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Abstract: Phytoplankton and bacterioplankton play a vital role in the structure and function of aquatic
ecosystems, and their activity is closely linked to water eutrophication. However, few researchers
have considered the temporal and spatial succession of phytoplankton and bacterioplankton, and
their responses to environmental factors. The temporal and spatial succession of bacterioplankton
and their ecological interaction with phytoplankton and water quality were analyzed using 16S
rDNA high-throughput sequencing for their identification, and the functions of bacterioplankton
were predicted. The results showed that the dominant classes of bacterioplankton in the Qingcaosha
Reservoir were Gammaproteobacteria, Alphaproteobacteria, Actinomycetes, Acidimicrobiia, and
Cyanobacteria. In addition, the Shannon diversity indexes were compared, and the results showed
significant temporal differences based on monthly averaged value, although no significant spatial
difference. The community structure was found to be mainly influenced by phytoplankton density
and biomass, dissolved oxygen, and electrical conductivity. The presence of Pseudomonas and
Legionella was positively correlated with that of Pseudanabaena sp., and Sphingomonas and Paragonimus
with Melosira granulata. On the contrary, the presence of Planctomycetes was negatively correlated
with Melosira granulata, as was Deinococcus-Thermus with Cyclotella sp. The relative abundance of
denitrifying bacteria decreased from April to December, while the abundance of nitrogen-fixing
bacteria increased. This study provides a scientific basis for understanding the ecological interactions
between bacteria, algae, and water quality in reservoir ecosystems.

Keywords: Qingcaosha Reservoir; physical and chemical factors; phytoplankton; bacterioplank-
ton correlation

1. Introduction

Qingcaosha Reservoir is the largest salt-avoidance freshwater reservoir in the world.
It is an important drinking water source in Shanghai, representing around 50% of the
total raw water consumed in this city. However, Qingcaosha Reservoir is located in the
Yangtze River Delta, a densely populated area that is currently undergoing rapid economic
development. Pollutants from urban development, industrial production, and domestic
sewage flow into the Yangtze River estuary and adjacent sea areas [1,2]. The reservoir
is prone to eutrophication [3], which increases risks that compromise the safety of the
drinking water for residents [4]. It is therefore crucial to ensure good ecological quality
and safety of the water for resident health. In recent years, the reservoir water quality has
gradually been improved through hydrodynamic regulation, restoration of submerged
plants, and biological manipulation through stocking silver carp and bighead carp. Much
research has been conducted on the water quality [5], hydrodynamics [6], and zooplankton
and phytoplankton [7] in the reservoir area. However, there has been little research on the
bacterioplankton in the reservoir.
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Water bacteria play an essential role in maintaining ecosystem function and health [8].
Bacteria are the main drivers of biogeochemical cycles [9], acting in concert as producers
and decomposers in aquatic ecosystems [10,11], through participation in the circulation
of essential elements [12], and facilitating the exchange of matter and energy between the
water, plants, animals, and sediments [13]. Bacteria in the water are abundant and widely
distributed, displaying a high level of metabolic activity, and their abundance is strongly
related to environmental factors [14].

In recent years, the degree of freshwater eutrophication has been increasing. Harmful
algae not only endanger aquatic biological safety [15], but also pose a threat to human
health. Bacteria play an essential ecological role in the process of eutrophication [16,17].
Bacteria are the primary providers of inorganic nitrogen and phosphorus to phytoplankton,
producing the necessary biological compounds that stimulate algal growth [18], and pro-
mote the aggregation and degradation of specific algal blooms [19]. At the same time, some
bacteria have algae-killing characteristics [20]. Bacteria can regulate interactions between
bacteria and algae through quorum sensing [21], and algal blooms can indirectly influence
bacterial communities by influencing water quality through inter-species interactions [22].

The community structure of bacterioplankton results from the coupling effects of
different factors at different spatial and temporal scales [23]. With the severe evolution
of the water environment and the continuous implementation of ecological restoration
measures, the bacterial abundance and community composition have gradually become a
research hotspot. At present, the bacterioplankton in water that are the main subjects of
research are mainly concentrated in the sea, large rivers and lakes, sediments, and riverside
soil [24]. There are few studies on the coupling effect of algae, the bacterial community, and
physical and chemical factors of the water, especially on the bacterioplankton in drinking
water source reservoirs.

For the above reasons, in this research, we monitored the water quality, phytoplank-
ton, and bacterioplankton of Qingcaosha Reservoir in during non-salt tide period. The
interactions among water quality, phytoplankton, and bacterioplankton were analyzed
through correlation analysis, with the aim of revealing the succession characteristics of
phytoplankton and bacterioplankton, and the potential correlations between them. The
primary purposes of the study were (1) to explore the temporal and spatial variations
in reservoir water quality and phytoplankton; (2) to study the temporal and spatial suc-
cession rules of bacterioplankton by means of high-throughput sequencing technology;
(3) to analyze the potential coupling of water quality, phytoplankton, and bacterioplankton
using correlation analysis and multivariate statistical methods; and (4) to analyze bacterial
metabolic changes in the reservoir area by bacterial function prediction. The results of this
study will provide an interpretation of the structure and function of the reservoir biogeo-
chemical system at the bacterial level, and lay a foundation for water source protection and
ecological management.

