
Deciphering Historical Water-Quality
Changes Recorded in Sediments
Using eDNA
Jing Sun1,2, Xueping Chen1*, Juan Yu1, Zheng Chen3, Lihua Liu4, Yihong Yue1, Zhiwei Fu1,
Ming Yang1* and Fushun Wang1

1Department of Environmental and Chemical Engineering, Shanghai University, Shanghai, China, 2Department of Ocean Science,
The Hong Kong University of Science and Technology, Kowloon, China, 3Department of Environmental Science, Xi’an Jiaotong-
Liverpool University, Suzhou, China, 4Key Laboratory of Gas Hydrate, Guangzhou Institute of Energy Conversion, Chinese
Academy of Sciences, Guangzhou, China

Reservoir sediments harbor abundant bacterial communities that are sensitive to
substances transferred from the water column and might record historic water quality in
environmental DNA (eDNA). The unique bacterial community along the sediment profile were
retrieved based on eDNA in a reservoir to investigate potential links between water quality
and the microbial population on a long-time scale. Bacterial communities in sediment
samples gathered into three clusters along the depth (depths of 18–38, 8–18, and 1–7 cm).
These three sections accumulated during three periods in which water quality was recorded
in history (the pristine stage, degraded stage and remediated stage). Sediment samples from
the degraded stage had lower microbial community evenness and diversity and higher
microgAMBI indices than the other two sections, suggesting that poor water quality during
that period was recorded in sedimental eDNA. After decades of biogeochemical cycles,
statistical analysis revealed that the main factors affecting the microbial community were
bromine, chlorine, and high molecular-weight PAHs in sediments from the degraded stage.
The relevant functional groups Dehalococcoidia, Gemmatimonadales, Sva0485,
Burkholderiales and Xanthomonadales might be indicators of the historical loading of
these pollutants. Amending the microgAMBI index with our functional group of pollution
can better illustrate the significant long-term environmental changes caused by historic
anthropogenic activities. In sediments from the pristine stage with less pollution input, DIC
(dissolved inorganic carbon) from the karst landform was the dominant factor controlling
microbial communities. Whereas, the surface sediments, which accumulated during the
remediated stage, had more correlation with chemistry, such as sulfate and heavy metals, in
the overlying water. Our research revealed that historical changes in the water condition, that
can be affected by anthropogenic activities, can be depicted by changes in the bacterial
communities stored in the sediment using sedimental eDNA. Assessments of the bacterial
communities in the sediments, either by describing their biodiversity or using particular
species as indicators, would be potential proxies to describe historical environmental
development of microbial communities.
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INTRODUCTION

Human activities have profoundly impacted the nutrient supply
and contaminants of inland waters (Williamson et al., 2008;Gao
et al., 2020). To improve water quality, the Chinese government
has taken a series of actions to remediate pollution and protect
water resources (Shi et al., 2015; Yu et al., 2019). Evaluation of
critical chemical criteria in water showed that these multiple
efforts had remedied the water quality to a certain extent (Wang
et al., 2017; Ma et al., 2020). However, can this strategy of action
administration after contamination erase early contamination in
history? The long-term effects of anthropogenic pollution and
protection activities on the whole water system are still unclear.

As a crucial part of the water ecosystem, sediments tend to
accumulate inputs derived from sources associated with human
activities in river basins (Taylor and Owens, 2009; Ariztegui et al.,
2015). Sediments in reservoirs are especially characterized by
their ability to accumulate pollutants and nutrients sequestered
due to dam retention effects and relatively longer water residence
times (Kunz et al., 2011; Michalec and Cupak, 2021). During
accumulation, sediments incessantly reserve nutrients, pollutants
and particles in water bodies over a long time period. Highly
accumulated substances cause two- to tenfold higher microbial
abundance in sediments than in water bodies (Vignesh et al.,
2014). These microorganisms were recognized to play a
prominent role in mobilizing and regenerating nutrients and
pollutants in freshwater (Newton et al., 2011). The close contact
and frequent exchanges between sediments and the overlying
water raised a question about the sediment deposition as keeping
environmental information that the corresponding chemical and
bacterial profile can record in sediment. Jorgensen et al.
compared the profile of the microbial community and
geochemical data in the sediments from the Arctic Mid-Ocean
Ridge. Their results suggested that organic carbon and minerals
can change microbial communities (Jorgensen et al., 2012).
Because natural and anthropogenic activities are the main
sources of these chemical substances, we speculated that the
present profile of geochemical and microbiological activities
could reflect the past environment. However, most studies on
sediment profiles have focused on diagenetic processes, such as
oxygen availability, nitrate reduction zones and sulfate reduction
zones (Gu et al., 2007; Li et al., 2012; Bertran et al., 2020). The
possibility of sedimental chemical substances and microbial
communities keeping messages of historical water quality
remains undiscovered.

Advances in high-throughput sequencing technologies allow
for studying microbial communities in situ with high taxonomic
resolution. Environmental DNA (eDNA) is DNA isolated from
environmental samples, such as water or sediment samples from
the aquatic ecosystem (Pawlowski et al., 2020). Buried sedimental
eDNA is a powerful source of continuous temporal data for
research on long-term ecological variations (Balint et al., 2018).
The occurrence and abundance of specific taxonomic groups
were proposed to biologically assess aquatic ecosystems
(Pawlowski et al., 2018; Sun et al., 2021). During the past
decade, an increasing number of studies have applied aquatic
sediment DNA to trace the impacts of pollution (Rodriguez et al.,

2021), eutrophication (Liu et al., 2020), anthropogenic activities
(Li et al., 2018a). However, studies on the long-term impact of
human activities on ecosystems using sedimental eDNA are rare
(Balint et al., 2018). Even though microbial eDNA can persist for
only 1–14 days before degradation, the microbial community
does not change until environmental factors change (Jorgensen
et al., 2012; Dornelas et al., 2013). Aquatic sediments are
heterogeneous because of the geochemical substances
accumulated at different times. Patterns of how historical
environmental changes impact biodiversity may be traced-
validated with sedimental eDNA. Furthermore, the microbial
indices in sediments under different water qualities in history can
help us to understand the ecological attributes of microbial
communities and predict the future variation in aquatic
ecosystems (Pawlowski et al., 2018).

