trophic levels located on the Yun-Gui
Plateau (Table 1). The taxonomic assignment of the microbial
communities was performed using short reads-based methods.
A minority of metagenomic reads could be classified (12–41%).
The bacterial domain was the main taxonomic component of the
microbial community in all lake samples.

A Bray–Curtis matrix of samples was used to generate a
dendrogram using the UPGMA clustering method. The samples
from the five lakes were classified into two groups (Figure 1A).
Group I included the four samples from Dianchi Lake and
Xingyun Lake. These two lakes were hypertrophic. Group II was
a complex cluster, consisting of the six samples from EL, FXL,
and LGL. PCoA showed that the classification of lake samples
was highly consistent with that by UPGMA analysis (Figure 1B).
Furthermore, the PCoA plot indicated that trophic status
(eutrophic or mesotrophic-oligotrophic conditions) explained
75.73% of the change in beta-diversity, that was, the total
variation in planktonic microbial community structure between

3https://pathways.embl.de/

groups (PERMANOVA, Pseudo-F = 15.867, p < 0.01). In
addition, compared with the samples in Group II, the samples
in Group I had lower taxonomic alpha-diversity (Wilcoxon test,
p < 0.01) (Figure 1C and Supplementary Table S3).

Taxonomic Structure of Microbial
Communities
Taxonomic annotation showed that the structural composition
of the microbial community at the phylum level varied
between Groups I and II (Figure 1A and Supplementary Table
S4a). We compared the taxonomic structures of these two
groups at the phylum-level (Figure 1D and Supplementary
Table S5a). Hits to the bacterial phylum Cyanobacteria were
more abundant in Group I metagenomic datasets (on average
73.26 ± 13.11%, q-value < 0.01, difference in mean proportions
[DM] 62.65%) than in Group II datasets, and Actinobacteria
were dominant in Group II (on average 28.07 ± 5.15%,
q-value < 0.05, DM −26.22%). Other notable taxa in Group
II were Alphaproteobacteria (on average 15.79 ± 5.32%,
q-value < 0.05, DM −7.91%), Betaproteobacteria (on average
15.34 ± 2.32%, q-value < 0.05, DM −9.50%), Bacteroidetes
(on average 10.58 ± 3.07%, q-value < 0.05, DM −5.77%),
Verrucomicrobia (on average 7.02 ± 4.27%, q-value < 0.05,
DM −6.77%), Planctomycetes (on average 3.97 ± 3.02%,
q-value < 0.05, DM −3.00%), and Gammaproteobacteria (on
average 3.95 ± 2.78%, q-value < 0.05, DM −2.32%).

Moreover, we also identified significant relative
abundance differences between the groups at the order-
level (Supplementary Figure S4 and Supplementary Table S4b).
Of the 209 orders recovered, 16 (7.66%) were overrepresented
in one of the two groups (q-value < 0.05, absolute difference
between means > 1%) (Figure 1D and Supplementary
Table S5b). For example, we observed a higher proportion
of reads affiliated to Chroococcales (phylum Cyanobacteria,
q-value < 0.05, DM 73.79%) in Group I than in Group II;
conversely, more metagenomic reads of Burkholderiales were
detected in Group II than that in Group I (Betaproteobacteria,
q-value < 0.05, DM −13.37%).

Functional Structure of Microbial
Communities
Assembly of ∼213 Gbps metagenomic sequences yielded ∼14
M contigs (18 Gbps), and ∼24 M predicted CDSs (excluding
eukaryotic CDSs) across the five sampled lakes. Between
40.85 and 60.22% of CDSs were assigned to a taxonomic
group, and between 20.23 and 27.91% were annotated to
KOs (Table 1). PCoA based on selected KOs involved in
metabolism revealed a distinct separation of functional structures
between Groups I and II (Figure 2A) (PERMANOVA, Pseudo-
F = 18.358, p < 0.01), with a similar ordination pattern to
the taxonomic structure (Figure 1B). Interestingly, there was
a significant correlation between the functional and taxonomic
structures inferred from metagenomic reads (Mantel’s test,
Pearson r = 0.964; p < 0.001).

Carbohydrate metabolism was the most abundant functional
category, with relative abundance range from 22.31 to 25.34%
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FIGURE 1 | Taxonomic structure and diversity of planktonic microbial communities in lakes exhibiting different trophic status. (A) The taxonomic structure across
samples. The relative abundance of reads grouped at the phylum-level is shown for each metagenome library. Phyla with relative abundance not in the top ten are
shown as “Other.” Hierarchical clustering (UPGMA) based on Bray–Curtis dissimilarity matrices. See detailed information in Supplementary Table S4a. (B) PCoA
based on complete taxonomic community profiles with 75% confidence ellipses (phylum-level taxonomic annotations). Significant clusters are indicated by dashed
lines (PERMANOVA, 9999 permutations, P < 0.01). (C) Boxplots figure shows the range of different alpha diversity indices. The box represents the lower quartile,
median, and upper quartile. See detailed information in Supplementary Table S3. (D) The extended error bar plot shows that phyla and orders significantly
over−/−under-represented in Group I and Group II samples (see Supplementary Tables S5a,b). The difference in mean proportions and the corrected p-value of
significance are also pointed out.

within samples (Figure 2B). The second most abundant
functional category was amino acid metabolism (18.81–21.17%),
followed by energy metabolism (13.25–18.41%). SIMPER analysis
was performed to determine the categories making a significant
contribution to the differences between groups. Based on the
average abundance of functional categories in Groups I and II,
we found that functional categories of carbohydrate metabolism,
energy metabolism, glycan biosynthesis and metabolism, and
metabolism of cofactors and vitamins (SIMPER ratio > 2.0%,
FDR padj < 0.01) were different between Group I and
Group II samples. A total of 1395 significantly different KOs
were successfully mapped onto the KEGG reference metabolic
pathway map (Supplementary Figure S5 and Supplementary
Table S5c), which indicated that the interrelation of the microbial

taxa both within and between these various categories of
metabolism deserves further study.

Correlations Between Environmental
Factors and Community Composition
The environmental characteristics of the five lakes are displayed
in Table 1. The five lakes involved in this study represented
a wide range of trophic status, including oligotrophic, oligo-
mesotrophic, meso-eutrophic and eutrophic ecosystems. They
range from 0.048 to 5.815 mg/L total nitrogen (TN), and 0.013
to 0.581 mg/L total phosphorus (TP). Furthermore, TN was
positively correlated with TP (Pearson’s test R2 > 0.95, p< 0.001)
(Figure 3A). Water temperature (WT) and PH were positively
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FIGURE 2 | Functional structure of planktonic microbial communities in lakes with different trophic status. (A) PCoA based on selected KOs involved in the
metabolism pathway with 90% confidence ellipses. (B) Heatmap representing the functional clustering of the predicted CDS from the metagenomic data based on
the KEGG categories of metabolism level 2. Hierarchical clustering (UPGMA) based on Bray–Curtis dissimilarity matrices.

correlated with TN and TP, and most of lake geography factors
(average water depth, volume and water level) were negatively
correlated with lake water quality factors (WT, PH, TN, and TP).
It should be noted that the average water depth had a strong
negative correlation with WT, TN and TP. Mantel tests indicated
that TN and TP were strongly related to taxonomic and gene
functional composition (Mantel’s R > 0.7, p < 0.01) (Figure 3A).

In the RDA model (Figure 3B), environmental factors
including TN, TP, WT and average water depth made
significant contributions to the relationship between taxonomic
composition and environment (p < 0.05), and the first
axis (RDA1) explained 79.65% of the total variance for the
planktonic microbial communities. TN and TP were positively
associated with the proportion of Cyanobacteria, but they were
negatively associated with the proportion of Actinobacteria,
Proteobacteria (Alpha-, Beta-, and Gammaproteobacteria),
Bacteroidetes, Planctomycetes and Verrucomicrobia. The results
of variation partitioning further showed that TN and TP jointly
explained 77.9% of the changes in community structure, among
which TN and TP explained 67.7 and 75.5% of the community
changes, respectively (Figure 3B). A heatmap showed Pearson’s
correlations between all environmental factors and the relative
abundances of the functional categories with an important
contribution to the differences between groups (Figure 3C).
TN and TP were positively related to energy metabolism and
metabolism of cofactors and vitamins (p < 0.01), while they
were negatively related to carbohydrate metabolism and glycan
biosynthesis and metabolism (p < 0.01).

Community Metabolic Potential
We used the TPM value of each marker genes present in
the samples from the five lakes as proxies for the genetic
potential of microbiota in different steps of the C, N, and
S cycles. Among 50 marker genes, 17 were found to have

a different distribution between the two groups (Figure 4).
Furthermore, marker gene-level hierarchical analysis grouped the
samples according to trophic state, which was consistent with the
grouping results from other community annotations, including
taxonomic classification and metabolism.

In the carbon cycle, in all lakes, the main pathway detected
was aerobic respiration, by Cyanobacteria in Group I, and by
Actinobacteria and Alphaproteobacteria in Group II (Group I:
41.84%; Group II: 62.79%; p < 0.01) (Figure 5, Supplementary
Figure S6, and Supplementary Table S6). Aerobic carbon
fixation through the Calvin cycle in Group I was mainly driven by
Cyanobacteria, and the potential was higher than that in Group
II where it was driven by Cyanobacteria and Betaproteobacteria
(p < 0.01). In addition, fermentation in Group I was also driven
by Cyanobacteria, and the potential was higher than that in
Group II where it was driven by Planctomycetes (p < 0.01). The
potential for CO oxidation in Group II, driven by Actinobacteria
and Betaproteobacteria, was higher than that in Group I where it
was mediated by Alphaproteobacteria (p < 0.01). Notably, low
abundance methanogenesis marker genes from Euryarchaeota
were detected only in Group I.