2. Materials and Methods
2.1. Sampling Site

Qingcaosha Reservoir is located on the northwest side of Changxing Island, Chong-
ming District, Shanghai, China. The total area of the reservoir is 66.15 km2, the total storage
capacity is 527 million m3, and the designed daily water supply is 7.19 million m3. The
reservoir is a light-storage and salt-avoidance reservoir, with water diversion and drainage
of the reservoir area controlled by the gates on the northwest (upstream) and northeast
(downstream) sides. In this study, eight stations (ST1–ST8) were set up in Qingcaosha
Reservoir (Figure 1). Sampling was conducted mid-monthly in the period from April to
December 2019.
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2.2. Sample Collection and Determination of Physical and Chemical Indexes of Water Quality

A columnar water collector was used to collect 2 L water from the depth of 0–0.5 m,
and each sample was taken three times in parallel. Dissolved oxygen (DO), electrical con-
ductivity (Cond), and pH were measured using a multi-parameter water quality analyzer
(YSI, EXO, Yellow Springs, Ohio, USA), and a SAN++ continuous flow analyzer (Skalar,
SAN++, Breda, North Brabant, NL,) was used to determine the mass concentrations of total
phosphorus (TP), total nitrogen (TN), ammonia nitrogen (NH4

+-N), and nitrate nitrogen
(NO3

−-N). Chemical oxygen demand (COD) was determined by the potassium dichromate
reflux method (SHIMADZU, UV 1900, Nakagyo-ku, JPN). Chlorophyll a (Chl-a) concen-
tration was determined through spectrophotometry (SHIMADZU, UV 1900, Nakagyo-ku,
JPN). The water transparency (SD) was measured using a Secchi disc.

2.3. Collection and Identification of Phytoplankton

A 100 mL water sample was fixed with Lugol’s solution and preserved for phytoplank-
ton counting. The species of phytoplankton were identified and counted using an inverted
microscope. After the concentrated sample was shaken evenly, 0.1 mL was taken, and
added to a 0.1 mL counting box. A 22 mm × 22 mm cover glass was used. The number of
algal cells was determined through observation in 100 fields of vision. For each species, the
cell size, i.e., volume, was estimated based on the cell morphology and direct measurement
of the main cell dimensions in more than 25 randomly selected individuals. When size
differences were observed within a species, the individuals of that species were divided into
several cell sizes to determine the cell volume. The biomass of each species was calculated
assuming a wet weight density of 1 g·cm−3 (abundance × cell volume) [25], and the total
biomass of phytoplankton was calculated as the total biomass of all present species.

2.4. DNA Extraction and High-Throughput Sequencing

The DNA extract was checked on 1% agarose gel, and DNA concentration and purity
were determined using a NanoDrop 2000 UV–Vis spectrophotometer (Thermo Scientific,
Wilmington, DE, USA). The hypervariable V3–V4 region of the bacterial 16S rRNA gene
were amplified with primer pairs 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R
(5’-GGACTACHVGGGTWTCTAAT-3’), using an ABI GeneAmp® 9700 PCR thermocycler
(ABI, Vernon, CA, USA). PCR reactions were performed in triplicate. Purified amplicons
were pooled in equimolar amounts and paired-end sequenced on an Illumina MiSeq PE300
platform (Illumina, San Diego, CA, USA), according to the standard protocols by Majorbio
Bio-Pharm Technology Co. Ltd. (Shanghai, China).
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2.5. Data Analysis
2.5.1. Bioinformatics Analysis

The raw 16S rRNA gene sequencing reads were demultiplexed, quality-filtered by
fastp (version 0.20.0) [26], and merged by FLASH (version 1.2.7) [27], according to the
default criteria. Operational taxonomic units (OTUs) with 97% [28] similarity cutoff were
clustered using UPARSE (version 7.1) [29], and chimeric sequences were identified and
removed. The taxonomy of each OTU representative sequence was analyzed using RDP
Classifier (version 2.2) [30] against the 16S rRNA database (Silva v138), with a confidence
threshold of 0.7.

2.5.2. Biodiversity Analysis

The richness and diversity of microbial communities were reflected by alpha diversity
analysis of a single sample. The Shannon index was chosen as the index of community
diversity. The similarity or difference of community composition of samples from different
groups was studied by beta diversity analysis of multiple samples, and was described
using principal co-ordinates analysis (PCoA). A statistical analysis and mapping were
carried out using R language (version 3.3.1). The dominant species of phytoplankton was
determined based on the McNaughton dominance index (Y) [31], where Y > 0.02 indicated
the species was dominant.