Hongfeng Reservoir is a typical reservoir in China that has
been polluted and remediated throughout history. With the
development and management of the Hongfeng Reservoir, the
water quality was recorded as three distinct periods according to
the environmental quality standard for surface water in China
(GB3838-2006, divided water quality into five classes: Class I-V,
good to poor). The Hongfeng Reservoir served as a source of
drinking water when dams were initially constructed in the 1960s.
During that period, the water quality was good and met the
standard of class II (An et al., 2009). Since the 1990s, with the
development of the industry, agriculture, fishery and tourism
around Hongfeng Reservoir, the water body has been seriously
polluted with pollutants from factories, mining, farming and
more. It was recorded that the chemical oxygen demand
(COD) concentration was higher than the Class V assessment
criteria of water quality in GB 3838-2002 (Chen et al., 2009; Yang
et al., 2014; Dong and Wen, 2015). In the 2010s, to protect the
quality of aquatic environments in China, the government and
scientists endeavored to control pollution. The water quality
monitoring results showed that the water quality had been
improved to class III (Chen et al., 2009; Yang et al., 2014).
Here, we name these three periods the pristine stage
(1960–1990s), degraded stage (1990s–2007) and remediated
stage (2008–2018). Furthermore, many studies have been
performed in the Hongfeng Reservoir, leaving us abundant
information about the geological characteristics, especially the
sedimentation rates, of this site (Wei et al., 2005; Zheng et al.,
2008; Guo et al., 2011). These historical changes in water quality
caused by anthropogenic pressures in Hongfeng Reservoir
provide us with an ideal setting to study the possibility of
tracing historical water quality through sedimental chemical
substances and microbial communities.

We hypothesized that sedimental geochemical properties and
microbial communities at different depths have recorded
information about historical water quality, and we can trace
the changes in historical water quality through sedimental
eDNA. In this study, the microbial and physicochemical
properties along the sediment depth were analyzed
synchronously to explore the microbial and physicochemical
indices under different aquatic environmental qualities in
history. This study can improve our understanding of the
long-term effects of anthropogenic activities on water systems.
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MATERIALS AND METHODS

Sampling Site and Sample Collection
The Hongfeng Reservoir (106°19′–106°28′E, 26°26′–26°35′N) is
located on the Guizhou Plateau of southwestern China. It was
built in the 1960s and served as one of the sizable artificial
reservoirs in southwestern China. It has a surface area of
57.2 km2, a mean water depth of 10.5 m (max. 45 m) and a
water capacity of 6.01 × 108 m3. The area has a typical karst
landform. In this area, carbonate rocks are widely distributed, and
water is near neutral to slightly alkaline (pH 7.47–8.67).

The sediment cores were collected in the central area of the
Hongfeng Reservoir (106°25′E, 26°29′N), which had a water
depth of ∼15 m. Three sediment cores were collected by a
gravity sampler (Wang and Huang, 1998) in January 2016.
These three sediment cores have the same diameter of 80 mm,
and the bottom of the sediments was observed as the initial soil
before flooding with yellow compacting characteristics. The
upper water layer in the sampling column was collected
immediately into sampling bottles to test chemical properties
in the water body. All the columns were split and then put into
sterile zip lock bags in the field immediately. For each column, the
surface 0–20 cm was sliced at 1 cm intervals. The other part was
sliced at 2 cm intervals. Pore water was collected immediately in
vacuum blood collection tubes by a Rhizon soil moisture sampler
(Rhizosphere Research Products B.V., Netherlands) and stored at
4°C for testing. Some of the sediment samples were stored at
−80°C for DNA extraction and sequencing, and others were
stored at 4°C for soil property testing. We only collected
samples at one site in this study, more comparation with other
researches in Hongfeng Reservoir should be conducted when we
analyze the results.

Estimation of Sedimentation Rate
The sedimentation rate of the Hongfeng Reservoir was reported
to be 0.81–1.09 cm yr−1 (Wei et al., 2005; Zheng et al., 2008; Guo
et al., 2011). Zheng et al. used the Pu activity to analyze the profile
of sedimentation rate and relative depositional time from the
buildup year (1960) to their sampling time (2004) at Hongfeng
Reservoir (Supplementary Table S1A). Our sediment cores
contained initial soil from the 1960s at the bottom, and it is
reasonable to estimate that sediments in deeper sections have a
similar depositional time to Zheng et al.’s result (Supplementary
Table S1B, depositional time of sediment from 18–38 cm was
estimated as 1960–1990s). However, we observed a seasonal
change in the length of the sediment core, which was 38 cm in
January 2016 and 60 cm in June of the same year. The thicker
sediment in summer may be due to the high gas production, for
example, methane and carbon dioxide, at that time, causing
higher porosity and less compaction. (Xiao et al., 2013; Gruca-
Rokosz and Tomaszek, 2015). Wilkinson et al. reported that
summer methane ebullition in the sediments could produce
4–10 times more methane than winter methane ebullition, and
sediment methane formation was dominated by the layer above
20 cm (Wilkinson et al., 2015). Zheng et al.’s study also supported
this idea. Their sediment core was collected in July 2004, which

was 37 cm and had a higher porosity and sedimentation rate in
the upper layer (∼1.3–3 cm yr−1). In this study, we conducted our
sampling in January 2016, which only had a similar length
(38 cm) as Zheng’s research 12 years ago (Zheng et al., 2008).
Thus, for our present study, the average sedimentation rates
[17 cm/ (2017–1990) yr � 0.63 cm yr−1] in the upper section
(0–17 cm) should be smaller than those in Zheng’s research
(1.58 cm yr−1). Following the pattern that the sedimentation
rate should decrease with depth, we estimated sedimentation
rates of 0–7 and 8–17 cm as 0.78–0.88 cm yr−1 and
0.60–0.63 cm yr−1, respectively (Supplementary Table S1).

