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Planktonic microorganisms play an important role in maintaining the
ecological functions in aquatic ecosystems, but how their structure and
function interrelate and respond to environmental changes is still not very
clear. Damming interrupts the river continuum and alters river nutrient
biogeochemical cycling and biological succession. Considering that river
damming decreases the irregular hydrological fluctuation, we hypothesized
that it can enhance the ecological functional stability (EFS) of planktonic
microorganisms. Therefore, the community composition of planktonic
bacteria and archaea, functional genes related to carbon, nitrogen, sulfur,
and phosphorus cycling, and relevant environmental factors of four
cascade reservoirs in the Pearl River, Southern China, were investigated
to understand the impact of damming on microbial community structure
and function and verify the above hypothesis. Here, the ratio of function
to taxa (F:T) based on Euclidean distance matrix analysis was first proposed
to characterize the microbial EFS; the smaller the ratio, the more stable
the ecological functions. The results showed that the reservoirs created
by river damming had seasonal thermal and chemical stratifications with
an increasing hydraulic retention time, which significantly changed the
microbial structure and function. The river microbial F:T was significantly
higher than that of the reservoirs, indicating that river damming enhances
the EFS of the planktonic microorganisms. Structural equation modeling
demonstrated that water temperature was an important factor influencing
the relationship between the microbial structure and function and thus
affected their EFS. In addition, reservoir hydraulic load was found a
main factor regulating the seasonal difference in microbial EFS among
the reservoirs. This study will help to deepen the understanding of the
relationship between microbial structure and function and provide a
theoretical basis of assessing the ecological function change after the
construction of river damming.
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Introduction

Microorganisms play a key role in driving elemental
biogeochemical cycles. In the long-term evolution, via lateral gene
transfer, a set of core genes remain relatively stable among different
microbial taxa to code the major redox reactions related to the
biogeochemical cycles of nutrients (Falkowski et al., 2008).
Meanwhile, microorganisms have evolved enormous species
diversity as well. Therefore, the relationship between structure and
function of microbial community and relevant mechanisms
maintaining ecosystem stability have been hot issues in ecology
(Sutherland et al, 2013). Nowadays microbial community
assembly is well known to be affected not only by environmental
filtering and biotic interaction (that are deterministic processed
based on niche theory), but also by some random events, including
drift, extinction, and mutation (that are stochastic processes based
on neutral theory; Hubbell, 2006; Stegen et al., 2012; Zhou et al.,
2014). Microbial functional traits are measurable characteristics
that impact their fitness and performance and can be recognized
across the biological hierarchy of gene, organism, guild, and
community (Yang, 2021). The traits are widely used to understand
the ecological functions (e.g., resource acquisition, growth,
reproduction and survival) of microorganisms (Litchman and
Klausmeier, 2008; Martini et al., 2021). Compared with microbial
community assembly, the functional traits show more strongly
relevant to deterministic processes. For example, in the Tara
Ocean, environmental conditions can predict functional traits of
bacterial and archaeal communities very well, but weakly predict
their taxonomic composition (Longhi and Beisner, 2010; Louca
et al,, 2016). As such, environmental conditions can affect
ecosystem functioning by influencing either microbial taxonomic
composition or microbial functional traits (Allison and Martiny,
2008; Abonyi et al., 2018; Wagg et al., 2019; Hong et al., 2022).
Therefore, it is one-sided to predict ecosystem functioning by just
considering the response of microbial taxonomic composition (or
functional traits) to environmental changes, and only jointly
investigating the structure and function can systematically
understand ecosystem functional redundancy and/or resilience to
perturbations (Martini et al., 2021).

Since the Industrial Revolution, anthropogenic activities, as a
new geological force, have become an important power shaping
the earth’s environment and surface evolution (Lewis and Maslin,
2015). Nowadays damming is the most significant anthropogenic
disturbance to rivers, and approximately 70% of the world’s rivers
have been dammed (Grill et al., 2019), which has greatly changed
the ecological environment of rivers. Dams interrupt the river
continuum, increase the retention time of water and nutrients, and
alter nutrient cycling and biological succession (Wang B. et al.,
2018; Wu et al., 2019; Maavara et al., 2020; Xiao et al., 2021).
Reservoirs created by damming are influenced by anthropogenic
regulation with their own specific ecological characteristics, such
as seasonal thermal, chemical, and biological stratifications, and
damming effects become a hot ecological issue (Maavara et al.,
2020; Wang B. et al., 2022). As for the aspect of river planktonic
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microorganisms, many studies focused on the microbial
biogeographic distribution pattern and its controlling
mechanisms, rather than microbial functional traits (Wang
X. etal,, 2018; Nyirabuhoro et al., 2020; Yang et al., 2020; Lu et al.,
2022). As such, it is unclear for the relationship between structure
and function of microbial community in dammed rivers
nowadays. Considering that dam reservoirs can regulate the
disordered hydrological rhythms of rivers, we hypothesized that
river damming can enhance the ecological functional stability
(EFS) of planktonic microorganisms.

Therefore, the community composition of planktonic bacteria
and archaea, functional genes related to carbon (C), nitrogen (N),
sulfur (S), and phosphorus (P) cycling, and relevant environmental
factors of four cascade reservoirs with different hydrological
conditions and their inflowing and released waters in the Pearl
River, Southern China, were investigated to verify the above
hypothesis. The main aims of this study are to identify the
environmental factors affecting the microbial community
structure and function in dammed rivers and to understand the
impact of damming on the planktonic microbial EFS. This study
will help to deepen the understanding of the relationship between
microbial community structure and function and provide a
theoretical basis on assessing the river ecological function change

after the construction of dam reservoirs.

A proposed conceptual framework

Functional genes are an important parameter characterizing
microbial functional traits at a molecular level, and different
microbial species can have genes with the same or similar
functions. For example, both ammonia-oxidizing archaea (e.g.,
Thaumarchaeota and Crenarchaeota) and bacteria (e.g.,
Proteobacteria and Bacteroidetes) contain amoA gene that is
involved in N-cycling (Yakimov et al., 2011; Auguet et al., 2012).
These ecological incoherencies lead to functional similarity among
taxonomically distinct microorganisms and beget functional
redundancy to buffer ecosystem functioning against species loss,
finally maintaining the stability of ecosystems (Allison and
Martiny, 2008; Louca et al., 2018; Yang, 2021). Based on the theory
of functional redundancy, we proposed a dimensionless ratio of
function (F) to taxa (T) based on Euclidean distance matrix
analysis (i.e., F:T) for quantifying microbial EFS in reservoir
ecosystems. The F:T ratio represents the degree of relative change
for microbial function in comparison with structure, via
comparing Euclidean distance of function (i.e., functional
composition) with that of microbial taxa (i.e., composition of
archaea and/or bacteria; Figure 1). Obviously, the synchronous
variations in function and community structure mean F:T=1.
When F:T is less than 1, the larger variation in microbial taxa is
compared with the smaller variation in function, indicating that
multiple taxa govern the same or similar ecological functions.
These replaceable microorganisms can take turns to perform the
ecological functions against the disturbance of species loss. The
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FIGURE 1