In the nitrogen cycle, there was no statistically significant
difference in the genetic potential for metabolic processes
between the two groups, but we could still observe some
interesting results. Marker genes associated with the processes
of N assimilation and mineralization accounted for the major
proportion of nitrogen cycle genes in both groups (Group I:
65.25% and 29.43%; Group II: 70.87% and 25.34%, respectively)
(Figure 5). In communities belonging to Group I, these processes
were mainly driven by Cyanobacteria, whereas in Group II
they were driven by Actinobacteria. The genetic potential for
anammox and denitrification in Group I was higher than that
in Group II, while the potential for nitrogen fixation and nitrate
reduction in Group I was lower than that in Group II. There was
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FIGURE 3 | Environmental drivers of community composition. (A) Pairwise comparisons of environmental factors are shown. The color gradients and box sizes
represent Pearson’s correlation coefficient, and red indicates a positive correlation and blue indicates a negative correlation. Taxonomic and functional (based on
metabolism KEGG modules) community composition are related to each environmental factor by Mantel tests. Line width corresponds to the Mantel’s r statistic for
the corresponding distance correlations, and line color indicates the statistical significance based on 9999 permutations. (B) Redundancy analysis (RDA) is
performed on the taxonomic profile (phylum level) and key environmental characteristics (WT, TN, TP, average water depth). Arrows indicate the correlation between
environmental parameters and community structure. (C) Pearson’s correlations between all environmental factors and the relative abundances of the different
metabolism categories (∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05).

no obvious difference between groups in the potential for, and
mediating-microbiota for, ammonification, nitrification, nitrate
reduction and nitrite oxidation.

In the sulfur cycle, sulfur mineralization and assimilatory
sulfate reduction processes had the highest genetic potential in
all lakes. The genetic potential for assimilatory sulfate reduction
in Group II was driven by Actinobacteria, and which was higher
than that in Group I where it was mediated by Cyanobacteria
(p < 0.01). Conversely, the potential for sulfur mineralization
in Group I, mediated by Cyanobacteria, was higher than that in
Group II, where it was mediated by Proteobacteria (p < 0.01).

DISCUSSION

Distinct Taxonomic Structure and
Diversity of Communities in Each
Ecosystem
In this study, the percentage of reads that could be taxonomically
classified was relatively low. This is a reasonable outcome,

explained by the incomplete information contained in reference
databases and eukaryotic contamination in environmental
metagenomes (Gori et al., 2011; Miller et al., 2019). Nevertheless,
the annotation results reflect the composition of the microbial
communities in the samples based on high-quality assignments.

Only a few studies have shown that there are remarkable
differences in planktonic microbial community structure in
freshwater lakes with different trophic status (Dai et al., 2016;
Han et al., 2016; Hanson et al., 2017; Ji et al., 2018). In this
study, we found that there were large differences in the taxonomic
structures of the microbial communities from eutrophic
(Group I) and mesotrophic-oligotrophic (Group II, the trophic
level from mesotrophy to oligotrophy) freshwater ecosystems in
the Yun-Gui Plateau. Moreover, our results suggested that the
abundance of the phylum Cyanobacteria (order Chroococcales),
which was dominant in eutrophic conditions, was significantly
higher in eutrophic environments than that in mesotrophic-
oligotrophic environments. In the mesotrophic-oligotrophic
ecosystems, the phyla of Actinobacteria and Proteobacteria
(Alpha-, Beta-, and Gammaproteobacteria) became dominant,
indicating that they have a distinct preference for less eutrophic
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FIGURE 4 | Distribution of KOs involved in C, N, S cycle transformations in samples collected along the five Yun-Gui Plateau lakes. The heatmap displays the relative
abundance [log2(TPM + 1)] of KOs across all samples. Hierarchical clustering (UPGMA) based on Bray–Curtis dissimilarity matrices. KOs that differentially
segregated across groups are identified by random forest analysis with Boruta feature selection (1000 runs > 4).

conditions. Thus, we focused on the correlation between these
key taxonomic groups and trophic status. The results of RDA
revealed that the occurrence of the phylum Cyanobacteria
correlated with trophic status (McMahon and Read, 2013), and
the occurrence of Actinobacteria and Proteobacteria (Alpha-,
Beta-, and Gammaproteobacteria) with less eutrophic states
(Haukka et al., 2006; Ji et al., 2018). The co-occurrence of the key
taxa and the particular trophic level indicates that each taxonomic
group has unique characteristics in freshwater lake ecosystems.
For example, Alphaproteobacteria are competitive in conditions
of low nutrient/substrate utilization rate (Newton et al., 2011),
and Cyanobacteria outcompete other planktonic microbes for
nutrients in eutrophic systems (McMahon and Read, 2013).

Liu et al. (2012) reported that deeper lakes usually have
better water quality than shallow lakes, and lake depth plays
an important role in explaining the spatial dynamic of water

quality in Yunnan Plateau. In our study, we observed the
same findings that eutrophic ecosystems were shallow lakes
and mesotrophic-oligotrophic ecosystems were deep lakes. It
may be due to the deep lakes are associated with higher
nutrient dilution ability than shallow lakes (Liu et al., 2012).
The correlation analysis between environmental factors indicated
that lake depth has significant relationships with TN and TP
concentrations. Thus, we propose the average water depth of a
lake can be used as a predictor of eutrophication. Additionally,
previous studies have reported that the diversity pattern of
planktonic bacterial communities in freshwater systems could
be significantly correlated with TN and TP concentrations when
subjected to eutrophication (Dai et al., 2016; Zeng et al., 2019),
and this is consistent with the results of our RDA and variation
partitioning. Although there were some differences in sampling
time, location and size fraction of samples from the same lake in
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FIGURE 5 | Distribution of genes involved in the carbon, nitrogen and sulfur cycle. Genetic potential for several processes of the C, N, S cycle in the five Yun-Gui
Plateau lakes using normalized marked genes. The genetic potentials for each conversion process are assessed based on the combination of these selected marker
genes. For marker genes in the same process, the TPM values of genes with the same metabolic function are averaged, and the TPM values of genes with different
metabolic functions are added. Arrow sizes are proportional to the genetic potential of the pathways (100% values of each cycle, see Supplementary Table S6).
Dotted lines indicate that marked genes are rarely detected. Differences across trophic status are shown by z-score heatmap boxes indicated in each C/N/S
transformation.

our study, the clustering of all samples still showed a significant
pattern. Samples could be divided into two groups according
to the trophic status of the lake. In addition, we observed that
there were important differences in taxonomic alpha- and beta-
diversity patterns across trophic gradients. Consequently, we
conclude that the taxonomic diversity of planktonic microbial
communities in freshwater lakes may be related to trophic
status. Horner-Devine et al. (2003) observed that the diversity
of planktonic bacteria exhibits a downward arched (parabolic)

pattern along a gradient of primary productivity. Zeng et al.
(2019) also found that the planktonic bacterial community has
a positive quadratic relationship with the trophic level. Our
results reflected a similar trend, that the alpha-diversity of
planktonic microbiota in the eutrophic systems was significantly
lower than that in mesotrophic-oligotrophic conditions, and
within the mesotrophic-oligotrophic ecosystems, the alpha-
diversity in the mesotrophic lake was higher than that in the
oligotrophic lake.
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Distinct Functional Structure of
Communities in Each Ecosystem
Previous studies suggested that the functional structure of the
microbial community is strongly associated with the taxonomic
structure across the soil, estuary water and lake ecosystems
(Dini-Andreote et al., 2016; Ren et al., 2017; Kieft et al.,
2018). The profile of microbial community functions during a
Cyanobacterial bloom in a eutrophic freshwater lake has been
reported (Steffen et al., 2012; Chen et al., 2018). However, no
comparative metagenomics study has been performed revealing
the differences in microbial communities in lakes with different
trophic status. Using metagenomic analysis, we observed a large
difference in the functional structure of the planktonic microbial
community between eutrophic and mesotrophic-oligotrophic
freshwater ecosystems in the Yun-Gui Plateau lakes, which
was strongly correlated with the differences in the taxonomic
structures of the communities. By correlation analysis between
environmental factors and functional categories, we found that
the functional profiles of lakes with different trophic status were
mainly correlated to TN and TP concentrations.

Our results showed that genes encoding carbohydrate
metabolism and glycan biosynthesis and metabolism were
abundant in mesotrophic-oligotrophic freshwater ecosystems,
suggesting that microbial communities in surface water of
mesotrophic-oligotrophic freshwater ecosystems may have
higher utilization rates of organic carbon and higher carbon
flux than those of eutrophic systems (Biddanda et al., 2001).
Furthermore, genes involved in energy metabolism and
cofactors and vitamin metabolism were abundant in the
eutrophic ecosystems, which probably related to the high
abundance of Cyanobacteria driving rapid energy conversion
in this ecosystem and the need for heterotrophic bacteria
to produce a large number of cofactors and vitamins (Tang
et al., 2010; Li et al., 2018). Accordingly, we inferred that
trophic status may contribute to changes in ecosystem function
by driving the taxonomic and functional divergence of the
microbial community.

Metabolic Potential of Communities in
Each Ecosystem
Owing to variance in the overall functional potential distributions
of microbial communities, it can be hypothesized that microbe-
mediated biogeochemical cycles are ecosystem-specific, resulting
in differences in genetic potential for carbon, nitrogen and sulfur
cycling processes in the overlying water of freshwater lakes with
different trophic states.

In our study, two high abundance metabolic processes,
nitrogen assimilation and nitrogen mineralization, had equal
potential across all lakes, indicating that differences in taxonomic
composition do not influence the potential of the community
to drive these processes. However, the relative abundance
of markers of some processes was not constant between
ecosystems. For instance, the potential for aerobic respiration
and assimilatory sulfate reduction was relatively more abundant
in the mesotrophic-oligotrophic freshwater ecosystems, while
aerobic carbon fixation, fermentation and sulfur mineralization

genes were relatively more abundant in the eutrophic freshwater
ecosystems. Although lakes only account for a small fraction of
the surface of the Earth (Chen et al., 2015), changes in these
processes caused by trophic alteration in freshwater lakes may
affect global biogeochemical cycles.

