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• Microbial primary producers (MPP) di-
versity is constrained by salinity in
lakes.

• Higher nutrients mitigated the salinity
constraints on MPP abundance and di-
versity.

• Nutrient mitigating effect was more
pronounced in saline than in freshwater
lakes.

• MPP community compositions substan-
tially varied with salinity.
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Higher microbial diversity was frequently observed in saline than fresh waters, but the underlying mechanisms re-
mains unknown, particularly in microbial primary producers (MPP). MPP abundance and activity are notably
constrained by high salinity, but facilitated by high nutrients. It remains to be ascertained whether and how nutri-
ents regulate the salinity constraints onMPP abundance and community structure. Herewe investigated the impact
of nutrients on salinity constraints onMPP abundance and diversity in undisturbed lakes with a wide salinity range
on the Tibetan Plateau. MPP community was explored using quantitative PCR, terminal restriction fragment length
polymorphism and sequencing of cloning libraries targeting form IC cbbL gene. The MPP community structure was
sorted by salinity into freshwater (salinityb1‰), saline (1‰ b salinityb29‰) and hypersaline (salinityN29‰) lakes.
Furthermore, while MPP abundance, diversity and richness were significantly constrained with increasing salinity,
these constraintsweremitigated by enhancing total organic carbon (TOC) and total nitrogen (TN) contents in fresh-
water and saline lakes. In contrast, the MPP diversity increased significantly with the salinity in hypersaline lakes,
due to the mitigation of enhancing TOC and TN contents and salt-tolerant MPP taxa. The mitigating effect of nutri-
ents was more pronounced in saline than in freshwater and hypersaline lakes. The MPP compositions varied along
salinity, with Betaproteobacteria dominating both the freshwater and saline lakes and Gammaproteobacteria domi-
nating the hypersaline lakes. We concluded that high nutrients could mitigate the salinity constraining effects on
MPP abundance, community richness and diversity. Our findings offer a novel insight into the salinity effects on pri-
mary producers and highlight the interactive effects of salinity and nutrients onMPP in lakes. These findings can be
used as a baseline to illuminate the effects of increased anthropogenic activities altering nutrient dynamics on the
global hydrological cycle and the subsequent responses thereof by MPP communities.
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1. Introduction
Microbial primary producers (MPP) are responsible for approxi-
mately 50% (~50 Pg C yr−1) of the annual global net primary production
in aquatic ecosystems; although, they only account for only 0.2% of
global primary producer biomass (Field et al., 1998; Falkowski et al.,
2004; Baumert and Petzoldt, 2008; Basu andMackey, 2018). Carbon fix-
ation performed byMPP is thus a key process in aquatic ecosystems, in-
cluding inland lakes (Duarte et al., 2008; Engel et al., 2019).

MPP abundance and their carbon-fixing capacity are primarily
driven by bottom-up abiotic resources across the freshwater, marine
and terrestrial systems (Elser et al., 2007; Yuan et al., 2012; Larson
and Belovsky, 2013; Seekell et al., 2015; Gusha et al., 2019). Degrada-
tion of organic matter releases synchronously multiple nutrients
back to aquatic ecosystems, e.g. C, N and P (Finzi et al., 2011;
Bratkic et al., 2012; Chen et al., 2018). Organic matter thus repre-
sents the nutrient status and fertility in ecosystems (Zarin et al.,
1998; Quayle and Convey, 2006; Chen and Wang, 2019). In addition
to nutrient limitation, salinity is a strong driver of microbial commu-
nity and primary producers in aquatic ecosystems (Wu et al., 2006;
Lozupone and Knight, 2007; Al-Said et al., 2017; Wang et al., 2018).
Salinity usually constrains microbial abundance, diversity and pri-
mary production in aquatic environments (Liu et al., 2013; Zhong
et al., 2016; Lindsay et al., 2019). Contrasting findings were fre-
quently observed, indicating that microbial community diversity
was higher in more saline habitats (Lozupone and Knight, 2007;
Zhong et al., 2016). Therefore, the salinity effect on microbial com-
munities is more complicated than previously assumed, and other
environmental factors, such as nutrients (Larson and Belovsky,
2013; Van Horn et al., 2014; Ferreira et al., 2019) and temperature
(Bergstrom et al., 2013; Yvon-Durocher et al., 2015; Stefanidou
et al., 2018), also regulate the microbial response to salinity. There
is a need to understand the interactive effects of salinity and nutri-
ents, as inland lakes are currently or in the near future impacted by
enhanced nutrient inputs. For example, the inputs of terrestrial dis-
solved organic carbon, nitrogen deposition and phosphorous into
aquatic ecosystems have been significantly increased by climate
change and human activities (Anderson, 1991; Shaver et al., 2000;
Tranvik and Jansson, 2002; Hole and Engardt, 2008; Conley et al.,
2009).