2.5.3. Statistical Analysis

The Student–Newman–Keuls (SNK-q) method was used to describe the differences
in the physical and chemical factors of the assessed water. The Wilcoxon signed-rank test
method was used for the non-parametric test of two groups of samples to evaluate the
significance level of differences in species abundance between groups. The relationship
between environmental factors and sample grouping was described using distance-based
redundancy analysis (db-RDA). Correlation heatmap analysis was used to describe the
relationship between environmental factors and specific species (genus level). The correla-
tion analysis was based on the R (version 3.3.1) stats package, vegan package, and heatmap
package. The species correlation network was constructed using Network software for
two-factor network analysis, to describe the interspecies correlation.

2.5.4. Functional Predictive Analysis

PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unob-
served States) software was used to predict the function of bacterioplankton. The func-
tion and abundance information of bacteria in the samples were obtained by comparing
the EggNOG database (Evolutionary Genealogy of Genes: Non-supervised Orthologous
Groups) and KEGG database (Kyoto Encyclopedia of Genes and Genomes). By comparison
with the FAPROTAX database, the specific metabolic or ecological functions of samples
were described, especially regarding the sulfur, nitrogen, hydrogen, and carbon cycling
functions in marine and lake biogeochemical processes.

3. Results and Analysis
3.1. Physical and Chemical Properties of Qingcaosha Reservoir Water

The average value and variation range of the physical and chemical environmen-
tal factors at eight sampling points in the reservoir from April to December 2019 were
compared. Table 1 shows that the concentrations of total phosphorus (TP), total nitrogen
(TN), ammonium nitrogen (NH4

+-N), and nitrate nitrogen (NO3
−-N) gradually decreased

from the beginning to the end of the reservoir (ST1–ST8). The concentration range of
total phosphorus (TP) was 0.08–0.43 mg/L, and the average concentration was 0.18 mg/L.
The concentration range of total nitrogen (TN) was 0.64–2.46 mg/L, and the average con-
centration was 1.54 mg/L. The concentration range of nitrate nitrogen (NO3

−-N) was
0.515–1.63 mg/L, and the average concentration was 1.1 mg/L. The concentration range
of ammonia nitrogen (NH4

+-N) was 0.02–0.064 mg/L, and the average concentration was
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0.016 mg/L. Chlorophyll a (Chl-a) and transparency (SD) showed a gradual upward trend
from the beginning to the end of the reservoir. The annual variation range of chlorophyll
a (Chl-a) was 1.22–42.39 µg/L, and the variation range of transparency (SD) was 15–126
cm. There was no significant difference in environmental factors at other points (p > 0.05).
The annual variation range of pH was 6.36–10.63, and there was little interannual variation.
The interannual variation of COD was stable, with an average of 19 mg/L.

Table 1. The average values and ranges of physical and chemical factors of Qingcaosha Reservoir in 2019.

Environmen-
tal Factor ST1 ST2 ST3 ST4 ST5 ST6 ST7 ST8

TP (mg/L) 0.21 a 0.22 ab 0.21 a 0.17 a 0.23 a 0.15 a 0.17 a 0.14 a
(0.14–0.39) (0.1–0.4) (0.09–0.41) (0.11–0.33) (0.14–0.43) (0.08–0.27) (0.10–0.29) (0.10~0.20)

TN (mg/L) 2.10 b 1.92 b 1.36 a 1.35 a 1.55 a 1.35 a 1.25 a 1.26 a
(1.50–2.46) (1.4–2.31) (1.19–1.74) (1.00–1.79) (1.10–2.12) (0.99–1.67) (0.64–1.92) (0.90–2.03)

NH4
+-N

(mg/L)
0.02 a 0.03 b 0.02 a 0.02 a 0.01 a 0.01 a 0.01 a 0.01 a

(0.004–0.031) (0.013–0.053) (0.009–0.064) (0.01–0.024) (0.004–0.021) (0.005–0.015) (0.009–0.017) (0.002–0.012)
NO3

−-N
(mg/L)

1.29 b 1.21 ab 1.00 a 1.08 a 1.16 ab 1.03 a 0.99 a 1.02 a
(1.07–1.63) (0.93–1.56) (0.75–1.23) (0.89–1.41) (0.91–1.55) (0.91–1.32) (0.51–1.3) (0.92–1.24)

COD (mg/L) 22 a 24 a 19 a 19 a 21 a 19 a 11 a 15 a
(10–36) (10–39) (12–31) (8–32) (11–36) (12–37) (3–21) (3–22)

Chl a (µg/L) 12.00 a 14.38 ab 16.06 ab 21.98 b 16.38 ab 20.71 b 32.95 c 28.39 c
(1.22–24.79) (8.22–28.22) (13.36–23.69) (16.71–29.37) (4.11–24.11) (20.25–21.22) (22.47–42.39) (25.88–36.57)

SD (cm) 0.29 a 0.47 a 0.76 b 0.78 b 0.49 a 0.77 b 0.79 b 0.83 b
(0.15–0.50) (0.15–0.91) (0.45–1.26) (0.40–1.25) (0.20–0.90) (0.43–1.09) (0.50–0.93) (0.49–1.07)

pH 8.11 a 8.15 a 9.15 a 9.26 a 9.12 a 8.92 a 8.58 a 8.62 a
(6.36–9.19) (7.46–8.59) (8.60–10.27) (8.56–10.04) (8.37–10.63) (8.38–10.08) (7.39–9.75) (6.63–10.01)