The phylum Cyanobacteria plays a crucial role as a primary
producer in freshwater ecosystems, and it provides organic
matter through photosynthesis to support the growth of various
heterotrophic planktonic bacteria (Fujii et al., 2016). Therefore, it
is reasonable that eutrophic ecosystems with a high abundance
of Cyanobacteria have a stronger potential for aerobic carbon
fixation. Furthermore, in shallow eutrophic lakes, the occurrence
of algal blooms in summer not only provides abundant organic
matter, but also forms a local dark and anaerobic environment
in the overlying water. Stal and Moezelaar (1997) reported
that in dark, anoxic conditions, Cyanobacteria use fermentation
instead of aerobic respiration as an alternative means of energy
generation. Hence, Cyanobacteria in eutrophic ecosystems drive
fermentation processes to produce energy to compensate for the
relatively low potential of aerobic respiration.

There have been few studies on CO oxidation in lake
surface waters. CO in water mainly comes from photochemical
degradation of Chromophoric/Colored dissolved organic
matter (Stubbins, 2001), which is accelerated by nutrient
accumulation (Zhang et al., 2010; Zhou et al., 2018a). Therefore,
a eutrophic ecosystem should have more CO flux. However,
the abundance of marker genes related to CO oxidation
in the mesotrophic-oligotrophic freshwater ecosystems was
higher than that in the eutrophic lakes, indicating that the
CO oxidation potential in the mesotrophic-oligotrophic
lakes was higher. This may be because of microorganisms
need more efficient energy harvesting in conditions of low
nutrition, and higher primary productivity can reduce the
dependence of planktonic microorganisms on exogenous carbon
in eutrophic waters. Furthermore, we found that methanogenesis
was driven by Euryarchaeota in the eutrophic surface water
of Dianchi Lake. Recent works have revealed that a large
fraction of CH4 oversaturation in aquatic environments is
produced in oxygenated surface waters (Townsend-Small
et al., 2016; Zhou et al., 2018b). Thus, we suspect that a local
anaerobic environment caused by Cyanobacterial blooms
in eutrophic lakes may promote the production of CH4 in
aerobic overlying water to some extent (Xing et al., 2012).
Evans et al. (2017) reported that eutrophication causes
lakes to transition from sinks to sources of carbon. Our
data suggest carbon accumulation in the eutrophic lake
because of increased carbon fixation potential relative to
respiratory potential.

Wu et al. (2019) found that algal blooms could accelerate
the nitrogen cycling rate. Our results showed that there was
no dramatic divergence in the potential for N-cycle processes
between the eutrophic and the mesotrophic-oligotrophic
freshwater ecosystems, but there were some noteworthy
differences in anammox, denitrification and nitrogen fixation.
Rich organic matter produced by algal blooms can be converted
into ammonia and nitrate for anammox and denitrification
(Wu et al., 2019). Hence, we infer that there are high potentials
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for these two processes in eutrophic ecosystems, which may
be the result of an accelerated N-cycle within this ecosystem.
In addition, the lower potential for nitrogen fixation in
eutrophic ecosystems is the result of the presence of rich organic
matter, while the higher potential for nitrogen fixation in the
mesotrophic-oligotrophic ecosystems is most likely related to a
lack of organic matter.

Although sulfur cycling in freshwater sediments and vertical
water columns has been well studied (Cai et al., 2019; Ren
et al., 2019), the genetic potential for sulfur transformation
in surface waters of lakes with different trophic status has
not been studied. With the death of a large number of
Cyanobacteria in eutrophic lakes, the high content of sulfur-
containing amino acids in their cells might be released (Lu et al.,
2013), resulting in a water column enriched with organic sulfur.
Our results showed that planktonic microbial communities in the
eutrophic ecosystems exhibited less abundance of assimilatory
sulfur reduction-related genes to produce organic sulfur; on the
contrary, planktonic microbial communities in the eutrophic
ecosystems exhibited higher potential for sulfur mineralization
than those in the mesotrophic-oligotrophic environments, which
may lead to the tendency of the eutrophic ecosystems to
release H2S gas.

CONCLUSION

Our research reports on the planktonic microbial communities
of five plateau freshwater lakes with different trophic status,
located in Yunnan, China. The trophic alterations caused
by anthropogenic activities are not only related to microbial
community composition, but also to the genetic potential for
important carbon, nitrogen and sulfur biogeochemical cycling
reactions mediated by microbes in the surface waters.

The overall differences in metabolic functions and the
genetic potential for elemental cycling were strongly related
to divergence in the taxonomic structure and diversity of the
planktonic microbial communities. Energy metabolism and
cofactors and vitamin metabolism had strong representation in
the eutrophic ecosystems; carbohydrate metabolism and glycan
biosynthesis and metabolism had strong representation in the
mesotrophic-oligotrophic ecosystems. Moreover, the phylum
Cyanobacteria, dominant in the eutrophic ecosystems, mainly
mediated the processes of aerobic respiration, fermentation,
nitrogen assimilation, nitrogen mineralization, assimilatory
sulfate reduction and sulfur mineralization in this system.
The phyla Actinobacteria and Proteobacteria (Alpha-,
Beta-, and Gammaproteobacteria), Verrucomicrobia and
Planctomycetes showed higher relative abundance in the
mesotrophic-oligotrophic ecosystems than those in the eutrophic
ecosystems. In the mesotrophic-oligotrophic ecosystems, aerobic
respiration, nitrogen assimilation, nitrogen mineralization
and assimilatory sulfate reduction were mainly mediated by
the phylum Actinobacteria, sulfur mineralization was mainly
driven by Alphaproteobacteria, and fermentation was mainly
driven by Planctomycetes. Planktonic microbial communities
in the eutrophic ecosystems had higher potential for aerobic

carbon fixation, fermentation, methanogenesis, anammox,
denitrification and sulfur mineralization than those in the
mesotrophic-oligotrophic ecosystems. Besides, planktonic
microbial communities in the mesotrophic-oligotrophic
ecosystems had higher metabolic potentials for aerobic
respiration, CO oxidation, nitrogen fixation and assimilatory
sulfate reduction than those in the eutrophic ecosystems.
Overall, trophic preference of some key taxonomic groups
leads to communities with distinct taxonomy and functions,
corresponding to ecosystem-specific carbon, nitrogen and sulfur
cycles in Yun-Gui Plateau freshwater lakes characterized by
different trophic status.
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Methanotrophs are of major importance in limiting methane emissions from lakes.

They are known to preferably inhabit the oxycline of stratified water columns, often

assumed due to an intolerance to atmospheric oxygen concentrations, but little is

known on the response of methanotrophs to different oxygen concentrations as well

as their preference for different electron acceptors. In this study, we enriched a

methanotroph of the Methylobacter genus from the oxycline and the anoxic water

column of a stratified lake, which was also present in the oxic water column in the

winter. We tested the response of this Methylobacter-dominated enrichment culture

to different electron acceptors, i.e., oxygen, nitrate, sulfate, and humic substances,

and found that, in contrast to earlier results with water column incubations, oxygen

was the preferred electron acceptor, leading to methane oxidation rates of 45–72 pmol

cell−1 day−1. Despite the general assumption of methanotrophs preferring microaerobic

conditions, methane oxidation was most efficient under high oxygen concentrations

(>600µM). Low (<30µM) oxygen concentrations still supported methane oxidation,

but no methane oxidation was observed with trace oxygen concentrations (<9µM)

or under anoxic conditions. Remarkably, the presence of nitrate stimulated methane

oxidation rates under oxic conditions, raising the methane oxidation rates by 50%

when compared to oxic incubations with ammonium. Under anoxic conditions, no

net methane consumption was observed; however, methanotroph abundances were

two to three times higher in incubations with nitrate and sulfate compared to anoxic

incubations with ammonium as the nitrogen source. Metagenomic sequencing revealed

the absence of a complete denitrification pathway in the dominant methanotroph

Methylobacter, but the most abundant methylotroph Methylotenera seemed capable of

denitrification, which can possibly play a role in the enhanced methane oxidation rates

under nitrate-rich conditions.

Keywords: methanotroph culture, nitrate, electron acceptor, Methylobacter, microaerobic, methane oxidation,

oxygen concentration
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INTRODUCTION

Methane is the second most important greenhouse gas on
earth, and a direct reduction in methane emissions is needed
to keep global temperatures below the goal of 1.5◦C above
pre-industrial levels (Rogelj et al., 2018). Methanotrophy, the
microbial conversion of methane to carbon dioxide, is a key
process in limiting methane emissions from aquatic systems.
Segarra et al. (2015) estimated the decrease in freshwater wetland
emissions by methane oxidation to be up to 50%, while Martinez-
Cruz et al. (2018) estimated that up to 34% of produced
methane in lake sediments is consumed by methanotrophy.
In marine systems, anaerobic oxidation of methane (AOM) is
estimated to reduce methane emissions by 90% (Knittel and
Boetius, 2009). A consortium of anaerobic methane-oxidizing
archaea (ANME) and sulfate-reducing bacteria using sulfate
as the electron acceptor for methane oxidation is responsible
for this process (Boetius et al., 2000). In the water column
of freshwater systems, these archaea are rarely detected, likely
due to their zero tolerance to oxygen. Many anoxic lakes
and reservoirs experience regular or irregular intrusions of
oxygen, which make these systems less suitable habitats for
ANME. Methane-oxidizing bacteria (MOB) are often detected
in freshwater systems, at the oxic–anoxic interface and, more
rarely, in the anoxic water column (e.g., Rudd and Hamilton,
1975; Harrits and Hanson, 1980; Biderre-Petit et al., 2011; Blees
et al., 2014; Milucka et al., 2015; Oswald et al., 2016; Michaud
et al., 2017). Although most methanotrophs require oxygen
to oxidize methane, MOB are often assumed to prefer low-
oxygen conditions over oxygen saturation. Several studies suggest
an inhibitory effect of atmospheric oxygen concentrations on
the methane oxidation rate (Rudd and Hamilton, 1975; Van
Bodegom et al., 2001; Danilova et al., 2016; Thottathil et al.,
2019). A few species of MOB have been described that could
potentially use electron acceptors other than oxygen, such as
nitrite (Ettwig et al., 2010) and nitrate (Kits et al., 2015; Oswald
et al., 2017; Rissanen et al., 2018). Sulfate has also been suggested
as an electron acceptor in freshwater sediments, but not in the
water column (Schubert et al., 2011). Organic matter and humic
substances, which are shown to be able to function as both an
electron donor and acceptor (Lovley et al., 1996; Klüpfel et al.,
2014; Valenzuela et al., 2019), have been suggested to play a role
in AOM in lakes (Saxton et al., 2016; Reed et al., 2017), but
have so far only been shown to impact aquatic AOM performed
by ANME in marine (Scheller et al., 2016) and tropical wetland
systems (Valenzuela et al., 2017, 2019).

