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Abstract: Remediating water eutrophication is critical for maintaining healthy and sustainable de-
velopment of lakes. The aim of this study was to explore the seasonal variation in phosphorus (P) 
speciation and bacterial community structure in sediments of Qin Lake (Taizhou, Jiangsu Province, 
China) associated with the growth of submerged macrophyte Vallisneria natans. The differences in 
sediment bacterial diversity and community structure between V. natans growing and control areas 
were analyzed over a period of one year. The results showed that V. natans growth reduced the total 
P and organic matter contents of the sediments and increased the bioavailable iron (Fe) and Fe-
bound P contents. The α-diversity of sediment bacteria was significantly higher in the presence of 
V. natans than in the controls during the vigorous plant growth stage. In the presence of V. natans, 
there was a higher relative abundance of Proteobacteria and lower relative abundances of Chlor-
oflexi and Acidobacteria. The Fe(II) content in the sediment had a larger influence on the spatial 
distribution of bacterial communities than sediment Fe-bound P, organic matter, and Fe(II) con-
tents. V. natans growth could reshape sediment bacterial community structure in the shallow lake, 
which, in turn, enhanced P immobilization in the sediments and thereby improved the water qual-
ity. 

Keywords: submerged macrophytes; phosphorus speciation; bacterial community structure; lakes; 
seasonal variation 
 

1. Introduction 
Nutrient overloading is a major cause of water eutrophication and water quality de-

cline in shallow lakes. Eutrophication is always followed by rapid growth of phytoplank-
ton and other microorganisms, which will deteriorate water quality and subsequently de-
stroy the lake ecosystem. Outbreaks of algal blooms could happen as a result of water 
eutrophication with serious consequences [1]. Therefore, eutrophication control is essen-
tial for maintaining healthy and sustainable development of lakes. 
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Phosphorus (P) is a vital and limiting nutrient, and P concentrations can serve as an 
indicator of lake water quality [2]. Endogenous P in lakes mainly comes from the accumu-
lation and recycling of P in sediments, which play an essential role in the P cycling of 
shallow lakes [3]. An excess of endogenous P severely affects lake water quality in the 
long term, even after exogenous P is reduced [4]. Therefore, the retention of P by sedi-
ments is the key factor that needs to be addressed to control eutrophication and restore 
lake ecosystems [5]. In situ remediation using aquatic plants is an effective and environ-
mentally friendly method of controlling lake eutrophication [6,7]. Submerged plants con-
sume a large amount of nutrients during their growth, and thereby markedly decrease the 
nutrient (P and nitrogen (N)) levels in lakes. In addition, submerged plants can improve 
the bioavailability of organic matter and other nutrients in lake sediments by secreting 
oxygen and organic acids from their roots [8,9]. These plants also compete with phyto-
plankton and prevent sediment resuspension. Therefore, the growth of submerged plants 
ultimately influences the P cycle in lakes. 

From a microbiological perspective, the growth of submerged plants in lakes evi-
dently affects the structure and distribution of sediment microbial communities by alter-
ing the pH, dissolved oxygen, and organic matter levels in the lake environment [10,11]. 
For example, oxygen secretion from the roots of submerged plants can regulate oxygen 
concentrations in the sediments and affect the associated microbial communities. This, in 
turn, influences P speciation and biogeochemical cycling [12]. Therefore, the composition 
of rhizosphere bacterial communities associated with submerged plants is different from 
that of non-rhizosphere bacterial communities [13,14]. The effects of submerged plants on 
the environmental conditions and transport of nutrients in sediments depend on the plant 
species and growth stage. Therefore, the diversity of the associated rhizosphere bacterial 
communities can vary greatly [15]. Submerged plants reportedly release soluble organic 
carbon [16,17] and increase the rhizosphere microbial diversity [9]. However, some stud-
ies have found that the root exudates of submerged plants may decrease the rhizosphere 
bacterial diversity due to growth inhibition of specific taxa [14,18]. Therefore, the effects 
of submerged plants on lake sediment bacterial diversity and associated environmental 
factors need to be further explored. 

Alternating oxidation-reduction (redox) reactions occur frequently at the sediment–
water interface of shallow lakes. In particular, P and iron (Fe) undergo alternating depo-
sition and dissolution at this interface. Based on several studies of P and Fe accumulation 
and release in the anaerobic bottom layer of lakes, it can be inferred that the release of P 
from lake sediments depends largely on the redox process of Fe [19,20]. Microorganisms 
play an essential role in the geochemical cycles of nutrient elements in lake sediments [21]. 
The submerged plant-microbe-sediment system, which is even more complicated with 
physical, chemical, and biological interactions, also has a profound influence on lake nu-
trient (especially P) cycles [22]. Submerged plants can enhance the oxidizing capacity of 
the rhizosphere microenvironment via root oxygen secretions, and thereby promote Fe 
oxidation. The resulting Fe oxides precipitate phosphate, leading to the immobilization of 
P in the sediments [7]. However, it remains unclear how the growth of submerged plants 
affects sediment microbial communities that are potentially involved in P cycling in the 
changing environment of lakes. 

Vallisneria natans (Lour.) Hara is a perennial submerged macrophyte that commonly 
grows in the middle and lower reaches of the Yangtze River. Owing to its high adaptabil-
ity and well-developed aerenchyma and root tissues, V. natans has become a pioneer spe-
cies for the restoration of eutrophic lakes and efficiently removes P from water bodies [23]. 
The removal rate of total P by V. natans was found to reach 75% in a simulated eutrophi-
cation water ecosystem [24]. V. natans was planted in Qin Lake (a shallow freshwater lake 
in China) to improve the water quality over a decade. However, little is known about the 
response of sediment microbial communities to V. natans growth throughout the year in 
Qin Lake. Therefore, this study investigated the changes in sediment physicochemical 
properties, especially the formation of Fe-bound P, in Qin Lake during various growth 
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stages of V. natans over one year. The effects of V. natans and sediment-associated envi-
ronmental factors on the sediment bacterial communities were explored. The results of 
this study could reveal the dynamics of P and bacterial communities in shallow lake sed-
iments as influenced by V. natans and help to better control eutrophication caused by sed-
imental P release in Qin Lake. 

2. Materials and Methods 
2.1. Sampling Site 

Qin Lake is located at the junction of Taizhou and Yancheng in central Jiangsu Prov-
ince, China (Figure 1). The lake area has a subtropical monsoon climate. It is 1.4 km long 
from east to west and 1.5 km long from north to south, with a total area of approximately 
2.3 km2. The mean water depth of the lake is approximately 1.5 m, and the water pH is 
generally neutral. Most of the nearshore areas suffer high-level eutrophication; the water 
in these areas is turbid, and the transparency is only 25 cm. From the late 1980s to the 
beginning of this century, the total N and P concentrations in the lake water increased 4-
fold and 17-fold, respectively. This nutrient increase coincided with serious eutrophica-
tion [25]. To mitigate lake eutrophication, the local government implemented a series of 
countermeasures, including the restoration of aquatic plant communities. A small part of 
the lake (approximately 5% of the main lake surface area) has undergone greening trans-
formation to create a scenic lake. Of this transformed area, 70% is covered by aquatic 
plants (V. natans). To minimize interference from external factors, the sampling site was 
selected inside the scenic lake area where there is high biodiversity, far away from farm-
land and residential areas. 