DO (mg/L) 8.33 a 9.52 a 10.24 a 10.09 a 9.49 a 9.84 a 9.31 a 9.21 a
(5.3–10.77) (8.0–10.63) (9.37–11.95) (9.11–11.7) (5.3–12.66) (8.48–12.04) (6.87–11.90) (6.76–12.12)

Cond
(µs/cm)

330.24 a 313.68 a 302.87 a 302.46 a 323.11 a 305.44 a 306.90 a 306.40 a
(254.30–
469.50)

(261.30–
383.10)

(247.20–
352.10)

(247.90–
351.90)

(274.60–
400.70)

(260.40–
357.10)

(258.40–
353.20)

(253.60–
351.50)

abc represents data from small to large. Noting the same letter indicates no significant difference between groups. Tag ab indicates between
two sets of data.

3.2. Community Structure of Phytoplankton

A total of 117 phytoplankton species belonging to eight phyla were identified in Qing-
caosha Reservoir in 2019, including 55 species of Chlorophyta, 31 species of Bacillariophyta,
17 species of Cyanophyta, 6 species of Euglenophyta, 2 species of Pyrrophyta, 3 species of
Cryptophyta, 2 species of Chrysophyta, and 1 species of Xanthophyta. Figure 2 shows that
most of the species belonged to Chlorophyta (47.01%), followed by Bacillariophyta (26.49%),
and then Xanthophyta (0.90%). The algae community structure in the non-salt tide period
of the reservoir showed seasonal differences. The biological density of phytoplankton at
each site of the Qingcaosha Reservoir from April to December was 1.5–319.8 × 104 cell/L,
and the average density was 73 × 104 cell/L (see Figure 2a). The phytoplankton biomass
in the reservoir ranged 0.002–2.151 mg/L from April to December(see Figure 2b).

The dominance (Y) analysis of the dominant phytoplankton species showed that the
dominant species changed throughout the period from April to December (Table 2). The
dominant algae species mainly belonged to Cyanophyta, Bacillariophyta, and Chlorophyta,
and the main dominant species were Pseudanabaena sp., Melosira granulata, Cyclotella sp.,
and Oedogonium sp. In general, the dominant species at each sampling point of the reservoir
were the algae species commonly found in eutrophic water.

3.3. Community Structure of Bacterioplankton
3.3.1. Community Structure of Bacterioplankton

After sequencing 72 samples of bacterioplankton from Qingcaosha Reservoir in 2019,
a total of 6827 OTUs were detected, which were distributed in 57 phyla, 161 classes, 408
orders, 654 families, 1238 genera, and 2543 species. At the phylum level (Figure 3), the
relative abundance of Proteobacteria in the sampling period was higher than 10%, reaching
a maximum of 79.49% in July. The relative abundance of Actinobacteria fluctuated from
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5.62% to 58.03%. At the class level (Figure 3), the relative abundance of Gammaproteobac-
teria was higher than 3% during the sampling period, reaching a maximum of 56.81% in
July. The relative abundance of Actinobacteria fluctuated in the range of 2.57–42.57%, and
showed a decreasing trend from April to December. The relative abundance of Cyanobac-
teria fluctuated from 0.21% to 55.35%, and the abundance gradually increased from April
to December.
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Table 2. Dominant species of phytoplankton in the reservoir from April to December.

Phylum Dominant Species Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Cyanophyta

Synechococcus bigranulatus 0.471 - - - - - - - -
Pseudanabaena sp. - - - 0.080 0.171 0.692 0.522 0.173

Scenedesmus quadricauda - - - - 0.024 - - - -
Merismopedia minima - - - - - - 0.115 - 0.050

Aphanocapsa delicatissima - - - - - - 0.082 - -

Bacillariophyta

Melosira granulata - 0.644 0.578 0.459 0.195 0.038 0.029 0.103 0.050
Cyclotella sp. - 0.020 0.027 0.103 0.047 0.035 0.318 0.540

Melosira granulata var.
angustissima - 0.101 0.092 0.335 0.169

Cyclotella meneghiniana - - - - - - - 0.077 0.062
Synedra acus 0.121 - - - - - - - -

Chlorophyta

Oedogonium sp. - 0.113 0.105 - - - - - -
Pandorina morum - - 0.037 - - - - - -

Chlorella sp. - - - - 0.055 0.022 - 0.101 0.149
Scenedesmus quadricauda - - 0.048 - - - - - 0.050

Chlamydomonas sp. - 0.063 0.025 - - - - 0.042 0.023

Note: - represents that species were not dominant during the period.
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Figure 3. Composition of the bacterial community in Qingcaosha Reservoir from April to December
2019 (phylum and class levels). The Y-axis is the name of the sample, the X-axis is the proportion of
the species in the sample, the different colored columns represent different phylum (a) and class (b),
and the length of the columns represents the proportion of the species.
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3.3.2. Diversity and Abundance of Bacterioplankton