Three scenarios of the relationship between microbial structure and function. Circles and hexagons represent the function categories and
taxonomies, respectively. The arrows between the above two indicate the ecological function performed by microorganisms. Difference color
fillings indicate different types of function categories or taxonomies. F:T, the ratio of functional pathway to microbial taxa-based Euclidean
distance. The red lines and frames indicate the influenced portions by environmental stresses, and thus F:T<1 means strong ecological functional

stability (the other details refer to the text).
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disturbance under this situation will have slight influence on
ecological functions, and ecosystems are thus ensured strong
stability (Louca et al., 2018; Biggs et al., 2020). The smaller the
ratio, the more stable the ecological functions. When F:T is more
than 1, the smaller variation in microbial taxa in comparison with
the larger variation in function suggests that species loss could
strongly influence multiple related ecological functions, and the
stability of ecosystems is relatively low (Figure 1).

Materials and methods
Study area and sampling

The Pearl River in southern China has a subtropical
monsoon climate, with average annual temperature and
precipitation of 14-22°C and 1,200-2,200 mm, respectively. The
inflowing, reservoir, and released waters were sampled in August
and December 2019 for four hydropower reservoirs (Figure 2),
of which the Chaishitan reservoir (CST) is the leading reservoir
in the upper reaches of the Pearl] River, and the Longtan reservoir
(LT), Yantan reservoir (YT), and Dahua reservoir (DH) are
located successively on the river. Water samples were taken at
different depths: CST at the depth of 0, 5, 10, 15, 30, and 55m,
LT at the depth of 0, 5, 10, 15, 30, 60, 80, and 140m, YT at the
depth of 0, 5, 10, 15, 30, and 50 m, and DH at the depth of 0, 5,
10, 15, and 25m, respectively. Other water samples were
obtained from the surface waters. The detailed information of
sampling sites was listed in Supplementary Table 1. Water
temperature (WT), pH, and dissolved oxygen concentration
(DO) were determined in situ by an automated multiparameter
profiler (YSI, EXO1, United States) with precorrection.
Photosynthetic efficiency (i.e., effective quantum yield, yield)
and chlorophyll a concentration (Chl a) were measured by a
phytoplankton analyzer (Phyto-PAM, Walz, Germany). Water
samples were filtered through 0.45 pm Millipore cellulose acetate
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membranes, and the filtered waters were collected in 60ml
plastic bottles and stored at 4°C for measuring nutrient
concentrations. The samples of 16S rRNA and functional genes
were collected using 0.22pm  Millipore cellulose acetate
membranes and stored at-20°C for the extraction of DNA; the
filtered waters were collected in 15ml centrifuge tubes and
stored at 4°C for measuring cation and anion concentrations and
dissolved strontium (Sr) concentration. All samples were treated
within 12h after sampling.

Measurement of physical and chemical
parameters

Cation and anion concentrations (e.g., Na*, K¥, Mg**, Ca*",
Cl7, SO, and NO;") were determined by ion chromatography
(ICS-5000, Thermo Fisher, United States). The Sr concentration
was determined by inductively coupled plasma mass
spectrometer (ICP-MS, Agilent, United States) with 0.0l mgL™"
detection limit. Nutrient concentrations, including nitrate
nitrogen (NO;-N), nitrite nitrogen (NO,-N), ammonia nitrogen
(NH,-N), phosphate phosphorus (PO,-P), and dissolved silicon
(DSi), were measured by Skalar (SAN++, the Netherlands) with
detection limits of 0.01mgL™", 0.005mgL™", 0.02mgL™",
0.02mgL™", and 0.02mgL™", respectively. The concentration of
dissolved inorganic nitrogen (DIN) was the sum of NO;-N,
NO,-N, and NH,-N concentrations. The concentration of
dissolved inorganic phosphorus (DIP) was referred to PO,-P
concentration. Total alkalinity (ALK) was determined by titration
with HCI. The dissociation constants for carbonic acid were
calculated by the temperature and corrected by ionic strength
(Stumm and Morgan, 1983; Maberly, 1996). The concentrations
of CO,, HCO;™, and CO32-were calculated using ALK, pH, and
corrected dissociation constants. The concentration of dissolved
inorganic carbon (DIC) is the sum of the above three
ionic concentrations.

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1049120
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Lietal.

10.3389/fmicb.2022.1049120

106'E
1

108'E 110E
1 1

N z
- ©

‘ \ N
— S—
0 20 40 80

Legend
* Surface water sample
o Depth-profile sample
I Dam

26'N

Mainstream B
— Tributary
Elevation

(m)
wom High : 4289

B Low: 24

T
24N

T
104'E

T
102E

FIGURE 2

T
106'E

Sampling sites and locations in the Pearl River basin, Southern China. The full names of reservoirs refer to the text.

T T
108'E 110E

Gene sequencing and qPCR for specific
genes

The total DNA of sample was extracted by E.Z.N.ATM Water
DNA Kit (OMEGA, United States) according to manufacturer’s
protocols. The concentration and purity of DNA were determined
by Multiskan GO (Thermo Fisher, United States). The details for
DNA extraction are referred to Wang et al. (2021). The V4 region
of 16S rRNA sequencing for archaea and bacteria was performed
on Illumina NovaSeq 6,000 platform at Meige Technology Co., Ltd.,
Guangzhou, China. The 515F (GTGCCAGCMGCCGCGGTAA)
and 806R (GGACTACHVGGGTWTCTAAT) were used as
primers for bacteria. The Arch340F (CCCTAYGGGGYGCASCAG),
Arch1000F (GGCCATGCACYWCYTCTC), Uni519F (CAGYM
GCCRCGGKAAHACC), and Arch806R (GGACTACNSGGG
TMTCTAAT) were used as primers for archaea. Raw fastq data
were quality-filtered using Trimomatic (Bolger et al., 2014) to
remove contaminating adaptors and short length reads (<200bp).
The overlapping paired-end reads with sequence mismatching <
5bp and alignment similarity > 90% were merged using FLASH
(Magoc and Salzberg, 2011). Operational taxonomic units (OTUs)
were clustered in UPARSE software at 97% consistency level (Edgar,
2013). Singleton and doubleton OTUs representing sequencing
errors were removed, and the representative OTUs with the highest
occurrence frequency were assigned using Silva, RDP, and
Greengenes (Lan et al., 2012). To equalize sequencing depth, each
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sample was rarefied to the minimum sequencing depth, and
sequence normalization was performed using MOTHUR v.1.33.3
(Schloss et al., 2009). The raw data of 16S rRNA sequencing was
deposited in NCBI SRA database with the accession numbers of
PRJNA874581, PRJNA874587, PRINA874586, and PRJNAS74582.

