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Abstract

Shallow lakes, the most numerous waterbodies on Earth, are susceptible to climate warming and nutrient
enrichment whose effects on the microbial functional potentials are not yet fully understood, however. Here,
we applied a microarray-based technology termed GeoChip 5.0 to investigate microbial functional genes at the
beginning of April in shallow lake ecosystems simulated in mesocosms that have been undergoing nutrient
enrichment and warming for 9 yr. Our results showed that warming exacerbated the impact of nutrient enrich-
ment on microbial metabolic potentials and significantly elevated the microbial autotrophy potentials, carbon
degradation potentials (e.g., starch, hemicellulose, cellulose, and chitin), and polyphosphate mobilization
potentials. We also observed that warming enhanced the impacts of nutrient enrichment on microbial func-
tional gene structure. The combination of warming and nutrient enrichment increased the deterministic effect
from phytoplankton, causing higher interlinking of microbial functional genes involved in the carbon, nitro-
gen, phosphorus, and sulfur cycling in correlation-based networks. Overall, we propose that the joint effect of
warming and nutrient enrichment promoted the autotrophic carbon supply and the heterotrophic carbon
demand and changed the carbon fluxes in the experimental mesocosms.

The biosphere is in the midst of a pronounced warming
trend. The Earth’s surface temperature has increased by 0.76°C
since 1850, and the temperature will expectedly have
increased by another 1.1-6.4°C by the end of the 21°' century
(IPCC 2007). The increasing temperature alters the function-
ing of many ecosystems (Hoegh-Guldberg and Bruno 2010;
Jeppesen et al. 2010; Woodward et al. 2010; Zhou et al. 2012;
Guo et al. 2019). Shallow lakes, the most numerous
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Additional Supporting Information may be found in the online version of
this article.

waterbodies on Earth, are particularly vulnerable to the cur-
rently observed warming trends (Jeppesen et al. 2010; Kosten
et al. 2011; Verpoorter et al. 2014). However, they are also
highly vulnerable to human activities in their catchments,
such as the nutrient input (Jeppesen et al. 2010). Organic car-
bon fluxes and nutrient cycling in the water columns of shal-
low lakes are mostly driven by microorganisms (Garcia
et al. 2013; Ren et al. 2018). Changes in microbial functional-
ity may affect the resilience of all other organisms and hence
their ability to respond to climate change (Woodward
et al. 2010; Kelly et al. 2019). Despite the crucial importance
of microorganisms in climate warming biology, information is
scarce on how climate warming and nutrient enrichments the
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two most dominant factors, jointly affect the microbial func-
tional structure and its potential feedback (Ozen et al. 2013;
Cavicchioli et al. 2019).

Previous evidence suggests that there is a combined effect
of warming and nutrient enrichment on aquatic bacterial tax-
onomic (based on 16S rRNA gene sequencing) community
composition (Ren et al. 2017), causing a dramatic change in
the composition of bacterial communities toward increased
percentages of cyanobacteria (Ren et al. 2017). However,
changes in microbial composition do not always entail a func-
tional shift due to microbial functional redundancy (Allison
and Martiny 2008; He et al. 2012; Zhang et al. 2019). It is gen-
erally believed that the microbial community composition
determined from 16S rRNA gene sequencing is less useful than
functional traits for predicting biogeochemical properties,
especially ecosystem functioning (Teeling et al. 2012; Escalas
et al. 2019).

Functional traits are ecologically valuable parameters for
understanding the assembly of microbial communities
(Barberan et al. 2012), which may be affected by climate
warming simply due to the influence of temperature on
microbial biochemical kinetics (Brown et al. 2004). Moderate
increases in temperature can result in high microbial meta-
bolic rates (Christoffersen et al. 2006; Shurin et al. 2012; Ozen
et al. 2013), and these ultimately determine the biogeochemi-
cal processes involved in the nutrient cycling of carbon (C),
nitrogen (N), phosphorous (P), and sulfur (S) (O’Connor
et al. 2009; Yvon-Durocher et al. 2014). For instance, elevated
temperatures can greatly influence the mobilization of phos-
phorus from mineral-bound and polyphosphate forms
(Sendergaard et al. 2003; Bai et al. 2009). Warming may also
increase greenhouse gas emissions with an amplifying effect
over time (Yvon-Durocher et al. 2017; Davidson et al. 2018).
In addition, climate warming may indirectly affect microbial
functional traits due to changes in primary producers. Previ-
ous studies suggest that warming, especially when interacting
with nutrient enrichment, can promote phytoplankton
growth (Meerhoff et al. 2007; Posch et al. 2012; Rigosi
et al. 2014). This results in the replacement of submerged
plants by phytoplankton, which modifies not only the biolog-
ical communities but also the biogeochemical processes of
shallow pelagic ecosystems (Jeppesen et al. 2009). High phyto-
plankton productivity in warmer eutrophic shallow lakes
(Flanagan et al. 2003; Feuchtmayr et al. 2009) may increase
the coupling of phytoplankton-microorganism dynamics and
promote changes in microbial functional structure and the
functional potentials involved in the nutrient cycling of C,
N, P, and S due to the increased energy available to support
the coexistence of multiple microbial functional traits (Bell
et al. 2005; Litchman et al. 2015; Kiersztyn et al. 2019).