The alpha diversity of bacterioplankton in the samples was analyzed, and the Shannon
index was selected to reflect community diversity (Table 3). The Shannon index of all
samples was between 2.91 and 5.79; the Shannon index of ST2 varied from 4.72 to 5.55,
and the Shannon index of each sampling point varied from 2.91 to 4.82 in July and 5.10
to 5.79 in October. The samples were grouped in time and space, and Student’s t-test was
conducted to examine differences between groups (Figure 4). The results showed that
the temporal difference of sample community diversity was significant, and the spatial
difference was insignificant. Specifically, the diversity of ST2 was different from that of ST1,
ST4, and ST6 (p < 0.05). There were significant differences in sample diversity between
October and other months (p < 0.01), and the sample diversity decreased from June to July,
then reached the highest value in October.

Table 3. Alpha diversity analysis of the bacterioplankton community in Qingcaosha Reservoir.

Shannon Apr. May Jun. Jul. Sep. Aug. Oct. Nov. Dec.

ST1 5.05522 4.327022 3.271228 4.320451 4.746119 3.167453 5.104217 5.051481 4.195682
ST2 5.20597 4.930877 4.724719 4.823673 5.199873 4.879845 5.552623 5.168004 4.839735
ST3 4.706655 3.876587 5.130286 4.736654 5.164861 4.87874 5.797169 3.441698 4.333132
ST4 4.532297 4.413602 3.883676 4.082314 5.189498 4.594758 5.462392 3.929142 4.153756
ST5 4.932523 3.714345 4.279125 2.913335 4.766668 5.57698 5.439537 4.635082 5.015866
ST6 4.83352 3.521203 4.548778 4.052488 4.936798 5.134269 5.119537 4.229695 4.801377
ST7 5.28414 5.215375 5.28474 3.400411 5.128758 4.986939 5.268078 4.335306 4.450574
ST8 4.917163 3.918191 3.08248 4.515715 4.766734 5.534643 5.327223 4.298399 4.610231
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3.3.3. Temporal and Spatial Distribution Characteristics of Bacterioplankton

In order to describe the similarity or difference of the phytoplankton community
composition in each group, beta diversity analysis was performed on the samples, and
PCoA was used to analyze the samples at the OTU level. The explanatory values of the
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X-axis and Y-axis for the difference of sample composition were 16.04% and 13.62%, respec-
tively. Figure 5 shows that the community structure of bacterioplankton had no significant
difference on the spatial scale, and the community structure had a significant difference on
the time scale, which can be divided into three groups. Specifically, the community com-
position (OTU level) was similar in April, May, July, and August; the composition (OTU
level) was similar in September and December; and the bacterial community structure was
quite different in June compared with other months.
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3.4. Characteristics of the Environmental Response of the Bacterioplankton Community
3.4.1. Correlation between Bacterial Community Structure and Environmental Factors

The bacterial community and environmental factors were analyzed by db-RDA (based
on the Bray-curtis distance). Figure 6 shows that the spatial and temporal effects of
environmental factors on bacterial community structure were varied. Figure 6d shows that
the bacterioplankton abundance (genus level) was positively correlated with SD and DO in
April and August, and negatively correlated with TN, NO3

−-N, and algal biomass. The
bacterioplankton abundance (genus level) was positively correlated with TN, NO3

−-N,
and algae biomass in November and December, and negatively correlated with SD and DO.
The bacterioplankton abundance (genus level) was positively correlated with DO, TP, and
Cond, and negatively correlated with COD, Chl-a, NH4

+-N, and algal density in September
and October Figure 6b. In May, June, and July, they were positively correlated with COD,
Chl-a, NH4

+-N, and algal density, and negatively correlated with DO, TP, and Cond.
To further explore the relationship between bacterioplankton and environmental

factors, the Spearman correlation analysis was used to calculate the correlation between
environmental factors and bacterioplankton abundance (genus level) (Figure 7). The
results show that Pseudomonadales was positively correlated with Chl-a, and Candida-
tus_Methylopumilus was negatively correlated with Chl-a. OM27_clade, OM190, CL500-3,
unclassified_f_Comamonadaceae, and Limnobacter were positively correlated with COD, while
Luteolibacter, Methylocystis, Brevundimonas, and TM7a were negatively correlated with COD.
Unclassified_f_Rhodobacteraceae was positively correlated with DO. norank_f_norank_o_NRL2
was positively correlated with NH4

+-N. CL500-3, Mycobacterium and PeM15 were positively
correlated with SD, while Rhodococcus, Deinococcus, and Nocardioides were negatively cor-
related with SD. Limnohabitans and Candidatus_Methylopumilus were positively correlated
with TP, and Pseudomonadales was negatively correlated with TP. Chloroplast and Limnohabi-
tans were positively correlated with Cond. Caulobacter, Sphingomonadacea, Methylocystis, and
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Brevundimonas were negatively correlated with TN. Paracoccus was positively correlated
with NO3

