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Abstract: The sediment microbial community in downstream-linked lakes can be affected by the
operation of large-scale water conservancy projects. The present study determined Illumina reads
(16S rRNA gene amplicons) to analyze and compare the bacterial communities from sediments in
Dongting Lake (China) before and after impoundment of the Three Gorges Dam (TGD), the largest
hydroelectric project in the world. Bacterial communities in sediment samples in Dongting
Lake before impoundment of the TGD (the high water period) had a higher diversity than after
impoundment of the TGD (the low water period). The most abundant phylum in the sediment
samples was Proteobacteria (36.4%–51.5%), and this result was due to the significant abundance of
Betaproteobacteria and Deltaproteobacteria in the sediment samples before impoundment of the TGD
and the abundance of Gammaproteobacteria in the sediment samples after impoundment of the TGD.
In addition, bacterial sequences of the sediment samples are also affiliated with Acidobacteria (11.0%
on average), Chloroflexi (10.9% on average), Bacteroidetes (6.7% on average), and Nitrospirae (5.1% on
average). Variations in the composition of the bacterial community within some sediment samples
from the river estuary into Dongting Lake were related to the pH values. The bacterial community in
the samples from the three lake districts of Dongting Lake before and after impoundment of the TGD
was linked to the nutrient concentration.
Keywords: bacterial community; sediment; high throughput sequencing; water period; impoundment

1. Introduction
The operation of large-scale water conservancy projects can change the natural hydrological cycles
and sediment translocation processes in downstream linked lakes [1,2]. The damming of rivers has
had a significant global impact on natural water resources [3], as impoundment of dams can affect the
water environments, i.e., physical, chemical, and biological characteristics, as well as the hydrology of
neighboring lakes or rivers.
Yangtze River is the largest river in China (6300 km); it is the fifth largest river in the world
in terms of fresh water discharge (9.8 ˆ 1011 m3 /year), and the fourth largest in solid discharge
(4.86 ˆ 108 t/year) [4]. The Three Gorges Dam (TGD) is on the lower section of the upper reaches of
the Yangtze River, and is the largest hydroelectric project in the world. The construction of the TGD
began in 1993, and was completed in 2009, with some exceptions. The project has played a significant
role in controlling frequent catastrophic floods downstream, generating hydropower (18,200 MW),
water storage (12.4 billion m3 , 2003), and improving navigation at the upper reaches of the Yangtze
River. However, the TGD affects ecosystems, known as TGD’s upstream and downstream effects,
which stem from inundation, flow manipulation, and fragmentation [5]. Dongting Lake is located in
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the middle and lower reaches of the Yangtze River. It is one of the largest freshwater lakes in China,
and plays a significant role in regulating the amount of water entering the Yangtze River. The inflow
from the Yangtze River carries an average of 4 million MT of sediment load per year [6]. In recent years,
the impoundment of the TGD has been implemented at the end of September. Before impoundment of
the TGD, the water level in Dongting Lake was high and the lake was in its high water period, with the
average water level reaching 27.36 m. After impoundment of the TGD, the water input from Yangtze
River decreased and the lake entered its low water period with the average water level of 21.51 m.
The phenomenon of dry–rewet cycles occurred and the sediments at some positions exposed from the
water when the lake was in low water period.
As a distinct realm in aquatic ecosystems, sediments have higher biomass and microbe taxon
richness than the bodies of water [7]. Prokaryotes, especially bacteria, play a dominant role in
fresh water lake sediments, promoting nutrient recycling and decomposition of organic or inorganic
compounds [8,9]. Therefore, a shift in bacterial communities may be one of the most sensitive indicators
of environmental changes in the lake [10]. The impoundment of the TGD has a significant effect on
the Yangtze River, and it also affects the sediment in Dongting Lake because of its location. In recent
years, the sediment in Dongting Lake has been influenced by the operation of TGD, such as the
sediment deposition, the unsaturated sediment carrying capacity in the downstream-linked riverway,
and riverbed sediment erosions occurring downstream after the impoundment of TGD, thereby
causing siltation [11–13]. In addition, microbial community changes in sediment also occur due to the
impoundment of TGD. A few studies have addressed the microbial community composition affected
by the TGD along the Yangtze River using more course-level culture-independent methods such
as denaturing gradient gel electrophoresis (DGGE) and clone libraries [14–16]. As one of the most
significant microbes, bacteria in the sediment in Dongting Lake are crucial to the entire lake’s ecosystem.
The relationship between the Dongting Lake and the TGD has been studied by scholars from
different perspectives, and most of the researchers focused on the early dry season in the downstream
lakes, which is caused by TGD and nutrient characteristics, translocation, or sediment discharge [17,18].
The potential effects of TGD impoundment on Dongting Lake have been investigated in previous
studies that focused on prediction, verification, and analysis of soil properties and biomass in the
early low-water period [18–20]. However, few studies have been conducted on the effects of the
impoundment of the TGD on the sediment bacterial community in Dongting Lake, and traditional
techniques present inherent limitations in bacterial community studies. For example, when employing
fingerprinting techniques, such as DGGE and phospholipid fatty acid analysis (PLFA), precise,
accurate, and comprehensive description of microbial communities are difficult to obtain [21–23].
Thus, the objective of the present study was to compare the sediment bacterial communities before
and after impoundment of the TGD using Illumina Miseq. This study may provide new insights into
the bacterial communities in the sediment of Dongting Lake.
2. Materials and Methods
2.1. Site Description and Sediment Sampling
Dongting Lake, which is the second largest freshwater lake in China, is located in Hunan Province
(E 111˝ 40’–113˝ 10’, N 28˝ 38’–29˝ 45’). Dongting Lake is composed of a series of lakes and has three
major lake districts, namely the eastern, southern, and western districts. The sample positions are
shown in Figure 1. Sediment 1 (S1) and Sediment 3 (S3) were from East Lake. Sediment 4 (S4) and
Sediment 7 (S7) were from south lake. Sediment 8 (S8) was from west lake. Sediment 2 (S2) was from
the outlet of Dongting Lake and the estuary of the Yangtze River. Sediment 5, 6, 9, and 10 (S5, S6, S9,
and S10) were from the river estuary into Dongting Lake. Ten composite surface sediment samples
(each N = 5) were collected before (in July 2015, high water period,) and after (in October 2015, low
water period) the impoundment of the Three Gorges Dam, and these samples were assigned as HS
and LS, respectively. The weight of sample collected was sufficient for DNA extraction and analysis