Several studies (Murase and Frenzel, 2007; Jones and Grey,
2011; Sanseverino et al., 2012) have shown that methane-
derived carbon is an important contributor to aquatic food
webs on different scales. Many microbes cannot use methane
and therefore depend on the conversion of methane-derived
carbon by methanotrophs. Generally, methane-derived carbon
is assumed to end up in methanotroph biomass or CO2, the
main reaction product of methane oxidation. However, under
oxygen-limited conditions, MOB have been shown to excrete
metabolites such as methanol, formaldehyde, formate, acetate,
and succinate (Xin et al., 2004, 2007; Kalyuzhnaya et al., 2013;

Gilman et al., 2017), which can be used by other members of the
microbial community.

This study aims to expand the knowledge of how oxygen and
other potential terminal electron acceptors affect methanotrophs,
especially Methylobacter, which occur naturally in oxic,
microoxic, and anoxic zones of stratified lake water columns.
Previously, we showed that Methylobacter sp. is an important
methanotroph in the seasonally stratified Lake Lacamas, and
water column incubation experiments revealed that it is capable
of methane oxidation under a variety of conditions (van
Grinsven et al., 2019). Here, we describe the establishment of an
enrichment culture dominated by Methylobacter and used it to
evaluate the effects of the concentration of the potential electron
acceptor (oxygen, nitrate, sulfate, and humic substances)
on the methane oxidation rates and microbial community
structure using 16S ribosomal RNA (rRNA) gene amplicon
sequencing. Furthermore, the metabolic potential of selected
microbial groups stimulated in the enrichment cultures was also
determined by a metagenomic sequencing approach.

EXPERIMENTAL SETUP

Sample Collection
Suspended particulate matter samples were collected on 9 April
2018 from the center of Lacamas Lake, WA, USA (45.62N,
122.43W). Lacamas Lake is a seasonally stratified, hypereutrophic
system with an average depth of 7.8m and maximum depth
of 19.8m, which is on the Environmental Protection Agency
list of impaired and threatened waters. It is monomictic, with
stratification occurring yearly in May and a turnover mixing
period from October to December. During sampling, the lake
was not stratified, as determined using a Hydrolab DS5X
sonde (Hach, Loveland, USA) with sensors for conductivity,
temperature, dissolved oxygen, and pH. At the moment of
sampling, the oxygen concentration was >350µM throughout
the water column, the temperature 4–8◦C, and the methane
concentration <1µM. Water was collected from 12m depth
using a VanDorn sampler, stored in carboys, and transported
back to the lab, where it was filtered within 96 h over 47mm
0.7µm pore size glass fiber filters. Filters were stored in non-
filtered lake water from 12m depth and kept at 4◦C until
shipment and further processing.

Cultivation
The suspended particulate matter that was collected on the
filters was scraped off and transferred under oxic conditions
to 20ml nitrate mineral salts (NMS) medium (Whittenbury
et al., 1970) in a 120ml acid-washed and autoclaved glass
pressure bottle with butyl rubber stopper. A flow scheme is
shown in Figure S1. Methane (1ml, 99.99% pure) was added
and the bottle was stored at 15◦C in the dark. Every 2 weeks,
the pressure bottle was opened under oxic conditions, and
2ml of the cell-containing medium was transferred to 18ml
fresh sterile NMS medium in a sterile 120ml glass pressure
bottle with butyl stopper, after which 1ml methane was added
again. These steps were repeated every 2 weeks. After 8 weeks,
the resulting enrichment culture was studied using catalyzed
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reporter deposition fluorescence in situ hybridization (CARD-
FISH) with probes MLB482 (targeting Methylobacter; Gulledge
et al., 2001) and Creno445 (targeting Crenothrix; Oswald et al.,
2017), following the protocol as described on https://www.
arb-silva.de/fish-probes/fish-protocols. The medium was filtered
over a 10µm mesh glass fiber filter (Whatmann) to separate
cell clusters from single cells, as illustrated in Figure S1. The
cell material that remained on the filter was scraped off and
transferred to a sterile 120ml bottle with NMS media. The steps
described above were repeated for this enrichment culture. The
amount of biomass was increased by replicating the subculture
in eight 500 to 1,000ml glass bottles. After 8 weeks, the cells
were harvested by centrifugation at 2,800 × g for 5min. The
supernatant was discarded and all biomass of the enrichment
cultures was combined to create one uniform concentrated
enrichment culture in NMS medium. Cell density was not
measured. A 20ml aliquot was used for DNA analysis.

Incubation Experiments With the
Enrichment Culture
Two sets of incubation experiments were performed using the
methanotroph enrichment culture. The first set of experiments
was aimed at the response of Methylobacter to the electron
acceptors nitrate (in the presence and absence of oxygen), sulfate,
and humic substances and is referred to as the “electron acceptor
experiments.” The second set of experiments, referred to as the
“O2 concentration experiment,” was set up to study the response
of Methylobacter sp. to different oxygen concentrations. An
overview of the experimental setup of these two experiments is
provided in Table S1.

All experiments were performed in triplicate. “Electron
acceptor experiments” were performed in 260ml acid-washed
and autoclaved glass bottles with butyl rubber stoppers, with a
total volume of 210ml media. The O2 concentration experiments
were performed in 120ml bottles containing 70ml media. The
media of the “anoxic incubation” bottles and all bottles of the O2

concentration experiments were prepared using boiled ultrapure
water to minimize the initial oxygen concentration of the media.
Each incubation bottle was inoculated with the same amount
of concentrated enrichment culture. All media in the anoxic
bottles was bubbled with nitrogen for 20min to remove residual
oxygen, after which the bottles were closed, crimp sealed, and
the headspace was flushed and exchanged with N2 gas using a
GRInstruments (Wijk bij Duurstede, the Netherlands) automatic
gas exchanger. Abiotic controls were set up identically to the
bottles for the anoxic experiments, but were not inoculated
with the concentrated enrichment culture. This resulted in a
lower liquid volume and, therefore, in a methane concentration
±120µM lower than that in the anoxic incubations.

All bottles were supplemented with 2.6ml 100% methane
(Sigma-Aldrich), shaken vigorously for 1min to establish
equilibrium between the gas and the water phase, and the
methane concentration in the gas phase was subsequently
measured by gas chromatography with flame ionization detection
(GC-FID; Thermo Scientific Focus GC). The bottles were
subsequently incubated at 15◦C in the dark. Bottles were shaken
at sampling moments.

Electron Acceptor Incubation Experiments

“Electron acceptor incubations” lasted 3 days for the oxic
experiments and 33 days for the anoxic incubation experiments.
Incubation experiments with nitrate (i.e., oxic and anoxic nitrate
incubations) were performed with the same NMS medium that
was used for cultivation, as described above, containing nitrate
as the only nitrogen source (Whittenbury et al., 1970). Control,
sulfate-supplemented, and humic-supplemented incubations of
the electron acceptor experiments were performed with an
AMS medium, containing ammonium rather than nitrate as
the nitrogen source (1 g L−1 KNO3 was replaced with 0.5 g
L−1 NH4Cl, as described by Whittenbury et al., 1970). As
the enrichment culture used for inoculation was in the NMS
media, relatively small amounts of nitrate were introduced
into the control, sulfate-supplemented, and humic-supplemented
incubation experiments. Anoxic nitrate-supplemented bottles
of the electron acceptor experiments were amended with 0.3 g
additional KNO3 (in addition to the KNO3 that was present in the
NMSmedia). To the sulfate-supplemented bottles, 0.35 g Na2SO4

was added (target concentration, 0.012M). The humic substance-
supplemented bottles contained 1 g of commercially available
humic acids mixture (Sigma-Aldrich). Methane concentrations
in the headspace were measured by extracting 50 µl gas using
a gas-tight syringe, daily during the first 4 days and irregularly
after this initial phase. All methane analyses using a GC-FID
were performed in triplicate. Methane oxidation rates were
determined using linear regression analysis (Microsoft Excel
version 16.16.10).

Upon termination of the experiment, all bottles were sampled
for DNA by filtering the contents of the individual bottles over
individual 47mm 0.2µm pore size polycarbonate filters. All
samples were stored at −80◦C until DNA was extracted by using
the RNeasy Powersoil Total RNA extraction+ DNA elution kits.
DNA extracts were kept at−80◦C until further processing.