Herein we used a RubisCO large subunit gene (IC cbbL) as a proxy to
investigate MPP community abundance and diversity along wide salin-
ity and nutrient gradients in lakes on the Tibetan Plateau. Form I is the
most pervasive type of RubisCO which can be further divided into four
clades of IA, IB, IC and ID (Tabita et al., 2008). The gene cbbL is highly
conserved and has been widely used as phylogenetic biomarker to in-
vestigate the diversity of MPP community in a variety of ecosystems
(John et al., 2007; Kong et al., 2012; Martinez-Garcia et al., 2012).

Tibetan Plateau is the largest and highest (N4000 m above sea level,
a.s.l.) plateau on Earth and hosts thousands of pristine lakes with a total
area of 4.5 × 104 km2 accounting for 49.5% of the lake area in China
(Wan et al., 2014). These lakes contain stratified biogeochemical gradi-
ents, such as salinity, nutrients and pH (Yang et al., 2016; Liu et al.,
2018), and therefore provide an ideal study ground to test hypotheses
on the relevance of environmental stresses for biodiversity. Microbial
survival under high salinity requires more energy for a variety of
processes which would be supplied by a robust photosynthetic appara-
tus (Oren, 1999; Sudhir and Murthy, 2004; Ashraf and Harris, 2013).
Oligotrophic conditions would limit the organisms' ability to build pro-
teins/enzymes for maintaining high rates of photosynthesis (Oren,
1999; Harpole et al., 2011; Ashraf and Harris, 2013). Nutrients are
thus particularly important for MPP survival and growth in lake waters
with high salinity. We thus hypothesized that (i) salinity is a major en-
vironmental driver of MPP abundance, community diversity and struc-
ture, and (ii) the salinity constraints onMPP community are dependent
on nutrients.
2. Materials and methods

2.1. Study sites and field sampling

Twenty-two lakeswere investigated across the Tibetan Plateau at al-
titudes ranging from 4280 to 4858m above sea level (Table S1). Surface
waters were sampled using a 2.5-liter sampler in three replicates in July
and August 2015. One-liter of water was concentrated onto Millipore
membrane filters (0.22 μm pore size) at 0.6 atm filtering pressure. The
filters were frozen at −20 °C and delivered to the laboratory in cooler
with ice bags and stored at −80 °C until DNA extraction.

2.2. Environmental factor analysis

Water salinity, pH and dissolved oxygenwere measured by the Pro-
fessional Plus (Pro Plus) Multiparameter Instrument (YSI, USA) in situ.
Lake water total organic carbon and total nitrogen concentrations
were measured after filtering (0.45 μm pore size) by total organic car-
bon analyzer and total nitrogen measuring unit (TOC-VCPH and TNM-
1, Shimadau, Japan), respectively. Water temperature was the mean
during daytime of July and August 2015, whichwas extracted from pre-
vious study (Wan et al., 2017).

2.3. DNA extraction

The frozen filters were cut into pieces and total environmental DNA
was extracted using a FastDNA® SPIN Kit for soil (MP Biomedical, USA)
as described previously (Kong et al., 2012). The purity and concentra-
tion of the DNA were examined by Nanodrop® ND-2000 UV–Vis Spec-
trophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA)
and 1.2% agarose gels.