plastic bags and stored in a portable ice box, then transferred to the lab as quickly as possible and
stored at −80 °C before analysis.
The sediment samples were divided into four groups. The samples of Group A (HS1, HS3, HS4,
HS7 and HS8) and Group B (HS2, HS5, HS6, HS9 and HS10) were collected from the three lake
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The total phosphorus (TP) of the sediments was measured by using standardized methods
and tests, and total nitrogen (TN) of the sediments was obtained as ammonium by colorimetry
after the sample was digested with alkaline potassium persulfate (NaOH 0.24 mol¨ L´1 and K2 S2 O8
0.074 mol¨ L´1 ) [24,25]. Organic matter (OM) content was calculated according to the loss on ignition
to constant mass (4 h) at 550 ˝ C [26]. The pH of each sediment sample was measured in a 1:2.5 (w/v)
mixture of sediment with deionized water [27]. The main properties of the collected sediments are
shown in Table 1.
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Table 1. Physicochemical properties (mean value ˘ standard deviation) of the sediments.
Sample

TP (mg¨ kg´1 )

TN (mg¨ kg´1 )

Water Content (%)

OM (%)

pH

HS1
HS2
HS3
HS4
HS5
HS6
HS7
HS8
HS9
HS10

892.3 ˘ 10.2
982.2 ˘ 9.2
722.4 ˘ 8.2
823.2 ˘ 8.5
892.8 ˘ 8.6
1003.7 ˘ 9.1
698.2 ˘ 7.3
782.3 ˘ 7.8
892.3 ˘ 7.7
602.3 ˘ 7.2

620.2 ˘ 6.1
1184.2 ˘ 8.2
705.5 ˘ 8.1
1004.6 ˘ 8.9
992.1 ˘ 8.5
1197.8 ˘ 12.4
821.2 ˘ 10.2
995.3 ˘ 8.3
1045.1 ˘ 10.3
611.9 ˘ 8.3

36.98 ˘ 2.13
44.55 ˘ 3.21
47.31 ˘ 3.76
63.02 ˘ 4.29
40.36 ˘ 5.75
43.51 ˘ 3.98
46.02 ˘ 3.57
48.84 ˘ 3.43
35.11 ˘ 3.01
30.76 ˘ 2.79

8.21 ˘ 0.65
8.1 ˘ 0.49
6.17 ˘ 0.46
7.62 ˘ 0.56
5.97 ˘ 0.48
7.07 ˘ 0.49
5.16 ˘ 0.51
7.03 ˘ 0.56
6.68 ˘ 0.41
6.41 ˘ 0.62

7.16 ˘ 0.44
7.35 ˘ 0.48
7.25 ˘ 0.53
7.17 ˘ 0.49
7.42 ˘ 0.61
7.29 ˘ 0.67
7.27 ˘ 0.62
7.36 ˘ 0.68
7.46 ˘ 0.61
7.37 ˘ 0.56

LS1
LS2
LS3
LS4
LS5
LS6
LS7
LS8
LS9
LS10

921.2 ˘ 8.2
1021.4 ˘ 9.2
823.1 ˘ 8.5
937.5 ˘ 9.3
983.3 ˘ 9.1
1193.1 ˘ 10.2
821.5 ˘ 7.8
842.1 ˘ 7.2
982.4 ˘ 8.7
701.2 ˘ 8.8

842.3 ˘ 7.3
1302.3 ˘ 8.1
923.1 ˘ 9.4
1198.5 ˘ 12.3
1123.2 ˘ 12.8
1423.2 ˘ 11.3
983.5 ˘ 11.7
1045.2 ˘ 10.8
1197.3 ˘ 11.5
801.6 ˘ 10.3