Although climate warming and nutrients affect microbial
functional traits, the current knowledge regarding this rela-
tionship is insufficient. This is mainly due to the difficulty of
obtaining reproducible and quantitative functional data at a
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community-wide level. High-throughput sequencing and
microarrays are the commonly used technologies describing
the functional compositions of microbial communities. Com-
pared with the open-format technologies of high-throughput
sequencing, such as genomic and metagenomic tools, the
main limitations of the closed-format microarray technology
like GeoChip-based functional gene arrays are that they pre-
vent discovery of new genes, pathways, and taxa because all
molecules used for designing the querying devices are known
(Roh et al. 2010; Zhou et al. 2012). However, microarray tech-
nology is a useful method for routine studies of selected target
sequences (He et al. 2012; Suenaga 2012). This “targeted meta-
genomics” approach is an effective means to understand the
content and composition of genes for key ecological processes,
such as C, N, P, and S utilization by microbial communities
(e.g., Wang et al. 2009; Zhou et al. 2012). In this study, we
used GeoChip-based functional gene arrays to examine micro-
bial functional gene structure in outdoor mesocosms in Cen-
tral Jutland, Denmark. These mesocosms simulate shallow
lake systems under two nutrient regimes (oligotrophic and
eutrophic) and two temperature scenarios, one acting as con-
trol and the other being heated according to the Intergovern-
mental Panel on Climate Change’s climate scenario (IPCC)
A2 + 50% with temperatures 4-5°C higher than the ambient
(Liboriussen et al. 2005). We hypothesized that: (1) warming
itself may alter the microbial metabolic potentials involved in
nutrient cycling; (2) warming may also exacerbate the impact
of nutrient enrichment on microbial functionality, and there
is a joint effect between nutrient enrichment and warming;
and (3) the changed metabolic potentials for nutrient cycling
processes may affect ecosystem nutrient fluxes, creating a
microbial feedback to climate change.

Methods

Mesocosm experiment

The mesocosm experiment was initiated in August 2003 in
Lemming, Central Jutland, Denmark (56°14'N, 9°31'E). A
detailed description of the mesocosms and the experimental
setup can be found in Liboriussen et al. (2005). In our study,
we selected 16 fully mixed, outdoor, flow-through mesocosms
(diameter 1.9 m, water depth 1 m, retention time
~ 2.5 months) combining two temperature scenarios (ambient
temperature and warming simulating the IPCC A2 + 50% with
temperatures 4-5°C higher than the ambient) and two nutri-
ent levels with four replicates (Liboriussen et al. 2005). Nutri-
ents were added weekly as Na,HPO,4 and Ca(NO3), solutions
to half of the mesocosms (dose: 2.7 mgPm™ d~' and
27.1 mgNm™ d'), while the rest of the mesocosms
remained unenriched. Macrophytes (Elodea canadensis Michx
and Potamogeton crispus Linnaeus) were present in all nutrient-
control mesocosms, while the enriched mesocosms were dom-
inated by phytoplankton and filamentous algae and had
sparse or no vegetation. Here, the treatments are termed as

2482



Ren et al.

follows: ambient temperature, unenriched (control); enhanced
warming (A2 + 50%), unenriched (EW); ambient temperature,
nutrient-enriched (NE); and enhanced warming (A2 + 50%),
nutrient-enriched (NE and EW).

Sampling and chemical analyses

Sampling was conducted as described in detail by Ren
et al. (2017). In brief, we collected 8 L pooled water samples
from three uniformly distributed sites in each of the 16 meso-
cosms using a 1-m long tube water sampler that integrated the
whole water column (twice on 02 April 2012). Approximately
400-500 mL of the collected water was used for microbial
analysis and was filtered through 0.2-um isopore filters
(Millipore, Billerica, Massachusetts, U.S.A.). The filters were
stored at —20°C until further analysis.

Water turbidity, chlorophyll a (Chl a), phosphate (PO3~-P),
nitrate (NO,-N), dissolved organic carbon (DOC), and total
organic carbon (TOC) were analyzed according to standard
methods (Sendergaard et al. 1990). Bacterial production rates
were estimated using the Tritiated Thymidine incorporation
method (Fuhrman and Azam 1982). The measurements and
values of water temperature (T), dissolved oxygen (DO) levels,
total phosphorus (TP), total nitrogen, plant abundance esti-
mated as percent volume inhabited, gross primary productiv-
ity (GPP), ecosystem respiration (ER), and net primary
productivity (NPP) in the mesocosms were shown as in the
recent study by Ren et al. (2017).

DNA extraction and GeoChip analysis

DNA extraction was performed as in Ren et al. (2017).
Briefly, whole microbial DNA was extracted (Wu et al. 2007)
and purified using the Wizard DNA clean-up kit (Promega,
Madison, Wisconsin, U.S.A.). GeoChip 5.0 was used for ana-
lyzing DNA samples, including more than 60,000 oligonucleo-
tide probes and covering hundreds of gene families involved
in the cycling of carbon, nitrogen, phosphorus, and sulfur
(Yan et al. 2015). For each sample, DNA (500 ng) was labeled
with the fluorescent dye Cy-3 (GE Healthcare, California,
U.S.A.) by random priming (Shi et al. 2019). Labeled DNA was
purified with a QIAquick purification kit (Qiagen, California,
US.A.) and then dried in a SpeedVac (Thermo Savant,
New York, U.S.A.)). The dried and labeled DNA was
resuspended in 42 ul. of hybridization solution, which
included 1 x HI-RPM hybridization buffer, 1 x CGH blocking
agent, 0.05 ug uL™' Cot-1 DNA, 10 pmol L™! universal stan-
dard, and 10% formamide (final concentrations). After com-
plete mixing, the solution was denatured at 95°C for 3 min
and Kkept at 37°C until hybridization. Hybridizations were per-
formed at 67°C for 24 h with a rotation of 20 rpm in a hybrid-
ization oven. Scanned images of hybridized GeoChips were
converted and extracted by using Agilent Feature Extraction
11.5 software (Agilent Technologies, California, U.S.A.).
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Data preprocessing

Raw data were uploaded to the microarray analysis pipeline
(http://ieg.ou.edu/microarray/) and analyzed as previously
described (Ren et al. 2018). In brief, the following steps were
performed: (1) spots with a signal-to-noise ratio less than
2 were removed due to poor quality; (2) for each sample,
intensities plus 1 were transformed to logarithms and divided
by mean signal intensity; (3) microbial metabolic potentials
were further assessed by the relative signal intensity, which
was normalized for the number of probes per sample (Chan
et al. 2013).