−-N, which was negatively correlated with Caulobacteraceae.
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in the reservoir based on spatial (a) and temporal (b) groups. db-RDA analysis of the ST1 bacterial
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3.4.2. Correlation between Bacterial Community and Phytoplankton

The coexistence relationship between bacterioplankton and phytoplankton in the non-
salt tide period of the reservoir area was obtained by two-factor analysis. The interaction
between in the top 500 bacterioplankton in terms of abundance and top 15 phytoplankton
in terms of dominance was analyzed (Figure 8). The results show that Pseudanabaena sp.
was positively correlated with Legionella, PeM15, Desulfobacterota, and UBA12409. Synedra
acus was positively correlated with KD4-96. Pandorina morum was positively correlated
with Arthrobacter. Cyclotella sp. was positively correlated with Subgroup_17 and negatively
correlated with Deinococcus_sp. Melosira granulata was positively correlated with Sphin-
gomonas. Melosira granulata var. angustissima was negatively correlated with Gemmataceae.
Chlamydomonas was negatively correlated with Sporichthyaceae and Microtrichales.
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3.5. Prediction of Bacterioplankton Function
3.5.1. PICRUSt Functional Gene Prediction

Based on PICRUSt, the result shows that amino acid transport and metabolism (E), en-
ergy production and conversion (C), transcription (K), cell wall/membrane/envelope bio-
genesis (M), signal transduction mechanisms (T), carbohydrate transport and metabolism
(G), inorganic ion transport and metabolism (P), replication, recombination and repair
(L), translation, ribosomal structure and biogenesis (J), lipid transport and metabolism (I),
coenzyme transport and metabolism (H), post-translational modification, protein turnover,
and chaperones (O) are the main gene functions, and their abundance accounts for 80% in
each month. RNA processing and modification (A), chromatin structure and dynamics (B),
extracellular structures (W), and cytoskeleton (Z) functional genes were absent in all sites.

The results of 16S amplification were compared with the KEGG database (Figure 9),
and based on the analysis of the biological metabolic pathway, the metabolic function
of the bacterial community was inferred. In this study, seven KEGG modules related
to nitrogen metabolism were found: dissimilatory nitrate reduction, nitrate ≥ ammonia;
denitrification, nitrate ≥ nitrogen; assimilatory nitrate reduction, nitrate ≥ ammonia;
nitrate assimilation, complete nitrification, comammox, ammonia ≥ nitrite ≥ nitrate;
nitrogen fixation, nitrogen ≥ ammonia; and nitrification, ammonia ≥ nitrite.
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1 
 

 
Figure 8. Correlation network analysis between bacterioplankton and phytoplankton. The node size in the figure indicates
the species abundance, and different colors indicate different species. The color of the connection indicates positive and
negative correlation, red indicates positive correlation, and green indicates negative correlation; the diameter of the line
represents the size of the correlation coefficient.
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3.5.2. FAPROTAX Function Prediction

The FAPROTAX database was used to predict the function of the samples. Figure 10
shows that the main functions of the community were aerobic energy decomposition, photo-
synthetic nutrition-related functions, aromatic compound and carbohydrate degradation, and
nitrogen nitrification and denitrification. The five functions of the bacterial abundance rank-
ing were chemoheterotrophy, aerobic_chemoheterotrophy, animal_parasites_or_symbionts,
human_pathogens_all, and aromatic_compound_degradation. The heatmap function pre-
diction showed that the relative abundance of nitrogen respiration, nitrate respiration,
nitrite respiration, nitrate denitrification, nitrite denitrification, and nitrous oxide denitrifi-
cation decreased with time, and the relative abundance of the nitrogen fixation function
increased. The abundance of anammox functional bacteria remained constant. By analyz-
ing the FAPROTAX function prediction results in April and December, the abundance of
bacterioplankton with a nitrogen fixation function in December was significantly higher
than that in April (p < 0.01). The abundance of bacterioplankton with nitrite respiration,
nitrate denitrification, nitrite denitrification, and nitrous oxide denitrification functions
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was significantly higher in April than in December (Figure 11), but the difference in the
abundance of bacterioplankton with nitrate respiration and nitrogen respiration functions
was not significant across two months.

1 
 

 
Figure 10. Heatmap of FAPROTAX function prediction. The X-axis is the sample name, and the Y-axis is the functional
name. The abundance changes of different functions in the sample are shown by the color gradient of color blocks.
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4. Discussion
4.1. Bacterial Community Diversity and Species Composition during the Non-Salty Tide Period in
the Reservoir

Proteobacteria was the dominant phyla of bacterioplankton in the non-salt tide period
of Qingcaosha Reservoir, followed by Actinobacteria, Bacteroidetes, Cyanobacteria, and
Verrucomicrobia. This is similar to the dominant species of bacterioplankton in typical
oceans, lakes, and rivers identified by most previous studies [32,33].At the class level, the
dominant classes of bacterioplankton, ranked in the top five, were Gammaproteobacteria,
Alphaproteobacteria, Actinobacteria, Acidimicrobiia, and Cyanobacteria. β-Proteobacteria
is demonstrated to be the dominant flora in freshwater environments in most studies [34,35],
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but the abundance of β-proteobacteria was low during this period. The Nitrosomonas, Ni-
trosospira, and Hydrogenophaga genera of β-proteobacteria are involved in the nitrogen
metabolism of freshwater systems, and have the ability to degrade complex organic macro-
molecules, but are rarely found in the ocean [36], which may be related to the recharge of
the salt tide in the reservoir.