33.21 ˘ 2.76
40.12 ˘ 3.65
44.21 ˘ 3.96
52.13 ˘ 4.02
36.21 ˘ 4.23
38.97 ˘ 4.47
40.46 ˘ 4.21
42.36 ˘ 3.76
30.21 ˘ 3.28
27.98 ˘ 2.67

8.52 ˘ 0.69
8.32 ˘ 0.72
7.01 ˘ 0.67
7.34 ˘ 0.78
6.12 ˘ 0.51
7.56 ˘ 0.68
6.05 ˘ 0.59
7.12 ˘ 0.69
7.24 ˘ 0.66
6.89 ˘ 0.57

7.21 ˘ 0.49
7.43 ˘ 0.48
7.31 ˘ 0.42
7.21 ˘ 0.51
7.39 ˘ 0.63
7.33 ˘ 0.71
7.35 ˘ 0.58
7.36 ˘ 0.62
7.41 ˘ 0.51
7.51 ˘ 0.57

2.3. DNA Extraction
Sediment samples were stored at ´80 ˝ C until DNA extraction. DNA was extracted from 1 g
fresh sediment samples by using a PowerSoil DNA Isolation Kit (Mobio Laboratories Inc., San Diego,
CA, USA), following manufacturer protocol. DNA concentration and purity were checked by running
the samples on 1.2% agarose gels. All the extracted total DNA samples were stored in ´80 ˝ C before
further analysis.
2.4. PCR Amplification of 16S rRNA Genes and Sequencing
The V4-V5 regions of bacterial 16S rRNA genes were amplified using the universal primers
515F (GTGCCAGCMGCCGCGGTAA) and 926R (CCGTCAATTCMTTTRAGTTT), these primers were
chosen because of their high coverage of almost all phyla in conventional and metagenomic studies [28–30].
The primers also contained the Illumina 5’ overhang adapter sequences for two-step amplicon library
building, following manufacturer protocol for the overhang sequence. The amplification of bacteria
gene fragments was achieved after two PCR steps.
PCR amplification was performed in a 25 µL reaction volume with 1 µL DNA template, 250 µM
dNTPs, 0.25 µM of each primer, 1X reaction buffer, and 0.5 U Phusion DNA Polymerase (New England
Biolabs, Ipswich, MA, USA). PCR cycling was carried out in a thermocycler under the following
conditions: an initial denaturation at 94 ˝ C for 2 min, followed by 25 cycles of denaturation at 94 ˝ C
for 30 s, annealing at 56 ˝ C for 30 s and extension at 72 ˝ C for 30 s, with a final extension of 72 ˝ C for
5 min. The Illumina Nextera XT Index Kit (Illumina Inc., San Diego, CA, USA) with dual eight-base
barcodes was used for multiplexing. Eight cycles of PCR reactions were used to incorporate two
unique barcodes on both ends of the 16S amplicons. Cycling conditions consisted of one cycle at
94 ˝ C for 3 min, followed by eight cycles of 94 ˝ C for 30 s, 56 ˝ C for 30 s, and 72 ˝ C for 30 s. The final
extension cycle was at 72 ˝ C for 5 min.
Prior to library pooling, the barcoded PCR products were purified by using a DNA gel
extraction kit (Axygen, Shanghai, China) and quantified by using the Qubit dsDNA HS Assay Kit
(Life Technologies, New York, NY, USA). The libraries were sequenced by 2 ˆ 300 bp paired-end
sequencing on the MiSeq platform (Illumina, San Diego, CA, USA). Experiments were conducted at
Tiny Gene Bio-Tech Co., Ltd. (Shanghai, China).
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2.5. Statistical Analysis
The overlap between the forward and reverse reads was 180–190 bp approximately. The minimum
quality score was 25 when merge the Illumina reads and the minimum overlap was 10 bp.
The preprocessing of sequences was performed mainly by using MOTHUR 1.35.1 (University
of Michigan, Ann Arbor, MI, USA) and by following the MiSeq analysis pipeline outlined in
http://www.mothur.org/wiki/MiSeq_SOP [31]. Operational taxonomic units (OTUs) are defined
as groups among which sequence similarities were greater than 97%. The species richness
estimators (the abundance-based coverage estimator ACE, Jackknife and Chao1), Shannon diversity
index, and Simpson diversity index were calculated. In this study, data preprocessing and
OTU-based analysis were performed by MOTHUR (University of Michigan, Ann Arbor, MI, USA).
Canoco 4.5 (Microcomputer Power, Ithaca, NY, USA) was used with Monte Carlo permutation
test to perform the redundancy analysis (RDA) based on population abundance and environment
factors. LEfSe (University of Auckland, Auckland, New Zealand) was used to find indicator bacterial
groups specific to the sediment samples [32]. The statistical analysis was performed using SPSS 20.0
(International Business Machines Corporation, Armonk, NY, USA).
2.6. Accession Numbers
All of the sequencing data analyzed in the present study can be downloaded from the NCBI’s
Sequence Read Archive using accession numbers SRR3354421 and SRR3354422.
3. Results and Discussion
3.1. Richness and Diversity of Microbial Community
The bacterial 16S rRNA gene sequences were obtained from sediment samples in different
locations during the high and low water periods. Diversity concerns both taxon richness and evenness,
and the results demonstrated that both parameters in most of sediments (HS3–HS10) from high water
period were higher than sediments (LS3–LS10) from low water period (Figure 2). Tags with 97%
similarity (Needleman–Wunsch alignment) were grouped according to OTUs to calculate the richness
and diversity indices. The number of bacterial 16S rRNA gene sequences obtained from samples
varied from 19,691 (LS9) to 22,586 (HS6). Table 2 shows the community richness and diversity by using
different types of statistical methods, including ACE, Chao1, Simpson, and Shannon, and the end point
of the curve (Figure 2) was used to calculate these indices. In comparing the diversity indices (Simpson
and Shannon), the Shannon index showed that the sediment samples during the high water period
(HS3–HS10) had a higher diversity than during the low water period (LS3–LS10), and the analysis
of variance results indicated there were significant differences (p < 0.05) among the samples before
and after impoundment. HS1 and HS2 samples had lower Shannon indices (6.85 and 7.33) and higher
Simpson values (0.0041 and 0.0056, respectively) than LS1 and LS2. These two sampling positions
were located nearby the estuary of the Yangtze River, and where different types of sediments from
other places came together. Therefore, the slow flow caused the sedimentation of a large amount
of sediments, which caused high diversity of the bacterial community during the low water period.
Furthermore, with the exception of samples from S1, the sediment samples during the high water
period (HS2–HS10) had a higher richness (Chao1 and ACE estimator) than during the low water
period, and there were significant differences between the samples from high and low water periods
(p < 0.05), thereby presenting a similar trend to diversity indices. HS6 also had the highest value of
Chao1 and ACE (17,351 and 27,279, respectively).
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Table 2. Diversity of the 16S rRNA gene libraries from the sequencing analysis.
Samples Total Reads
HS1
LS1
HS2
LS2
HS3
LS3
HS4
LS4
HS5
LS5
HS6
LS6
HS7
LS7
HS8
LS8
HS9
LS9
HS10
LS10