2.4. Real-time quantitative PCR

In our previous studies, we found that form IC MPP substantially
outnumbered other types (forms IAB and ID) in Tibetan Plateau envi-
ronments (Guo et al., 2015; Zhao et al., 2018). In the current study
form IAB was not successfully quantified for the low abundance, while
ID was substantially lower abundance than IC by appropriately 100
folds (Fig. S1). We thus concentrated on form IC MPP abundance and
community structure in the study. Form IC cbbL gene abundance was
quantified by real-time quantitative PCR (qPCR) with primer set IC-F/
IC-R (Alfreider et al., 2009), using a Light Cycler 480 II instrument
(Roche, Switzerland). qPCR was conducted as our previous study with
a temperature program of 35 cycles of 30 s at 95 °C, 30 s at 64 °C, 40 s
at 72 °C (Zhao et al., 2018). A standard curve was generated using plas-
mid containing target gene fragments (Guo et al., 2015).

2.5. Terminal restriction fragment length polymorphism analysis

MPP community structure was determined by terminal restriction
fragment length polymorphism (T-RFLP). PCR reactions were per-
formed in triplicate for each sample on an Applied Biosystems (ABI,
USA) instrument using the same primer set as qPCR, with the exception
that the forward primer was labeled with 6-carboxy-fluorescein at the
5′ end (5′-FAM). The labeled PCR products were gel-purified using an
AxyPrep DNA purification kit (Axygen, CA, USA). The purified products
were digested with restriction endonucleaseMspI (Takara, Japan) at 37
°C for 3 h (Guo et al., 2015; Zhao et al., 2018), and then the reactions
were stopped by incubation at 65 °C for 20 min.

The digested products were purified using Sigma-Aldrich Spin Post
Reaction Clean-Up columns (Sigma, USA), and a portion was mixed
with deionized formamide and the internal standard GeneScan-1000
LIZ (Applied Biosystems, USA). The mixtures were denatured for
3 min at 95 °C, and the DNA fragments were size separated using a
3130xl Genetic Analyzer (Applied Biosystems, USA). T-RFLP profiles
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were determined using Gene Scan analysis software (Applied
Biosystems, USA).

2.6. Clone library construction, sequencing and phylogenetic analysis

Clone libraries of form IC cbbL gene were constructed for three lakes
(lake Bong Co, salinity 0.14‰; Zhari Namco, salinity 10.02‰; and Pongyin
Co, salinity 85.28‰) to analyze the MPP community compositions. The
PCR program and primer set of the form IC cbbL gene were same as the
qPCR. The purified PCR products were ligated into pGEM-T Easy vector
(Promega, Madison, USA), and then transformed into Escherichia coli
DH5α competent cells. A total number of 94 clones were sequenced
using an ABI model 3730xl DNA analyzer (Applied Biosystems, USA).

Sequence alignments were performed using CLUSTALW inMEGA6.0
(Tamura et al., 2013). Sequences with N97% nucleotide similarity were
grouped into the same operational taxonomic unit (OTU) using the
Mothur program v.1.33.3 (Schloss et al., 2009). Phylogenetic tree was
constructed in MEGA6.0 using the neighbor-joining method with the
maximum composite likelihood model. Sequences generated in this
study have been deposited in the National Center for Biotechnology In-
formation GenBank (NCBI) under accession numbers MK058319-
MK058349.

2.7. Statistical analysis

Figures and curve fittings were generated by Sigmaplot 12.5 (Systat
Software, Inc., CA, USA). Correlations between MPP gene abundance,
Shannon diversity, richness, evenness and environmental factors were
determined using Pearson correlation in Sigmaplot 12.5 (Systat Soft-
ware, Inc., CA, USA) and partial correlations were assessed by SPSS 23
(SPSS Inc., Armonk, NY, USA). Prior to the Pearson correlation and par-
tial correlation analysis, all the data of environmental factors and gene
abundance were log10 transformed. MPP community structure based
on T-RFLP peaks were determined by canonical correspondence analy-
sis (CCA)using CANOCO5 (Microcomputer Power, Ithaca, NY). The clas-
sification of lakes based on environmental factors was determined by
principal component analysis using CANOCO 5. Variation partition anal-
ysis (VPA) was performed to determine the individual contribution of
each environmental factor to the MPP community variation using
CANOCO 5 (Guo et al., 2015). MPP diversity (Shannon-wiener index),
richness (the number of terminal restriction fragments) and evenness
(Pielou-evenness) indexes were calculated from T-RFLP profiles using
the vegan package in R (Zhao et al., 2017).

