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Microorganisms can both indicate the water quality characteristics and the health of
the aquatic environment, which have an important influence on the cycling of organic
carbon, nitrogen (N), and phosphorus (P) in nature. In this study, we took Taihu Lake,
a typical eutrophic lake in China, as the research object, and monitored the northern
(Changzhou City) and southern (Changxing County) regions of Taihu Lake for three
consecutive years (2019–2021), respectively. We also analyzed the microbial diversity
in sediments, and then summarized the effects of different nutrient environments on
microorganisms in the aquatic environment. The results showed that the pollution level
in the northern part of Taihu Lake was higher than that in the southern region of
Taihu Lake, where the pollution was mainly in summer (June–July). The pollution in
the southern region of Taihu Lake is relatively stable between 2019 and 2021; the
changes in the northern part of Taihu Lake are relatively significant. Microbial diversity
in the study area was negatively correlated with the degree of eutrophication of water
bodies; microbial abundance was positively correlated with nutrient levels. The functional
difference analysis indicated that the microorganisms in the sediments of Taihu Lake in
the study area were involved in the nutrient transport and transformation, and played
an important role in the purification of the lake water body. This study reveals the
relationship between water eutrophication and microbial diversity, and then provides
a theoretical basis for the management of eutrophic lakes.

Keywords: nutrient levels, microbial diversity, sediments, eutrophic shallow, lake

INTRODUCTION

The concept of eutrophication was first introduced by Lindeman in 1942, and the study concluded
that the eutrophic stage of a water body is the last stage of the natural evolution of a normal
lake (Lindeman, 1942). The water body reaches the eutrophication level when the nutrient total
phosphorus (TP) > 0.02 mg/L and nitrate nitrogen (NO3

−-N) > 0.3 mg/L (Namsaraev et al.,
2018). Eutrophication of water bodies was once compared to “ecological cancer,” which destroys
the ecosystem of water bodies and causes the ecological imbalance of water bodies by making the
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community structure homogeneous (Ramachandra and Solanki,
2007). Freshwater eutrophication is a widespread global
environmental problem and a consequence of intense human
activities (Wang et al., 2019). Currently, 54% of Asian lakes,
53% of European lakes, 48% of North American lakes, 41% of
South American lakes and 28% of African lakes are eutrophic
(Zhang et al., 2020).

According to the process of eutrophication formation, there
are two types of eutrophication, natural and man-made (Conty
and Bécares, 2013). Natural eutrophication mainly refers to the
continuous deposition of soil erosion, evaporation, precipitation,
river entrained alluvium, and aquatic debris at the bottom
of water caused by natural environment without human
interference, and the enrichment of nutrients in water bodies,
which in turn leads to the development of water bodies from
poor nutrients to eutrophication, gradually evolving into swamps
and eventually into land. The process of eutrophication under
natural conditions is very slow and takes hundreds or even tens
of thousands of years to complete (Cui et al., 2021; Padedda
et al., 2021). Nutrients contained in industrial, agricultural,
and domestic wastewater have caused the eutrophication of
lake water, degrading the quality of the water and the aquatic
ecosystem (Liu and Wang, 2016). From the perspective of
primary production of water bodies, eutrophication can be
further classified into the following four categories: hypertrophic,
eutrophic, mesotrophic, and oligotrophic (Kim et al., 2021; Wang
et al., 2021). N and P were regarded as the limiting factors
to the density of aquatic organisms and the main reduction
objects especially for the cultural eutrophic lakes (Yuan et al.,
2011). The sources of nutrients include two categories: external
sources include the discharge of urban living and production
wastewater (point source pollution) and lake runoff, farmland
surface runoff, lake precipitation, dustfall, farming bait, etc. (non-
point source pollution); internal sources are mainly the dead
decay of aquatic plants and animals, and nutrients released
from sediments. In addition, the destruction of the water body
ecosystem is also one of the reasons for the deterioration of
the water body. A good biological community structure of the
aquatic environment is not only a good indicator of the health
of the water, but also a guarantee of the self-purification of the
water (Schindler et al., 1987; Madsen and Cedergreen, 2002;
Rahaman and Sinha, 2013; Coluccio et al., 2021; Younes et al.,
2021).