The results of community diversity analysis in the reservoir area showed that there
were significant differences at the time scale, but not at the spatial scale. The similarity
analysis results of the PCoA community at the OTU level in the reservoir area distinguished
bacterial communities in different months, while the bacterial community composition in
other research areas was relatively stable and difficult to distinguish in the same period. The
significant differences in diversity when considering the time scale are due to temperature
changes that could significantly affect the diversity of bacterial communities in water [37].
At the spatial scale, due to the relatively narrow environmental gradient range and the short
hydraulic cycle, the spatial differences were not enough to cause significant differences in
community composition in different reservoir regions.

In addition, the free movement of bacteria, which occupy many habitats including
water, sediment, and riverbank soil, play a key role in driving the biogeochemistry cy-
cle. Bacterial functions in different habitats of ecosystems are closely related, and vary
greatly [38]. Greater attention should be focused on studying the function and community
exchange of bacterial communities in water, sediment, and riparian soil.

4.2. Relationship between Bacterioplankton and Physical and Chemical Environmental Factors

The bacterial community is affected by water type, organic matter content, the antago-
nistic effects of the bacterial community, rainwater scouring, industrial wastewater, and
domestic sewage discharge. In this study, the relationship between bacteria and habitats
in water was explored by measuring the physical and chemical factors of the water. The
results show that the effects of environmental factors on the bacterial community differed
in time and space, and that specific environmental factors had a weak correlation to the
bacteria found at fixed sites and a strong correlation at a fixed time, and these same envi-
ronmental factors had a different influence on the bacterial community in different months.
The results of db-RDA analysis showed that changes in the bacterial community structure
were significantly influenced by algae biomass and density, DO, TP, Cond, NO3

−-N, and
the effects of algae biomass and density, DO, and Cond, were the most significant. The
results of previous studies on the key environmental impact factors of bacterioplankton
communities implicated mainly T [39], Cond, algal density [40], DO, TOC [41], and TN [42],
indicating that different environmental factors regulate different aquatic ecosystems.

At the same time, different bacteria are affected by water environmental factors in
different ways. A variety of aerobic denitrifying bacteria were detected in the dominant
genera in the reservoir area. Aerobic denitrifying bacteria can convert nitrate nitrogen into
gaseous nitrogen in the aerobic environment [43], and include Paracoccus, Pseudomonas,
Acinetobacter, Rhodococcus, and Stenotrophomonas. Although these bacteria have the same
function, they have different degrees of tolerance to environmental factors. The exploration
of the adaptability of different functional strains to the environment has significance in the
treatment of polluted water.

In most studies, the physical and chemical factors of water play an important role
in shaping the bacterial community [44], but the response relationship between them is
extremely complex, including why they occur, and how to maintain specific bacterial
community structural characteristics. No precise mechanism was identified in the research
results, and further exploration is required.

4.3. Correlation between Bacterioplankton and Phytoplankton

The diversity of bacterioplankton was positively correlated with the density of phyto-
plankton. The alpha diversity analysis of the bacterial community showed that the diversity
of the bacterioplankton community composition decreased in June and July. The density
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of algae in the reservoir was low in July, and algae belonging to Bacillariophyta were the
dominant species. The bacterial diversity reached its peak in October, and the density of
algae in the reservoir area reached its highest value in the detection range. Algae belonging
to Cyanophyta were the dominant species, which was speculated to be related to the
optimal growth temperature of phytoplankton and bacteria [45]. Studies have shown that
there is a close relationship between bacteria and cyanobacterial blooms [46]. At the same
time, Chl-a and algae density can affect the bacterial community structure [47,48]. Still, the
synergistic succession of the two under the coexistence state needs to be further studied.

Algae-solubilizing bacteria are bacteria that can inhibit, kill, and lyse algae, either
directly or indirectly. The community structure of algae-solubilizing bacteria is closely
related to the processes by which algae blooms develop in water [49,50]. The dominant
bacteria detected in this reservoir area were Bdellovibrio, Bacilli, Flavobacterium, Saprospira,
Pseudomonas, and Sphingomonadales. Among them, Pseudomonas can alienate and reduce
nitrate and its abundance is positively correlated with the abundance of Pseudanabaena.
Sphingomonadales is responsible for ammonia oxidation and its abundance is positively
correlated with the abundance of Melosira granulata, while the abundance of Gemmataceae
in the reservoir is negatively correlated with it. Gemmataceae is closely related to Phyto-
plankton, and is mainly attached to Diatoms and Cyanobacteria [51]. Gemmataceae has a
strong phosphorus accumulation ability [52] and is an important genus in the process of
biological phosphorus removal from wastewater [53]. Bacteria can adhere to the surface of
algae particles, and form community aggregates [54]. This phenomenon has been found
on the surface of Microcystis [55], Aphanizomenon, Arthrospira [56], and Bacillariophyta [57].
Many studies have focused on the isolation and identification of algae-lysing bacteria and
the description of algae-lysing mechanism and phenomenon, and practical applications
are still in their infancy. The analysis of the correlation between bacteria and algae in the
reservoir area may provide theoretical support for the development of algae-solubilizing
bacteria, and the optimization of algae-solubilizing conditions.