 
Figure 1. Locations of the study area and sampling site. (A) Taizhou in Jiangsu Province, China; (B) Qin Lake, with the 
sampling locations indicated by the red stars; and (C) V. natans growing area and control area within the sampling site. 

2.2. Sample Collection 
Sediment sampling was carried out in January, March, May, July, September, Octo-

ber, and December 2019. Six sampling locations were selected, three from the lake area 
planted with V. natans (32°37′27″ N–32°37′32″ N, 120°09′83″ E–120°09′89″ E), and three 
from the lake area without submerged plants (control; 32°37′32″ N–32°37′37″ N, 120°09′74″ 
E–120°09′81″ E). The sampling locations were spaced approximately 100 m apart. At each 
location, three surface sediment samples (0–15 cm) were collected using a Peterson sam-
pler from a water depth of 1.5 m and mixed uniformly. A total of 42 sediment samples 
were collected throughout the year. At the time of sediment sampling, the pH and dis-
solved oxygen concentration of the overlying water (right above the water/sediment in-
terface) were also measured on site immediately after collection. 
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The sediment samples were placed in a cooler and transported to the laboratory, 
where each sample was divided into three subsamples. One subsample was immediately 
stored in a refrigerator at −80 °C for microbial community analysis. The second subsample 
was vacuum freeze-dried at −50 °C for the determination of Fe content. The third subsam-
ple was air-dried, ground, passed through a sieve (mesh size 150 μm), and then stored at 
room temperature for two weeks before conventional physicochemical testing. 

2.3. Physicochemical Analysis 
The pH and dissolved oxygen concentration of the lake water samples were meas-

ured on site using a portable SX725 Portable pH/Dissolved Oxygen Meter (Shanghai San-
Xin Instrumentation Inc., Shanghai, China). Fe was extracted from the freeze-dried sedi-
ment samples using 0.5 M HCl, and the content of bioavailable Fe, including Fe(II) and 
Fe(III), was determined using the o-phenanthroline spectrophotometry method [26]. The 
organic matter content was determined using the dichromate oxidation method. Briefly, 
the air-dried sediment was oxidized by potassium dichromate in the presence of H2SO4 
with a controlled heating step (170–180 °C for 5 min). The excess of dichromate was ti-
trated with 0.2 M FeSO4·7H2O, and the organic matter content was calculated following 
an equation [27,28]. The total P content was determined using the molybdenum-antimony 
anti-spectrophotometric method [28] after digestion with HClO4-H2SO4. The Fe-bound P 
was fractioned with the SMT (Standards, Measurements, and Testing Program of the Eu-
ropean Commission) protocol [29] and determined also using the molybdenum-antimony 
anti-spectrophotometric method [28]. 

2.4. DNA Extraction, PCR Amplification, and Sequencing 
Total DNA was extracted from 0.5 g of sediment samples using a PowerSoil DNA 

extraction kit (QIAGEN Inc., Valencia, CA, USA) following the manufacturer’s instruc-
tions. The V3–V4 region of the bacterial 16S rRNA gene was amplified using the universal 
primers 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-GGAC-
TACHVGGGTWTCTAAT-3’) [30]. After purification and quantification, PCR products 
were sent to Majorbio Biomedical (Shanghai, China), where they were sequenced on an 
Illumina MiSeq platform (Illumina, San Diego, CA, USA) using a 464 bp paired-end pro-
tocol. 

2.5. Data Analyses 
The bioinformatic analysis of high-throughput sequence data was carried out online 

using the Majorbio I-Sanger Cloud Platform (http://www.i-sanger.com accessed on 15 Jan-
uary 2021). Clean sequences were clustered into operational taxonomic units (OTUs) ac-
cording to a sequence similarity threshold of 97% [31]. Species annotation of the OTUs 
was performed using the SILVA bacterial 16S rRNA database (Release 132; 
http://www.arb-silva.de accessed on 17 January 2021). The bacterial taxonomic infor-
mation was obtained for all samples, and the relative abundances of dominant taxa (≥1% 
of total sequences at the phylum level and ≥2% of total sequences at the family level) were 
calculated. Bacterial α-diversity was estimated using the observed number of species 
(Sobs), abundance-based coverage estimator (ACE), and Shannon diversity index [32,33]. 
Functional genes and metabolic pathways (Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways) were predicted using Phylogenetic Investigation of Communities by 
Re-construction of Unobserved States (PICRUSt 1.1.0; https://github.com/picrust accessed 
on 27 January 2021). 

Statistical analyses were carried out using IBM SPSS Statistics 26 
(https://www.ibm.com/products/spss-statistics accessed on 17 March 2021). The differ-
ences in sediment/water physicochemical properties, bacterial α-diversity indexes, in-
cluding Sobs, Shannon and ACE indexes, and dominant taxa abundances between sam-
ples were determined using one-way analysis of variance (ANOVA) and Tukey’s multiple 

http://www.i-sanger.com/
http://www.arb-silva.de/
https://github.com/picrust
https://www.ibm.com/products/spss-statistics
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comparison tests. A p value of less than 0.05 was considered to indicate statistical signifi-
cance. Non-metric multidimensional scaling (NMDS) based on Bray–Curtis distances was 
used to visualize the similarities or differences in bacterial community composition be-
tween samples. Canonical correlation analysis (CCA) was used to analyze the relationship 
between bacterial community structure and sediment-associated environmental factors. 
The significance of the influence of environmental factors on the distribution of bacterial 
communities was tested using the envfit function, where a greater r2 value indicates a 
larger influence. Both NMDS and CCA were carried out using R language (http://www.r-
project.org/ accessed on 15 April 2021). The relationship between major bacterial phyla 
and associated environmental factors was determined based on Spearman’s rank correla-
tion. 

3. Results 
3.1. pH and Dissolved Oxygen Concentration in the Lake Water 

In situ measurement results showed that pH values and dissolved oxygen concen-
trations were higher in water samples associated with V. natans than in the control sam-
ples (without V. natans) throughout the course of the year (Figure 2). With the exception 
of January and December, pH values were significantly higher in water samples with V. 
natans than those in the control samples (p < 0.05). In the presence of V. natans, the pH of 
the water samples decreased from January (8.20) to May (7.32) and then gradually in-
creased, reaching a peak value (8.83) in September; from September onwards, pH varied 
slightly. These pH trends were also observed for the control samples, but the decrease in 
pH was more evident in the control samples than in the presence of V. natans; the lowest 
pH (6.54) occurred in May. 

Similar to the trends in pH, the lowest dissolved oxygen concentrations occurred in 
May, both in water samples with and without V. natans (6.00 and 2.23 mg L–1, respectively). 
The dissolved oxygen concentrations were similar in January and September for both 
sample types, ranging from 7.63 to 9.89 mg L–1. The highest dissolved oxygen concentra-
tion (10.97 mg L–1) was observed in water samples with V. natans in March, and this con-
centration was significantly higher than that of the control samples (p < 0.05). 

  
Figure 2. Variation in pH and dissolved oxygen concentration of lake water throughout one year in the presence (VN) and 
absence (CTR) of V. natans. 

3.2. Organic Matter, Fe, and P Contents in the Lake Sediment 
The organic matter contents were markedly lower in sediment samples associated 

with V. natans than those in the control samples (Figure 3). In particular, these differences 
were found to be significant in July and September when the organic matter contents were 
28.4% and 40.9% lower, respectively, in the V. natans samples (p < 0.05). In the presence of 
V. natans, the highest organic matter content (28.8 g kg–1) was reached in March, and the 
lowest content (20.9 g kg–1) was recorded in October. 
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The growth of V. natans led to significantly higher contents of bioavailable Fe in the 
sediment samples. The highest contents of both Fe(II) and Fe(III) occurred in the presence 
of V. natans in May. Overall, the bioavailable Fe contents first increased and then de-
creased over time, reaching higher values in summer than in winter. 