As an important part of the water ecosystem, microorganisms
play a very important role in the migration and transformation
of nutrients, organic matter and other materials at the water-
sediment interface. Microorganisms can influence the nutrient
status in the water environment, and when the external
environment in the aquatic environment changes, the species
and abundance of the microbial community will also change
(Moshiri and Crumpton, 1977; Phelps et al., 1994; Jonah et al.,
2015; Lakshmipathi et al., 2019; Vincent et al., 2021). At present,
studies on microbial communities have mainly focused on the
vertical distribution characteristics of the microorganisms in
sediments within a specific region, and relatively few studies
have been conducted on the dominant populations and microbial
community structure under different trophic states of the

environment (Sangakkara, 1997; Powlson et al., 2001; Haller et al.,
2011; Liu et al., 2015).

In this study, the water quality and nutrient content in
sediments of Taihu Lake, a typical eutrophic lake in China,
were monitored for three consecutive years in the northern
(Changzhou City) and southern (Changxing County) regions
of Taihu Lake, respectively, and the microbial diversity in
sediments was analyzed. And then the effects of different nutrient
environments on microorganisms in the aquatic environment
were summarized. This study can provide valuable experience for
the study of biodiversity in eutrophic lakes.

MATERIALS AND METHODS

Sample Collection
Taihu Lake is the third largest freshwater lake in China, which is
located in the core area of Yangtze River Delta. In recent years,
with the rapid economic development and population growth
as well as frequent human activities, industrial wastewater, and
domestic sewage continuously flow into the lake, making the
eutrophication problem of Taihu Lake more and more serious.
In this study, lake water and surface sediment samples were
collected from six points (N1–N6; S1–S6) each in North and
South Taihu Lake for subsequent water quality analysis and
microbiological analysis from 2019 to 2021, respectively, and the
sample points were collected as shown in Figure 1.

Analysis of Indicators
At the sampling site, a portable dissolved oxygen meter was
used to determine the dissolved oxygen (DO) and water
temperature (WT). And then a pH meter was used to determine
the pH of the water body. The rest of the physical and
chemical properties were determined in accordance with the
national standard method within 3 days after sampling, mainly
including: permanganate index (CODMn), total nitrogen (TN),

FIGURE 1 | Schematic diagram of sampling locations.
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FIGURE 2 | Water quality of South (A) and North (B) Taihu Lake.

total phosphorus (TP), nitrate nitrogen (NO3
−-N), ammonia

nitrogen (NH3-N). According to the national standard, the
determination of CODMn was done by the acidic method
(GB/T11892-1989), the determination of TN was done by the
alkaline potassium persulfate extinction UV spectrophotometric
method (GB/T11894-1989), the determination of TP was done
by the ammonium molybdate spectrophotometric method
(GB/T11893-1989), the determination of NO3

−-N was done
by the phenol disulfate method (GB/T7480-1987), and the
determination of NH3-N was done by the nano reagent
colorimetric method (GB/T7479-1987).

Analysis of Microbial Community
DNA Extraction and PCR Amplification
Total DNA extraction was performed according to the EZNA
soil kit (Omega Bio-tek, Norcross, GA, United States)
instructions. DNA concentration and purity were
determined using NanoDrop2000, and DNA extraction
quality was measured by 1% agarose gel electrophoresis;
5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′) primers for polymerase
chain reaction (PCR) amplification of the V3–V4 variable region.
The amplification procedure was: pre-denaturation at 95◦C for
3 min, 27 cycles (denaturation at 95◦C for 30 s, annealing at 55◦C
for 30 s, extension at 72◦C for 45 s), and extension at 72◦C for
10 min (PCR: ABI GeneAmp 9700). The amplification system
was 20 µl, 4 µl 5∗FastPfu buffer, 2 µl 2.5 mM dNTPs, 0.8 µl
primer (5 µM), 0.4 µl FastPfu polymerase; 10 ng DNA template
(Zhang et al., 2020).