The extracted particulate DNA was subjected to real-time
quantitative polymerase chain reaction (QPCR) to quantify the
functional gene abundance related to C-, N-, P-, and S-cycling.
The qPCR for specific genes was conducted by a commercial
service at Meige Technology Co., Ltd., Guangzhou, China. The
ranges of qPCR efficiency were 95%-110%.

Statistical analysis

Plotting was conducted by Origin 2021. The statistical analyses
were performed by R software [version 4.1.2, (R Core Team, 2021)].
Pearson’s correlation analyses were conducted using “corrplot”
libraries. Shannon-wiener index was conducted with the “vegan”
libraries. Spearman’s correlation analyses were performed using
“corrplot” libraries. Mantel test was used for correlational analysis
according to the r and significance level value of p of the two
matrices. Structural equation modeling was conducted using
AMOS software (SPSS). Co-occurrence networks were constructed
using the “WGCNA” libraries, and were visualized with “Gephi
0.9.6” software. The pairwise Pearson’s correlations between
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parameters were calculated, with a correlation coefficient>0.6 and
a p-value <0.05 (Benjamini and Hochberg adjusted) being
considered as a valid relationship to further calculate topological
features of a network. Euclidean distance was performed using
“vegan” libraries. Based on the relative abundance of functional
pathways and dominant phyla of bacteria and archaea, Euclidean
distance matrix of all samples were calculated, and then the
averages of Euclidean distances of one sample in relation to other
samples in microbial taxa (i.e., bacteria and archaea taxa, T,.),
functional pathway (i.e., F), bacteria taxa (Ty,), and archaea taxa
(T,.) were obtained. The solar radiation data of sampling site was
obtained by the agrometeorological data.' The t-tests were used to
determine the significant differences within the 95% confidence
interval between different groups and conducted by IBM SPSS
Statistics 23.

Results
Physical and chemical parameters

The average WT, pH, DO, and Chl a were 22°C, 7.8,
6.9mgL™", and 7.4 pgL™!, respectively. Phytoplankton yield
ranged from 0.15 to 0.46, with an average of 0.32. The upstream
reservoir (i.e., CST) showed the lowest average WT but the

10.3389/fmicb.2022.1049120

highest average Chl a (Table 1). There were obvious differences
in WT among the reservoirs but insignificant difference
between the inflowing and reservoir waters. However, the DO
of inflowing waters was obviously higher than that of reservoir
waters (Table 1). Stratifications of WT, pH, DO, and Chl a
occurred in CST and LT with long hydraulic retention time in
August, but not in YT and DH (Supplementary Figure 1 and
Supplementary Table 2). The CST showed higher DIC, DIN,
and DIP concentration but lower DSi concentration than other
reservoirs. Overall, the inflowing waters exhibited similar
nutrient concentrations to the reservoir waters. The molar ratio
of dissolved Ca to Sr concentrations (Ca/Sr) can indicate the
geological source of solutes in rivers (Jiang and Ji, 2011). The
average Ca/Sr was 719.1, indicating that the solutes in the river
were mainly controlled by carbonate weathering. The Ca/Sr of
CST was slightly higher than that of other reservoirs,
suggesting that the contribution of silicate weathering in the
upstream was greater than that in the downstream (Qiu
et al., 2022).

Microbial community structure and
function

The maximum number of planktonic archaea OT'Us yielded by
high-throughput sequencing was 76,545. All archaea OTUs were
clustered into 9 phyla. The top two archaea phyla were
Thaumarcheaota and Nanoarchaeaeota. Thaumarcheaota was the

TABLE 1 The averages and ranges of physical and chemical factors of the studied reservoirs in the Pearl River.

Factor CST LT YT DH Inflowing water Reservoir
WT (°C) Min-Max 13.3-28.0 16.7-29.5 20.5-29.4 20.4-24.6 28.1-15.4 13.3-29.5
Aver (SD) 19.4 (4.7) 22.5(3.9) 23.0 (2.5) 224 (2.1) 222(3.6) 22,0 (3.7)
pH Min-Max 7.1-9.0 7.2-8.8 7.4-8.5 7.8-7.9 7.7-8.2 7.1-9.0
Aver (SD) 7.6 (0.6) 7.9(0.4) 7.8(0.3) 7.8(0.0) 8.0(0.2) 7.8 (0.4)
DO (mgL™) Min-Max 0.2-15.5 0.9-11.2 6.6-10.9 6.6-7.9 6.9-18.3 0.2-15.5
Aver (SD) 45(4.7) 6.2(2.8) 7.6 (1.1) 7.7 (0.3) 8.8(32) 6.6 (2.8)
Chla (pgL™) Min-Max 2.9-72.0 2.3-17.4 2.3-133 2.1-3.0 2.5-22.4 2.1-72.0
Aver (SD) 24.6 (27.5) 7.2(5.4) 44(2.8) 25(0.3) 59(5.5) 8.6 (14.5)
DIC (mmolL™") Min-Max 2.0-4.7 1.9-33 2.2-33 2.9-3.0 2.6-3.6 1.9-4.7
Aver (SD) 3.2(0.8) 2.8(0.4) 3.0(02) 2.9(0.1) 3.0(0.3) 3.0(0.5)
DIN (pmol L) Min-Max 55.2-517.8 98.9-166.8 56.2-218.2 123.7-161.0 63.8-435.2 55.2-517.8
Aver (SD) 365.0 (146.0) 133.1 (16.6) 143.2 (31.3) 144.2 (14.8) 204.8 (109.6) 187.3 (115.5)
DIP (pmol L) Min-Max 0.3-42 0.3-14 0.3-1.0 03-1.4 03-1.7 0.3-4.2
Aver (SD) 1.9(1.5) 0.8(0.5) 0.6(0.3) 0.6(0.3) 0.8(0.5) 1.0 (0.9)
DSi (pmol L) Min-Max 44.7-252.9 97.1-292.1 92.9-282.4 93.7-262.3 30.2-337.3 44.7-292.1
Aver (SD) 124.0 (76.7) 174.0 (79.1) 175.8 (85.1) 177.6 (87.2) 171.7 (100.5) 164.5 (82.6)
SO, (pmol L) Min-Max 10.8-670.8 7.3-366.6 31.4-375.8 288.9-338.2 65.1-740.8 8.8-805.0
Aver (SD) 514.0 (176.2) 288.3 (113.9) 275.8 (112.0) 313.5(23.8) 404.4 (174.3) 405.7 (179.0)
Ca/Sr Min-Max 1041.3-1724.1 276.6-549.2 398.4-904.1 476.0-569.2 305.7-2491.4 276.6-1724.1
Aver (SD) 1460.5 (222.0) 434.8 (82.9) 526.1 (110.6) 510.4 (29.5) 866.7 (670.0) 696.5 (425.4)