20,903
21,231
20,323
20,777
21,389
20,475
22,239
20,546
20,118
20,668
22,586
20,328
21,547
21,042
21,271
19,989
20,751
19,691
22,367
20,452

OTU

Chao1

ACE

Simpson

Shannon

3836
4685
5968
5631
6977
5964
6569
6511
6509
6048
7534
7193
7000
5709
5047
5963
6670
5750
7233
6159

7863
9569
14,318
11,931
15,218
13,828
14,308
14,138
15,405
13,522
17,351
16,320
15,147
12,116
14,636
9953
16,138
12,903
16,542
13,562

10,727
13,925
24,153
17,402
22,448
21,097
22,036
21,108
23,734
20,455
27,279
25,817
22,413
18,138
23,396
14,672
25,942
20,436
25,599
20,807

0.0041
0.0027
0.0056
0.0025
0.0012
0.0021
0.0018
0.0017
0.0016
0.0021
0.0014
0.0011
0.0012
0.0021
0.0022
0.0031
0.0017
0.0016
0.0013
0.0020

6.85
7.19
7.33
7.45
7.92
7.55
7.75
7.69
7.77
7.56
8.12
8.01
7.93
7.47
7.48
7.32
7.74
7.63
7.90
7.64

3.2. Phylum Level Taxonomic Distribution
Among the filtered sequences, a total of 33 phyla were determined in the sediment samples.
The dominant groups of each sample are displayed in Figure 3. Proteobacteria was the most abundant
(36.4%–51.5%) phylum across all samples, and the sediment samples during the high water period
had relatively higher abundance of Proteobacteria than those from the low water period. In additon,
bacterial sequences were also affiliated with Acidobacteria (11.0% on average), Chloroflexi (10.9% on
average), Bacteroidetes (6.7% on average), and Nitrospirae (5.1% on average). Sequences affiliated with
Firmicutes, Cyanobacteria, Planctomycetes, and Actinobacteria were relatively abundant. The samples
during the low water period had higher abundance of Firmicutes than the samples during the high
water period, and the analysis of variance results indicated that there were significant differences
(p < 0.01) among the samples before and after impoundment. HS1 and LS1 had higher abundance
of Nitrospirae than samples from other points of collection. With the exception of samples from S1,
S7, and S8, the abundance of Nitrospirae during the low water period was higher than during the
high water period (p < 0.01). The relatively high abundance of Cyanobacteria (8.2% and 2.7%) was
respectively observed in the samples of HS2 and HS6, and the samples of LS2 and LS6 had lower
abundance (<2%) of Cyanobacteria during the low water period.
Proteobacteria is reportedly the most abundant phylum in soil and sediment [33,34]. In this
study, the most abundant bacterial phylum was Proteobacteria. Acidobacteria, and Chloroflexi, which are
common in lake sediments [33,35], and were also abundant in the present study. The HS1 and LS1
samples were located in east Dongting Lake. They had higher TN concentrations in interstitial water
(monitoring data, 1.89 mg¨ L´1 ) and overlying water (monitoring data, 5.67 mg¨ L´1 ) and nitrification
sediment might have occurred frequently at the sediment-water interface. Therefore, HS1 and LS1
had higher abundance of Nitrospirae than the other locations. Firmicutes produces spores that could
resist dehydration and extreme environment conditions. Therefore, the samples during the low water
period had higher Firmicutes abundance than samples during the high water period. HS2 and HS6 had
a relatively high abundance of Cyanobacteria during the high water period. A previous study reported
that Cyanobacteria was dominant in the water column [36]. S2 was located in the outlet of Dongting
Lake and the estuary of the Yangtze River, whereas S6 was located in the river estuary into Dongting
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Lake. The sediments from these two positions had high TN and TP concentrations (Table 1), and these
positions showed eutrophication and algal bloom during the high water period.
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LS2, LS5, LS9 and LS10 (Group D). The analysis of significance test indicated that samples from
high (Group A and B) and low (Group C and D) water period had significant differences (p < 0.05).
RDA was performed based on population abundance and environment factors with Monte
Carlo permutation test. Figure 4b shows the results after using sample-environment biplot. In Figure 4b,
the first axis explained 58.6% of the bacterial diversity, whereas the second axis explained 18.8% of
the variation. The results of Monte Carlo permutation test indicated that TN (F = 17.50, p = 0.014)