Illumina MiSeq Sequencing
The PCR product was recovered using a 2% agarose gel, purified
using AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
Union City, CA, United States), eluted with Tris–HCl, and
detected by 2% agarose electrophoresis. Detection quantification
was performed using QuantiFluorTM-ST (Promega, Madison

City, Wisconsin, United States). The purified amplified fragment
was constructed into a library of PE 2∗300 according to the
standard operating protocol of the Illumina MiSeq platform
(Illumina, San Diego, CA, United States). The steps of
constructing the library: (a) connecting the “Y” shaped liknker;
(b) using magnetic beads to remove the self-ligating fragment
of the linker; (c) enriching the library template by PCR
amplification; (d) denaturing the sodium hydroxide, producing
single-stranded DNA fragments. Sequencing using Illumina’s
MiSeq PE300 platform (Zhang et al., 2020).

Statistical Treatment
Statistical analysis was performed using Origin Pro 9.0 software
for Windows (OriginLab, Northampton, MA, United States).
An analysis of the structure and abundance of the bacterial
community distribution in surface sediments was performed
using the free online platform Majorbio I-Sanger Cloud Platform
(Zhang et al., 2020).

RESULTS AND DISCUSSION

Water Quality Physical and Chemical
Indicators Monitoring
The changes in water quality monitored from January 2019
to November 2021 are shown in Figure 2. The values of WT
in South and North Taihu Lake are 6.2◦C–31.4◦C (mean value
19.7◦C) and 3.5–32.1◦C (mean value 20.1◦C), respectively. There
is no significant difference between the WT in South and North
Taihu Lake, but the temperature difference is large in all quarters,
with certain characteristics of time and space distribution.
The highest temperature of each year is concentrated in July–
September, and the lowest temperature in January. The values
of pH are 6.49–8.45 (mean value 7.29) and 6.89–8.88 (mean
value 7.66), with a small trend of pH variation, and no obvious
pH exceedance was found. The DO levels ranged from 4.00 to

Frontiers in Ecology and Evolution | www.frontiersin.org 3 May 2022 | Volume 10 | Article 909983

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-909983 April 28, 2022 Time: 14:28 # 4

Zhu et al. Nutrient Levels Microbial Diversity Sediments

FIGURE 3 | Nutrient concentrations in water of South (A) and North (B) Taihu Lake.

FIGURE 4 | Nutrient concentrations in sediment of South (A) and North (B) Taihu Lake.

FIGURE 5 | Changes in microbial communities at the phylum level in the sediments of South (S) and North Taihu Lake (N).
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FIGURE 6 | Genus-level heat map-cluster analysis of microbial communities in sediments from South (S) and North Taihu Lake (N).

10.71 mg/L (mean value 6.85 mg/L) and 4.55 to 11.33 mg/L (mean
value 7.48 mg/L), respectively. The maximum concentration of
DO in South Taihu Lake in winter and the lowest in summer and
autumn, and the minimum concentration of DO in North Taihu
Lake in winter and the maximum in summer. The conductivity
of South Taihu Lake ranged from 15.1 to 48.9 ms/m (average
value 34.9 ms/m), and the conductivity fluctuated irregularly
from year to year, with the lowest conductivity in autumn. The
turbidity of North Taihu Lake ranged from 10.22 to 47.01 NTU
(mean value 28.98 NTU), and the overall turbidity was high,
especially in summer and autumn, indicating that the water body
was turbid.

Water Quality Nutrient Level and Change
The changes of water quality nutrient salts in the southern
and northern regions of Taihu Lake, observed with the
data monitored from January 2019 to November 2021,
are shown in Figure 3. The annual CODMn in South
and North Taihu Lake ranged from 2.833 to 5.767 mg/L
(mean value 4.214 mg/L) and 17.817 mg/L to 46.208 mg/L
(mean value 23.838 mg/L), respectively; the amount of
NH3-N ranged from 0.045 to 1.337 mg/L (mean value
0.259 mg/L), 0.315 to 2.937 mg/L (average value 1.417 mg/L);
the amounts of TN were 0.720–5.083 mg/L (average value
2.830 mg/L), 3.075–10.815 mg/L (average value 7.625 mg/L);
the amounts of TP were 0.044–0.177 mg/L (average value
0.082 mg/L), 0.204–0.964 mg/L (average value 0.574 mg/L);
NO3-N in North Taihu Lake is 1.514–6.255 mg/L (average
value 3.298 mg/L).