Generally, the total P contents of sediment samples were lower throughout the year 
in the presence than in the absence of V. natans. Compared to the control, there was a 
significant decrease in the total P contents in May, when V. natans started to grow vigor-
ously. Furthermore, a relative decrease of 23.1% was observed in December (p < 0.05). In 
contrast, the Fe-bound P contents were higher in the sediment samples with V. natans than 
in the control samples, and this difference was especially significant in September (p < 
0.05). The Fe-bound P contents did not change markedly with season. Only a slight de-
crease in Fe-bound P contents occurred in the samples with V. natans during May and 
July, which corresponded to the fastest growth stage of V. natans. Moreover, the ratio of 
Fe-bound P to total P (Fe-P/TP) was markedly higher in the presence of V. natans. The 
largest difference in this ratio was observed in September, with the ratio being 43.9% 
higher in the presence of V. natans. The Fe-P/TP ratio values remained relatively stable 
throughout the year, ranging from 4.9% to 10.6%. 

 

Figure 3. Variation in the organic matter, iron (Fe), and phosphorus (P) contents of lake sediment samples in the presence 
(VN) and absence (CTR) of V. natans over the course of one year. TP, total phosphorus; Fe-P, iron-bound phosphorus. 
Error bars indicate standard deviations of duplicate measurements. 
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3.3. Bacterial Community Composition in the Lake Sediment 
3.3.1. Bacterial Community Diversity 

High-throughput sequencing of the 42 sediment samples yielded a total of 2,273,130 
effective sequences with a mean length of 425 bp. These effective sequences were classified 
into 16,235 OTUs, and the mean coverage was over 95%. The largest OTU number per 
sample (4600) was found in V. natans-associated sediments in May, whereas the smallest 
OTU number per sample (2420) was found in the control sample in September. In addi-
tion, 33.9%–35.4% of the total OTUs were shared between the two types of sample group 
in January, March, and May. The percentage of shared (common) OTUs started to gradu-
ally increase from 38.1% in July and reached 48.2% in December (Supplementary Figure 
S1). 

Three α-diversity indexes were used to explore the effects of V. natans growth on 
bacterial species richness and evenness in the sediment samples (Table 1). The highest 
Sobs and Shannon index values were observed in V. natans-associated sediments in July 
(5077.3 and 7.32, respectively). The lowest Sobs and Shannon index values were obtained 
in V. natans-associated sediments in October (3096.3 and 6.49, respectively). There were 
significant differences in bacterial diversity between the two treatments according to the 
Sobs and ACE indexes in January, ACE index in September, and Shannon index in Octo-
ber. The results indicated that the bacterial richness of the control samples was relatively 
high in January. Meanwhile, the bacterial evenness of V. natans-associated sediments was 
the lowest in October. On the whole, the bacterial α-diversity (including species richness 
and evenness) tended to increase first and then decrease over time, reaching the highest 
levels in summer. 

Table 1. Alpha-diversity of sediment bacterial communities estimated based on operational taxo-
nomic units clustered at the 97% level. 

Sampling time Treatment Sobs Shannon ACE Coverage 

January V.N 3582.3 b 6.67 4680.2 0.972 
CTR 4509.3 a* 7.15 6665.2 0.94 

March V.N 3698.3 7.01 4375.3 0.98 
CTR 4074.3 6.95 6216.0 0.95 

May 
V.N 3849.3 6.73 5602.9 0.96 
CTR 3162.5 6.37 4054.8 0.98 

July V.N 5077.3 7.32 7054.0 0.95 
CTR 4948.0 7.24 7172.5 0.95 

September V.N 4309.8 7.01 7053.4 a 0.95 
CTR 4163.8 7.01 6076.5 b 0.95 

October 
V.N 3096.3 6.49 b 5440.9 0.95 
CTR 3940.5 7.18 a 5138.7 0.96 

December V.N 3648.3 6.80 6562.4 0.94 
CTR 3835.3 6.92 6468.6 0.95 

Note: V.N and CTR refer to sediment samples in the presence and absence of V. natans, respectively. 
*a and b in the same column indicate significant differences between the treatments at each sampling 
time by one-way ANOVA (Tukey, p < 0.05). The values without lowercase letter are not significantly 
different. 

3.3.2. Bacterial Community Composition 
The bacterial OTUs retrieved from the 42 sediment samples were classified into 3618 

species, 1577 genera, 853 families, and 72 phyla. At the phylum level, the top 10 bacterial 
taxa in terms of relative abundance were Chloroflexi (22.6% of total sequences), Proteo-
bacteria (20.9%), Acidobacteria (11.1%), Actinobacteria (5.9%), Desulfobacterota (5.8%), 
Bacteroidota (4.5%), Nitrospirota (3.7%), Gemmatimonadota (3.6%), Myxococcota (2.7%), 
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and Firmicutes (2.2%; Figure 4A). The relative abundances of the dominant phyla in the 
bacterial community varied considerably with season. Proteobacteria, Chloroflexi, and 
Acidobacteria were dominant in January and March, accounting for >50% of the commu-
nity. Chloroflexi was predominant in May, July, and September. In the later growth 
stages, the relative abundance of Proteobacteria became higher than that of Chloroflexi. 

Further, ANOVA was used to examine the differences in the relative abundances of 
dominant bacterial phyla between the two sediment sample types at different time points 
(Supplementary Figure S2). In January (before V. natans started to grow), there was little 
difference in the relative abundances of the top four phyla between the two treatments. 
However, the relative abundances of Bacteroidota and Gemmatimonadota were signifi-
cantly lower, and the relative abundance of Nitrospirota was significantly higher in the 
presence of V. natans than in the control samples (p < 0.05). Moreover, many phyla signif-
icantly differed in their relative abundance between the two treatments in May. For ex-
ample, the relative abundances of Proteobacteria and Desulfobacterota were significantly 
higher, and those of Acidobacteria, Actinobacteria, Gemmatimonadota, Myxococcota, 
and Methylomirabilota were significantly lower in the presence of V. natans than in the 
control samples (p < 0.05). In December, there were no significant differences in the rela-
tive abundances of dominant phyla between the two treatments. 

At the family level, the most abundant bacteria were classified as Anaerolinenaceae 
(phylum Chloroflexi) and norank_o_SBR1031 (unclassified; Figure 4B). The sum of the 
relative abundances of these two families accounted for a higher percentage of the bacte-
rial community in May and July than in the other seasons, and the highest value was 
found in the control samples (23.6%). The third to sixth most abundant families were Gem-
matimonadaceae, norank_c_Thermodesulfovibrionia, norank_o_Vicinamibacterales, and 
Steroidobacteraceae. Of these, Gemmatimonadaceae and norank_o_Vicinamibacterales 
displayed significantly lower relative abundances, and norank_c_Thermodesulfovibri-
onia and Steroidobacteraceae generally showed higher relative abundances in V. natans-
associated sediments than in the control samples. In addition, the relative abundance of 
Nitrosomonadaceae was lower, and the relative abundances of Hydrogenophilaceae and 
Geobacteraceae were higher in V. natans-associated sediments than in the control samples. 