O2 Concentration Experiments

All experiments were performed with the NMS medium and
the same concentrated culture used to inoculate the electron
acceptor experiments, although 3 weeks were in between the
start of the electron acceptor experiments and O2 concentration
experiments. All bottles of the O2 concentration experiments
were set up as anoxic bottles and left for 2 days after setup,
after which the bottles were randomly divided into four groups,
of which three received air injections. Bottles for the anoxic
experiment received no injection, “trace oxygen” bottles received
20 µl air ([O2] 7.5–9µM), “microoxic” bottles received 160 µl
air ([O2] 23–30µM), and “saturated oxygen” bottles received
5,000 µl air ([O2] ±600µM). The methane concentration in all
bottles was measured on days 3 and 5, after which the “saturated
oxygen” incubations were terminated. The “microoxic” and
“trace oxygen” bottles received another air injection on days
6 and 13, identical to the volume of the first injections. On
day 14, all incubations were terminated. DNA was sampled
following the same procedure as described above, but extraction
was done with the RNeasy Powersoil DNA extraction kit,
after which the DNA extracts were kept at −80◦C until
further processing.
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16S rRNA Gene Analysis
The general 16S rRNA archaeal and bacteria primer pair 515F
and 806RB targeting the V4 region (Caporaso et al., 2012)
was used for the 16S rRNA gene amplicon sequencing and
analysis, as described in Besseling et al. (2018), with a melting
temperature of 56◦C. PCR products were gel purified using the
QIAquick Gel-Purification kit (Qiagen), pooled, and diluted.
Sequencing was performed by the Utrecht Sequencing Facility
(Utrecht, the Netherlands) using an Illumina MiSeq sequencing
platform (Caporaso et al., 2010). The 16S rRNA gene amplicon
sequences were analyzed by the Cascabel pipeline (Asbun
et al., 2019), including quality assessment by FastQC (Andrews,
2010), assembly of the paired-end reads with Pear (Zhang
et al., 2014), library demultiplexing, operational taxonomic
unit (OTU) clustering, and representative sequence selection
(“longest” method) by diverse Qiime scripts (Caporaso et al.,
2010). The OTU clustering algorithm was uclust (Edgar, 2010)
with an identity threshold of 97% and assign taxonomy with
BLAST (Altschul et al., 1990) by using the Silva 128 release as the
reference database (https://www.arb-silva.de/; Quast et al., 2013).
To compare theMethylobacter OTUs, we focused on OTUs with
relative abundances >0.4% of the total 16S rRNA gene reads.

16S rRNA gene copies were quantified using quantitative
PCR (qPCR) with the same primer pairs as used for amplicon
sequencing (515F, 806RB). The qPCR reaction mixture (25
µl) contained 1U of Pico Maxx high-fidelity DNA polymerase
(Stratagene, Agilent Technologies, Santa Clara, CA), 2.5 µl of
10× PicoMaxx PCR buffer, 2.5µl of 2.5mM of each dNTP, 0.5µl
bovine serum albumin (20mg ml−1), 0.02 pmol µl−1 of primers,
10,000 times diluted SYBR Green R© (Invitrogen) (optimized
concentration), 0.5 µl of MgCl2 (50mM), and ultrapure sterile
water. The cycling conditions for the qPCR reaction were the
following: initial denaturation at 98◦C for 30 s, 45 cycles of 98◦C
for 10 s, and 56◦C for 20 s, followed by a plate read, 72◦C for
30 s, and 80◦C for 25 s. Specificity of the reaction was tested
with a gradient melting temperature assay from 55 to 95◦C, with
0.5◦C increments of 5 s. The qPCR reactions were performed in
triplicate with standard curves encompassing a range from 103

to 107 molecules µl−1. qPCR efficiency for the 16S rRNA gene
quantification was 103.7%, with R2 = 0.980. For quantification of
the microbial groups, we make the simplifying assumption that
all microorganisms of the microbial community in Lacamas Lake
contained a single 16S rRNA gene copy in their genome.

Representative sequences were extracted from the dataset
and compared with closely related sequences by performing a
phylogenetic analysis using the maximum likelihood method
and the General Time-Reversible model in MEGA6 (Tamura
et al., 2013). Additionally, the phylogenetic placement of
the metagenome-assembled genome (MAG) LL-enrich-bin26
(Table S2), attributed to the Methylobacter genus, was further
assessed and compared to the MAG bin63 of the Methylobacter
clade 2 reported in van Grinsven et al. (2019) by using Phylosift
(v. 1.0.1) (Darling et al., 2014) based on 34 marker genes, as
described in van Grinsven et al. (2019). The 16S rRNA amplicon
reads (raw data) have been deposited in the NCBI Sequence
Read Archive (SRA) under BioProject number PRJNA598329,
BioSamples SAMN13712582–SAMN13712612.

Metagenome Analysis
The sample that was selected for metagenomic sequencing
originated from the 10µm filtrate, (Figure S1). DNA was
extracted as described above and used to prepare a TruSeq
DNA nano-library, which was further sequenced with Illumina
MiSeq 2 × 300 bp, generating over 46 million 2 × 300-bp
paired-end reads. Data was analyzed with an in-house pipeline
as described in van Grinsven et al. (2019). The binning of
MAGs was performed with DAS Tool with penalty for duplicate
marker genes and a megabin penalty of 0.3. Quality of the
MAGs was assessed using CheckM v1.0.7 running the lineage-
specific workflow (Parks et al., 2015). MAGs were annotated with
Prokka v1.12 (Seemann, 2014) and by the Rapid Annotation
using Subsystem Technology (RAST) pipeline v2.0 (Aziz et al.,
2008). The annotation of key metabolic pathways was refined
manually. In order to classify the MAGs according to their
relative abundance in the sequenced sample, MetaBAT was
run again by using the abundance estimation (total average
depth, average abundance, or also called average coverage of
each contig included in the bin) generated by MetaSPAdes
and checked again with CheckM, as included in Table S2. The
completeness and redundancy of the MAG bins was assessed
by the DAS_Tool Package (Sieber et al., 2018). The taxonomic
classification of the MAGs of interest was determined by using
GTDB-Tk (v0.3.2; http://gtdb.ecogenomic.org) (Table S2). The
metagenome of the sample specified in Table S3 is available
in NCBI under BioProject number PRJNA598329, BioSample
SAMN13712974. The sequence raw data of the MAGs LL-
enrich-bin26 and bin28 are deposited in NCBI under BioSample
numbers SAMN13735002 and SAMN13735003, respectively.

RESULTS

The most abundant methanotroph of Lacamas Lake, a seasonally
stratified lake, is a Methylobacter species; it was detected in the
oxic water column in the winter and in the microoxic oxycline
and the anoxic hypolimnion in the summer (van Grinsven et al.,
2019). In order to be able to further study the response of this
methanotroph to different concentrations of oxygen and other
electron acceptors, an enrichment culture was established.

Enrichment Culture Microbial Community
The enrichment culture was dominated by gene sequences
attributed toMethylobacter clade 2 (43%; Figure 1) (Smith et al.,
2018), accompanied by 2.8% of Methylomonas sp. and 0.1%
other methanotrophs, all part of the order Methylococcales
(Table 1). The Methylobacter OTUs with the highest relative
abundances were LLE-16S-2, LLE-16S-7, LLE-16S-8, LLE-16S-
10, and LLE-16S-12 (Table S4). These OTUs form a phylogenetic
subcluster of closely related sequences (i.e., 96–99% similarity;
Supplementary File 1) in the Methylobacter clade 2 cluster (i.e.,
the Lacamas Lake OTU cluster; Figure 1B) together with the
detected sequences in the Lacamas Lake water column (i.e.,
LL-16S-number). The most closely related cultured species was
Methylobacter tundripaludum (Figure 1A).

Apart from Methylobacter sp., also bacteria of the genus
Methylotenera were highly abundant in the enrichment culture.
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FIGURE 1 | (A) Phylogenetic 16S rRNA gene tree in which the representative sequences of the methanotrophic groups detected in the 16S rRNA gene amplicon

sequencing analysis (i.e., Methylomonas and Methylobacter) of the incubation experiments are indicated in red. (B) Zoom in on the Lake Lacamas Methylobacter

cluster as defined in the text. LL-16S-number sequences in bold represent operational taxonomic unit (OTU) sequences previously detected in the Lacamas Lake

water column and the water column incubations as described in van Grinsven et al. (2019). LLE-16S-number sequences correspond to the Methylobacter OTU

sequences detected in this study and are listed in Table S4. The MAG bin63 16S rRNA gene sequence corresponds to the 16S rRNA sequence of the most

abundant MAG bin in a water column incubation experiment sample which was taxonomically assigned to Methylobacter, as described in van Grinsven et al. (2019).

The phylogenetic analysis was restricted to the sequence fragment (∼290 bp) obtained with the 16S rRNA amplicon sequencing analysis. Maximum likelihood

estimation was performed using the General Time-Reversible model.

They represent 21% of the total 16S rRNA gene copies (Table 1).
The detected OTUs classified asMethylotenera clustered with two
uncultured bacterium clones; the most closely related cultured
species was Methylotenera versatilis (Figure 2). Bacteria of the
genus Flavobacterium were also relatively abundant in the
enrichment culture (5.5%; Table 2), as well as members of the
order Burkholderiales (8.3%; Table 2).

Metabolic Potential of the Main Microbial
Components of the Enrichment Culture
In order to characterize the metabolic potential of the main
microbial components of the enrichment culture, we performed
metagenomic sequencing of a sample derived from the 10µm
filtrate (see Figure S1). Methylobacter sp. was less abundant

than in the enrichment (i.e., 22 vs. 43% the total 16S rRNA
gene reads). However, the distribution of the OTUs attributed
to Methylobacter spp. in this sequenced sample was similar to
that reported in the enrichment culture (Table S4). High relative
abundances of Methylotenera (i.e., 24%) and Methylomonas
(17%) were also evident (Table S3).

Metagenome sequencing resulted in three most abundant
MAG bins affiliated to the methanotrophs Methylobacter sp.
(i.e., LLE-enrich-bin26), Methylomonas sp. (i.e., LLE-enrich-
bin27), and to the methylotroph Methylotenera sp. (i.e., LLE-
enrich-bin28) (Table S2). Here, we focus on the metabolic
characterization of the MAG bins affiliated toMethylobacter and
Methylotenera due to their higher relative abundances in the
enrichment culture (Table 1), specifically of the genetic potential
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TABLE 1 | Relative abundance of 16S rRNA gene reads (% of total) attributed to methylotrophs and 16S rRNA copies per liter in the sample as determined using

quantitative PCR.