Properties of Pore Water and Sediment
All the upper water and pore water samples were filtered using
filter paper with a 0.22 μm pore size before testing. After diluting
the filtered samples 100 times with deionized water, the
concentrations of NO3

−, SO4
2−, Cl−, and Br− were determined

by ion chromatography (Dionex ICS-1100 RFIC system, Thermo
Scientific Dionex, United States) with a Dionex IonPac AG19-
250/4.0 column (Dionex, United States), and the flow rate was
1.0 ml min−1. The total concentrations of Fe, Mn, Ni, As, Pb and
Cr in pore water were analyzed by inductively coupled
plasma−mass spectrometry (ICP−MS, iCAP Q ICP-MS,
Thermo, United States). Dissolved inorganic carbon (DIC) was
analyzed by a Gasbench II-isotope ratio mass spectrometer
(Gasbench II-IRMS, Delta V Advantage, Thermo Scientific,
United States). The concentration of total organic carbon
(TOC) was analyzed with a TOC analyser (Multi N/C 3100
with solid module HT1300, Analytik Jena AG, Germany). Pre-
weighed sediment samples were dried at 40°C for 48 h to a steady
weight. The water content was calculated based on the difference
between the wet weight and dry weight. We measured all the
chemical characteristics of water samples, including the pore
water of sediments and the upper water. The chemical
characteristics of sediment were overlooked in this study,
which needs more support from published researches when we
analyze the results.

DNA Extraction and Sequencing
Total genomic DNA from each sample was extracted by the
UltraClean Soil DNA Isolation Kit (Mobio Laboratories Inc.,
United States) following the manufacturer’s protocol. The
quantity of DNA was checked by a UV–vis spectrophotometer
(Q5000, Quawell, United States) and verified by electrophoresis
in 1% (w/v) agarose gels. The conserved V4−V5 region of the
bacterial 16S rRNA gene was amplified by using primers tag-515F
(5′-GTGCCAGCMGCCGCGG-3′) and 907R (5′-
CCGTCAATTCMTTTRAGTTT-3′). A volume of 25 μL
reaction system contained 2.5 μL reaction buffer 10x, 1 μL
dNTPs (10 mM), 0.5 μL bovine serum albumin (BSA; 1 mg ml-
1), 1 μL MgCl2 (50 mM), 0.3 μL of each primer (10 μM), 10 ng of
template DNA, and 0.5 μL of Taq DNA Polymerase (5 U μL1)
(rTaq, TaKaRa, Dalian, China). The thermocycling program was
followed by initial denaturation for 3 min at 95°C, 30 cycles of 30 s
at 95°C, 30 s at 55°C for bacteria, and 30 s at 72°C, and a final
extension for 10 min at 72°C. High-throughput sequencing was
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processed with standard Illumina MiSeq protocols (Majorbio
Technology, Shanghai, China) to generate paired-end reads.

The sequence data were processed by the QIIME (version
1.9.1) pipeline (Lai et al., 2014). The raw reads were
subsequently preprocessed by removing bad sequences,
including artificial, ambiguous and length less than 200 bp
sequences. After chimaera removal (Edgar, 2010), the
preprocessed reads were aligned using PyNAST (Caporaso
et al., 2010) with the SILVA database (https://www.arb-
silva.de), and operational units (OTUs) were clustered with
a 97% similarity cut-off. Then, the phylogenetic affiliation of
typical sequences was analyzed by RDP Classifier against the
Silva (SSU115) 16S rRNA database with a confidence threshold
of 70%.

Alpha Diversity Analysis
The alpha diversity indices were calculated with MOUTHER to
analyze the complexity of species diversity for each sample
(versionv.1.30.1 http://www.mothur.org/wiki/Schloss_SOP#Alpha_
diversity). The Sobs indices can reflect the observed community
richness of each sample, and higher Sobs values demonstrate higher
community richness. The heip indices can reflect the community
evenness with Heip’s metric of each sample, and a higher heip value
demonstrates higher community evenness. The Shannon indices can
reflect community diversity, and a higher Shannon value
demonstrates higher community diversity (Mendes et al., 2015;
Xie et al., 2016).

MicrogAMBI Index
MicrogAMBI is a bacterial community-based index that uses
bacterial composition to assess the ecological status of the
environment (Aylagas et al., 2017; Borja, 2018). According to
the taxa list provided by the method, microbes are classified into
two ecological groups: EGI, as taxa not associated with pollution
inputs, and EGIII, as taxa associated with pollution inputs. By
comparing the microbial community of our samples to the taxa
list, we calculated the microgAMBI index as:

microgAMBI � [(0 ×%EGI) + (6 ×%EGIII)]
100

(1)

A higher value of the microgAMBI index means a larger
proportion of pollution-related microbes and more inferior
environmental status. In this method, they classified the
environmental ecological status into five groups according to
the microgAMBI index: high ecological status (0< microgAMBI
≤1.2), good ecological status (1.3< microgAMBI ≤2.4), moderate
ecological status (2.5< microgAMBI ≤3.6), poor ecological status
(3.7< microgAMBI ≤4.8) and bad ecological status (4.9<
microgAMBI ≤6). We calculated indices of microgAMBI
according to the taxa list summarized by Borja (Borja, 2018).

Statistical Analysis
Principal component analysis (PCA) was conducted with R
language using the corresponding analysis and plot packaging
to reveal the difference and similarity between microbial
communities. Redundancy analysis (RDA) was performed by
the vegan package of R Language to evaluate the correlation

between the microbe community and environmental factors.
Partial least squares discriminant analysis (PLS-DA) was
conducted with the mix omics package of R Language to show
the reasonableness of grouping. The heatmap showing the
correlation between microbes in the top 50 most abundant
taxa and environmental factors was constructed with the
pheatmap package of R language using the Spearman
correlation coefficient. The significance of the ecological
matrix of the microbial community was calculated with SPSS
(Statistical Product and Service Solutions).