exhibited negative relationships with TN, TP, ORP and T. DO was lowly correlated with the other
environmental factors (F = 0.429). Changes in pH had a distinct effect on the community
composition of samples from high (HS5, HS8 and HS10) and low water periods (LS5, LS8 and LS10)
compared to the other samples. Proteobacteria was the most abundant and the largest phylum in
sediment samples from S5 and S10, and pH might be related to its abundance [37]. Three factors
(TN, ORP and T) were related to the community compositions of the other samples (HS2, LS2, HS7
Int. J. Environ. Res.
Public Health 2016, 13, 617
and LS7). TP was related to the bacterial communities of the samples from S1, S3 and S9, and
Acidobacteria was enriched in sediment samples (HS1, HS3, LS1 and LS3) from Groups A and C.
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community structure (a); and the RDA (b) of the bacterial communities, as affected by environmental
conditions, and based on the relative abundance of dominant bacterial phyla.
3.4. LEfSe Analysis Based on Community Abundance

LEfSe is an effective algorithm for high-dimensional biomarker discovery and for explaining
detailed identification of abundance features, which characterizing the differences between two or
more biological conditions [32]. This method was designed to analyze data, wherein the number of
species is much higher than the number of samples and to provide biological class explanations to
establish statistical significance, biological consistency, and effect-size estimation of predicted
biomarkers [32]. Generally, this tool can analyze bacterial community data at any taxonomy level.
In this study, we performed statistical analyses from phylum to genus levels.
Cladogram (Figure 5) show taxa with the default logarithmic (LDA) values (Figure 6) higher
than 3.0 for clarity. The bacterial lineages mainly enriched in Group A were Candidate_division_OP3,
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3.4. LEfSe Analysis Based on Community Abundance
LEfSe is an effective algorithm for high-dimensional biomarker discovery and for explaining
detailed identification of abundance features, which characterizing the differences between two or
more biological conditions [32]. This method was designed to analyze data, wherein the number
of species is much higher than the number of samples and to provide biological class explanations
to establish statistical significance, biological consistency, and effect-size estimation of predicted
biomarkers [32]. Generally, this tool can analyze bacterial community data at any taxonomy level.
In this study, we performed statistical analyses from phylum to genus levels.
Cladogram (Figure 5) show taxa with the default logarithmic (LDA) values (Figure 6) higher
than 3.0 for clarity. The bacterial lineages mainly enriched in Group A were Candidate_division_OP3,
Spirochaetaceae (an order from Spirochaetales), Deltaproteobacteria, and Methylophilales (an order from
Betaproteobacteria), as shown in Figure 5. Among these, only Spirochaeta and Methylophilaceae showed
LDA values higher than 3 in Group A sediment (Figure 6).
Six groups of bacteria were abundant in Group B, namely Cyanobacteria (from phylum to
class), Bacteroidetes (from phylum to genus), Desulfuromonadales (an order from Deltaproteobacteria),
Holophagales (within Acidobacteria), Opitutae (within Verrucomicrobia), and Chitinivorax (within
Betaproteobacteria), as shown in Figure 5. Within these groups, four fine lineages had an LDA value of 3
or higher, namely Holophagaceae, Virgulinella_Fragilis, Geobacteraceae, and Opitutaceae (Figure 6).
The Firmicutes and Gammaproteobacteria (the class and their order of Enterobacteriales) were enriched
in the Group C, particularly the Bacilli and Clostridia in Firmicutes (Figure 5). Figure 6 also indicates
that Bacillaceae, Peptostreptococcaceae, and Enterobacteriaceae had LDA values higher than 3.
Five groups of bacteria were present in Group D (see Figure 5), namely Firmicutes,
Cyanobacteria, Actinobacteria, Nevskiaceae, and Shewanellaceae (within Gammaproteobacteria),
and Hyphomicrobiaceae and Rhizobiaceae (within Alphaproteobacteria). Among these, only
Hyphomicrobiaceae showed a LDA value higher than 3 among the Group D sediments (see Figure 6).
With the help of high sequence numbers, our study determined diverse lineages, and almost all
common phyla were observed in each group of sediment. Within their phylum, Betaproteobacteria and
Deltaproteobacteria were enriched in the sediment samples from Groups A and B, Gammaproteobacteria
was enriched in the sediment samples from Groups C and D, and Alphaproteobacteria was enriched
in the sediment samples from Group D. As the most diverse and even community, the samples from
Groups B and D had the highest number of indicator taxa distributed in a variety of lineages, of which
Cyanobacteria and Actinobacteria were the major indicators, respectively (Figures 5 and 6). The samples
from Groups B and D were collected from the river estuary into Dongting Lake, and diversity
of bacterial community was high because of the complex environmental conditions. In the river
estuary into Dongting Lake, the eutrophication was relatively steep during the high water period,
and Cyanobacteria were enriched. Actinobacteria commonly existed in soil or sediment, particularly
under the conditions with low water content or high organic matter [38]. Therefore, during the low
water period, the samples from Group D were rich with Actinobacteria. The sediment samples from the
three lake districts of Dongting Lake during the high water period (Group A) and low water period
(Group C) were mainly enriched with Deltaproteobacteria and Firmicutes. In order to withstand the
dehydration and extreme environment, a high amount of Firmicutes existed in sediments during the
low water period. This might be the cause of high abundance of Firmicutes in Group C.
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Figure 5. Cladogram indicates the phylogenetic distribution of microbial lineages associated with the four groups of sediments; lineages with LDA values of 2.0 or
Figure 5. Cladogram indicates the phylogenetic distribution of microbial lineages associated with the four groups of sediments; lineages with LDA values of 2.0 or
higher (as determined by LEfSe) are displayed. The black circles from inner to outer stand for phylum, class, order, family, genus, and species. Red, green, blue, and
higher (as determined by LEfSe) are displayed. The black circles from inner to outer stand for phylum, class, order, family, genus, and species. Red, green, blue,
purple circles stand for the samples from Groups A, B, C, and D, respectively.
and purple circles stand for the samples from Groups A, B, C, and D, respectively.
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4. Conclusions
The sediment bacterial community in downstream linked lakes was greatly influenced by the
operation of large-scale water conservancy projects. In Dongting Lake, the bacterial communities
had significant differences before and after impoundment of the TGD. The results show that the
sediment samples before impoundment of the TGD had higher community diversity and richness
than after impoundment. The most abundant phylum obtained by the sequence affiliated to the
bacterial domain is Proteobacteria in both water periods. Betaproteobacteria and Deltaproteobacteria
were highly abundant in the sediment samples before impoundment of the TGD. The abundance of
Gammaproteobacteria in the sediment samples after impoundment of the TGD was high. Acidobacteria,
Chloroflexi, Bacteroidetes, and Nitrospirae were also relatively abundant phyla in the sediment samples.
The TP and DO concentrations affected bacterial communities of the samples from S1 and S9.
The bacterial communities of the samples from S2 and S7 were related to the TN, ORP concentrations,
and the water temperature.
The sediment bacterial community in downstream linked lakes is important to the entire lake’s
ecosystem. Understanding the profiling of sediment bacterial community in downstream linked
lakes before and after impoundment of the water conservancy projects is crucial to lake preservation
and control. Taking a large downstream linked lake, Dongting Lake, as the example, new insights
into the bacterial communities in the sediments of Dongting Lake and valuable references for such
communities before and after impoundment of the TGD are provided.
Acknowledgments: This study was supported by the National Basic Research Program of China (No. 2012CB417004).
We also would like to thank Binghui Zheng for helping us during the revision.
Author Contributions: Xia Jiang conceived this study and helped to improve and revise the manuscript.
Wei Huang done the experiments and wrote the manuscript.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.

4.
5.
6.

7.

8.
9.

10.