3. Results

3.1. Environmental factors in lake waters

Salinity levels of lake surface waters ranged from 0.07 to 85.28‰,
with a pH range of 8.78–10.00 (Table S1). Total organic carbon (TOC)
and total nitrogen (TN) contents were 2.48–66.69 mg L−1 and
0.62–7.61 mg L−1, respectively. Principal component analysis based on
all the environmental factors distinguished these lakes into three cate-
gories: freshwater (salinityb1‰), saline (1‰ b salinityb29‰) and hy-
persaline (salinityN29‰) lakes (Fig. S2). Among all the environmental
factors, salinity played a key role in categorizing the lakes. Salinity ex-
hibited significantly positive and negative correlations with pH (r =
0.74, p b 0.001) and dissolved oxygen (DO) (r = −0.61, p b 0.001,
Table S2), respectively. TOC and TN positively correlated with salinity,
pH and water temperature (Table S2).

3.2. Microbial primary producer abundance along salinity and nutrient
gradients

MPP abundancewas quantified using qPCR of the form IC cbbL gene,
which has been shown to dominate MPP communities on the Tibetan
Plateau (Guo et al., 2015; Zhao et al., 2018). Form IC cbbL gene abun-
dance ranged from 105 to 109 copies L−1 water, and the peak was ob-
served in lake Guogen Co (salinity 4.15‰) with 1.8 × 109 copies L−1

water. Form IC cbbL gene abundance varied along the salinity gradient,
however, the relationship between salinity and MPP community abun-
dance was distinct between the three lake categories of freshwater
(salinityb1‰), saline lakes (1‰ b salinityb29‰), and hypersaline lakes
(salinityN29‰). In freshwater lakes, cbbL gene abundance increased lin-
early with salinity (Fig. 1A), while in saline lakes, cbbL gene abundance
covaried negatively with salinity levels (Fig. 1B). In contrast, form IC
cbbL gene abundance and salinity did not exhibit a significant relation-
ship in hypersaline lake waters (Fig. 1C).

To further investigate whether additional environmental factors
could contribute to the distinct patterns observed in MPP abundance
between the three salinity categories, Pearson correlations between
the gene abundance and environmental factors were calculated. The re-
sults demonstrated that form IC cbbL gene abundance was positively
correlated with water salinity, pH, temperature, TOC and TN contents
in the freshwater lakes (all p b 0.05, Table 1). In the saline lakes, cbbL
gene abundance negatively correlated with salinity and pH, but posi-
tively correlated with water temperature (all p b 0.01, Table 1). In hy-
persaline lakes, the cbbL gene abundance positively correlated with
pH, TOC and TN, and negatively correlated with DO (all p b 0.05,
Table 1). To further confirm the positive correlations of form IC cbbL
gene abundance with TOC and TN contents in the lake waters, log-
transformed gene abundance was plotted as a function of nutrient con-
tent. In agreement with the Pearson correlations, gene abundance ex-
hibited significantly positive correlations with TOC and TN contents in
both freshwater and hypersaline lakes (Fig. S3). In saline lakes, the
gene abundance exhibited a marginally positive correlation with TN
content (p = 0.08). Partial correlations for cbbL gene abundance with
environment factors while controlling the effect of salinity were tested.
The results showed that pH significantly influenced form IC cbbL gene
abundance in freshwater and hypersaline lakes. Temperature exhibited
a marginally (p=0.07) and significantly (p b 0.05) positive correlation
with form IC cbbL gene abundance in freshwater and saline lakes, re-
spectively (Table S3).

3.3. Microbial primary producer community diversity along salinity and
nutrient gradients

All detected T-RFs were included to calculate the MPP diversity
(Shannon diversity), richness (the number of T-RFs) and evenness
(Pielou-evenness). The three indexes exhibited distinct patterns,
which were dependent on the salinity lake classifications (Fig. 2). The
diversity significantly decreased along the increasing salinity in fresh-
water and saline lakes (Fig. 2A–B), but significantly increased in hyper-
saline lakes (Fig. 2C). In contrast, the MPP richness was relatively stable
in freshwater and hypersaline lakes (Fig. 2D and F), but significantly de-
creased with increasing salinity in saline lakes (Fig. 2E). MPP evenness
followed a similar pattern as the diversity (Fig. 2G–I).