Correlation-based network analysis

The microbial gene groups showing significant differences
in metabolic potentials under the different warming and
nutrient treatments were selected for correlation-based net-
work construction. A Spearman correlation matrix between
genes was calculated based on the relative gene abundances.
To reduce the bias of correlation coefficients, only genes
detected in at least 12 out of 16 samples were used for network
construction. Subsequently, all possible Spearman rank corre-
lations between genes across sampling mesocosms and the
corresponding p values were calculated. We considered a valid
correlation event to be robust if the absolute value of the
Spearman correlation coefficient was > 0.6 and statistically sig-
nificant at p <0.01 based on method- and edge-specific per-
mutations and bootstrap score distributions with 1000
iterations. Calculations were carried out using the Cytoscape
plugin CONET (http://psbweb05.psb.ugent.be/conet/; Faust
and Raes 2012). We generated subnetworks for each treatment
from meta-community networks by preserving genes pres-
ented in all mesocosms involved in each treatment using sub-
graph functions in BioNet packages. The subnetworks were
simplified by deleting the repeated edges using the simplify
command in the igraph package in R. The new subnetworks
in each warming and nutrient treatment were further visual-
ized in ggplot2 packages. The Erdos-Rényi random network
having the same nodes, edges, and degrees as the observed
subnetwork was calculated using the implemented tool Net-
work Randomizer, version 1.1.3. The topology of both the
observed subnetworks and the corresponding random net-
works was calculated by the implemented tool network ana-
lyzer of Cytoscape (Assenov et al. 2008).

In a network, scale free means that most of the genes are
connected to a low number of neighbor genes and that a small
number of high-degree genes show high connectivity to the
network. Degree indicates the number of links that a gene has
to other genes in a network. Clustering coefficient represents
that the degree to which genes in a network tends to cluster
together. Density is the number of links that a gene has
divided by the total possible links that a gene could have in a
network. Connectivity is the minimum number of genes or
links that need to be removed to separate the remaining genes
into isolated subgraphs. Shortest path length represents the
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shortest distance between any two nodes. Heterogeneity of a
network means the heterogeneity among the number of edges
maintained by each node. Component is where no connec-
tions exist between the genes of the different components in a
network.

The relationships between the key functional genes and
environmental and ecosystem metabolism factors were also
investigated by correlation network analysis using the Cyto-
scape plugin CONET. The subnetworks of nodes (genes) hav-
ing significant correlations with the environmental factors
(Spearman correlation coefficient > 0.6, p <0.01) were also
generated using the subnetwork command in the BioNet pack-
age in R. The subnetworks were further simplified via the sim-
plify command in the igraph in R and visualized by Cytoscape
with a preferred layout.

Statistical analyses

Using the microarray analysis pipeline (http://ieg.ou.edu/
microarray/), one-way ANOVA tests followed by post hoc
comparisons were performed to determine significant differ-
ences in the relative signal intensity of each functional gene
category and certain subcategories and in environmental char-
acteristics under different warming and nutrient treatments.
The evolutionary history of microorganisms carrying the
rubisco gene was inferred by a neighbor-joining method with
the Poisson correction method (Zuckerkandl and Pauling 1965)
in MEGA X (Kumar et al. 2018). The relative signal intensities
of the significantly different phylogenetic groups under differ-
ent warming scenarios and nutrient conditions were depicted
in a heat map with the pheatmap package in the R statistical
computing environment (http://www.r-project.org).

A detrended correspondence analysis (DCA) and permuta-
tional multivariate analysis of variance (PERMANOVA) using
distance matrices were performed to assess the effects of the
different treatments on the changes in microbial functional
gene structure using the vegan package (Legendre and Legen-
dre 2012) in R. In the different treatments, significant differ-
ences in the relative signal intensity of all detected 37,138
genes were tested using differential expression analysis based
on the negative binomial distribution in the R DESeq2 pack-
age (Love et al. 2014). Relationships between functional com-
munity composition and environmental factors were
determined by the Mantel statistic with 999 permutations and
canonical correlation analysis (CCA) with an automatic step-
wise model using permutation tests in the R vegan package.
The models in CCA were validated by ANOVA. To uncover
the relative importance of deterministic and stochastic pro-
cesses in shaping the microbial functional gene compositions,
null-model analysis was performed, where the data matrix of
microbial functional gene compositions was randomized using
an independent swap algorithm in the R picante package. This
randomized process was replicated 999 times to obtain
999 null compositions of each observed community. The stan-
dardized effect size of the Jaccard dissimilarity index (SES.
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Jaccard) and Bray-Curtis dissimilarity index (SES.Bray-Curtis)
was estimated as the differences in beta diversity between the
observed community compositions and the mean value of the
999 null community compositions divided by the standard
deviation of the beta diversity in the 999 null community
compositions. If SES.Jaccard/SES.Bray-Curtis is close to zero,
the variations of microbial functional gene compositions are
most likely driven by stochastic processes; however, if SES.
Jaccard/SES.Bray-Curtis is far from zero, the relative impor-
tance of deterministic processes increases in microbial func-
tional gene assembly.