3.3.3. Differences in Bacterial Community Composition 
To visualize the differences in bacterial community compositions, an NMDS plot was 

generated based on the relative abundances of bacterial OTUs (stress = 0.125; Figure 5). 
The community composition of V. natans-associated sediments was distinctly separate 
from that of the control samples over the study period. This indicated that the growth of 
V. natans considerably altered the composition of sediment bacterial communities. Among 
all the samples, the replicates of the same sample group were most closely distributed, 
and the community composition was most similar in the presence of V. natans during the 
vigorous growth stage (May and July). In contrast, larger differences were observed in the 
community composition of samples with and without V. natans during the remaining 
months. 

3.4. Relationship between Bacterial Communities and Environmental Factors 
To determine the relationship between sediment bacterial community structure (at 

the OTU level) and associated environmental factors, CCA was performed. It was found 
that the first and second CCA axes explained 37.8% and 23.4% of the variation in the bac-
terial community structure, respectively (Figure 6). 
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Figure 4. Bacterial community compositions at the (A) phylum (≥1% of total sequences) and (B) family (≥2%) levels, in 
lake sediment samples collected in the presence (VN) and absence (CTR) of V. natans over the course of one year. The 
numbers in the sample codes represent the month of sampling (i.e., 1, 3, and 5 represent January, March, and May, respec-
tively). 
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Figure 5. Non-metric multidimensional scaling (NMDS) ordination plot showing the distribution of 
bacterial communities in lake sediment samples collected in the presence (VN) and absence (CTR) 
of V. natans over the course of one year. The numbers in the sample codes represent the month of 
sampling (i.e., 1, 3, and 5 represent January, March, and May, respectively). 

Considering the length of the arrows, the sediment Fe(II) content had the largest in-
fluence on the distribution of bacterial communities in the samples (p = 0.001). The bacte-
rial community structure of V. natans-associated sediments was significantly positively 
correlated with sediment Fe(II) and Fe-bound P contents, water pH, and dissolved oxygen 
concentrations. The bacterial community structure of the control samples was mainly in-
fluenced by the total P and organic matter contents in the sediment (Figure 6). Further-
more, envfit analysis revealed that among the main environmental factors tested, sedi-
ment Fe(II) and Fe(III), water pH, Fe-bound P, dissolved oxygen concentration, and or-
ganic matter had the most influence on the distribution of sediment bacterial communities 
(p < 0.05; Supplementary Table S1). 

 
Figure 6. Canonical correlation analysis (CCA) of the relationship between operational taxonomic 
unit (OTU)-level bacterial community structure in sediments and the associated environmental fac-
tors in the lake. Samples were collected in the presence (V.N) and absence (CTR) of V. natans. pH, 
pH in overlying water; DO, dissolved oxygen in overlying water; OM, organic matter in sediment; 
TP, total phosphorus in sediment; Fe_P, iron-bound phosphorus in sediment; Fe(II), ferrous iron in 
sediment; and Fe(III), ferric iron in sediment. 
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Subsequently, Spearman’s rank correlation was used to explore the relationship be-
tween bacterial taxa (top 20 phyla) abundances and environmental factors. It was found 
that the relative abundances of the dominant bacterial phyla were most frequently corre-
lated with water dissolved oxygen concentration and less frequently correlated with wa-
ter pH and sediment Fe(III) and Fe-bound P contents (Figure 7). 

 
Figure 7. A heatmap showing the Spearman’s correlation matrix between the relative abundances 
of dominant bacterial phyla in lake sediments and the associated environmental factors. DO, dis-
solved oxygen in overlying water; Fe(III), ferric iron in sediment; Fe(II), ferrous iron in sediment; 
Fe_P, iron-bound phosphorus in sediment; OM, organic matter in sediment; and TP, total phospho-
rus in sediment. *, p < 0.05; **, p < 0.01; *** p < 0.001 in Spearman’s rank correlation analysis. 

3.5. Prediction of Bacterial Functions 
The potential functions of the bacteria identified in the sediment samples were pre-

dicted using PICRUSt analysis. There were no considerable differences between the two 
treatments in terms of the main functional pathways of the bacteria, including their me-
tabolism, cellular processes, environmental information processing, and genetic infor-
mation processing (Figure 8A). Further, the abundances of the main pathways related to 
energy metabolism were compared between the two treatments (Figure 8B). It was found 
that the relative abundances of functional pathways related to sulfur (S) metabolism, N 
metabolism, methane (CH4) metabolism, carbon (C) fixation, and oxidative phosphoryla-
tion in V. natans-associated sediments were higher in January, March, and July, but lower 
in the remaining months, when compared to those of the control samples. With the excep-
tion of December, the abundances of pathways related to photosynthesis were higher in 
V. natans-associated sediments than in the control samples. 
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Figure 8. Kyoto Encylopedia of Genes and Genomes (KEGG)-predicted metabolic pathways of cat-
egory level 1 (Metabolism, Cellular processes, Organismal systems, and Genetic information pro-
cessing) and the corresponding subcategories (level 2) (A) and energy metabolism pathways at level 
3 (B) of the bacteria identified in lake sediments. Sediment samples were collected from sites with 
V. natans (VN) and without (CTR) V. natans. The numbers in the sample codes represent the month 
of sampling (i.e., 1, 3, and 5 represent January, March, and May, respectively). 

4. Discussion 
In recent years, the water quality of Qin Lake has considerably improved since the 

introduction of V. natans in a part of the lake area. In addition to improving lake water 
quality, the growth of V. natans has been found to increase the bacterial diversity and alter 
the bacterial community composition in the surface water of West Lake in Hangzhou, 
China [3]. However, most previous studies on the remediation effects of V. natans have 
been limited to a specific plant growth stage and have focused on lake water bodies. Here, 
P speciation in the sediments from Qin Lake was analyzed during the various growth 
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stages of V. natans throughout one year. It was found that the growth of V. natans reduced 
the total P content and increased the percentage of Fe-bound P in the sediments. Fan et al. 
[34] also found that the bioavailable Fe and Fe-bound P contents in sediments were higher 
in a macrophyte-dominated bay than in a cyanobacteria-dominated bay of Tai Lake, 
Jiangsu Province, China. 

In summer, the temperature rises, and the metabolism of various benthic microor-
ganisms becomes vigorous in lakes. This increased microbial metabolism leads to en-
hanced reduction of Fe(III) which, in turn, causes the release of Fe/Al-bound P from the 
sediments [6]. Indeed, in the present study, both the Fe(II) and Fe(III) contents of sediment 
samples increased during the high-temperature season, whereas the Fe-bound P contents 
displayed a relative decrease in Qin Lake. Compared to the control, V. natans growth at-
tenuated the decrease in the sediment Fe-bound P contents, thereby maintaining a rela-
tively high proportion of Fe-bound P with respect to the total P. This result indicates that 
V. natans growth facilitates the immobilization of P in the sediment of the shallow lake. In 
addition, V. natans can take up a large amount of P during their vigorous growth stage. 
This P removal effect can be further enhanced by implementing harvesting and surface 
dredging [35]. Thus, V. natans can be managed to facilitate the remediation of eutrophic 
water bodies in Qin Lake and other similar lakes. 