To further illustrate the effects of other environmental factors (ex-
cept salinity) on the three community indexes, Pearson correlations of
diversity, richness and evenness with physicochemical factors were cal-
culated. Community richness positively correlatedwith water tempera-
ture and TOC content in freshwater lakes (Table S4), while diversity and
evenness exhibited significantly positive correlations with water tem-
perature and TOC content (all p b 0.05), and the richnessmarginally cor-
related with the temperature (p = 0.07) in saline lakes. Last,
community richness correlated positively with TOC and TN contents
in hypersaline lakes (all p b 0.05).

To further demonstrate the nutrient effects on the MPP community,
the three community indexeswere curve-fitted as a function of TOC and
TN contents. TOC significantly increased richness, but failed to enhance
the diversity or evenness in either the freshwater or hypersaline lakes
(Fig. 3). Contrarily, the nutrient effects on MPP community were



Fig. 1.Abundance of form ICmicrobial primary producers (indicated by cbbL gene) in lakewaters along the salinity gradient. All the data of salinity and form IC cbbL gene abundancewere
log10 transformed.
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substantially pronounced in saline lakes. TOC significantly increased the
diversity, evenness (all p b 0.01, Fig. 3B and H) and richness in saline
lakes (Fig. 3E). The effects of TN on the three indexes were similar to
TOC in freshwater and hypersaline lakes (Fig. S4). Compared to TOC,
TN slightly increased the three indexes in saline lakes. To further eluci-
date the effects of salinity versus other environmental factors on the
MPP community indexes, partial correlation analysis was performed.
While controlling the effect of salinity, the effects of environmental fac-
tors on MPP diversity, richness and evenness were tested. The results
showed that pH positively correlated with the MPP diversity and even-
ness in freshwater and saline lakes (p b 0.05, Table S5), and TOC posi-
tively correlated with the diversity and richness in freshwater and
saline lakes (p b 0.05).

3.4. Microbial primary producer community structure in lake waters

The MPP community structure was screened by T-RFLP profiles. Ca-
nonical correspondence analysis (CCA) revealed that the MPP commu-
nity structure was distinguished by salinity, and categorized into
freshwater, saline and hypersaline lakes (Fig. 4). The MPP community
variation was driven primarily by salinity and nutrients (TN and TOC).
The impact of both salinity and nutrients was more pronounced at the
interface between saline and hypersaline lakes. Variation partitioning
analysis (VPA) disentangled the individual contribution of each envi-
ronmental factor to the MPP community variation. The results showed
that salinity individually explained the community variation by 8%
across all lakes, and other environmental factors also contributed to ex-
plain the variation by 1.5–2.8%, with the exception of TOC (Table 2). In
freshwater lakes, the MPP microbial community was primarily driven
Table 1
Pearson correlations of form IC cbbL gene abundance with environmental factors.

Environmental factors Form IC cbbL gene abundance (copies L−1)

Freshwater
lakesa

Saline
lakesb

Hypersaline
lakesc

Salinity (‰) 0.696⁎⁎⁎ −0.609⁎⁎⁎ 0.408
pH 0.777⁎⁎⁎ −0.315⁎⁎ 0.956⁎⁎⁎

Dissolved oxygen (mg L−1) −0.203 −0.019 −0.910⁎⁎⁎

Water temperature (°C) 0.728⁎⁎⁎ 0.374⁎⁎ −0.503
Total organic carbon (mg
L−1)

0.609⁎⁎⁎ 0.112 0.791⁎⁎

Total nitrogen (mg L−1) 0.434⁎ 0.218 0.594⁎

All the data of environmental factors and form IC cbbL gene abundance were log10
transformed.

a n = 33.
b n = 66.
c n = 12.
⁎ p ≤ 0.05.
⁎⁎ p ≤ 0.01.
⁎⁎⁎ p ≤ 0.001.
by salinity (22.6%), while pH, water temperature, TOC and TN individu-
ally explained by 7.4%, 7.5%, 5.1% and 3.0%, respectively. Given that sa-
linity, pH and dissolved oxygen (DO) co-varied (Table S2), salinity
exclusively drove the MPP community structure in saline and hypersa-
line lakes.