Accession Numbers
TheOTU sequences are publicly available at the BioSample database
of NCBI (BioProject: PRJNA408013, Biosamples: SAMN07673091-
SAMN07673145). These data can be found here: https://www.ncbi.
nlm.nih.gov/Traces/study/?acc�PRJNA408013.

RESULTS

Depositional Time of Sediment Profile
We estimated that sediments at depths of 1–7 cm were
deposited from 2007 until the sampling time, and sediments
at depths of 8–17 and 18–38 cm were deposited from
1990–2007 and 1960–1990, respectively (Supplementary
Table S1). Therefore, correlating the sediment depth and
water qualities of the three periods, sediments at depths of
1–7 cm were deposited from the remediated stage, sediments at
depths of 8–17 cm accumulated during the degraded stage, and
sediments at depths of 18–38 cm settled from the
pristine stage.

Furthermore, the percentages of TOC in the sediment profile
are listed in Table 1. The results revealed higher TOC
concentrations in sediment at depths of 8–17 cm (2.36–4.03%
at depths of 8–17 cm, compared to 1.92–2.35% at depths of
1–7 cm and 1.20–1.52% at depths of 18–38 cm), which
accumulated due to high pollutant inputs during the degraded
stage. This consistency further verified our estimation of the
depositional time of the sediment profile.

Taxonomic Structure and Diversity of the
Bacterial Community
The constant changes in the microbial community in the reservoir
sediment profile are demonstrated in Figure 1A. The microbial
communities of the sediment profile apparently gathered into three
clusters (remediated stage, degraded stage and pristine stage) by
PCA analysis (Figure 1B, PLS-DA and RDA analyses showed the
same results in Supplementary Figure S1 and Figure 2). The
microbial community changed dynamically with the depth of the
sediment and was quite distinct among the three groups
(Figure 1C). The dominant classes of Deltaprotebacteria,
Betaprotebacteria and Gammaprotebacteria together accounted
for 20.3–57.7% in the degraded stage, which was higher than
the other depths of the column. Specifically, a higher content of
Gammaprotebacteria was observed in the degraded stage
(16.4–21.4%), while the relative abundances of Betaprotebacteria
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andAlphaprotebacteriaweremuch lower in the pristine stage (∼4%
and 1.1–1.7%, respectively).

Accordingly, microbial biodiversity varies at different stages of
sediment depth. The Sobs index showed that the community
richness of the remediated stage in the surface sediment was
significantly higher than that at deeper depths (Figure 1D),
indicating noticeable improvement in water quality under the
protection efforts. The Heip index indicated lower community
evenness in the sediment of the degraded stage (Figure 1E), and
the Shannon index revealed a relatively lower community
diversity in the sediment of the degraded stage (Figure 1F).
These results showed poorer ecological conditions in the
degraded stage.

Environmental Factors Associated With
Indicator Species
The characteristics of pore water and sediment at different
sedimental depths are listed in Table 1. The results of RDA
indicated that the microbial communities from the three periods
(pristine stage, degraded stage and remediated stage) were
different from each other, and the main factors causing these
differences were TOC (r2 � 0.8325, p � 0.001), DIC (r2 � 0.6833,

p � 0.001), Cr (r2 � 0.5132, p � 0.001), and Pb (r2 � 0.4899, p �
0.001) (Figure 2; Supplementary Table S2). Within these four
factors, the Cr and Pb concentrations had apparent effects on the
sedimental microbial communities from the remediated stage
(0–7 cm). TOC had a stronger correlation with microbial
communities in the degraded stage (8–17 cm), and DIC
affected microbial communities in the pristine stage
(18–38 cm). Other factors also influenced the microbial
communities within these three stages to some extent,
including water content (r2 � 0.437, p � 0.002), As (r2 �
0.4242, p � 0.004), Fe (r2 � 0.3763, p � 0.005), Mn (r2 �
0.3743, p � 0.012), and Br (r2 � 0.2489, p � 0.043) (Figure 2;
Supplementary Table S2).

The surface 0–7 cm sediment, which met the historical period
of the remediated stage (2008-sampling time), had an obvious
correlation with the water content and the concentrations of
several heavy metals, including Cr, Pb, As, and Fe (Figure 2). The
water content decreased from 88.43 to 56.49% with increasing
sediment depth, and the initial sediment at a depth of 38 cm had
the lowest water content of 29.57% (Table 1). In the 0–7 cm
sediment, the order of Hydrogenophilales and Sva0485 was
significantly negatively correlated with the water content
(Figure 3A, r � −0.94, p � 0.005). However, we could not see

TABLE 1 | Characteristics of upper water, pore water and sediment. Water content was measured with sediment, other chemicals were measured with pore water or
upper water.

Sampling
sites
depth
(cm)

Water
content

(%)

TOC
(%)

DIC
(mmol/L)

Br−

(umol/L)
Cl−

(umol/L)
NO3

−

(umol/L)
SO4

2−

(umol/L)
Mn

(mmol/L)
Fe

(mmol/L)
Cr

(umol/L)
Ni

(umol/L)
As

(umol/L)
Pb

(umol/L)