Based on high-throughput sequencing, it was found that the bacterial diversity of 
sediments markedly varied with season in Qin Lake. Overall, the bacterial diversity was 
higher in summer than in winter, especially for sediments in the V. natans growing area. 
There are two potential explanations for this diversity increase. First, in summer, the tem-
perature rises to a level that may be suitable for supporting an increase in most microbial 
activities in the sediments. Second, V. natans plants grow fast and exhibit vigorous meta-
bolic activities in summer; the roots develop rapidly and deliver large amounts of oxygen 
into the sediments, thus supporting a higher diversity of bacteria [6]. 

The NMDS analysis performed in this study revealed that the bacterial community 
composition of the sediments was markedly different between the Qin Lake areas with 
and without V. natans. Moreover, the sediment samples collected from sites in the pres-
ence of V. natans clustered closer together than those sampled from sites in the absence of 
the plant. V. natans plants possess a flourishing root system and well-developed 
aerenchyma. Therefore, V. natans can substantially change the oxygen state in the rhizo-
sphere and efficiently absorb nutrients (such as N and P) and heavy metals (such as Cu, 
Pb, and Cr) from sediments [36,37]. Moreover, root exudates may change sediment pH 
and thus alter the rhizosphere environment. Together, these factors may explain the major 
difference in bacterial community composition between the lake sediments with and with-
out V. natans observed in the present study. Similarly, Zhao et al. [14] observed consider-
able differences in the microbial community compositions between rhizosphere and non-
rhizosphere sediments associated with three submerged plants, Ceratophyllum demersum, 
Vallisneria spiralis, and Elodea nuttallii, during microcosm culture. 

In this study, Proteobacteria, Chloroflexi, and Acidobacteria were identified as the 
dominant bacterial phyla in the sediments from Qin Lake throughout the year. Of these, 
Chloroflexi was the most abundant phylum in May, July, and September, and its relative 
abundance was lower in the presence of V. natans. Chloroflexi comprises a group of bac-
teria capable of photosynthesis; they can fix CO2 to generate energy and are strongly af-
fected by light [38,39]. Light and temperature changes may be the primary causes of the 
increase in the relative abundance of Chloroflexi from May to September. Light and tem-
perature are also potentially the dominant factors driving the seasonal variation in the 
bacterial community composition [15]. 

Members of Chloroflexi are commonly found in sediments of heavily polluted rivers, 
lakes, and oceans [40,41]. This may also explain the relatively low abundance of Chlor-
oflexi in the Qin Lake area where V. natans grows and the water quality is favorable. The 
bacterial function prediction performed in this study indicated that the abundances of 
photosynthesis-related pathways were higher in sediments associated with V. natans than 
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in the control samples. Planting V. natans in shallow lake ecosystems can effectively inhibit 
phytoplankton blooms, increase the transparency of the water body [6], and increase the 
amount of light reaching the sediments. These factors are conducive to the increased pho-
tosynthesis by sediment microbes. 

In this study, the relative abundance of Proteobacteria in the sediment bacterial com-
munity was found to markedly increase during the vigorous growth stage of V. natans. 
The growth of V. natans consumes a large amount of nutrients and inhibits the release of 
nutrients from the sediments. This, in turn, greatly alters the microenvironment for bac-
terial growth. The increase in Proteobacteria abundance related to V. natans growth may 
even have resulted from the improved water quality [15]. 

Acidobacteria, which ranked third in terms of relative abundance in the sediment 
samples from Qin Lake, are involved in the degradation and transformation of multiple 
elements, such as the reduction of Fe under anaerobic conditions [42]. Members of Acido-
bacteria also make a major contribution to the P cycle [43]. In the present study, the rela-
tive abundance of Acidobacteria was lower in the presence of V. natans than in the control 
samples, especially during summer and autumn. This result may be associated with an 
increase in environmental pH due to the growth of V. natans [10]. 

At the family level, Anaerolinenaceae and norank_o_SBR1031 were the most abun-
dant bacteria in the sediment samples. These two families accounted for higher propor-
tions of the sediment bacterial community in the control samples in May and July than in 
the other samples. During this stage (May and July), the rapid growth of V. natans could 
shift the sediment environment to aerobic or microaerobic [44]. These conditions are un-
favorable for the strict anaerobic growth of Anaerolinenaceae [45]. Compared to that of 
the control, the relative abundance of norank_c_Thermodesulfovibrionia was always 
higher in sediment samples associated with V. natans throughout the year. In addition to 
sulfate, sulfite, and thiosulfate, Desulfovibrio spp. can use Fe(III) as an electron donor [46]. 
Therefore, the relatively abundant norank_c_Thermodesulfovibrionia detected in our 
samples might also participate in Fe reduction in the sediments. 

Owing to the effects of V. natans growth, the contents of bioavailable Fe, especially 
reduced Fe(II), were always higher in sediments associated with V. natans compared to 
those of the control samples during the different seasons. The organic matter content and 
composition, dissolved oxygen, and redox potential in the environment all affect the mi-
crobial community composition [9] and further influence the Fe redox process. During the 
one-year study period, the relative abundances of Proteobacteria and Desulfobacterota in 
the sediment samples were markedly higher in May than in the remaining months. Desul-
fobacterota can reduce sulfate to hydrogen sulfide, and the latter will bind to free Fe, 
thereby increasing the immobilization of Fe and releasing P from Fe-P [47]. As mentioned 
earlier, some sulfate-reducing bacteria also have the ability to reduce Fe(III) [48]. This 
might also explain the decrease of sediment Fe-P content in Qin Lake in May. 

Many bacteria in environmental samples can simultaneously reduce Fe(III) when ox-
idizing organic C. The resulting reduced Fe can be utilized by various Fe-oxidizing bacte-
ria, such as microaerobic and anaerobic Fe-oxidizing bacteria that are commonly found in 
the rhizosphere and surrounding environments [49]. Eventually, Fe-bound P precipitates 
are formed, thereby reducing the release of endogenous P from sediments. The relative 
abundance of Geobacteraceae, a typical family of Fe-reducing bacteria [50], was higher in 
the sediment samples from the V. natans growing area than in the control samples. The 
organic matter produced by the massive growth of V. natans would have supplied abun-
dant C for these Fe-reducing bacteria, thereby facilitating the Fe–P turnover. Similarly, 
Hydrogenophilaceae appeared to be more abundant in V. natans-associated sediment 
samples from May to October. The Hydrogenophilaceae family contains the Thiobacillus 
genus, which harbors bacteria that oxidize reduced sulfur compounds [51]. 

Based on CCA, it was found that [Fe(II)], [Fe(III)] and water pH had a prominent 
influence on the distribution of sediment bacterial communities in Qin Lake. These envi-
ronmental factors were also significantly correlated with the relative abundances of most 
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dominant bacterial phyla detected in the sediments. It can be concluded that the growth 
of V. natans impacts the sediment bacterial community structure in Qin Lake by increasing 
water pH and dissolved oxygen concentration and reducing sediment total P content. The 
resulting changes in bacterial activities, in turn, alter Fe speciation by facilitating the for-
mation of Fe-bound P in the sediments [6] and thereby reduce the release of endogenous 
P from the sediments. These effects of V. natans growth exhibit notable seasonal variation. 

The prediction of potential functional pathways of microbial communities revealed 
that the abundance of pathways related to S, N, and CH4 metabolism was lower in V. 
natans-associated sediments in May as compared to that of the control, indicating lower 
activities of the associated microorganisms. Previous studies have shown that methano-
genic archaea are common in sediments [52], and CH4 cycling processes are subject to 
large spatiotemporal heterogeneity [53], with high fluctuations in the abundance of meth-
anotrophs [52]. Moreover, CH4 dynamics have significant positive correlations with sedi-
ment total organic carbon, Fe(II), and Fe(III) contents [54], in addition to total phosphorus 
and soluble reactive phosphorus contents [55]. Therefore, future research should evaluate 
the archaeal communities associated with V. natans growth to further increase the under-
standing of microbial functions in P speciation in shallow lake sediments. 