3.5. Phylogenetic analysis of form IC cbbL gene in lake waters

Clone libraries of form IC cbbL gene were constructed for freshwater
(Bong Co, 0.14‰ salinity), saline (Zhari Namco, 10.02‰) and hypersa-
line (Pongyin Co, 85.28‰) lakes, respectively. A total of 30 OTUs were
identified for cbbL gene. All sequences were phylogenetically affiliated
with four clusters (Fig. 5). The four clusters belonged to three phyla,
which were Alphaproteobacteria (cluster III), Betaproteobacteria (cluster
I and II) and Gammaproteobacteria (cluster IV). Betaproteobacteria dom-
inated the form IC MPP community in freshwater and saline lakes and
Gammaproteobacteria dominated the hypersaline lake, while
Alphaproteobacteria accounted for a low relative abundance in thesewa-
ters. Particularly, OTU1 (GenBank accession number MK058319) be-
longing to Nitrosomonadales dominated the form IC community in
saline lake waters (69% relative frequency) and shared the highest
nucleic acid similarity with deglaciated soil clones at Muztag glacier.
OTU2 (GenBank accession number MK058320) belonging to
Burkholderiales shared high similarity with glacier melt water clones
and dominated the freshwater samples (51% relative abundance).
OTU3 (GenBank accession number MK058321) belonging to
Thioalkalivibrio versutus dominated the hypersaline water MPP with
85% relative frequency, and shared high similarity with clones of hyper-
saline soda lake sediments (Kovaleva et al., 2011).

4. Discussion

4.1. Abundance of microbial primary producers in Tibetan Plateau lake
waters

Form IC MPP were abundant in Tibetan Plateau lake waters (Fig. 1).
Compared with the Antarctic lakes (Kong et al., 2012), mesotrophic
lakes (Alfreider et al., 2018) and soils (Guo et al., 2015; Lynn et al.,
2017), the Tibetan Plateau lake waters exhibited similar or even higher
MPP abundance. Previous studies demonstrated that the MPP were ac-
tive and played an important role in carbon fixation in high salinity en-
vironments (Vavourakis et al., 2016), and they contribute to over 46% of
primary production in oceans (Field et al., 1998; Falkowski et al., 2004).
Therefore, the abundant MPP suggested a high CO2-fixing potential in
the Tibetan Plateau lakes.

Our study showed that salinity and nutrients both played key roles
in driving MPP abundance in the lake waters (Figs. 1, S3 and Table 1).
Salinity correlated with a significant loss in MPP abundance in saline
lakes (Fig. 1), in agreement with previous findings in aquatic



Fig. 2. Form IC microbial primary producer diversity (A, B, C), richness (D, E, F) and evenness (G, H, I) in lake waters along the salinity gradient. All the data of salinity were log10
transformed.
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ecosystems (Liu et al., 2013, 2019; Zhong et al., 2016). However, posi-
tive correlation of MPP abundance with nutrient content (TOC and
TN) in freshwater and hypersaline lakes as well as with water tempera-
ture in freshwater and saline lakes (Tables 1, S3) suggest that higher nu-
trient availability and more favorable temperatures can mitigate the
salinity constraint. This is consistent with that increased nutrients, par-
ticularly nitrogen and phosphorus, stimulate MPP abundance and rates
of primary production in aquatic ecosystems (Elser et al., 2009;
Bergstrom et al., 2013; Sanders et al., 2015; Teufel et al., 2017). Nutri-
ents usually increased microbial abundance by facilitating cell growth
and division (Huang et al., 2012; Martínez-Macías et al., 2018). For ex-
ample, organic matter addition facilitated microbial growth and bio-
mass in high pH and salinity soils (Kamble et al., 2014). Form IC MPP
are typically facultative autotrophs (Fig. 5) (Alfreider et al., 2009;
Yuan et al., 2012; Guo et al., 2015; Zhao et al., 2018) and could utilize
an array of different carbon sources, such as Rubrivivax gelatinousus
(Nagashima et al., 2012). Alternative carbon and energy sources
would be advantageous under high salinity, which is particularly stress-
ful for autotrophic energy generating pathways (Sudhir and Murthy,
2004; Ashraf and Harris, 2013).