Walling, D.E. Human impact on land-ocean sediment transfer by the world’s rivers. Geomorphology 2006,
79, 192–216. [CrossRef]
Zhou, Y.; Li, J.; Zhang, Y.; Zhang, X.; Li, X. Enhanced lakebed sediment erosion in Dongting Lake induced by
the operation of the Three Gorges Reservoir. J. Geog. Sci. 2015, 25, 917–929. [CrossRef]
Chai, C.; Yu, Z.; Shen, Z.; Song, X.; Cao, X.; Yao, Y. Nutrient characteristics in the Yangtze River estuary and
the adjacent East China Sea before and after impoundment of the Three Gorges Dam. Sci. Total Environ. 2009,
407, 4687–4695. [CrossRef] [PubMed]
Bearsdley, R.C.; Limeburner, R.; Yu, H.; Cannon, G.A. Discharges of Changjiang (Yangtze River) into the East
China Sea. Cont. Shelf Res. 1985, 4, 55–76.
Nilsson, C.; Reidy, C.A.; Dynesius, M.; Revenga, C. Fragmentation and flowregulation of the world’s large
river systems. Science 2005, 308, 405–408. [CrossRef] [PubMed]
Chang, J.A.; Li, J.B.; Lu, D.Q.; Zhu, X.; Lu, C.Z.; Zhou, Y.Y.; Deng, C.X. The hydrological effect between
Jingjiang River and Dongting Lake during the initial period of Three Gorges Project operation. J. Geog. Sci.
2010, 20, 771–786. [CrossRef]
Zinger, L.; Amaral-Zettler, L.A.; Fuhrman, J.A.; Horner-Devine, M.C.; Huse, S.M.; Welch, D.B.M.;
Martiny, J.B.H.; Sogin, M.; Boetius, A.; Ramette, A. Global patterns of bacterial beta-diversity in seafloor and
seawater ecosystems. PLoS ONE 2011, 6, e24570. [CrossRef] [PubMed]
Nealson, K.H. Sediment bacteria: Who’s there, what are they doing, and what’s new? Annu. Rev. Earth
Planet Sci. 1997, 25, 403–434. [CrossRef] [PubMed]
Liu, F.H.; Lin, G.H.; Gao, G.; Qin, B.Q.; Zhang, J.S.; Zhao, G.P.; Zhou, Z.H.; Shen, J.H. Bacterial and archaeal
assemblages in sediments of a large shallow freshwater lake, Lake Taihu, as revealed by denaturing gradient
gel electrophoresis. J. Appl. Microbiol. 2009, 106, 1022–1032. [CrossRef] [PubMed]
Dillon, J.G.; McMath, L.M.; Trout, A.L. Seasonal changes in bacterial diversity in the Salton Sea. Hydrobiologia
2009, 632, 49–64. [CrossRef]

Int. J. Environ. Res. Public Health 2016, 13, 617

11.
12.
13.

14.

15.

16.

17.

18.
19.
20.

21.

22.

23.
24.

25.
26.
27.

28.

29.
30.

14 of 15

Chen, C.T.A. The Three Gorges Dam: Reducing the upwelling and thus productivity in the East China Sea.
Geophys. Res. Lett. 2000, 27, 381–383. [CrossRef]
Xu, K.H.; Milliman, J.D. Seasonal variations of sediment discharge from the Yangtze River before and after
impoundment of the Three Gorges Dam. Geomorphology 2009, 104, 276–283. [CrossRef]
Jiao, N.Z.; Zhang, Y.; Zeng, Y.H.; Gardner, W.D.; Mishonov, A.V.; Richardson, M.J.; Hong, N.; Pan, D.L.;
Yan, X.H.; Jo, Y.H.; et al. Ecological anomalies in the East China Sea: Impacts of the Three Gorges Dam?
Water Res. 2007, 41, 1287–1293. [CrossRef] [PubMed]
Yan, Q.; Bi, Y.; Deng, Y.; He, Z.L.; Wu, L.Y.; Van Nostrand, J.D.; Shi, Z.; Li, J.J.; Wang, X.; Hu, Z.Y.; et al.
Impacts of the Three Gorges Dam on microbial structure and potential function. Sci. Rep. 2015, 5, 8605.
[CrossRef] [PubMed]
Sekiguchi, H.; Watanabe, M.; Nakahara, T.; Xu, B.H.; Uchiyama, H. Succession of bacterial community
structure along the Changjiang River determined by denaturing gradient gel electrophoresis and clone
library analysis. Appl. Environ. Microbiol. 2002, 68, 5142–5150. [CrossRef]