WT, water temperature; DO, dissolved oxygen concentration; Chl a, chlorophyll a concentration; DIC, dissolved inorganic carbon; DIN, dissolved inorganic nitrogen; DIP, dissolved

inorganic phosphorus; DS, dissolved silicon; Ca/Sr, the molar ratio of dissolved Ca to Sr concentrations. The full names of the reservoirs refer to the text.
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absolute dominant phylum in the reservoirs except CST. The first A-H’) ranged from 0.45 to 4.47, with an average of 1.43 (Figure 3).
two dominant phyla changed greatly in the water profiles of CST The A-H’ of inflowing waters (1.98 +1.22) was higher than that of
and LT but varied small in the water profiles of YT and DH. The reservoir waters (1.32 +0.66). The maximum number of planktonic
planktonic archaeal diversity index (i.e., Shannon-Wiener index, bacteria OTUs yielded by high-throughput sequencing was 661,239.
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FIGURE 3
The planktonic archaea and bacteria community composition and relative abundance of functional pathway in August and December in the water
profiles of the studied reservoirs. A-H’, planktonic archaea community diversity; B-H’, planktonic bacteria community diversity; F-H’: functional
diversity. Taxonomic groups with a relative abundance less than 1% were integrated as “others.” The full names of the reservoirs refer to the text.
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All bacteria OTUs were clustered into 57 phyla. The top four
bacteria phyla were Proteobacteria, Actinobacteria, Bacteroidetes,
and Planctomycetes. The bacterial community structure was
different in time and space. For example, the bacterial community
composition in the inflowing waters of CST was obviously different
from that in the reservoir (Supplementary Figure 2). In the reservoir
profiles, the first four dominant phyla had great difference. In
addition, the bacteria phyla with relative abundance less than 10%
had great changes in the water profiles of CST and LT but had not
in YT and DH. The planktonic bacterial diversity index (i.e.,
Shannon-Wiener index, B-H’) ranged from 3.36 to 5.69, with an
average of 4.60 (Figure 3). The B-H’ of inflowing waters (4.71+0.75)
was slightly higher than that of reservoir waters (4.59 £0.54).

In this study, C-cycling included three functional pathways [i.e.,
C-fixation (CF), C-degradation (CD), and CH, metabolism] and
had 36 functional genes, with an average of 3.5x10° copies L™".
N-cycling included 22 functional genes, with an average of 2.4 x 10°
copies L. P-cycling included 8 functional genes, with an average of
2.1x10° copies L™". S-cycling included 5 functional genes, with an
average of 1.9x10° copies L™". Functional diversity (i.e., Shannon
Wiener index, F-H’) ranged from 1.77 to 3.20, with an average of
2.60 (Figure 3). The F-H’ of inflowing waters (2.55+0.25) was
similar to that of reservoir waters (2.57 +0.31). The F:T,,. ratios were
higher than the ratios of F:Ty,. and F:T,, in the reservoirs except
CST in time and space (Figure 4). The C-, N-and S-cycling pathways
and microbial diversity had significant seasonal differences
(p <0.001, t-test, Figures 5A-F). The CF:CD ratio was higher in
December than in August (Figure 5G). In general, the F:T,,; ratios
in inflowing waters (1.01 + 0.3) were slightly higher than that in
reservoir waters (0.94 + 0.21; Figure 5H). However, in the LT with

10.3389/fmicb.2022.1049120

long hydraulic retention time, the F:T, . ratio of inflowing waters was
significantly higher than that of reservoir waters (p =0.01, t-test).

Interaction among the environmental
factors, community, and functional
pathway

Mantel test indicated that the composition of functional
pathways was related to 11 environmental factors, mainly including
radiation, WT, and DSi. The community structure of planktonic
archaea was related to 7 environmental factors, mainly including
longitude, elevation, Ca/Sr, and DIP. The community structure of
planktonic bacteria was relevant to eight environmental factors,
mainly including radiation, WT, pH, DIC, and DSi (Figure 6A;
Supplementary Figure 3). The relative abundances of C-, N-, P-, and
S-cycling were correlated with dominant bacterial phyla (e.g.,
Proteobacteria, Actinobacteria, and Bacteroidetes) and their
community diversity. The F:T,; ratio was correlated with dominant
archaea phyla (e.g., Thaumarchaeota and Nanoarchaeaeota) and
their community diversity (Figure 6B). Co-occurrence networks
showed that functional genes had tight contact with bacterial and
archaeal community composition and were in a core position
(Figure 6C), and planktonic bacterial community had higher
relevancy with functional genes than archaeal community
(Supplementary Figure 4). In addition, the average ratio of inflowing
to reservoir waters was 1.11 for F and 1.22 for F:T,,;, and both were
significantly higher than 1 (p <0.01 and p <0.05, respectively, t-test);
however, this case was not found for T, (p =0.391, t-test, Figure 6D).
Phytoplankton yield was positively correlated with Tp,Ty
(Figure 7A). The F:T,; difference between August and December
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was positively correlated with Log;, transformed hydraulic load
(Figure 7B). Structural equation modeling showed that WT was an
important factor affecting EFS (Figure 7C).

Discussion

The relationship between microbial
community structure and function

Phytoplankton and planktonic bacteria and archaea jointly drive

the nutrient biogeochemical cycles in aquatic ecosystems (Arrigo,
2005; Fuhrman, 2009; Amin et al., 2021), and their community

Frontiers in Microbiology

composition thus had a strong correlation with C-, N-, P-, and
S-cycling functional genes (Figure 6C). The positive correlation
between phytoplankton photosynthetic efficiency and Ty, T
implies that phytoplankton, as the primary producers, could
constrain the bacterial and archaeal community assembly and their
interaction (Figure 7A). The F:Ty, rather than F:T,, was close to the
F.T,i (Figure 4), indicating that bacterial community was more
relevant to the functional gene abundance than archaeal community.
Therefore, planktonic bacteria could be more important to perform
the microbial ecological functions in the reservoirs. Planktonic
archaeal community had higher F.T,, and their diversity
synchronously changed with bacteria community diversity; therefore,
they can also directly affect microbial EFS (Figure 7C). This implies
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(A) Correlations among environmental factors, community composition of planktonic bacteria and archaea and functional pathway for surface
water samples (n =36). Community composition and functional pathway are related to each environmental factor by performing a Mantel test.