According to the Environmental Quality Standard for Surface
Water (GB3818-2002), the amounts of CODMn and TN in North
Taihu Lake exceeded the limits of Class V water standard.
The amount of NH3-N in spring and summer exceeds the

standard limit for Class V water, and the amount of TP also
exceeds the standard limit for Class V water most of the time.
The amount of TP in South Taihu Lake exceeds the standard
limit of Class V water, and the amount of TN also exceeds
the standard limit of Class V water most of the time. It can
be seen that both South and North Taihu Lake are polluted
to different degrees. While comparing the nutrient levels of
water in North and South Taihu Lake, it can be found that
North Taihu Lake is more polluted and has higher N and
P content. This is consistent with the conclusion of higher
pollution in the northern part of Taihu Lake mentioned in
previous studies (Cheng et al., 2005; Chen et al., 2018; Luo et al.,
2020).

Sediment Nutrient Levels and Trends
The data monitored from January 2019 to November 2021 were
used to observe the changes of sediment nutrient salts in the
southern and northern regions of Taihu Lake. In Figure 4,
it can be obtained that the annual CODMn in South and
North Taihu Lake ranged from 19.143 to 45.764 mg/L (mean
value 28.472 mg/L) and 33.370 to 79.924 mg/L (mean value
51.796 mg/L), respectively; the amount of NH3-N ranged from
0.324 to 2.819 mg/L (mean value 1.299 mg/L) and 0.483–
1.515 mg/L (mean value 0.869 mg/L); the amounts of NO3-N
were 1.529–5.994 mg/L (mean value 3.207 mg/L), 0.524–
9.297 mg/L (mean value 3.597 mg/L); the amounts of TN
were 3.058–8.259 mg/L (mean value 5.500 mg/L), 4.608–
10.744 mg/L (mean value 8.114 mg/L); the amounts of TP
were 0.242–0.953 mg/L (mean value 0.577 mg/L), 0.548–
1.212 mg/L (mean value 0.947 mg/L). The TP in South
Taihu Lake exceeded the standard limit of Class V water
except for July every year, and the TP in North Taihu Lake
exceeded the standard limit of Class V water. It can be
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FIGURE 7 | KEGG metabolic pathway abundance statistics.

seen that South and North Taihu Lake have been polluted
to some extent, and the contents of CODMn, TN and TP in
North Taihu Lake are basically higher than those in South
Taihu Lake, indicating that the pollution in North Taihu Lake
is more serious.

Evaluation of Microbial Diversity in
Sediments
Types and Roles of Microorganisms
The community structure of various samples at different
taxonomic levels in the sampling sites of North and South Taihu
Lake was analyzed statistically. The top 20 phyla of relative
abundance of bacteria in the samples at the phylum level are
shown individually, and the relative abundance distribution of
the dominant bacterial groups in the sediments of South (S)
and North (N) Taihu Lake at the phylum level is shown in
Figure 5. Among them, the phyla with greater abundance are
Proteobacteria, Cyanobacteria, Bacteroidetes, Actinobacteria, etc.
The sum of the relative abundance of these phyla accounted
for more than 80% in each sampling site, and the first phylum
in relative abundance in each sampling site was Proteobacteria,
indicating that the species composition of microorganisms in the

sediment samples of South and North Taihu Lake at the phylum
level had some similarity.

The main flora of S1 in the southern part of Taihu
Lake were Proteobacteria (49.03%), Bacteroidetes(13.22%),
Actinobacteria(8.52%); S2 were Proteobacteria (53.93%),
Cyanobacteria(11.01%), Actinobacteria(10.21%); S3 were
Proteobacteria (36.66%), Cyanobacteria(24.44%), Actinobacteria
(7.96%); S4 were Proteobacteria (45.26%), Bacteroidetes(15.49%),
Cyanobacteria(14.47%); S5 were Proteobacteria (45.15%),
Bacteroidetes(20.78%), Cyanobacteria(10.36%); S6 were
Proteobacteria (47.96%), Cyanobacteria(14.70%), Bacteroidetes
(10.14%).