Yan, Q.Y.; Yu, Y.H.; Feng, W.S.; Yu, Z.G.; Chen, H.T. Plankton community composition in the Three Gorges
Reservoir region revealed by PCR-DGGE and its relationships with environmental factors. J. Environ. Sci.
2008, 20, 732–738. [CrossRef]
Gong, G.C.; Chang, J.; Chiang, K.P.; Hsiung, T.M.; Hung, C.C.; Duan, S.W.; Codispoti, L.A. Reduction of
primary production and changing of nutrient ratio in the East China Sea: Effect of the Three Gorges Dam?
Geophys. Res. Lett. 2006, 33, L07610. [CrossRef]
Feng, L.; Hu, C.M.; Chen, X.L.; Zhao, X. Dramatic inundation changes of China’s two largest freshwater
lakes linked to the Three Gorges Dam. Environ. Sci. Technol. 2013, 47, 9628–9634. [CrossRef] [PubMed]
Jiao, L. China scientists line up against dam that would alter protected wetlands. Science 2009, 326, 508–509.
[CrossRef] [PubMed]
Wu, H.; Zeng, G.; Liang, J.; Guo, S.; Dai, J.; Lu, L.; Wei, Z.; Xu, P.; Li, F.; Yuan, Y.; et al. Effect of early dry
season induced by the Three Gorges Dam on the soil microbial biomass and bacterial community structure
in the Dongting Lake wetland. Ecol. Indic. 2015, 53, 129–136. [CrossRef]
Schutte, U.; Abdo, Z.; Bent, S.J.; Shyu, C.; Williams, C.J. Advances in the use of terminal restriction
fragment length polymorphism (TRFLP) analysis of 16S rRNA genes to characterize microbial communities.
Appl. Microbiol. Biotechnol. 2008, 80, 365–380. [CrossRef] [PubMed]
Cetecioglu, Z.; Ince, B.K.; Kolukirik, M.; Ince, O. Biogeographical distribution and diversity of bacterial and
archaeal communities within highly polluted anoxic marine sediments from the Marmara sea. Mar. Pollut. Bull.
2009, 58, 384–395. [CrossRef] [PubMed]
Pratt, B.; Riesen, R.; Johnston, C.G. PLFA Analyses of microbial communities associated with PAH-contaminated
riverbank sediment. Microb. Ecol. 2012, 64, 680–691. [CrossRef] [PubMed]
Ruban, V.; Lopez-Sanchez, J.F.; Pardo, P.; Rauret, G.; Muntau, H.; Quevauviller, P. Development of a harmonised
phosphorus extraction procedure and certification of a sediment reference material. J. Environ. Monit. 2001,
3, 121–125. [CrossRef] [PubMed]
Institute of Soil Science, Chinese Academy of Science. Soil Physics Chemical Analysis; Shanghai Science and
Technology Press: Shanghai, China, 1978.
Huang, W.; Lu, Y.; Li, J.H.; Zheng, Z.; Zhang, J.B.; Jiang, X. Effect of ionic strength on phosphorus sorption in
different sediments from a eutrophic plateau lake. RSC Adv. 2015, 5, 79607–79615. [CrossRef]
Liao, X.P.; Zhang, C.X.; Yao, L.L.; Li, J.L.; Liu, M.; Xu, L.; Evalde, M. Sorption behavior of nonylphenol
(NP) on sewage-irrigated soil: kinetic and thermodynamic studies. Sci. Total Environ. 2014, 473, 530–536.
[CrossRef] [PubMed]
Liu, Z.Z.; DeSantis, T.Z.; Andersen, G.L.; Knight, R. Accurate taxonomy assignments from 16S rRNA
sequences produced by highly parallel pyrosequencers. Nucleic Acids Res. 2008, 36, e120. [CrossRef]
[PubMed]
Wang, Y.; Qian, P.Y. Conservative fragments in bacterial 16S rRNA genes and primer design for 16S Ribosomal
DNA amplicons in metagenomic studies. PLoS ONE 2009, 4, e7401. [CrossRef] [PubMed]
Xiong, J.B.; Ye, X.S.; Wang, K.; Chen, H.P.; Hu, C.J.; Zhu, J.L.; Zhang, D.M. Biogeography of the sediment
bacterial community responds to a nitrogen pollution gradient in the East China Sea. Appl. Environ. Microbiol.
2014, 80, 1919–1925. [CrossRef] [PubMed]