Upper
water

— — 1.73 23.4 237.76 56.25 654.74 0.003 0.007 5.380 0.192 0.237 0.083

1 88.43 1.92 2.39 9.51 227.74 10.55 650.18 0.30 0.044 0.802 0.255 2.000 0.365
2 83.39 2.20 2.30 7.90 205.63 5.72 496.89 0.35 0.026 0.775 0.216 3.634 0.354
3 79.34 2.33 2.50 11.46 210.77 7.66 279.33 0.40 0.028 0.789 0.241 5.340 0.368
4 82.42 2.24 2.80 10.50 181.49 204.95 0.51 0.025 0.749 0.281 3.697 0.354
5 81.06 2.35 3.02 24.88 199.79 4.99 154.19 0.36 0.012 0.269 0.096 1.512 0.120
6 82.32 2.18 3.39 22.31 205.37 6.11 117.70 0.32 0.010 0.273 0.078 1.309 0.088
7 81.68 2.19 3.77 22.00 229.27 9.46 101.04 0.39 0.010 0.207 0.105 1.003 0.088
8 80.62 2.36 4.00 15.91 199.43 11.11 104.94 0.40 0.011 0.220 0.108 0.416 0.087
9 77.53 2.58 4.51 21.20 197.27 7.83 81.31 0.42 0.011 0.205 0.093 1.160 0.087
10 75.43 3.71 4.79 37.73 213.91 7.38 82.39 0.47 0.011 0.242 0.081 0.477 0.086
11 73.76 3.53 5.07 27.77 205.41 7.06 75.80 0.46 0.011 0.197 0.091 0.561 0.087
12 76.26 3.73 5.11 17.81 196.15 11.56 77.29 0.45 0.012 0.186 0.093 0.768 0.084
13 68.80 4.03 4.10 NA NA NA NA NA NA NA NA NA NA
14 72.81 3.95 4.85 86.49 282.63 40.30 125.20 0.09 0.012 0.217 0.126 0.567 0.093
15 74.61 3.97 5.36 91.42 22422.08 24.78 2325.62 0.45 0.012 0.205 0.084 1.132 0.088
16 74.91 3.67 5.52 30.38 262.69 16.34 82.52 0.42 0.012 0.197 0.071 0.775 0.083
17 79.09 3.52 5.69 31.52 225.63 17.67 76.97 0.41 0.012 0.206 0.121 0.753 0.089
18 71.83 2.46 NA NA NA NA NA NA NA NA NA NA NA
19 69.18 2.40 NA NA NA NA NA NA NA NA NA NA NA
20 65.02 2.52 4.40 22.85 169.90 16.72 70.35 0.28 0.009 0.201 0.111 0.851 0.085
22 72.29 1.78 6.24 26.51 166.42 16.61 37.03 0.32 0.010 0.201 0.195 0.373 0.089
24 68.38 1.20 5.52 32.75 163.84 18.75 34.95 0.26 0.011 0.213 0.136 1.017 0.085
26 69.05 1.39 4.71 48.44 190.31 23.39 42.95 0.18 0.010 0.196 0.111 1.052 0.087
28 69.26 1.35 4.81 26.69 162.73 22.88 40.58 0.22 0.010 0.193 0.085 1.123 0.086
30 67.78 1.50 4.60 22.43 160.68 13.31 39.70 0.17 0.010 0.194 0.101 1.219 0.086
32 66.23 1.36 4.26 NA NA NA NA NA NA NA NA NA NA
34 64.93 1.49 4.82 39.14 167.43 19.73 76.61 0.10 0.012 0.192 0.116 1.534 0.086
36 56.49 1.58 5.46 35.74 165.93 18.35 72.78 0.09 0.011 0.198 0.085 1.039 0.084
38 29.57 1.30 4.62 32.85 558.65 19.57 76.20 0.03 0.012 0.186 0.344 0.543 0.085
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this significant correlation in the other two sediment sections
(Figures 3B,C). The concentrations of Cr, Pb, As, and Fe were
2–3 times higher in the 0–7 cm sediment than in the lower
sections (Table 1). Compared to the upper water, the
concentrations of Pb, As, and Fe in the sediment pore water
were higher, while the concentration of Cr was lower in the

sediment pore water (Table 1). TM6-Dependentiae showed
obvious negative correlations with the concentrations of
Pb (r � −0.94, p � 0.005), As (r � −0.94, p � 0.005), and Fe (r
� −0.82, p � 0.041) (Figure 3A). The abundance rank of TM6-
Dependentiae was below 50 in the other two sections (Figures
3B,C). Additionally, sulfate also had an impact on the microbial

FIGURE 1 | Analysis of microbial community in the Hongfeng reservoir sediment profile. Samples from different depths are clustered into three stages which are
related to the up-layer water quality in corresponding historical period (remediated stage: depth 0–7 cm, degraded stage: depth 8–17 cm, pristine stage: 18–38 cm).
The microbial community structure at class level along the sediment profile (A); PCA analysis showing the differences and distance of microbial communities between
sediment samples from different depth (B); microbial distribution in sediment of different stages (C); community richness (D), community evenness (E) and
community diversity (F) of sediment from these three stages.

FIGURE 2 | RDA analysis (Phylum level) for microbial distribution and environmental factors of sediment from different depth. The red arrows represent
environmental factors which can affect the microbial communities in sediment samples. Pink pentagrams are sediment from remediated stage (1–7 cm). Blue triangles
are sediment from degraded stage (8–17 cm). And gray rhombs are sediment from pristine stage (18–38 cm). Numbers next to the symbols are the depth of each
sample (cm).
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communities of the remediated stage (Figure 2). The sulfate
concentration decreased dramatically with depth, indicating that
sulfate was the main electron acceptor in this layer. Several
microbes had a close correlation with the concentration of
sulfate. For example, an order of Cyanobacteria (r � 0.94, p �
0.005) showed a strong positive correlation with sulfate
concentration. Sphingobateriales (r � 0.89, p � 0.019) was
significantly positively correlated with sulfate, while
Rhodocyclales (r � −0.94, p � 0.0059), Chloroflexi (r � −0.94,
p � 0.004) and Anaerolineale (r � −0.89, p � 0.019) were
significantly negatively correlated with sulfate (Figure 3A).