Sample Electron acceptor experiment O2 concentration experiment

Starting lake

water

Methylobacter

sp. enrichment

culture

Control,

oxic

Nitrate,

oxic

Control,

anoxic

Nitrate,

anoxic

Sulfate,

anoxic

Humics,

anoxic

Saturated Microoxic Trace Anoxic

Methylobacter spp.

(%)

0.6 43 44 38 11 25 19 1.6 23 21 19 20

Methylomonas spp.

(%)

0.2 2.8 4.6 6.6 0.4 4.8 1.2 0.3 1.4 1.9 2 1.9

Other

Methylococcales (%)

0.02 0.1 0.5 0.5 0.3 0.5 0.4 0.2 0.2 0.3 0.3 0.2

Methylotenera spp.

(%)

1 21 15 22 13 17 14 14 12 11 13 11

Total 16S rRNA copies

per liter

n.d. n.d. 1.8 × 107 1.5 × 107 2.5 × 107 1.8 × 107 1.8 × 107 1.3 × 107 1.9 × 107 2.1 × 107 1.5 × 107 1.6 × 107

Methanotroph cells

per litera
n.d. n.d. 4.3 × 106 3.3 × 106 1.5 × 106 2.6 × 106 1.9 × 106 0.1 × 106 2.3 × 106 2.4 × 106 1.6 × 106 1.7 × 106

n.d., not determined.
aCalculated with assuming two copies of the 16S rRNA gene per Methylobacter cell, three copies per Methylomonas cell, and one copy per “other Methylococcales” cell.

FIGURE 2 | Phylogenetic 16S rRNA gene tree with representative sequences of the operational taxonomic units (OTUs) classified as Methylotenera, indicated in bold.

The phylogenetic analysis was restricted to the sequence fragment (∼290 bp) obtained with the 16S rRNA amplicon sequencing analysis. Maximum likelihood

estimation was performed using the General Time-Reversible model.

of the nitrogen and methane and carbon metabolism. The MAG
LLE-enrich-bin26 is taxonomically classified as a Methylobacter
sp. and harbors all the genes encoding for the particulate
methane monooxygenase (pMMO; see Supplementary File 2),
allowing for the conversion from methane to methanol,

while the Methylotenera MAG LLE-enrich-bin28 lacks this
gene (Supplementary File 3; Figure 3). The genes required
for the further conversion from methanol to CO2 are
present in both MAGs (see Figure 3). Regarding the nitrogen
metabolism pathways, both theMethylobacter andMethylotenera
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TABLE 2 | Relative abundance of 16S rRNA gene reads (% of total) of other microbial groups discussed in the manuscript.

Sample Electron acceptor experiment O2 concentration experiment

Starting lake

water

Enrichment

culture

Control,

oxic

Nitrate,

oxic

Control,

anoxic

Nitrate,

anoxic

Sulfate,

anoxic

Humics,

anoxic

Saturated Microoxic Trace Anoxic

Brevundimonas 0.1 0.5 0.6 0.5 15 3.2 10 1.3 2.2 3.2 3.1 3.5

Burkholderiaceae 15 8.3 12 6 11 11 10 30 9.5 10 10 10

Flavobacterium 1.5 5.5 4 5.4 18 10 16 16 12 14 16 14

Pseudomonas 0.2 0.1 0.3 0.2 3 2 1.3 5.9 0.5 1.1 1 0.9

Rhodocyclaceae 0.8 0.2 0.4 0.4 1.9 0.9 1.9 2.1 0.9 1.8 1.8 1.8

Sulfuritalea 0.4 0.2 0.2 0.2 1.0a 0.5 1.3 0.9 0.2 0.5 0.5 0.6

aHigh standard deviation between triplicate incubations of 0.45%.

LLE-enrich-bin26 and bin28 MAGs harbor the genes encoding
for nitrate transporters, assimilatory nitrate reductase (Nas),
nitrite reductase (NirBD) to ammonia and to nitric oxide (NirK),
as well as the gene coding for the nitric oxide reductase (NorBC)
to nitrous oxide (N2O), but not the genes coding for the nitrous
oxide reductase (NorZ) to dinitrogen gas (Figure 3).

Microbial Community Composition and
Methane Consumption in Incubation
Experiments With Different Electron
Acceptors
Two sets of incubation experiments were performed using the
methanotroph enrichment culture obtained. The first set of
experiments was aimed at the response of Methylobacter sp. to
the electron acceptors nitrate (in the presence and absence of
oxygen), sulfate, and humic substances. In all oxic experiments,
methane was consumed rapidly (Figure 4). The experiments
were terminated within 2–3 days in anticipation of methane
depletion. The net methane consumption rate of the incubation
with nitrate was higher than that in the control incubation with
ammonium (310 and 200 µmol L−1 day−1, respectively). We
estimated that the total number of methanotrophic bacteria in
the oxic incubations was 3.3× 106–4.3× 106 cells L−1 (Table 1).

The methane turnover rate per cell is, therefore, estimated
to be 45 and 72 pmol cell−1 day−1 for the control and
nitrate-amended oxic incubations, respectively. No net methane
consumption could be detected under anoxic conditions, even
with the addition of the alternative electron acceptors nitrate,
sulfate, or humic substances (Figure 4). Nitrate concentration
measurements showed no clear difference between the nitrate
concentrations at the start and the end of the experiment
(Figure S2), mainly due to large variations between the samples
and the high starting concentrations.

The relative abundance of Methylobacter sp. was significantly
higher (p < 0.05; Table S5) in the two oxic incubations
of the electron acceptor experiment when compared to the
anoxic incubations. The Methylobacter abundance in the
oxic incubations (43 and 38% for the control and nitrate-
supplemented, respectively; Table 1) was not significantly
different due to substantial variations between replicates.
The addition of different electron acceptors in the anoxic

incubations changed the microbial community (Tables 1, 3).
The addition of nitrate or sulfate resulted into a significantly
(p < 0.05; Table S5) higher Methylobacter abundance (25 and
18%, respectively; Table 1) compared to the anoxic control (11%;
Table 1). Methylobacter OTUs LLE-16S-2 and LLE-16S-7 were
the most abundant in the oxic incubations, similarly to the
enrichment culture (Table S4). LLE-16S-12, which was highly
abundant in the enrichment culture, became less dominant in
the incubations. Similar to the oxic incubations, LLE-16S-2 and
LLE-16S-7 were the most abundant Methylobacter OTUs in
the anoxic control and nitrate incubations, with, in addition,
a relatively high abundance of LLE-16S-9 (Table S4). The
sequences closely related to Methylotenera (Figure 2) remained
relatively abundant in all incubation experiments (14–29%;
Table 1). Bacteria of the genera Flavobacterium Brevundimonas
and Pseudomonas had higher relative abundances in the anoxic
than in oxic incubations, both with and without nitrate, although
Brevundimonas was more abundant in the anoxic incubations
without nitrate (Table 2). Brevundimonas comprised 15 and
3% of the total microbial abundance in the anoxic control
and nitrate-supplemented incubations, respectively. The genus
Sulfuritalea was more abundant in the anoxic sulfate incubations
(1.3%) than in nitrate incubations (0.5%; Table 2). The microbial
community composition of the incubation with added humic
substances was completely different compared to the other
anoxic incubations (Tables 1, 2), with remarkably high relative
abundances of bacteria of the order Burkholderiales and the
family Comamonadaccea (31 and 16%, respectively). The relative
abundance of total archaeal 16S rRNA gene sequences was below
0.5% in all incubations.

Microbial Community Composition and
Methane Consumption in Incubation
Experiments With Different Oxygen
Concentrations
The second set of incubation experiments performed with
the Methylobacter sp. enrichment culture was aimed at the
response of Methylobacter sp. to different oxygen conditions.
We incubated the enrichment culture under saturated ([O2]
>600µM), microoxic ([O2] 23–30µM), trace oxygen ([O2] 7.5–
9µM), and anoxic conditions.
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FIGURE 3 | Description of the genes present in the Methylobacter LLE-enrich-bin26 and Methylotenera LLE-enrich-bin28 regarding their methane and nitrogen

metabolic pathways and comparison with the Methylobacter MAG LL-bin63 previously obtained from incubations with Lacamas Lake water samples (van Grinsven

et al., 2019). Green and red circles indicate the presence/absence of the coding gene. * indicates that Methylotenera LLE-enrich-bin28 may have the potential to

perform dissimilatory nitrate reduction in the absence of the Nap/Nar gene, as explained in the text.

FIGURE 4 | Methane concentrations over time during the incubation experiments with different electron acceptors (A) and normalized methane concentrations in

incubation experiments with different oxygen concentrations (B). Error bars represent the standard error of triplicate incubations. The methane concentrations over

time of the incubations to which sulfate and humic substances were added are not shown, but were very similar to the ammonium- and nitrate-supplemented anoxic

incubations.
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The methane consumption rates were two orders of
magnitude higher under oxygen saturation condition than under
microoxic conditions (520 and 6.4µM day−1, respectively).
Under trace oxygen and anoxic conditions, no methane
consumption was observed (Figure 4B). Based on the measured
concentrations of methane and the estimated concentrations of
oxygen in the vials, a ratio of methane and oxygen consumption
was calculated. The oxygen concentration in the saturated oxygen
incubations (±640µM) was, assuming methanotrophy was the
only process consuming oxygen, present in surplus and, thus,
sufficient for a 2:1 molar ratio of oxygen/methane usage. In the
microoxic incubation bottles, between 6 and 8 µmol of methane
was consumed over the whole duration of the experiment.
The amount of oxygen present in the microoxic incubations
was estimated based on oxygen measurements and injected air
volume, to be maximum 7.1µmol, allowing for a maximum ratio
of 1:1 in the oxygen/methane usage.

The relative abundance of the 16S rRNA gene sequences
attributed to Methylobacter was highest in the incubation under
saturated oxygen conditions (23%; Table 1), but the absolute
abundances of all methanotrophs (including Methylotenera,
Methylomonas, Methylotenera, or other Methylococcales) were
not significantly different between the oxic, microoxic, trace,
and anoxic experiments (1.6–2.3 × 106 cells L−1; Table 1).
Overall, the communities of the microoxic, suboxic, and
anoxic incubations were similar, whereas the community under
saturated oxygen conditions was significantly different, with
lower relative abundances of all non-methanotrophic species, as
listed in Table 2.