5. Conclusions 
In this study, periodic sampling was carried out over a one-year period to evaluate 

the effects of submerged plants (V. natans) on P speciation and bacterial community struc-
ture in the sediments of a shallow lake. It was found that the growth of V. natans in the 
lake increased water pH and dissolved oxygen concentration. The growth of V. natans also 
reduced total P content and greatly increased the bioavailable Fe, organic matter, and Fe-
bound P contents of the sediments. The sediment bacterial communities were dominated 
by Proteobacteria, Chloroflexi, and Acidobacteria. The presence of V. natans increased the 
relative abundance of Proteobacteria and decreased the relative abundances of Chloroflexi 
and Acidobacteria. The bacterial diversity increased during the vigorous growth stage of 
V. natans. Among the various environmental factors, sediment Fe(II) and Fe(III) contents 
had the greatest influence on the spatial distribution of bacterial communities in the sed-
iments, followed by water pH. Vigorous growth of V. natans notably affected the sediment 
bacterial community structure in the shallow lake by changing the physicochemical prop-
erties of the water and sediment. The altered bacterial communities may drive the for-
mation of Fe-bound P and thereby increase the immobilization of endogenous P in the 
sediments. The restoration effect of V. natans on eutrophic shallow lakes can be further 
enhanced by applying Fe flocculants and implementing appropriate dredging projects. 
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nomic units between lake sediment samples in the presence (V.N) and absence (CTR) of V. natans 
over the course of one year, Figure S2: Bacterial phyla with significant difference in relative abun-
dance between lake sediment samples with V. natans (V.N) and without V. natans (CTR) at different 
time points, Table S1: The relationship between sediment bacterial community structure and asso-
ciated environmental factors by canonical correlation analysis (CCA) and envfit analysis. 

Author Contributions: Conceptualization, J.W. and T.B.; methodology, J.W., S.Z. and T.Q.; valida-
tion, J.W. and X.Q.; investigation, J.W., S.Z. and X.Q.; data curation, J.W. and T.B.; writing—original 
draft preparation, J.W.; writing—review and editing, J.W., A.H.K., X.Z., and T.B.; supervision, J.W. 
and T.B.; project administration, J.W.; funding acquisition, J.W. All authors have read and agreed to 
the published version of the manuscript.  

Funding: This work was supported by the Natural Science Foundation of China (41701093), the 
China Postdoctoral Science Foundation (2017M611928), and the Research Innovation Program for 
College Graduates of Jiangsu Province (KYCX19_2110). AHK thanks CSIRO Land and Water for 
support. TB appreciates funding from CSIRO Mineral Resource and the open project of key labora-
tory of environmental biotechnology of Chinese Academy of Sciences (kf2020001). Xuliang Zhuang 
thanks the CAS International Partnership Program (121311KYSB20200017). 



Sustainability 2021, 13, 9833 16 of 18 
 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are available on request from the 
corresponding author.  

Conflicts of Interest: The authors declare no conflicts of interests.  

References 
1. Le, C.; Zha, Y.; Li, Y.; Sun, D.; Lu, H.; Yin, B. Eutrophication of lake waters in China: Cost, causes, and control. Environ. Manag. 

2010, 45, 662–668, doi:10.1007/s00267-010-9440-3. 
2. Brett, M.T.; Benjamin, M.M. A review and reassessment of lake phosphorus retention and the nutrient loading concept. Freshw. 

Biol. 2007, 53, 194–211, doi:10.1111/j.1365-2427.2007.01862.x. 
3. Li, L.L.; Tang, X.M.; Gao, G.; Shao, K.Q.; Gong, Z.J.; Chen, D.; Zhang, Y.H. Influence of submerged vegetation restoration on 

bacterial diversity and community composition in West Lake. J. Lake Sci. 2013, 25, 188–198. 
4. Søndergaard, M.; Jeppesen, E.; Lauridsen, T.; Skov, C.; van Nes, E.; Roijackers, R.; Lammens, E.; Portielje, R. Lake restoration: 

Successes, failures and long-term effects. J. Appl. Ecol. 2007, 44, 1095–1105, doi:10.1111/j.1365-2664.2007.01363.x. 
5. Kleeberg, A.; Herzog, C.; Hupfer, M. Redox sensitivity of iron in phosphorus binding does not impede lake restoration. Water 

Res. 2013, 47, 1491–1502, doi:10.1016/j.watres.2012.12.014. 
6. Bai, G.; Zhang, Y.; Yan, P.; Yan, W.; Kong, L.; Wang, L.; Wang, C.; Liu, Z.; Liu, B.; Ma, J.; et al. Spatial and seasonal variation of 

water parameters, sediment properties, and submerged macrophytes after ecological restoration in a long-term (6 year) study 
in Hangzhou west lake in China: Submerged macrophyte distribution influenced by environmental variables. Water Res. 2020, 
186, 116379, doi:10.1016/j.watres.2020.116379. 

7. Lin, Q.; Fan, M.; Jin, P.; Riaz, L.; Wu, Z.; He, F.; Liu, B.; Ma, J. Sediment type and the clonal size greatly affect the asexual 
reproduction, productivity, and nutrient absorption of Vallisneria natans. Restor. Ecol. 2019, 28, 408–417, doi:10.1111/rec.13089. 

8. Xing, X.; Ding, S.; Liu, L.; Chen, M.; Yan, W.; Zhao, L.; Zhang, C. Direct evidence for the enhanced acquisition of phosphorus in 
the rhizosphere of aquatic plants: A case study on Vallisneria natans. Sci. Total. Environ. 2018, 616-617, 386–396, doi:10.1016/j.sci-
totenv.2017.10.304. 

9. Yin, X.; Lu, J.; Wang, Y.; Liu, G.; Hua, Y.; Wan, X.; Zhao, J.; Zhu, D. The abundance of nirS-type denitrifiers and anammox 
bacteria in rhizospheres was affected by the organic acids secreted from roots of submerged macrophytes. Chemosphere 2020, 
240, 124903, doi:10.1016/j.chemosphere.2019.124903. 

10. Wang, C.; Liu, S.; Jahan, T.E.; Liu, B.; He, F.; Zhou, Q.; Wu, Z. Short term succession of artificially restored submerged macro-
phytes and their impact on the sediment microbial community. Ecol. Eng. 2017, 103, 50–58, doi:10.1016/j.ecoleng.2017.02.030. 

11. Xu, P.; Xiao, E.; Xu, D.; Li, J.; Zhang, Y.; Dai, Z.; Zhou, Q.; Wu, Z. Enhanced phosphorus reduction in simulated eutrophic water: 
A comparative study of submerged macrophytes, sediment microbial fuel cells, and their combination. Environ. Technol. 2017, 
39, 1144–1157, doi:10.1080/09593330.2017.1323955. 

12. Malecki-Brown, L.M.; White, J.; Brix, H. Alum application to improve water quality in a municipal wastewater treatment wet-
land: Effects on macrophyte growth and nutrient uptake. Chemosphere 2010, 79, 186–192, doi:10.1016/j.chemosphere.2010.02.006. 