Clostridia, Desulfuromonadia, and Comamonadaceae were found in the reservoir area.
Studies have shown that the above bacteria occupy a high degree of dominance in the
anaerobic decomposition of algae in algae-derived hypoxia. The above bacteria have strong
adaptability to the environmental characteristics of low DO, low pH, and high organic
matter content in areas of algae-derived hypoxia [58]. In addition, methanogenic bacteria
and methane-oxidizing bacteria, which can rapidly decompose organic substances, play an
essential role in algae-derived hypoxia areas [59]. Specific bacteria can rapidly decompose
organic matter, produce odorous substances, and transform carbon and sulfur elements in
algae-derived or grass-derived water bodies. This study provides a theoretical basis for
ecosystem restoration in the late stages of algae-derived hypoxia.

4.4. Characteristics of Bacterioplankton Function Prediction

In general, Proteobacteria, Actinomycetes, Bacteroidetes, and Cyanobacteria were the
dominant bacteria in the reservoir area. The dominant bacteria perform different metabolic
functions. In this study, the function of bacterioplankton was predicted, especially for the
bacteria with nitrogen and phosphorus conversion functions. The results showed that
the abundance of the bacterial community with a nitrogen removal function decreased
gradually from April to December in the reservoir, and the abundance of nitrogen fixation
bacteria increased gradually. Interference can lead to a directional change of the community
functional structure [60]. Understanding the effects of different driving factors on functional
bacteria is conducive to screening functional colonies that are beneficial to the water
environment, and effectively promoting the process of water protection and restoration.

Water bacteria are the key driving factors of the nitrogen and phosphorus cycle [61].
Gemmataceae has a strong phosphorus accumulating ability. Nitrospiria is the key bacteria
of the nitrogen cycle [62]. Desulfobacterota can metabolize sulfur, and degrade chlorinated
pollution [63]. Rhodobacter plays a role in the degradation of organic nitrogen compounds,
and Limnohabitans plays a role in nitrate reduction. Sphingomonas paucimobilis can be used
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for the biodegradation of aromatic compounds. The above bacteria were all detected in the
reservoir area. There are a variety of nifH genes in Proteobacteria [64], such as Rhodopseu-
domonas and nitrogen-fixing spirochetes, which are involved in the transformation of
molecular nitrogen into ammonia nitrogen in the environment. Actinobacteria have the
function of nitrogen fixation, organic phosphorus degradation, cellulose degradation, or-
ganic matter decomposition, and mineral fixation. Most Bacteroidetes can degrade cellulose
into soluble sugars and participate in the carbon cycle of plant decomposition. The above
strains are important core groups of biofilms in the nitrogen and phosphorus removal
process of a biofilm reactor. They also play a role in nitrogen and phosphorus removal in
wetland water purification.

At present, nitrogen cycle functional groups are widely studied, but this is limited by
the maturity of the current research methods for functional communities related to carbon,
and phosphorus and sulfur cycles are less studied. The above cycles play an essential role
in the functional health and maintenance of aquatic ecosystems. Future research should
pay more attention to these cycles and improving the related technologies.

5. Conclusions

The dominant classes of bacterioplankton in the reservoir were Gammaproteobacte-
ria, Alphaproteobacteria, Actinobacteria, Acidimicrobiia, and Cyanobacteria, which are
also typical freshwater ecosystem bacterioplankton classes. However, the abundance
of β-proteobacteria was low, which was speculated to be related to the recharge of the
salt tide in the reservoir. Bacterial community diversity was significantly different at the
time, but not on the spatial scale. The changes of bacterial community structure in the
non-salt tide period in the reservoir area were significantly affected by phytoplankton
density and biomass, DO, TP, Cond, and NO3

−-N, and the effects of phytoplankton density
and biomass, DO, and Cond, were the most significant. The presence of Pseudomonas
and Legionella was positively correlated with that of Pseudanabaena sp., and Sphingomonas
and Paragonimus with Melosira granulata. On the contrary, Planctomycetes presence was
negatively correlated with Melosira granulate. as was Deinococcus-Thermus with Cyclotella
sp. The main functions of the community were aerobic chemical energy decomposition,
photosynthetic nutrition-related functions, aromatic compound and carbohydrate degra-
dation functions, and nitrification and denitrification of nitrogen. The relative abundance
of nitrogen-removal functional bacteria decreased from April to December, while the
abundance of nitrogen-fixing bacteria increased.
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