DISCUSSION

Lacamas Lake, the source of the material used for our enrichment
culture, contained uncultured Methylobacter species thriving in
the oxic and anoxic water columns as well as in the microoxic
oxycline (van Grinsven et al., 2019). Incubations with water
column samples revealed that these bacteria oxidized large
amounts of methane (72µM day−1) under anoxic conditions in
the stratified summer water column, stimulated by the addition
of both nitrate and sulfate (van Grinsven et al., 2019), but were
also naturally present in the oxic, methane-depleted winter water
column. Phylogenetic analysis showed that the Methylobacter
species of the Lacamas Lake summer and winter water columns
and incubations grouped closely together with theMethylobacter
species that dominated the enrichment culture (i.e., 96–99%
similarity; Figure 1). Methylobacter and related methanotrophs
have been previously detected in lakes, mostly under microoxic
conditions ([O2] ±60µM) (Rudd and Hamilton, 1975; Harrits
and Hanson, 1980; Oswald et al., 2016; Michaud et al., 2017),
but also in anoxic environments, such as sediments or anoxic
lake waters (Biderre-Petit et al., 2011; Milucka et al., 2015;
Martinez-Cruz et al., 2017). Although most bacteria falling in
the Methylobacter group are known as aerobic methanotrophs,
it has recently been suggested that specific species contain the
genomic potential to perform anaerobic methane oxidation, or
methane oxidation under strong oxygen limitation, by coupling

methane oxidation to nitrate reduction (Svenning et al., 2011;
Smith et al., 2018) or by using a fermentation pathway (van
Grinsven et al., 2019). Knowledge on the effect of other electron
acceptors (i.e., sulfate and humic substances) on Methylobacter
sp. is, however, lacking, and often the biochemical pathways
involved in methanotrophy under anoxic conditions remain
unclear (Biderre-Petit et al., 2011; Blees et al., 2014; Martinez-
Cruz et al., 2017; Reed et al., 2017). Despite the increase in
methane oxidation rates (from 9 to 72µM day−1) that was
observed in anoxic Lacamas Lake incubations with the addition
of nitrate, the genome of the dominant Methylobacter species
did not encode all the genes required to perform denitrification,
and its mechanisms for anaerobic methane oxidation therefore
remain unclear (van Grinsven et al., 2019).

In the current study, we aimed to determine the preference of
the Methylobacter species, and other methanotrophs present in
Lacamas Lake, for oxygen concentrations and electron acceptors
other than oxygen, such as nitrate, by means of laboratory
incubations with an enrichment culture.

Methylobacter sp. in Water Column and
Enrichment Culture Incubations
The Methylobacter OTU sequences detected in the enrichment
culture obtained from Lacamas Lake were closely related to
the sequences previously detected both in Lacamas Lake water
column and incubation studies with lake water samples, as
was confirmed by the 16S rRNA gene phylogeny (Figure 1).
In addition, the Methylobacter MAG bin obtained from the
enrichment culture (i.e., LLE-enrich-bin26) was also closely
related to the Methylobacter MAG previously obtained in
an incubation with Lacamas Lake water (i.e., LL-bin63) (van
Grinsven et al., 2019; see Figure S3). Therefore, we conclude
that the Methylobacter species obtained in the enrichment
culture in this study are representative of those existing in
Lacamas Lake and can thus be used to draw conclusions
on their electron acceptor and oxygen preferences, which
can be extrapolated to the conditions in the original system.
Both the two Methylobacter MAGs coincided in their genetic
potential to oxidize methane, perform mixed-acid fermentation
from pyruvate to succinate and H2 (Figure S4), as well as
in harboring an incomplete denitrification pathway (Figure 3).
Several methanotrophs contain parts of the denitrification
pathway, but only few species have been shown to couple
methane oxidation to denitrification (Smith et al., 2018). Based
on its genetic potential, the Methylobacter species present in
our incubation experiments could be capable of dissimilatory
nitrite reduction, but as no nitrite was provided in the incubation
experiments, we do not expect this pathway to be relevant for
methane oxidation.

Methylotenera–Methylobacter

Co-occurrence
Bacteria of the genusMethylotenera, which were highly abundant
in our enrichment culture incubations (11–22%), have often
been detected in co-occurrence with methanotrophs and have
been shown to use reaction products of methanotrophy (Yu
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and Chistoserdova, 2017), coupling methanol oxidation to
nitrate reduction (Kalyuzhnaya et al., 2011). Their relative
abundances increased not only in the enrichment culture
but also in water column incubations with high methane
oxidation rates (van Grinsven et al., 2019); an interaction
between Methylobacter and Methylotenera species is, therefore,
not unlikely. The Methylotenera MAG LLE-enrich-bin28 has
the genomic potential to oxidize methanol (Figure 3), but lacks
the pmoA gene necessary for the oxidation of methane. Its
denitrification pathway seems incomplete as the gene encoding
for the dissimilatory reduction of nitrate to nitrite (Nap/Nar
gene) was missing. A mutant phenotype study on Methylotenera
mobilis, however, demonstrated that the single subunit nitrate
reductase (Nap), Mmol_1648, appears to be involved in both
the assimilatory and dissimilatory denitrification pathways
(Mustakhimov et al., 2013). The nitrate reductase (Nas) detected
in our Methylotenera MAG LLE-enrich-bin28 was homologous
to the nitrate reductase (Nap) of M. mobilis. The Methylotenera
species detected in our incubations may therefore also be able
to perform denitrification, similarly to theMethylotenera species
that have been described in the literature before (M. mobilis and
M. versatilis: Lapidus et al., 2011; Mustakhimov et al., 2013).

Role of Nitrate and Ammonium in Methane
Oxidation
The methane oxidation rates of the oxic incubation experiments
were higher than those observed previously in environmental
studies (Eller et al., 2005; Schubert et al., 2010; Blees et al.,
2014), but a proper comparison between an enrichment culture
and environmental studies is difficult to make. The methane
oxidation rates in the oxic incubations with nitrate were
significantly higher than those in the ammonium control
incubations (311 and 195 µmol L−1 day−1, respectively), despite
the fact that the methanotroph abundance was higher in
the oxic control (8.6 × 106 copies L−1 in the control and
6.7 × 106 copies L−1 in the nitrate-amended incubations).
Ammonium (NH+

4 ), which was added to the control experiment
as the nitrogen source, can lower the methanotrophic activity
due to the structural similarity between CH4 and NH+

4 ,
causing competitive inhibition (Bédard and Knowles, 1989).
The affinity of the methane monooxygenase enzyme for CH4

is, however, 600- to 1,300-fold higher than the affinity for
NH+

4 , so we expect this effect to be of little influence.
Generally, ammonium stimulates methanotroph growth and
protein synthesis by providing bioavailable nitrogen (Bodelier
et al., 2000), although recent research in soils found a decrease in
methane oxidation rates after ammonium addition (Walkiewicz
et al., 2018). Nitrate has also been suggested in earlier studies
to inhibit methane oxidation under oxic conditions (Geng
et al., 2017; Walkiewicz and Brzezinska, 2019), although the
observed effect in those studies could have been due to
the high salt concentrations, not specifically nitrate (Dunfield
and Knowles, 1995), or due to the conversion of nitrate to
nitrite (Roco et al., 2016), which is known to be an inhibitor
of methane oxidation (Dunfield and Knowles, 1995; Hutsch,
1998).

As we consider ammonium inhibition unlikely, we assume
a stimulating effect of nitrate on the oxic methane oxidation
rate. As discussed above, the dominant Methylobacter species
in both the enrichment cultures as well as the water column
lack the genes for a complete denitrification pathway. A
complete assimilatory nitrate reduction pathway was present,
and nitrate can thus be used for protein synthesis, enhancing
growth. Another possibility would, however, be an interaction
with Methylotenera, which is likely capable of denitrification.
Methylotenera could function as a syntrophic partner for
Methylobacter, as has been observed in several methane-
oxidizing bacteria and archaea (Boetius et al., 2000; Milucka et al.,
2015; Krause et al., 2017). Whether such a partnership indeed
exists in our incubation experiments requires more research.

Methylobacter sp. Under Oxygen
Limitation
Surprisingly, in contrast to the water column incubation studies,
in which methane oxidation by Methylobacter was the highest
under oxygen-limiting conditions (van Grinsven et al., 2019),
methane oxidation in incubations with the enrichment culture
was the highest under oxygen-saturated conditions (Figure 4B).
Methane oxidation under low-oxygen conditions (microoxic;
O2, 23–30µM) occurred, but was much less efficient than the
methanotrophy under oxygen saturation conditions. The oxygen
concentration in the closed bottles was measured only at the
start of the incubations, and the concentrations may thus have
changed over the course of the experiments. Air was, however,
injected into the microoxic and trace oxygen incubation bottles
on days 2, 6, and 13 in order to prevent oxygen depletion.
Despite being aerobes, methanotrophs are generally assumed to
be (partially) inhibited by oxygen concentrations >60µM or at
least stimulated by low-oxygen conditions (Rudd and Hamilton,
1975; Van Bodegom et al., 2001; Danilova et al., 2016;Walkiewicz
et al., 2018; Thottathil et al., 2019; Walkiewicz and Brzezinska,
2019), resulting in a low methane oxidation efficiency at high
oxygen concentrations. A recent study by Thottathil et al. (2019)
stated that methane oxidation rates are only at 20% of their
maximum value at oxygen saturation and that the fact that this
oxygen inhibition is generally not considered for global models
may offset the total methane oxidation potential calculations
greatly, expressing the need for additional studies on the response
of methanotrophs to different oxygen concentrations. Our data
reveal that this general assumption about the oxygen inhibition
of methanotrophy is not correct for the Methylobacter species
present in this lake system.