In contrast with the saline lakes, salinity did not constrain MPP abun-
dance in either the freshwater or hypersaline lakes, which could be due to
the following reasons. In freshwaters the nutrients and favorable temper-
aturemitigated the salinity constraint or low salinity did not exert enough
constraint effects. In hypersaline waters the MPP were adapted to salt,
thus their abundancewas not constrained by hypersalinity, but facilitated
by higher nutrient availability (TN and TOC). This hypothesis is supported
by the observation that the MPP in the hypersaline waters were
phylogenetically affiliated to those retrieved from hypersaline soda
lakes (Sorokin et al., 2001; Kovaleva et al., 2011), belonging to
Gammaproteobacteria (Fig. 5). Gammaproteobacteriawere halophilic and
widely observed in hypersaline habitats (Logares et al., 2013; Liu et al.,
2018; Rath et al., 2018).

4.2. Diversity of microbial primary producer community in Tibetan Plateau
lake waters

Our results demonstrated that MPP community diversity, richness
and evenness decreased with enhancing salinity in the lake waters
(Fig. 2). In contrast, nutrients and warmer temperatures mitigated the
salinity constraints (Fig. 3 and Tables S4–S5), and the mitigating effects
were more pronounced in saline lakes than in freshwater and hypersa-
line lakes. These results are consistent with previous observations that
increased nutrient supply enhanced phytoplankton richness in a saline
lake (Larson and Belovsky, 2013), and cbbL diversity in soils (Selesi
et al., 2005; Yuan et al., 2015). The results imply that MPP diversity is
constrained by high salinity only if they experience nutrients limitation
or other stresses. The nutrient mitigation could be due to that organic
matter decomposition provided rich nitrogen and phosphorus and la-
bile substrates for mixotrophs (Xiao et al., 2014; Yuan et al., 2015; Wu
et al., 2017), which subsequently increased the MPP diversity. Our re-
sults are contrary to most previous findings that increasing salinity
wasmore commonly observed to either have no effect or decrease over-
all bacterial or eukaryotic diversity (Benlloch et al., 2002; Foti et al.,
2008; Hollister et al., 2010; Larson and Belovsky, 2013; Rath et al.,
2018). In addition, our findings explain the previous phenomena that



Fig. 3. Form IC microbial primary producer diversity (A, B, C), richness (D, E, F) and evenness (G, H, I) in lake waters along the total organic carbon (TOC) gradient. All the data of TOC
contents were log10 transformed.
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the richness of cyanobacteria and bacterioplankton are not negatively
impacted by increasing salinity in Tibetan Plateau lakes (Wu et al.,
2006, 2009).

Interestingly, theMPPdiversity in hypersaline lakeswas similar to or
even higher than freshwater and saline lakes on the Tibetan Plateau. A
similar finding was observed in prokaryote diversity in Tibetan Plateau
lake waters (Zhong et al., 2016). This could be attributed to that the hy-
persaline lakes were rich in nutrients and their MPP taxa were more
halotolerant (such as Thioalkalivibrio versutus) (Fig. 5) (Sorokin et al.,
2001). Thus the higher nutrients coupling with MPP compositions
with high salt-tolerance collectively contributed to the high diversity
and richness in the hypersaline lakes.