13. Zhao, D.-Y.; Liu, P.; Fang, C.; Sun, Y.-M.; Zeng, J.; Wang, J.-Q.; Ma, T.; Xiao, Y.-H.; Wu, Q.L. Submerged macrophytes modify 
bacterial community composition in sediments in a large, shallow, freshwater lake. Can. J. Microbiol. 2013, 59, 237–244, 
doi:10.1139/cjm-2012-0554. 

14. Zhao, D.; Wang, S.; Huang, R.; Zeng, J.; Huang, F.; Yu, Z. Diversity and composition of bacterial community in the rhizosphere 
sediments of submerged macrophytes revealed by 454 pyrosequencing. Ann. Microbiol. 2017, 67, 313–319, doi:10.1007/s13213-
017-1262-6. 

15. He, R.; Zeng, J.; Zhao, D.; Huang, R.; Yu, Z.; Wu, Q.L. Contrasting patterns in diversity and community assembly of phragmites 
australis root-associated bacterial communities from different seasons. Appl. Environ. Microbiol. 2020, 86, doi:10.1128/aem.00379-
20. 

16. Kalff, J.; Rooney, N. Submerged Macrophyte-bed effects on water-column phosphorus, chlorophyll a and bacterial production. 
Ecosyst. 2003, 6, 797–807, doi:10.1007/s10021-003-0184-2. 

17. Hitchcock, J.N.; Mitrovic, S.M.; Kobayashi, T.; Westhorpe, D.P. Responses of estuarine bacterioplankton, phytoplankton and 
zooplankton to dissolved organic carbon (doc) and inorganic nutrient additions. Chesap. Sci. 2009, 33, 78–91, doi:10.1007/s12237-
009-9229-x. 

18. Subbarao, G.V.; Ishikawa, T.; Ito, O.; Nakahara, K.; Wang, H.Y.; Berry, W.L. A bioluminescence assay to detect nitrification 
inhibitors released from plant roots: A case study with Brachiaria humidicola. Plant Soil 2006, 288, 101–112, doi:10.1007/s11104-
006-9094-3. 

19. Davison, W. Iron and manganese in lakes. Earth Sci. Rev. 1993, 34, 119–163, doi:10.1016/0012-8252(93)90029-7. 
20. Gunnars, A.; Blomqvist, S.; Johansson, P.; Andersson, C. Formation of Fe(III) oxyhydroxide colloids in freshwater and brackish 

seawater, with incorporation of phosphate and calcium. Geochim. Cosmochim. Acta 2002, 66, 745–758, doi:10.1016/s0016-
7037(01)00818-3. 



Sustainability 2021, 13, 9833 17 of 18 
 

21. Obi, C.C.; Adebusoye, S.A.; Ugoji, E.O.; Ilori, M.; Amund, O.O.; Hickey, W.J. Microbial communities in sediments of Lagos 
Lagoon, Nigeria: Elucidation of community structure and potential impacts of contamination by municipal and industrial 
wastes. Front. Microbiol. 2016, 7, 1213, doi:10.3389/fmicb.2016.01213. 

22. Cui, N.; Zhang, X.; Cai, M.; Zhou, L.; Chen, G.; Zou, G. Roles of vegetation in nutrient removal and structuring microbial com-
munities in different types of agricultural drainage ditches for treating farmland runoff. Ecol. Eng. 2020, 155, 105941, 
doi:10.1016/j.ecoleng.2020.105941. 

23. Wang, L.Z.; Wang, G.X.; Yu, Z.F.; Zhou, B.B.; Ge, X.G.; Chen, Q.M.; Li, Z.G. Effects of Vallisneria natans on sediment phosphorus 
fractions and transfer during the growth period. J. Environ. Sci. 2011, 23, 753–760. 

24. Chen, Z.F.; Chen, K.; Yang, S.J. Analysis of remediation effect of aquatic plants on freshwater ecosystem. Mol. Plant. 2019, 17, 
4501–4506. 

25. Feng, J.M.; Zhang, H.R. Conservation and measures of Qin Lake wetland in Jiangyan. Pollut. Control. Technol. 2011, 24, 23–25. 
26. Kostka, J.E.; Iii, G. Partitioning and speciation of solid phase iron in saltmarsh sediments. Geochim. Cosmochim. Acta. 1994, 58, 

1701–1710. 
27. Springer, U.; Klee, J. Pru¨fung der leistungsfa¨higkeit von einigen wichtigen verfahren zur bestimmung des kohlenstoffs mittels 

chromschwefelsaure sowie vorschlag einer neuen schnellmethode. J. Plant. Nutr. Soil. Sci. 1954, 64, 1–26. 
28. Bao, S.D. Soil Agro-Chemistrical Analysis; 3rd ed.; Beijing: China Agriculture Press, 2000, 76-78  
29. Ruban, V.; López-Sánchez, J.F.; Pardo, P.; Rauret, G.; Muntau, H.; Quevauviller, P. Harmonized protocol and certified reference 

material for the determination of extractable contents of phosphorus in freshwater sediments—a synthesis of recent works. 
Anal. Bioanal. Chem. 2001, 370, 224–228, doi:10.1007/s002160100753. 

30. Dennis, K.L.; Wang, Y.; Blatner, N.R.; Wang, S.; Saadalla, A.; Trudeau, E.; Roers, A.; Weaver, C.; Lee, J.J.; Gilbert, J.A.; et al. 
Adenomatous polyps are driven by microbe-instigated focal inflammation and are controlled by IL-10–producing T cells. Cancer 
Res. 2013, 73, 5905–5913, doi:10.1158/0008-5472.can-13-1511. 

31. Stackebrandt, E.; Goebel, B.M. Taxonomic note: A place for DNA-DNA reassociation and 16S rRNA sequence analysis in the 
present species definition in bacteriology. Int. J. Syst. Evol. Microbiol. 1994, 44, 846–849, doi:10.1099/00207713-44-4-846. 

32. Shannon, C.E. A mathematical theory of communication. Bell Syst. Tech. J. 1948, 27, 379–423. 
33. Chao, A.; Yang, M.C.K. Stopping rules and estimation for recapture debugging with unequal failure rates. Biometrika 1993, 80, 

193, doi:10.2307/2336768. 
34. Fan, X.; Ding, S.; Gong, M.; Chen, M.; Gao, S.; Jin, Z.; Tsang, D. Different influences of bacterial communities on Fe (III) reduction 

and phosphorus availability in sediments of the cyanobacteria- and macrophyte-dominated zones. Front. Microbiol. 2018, 9, 
2636, doi:10.3389/fmicb.2018.02636. 

35. Liu, M.; Ran, Y.; Peng, X.; Zhu, Z.; Liang, J.; Ai, H.; Li, H.; He, Q. Sustainable modulation of anaerobic malodorous black water: 
The interactive effect of oxygen-loaded porous material and submerged macrophyte. Water Res. 2019, 160, 70–80, 
doi:10.1016/j.watres.2019.05.045. 

36. Chen, D.Y.; Xie, Y.F.; Liu, Z.W. The response to external phosphorus loadings of experimental aquatic systems with submerged 
plants of different root to shoot ratios. Chin. J. Appl. Environ. Biol. 2016, 22, 747–751. 

37. Qian, Y.; Cheng, C.L.; Drouillard, K.; Zhu, Q.Z.; Feng, H.; He, S.Z.; Fang, Y.H.; Qiao, S.N.; Kolenčíka, M.; Chang, X.X. Bioaccu-
mulation and growth characteristics of Vallisneria natans (Lour.) Hara after chronic exposure to metal-contaminated sediments. 
Environ. Sci. Pollut. Res. 2019, 26, 20510–20519. 