(B) Correlations between community composition of planktonic bacteria and archaea and functional pathway (n =78). Pairwise comparisons within
community composition are displayed with a color gradient to denote Pearson’s correlation coefficients. Functional pathways are related to each
community parameter by performing a Mantel test. Asterisks (***, **, and *) indicate the significance levels (0.001, 0.01 and 0.05, respectively). A-H',
planktonic archaea community diversity; B-H', planktonic bacteria community diversity. (C) Co-occurrence networks of the planktonic bacteria and

archaea community and functional genes. The size of each node is proportional to the number of connections. (D) The parameter ratio of
inflowing to reservoir waters. IW, inflowing waters; R, reservoir; F, functional pathway based-Euclidean distance; T,,., microbial taxa based-
Euclidean distance. The different colors indicate different reservoirs. The boxes and whiskers indicate the 25th and 75th and 10th and 90th
percentiles, respectively. The central lines indicate the averages. ** and * were significant difference at the levels of 0.01 and 0.05, respectively.

that planktonic archaeal community, with strong interspecific
interaction and low taxonomic variation, has an irreplaceable role in
ensuring the stability of microbial ecological functions. Bacteria have
been reported usually as the main microorganisms performing
ecological functions under eutrophic conditions, while under
oligotrophic conditions, archaea are the main functional
microorganisms (Wuchter et al.,, 2006; Di et al., 2009).

Effects of river damming on microbial
ecological stability

Environmental changes are an important force driving the
planktonic microbial species succession (Zhou et al., 2014; Amend
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et al., 2016; Garcia-Garcia et al., 2019; Xiao et al., 2021). In turn,
planktonic bacteria and archaea have different responses to the
environmental changes. In these reservoirs, planktonic bacterial
community structure is mainly affected by WT and pH, while
planktonic archaeal community composition is mainly influenced
by geological and geographical factors. Major geological events
and horizontal gene transfer have been reported to be relevant to
the evolution of archaea (Yang et al., 2021; Gophna and Altman-
Price, 2022). The composition of bacteria had tighter nexus with
environmental factors than that of archaea (Figure 6A), implying
that bacteria are easier to be affected by environmental variations.
As such, bacteria and archaea are sensitive to different types of
factors, finally leading to their ecological niche differentiation. In
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addition, archaea can take over the functions of bacteria under
certain extreme conditions (Schleper, 2010; Wang et al., 2021).
Microbial functional pathways have tight relation with the
ambient parameters and are more sensitive to the environmental
disturbance than bacterial and archaeal taxa in the reservoirs
(Figure 6A), being consistent with the results of ocean study
(Louca et al., 2016). For the reservoirs, water depth can not only
regulate the spatial variation in microbial functional genes, but
also restrict the planktonic bacterial community composition
(Yang et al., 2020; Wang P. et al., 2022).

After river damming, water depth and hydraulic retention
time increase, waters become clear, nutrients are impounded, and
phytoplankton are apt to flourish (Maavara et al., 2020; Wang
B. et al,, 2022). An increase in WT can enhance phytoplankton
growth, and phytoplankton consume CO, and release O, by
photosynthesis, increasing water pH and DO. Thus, WT, Chl g,
DO, and pH showed a tight relationship from each other in the
reservoirs (Figure 6A). Phytoplankton photosynthesis mainly
occurs in the euphotic layer, which can promote physical,
chemical, and biological stratifications in the water profiles
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(Supplementary Figure 1). These stratifications create the
contrasting redox environments between the surface and bottom
waters, finally making the community composition of bacteria
and archaea different in the water profiles, and the larger DO
stratification, the more significant difference in their community
composition (Yu et al., 2014; Nyirabuhoro et al., 2020; Yang et al.,
2020). Correspondingly, matter cycling is different between the
surface and bottom waters. On the bottom regulated by
respiration, planktonic bacteria and archaea decompose organic
matters to produce CH, and N,O; SO, can be used as an oxidant
under insufficient oxygen conditions and is reduced to divalent S,
which is apt to combine with heavy metals and then precipitate to
the sediment (Goreau et al., 1980; Kuypers et al., 2018; Wang
B.etal,, 2022). On the surface dominated by photosynthesis, CH,
generated on the bottom can be re-oxidized to CO, and release to
the atmosphere (Vachon et al, 2019). Therefore, there are
stratifications for the functional genes related to C-, N-, P-, and
S-cycling in the reservoir profiles (Figure 3).

The significant changes in above physical and chemical
factors after river damming finally result in obvious differences
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in the microbial EFS between rivers and reservoirs. Although
there was not found significant difference in the community
composition of bacteria and archaea between the inflowing and
reservoir waters in general, relative compositions of their
functional genes were significantly different, resulting in higher
F:Ty ratio in the former than in the latter (Figure 6D). All the
evidence demonstrated that river damming can enhance the
microbial EFS. In addition, the microbial EFS showed obviously
different among the reservoirs, mainly due to their different
hydrological conditions. It is well known that reservoir
hydraulic load is an important factor governing the
stratifications, nutrient cycling, and biological succession in
reservoirs (Liang et al., 2019; Wang B. et al., 2022). Here, it was
found that reservoir hydraulic load regulates the seasonal
difference in microbial EFS (Figure 7B). In the daily regulated
reservoirs (i.e., YT and DH), there are not significantly
physical, chemical, and biological stratifications throughout
the year due to the high water renewal rate, so they are river-
liked reservoirs, where aquatic microorganisms are always
living in a highly dynamic environment. The ambient
conditions of these reservoirs were more strongly influenced
by surface runoff in August than in December; correspondingly,
microbial EFS was weaker in August than in December. In
yearly regulated reservoirs (i.e., CST and LT), due to the low
water renewal rate, microbial community structure and
function were stratified, together with the physical and
chemical stratifications in August, which finally shapes a
unique strong microbial EFS in dam reservoirs. However, in
December, the above stratifications disappeared mainly due to
the homogenization of water temperature, and aquatic
microorganisms have to re-adapt the situation via adjusting
their community structure and function, which finally
decreases microbial EFS. Therefore, microbial EES is weaker in
December than in August for the yearly regulated reservoirs
(Figure 7B).

Studies on global ocean microbiome showed that microbial
community composition is mostly affected by water temperature
rather than other environmental factors or geography (Sunagawa
et al,, 2015). Similarly, this study found that WT is an important
factor affecting the relationship between microbial community
structure and functional pathways and then constraining the EFS
(Figure 7C). Under the background of global warming, the variation
in microbial ecological processes caused by the construction of
numberless dam reservoirs should be paid more attention. This
study focused on the impact of river damming on microbial EFS,
while many other problems need to be further studied. For example,
DSi was found as an important environmental factor influencing
the microbial functions in co-occurrence networks, but the
structural equation modeling cannot build the relevant pathway. It
is well known that DSi not only reflect the geological background
but also is closely related to phytoplankton community structure
(Wang et al., 2016; Ran et al., 2022); however, we still do not know
the underlying mechanism on the role of DSi in this study. The
exploration on the microbial EFS is a basis for understanding the
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resistance of ecosystems, and more detailed ecological models need
to be established for more precise assessment.