In the degraded stage, TOC had a great influence on the
microbial communities (Figure 2). The TOC percentages were
2–3 times higher in this section than in the other two sections
(Table 1). Several microbes showed a strong positive correlation
with the concentration of TOC, including 43F-1404R (r � 0.83,
p � 0.005), Burkholderiales (r � 0.87, p � 0.002), Rhodospirillales (r
� 0.80, p � 0.009) and Xanthomonadales (r � 0.81, p � 0.008)
(Figure 3B). Similarly, these microbes did not show obvious
correlations with TOC in the other two sections (Figures 3A,C).
The concentration of Mn also showed a correlation with the

microbial communities in this stage, but we did not findmicrobes
presenting an obvious correlation with this factor (Figures 2, 3B).
Meanwhile, the concentrations of bromide (Br) and chlorine (Cl)
also impacted the microbial community of the degraded stage
(Figure 2). Spearman correlation analysis uncovered more
microbes that had quite a close positive correlation with the
concentration of Br and Cl, including two orders of class
Dehalococcoidia MSBL5 (Br: r � 0.95, p � 0.0001, Cl: r � 0.74,
p � 0.021) and GIF9 (Br: r � 0.92, p � 0.0005, Cl: r � 0.67, p �
0.050), 43F-1404R (Br: r � 0.95, p � 0.00009, Cl: r � 0.82, p �
0.007), Gemmatimonadales (Br: r � 0.9, p � 0.0009, Cl: r � 0.7, p �
0.036), Sva0485 (Br: r � 0.90, p � 0.0009, Cl: r � 0.87, p � 0.002),
and an order of class Nitrospira (Br: r � 0.70, p � 0.036, Cl: r �
0.80, p � 0.010) (Figure 3B).

The concentration of DIC in the pore water was relatively
higher (4.26–6.24 mM) in pristine sediment (Table 1), and DIC
became the key factor impacting the community of microbes
(Figure 2). In addition, Actinobacteria (r � 0.68, p � 0.042),
Acidobacteria (r � 0.68, p � 0.042), Acidimicrobiales (r � 0.77, p �
0.016) and SJA-68 (r � 0.73, p � 0.025) showed a relatively high
correlation with DIC concentration in the pristine stage, but these

FIGURE 3 |Heatmaps showing Spearman correlation of microbe distribution (Order) and environment factors whthin three stages [remediated stage: (A); degrade
stage: (B); pristine stage: (C)]. The color illustrated the r-value according to the color bar. The P-value was marked with asterisks (*), *: 0.01 < p ≤ 0.05; **: 0.001 < p ≤
0.01; ***p ≤ 0.001.

FIGURE 4 | Microbial indicators for the ecological status of sediment from different historical environment. MicrogAMBI index showed a slightly poor ecological
status for sediment from degraded stage, but the differences were not significant (A). Amended MicrogAMBI index illustrate significant difference among these three
sections (B).
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correlations were not evident in the degraded stage and
remediated stage (Figure 3).

Microbial Indicators
According to the taxa list summarized by Borja (Borja, 2018),
microgAMBI indices showed a moderate ecological status of the
whole sediment core at the sampling time (Figure 4A,
microgAMBI: 2.02–3.22). However, the microgAMBI indices
of sediment from the degraded stage were slightly higher than
those of the others, suggesting poor ecological status in this
section (microgAMBI in the degraded stage: 2.49–3.12,
microgAMBI in the remediated stage: 2.03–2.80, and
microgAMBI in the pristine stage: 2.43–32.96). Two upper
sediment samples from the remediated stage had good
ecological status (microgAMBI was 2.03 and 2.27 in sediment
from 1 to 2 cm depths).

We made some amendments to Borja’s list and obtained
indices of amended microgAMBI (Figure 4B). After analysing
the microbial taxa in the heatmaps (Figure 3), we found three
kinds of taxa showed correlations with pollution but were not
listed in Borja’s list. Thus, we added Dehalococcoidia to the list
and set it to EGIII (taxa associated with pollution inputs). We also
changed Gemmatimonadales and Xanthomonadales’s ecological
group from EGI to EGIII. The amended microgAMBI showed
that sediment in the section of the degraded stage (microgAMBI:
3.49–4.22) had poor ecological status and sediment from
remediated (microgAMBI: 2.73–3.82) and pristine stage
(microgAMBI: 3.18–3.73) had moderated ecological status
(Figure 4B).

DISCUSSION

Historical Water Quality Can BeRecorded in
the Sediment and Reflected by Microbial
Community
This is the first study to illustrate that the constant changes in the
microbial community in reservoir sediment profiles are linked to
the water quality and some specialized pollutants recorded in
history. Layered sediments were supposed to sequester and
accumulate substrates and pollutants from the overlying water
during settling down. The sedimentary indigenous microbial
community may shift its composition and structure and its
function to increase its adaptability and/or resistance to
nutrients or pollutants from the overlying water (Chen et al.,
2018; Zhang et al., 2021). In this study, microbial communities
changed dynamically along depth of the sediment and apparently
gathered into three groups corresponding to the three periods of
water quality (Figures 1A,B): the pristine stage (sediment from
18–38 cm), degraded stage (sediment from 8–17 cm) and
remediated stage (sediment from 0–7 cm). Sediments from
these three periods deposited different substrates and
pollutants in the relevant layers, leading to the variation of
microbial communities between layers. Pollution in the
environment can result in a decrease in microbial diversity
and a change in microbial community structure (Xie et al.,

2016). Our results suggested that some pollutants from water
bodies can profoundly influence the richness and diversity of
benthic prokaryotic assemblages even after decades
(Figures 1D–F).

In environments with less anthropogenic disturbance,
sedimentary microbial communities should correlate better
with geological processes, which are the main source of their
nutrients. In our study, for sediments from the pristine stage, the
microbial communities were mainly controlled by the
concentration of DIC in the pore water. This high
concentration of DIC, which was the karst geological feature,
served as the main carbon source in this section. For example,
Actinobacteria and Acidobacteria are active in CO2 fixation by
ribulose bisphosphate carboxylase/oxygenase (RuBisCO) in the
sediment (Norris et al., 2011; Li et al., 2018), and they showed a
positive correlation with DIC concentration in this study. SJA-68,
which belongs to the phylum Chloroflexi, also showed a positive
correlation with DIC concentration in the pristine stage. This
might be explained by the ability ofChloroflexi to utilize cell decay
materials from autotrophs in this layer (Yang et al., 2018).