4.3. Microbial primary producer community structure and composition in
Tibetan Plateau lake waters

Our results demonstrated that salinity played a dominant role in
driving the MPP community structure, while nutrients and water tem-
perature also played important roles (Figs. 4, S2 and Table 2). The inter-
active effects of nutrient availability and abiotic stresses were
previously observed in microbial community diversity (Wu et al.,
2006; Bergstrom et al., 2013; Gusha et al., 2019). Microbial community
structure was strongly influenced by the ability of each taxa to tolerate
salinity constraint (Larson and Belovsky, 2013), with the freshwater
taxa could rarely survive in saline waters (Logares et al., 2009, 2013).
Microbial community structure could be driven by favoring the growth
of copiotrophic (fast-growing but low C use efficiency) taxa and
reducing the abundance of oligotrophic (slow-growing, high C use effi-
ciency) taxa (Van Horn et al., 2014; Leff et al., 2015). It was observed
that high organic carbon content and nutrient availability facilitated
the growth ofmixotrophs (Yuan et al., 2012) in soils. Additionally, nutri-
ents could regulate the temperature dependence of metabolic rates,
abundance and productivity in phytoplankton (Maranon et al., 2018;
Gusha et al., 2019). Higher nutrients may also assist the MPP in main-
taining stable or even higher carbon fixation rates (Young et al., 2015;
Maranon et al., 2018). Thus, nutrients could directly and indirectly
drive MPP community. In addition to higher nutrients, favorable tem-
peratures frequently drove microbial community structure in aquatic
ecosystems (Fuhrman et al., 2006; Gilbert et al., 2009; Pagaling et al.,
2009). Temperature was reported to control biological activity through
its favorable effect onmetabolic rates (Cross et al., 2015;Maranon et al.,
2018). The temperature facilitating effect was obvious in our study be-
cause of the low temperatures in Tibetan Plateau lakes, which ranged
from 6 to 24 °C during Summer (Wan et al., 2017).

The MPP community variation was consistent with the composi-
tional shifts along the salinity gradient. Betaproteobacteria dominated
freshwater and saline lakes, while Gammaproteobacteria dominated hy-
persaline lakes (Fig. 5). These microbes were phylogenetically close to
clones from cold and saline habitats. Salinity was the predominant fac-
tor regulating the microbial compositions on a global scale (Lozupone
and Knight, 2007). It was assumed that salinity increase may lead to
the replacement of suboptimal salinity-adapted taxa by the better
adapted (Wu et al., 2006; Jiang et al., 2007) and hypersalinity exerts
strong phylogentic selection on MPP.



Fig. 4. Canonical correspondence analysis (CCA) of form IC microbial primary producer community structure based on T-RFLP profiles. SAL, salinity (‰); T, water temperature (°C); DO,
dissolved oxygen (mg L−1); TOC, total organic carbon (mg L−1); TN, total nitrogen (mg L−1).
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5. Conclusions

In summary, we provided a large-scale investigation of the MPP
community abundance, diversity and their response to salinity and
Table 2
Individual and combined contributions of environmental factors to form IC microbial pri-
mary producer community structure in the Tibetan Plateau lakes.

Environmental factors Individual or combined contribution

All
lakesa

Freshwater
lakesb

Saline
lakesc

Hypersaline
lakesd

Salinity (‰) 8.0⁎⁎ 22.6⁎⁎ 7.2⁎⁎ 17.4⁎⁎

pH 2.6⁎⁎ 7.4⁎⁎ 5.0⁎⁎ –
Dissolved oxygen (mg L−1) 2.0⁎⁎ – 4.8⁎⁎ –
Water temperature (°C) 2.8⁎⁎ 7.5⁎⁎ – –
Total organic carbon (mg L−1) – 5.1⁎⁎ – –
Total nitrogen (mg L−1) 1.5⁎⁎ 3.0⁎ – –
Combined effect of all factors
(%)

32.8⁎⁎ 59.7⁎⁎ 15.6⁎⁎ 48.8⁎⁎

Variation partitioning analysis (VPA) tested the correlation between T-RFLP data of form
IC cbbL gene and environmental factors.
Significant difference was determined by Monte Carlo test with 1000 permutations.

a n = 111.
b n = 33.
c n = 66.
d n = 12.
⁎ p ≤ 0.05.
⁎⁎ p ≤ 0.01, and missing values indicate non-significant correlations (p N 0.05).
nutrients in surface lake waters located in the Tibetan Plateau. Our
findings demonstrated that while the MPP community abundance
and diversity were constrained by salinity, nutrients availability
contributed to the responses of MPP to salinity and mitigated
the salinity constraints. The nutrients mitigating effects were
more pronounced in saline waters than in fresh and hypersaline
waters. Our study provided a new insight into the interactive
effects of salinity and nutrients on primary producers in aquatic
ecosystems in general, and in particular to understudied, low-
latitude polar lakes. Given the enormous CO2-fixing amount by
MPP in aquatic ecosystems, there is an urgent need to study MPP
roles in carbon cycling and their response to various environmen-
tal factors. This baseline will be beneficial in predicting MPP
community and carbon cycling responses in aquatic ecosystems
to climate change.
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