Conclusion

This study first used the ratio of Euclidean-distance-
normalized microbial function to taxa to estimate the influence
of river damming on planktonic microbial EFS. The results
indicated that river damming can enhance the planktonic
microbial EFS. The microbial structure and function were
stratified in the water profiles of dam reservoirs, together with
the thermal and chemical stratifications, due to an increase in
water depth and retention time. These changes after river
damming resulted in the stronger microbial EFS in dam
reservoirs than in rivers. Structural equation modeling
demonstrated that water temperature was an important factor
influencing the relationship between the microbial structure
and function and then the EFS. In addition, the hydraulic load
was found a main factor regulating the seasonal difference in
microbial EFS among the reservoirs. This study will help to
deepen the understanding of the relationship between
microbial structure and function and provide a theoretical
basis of assessing the ecological function change after the
construction of river damming.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found at: www.ncbi.nlm.nih.gov/sra/,
PRJNA874581, PRJNA874587, PRINA874586, and PRINA874582.

Author contributions

BW developed the idea. BW, SX, and C-QL optimized study.
WL, NL, and MY performed the experiment and field work. WL
and BW produced the first draft. All authors contributed to the
article and approved the submitted version.
Funding

This work was financially supported by the National Natural
Science Foundation of China (U1612441) and the National Key
Research and Development Program of China (2016YFA0601001).

Acknowledgments

The authors are grateful to the colleagues for their help in the
field and the reviewers for their valuable comments.

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1049120
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://www.ncbi.nlm.nih.gov/sra/

Lietal.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Abonyi, A., Horvath, Z., and Ptacnik, R. (2018). Functional richness outperforms
taxonomic richness in predicting ecosystem functioning in natural phytoplankton
communities. Freshw. Biol. 63, 178-186. doi: 10.1111/fwb.13051

Allison, S. D., and Martiny, J. B. H. (2008). Resistance, resilience, and redundancy
in microbial communities. Proc. Natl. Acad. Sci. U. S. A. 105, 11512-11519. doi:
10.1073/pnas.0801925105

Amend, A. S., Martiny, A. C,, Allison, S. D., Berlemont, R., Goulden, M. L., Lu, Y.,
et al. (2016). Microbial response to simulated global change is phylogenetically
conserved and linked with functional potential. ISME J. 10, 109-118. doi: 10.1038/
isme;j.2015.96

Amin, E R, Khalid, H., El-Mashad, H. M., Chen, C,, Liu, G., and Zhang, R.
(2021). Functions of bacteria and archaea participating in the bioconversion of
organic waste for methane production. Sci. Total Environ. 763:143007. doi: 10.1016/j.
scitotenv.2020.143007

Arrigo, K. R. (2005). Marine microorganisms and global nutrient cycles. Nature
437, 349-355. doi: 10.1038/nature04159

Auguet, J.-C., Triad6-Margarit, X., Nomokonova, N., Camarero, L., and
Casamayor, E. O. (2012). Vertical segregation and phylogenetic characterization of
ammonia-oxidizing Archaea in a deep oligotrophic lake. ISME J. 6, 1786-1797. doi:
10.1038/ismej.2012.33

Biggs, C. R, Yeager, L. A., Bolser, D. G., Bonsell, C., Dichiera, A. M., Hou, Z., et al.
(2020). Does functional redundancy affect ecological stability and resilience? A
review and meta-analysis. Ecosphere 11:¢03184. doi: 10.1002/ecs2.3184

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer
for Illumina sequence data. Bioinformatics 30, 2114-2120. doi: 10.1093/
bioinformatics/btul70

Di, H. J., Cameron, K. C,, Shen, J. P,, Winefield, C. S., Ocallaghan, M., Bowatte, S.,
et al. (2009). Nitrification driven by bacteria and not archaea in nitrogen-rich
grassland soils. Nat. Geosci. 2, 621-624. doi: 10.1038/ngeo613

Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial
amplicon reads. Nat. Methods 10, 996-998. doi: 10.1038/nmeth.2604

Falkowski, P. G., Fenchel, T., and Delong, E. E. (2008). The microbial engines that drive
Earth's biogeochemical cycles. Science 320, 1034-1039. doi: 10.1126/science.1153213

Fuhrman, J. A. (2009). Microbial community structure and its functional
implications. Nature 459, 193-199. doi: 10.1038/nature08058

Garcia-Garcia, N., Tamames, J., Linz, A. M. Pedrds-Alio, C., and
Puente-Sénchez, F (2019). Microdiversity ensures the maintenance of functional
microbial communities under changing environmental conditions. ISME J. 13,
2969-2983. doi: 10.1038/s41396-019-0487-8

Gophna, U, and Altman-Price, N. (2022). Horizontal gene transfer in archaeca—
from mechanisms to genome evolution. Annu. Rev. Microbiol. 76. 481-502. doi:
10.1146/annurev-micro-040820-124627

Goreau, T. J., Kaplan, W. A., Wofsy, S. C., Mcelroy, M. B., Valois, E. W,, and
Watson, S. W. (1980). Production of NO(2) and N(2)O by nitrifying bacteria at
reduced concentrations of oxygen. Appl. Environ. Microbiol. 40, 526-532. doi:
10.1128/aem.40.3.526-532.1980

Grill, G., Lehner, B., Thieme, M., Geenen, B., Tickner, D., Antonelli, E, et al.
(2019). Mapping the world’s free-flowing rivers. Nature 569, 215-221. doi: 10.1038/
s41586-019-1111-9

Hong, P, Schmid, B., De Laender, E, Eisenhauer, N., Zhang, X., Chen, H., et al.
(2022). Biodiversity promotes ecosystem functioning despite environmental change.
Ecol. Lett. 25, 555-569. doi: 10.1111/ele.13936

Hubbell, S. P. (2006). Neutral theory and the evolution of ecological equivalence.
Ecology 87, 1387-1398. doi: 10.1890/0012-9658(2006)87[1387:NTATEQ]2.0.CO;2

Frontiers in Microbiology

12

10.3389/fmicb.2022.1049120

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1049120/

full#supplementary-material

Jiang, Y., and Ji, H. (2011). Sr fluxes and 87Sr/86Sr characterization of river waters
from a karstic versus granitic watershed in the Yangtze River. J. Geochem. Explor.
110, 202-215. doi: 10.1016/j.gexplo.2011.05.010

Kuypers, M. M. M., Marchant, H. K., and Kartal, B. (2018). The microbial nitrogen-
cycling network. Nat. Rev. Microbiol. 16, 263-276. doi: 10.1038/nrmicro.2018.9

Lan, Y,, Wang, Q,, Cole, J. R., and Rosen, G. L. (2012). Using the RDP classifier to
predict taxonomic novelty and reduce the search space for finding novel organisms.
PLoS One 7:¢32491. doi: 10.1371/journal.pone.0032491

Lewis, S. L., and Maslin, M. A. (2015). Defining the Anthropocene. Nature 519,
171-180. doi: 10.1038/nature14258