Int. J. Environ. Res. Public Health 2016, 13, 617

31.

32.
33.
34.

35.

36.
37.
38.

15 of 15

Kozich, J.J.; Westcott, S.L.; Baxter, N.T.; Highlander, S.K.; Schloss, P.D. Development of a Dual-Index
Sequencing strategy and curation pipeline for analyzing amplicon sequence data on the Miseq Illumina
Sequencing Platform. Appl. Environ. Microbiol. 2013, 79, 5112–5120. [CrossRef] [PubMed]
Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C. Metagenomic
biomarker discovery and explanation. Genome Biol. 2011, 12, 1–18. [CrossRef] [PubMed]
Bai, Y.; Shi, Q.; Wen, D.; Li, Z.; Jefferson, W.A.; Feng, C.; Tang, X. Bacterial communities in the sediments of
Dianchi Lake, a partitioned eutrophic waterbody in China. PLoS ONE 2012, 7, e37796. [CrossRef] [PubMed]
Chaudhry, V.; Rehman, A.; Mishra, A.; Chauhan, P.S.; Nautiyal, C.S. Changes in bacterial community
structure of agricultural land due to long-term organic and chemical amendments. Microb. Ecol. 2012,
64, 450–460. [CrossRef] [PubMed]
Tamaki, H.; Sekiguchi, Y.; Hanada, S.; Nakamura, K.; Nomura, N.; Matsumura, M.; Kamagata, Y.
Comparative analysis of bacterial diversity in freshwater sediment of a shallow eutrophic lake by molecular
and improved cultivation-based techniques. Appl. Environ. Microbiol. 2005, 71, 2162–2169. [CrossRef]
[PubMed]
Wen, D.H.; Bai, Y.H.; Shi, Q.; Li, Z.X.; Sun, Q.H.; Sun, R.H.; Feng, C.P.; Tang, X.Y. Bacterial diversity in the
polluted water of the Dianchi Lakeshore in China. Ann. Microbiol. 2012, 62, 715–723. [CrossRef]
Newton, R.J.; Jones, S.E.; Eiler, A.; McMahon, K.D.; Bertilsson, S. A guide to the natural history of freshwater
lake bacteria. Microbiol. Mol. Biol. R. 2011, 75, 14–49. [CrossRef] [PubMed]
Gudasz, C.; Bastviken, D.; Premke, K.; Steger, K.; Tranvik, L.J. Constrained microbial processing of
allochthonous organic carbon in boreal lake sediments. Limnol. Oceanogr. 2012, 57, 163–175. [CrossRef]
© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