38. Klatt, C.G.; Liu, Z.; Ludwig, M.; Kühl, M.; Jensen, S.I.; A.; Bryant, D.; Ward, D.M. Temporal metatranscriptomic patterning in 
phototrophic Chloroflexi inhabiting a microbial mat in a geothermal spring. ISME J. 2013, 7, 1775–1789, 
doi:10.1038/ismej.2013.52. 

39. Wang, C.; Liu, S.; Zhang, Y.; Liu, B.; Zeng, L.; He, F.; Zhou, Q.; Wu, Z. Effects of planted versus naturally growing Vallisneria 
natans on the sediment microbial community in West Lake, China. Microb. Ecol. 2017, 74, 278–288, doi:10.1007/s00248-017-0951-
9. 

40. Velmurugan, N.; Kalpana, D.; Cho, J.-Y.; Lee, G.-H.; Park, S.-H.; Lee, Y.-S. Phylogenetic analysis of culturable marine bacteria 
in sediments from South Korean Yellow Sea. Microbiology 2011, 80, 261–272, doi:10.1134/s0026261711010188. 

41. Shen, L.-D.; Zheng, P.-H.; Ma, S.-J. Nitrogen loss through anaerobic ammonium oxidation in agricultural drainage ditches. Biol. 
Fertil. Soils 2015, 52, 127–136, doi:10.1007/s00374-015-1058-4. 

42. Coates, J.D.; Ellis, D.J.; Gaw, C.V.; Lovley, D.R. Geothrix fermentans gen. nov., sp. nov., a novel Fe(III)-reducing bacterium from 
a hydrocarbon-contaminated aquifer. Int. J. Syst. Evol. Microbiol. 1999, 49, 1615–1622, doi:10.1099/00207713-49-4-1615. 

43. Terashima, M.; Aama, A.; Sato, M.; Yumoto, I.; Kamagata, Y.; Kato, S. Culture-dependent and -independent identification of 
polyphosphate-accumulating Dechloromonas spp. predominating in a full-scale oxidation ditch wastewater treatment plant. Mi-
crobes Environ. 2016, 31, 449–455. 

44. Pang, S.; Zhang, S.; Lv, X.; Han, B.; Liu, K.; Qiu, C.; Wang, C.; Wang, P.; Toland, H.; He, Z. Characterization of bacterial com-
munity in biofilm and sediments of wetlands dominated by aquatic macrophytes. Ecol. Eng. 2016, 97, 242–250, 
doi:10.1016/j.ecoleng.2016.10.011. 

45. Takeshi, Y.; Yuji, S.; Satoshi, H.; Hiroyuki, I.; Akiyoshi, O.; Hideki, H.; Yoichi, K. Anaerolinea thermolimosa sp. nov., Levilinea 
saccharolytica gen. nov., sp. nov. and Leptolinea tardivitalis gen.nov., sp. nov., novel filamentous anaerobes, and description of 
the new classes Anaerolineae classis nov. and Caldilineae classis nov. in the bacterial phylum Chloroflexi. Int. J. Syst. Evol. Microbiol. 
2006, 56, 1331–1340. 



Sustainability 2021, 13, 9833 18 of 18 
 

46. Basso, O.; Caumette, P.; Magot, M. Desulfovibrio putealis sp. nov., a novel sulfate-reducing bacterium isolated from a deep sub-
surface aquifer. Int. J. Syst. Evol. Microbiol. 2005, 55, 101–104, doi:10.1099/ijs.0.63303-0. 

47. Rozan, T.F.; Taillefert, M.; Trouwborst, R.E.; Glazer, B.T.; Ma, S.F.; Herszage, J.L.; Valdes, L.M.; Price, K.S.; Luther, G.W. Ⅲ. 
Iron-sulfur-phosphorus cycling in the sediments of a shallow coastal bay: Implications for sediment nutrient release and benthic 
macroalgal blooms. Limnol. Oceanogr. 2002, 47, 1346–1354. 

48. Sun, X.; Zhou, Y.; Tan, Y.; Wu, Z.; Lu, P.; Zhang, G.; Yu, F. Restoration with pioneer plants changes soil properties and remodels 
the diversity and structure of bacterial communities in rhizosphere and bulk soil of copper mine tailings in Jiangxi Province, 
China. Environ. Sci. Pollut. Res. 2018, 25, 22106–22119, doi:10.1007/s11356-018-2244-3. 

49. Weber, K.; Achenbach, L.A.; Coates, J.D. Microorganisms pumping iron: Anaerobic microbial iron oxidation and reduction. 
Nat. Rev. Genet. 2006, 4, 752–764, doi:10.1038/nrmicro1490. 

50. Lovley, D.R.; Holmes, D.E.; Nevin, K.P. Dissimilatory Fe(III) and Mn(IV) Reduction. Adv. Microb. Physiol. 2004, 49, 219–286, 
doi:10.1016/s0065-2911(04)49005-5. 

51. Kellermann, C.; Griebler, C. Thiobacillus thiophilus sp. nov., a chemolithoautotrophic, thiosulfate-oxidizing bacterium isolated 
from contaminated aquifer sediments. Int. J. Syst. Evol. Microbiol. 2009, 59, 583–588, doi:10.1099/ijs.0.002808-0. 

52. Bednaík, A.; Blaser, M.; Matou, A.; Tuer, M.; Rulík, M. Sediment methane dynamics along the Elbe River. Limnologica 2019, 79, 
125716. 

53. Stanley, E.H.; Casson, N.J.; Christel, S.T.; Crawford, J.T.; Loken, L.C.; Oliver, S.K. The ecology of methane in streams and rivers: 
Patterns, controls, and global significance. Ecol. Monogr. 2016, 86, 146–171, doi:10.1890/15-1027. 

54. Chen, F.; Zheng, Y.; Hou, L.; Niu, Y.; Gao, D.; An, Z.; Zhou, J.; Yin, G.; Dong, H.; Han, P.; et al. Microbial abundance and activity 
of nitrite/nitrate-dependent anaerobic methane oxidizers in estuarine and intertidal wetlands: Heterogeneity and driving fac-
tors. Water Res. 2021, 190, 116737, doi:10.1016/j.watres.2020.116737. 

55. Zhang, L.; Liu, C.; He, K.; Shen, Q.; Zhong, J. Dramatic temporal variations in methane levels in black bloom prone areas of a 
shallow eutrophic lake. Sci. Total. Environ. 2021, 767, 144868, doi:10.1016/j.scitotenv.2020.144868. 

 
 


	1. Introduction
	2. Materials and Methods
	2.1. Sampling Site
	2.2. Sample Collection
	2.3. Physicochemical Analysis
	2.4. DNA Extraction, PCR Amplification, and Sequencing
	2.5. Data Analyses

	3. Results
	3.1. pH and Dissolved Oxygen Concentration in the Lake Water
	3.2. Organic Matter, Fe, and P Contents in the Lake Sediment
	3.3. Bacterial Community Composition in the Lake Sediment
	3.3.1. Bacterial Community Diversity
	3.3.2. Bacterial Community Composition
	3.3.3. Differences in Bacterial Community Composition

	3.4. Relationship between Bacterial Communities and Environmental Factors
	3.5. Prediction of Bacterial Functions

	4. Discussion
	5. Conclusions
	References