Results

Shifts in the microbial metabolic potentials

In total, 37,138 genes were detected, including those
involved in important biogeochemical processes such as C,
N, P, and S utilization (Supporting Information Table S1). We
found that compared with the control, neither warming nor
nutrient enrichment alone had a significant effect on the met-
abolic potential of the microbes for autotrophic carbon fixa-
tion (Supporting Information Fig. S1, p > 0.05 in both cases),
but their combination significantly increased the metabolic
potential for autotrophic carbon fixation (p < 0.05, Supporting
Information Fig. S1). In contrast to the reductive acetyl-CoA
pathway, the metabolic potential for the Calvin-Benson-
Bassham cycle (RuBisCo: rubisco, Supporting Information
Table S1) was significantly increased by the joint effect of
warming and nutrients (Fig. 1c[i], p<0.05). Among the
rubisco genes, 9 type IA genes, 7 type IC genes, and 4 type II
genes increased significantly in the treatment combining
warming and nutrient enrichment (Supporting Information
Fig. S2, p<0.05 in all cases). The metabolic potential for
acetogenesis (i.e., tetrahydrofolate formylase: FTHEFS in the
Wood-Ljungdahl pathway), methanogenesis (methyl coen-
zyme m reductase A: mcrA), and methane oxidation (soluble
methane monooxygenase: mmoX and particulate form meth-
ane monooxygenase: pmoA) showed no significant changes in
the treatments with warming, nutrient enrichment, or joint
warming and nutrient enrichment (p>0.05 in all cases,
Fig. 1a—c).

Regarding the overall carbon degradation potential, we
found the carbon degradation potential was significantly
higher in both the pure warming and the pure nutrient
enrichment treatments than in the control (p <0.05 in all
cases, Supporting Information Fig. S1). However, compared
with the treatments of pure warming and pure nutrient
enrichment, an enhanced carbon degradation potential was
observed under the joint effect of warming and nutrient
enrichment (p<0.05 in all cases, Supporting Information
Fig. S1). In the specific carbon sources such as starch, hemicel-
lulose, cellulose, and chitin, the microbial degradation poten-
tials increased significantly in the pure nutrient-enriched
treatment for hemicellulose (xylanase, p <0.05, Fig. 1le).
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Fig. 1. Differences in the microbial metabolic potentials (characterized as the relative signal intensity) for carbon cycling between different warming and
nutrient treatments and the control (i.e., ambient temperature and unenriched treatment). (a—c) Subcategories of carbon cycling genes (i: autotrophy, ii:
acetogenesis, iii: methanogenesis, and iv: methane oxidation); (d-f) Each subcategory of carbon degradation (i: starch, ii: hemicellulose, iii: cellulose, iv:
chitin, v: pectin; vi: aromatic, and vii: lignin). The full names of the enzyme/protein encoded by the functional genes are shown in Supporting Informa-
tion Table S1. The treatments are termed as follows: ambient temperature, unenriched (control); enhanced warming (A2 + 50%), unenriched (EW); ambi-
ent temperature, nutrient-enriched (NE); and enhanced warming (A2 + 50%), nutrient-enriched (NE and EW). EW: Control, NP: Control, and NE and
EW: Control mean the metabolic potential differences of EW and control, NE with control, and NE and EW with control, respectively. *p < 0.05.

Significantly higher carbon degradation potentials for starch
(alpha-amylase: amyA and pullulanase: pulA), cellulose (cellu-
lose: cellobiase), and chitin (acetylglucosaminidase and exo-
chitinase) metabolism were only observed in the combined
warming and nutrient treatment (p < 0.05 in all cases, Fig. 1f)
and not in the pure warming or the pure nutrient-enriched
treatments (p > 0.05 in all cases, Fig. 1d,e).

For N cycling, the major difference between the functional
groups was ammonification (Supporting Information Fig. Sla,
b and c [ii]). Compared with the control, the metabolic poten-
tial of ammonification significantly decreased both in the
nutrient-enriched treatment (primarily urease: ureC; p < 0.05,
Supporting Information Fig. S1 and Fig. 2blii]) and in the joint
treatment of warming and nutrient enrichment (primarily glu-
tamate dehydrogenase: gdh and ureC; p < 0.05 in both cases,
Supporting Information Fig. S1 and Fig. 2c[ii]). Additionally,
for P cycling, we found that warming and nutrient enrich-
ment exerted a combined effect on polyphosphate

biosynthesis and degradation as indicated by the increased rel-
ative signal intensity of polyphosphate kinase (ppk) and exo-
polyphosphatase (ppx). However, the joint effect of warming
and nutrient enrichment was only significant on ppx
(p<0.05, Fig. 2d-f) and not on ppk (p>0.05, Fig. 2d-f).
Finally, the functional ability of sulfide oxidation (provided
primarily by flavocytochrome c sulfide dehydrogenase: fccAB)
also increased in the S cycling due to the joint effect of
warming and nutrient enrichment (p < 0.05, Fig. 2g-i).

Shifts in microbial functional gene structure and assembly
mechanisms

Our results revealed that there was no significant effect of
warming on the overall microbial functional gene structure
without nutrient enrichment (pairwise PERMANOVA, Jaccard
dissimilarity: p>0.05, Bray-Curtis dissimilarity: p> 0.05;
Table 1, Supporting Information Table S2, Fig. 3a,b) and only
a modest effect of an enhanced nutrient level at ambient
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Fig. 2. Differences in the microbial metabolic potentials (characterized as the relative signal intensity) for certain biogeochemical cycling processes in dif-
ferent warming and nutrient treatments. (a—c) Each subcategory of nitrogen cycling, i: nitrogen fixation, ii: ammonification, iii: denitrification, iv: nitrifica-
tion, v: assimilatory N reduction, vi: dissimilatory N reduction, and vii: anammox; (d—f) Each subcategory of phosphorus cycling; (g-i) Each subcategory
of sulfur cycling, i: adenylyl sulfate reductase, ii: sulfide oxidation, iii: sulfite reduction, and iv: sulfur oxidation. The full names of the enzyme/protein
encoded by the functional genes are given in Supporting Information Table S1. The treatments are termed as follows: ambient temperature, unenriched
(control); enhanced warming (A2 + 50%), unenriched (EW); ambient temperature, nutrient-enriched (NE); and enhanced warming (A2 + 50%), nutrient-
enriched (NE and EW). EW: Control, NE: Control, and NE and EW: Control mean the metabolic potential differences of EW with control, NE with control,
NE and EW with control, respectively. *p < 0.05.