The methane oxidation detected in the microoxic conditions
may depend partially on a fermentative pathway, as was also
suggested for methanotrophs in the Lacamas Lake water column
(van Grinsven et al., 2019), with an energy yield too low for
cell growth but supporting only cell maintenance. It, however,
remains unclear why the Methylobacter cells in the trace oxygen
and anoxic incubations, which possibly went into a dormant
state, remain almost as abundant as the Methylobacter cells in
the oxic and microoxic experiments, while no methane oxidation
and, thus, no energy production seemed to take place in the first
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two. Similarly, methanotrophs remained a substantial part of the
community in the anoxic electron acceptor incubations despite
no detectable methane oxidation, with higher Methylobacter
abundances in the nitrate- and sulfate-amended incubations
compared to the control (19 and 25%, 4.3 × 106 and 3.3 × 106

methanotroph cells per liter in the nitrate and sulfate incubations,
respectively, while only 11%, 2.6 × 106 methanotroph cells per
liter in the anoxic control). The DNA method used cannot
distinguish between dead, dormant, or active cells, but the strong
contrast between the nitrate and sulfate incubations, and the
incubations with humic substances, in which a major reduction
in Methylobacter relative abundance to 1.6% and a decrease
in methanotroph abundance to 1 × 105 cells L−1 (Table 1)
was observed, suggests that a difference between the treatments
exists. Methanotrophs were shown to have an efficient survival
mechanism under starvation in anoxic conditions compared
to starvation under oxic conditions (Roslev and King, 1995),
increasing their chance of survival under stress conditions.

Methane oxidation occurred directly after oxygen injection
into the oxic and microoxic bottles (Figure 4), despite the fact
that the cultures were under anoxic conditions for several days
before the start of the experiment. It is unknownwhether the cells
were in a dormant state under anoxic conditions, but these results
showed that no recovery time was needed, therefore implying
a fast adaptation mechanism. This ability to rapidly adapt to
anoxic or oxic conditions could be a strategy of methanotrophs
living in dynamic environments, such as seasonally stratified
water columns, allowing them to rapidly adapt to the changing
conditions of their niche.

Fermentation-based methane oxidation, which could
potentially be performed by Methylobacter under trace oxygen
conditions, has been shown to occur under extremely low
methane oxidation and growth rates (1.75 nmol min−1 mg−1

protein) (Kalyuzhnaya et al., 2013). Rates like these were below
the detection limit of our methods, opening the possibility of
low-rate methane oxidation in the trace oxygen incubations.

Methane Oxidation Under Anoxic
Conditions
Nomethane oxidation was observed under the anoxic conditions
in the Methylobacter enrichment culture obtained in this
study despite Methylobacter being present and active under
the anoxic conditions in the incubations performed with the
water column samples (van Grinsven et al., 2019). Possibly, the
anaerobic methane oxidation rates were too low to detect by
our methods. Rates in anoxic lake waters have been reported
to be in the range of 0.1–2.5µM day−1 (Blees et al., 2014;
Oswald et al., 2016). If comparable rates would occur in our
anoxic incubations, the result would be a total decrease in
methane of 3.2–80µM over the full 32-day period, which
would be difficult to detect given the large fluctuations between
our measurements. The measured methane oxidation rates in
the Lacamas Lake anoxic water column were, however, much
higher (up to 45µM day−1) (van Grinsven et al., 2019).
Simultaneous methane production, counteracting the decrease
in the concentration of methane caused by oxidation, could

also have masked methane consumption. Methane production
in anoxic systems is commonly observed, both in environmental
and culture studies (Reeburgh, 2007; Conrad et al., 2011;
Grasset et al., 2018), and could be fueled by the reaction
products of methane oxidation by Methylobacter, such as
acetate or methanol (Oremland and Polcin, 1982). We did,
however, not detect commonly known methane producers
such as methanogenic archaea with the 16S rRNA gene
diversity analysis.

Possibly, non-methanotrophic members of the microbial
community, which are present in the natural community of
the Lacamas Lake water column, are essential in mediating
methane oxidation under anoxic conditions. These microbes
may not have been selected in the oxic enrichment process
used in this study. In this regard, Oswald et al. (2015) showed
that methanotrophs in the anoxic hypolimnion of Lake
Rotsee were dependent on phototrophic microorganisms
for the production of oxygen to mediate their methane
oxidation pathway. This pathway was not relevant in our
incubations, which were performed in the dark, but a similar
collaboration between a non-methanotrophic species and
Methylobacter species may be essential in mediating methane
oxidation under anoxic conditions. A possible candidate
could be bacteria of the genus Sulfuritalea, which were
abundant in the water column incubations in which anoxic
methane oxidation was observed (van Grinsven et al., 2019),
but which were only present in low relative abundance in
the enrichment culture and the incubation experiments
of the current study (Table 2). They could be potentially
involved as a partner in anoxic methane oxidation due to
their capabilities of nitrate reduction (Kojima and Fukui,
2011). In contrast, bacteria of the order Burkholderiales
were abundant in both the water column incubations and
the enrichment culture incubations, although they were
most abundant in the enrichment incubations with humic
substances, which actually contained the lowest abundance
of methanotrophs (Tables 1, 2). Another possibility could
be the composition of the medium. The enrichment culture
incubation experiments were performed on a rich media,
including common trace metals and a vitamin solution. Certain
compounds may, however, have been present in the lake water,
which were missing in the medium. Lanthanides, part of the
rare earth elements, have been shown to affect Methylobacter
(Krause et al., 2017) and were not added to the enrichment
medium. Possibly, compounds like these were lacking in the
enrichment incubation experiments and limited anaerobic
methane oxidation.

CONCLUSIONS

Studies have found methanotrophs at a wide range of locations
and environmental conditions. Despite these observations, little
is known about the drivers of the spatial distribution that is
observed, while recent research stressed the importance of a
correct representation of the nonlinear response of methane
oxidation rates to oxygen concentrations (Thottathil et al.,
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2019). The effect of nitrogen and oxygen concentrations
on methanotrophs was shown to differ strongly between
similar environments, likely due to the different organic
carbon contents (Walkiewicz and Brzezinska, 2019), indicating
that the relationships between the methane oxidation rates,
methanotroph abundance, nitrogen source, and oxygen
concentration are complicated and that more work is needed
to understand these relationships. Our study shows that
Methylobacter sp., a methanotroph often assumed to thrive
under low-oxygen conditions, preferred high-oxygen conditions
over a microoxic environment under laboratory conditions.
When comparing this data with an environmental study
with the same Methylobacter species, we, however, saw
that the oxygen response of this species is dependent on
factors we do not yet fully understand, potentially involving
interactions with other non-methanotrophic microorganisms
present in the same system. More research is therefore
needed to reveal the pathways and microorganisms involved
in the aerobic and anaerobic methane oxidation by this
Methylobacter species.
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Figure S1 | Overview of experimental methods. The lake graphic represents

Lacamas Lake, with on the left side the mixed winter water column,

homogeneously low in methane and rich in oxygen, and on the right side the

stratified summer water column, with a methane-rich oxygen-depleted deeper

water layer and a methane-poor and oxygen-rich top water layer. Samples for this

study were collected in the mixed winter water column, transferred onto nitrate

mineral salts (NMS) media (A) and received methane. The enrichment culture was

subcultured six times, by transferring culture to fresh media rich in methane in a

1:20 dilution, before using size separation (B) to increase the Methylobacter

relative abundance. The particulate matter that remained on the 10µm filter was

scraped off and suspended in fresh media (C). The resulting cultures were again

subcultured six times (D), and afterwards combined and concentrated to create

one concentrated culture that was used to set up incubation experiments (E). A

sample for metagenomic sequencing was obtained via subculturing of the filtrate

(F). This metagenomic sequencing sample is described in Table S3. For more

details, see the Experimental setup section.

Figure S2 | Nitrate concentration at the start and end of the electron acceptor

incubation experiments. Error bars represent the standard error over triplicate

incubations.

Figure S3 | Maximum likelihood phylogenetic tree based on 34 concatenated

single-copy, protein-coding genes (following the method of Dombrowski et al.,

2018) of the MAG bin LLE-enrich-bin26 and the MAGs as described in van

Grinsven et al. (2019) (i.e., bin-63, bin-37, and bin-19).

Figure S4 | Predicted pathway for mixed-acid fermentation from pyruvate to

succinate and H2 production in the Methylobacter LL-bin63 and Methylobacter

LLE-enrich-bin26 (Green and red circles indicate presence/absence of the coding

gene).

Table S1 | Overview of the media (AMS - ammonium mineral salts, NMS - nitrate

mineral salts) used in the incubation experiments, and of the additions of methane,

additional nitrate, sulfate or humic substances to the incubation experiments.

Table S2 | Characteristics of the most abundant MAGs detected in the sample

derived from the 10 µm filtrate (Figure S1), which contained a high diversity in

methanotrophs (i.e. 22% Methylobacter and 17% Methylomonas) and a high

relative abundance of Methylotenera (i.e. 24%) based on 16S rRNA gene

amplicon sequencing. Avg, average. Classification was inferred by GTDB-Tk as

indicated in the material and methods.

Table S3 | Composition of the sample that was used for metagenome

sequencing.

Table S4 | Relative abundance (%) of Methylobacter OTUs (>0.4% in at least one

of the samples) in respect to the total 16S rRNA gene reads in the amplicon

sequencing analysis for each incubation and for the enrichment sample used for

the metagenomic sequencing.

Table S5 | P-value of t-tests between Methylobacter relative abundances of the

three replicates per incubation type, indicating whether the difference in relative

abundance between sample categories was statistically significant.

Supplementary File 1 | Rapid Annotation using Subsystem Technology (RAST)

annotation of the MAG LLE-enrich-26 Methylobacter.

Supplementary File 2 | Rapid Annotation using Subsystem Technology (RAST)

annotation of the MAG LLE-bin28 Methylotenera.

Supplementary File 3 | Percentage of similarity of the sequences included in the

phylogenetic tree of Figure 2.
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