The sampling sites N1–N6 located in the
northern part of Taihu Lake were all in the phylum
Proteobacteria > Bacteroidetes > Cyanobacteria, with relatively
low diversity, and the proportions of the three main phyla were
N1 (50.90, 17.13, 5.70%); N2 (39.29, 26.87, 8.79%); N3 (37.80,
25.99, 8.99%); N4 (52.13, 16.97, 10.65%); N5 (41.86, 22.98,
8.67%); N6 (43.26, 22.13, 12.61%). Although the distribution
of dominant phyla was the same at each sampling site, the
relative abundance content of each phylum varied significantly.
And the species composition of microorganisms in sediment
samples from North and South Taihu Lake at the phylum level
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was somewhat different; the microbial diversity in South Taihu
Lake was higher than that in North Taihu Lake, indicating
that microbial diversity was negatively correlated with the
concentration of nutrients. However, there are evidence that
the abundance and biomass of various microbial components
increases with the eutrophication of aquatic ecosystems
(Conty and Bécares, 2013).

Microbial Community Diversity
Microbial diversity is a key element to respond to the state of
the ecosystem, and there are significant differences in microbial
community diversity in different ecological environments (Wu
et al., 2015; Pastorelli et al., 2021). In order to obtain more
information about the bacterial community, the standardized
processing method of row processing was used based on
the Euclidean distance between the relative abundance of
dominant species at each sample genus level, and the species
clustering algorithm was average, based on the pheatmap
package to draw the dominant. The clustering heat map of the
dominant species based on the pheatmap package is shown in
Figure 6.

At the genus level in South Taihu Lake, SM1A02, Holophaga
and Acinetobacter, Bacterium enrichment culture clone B126
were preferentially clustered, and the abundance composition
of the six samples between these two groups was similar, with
SM1A02 and Holophaga having the highest abundance at S1.
And the highest abundance was found at S2 for Bacteroides and
Bacterium enrichment culture clone B126. At the genus level
in North Taihu Lake, Candidatus Alyslosphaera and Nannocystis
clustered preferentially before clustering with Nitrospira spp. The
content of these three genera was mainly concentrated in N3,
reflecting a high similarity.

Prediction of Functional Metabolism of
Microbial Communities
Combined with the results of PICRUST2 analysis, the
metabolic pathway abundance statistics were plotted using
the normalized pathway abundance table, as shown in Figure 7.
The right side of the graph shows the first level pathway to
which the pathway belongs, the left side shows the second
level pathway, and the bar graphs in the figure express
the abundance of each pathway. The first level pathways
include Biosynthesis, Degradation/Utilization/Assimilation,
Detoxification, Generation of Precursor Metabolite and
Energy, Glycan Pathways, Maclromolecule Modification and
Metabolic Clusters. The metabolic pathways involved in
microorganisms in the sediments of the Taihu Lake study area
were mainly biosynthetic, including Amino Acid Biosynthesis,
Carbohydrate Biosynthesis, Cofactor/Prosthetic Group/Electron
Carrier/Vitamin Biosynthesis, Fatty Acid and Lipid Biosynthesis,
Nucleoside and Nucleotide Biosynthesis are the main metabolic
pathways of biosynthesis.

Among the Degradation/Utilization/Assimilation pathways,
most of the secondary pathways were in balanced abundance,
with the highest abundance of Nucleoside and Nucleotide
Degradation. In the pathway of precursor metabolite and
energy production, fermentation and TCA cycle (tricarboxylic

acid cycle) were in higher abundance. The above functional
differences suggest that sediment microorganisms in Taihu
Lake in the study area are involved in nutrient transport
and transformation, and play an important role in lake
water purification.

CONCLUSION

The physical and chemical indexes such as pH, TN, TP, and
CODMn of the Taihu Lake show that the pollution degree in
the north of Taihu Lake is higher than that in the south. And
the pollution mainly occurred in summer. The pollution in
southern Taihu Lake was relatively stable from 2019 to 2021.
The microbial communities in sediments of the northern and
southern Taihu Lake were studied. The results showed that the
microbial community structure in sediment samples showed
obvious spatial diversity and similarity. The difference is that
the relative abundance content of each phylum is different
at each sampling point. The diversity of microorganisms was
inversely proportional to the degree of eutrophication, while
the abundance of microorganisms was positively correlated
with the level of nutrients in the study area. The functional
differences indicate that the microorganisms in the sediments of
Taihu Lake in the study area participate in the migration and
transformation of nutrients, which plays an important role in the
purification of lake.
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