Table 1. Pairwise PERMANOVA of microbial functional gene structure based on Jaccard/Bray-Curtis dissimilarity.

Jaccard dissimilarity

Bray-Curtis dissimilarity

Groups F p value F p value
Whole 2.778 0.007** 3.611 0.002**
Control vs. EW 1.491 0.236 1.374 0.229
Control vs. NE 1.695 0.081 1.526 0.091
Control vs. NE and EW 3.049 0.011* 4.547 0.007**
EW vs. NE 1.871 0.005** 1.641 0.001**
EW vs. NE and EW 3.889 0.0071** 5.675 0.012*
NE vs. NE and EW 4.208 0.007** 6.022 0.007**

*p < 0.05; **p < 0.01.

temperature compared with the control treatment (pairwise
PERMANOVA, Jaccard dissimilarity: p < 0.1, Bray-Curtis dis-
similarity: p < 0.1; Table 1, Supporting Information Table S2,
Fig. 3a,b). However, warming exacerbated the impact of nutri-
ent enrichment on the microbial functional gene structure,

and there was a joint effect of nutrient enrichment and
warming that significantly changed the overall microbial func-
tional gene structure compared with the control treatment

(Jaccard dissimilarity: p <0.05,

Bray-Curtis dissimilarity:

p <0.05; Table 1, Supporting Information Table S2, Fig. 3a,b).
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Fig. 3. Structural dissimilarity of the overall microbial functional genes between different warming and nutrient treatments and the controls (a: based
on Jaccard’s dissimilarity; b: based on Bray-Curtis dissimilarity) and the microbial overall functional gene structure in response to warming and nutrients
as identified by DCA (c). The treatments are termed as follows: ambient temperature, unenriched (control); enhanced warming (A2 + 50%), unenriched
(EW); ambient temperature, nutrient-enriched (NE); and enhanced warming (A2 + 50%), nutrient-enriched (NE and EW). EW: Control, NE: Control, and
NE and EW: Control mean the structure dissimilarity of EW with control, NE with control, NE and EW with control, respectively. Significant (p < 0.05) dif-
ferences among groups are indicated by different alphabetic letters above the bars.

The effects of warming and nutrient enrichment on the func-
tional gene structure of microbial communities were also con-
firmed by DCA (Fig. 3¢). Similar results were observed in the
functional gene structure of the subcategories of C, N, P, and S
cycling (Supporting Information Table S3 and Fig. S3).

Among the detected 37,138 genes, 9619 genes were found
to differ significantly in relative signal intensity under the four
different warming and nutrient treatments (p <0.05 in all
cases). Thus, our study revealed that, besides the combined
effect of warming and nutrient enrichment (Jaccard dissimilar-
ity: p<0.05, Bray-Curtis dissimilarity: p <0.05, Supporting
Information Table S4, Fig. S4), pure warming and pure nutri-
ent enrichment also had a significant influence on the micro-
bial functional gene structure of these 9619 genes (Jaccard
dissimilarity: p < 0.05 in both cases, Bray-Curtis dissimilarity:
p<0.05 in both cases; Supporting Information Table $4,
Fig. S4). However, the impacts of both pure warming and pure
nutrient enrichment on the microbial functional gene struc-
ture were exacerbated 0.5 times to 0.9 times by the joint effect
of warming and nutrient enrichment (Supporting Information
Fig. S4).

The null model analysis revealed that both SES.Jaccard and
SES.Bray-Curtis under the combined treatment of warming and
nutrient enrichment were significantly lower than those under
the other treatments and far below zero (p <0.05 in all cases,
Fig. 4a,b), indicating that the relative importance of determinis-
tic assembly processes increased under the combined effect of
warming and nutrient enrichment. This finding was further
confirmed by network analysis where most of the microbial
functional genes in the different warming and nutrient net-
works tended to be copresent rather than randomly distributed.
Moreover, the four functional gene networks obtained for the
different warming and nutrient treatments were scale free

(R? > 0.8) (Table 2). In comparison with the other treatments,
warming and nutrient enrichment in combination decreased
the heterogeneity, components, and path length of the micro-
bial network but increased the network clustering, neighbor-
hood connectivity, centralization, density, and average degree
(Table 2).These changed network topological properties indi-
cated that compared with other treatments, the interlinking of
microbial functional genes involved in the C, N, P, and S
cycling obviously increased when warming and nutrient
enrichment were combined.