Liang, X., Xing, T, Li, J., Wang, B., Wang, E, He, C,, et al. (2019). Control of the
hydraulic load on nitrous oxide emissions from cascade reservoirs. Environ. Sci.
Technol. 53, 11745-11754. doi: 10.1021/acs.est.9b03438

Litchman, E., and Klausmeier, C. A. (2008). Trait-based community ecology of
phytoplankton. Annu. Rev. Ecol. Evol. Syst. 39, 615-639. doi: 10.1146/annurev.
ecolsys.39.110707.173549

Longhi, M. L., and Beisner, B. E. (2010). Patterns in taxonomic and functional diversity
of lake phytoplankton. Freshw. Biol. 55, 1349-1366. doi: 10.1111/j.1365-2427.2009.02359.x

Louca, S., Parfrey, L. W,, and Doebeli, M. (2016). Decoupling function and
taxonomy in the global ocean microbiome. Science 353, 1272-1277. doi: 10.1126/
science.aaf4507

Louca, S., Polz, M. E, Mazel, E, Albright, M. B. N., Huber, J. A., Oconnor, M. L,
et al. (2018). Function and functional redundancy in microbial systems. Nat. Ecol.
Evol. 2, 936-943. doi: 10.1038/s41559-018-0519-1

Lu, L, Tang, Q, Li, H., and Li, Z. (2022). Damming river shapes distinct patterns
and processes of planktonic bacterial and microeukaryotic communities. Environ.
Microbiol. 24, 1760-1774. doi: 10.1111/1462-2920.15872

Maavara, T., Chen, Q., Van Meter, K., Brown, L. E., Zhang, J., Nj, ], et al. (2020).
River dam impacts on biogeochemical cycling. Nat. Rev. Earth Environ. 1,103-116.
doi: 10.1038/s43017-019-0019-0

Maberly, S. C. (1996). Diel, episodic and seasonal changes in pH and
concentrations of inorganic carbon in a productive lake. Freshw. Biol. 35, 579-598.
doi: 10.1111/j.1365-2427.1996.tb01770.x

Mago¢, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads
to improve genome assemblies. Bioinformatics 27, 2957-2963. doi: 10.1093/
bioinformatics/btr507

Martini, S., Larras, E, Boyé, A, Faure, E., Aberle, N., Archambault, P, et al. (2021).

Functional trait-based approaches as a common framework for aquatic ecologists.
Limnol. Oceanogr. 66, 965-994. doi: 10.1002/In0.11655

Nyirabuhoro, P, Liu, M., Xiao, P, Liu, L., Yu, Z., Wang, L., et al. (2020). Seasonal
variability of conditionally rare taxa in the water column bacterioplankton
community of subtropical reservoirs in China. Microb. Ecol. 80, 14-26. doi: 10.1007/
s00248-019-01458-9

Qiu, X. L, Wang, B,, Yang, M, Li, W, Sun, R,, Han, G, et al. (2022). Damming alters
riverine strontium biogeochemical behavior: evidence from ¥Sr/*Sr analysis. J. Hydrol.
614:128631. doi: 10.1016/j.jhydrol.2022.128631

R Core Team. (2021). R: A language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing.

Ran, X., Wu, W,, Song, Z., Wang, H., Chen, H,, Yao, Q,, et al. (2022). Decadal
change in dissolved silicate concentration and flux in the Changjiang (Yangtze) river.
Sci. Total Environ. 839:156266. doi: 10.1016/j.scitotenv.2022.156266

Schleper, C. (2010). Ammonia oxidation: different niches for bacteria and archaea.
ISME J. 4, 1092-1094. doi: 10.1038/isme;j.2010.111

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1049120
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1049120/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1049120/full#supplementary-material
https://doi.org/10.1111/fwb.13051
https://doi.org/10.1073/pnas.0801925105
https://doi.org/10.1038/ismej.2015.96
https://doi.org/10.1038/ismej.2015.96
https://doi.org/10.1016/j.scitotenv.2020.143007
https://doi.org/10.1016/j.scitotenv.2020.143007
https://doi.org/10.1038/nature04159
https://doi.org/10.1038/ismej.2012.33
https://doi.org/10.1002/ecs2.3184
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/ngeo613
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1126/science.1153213
https://doi.org/10.1038/nature08058
https://doi.org/10.1038/s41396-019-0487-8
https://doi.org/10.1146/annurev-micro-040820-124627
https://doi.org/10.1128/aem.40.3.526-532.1980
https://doi.org/10.1038/s41586-019-1111-9
https://doi.org/10.1038/s41586-019-1111-9
https://doi.org/10.1111/ele.13936
https://doi.org/10.1890/0012-9658(2006)87[1387:NTATEO]2.0.CO;2
https://doi.org/10.1016/j.gexplo.2011.05.010
https://doi.org/10.1038/nrmicro.2018.9
https://doi.org/10.1371/journal.pone.0032491
https://doi.org/10.1038/nature14258
https://doi.org/10.1021/acs.est.9b03438
https://doi.org/10.1146/annurev.ecolsys.39.110707.173549
https://doi.org/10.1146/annurev.ecolsys.39.110707.173549
https://doi.org/10.1111/j.1365-2427.2009.02359.x
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.1038/s41559-018-0519-1
https://doi.org/10.1111/1462-2920.15872
https://doi.org/10.1038/s43017-019-0019-0
https://doi.org/10.1111/j.1365-2427.1996.tb01770.x
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1002/lno.11655
https://doi.org/10.1007/s00248-019-01458-9
https://doi.org/10.1007/s00248-019-01458-9
https://doi.org/10.1016/j.jhydrol.2022.128631
https://doi.org/10.1016/j.scitotenv.2022.156266
https://doi.org/10.1038/ismej.2010.111

Lietal.

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister, E. B.,
etal. (2009). Introducing mothur: open-source, platform-independent, community-
supported software for describing and comparing microbial communities. Appl.
Environ. Microbiol. 75, 7537-7541. doi: 10.1128/ AEM.01541-09

Stegen, J. C,, Lin, X., Konopka, A. E., and Fredrickson, J. K. (2012). Stochastic and
deterministic assembly processes in subsurface microbial communities. ISME J. 6,
1653-1664. doi: 10.1038/isme;j.2012.22

Stumm, W., and Morgan, J. J. (1983). Aquatic chemistry, an introduction
emphasizing chemical equilibria in natural waters. Ecol. Model. 19, 227-230. doi:
10.1016/S0011-9164(00)80071-5

Sunagawa, S., Coelho, L. P, Chaffron, S., Kultima, J. R., Labadie, K., Salazar, G.,
et al. (2015). Structure and function of the global ocean microbiome. Science
348:1261359. doi: 10.1126/science.1261359

Sutherland, W. J., Freckleton, R. P,, Godfray, H. C. J., Beissinger, S. R., Benton, T.,
Cameron, D. D,, et al. (2013). Identification of 100 fundamental ecological questions.
J. Ecol. 101, 58-67. doi: 10.1111/1365-2745.12025

Vachon, D., Langenegger, T., Donis, D., and Mcginnis, D. E. (2019). Influence of
water column stratification and mixing patterns on the fate of methane produced in
deep sediments of a small eutrophic lake. Limnol. Oceanogr. 64, 2114-2128. doi:
10.1002/In0.11172

Wagg, C., Schlaeppi, K., Banerjee, S., Kuramae, E. E., and Van Der Heijden, M. G.
A. (2019). Fungal-bacterial diversity and microbiome complexity predict ecosystem
functioning. Nat. Commun. 10:4841. doi: 10.1038/s41467-019-12798-y

Wang, P, Li, J.-L., Luo, X.-Q., Ahmad, M., Duan, L., Yin, L.-Z,, et al. (2022).