The presumptuous discharge of pollutants into the water body
can change both the geological and microbiological properties of
the sediments. Our results suggested that these changes can be
recorded in the sediments for decades. One reason for this
phenomenon should be the stability of some chemical
pollutants. In the sediment section from the degraded stage,
the concentration of TOC was extremely high, which was
caused by audacious pollution discharging decades ago. The
high concentrations of Br and Cl in the pore water of this
section also indicated the dumping of halogenated organic
compounds during that period. For example, the Hongfeng
Reservoir was seriously polluted by polycyclic aromatic
hydrocarbons (PAHs) from domestic coal combustion,
biomass burning and fuel combustion at that time, and some
PAHs might contain Br, such as brominated flame retardants,
including polybrominated diphenyl ethers (PBDEs) and
tetrabromobisphenol A (TBBA) (Guo et al., 2011; Zhang et al.,
2019). Some pesticides and herbicides, such as deltamethrin,
profenofos and linuron, contain bromide or chloride and have
been used in agriculture. The presumptuous discharge of these
chemical pollutants led to the enrichment of TOC and Br or Cl in
the sediment. Guo et al. found that PAHs in the sediments of the
Hongfeng Reservoir were dominated by low molecular-weight
components, but high molecular-weight PAHs increased
significantly in the upper segments in 2006, which
corresponded to the degraded stage in our study (Guo et al.,
2011). The high molecular-weight PAHs have low bioavailability
and high persistence, which can last approximately 10–20 years in
the sediment, contributing to the high concentration of TOC in
this section (Wei et al., 2005; Li et al., 2009). Some low molecular-
weight PAHs could degrade to 50%within three months (Johnsen
and Karlson, 2005), which can release Br in sediment pore water.
These anthropogenic sources Br and Cl can serve as geochemical
proxies for superior water intrusion (especially for pollutants)
into the sediments (Reddy et al., 2000; Moreno et al., 2015). Our
results showed that after decades of biogeochemical cycles, the
concentrations of TOC, Br and Cl turned out to be main factors
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affecting the microbial communities in sediments from the
degraded stage (Figure 2). Another possible reason for the
“records” might be the weak resilience of microbial communities
under anthropogenic disturbance (Beattie et al., 2020). Chen et al.
reported geological evidence for the fragility of Hongfeng Reservoir
and another karst reservoir that can hardly recover from pollution
even after a long period (Chen et al., 2020). We found some specific
microbes related to anthropogenic discharge in this study. Spearman
correlation analysis showed that two orders of Dehalococcoidia
classes (MSBL5 and GIF9) had close correlations with Br and Cl
concentrations. Dehalococcoides, which is a genus of bacteria within
the class Dehalococcoidia, can dehalogenate halogenated organic
compounds in a mode of anaerobic respiration (Loffler et al., 2013)
and are tolerant to many pollutants (such as benzenes, PCBs and
recalcitrant pollutants) (MaymoGatell et al., 1997; Maphosa et al.,
2012; Mayer-Blackwell et al., 2017). The taxa Gemmatimonadales
and Sva0485, which also showed a significant positive correlation
with the concentration of Br and Cl, were reported to be possibly
active in the degradation of bromated or chlorinated PAHs such as
PBDEs, TBBA and linuron (Dealtry et al., 2016; Feng et al., 2019;
Jiang et al., 2020). Burkholderiales and Xanthomonadales, which
showed a significant positive correlation with the concentration of
TOC, were reported to have a strong degradation effect on organic
matters, especially for PAHs or PBDEs (Nunez et al., 2012; Crampon
et al., 2018; Feng et al., 2019). Our results further indicated that
Dehalococcoidia,Gemmatimonadales and Sva0485would potentially
be candidate microbial signals for persistent bromide pollutants in
the sediment, and Burkholderiales, Xanthomonadales,
Gemmatimonadales and Sva0485 would potentially be candidate
microbial signals for persistent PAH pollutants in the sediment.

The surface sediments, a hotspot for frequently exchanging
nutrients and pollutants at the water-sediment interface, were
impacted mostly by the overlying water. In the 2010s, to protect
the quality of aquatic environments in China, the government and
scientists endeavored to control pollution from agriculture,
domesticity and industry. Heavy metals in water body of
Hongfeng Reservoir decreased under effective protection
measures (Wu et al., 2014). However, there were still relatively
high concentrations of heavy metals (Cr, Pb, As, and Fe) in the pore
water of the surface sediments, which had significant impacts on the
microbial communities (Figure 2;Table 1). For example, our results
showed a negative correlation between TM6-Dependentiae and the
concentrations of Pb and As. This is in agreement with Luo et al.’s
research, and they claimed that TM6-Dependentiae could be an
indicator of Pb pollution (Luo et al., 2018). Tian et al. studied the
heavy metals in overlying water, pore water and sediment of
Hongfeng Reservoir, and they found that the concentration of
heavy metals was highest in sediment and that in pore water was
higher than that in overlying water (Tian et al., 2011). Our results
regarding the concentrations of Pb and As were consistent with Tian
et al.’s reports, which had higher concentrations in pore water than
in upper water. These results further indicated the accumulation of
heavy metals in sediment and the risk of sediment releasing heavy
metals into the overlying water (Reddy et al., 2004; Birch et al., 2020).
Wu et al. claimed that the As in the pore water were from lithogenic
sources, and Pb and Cr might originate from anthropogenic
activities, including traffic pollution and residual effects of former

industrial practices (Wu et al., 2014). Our results also demonstrated
that sulfate was a main factor driving the changes in the microbial
community in this section. For example, Cyanobacteria, which may
promote sulfate reduction (Chen et al., 2014), showed a significantly
positive correlation with the concentration of sulfate. Another order
of Campylobacterales was significantly correlated with sulfate, which
was identified to have thioredoxin reductase activities (Kaakoush
et al., 2007). The chemical profile indicated that sulfate was an
important electron acceptor in this layer, consistent with Wei et al.’s
observation in the same reservoir (Wei et al., 2005). The sedimental
sulfate in this period mainly (60–70%) came from acid deposition
and coal mining drainage (Song et al., 2008; Wang et al., 2011). This
sulfate reduction process can produce sulfide, which can react with
As and Pb in pore water to form sulfide precipitates or coprecipitate
it with iron (Kirk et al., 2004; Hoa et al., 2007; Xu et al., 2019).
Consequently, sulfate reduction can control the release of heavy
metals from sediment to the upper water.