Microbial functional gene structure related to
environmental factors

Among all environment factors and ecosystem metabo-
lisms (Supporting Information Table S5 and Table 2 in Ren
et al. 2017), we observed that the overall microbial func-
tional gene structure was best explained by Chl g, an indica-
tor for phytoplankton abundance (Supporting Information
Fig. S5), followed by the concentrations of TOC, TP, DOC,
ER, and DO (Supporting Information Fig. S5). Consistent
results were found regarding the functional structure of the
total key genes involved in C (i.e., rubisco, amyA, pulA,
xylanase, cellobiase, acetylglucosaminidase, exochitinase,
and vanillate demethylase: vanA), N (i.e., gdh, ureC, nitrite
reductase: nirA, and ammonia-forming cytochrome c nitrite
reductase: nrfA), P (i.e., ppx), and S cycling (i.e., fccAB)
(Supporting Information Fig. S5) and the functional structure
of the specific gene groups, including amyA, vanA, gdh, and
nirA (Supporting Information Fig. SS5). Water temperature
was the key factor in determining the functional structure of
some specific gene groups such as exochitinase, cellobiase,
and nirA although it had insignificant effects on the overall
functional gene structure (Supporting Information Fig. SS5).
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Fig. 4. The standardized effect size of the Jaccard dissimilarity index
(SES.Jaccard, a) and the standardized effect size of the Bray-Curtis dissimi-
larity index (SES.Bray-Curtis, b) in response to warming and nutrients in
the shallow lake mesocosms. The treatments are termed as follows: ambi-
ent temperature, unenriched (control); enhanced warming (A2 + 50%),
unenriched (EW); ambient temperature, nutrient-enriched (NE); and
enhanced warming (A2 + 50%), nutrient-enriched (NE and EW). Signifi-
cant (p < 0.05) differences among treatments are indicated by different
alphabetic letters above the bars relative to post hoc comparisons.

The correlation network of the key functional genes and
environmental factors revealed that 31% of the detected
genes/nodes in the network correlated significantly with the
investigated environmental factors (Fig. 5a). The association
network indicated that among all of the environmental vari-
ables included in our study, Chl a had the most links with the
key genes involved in the C, N, P, and S cycling, followed by
TOC, temperature, TP, GPP, and ER (Fig. Sb). A higher per-
centage of exclusive links with environmental factors was
observed in the relative signal intensity (metabolic potentials)
of the genes vanA (66%), gdh (52%), ureC (66%), nirA (61%),
and nrfA (65%) than in those of rubisco (47%), pulA (27%),
xylanase (38%), cellobiase (37%), acetylglucosaminidase
(38%), exochitinase (0%), and fccAB (15%). By using the auto-
matic stepwise model with permutation tests, canonical

Microbial functional response to warming

correspondence analysis (CCA) revealed that water Chl g, ER,
temperature, and DO were the key variables that significantly
explained the microbial functional gene structure (F = 2.21,
p <0.01; Supporting Information Fig. S6).

Discussion

The central role and global importance played by microor-
ganisms in climate change biology have recently been empha-
sized (Cavicchioli et al. 2019). Microorganisms can affect
climate change (including the production and consumption
of greenhouse gases) and can also be altered by climate change
and human activities. However, our knowledge about the
interactive effects of climate warming and nutrient enrich-
ments on microbial functional ecology in shallow lake ecosys-
tems is scarce. In this study conducted at the beginning of
April, we found that warming exacerbated the impact of nutri-
ent enrichment on the microbial functional structure.
Warming and nutrient conditions also had significant effects
on microbial metabolic potentials (Fig. 6). We found that
addition of nitrogen and phosphorus at ambient temperature
had significant effects, such as carbon degradation
(e.g., hemicellulose) and ammonification (Fig. 6), on microbial
metabolic potentials. However, warming enhanced the nutri-
ent enrichment impacts on microbial metabolic potentials
that significantly elevated microbial autotrophy potentials,
carbon degradation potentials (e.g., starch, hemicellulose, cel-
lulose, and chitin), and polyphosphate mobilization potentials
(Fig. 6). Moreover, we observed that the joint effect of
warming and nutrient enrichment significantly increased phy-
toplankton abundance as indicated by Chla (Supporting
Information Table S5), GPP, ER, NPP (table 2 in Ren
et al. 2017), as well as bacterial production rates (Supporting
Information Fig. S7, Fig. 6). The combination of warming and
nutrient enrichment increased the autotrophic carbon supply
and the heterotrophic carbon demand and led to changed car-
bon accumulation in the experimental shallow lakes.

The combination of warming and nutrient enrichment
stimulated GPP (table 2 in Ren et al. 2017). In our study,
potentially greater degrees of photoautotrophy and chemoau-
totrophy of bacteria were indicated in the nutrient-warming
mesocosms by the higher relative abundances of photoauto-
trophic bacteria and chemolithotrophic bacteria with func-
tional forms I and II of rubisco (Wang et al. 2009; Chan
et al. 2013). High GPP in warm eutrophic mesocosms would
increase the coupling between phytoplankton and the micro-
bial community and lead to metabolization and recycling of a
high proportion of the total photosynthesized organic matter
by heterotrophic microorganisms. This suggestion is con-
firmed both by the higher bacterial biomass (Ozen et al. 2013)
and the higher bacterial production rates (Supporting Infor-
mation Fig. S7) in the warming and nutrient-enriched meso-
cosms than in the controls. The production of organic matter
by phytoplankton and the subsequent consumption by
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Table 2. Major topological properties of the observed correlation-based networks and their associated random networks.

Control EW NE NE and EW

Parameter Observed Random Observed Random Observed Random Observed Random
No. of genes 3236 3796 4151 2752
No. of nodes 2843 2843 3328 3328 3649 3649 2543 2543
No. of edges 51,807 51,807 59,682 59,682 62,242 62,242 58,370 58,370
R? 0.838 0.018 0.838 0.019 0.838 0.027 0.830 0.074
Clustering coefficient 0.403 0.013 0.405 0.011 0.414 0.009 0.437 0.018
Betweenness centrality 0.007 0.001 0.010 0.000 0.010 0.000 0.004 0.001
Closeness centrality 0.192 0.384 0.171 0.376 0.208 0.369 0.212 0.415
Average degree 36.445 36.445 35.867 35.867 34.115 34.115 45.906 45.906
Network centralization 0.086 0.007 0.081 0.006 0.073 0.005 0.104 0.008
Network density 0.013 0.013 0.011 0.011 0.009 0.009 0.018 0.018
Characteristic path length 6.312 2.606 7.706 2.661 6.962 2.711 6.142 2411
Network heterogeneity 1.372 0.162 1.46 0.165 1.473 0.167 1.282 0.147
Connected components 33 1 52 1 65 1 14 1
Neighborhood connectivity 50.803 37.405 49.844 36.844 46.978 35.066 63.179 46.900
Number of directed edges 36.445 36.445 35.867 35.867 34.115 34.115 45.906 45.906
Average shortest path length 6.054 2.606 7.285 2.661 6.224 2.711 5.724 2411
Copresence links 51,807 59,681 62,223 58,369
Exclusion links 0 1 19 1
Copresence links/total links 1.000 1.000 1.000 1.000