Biogeographical distributions of nitrogen-cycling functional genes in a subtropical
estuary. Funct. Ecol. 36, 187-201. doi: 10.1111/1365-2435.13949

Wang, B., Liu, C.-Q., Maberly, S. C., Wang, E, and Hartmann, J. (2016). Coupling
of carbon and silicon geochemical cycles in rivers and lakes. Sci. Rep. 6:35832. doi:
10.1038/srep35832

Wang, B, Liu, N., Yang, M., Wang, L., Liang, X., and Liu, C.-Q. (2021). Co-
occurrence of planktonic bacteria and archaea affects their biogeographic patterns
in Chinas coastal wetlands. Environ. Microbiome 16:19. doi: 10.1186/
540793-021-00388-9

Wang, B., Qiu, X.-L., Peng, X., and Wang, E (2018). Phytoplankton community
structure and succession in karst cascade reservoirs, SW China. Inland Waters 8,
229-238. doi: 10.1080/20442041.2018.1443550

Frontiers in Microbiology

13

10.3389/fmicb.2022.1049120

Wang, X., Wang, C., Wang, P, Chen, J., Miao, L., Feng, T, et al. (2018). How
bacterioplankton community can go with cascade damming in the highly regulated
Lancang-Mekong River basin. Mol. Ecol. 27, 4444-4458. doi: 10.1111/mec.14870

Wang, B,, Yang, X., Li, S.-L., Liang, X., Li, X.-D., Wang, E, et al. (2022). Anthropogenic
regulation governs nutrient cycling and biological succession in hydropower reservoirs.
Sci. Total Environ. 834:155392. doi: 10.1016/j.scitotenv.2022.155392

Wu, H,, Chen, ], Xu, ], Zeng, G., Sang, L., Liu, Q, et al. (2019). Effects of dam
construction on biodiversity: a review. J. Clean. Prod. 221, 480-489. doi: 10.1016/j.
jclepro.2019.03.001

Wauchter, C., Abbas, B., Coolen, M. J. L., Herfort, L., Van Bleijswijk, J., Timmers, P,,
et al. (2006). Archaeal nitrification in the ocean. Proc. Natl. Acad. Sci. U. S. A. 103,
12317-12322. doi: 10.1073/pnas.0600756103

Xiao, J., Wang, B., Qiu, X.-L., Yang, M., and Liu, C.-Q. (2021). Interaction between
carbon cycling and phytoplankton community succession in hydropower reservoirs:
evidence from stable carbon isotope analysis. Sci. Total Environ. 774:145141. doi:
10.1016/j.scitotenv.2021.145141

Yakimov, M., Cono, V., Smedile, E, Deluca, T., Judrez, S., Ciordia, S., et al. (2011).
Contribution of crenarchaeal autotrophic ammonia oxidizers to the dark primary
production in Tyrrhenian deep waters (Central Mediterranean Sea). ISME J. 5,
945-961. doi: 10.1038/ismej.2010.197

Yang, Y. (2021). Emerging patterns of microbial functional traits. Trends Microbiol.
29, 874-882. doi: 10.1016/j.tim.2021.04.004

Yang, M., Shi, J., Wang, B., Xiao, J., Li, W,, and Liu, C.-Q. (2020). Control of
hydraulic load on bacterioplankton diversity in cascade hydropower reservoirs,
Southwest China. Microb. Ecol. 80, 537-545. doi: 10.1007/s00248-020-
01523-8

Yang, Y., Zhang, C., Lenton, T. M., Yan, X., Zhu, M., Zhou, M., et al. (2021). The
evolution pathway of ammonia-oxidizing archaea shaped by major geological
events. Mol. Biol. Evol. 38, 3637-3648. doi: 10.1093/molbev/msab129

Yu, Z., Amalfitano, S., Yu, X.-Q., and Liu, L. (2014). Effects of water stratification
and mixing on microbial community structure in a subtropical deep reservoir. Sci.
Rep. 4:5821. doi: 10.1038/srep05821

Zhou, ], Deng, Y., Zhang, P, Xue, K., Liang, Y., Van Nostrand, J. D., et al. (2014).
Stochasticity, succession, and environmental perturbations in a fluidic ecosystem.
Proc. Natl. Acad. Sci. U. S. A. 111, E836-E845. doi: 10.1073/pnas.1324
044111

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1049120
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1038/ismej.2012.22
https://doi.org/10.1016/S0011-9164(00)80071-5
https://doi.org/10.1126/science.1261359
https://doi.org/10.1111/1365-2745.12025
https://doi.org/10.1002/lno.11172
https://doi.org/10.1038/s41467-019-12798-y
https://doi.org/10.1111/1365-2435.13949
https://doi.org/10.1038/srep35832
https://doi.org/10.1186/s40793-021-00388-9
https://doi.org/10.1186/s40793-021-00388-9
https://doi.org/10.1080/20442041.2018.1443550
https://doi.org/10.1111/mec.14870
https://doi.org/10.1016/j.scitotenv.2022.155392
https://doi.org/10.1016/j.jclepro.2019.03.001
https://doi.org/10.1016/j.jclepro.2019.03.001
https://doi.org/10.1073/pnas.0600756103
https://doi.org/10.1016/j.scitotenv.2021.145141
https://doi.org/10.1038/ismej.2010.197
https://doi.org/10.1016/j.tim.2021.04.004
https://doi.org/10.1007/s00248-020-01523-8
https://doi.org/10.1007/s00248-020-01523-8
https://doi.org/10.1093/molbev/msab129
https://doi.org/10.1038/srep05821
https://doi.org/10.1073/pnas.1324044111
https://doi.org/10.1073/pnas.1324044111

	River damming enhances ecological functional stability of planktonic microorganisms
	Introduction
	A proposed conceptual framework

	Materials and methods
	Study area and sampling
	Measurement of physical and chemical parameters
	Gene sequencing and qPCR for specific genes
	Statistical analysis

	Results
	Physical and chemical parameters
	Microbial community structure and function
	Interaction among the environmental factors, community, and functional pathway

	Discussion
	The relationship between microbial community structure and function
	Effects of river damming on microbial ecological stability

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