Our results showed that the microbial communities in the
sediment profile had a strong correlation with the water quality
in the corresponding historical time. This further confirmed the
feasibility of using sediment profiles as a data source to study the
long-term impacts of human activities on ecosystems. A similar
method was also used to trace changes in microbial communities
caused by eutrophication and climate change throughout history
(Capo et al., 2016; Monchamp et al., 2017). We combined the
geochemistry characteristics withmicrobial data, which can give us a
better explanation of the heterogeneous composition of sediments.
And this result can improve our understanding of the long-term
feedback of protection/pollution actions to the water ecosystem.

Microbial Index of Ecological Status in
Sediment Profile
Sedimental eDNA can provide information about microbial
communities on a long-time scale (Balint et al., 2018). We
speculated that the present ecological statuses of sediments
accumulated from different environments should be different
and are historically associated with the environment. We used
microgAMBI indices to assess the ecological status of each section
based onmicrobial communities (Aylagas et al., 2017; Borja, 2018).
Even though the microgAMBI indices indicated the slightly poor
ecological status of the degrade stage, we failed to see any
significant difference among these three stages, all of which
were predicted as moderate ecological status (Figure 4A). One
possible reason for this unexpected result might be the different
ecological niches of these three sections. The sediment profile is
heterogeneous even in the steady state, which does not have a
human disturbance. The oxygen concentration drops sharply in
the top profile, and other electron acceptors, for example, sulfate in
the upper layer in this research, become dominant oxidants in
anaerobic sediment according to the free energy needed for the
reaction (Gu et al., 2007; Li et al., 2012; Bertran et al., 2020). While
the mircogAMBI did not count this situation in, the long-term
biogeochemical cycle can degrade a large portion of pollutants and
keep only refractory substances, for example, bromine, chlorine
and high molecular-weight PAHs, in the deep sediment in this
study, causing relatively indistinctive changes in microgAMBI
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indices. Our results suggested that the microbial indicators for
long-term environmental quality should be partially different from
the original microgAMBI. A new system of microbial indicators for
long-term environmental quality remains to be established
(Pawlowski et al., 2018).

We found some unexpected differences between the taxa list of
Borja’s method and our results (Borja, 2018). After revising three
possible candidate microbial indicators for pollution based on our
results, the amended microgAMBI indices were able to reflect the
significant differences in ecological status, as we expected
(Figure 4B). In Borja’s method, Gemmatimonadales and
Xanthomonadales were recognized as taxa not associated with
pollution inputs according to Sun et al.’s research (Sun et al.,
2013; Borja, 2018). Sun et al. found that in the surface layer of
sediment, the outer zone of an uncontaminated estuary correlated
with a high abundance of Xanthomonadales. This was consistent
with studies arguing that Xanthomonadales can exist extensively
in sediments with wood substrates and plant residues, which may
indicate less anthropogenic disturbance (Schmalenberger et al.,
2013; Herve et al., 2014). However, many studies have claimed
that Xanthomonadales can be simulated in PAH- or PBDE-
polluted environments and can improve the degradation of
these pollutants (Nunez et al., 2012; Crampon et al., 2018;
Feng et al., 2019). There was no clear statement about
Gemmatimonadales’s potential to reveal a polluted
environment in Sun et al.’s paper (Sun et al., 2013). They
found a negative correlation between chloroplasts and a
species of Gemmatimonadetes, which is also the phylum
Gemmatimonadales, and the author suggested further research
about this correlation (Sun et al., 2013). However,
Gemmatimonadales was reported to be possibly active in
degrading bromated or chlorinated PAHs such as PBDEs,
TBBA and linuron in subsequent studies (Dealtry et al., 2016;
Feng et al., 2019; Jiang et al., 2020). Dehalococcoidia, which was
missing in Borja’s list, was tolerant to many pollutants, including
PCBs and benzenes (MaymoGatell et al., 1997; Maphosa et al.,
2012; Mayer-Blackwell et al., 2017). Based on our results, we
therefore propose to amend and further develop the original
microgAMBI index.

Our research further implied the remaining challenges about
using eDNA to study microbial communities. The development
of high-throughput sequencing technologies provides rapid and
abundant taxonomic data, including many uncultured species
(Pawlowski et al., 2020). However, the knowledge of these taxa’s
metabolic functions and ecological characteristics is far from
sufficient when we analyze this high diversity of taxa (Jones,
2008; Pawlowski et al., 2018). In this study, we recommend
Dehalococcoidia, Gemmatimonadales and Sva0485 as potential
candidate microbial signals for persistent bromide pollutants and
Burkholderiales, Xanthomonadales, Gemmatimonadales and
Sva0485 as potential candidate microbial signals for persistent
PAH pollutants in sediment. However, the ecology of these
species and their response to pollution still need to be further
studied. For example, can these microbial indicators respond to
pollution directly, or do the interactions between microbial
species contribute more to the tolerance? Although some
researchers also declared that some specific microbes were

always inhabited in the polluted environment to improve the
tolerance of the ecosystem (Tolkkinen et al., 2015; Garcia et al.,
2018), we are still dubious about connecting these specialized
microbes to the pollution directly. Sagova-Mareckova et al.
argued that because of the close biotic interactions including
trophic relationships, symbiosis, parasitism or chemical
communication in microbial communities, calculation
considering the multi-species and community approaches
should be more reliable for the microbial index of ecological
status (Sagova-Mareckova et al., 2021). To figure out this
question, we need more knowledge about the metabolic and
physiological properties of these microbes. Complement of the
taxa reference database are urgent for assessing the biological
status with microbial indices.

In conclusion, we proposed that bacterial community
composition is vertically heterogeneous with sediment depth
and is impacted significantly by historical changes in the water
condition which were affected by anthropogenic activities. Our
research revealed the long-term feedback of protection/pollution
actions to the water ecosystem using sedimental eDNA. New
microbial indices that can cover historical impacts should be
developed. These results contribute to water resource
management aimed at protecting aquatic ecosystems and
restoring degraded systems.
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