heterotrophic microorganisms are very important processes
for the carbon flux in shallow ecosystems. In this study, we
observed that the microbial carbon degradation potentials
increased significantly under the combined effects of warming
and nutrient enrichment. However, we observed a net increase
in carbon accumulation under the joint effect of warming and
nutrient enrichment. The different temperature sensitivities of
food web components may cause a loss of synchrony between
the autotrophic carbon supply and the heterotrophic carbon
demand, as predicted by the “match-mismatch” theory
(Edwards and Richardson 2004). The coupling between C fixa-
tion by phytoplankton and organic C utilization by heterotro-
phic microorganisms may differ with respect to relative
timing during spring. For the lag time between autotrophic C
fixation and heterotrophic C utilization, dead phytoplankton
may be lost by sinking, leading to a reduction in substrates for
microbial degradation in the water column and net carbon
accumulation (Hoppe et al. 2008). In addition to the biologi-
cal carbon pump, the net carbon accumulation in the
warming and nutrient-enriched mesocosms might also be cau-
sed by the microbial carbon pump because of the microbial
transformation of organic carbon from labile to recalcitrant
states (Jiao and Zheng 2011).

The nitrogen and phosphorous cycles catalyzed by micro-
bial communities are important biogeochemical cycles in
eutrophic shallow lakes, but our knowledge about the underly-
ing processes is still insufficient (Jeppesen et al. 2009). In our
nutrient-enriched = mesocosms,  water nitrogen and

phosphorous, both being important limiting nutrients for
eutrophication, were enriched by the addition of Ca(NOs),
and Na,HPO, solutions, maintaining a constant loading of
54 mg P and 538 mg N in each mesocosm each week. High
levels of nitrogen and phosphorus not only stimulated the
growth of phytoplankton in the warming mesocosms but also
increased water DO concentrations by photosynthesis. Most
likely due to the increased water DO concentration in the
nutrient-warming mesocosms, high nitrate enrichment did
not result in an increased metabolic potential for denitrifica-
tion and thus no potential increase in N,O emission from the
water column during the sampling time. However, high water
DO and nitrate concentrations might explain the decreased
metabolic potential for ammonification (gdh and ureC) and,
in certain gene groups, for dissimilatory N reduction (nrfA).
Similar results have been found in previous studies (Seitzinger
et al. 2000; McCrackin and Elser 2010). As nitrate is an impor-
tant nutrient for eukaryotic phytoplankton and acts as a key
electron acceptor for microorganisms, it can be directly
absorbed by eukaryotic phytoplankton as well as autotrophic
and heterotrophic microorganisms for growth. Accordingly,
we observed nitrate concentrations to be lower in the
nutrient-warming mesocosms than in the nutrient-enriched
mesocosms at ambient temperature (Supporting Information
Table S5).

Under phosphate-enriched conditions, phosphate might
intermittently accumulate and be buried in the sediment
(Sendergaard et al. 2001; Feuchtmayr et al. 2009; Ren
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Fig. 5. Co-occurring network (a) showing the relationships between the characteristics of the water environment and ecosystem metabolism factors
and the key gene groups involved in the biogeochemical cycling processes of carbon (rubisco, amyA, pulA, xylanase, cellobiase, acetylglucosaminidase,
exochitinase, and vanA), nitrogen (gdh, ureC, nirA, and nrfA), phosphorus (ppx), and sulfur cycling (i.e., fccAB). Significant positive (gray) and negative
(blue) relations were kept. The degree of each environmental factor is given in the table (b).

et al. 2018). The availability of phosphorus in many aquatic
habitats inhabited by plankton is therefore scarce and/or fluc-
tuating. Most microorganisms, including cyanobacteria, have
several acclimation strategies to deal with phosphorus limita-
tion as well as the ability to store phosphorus (Grossman
et al. 1994). Previous studies found that polyphosphate
(polyP) can be accumulated when the phosphate influx into
the cell is larger than its current metabolic demand. Microor-
ganisms can store phosphate in the form of polyP to very high
intracellular concentrations ranging from umolL™' to
mmol L™!, when phosphate is available in excess (Rao
et al. 2009; Li et al. 2020). PolyP is synthesized in microorgan-
isms by polyphosphate kinase, encoded by ppk, and degraded
by exopolyphosphatases, encoded by ppx (Hirota et al. 2010;
Ren et al. 2018). This accumulated polyP can contribute to
survival in the stationary phase, inhibition of RNA degrada-
tion, storage of energy, and regulation under stress and can
also serve as a reservoir for inorganic phosphate (Sanz-Luque
et al. 2020). Our results showed that the combination of
warming and nutrient enrichment increased the metabolic
potential for biosynthesis of polyP (ppk), suggesting that
warming and nutrient enrichment in combination may

stimulate phosphorous use by microorganisms and enhance
the intracellular accumulation of polyP, which may increase
the storage of inorganic phosphate and inhibit phosphate
burial in sediments. In addition, probably due to the increased
demand for inorganic phosphate, the metabolic potential for
polyphosphate degradation (ppx) increased noticeably under
the joint effect of warming and nutrient enrichment. The
phosphate released from polyphosphate might lead to expan-
sion of phytoplankton/microorganisms under phosphate-
deficient conditions (Vadstein 2000; Bai et al. 2009) and
might contribute to a higher phytoplankton/microorganism
biomass as observed under the combined effects of warming
and nutrient enrichment (Supporting Information Table S5
and Fig. S7). However, higher temperature-induced internal
phosphorous loading might also contribute to the higher phy-
toplankton/microorganism biomass in the treatment of
warming and nutrient enrichment, as seen in several other
investigations (e.g., Jensen and Andersen 1992; Sendergaard
et al. 2003).

The combination of warming and nutrient addition not
only altered the microbial functional potentials for the nutri-
ent cycling of C, N, and P but also significantly changed the
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Fig. 6. A conceptual model of the microbial metabolic processes in different warming and nutrient-enriched treatments. The impacts of both environ-
mental parameters and microbial community processes are labeled by “+,” “the orange font” and “the orange arrow” if stimulating effects in the treat-
ments were observed and by “—,” “the blue font” and “the blue arrow” if inhibiting effects in the treatments were found. Moreover, “the black arrow”
means no significant differences of microbial community processes in the treatments, and “the gray font” represents the unmeasured environmental
parameters in this study. Phosphates and nitrates that could be directly assimilated by phytoplankton are displayed by the purple arrows. NE: the pure
effect of nutrient enrichment; NE and EW: the combined effect of nutrient enrichment and enhanced warming; NE/ NE and EW: both the pure effect of
nutrient enrichment and the combined effect of nutrient enrichment and enhanced warming. POC, particulate organic carbon.

microbial functional structure and its underlying mechanisms.
Both deterministic and stochastic processes contribute to
microbial community assembly, but their relative importance
can be regulated by environmental/ecological conditions
(Cavender-Bares et al. 2009; Logares et al. 2013; Ren
et al. 2018). We found that warming and nutrient conditions,
like other water environmental factors (e.g., pH, Ren
et al. 2018), were capable of regulating microbial functional
assembly processes. The relative importance of deterministic
processes significantly increased under the combined effect of
warming and nutrient enrichment. It is not surprising that
the deterministic processes played a more important role in
shaping the microbial functional gene assembly in the
warming and nutrient-enriched mesocosms than in the other
treatments. We found that Chl g, an indicator of phytoplank-
ton abundance, was the key determiner shaping the microbial
functional gene assembly. The input of nitrogen and phos-
phorus significantly and substantially increased the

abundance of phytoplankton in the warming mesocosms
(Supporting Information Table S5). High prevalence of phyto-
plankton often reduces local habitat availability (Filer and
Bertilsson 2004; Dziallas and Grossart 2011; Jankowski
et al. 2014; Filiz et al. 2020) and increases the coupling of
phytoplankton-microorganisms dynamics (Teeling
et al. 2012, 2016), resulting in a strong deterministic effect on
the microbial functional structure in the surrounding water
(Romera-Castillo et al. 2011; Buchan et al. 2014; Penn
et al. 2014; Yang et al. 2016).

The increased deterministic effect of phytoplankton was
confirmed by network analysis. We observed that under the
combination of warming and nutrient enrichment, the com-
ponents, heterogeneity, as well as the shortest distance of the
correlation-based network decreased significantly, while the
network clustering coefficient, the degree, the density, as well
as the connectivity increased significantly in comparison with
other treatments. The higher interlinking of microbial
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functional genes involved in the nutrient cycling of C, N, P,
and S was probably caused by the enhanced deterministic pro-
cesses from phytoplankton under the combined warming and
nutrient enrichment. Although N, P, and S are not directly
part of the biochemical process of phytoplankton production,
essential macronutrients are required by primary producers to
generate biomolecules such as proteins, nucleotides, and lipids
(Litchman et al. 2015). Therefore, the production of phyto-
plankton is important in coupling C to N, P, or S in aquatic
ecosystems (Martiny et al. 2013; Litchman et al. 2015). More-
over, under the combined effect of warming and nutrient
enrichment, the increased coupling of the production of
organic matter by phytoplankton and the subsequent con-
sumption by heterotrophic bacteria may contribute to the
interactions of C, N, P, and S cycling (Van den Meersche
et al. 2004), resulting in the higher interlinking of microbial
functional genes involved in the nutrient cycling of C, N, P,
and S in the warming and nutrient-enriched treatment.

Conclusions

Our results showed that warming exacerbated the impact
of nutrient enrichment on microbial metabolic potentials in
our experiment conducted at the beginning of April. The joint
effects of warming and nutrient enrichment significantly
increased the microbial functional potentials in carbon fixa-
tion and degradation. The polyphosphate mobilization poten-
tial of microorganisms also increased significantly due to the
joint effect of warming and nutrient enrichment. We also
observed that warming enhanced the nutrient enrichment
impacts on the microbial functional gene structure. The com-
bination of warming and nutrient enrichment increased the
deterministic processes and caused higher interlinking of
microbial functional genes involved in the C, N, P, and S
cycling in the correlation-based network. Overall, we propose
that the joint effect of warming and nutrient enrichment
altered the autotrophic carbon supply and the heterotrophic
carbon demand and changed the carbon fluxes recorded in
the experimental mesocosms. Our study that conducted at the
beginning of April demonstrated a remarkable impact of
warming on the microbial functional gene structure in the
nutrient-enriched freshwater mesocosms and confirmed the
potential feedbacks of microbial communities to warming in
experimental shallow lakes. These observations may help to
recognize the potential importance of microbial functional
response in climate change biology.

Data availability statement

The GeoChip 5.0 data set is available in the Gene Expres-
sion Omnibus repository with the accession number
GSE155582 (www.ncbi.nlm.nih.gov/geo/). Environmental var-
iables and ecosystem functioning data used are available from
the corresponding author upon reasonable request.
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