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regarding ecosystem functions. In this study, using Illumina MiSeq sequencing technology
based on the 16S rRNA gene, river sediment samples associated with four different types of
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agricultural pollution were comprehensively analyzed. The results show that the total or-
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ganic carbon (TOC) content was highest at the YZS site (animal husbandry sewage) among

Bacterial community

the assayed sites, but the species richness and uniformity were lowest at this site, which may
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have been caused by the high nutrient source of the sewage. Furthermore, in the three YZS

Co-occurrence patterns

samples affected by the long-term discharge of aquaculture tail-water, the unique genus

Functional prediction

Dechloromonas and the genus Candidatus-Competitor were observed, which are strongly correlated with phosphorus conversion. The formation of network modules may correspond
to the coexistence of functional bacteria accustomed to multiple niche combinations under different agricultural pollution conditions in river sediments. According to the PICRUSt
functional prediction, the bacterial community in the agricultural polluted river sediment
primarily harbored 46 subfunctions, exhibiting richness of functions. Overall, our results
provide a more comprehensive understanding of the structure and ecological processes associated with the aggregation of bacterial communities, which is beneficial for the management of river environments.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Along with the rapid development of society and national
economies, a growing quantity of wastewater needs to be
treated, and some untreated or improperly treated sewage is
typically discharged into adjacent rivers (Paul and Meyer, 2001;
Mark Ibekwe et al., 2012; García-Armisen et al., 2014; Wang et
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al., 2016). In the process of agricultural production, the unreasonable use of agricultural materials (pesticides, chemical fertilizers, animal feed, etc.) (Archer and Marks, 1997) causes a
large number of pollutants to enter nearby rivers during precipitation or irrigation through farmland surface runoff, farmland drainage and underground infiltration (Wu et al., 2011;
Vollmer and Grêt-Regamey, 2013), resulting in increasingly
prominent agricultural pollution issues (Quan and Yan, 2002;
Wu et al., 2011; Baxter et al., 2012). Among the primary
contaminants discharged, nitrogen (N), phosphorus (P) and
other major pollutants discharged from agricultural production have far exceeded those from industrial and domestic
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pollution sources, and agricultural production has become the
dominant pollution source (Bai et al., 2018).
Previous research on the effects of agricultural pollution on
river biodiversity has focused on its effects on invertebrates
(Whiles et al., 2000; de Castilhos Ghisi et al., 2014) or plankton
(Pesce et al., 2008; Atkinson et al., 2011), but bacteria and other
microorganisms may also be informative of the condition of
aquatic ecosystems. As a major component of aquatic communities, bacteria are key drivers of energy flow and nutrient recycling (Cotner and Biddanda, 2002; Newton and McLellan, 2015). Any changes in the nutrient environment and pollution status in a river ecosystem will directly affect the bacterial community and further affect the cycling of nutrients and
biogeochemical processes (Battin et al., 2009; Findlay, 2010;
Madsen, 2011; Zhi et al., 2015). In addition, contaminants in
water can be diluted or removed, although contaminants in
sediment can remain for quite a long time (Wang et al., 2013;
Wang et al., 2016; Abia et al., 2017). Therefore, river sediments
have a higher biomass and microbial taxonomic abundance
than water bodies (Zinger et al., 2011; Postel and Richter, 2012).
In recent years, there has been considerable progress in understanding microbial diversity in various habitats, primarily as a result of methodological advances, such as the highthroughput sequencing (HTS) of taxonomic markers, which
allow a large amount of sequence data to be obtained to explore microbial components (Barberán et al., 2012b; Caporaso
et al., 2012; Ibarbalz et al., 2013). With the aid of HTS of the 16S
rRNA gene, the diversity of river ecosystems, especially bacterial diversity, affected by human factors has been revealed
at an unprecedented high resolution and coverage (Fan et al.,
2016; Xu et al., 2018). These excellent studies have assessed
the total number of taxa in individual samples (α-diversity),
described the relative abundance of individual bacterial taxa
(β-diversity), and compared the bacterial diversity and components of multiple spatially distributed river samples (Fang et
al., 2018; Roberto et al., 2018; Fan et al., 2019). Unfortunately, no
attention has been paid to exploring potential interspecific interactions and functional diversity using sequence data from
multiple samples.
Documenting these interactions between taxa (that is, cooccurrence patterns) across complex and diverse communities may help ascertain the functional roles or environmental
niches occupied by uncultured microorganisms (Sims et al.,
1999; Deng et al., 2012; Braga et al., 2016). Bacteria live within
complex networks through a multitude of interactions (e.g.
competition, mutualism, and antagonism) (Deng et al., 2012).
However, most of these interactions cannot be directly observed. A co-occurrence network analysis was recently applied to obtain important information beyond sample-level
comparisons (Faust and Raes, 2012; Banerjee et al., 2016; Hu
et al., 2018). Therefore, the construction of co-occurrence networks can allow bacterial communities to be studied in more
detail. Importantly, although differences in microbial community structure provide useful information regarding the
impact of agricultural pollution on the biological integrity
of ecosystems, they generally convey little information regarding ecosystem function. Functional diversity is closely
related to taxonomic diversity in river microbial communities (Wakelin et al., 2008). Therefore, network patterns and
functional differences in river microbial communities are crucial to understanding their role in promoting ecosystem processes.
In this study, the bacterial communities from four typical
agricultural wastewater exports (animal husbandry sewage,
aquaculture sewage, vegetable field runoff and wheat field
sewage) along the Qingliu River were identified by highthroughput 16S rRNA gene sequencing. In addition, the connections and differences between bacterial communities in

91

Fig. 1 – Location of sampling sites in Qingliu River, Anhui,
China.

river sediments polluted by agriculture were assessed by combining network analysis and PICRUSt. In this study, we attempted to address the following questions and issues: (1)
Does the sediment bacterial community composition along
a river change based on different agricultural pollutants? (2)
How does agricultural sewage affect the co-occurrence patterns of bacterial communities? (3) Further exploration of the
relationship between bacterial community function and habitat in river sediments under different agricultural pollution
conditions is needed.

1.

Materials and methods

1.1.

Site description and sediment collection

Located in Chuzhou City, the Qingliu River is a seriously polluted urban river with a total area of 1265 square kilometers and a total length of 84 km. Sediment samples from the
Qingliu River were collected in May 2019. The weather conditions remained stable during the sampling period, and there
were no storms. The average temperature was 22 °C. Appendix A Table S1 lists the physical and chemical characteristics of all sampling points. Four sampling areas were established along the river to represent different types of agricultural pollution sources, namely, vegetable field runoff sewage
(SCS), wheat field sewage (SDS), animal husbandry sewage
(YZS), and aquaculture sewage (YTS) (Fig. 1). Three parallel
sediment samples were collected at each sampling site at 3 m
intervals. The 12 sampling sites are shown in Fig. 1. The surface sediment (< 5 cm in depth) at each site was collected
using a Peterson stainless steel grab sampler. The temperature (T) and dissolved oxygen (DO) of the overlying water were
measured immediately after collection, after which the sediment samples were placed into prepared sterile polyethylene
zipper bags, sealed, stored in a cooler with ice, and transported
to the laboratory within 12 hours. After being transported to
the laboratory, the sediment samples were completely homogenized and large fragments of organic debris were removed
from the sediment using sterile forceps. In the laboratory, each
sediment sample was divided into two parts: one was stored
at 4 °C for physical and chemical character determination,
while the other was stored at -80 °C for total DNA extraction.
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1.2.
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Chemical analysis

The DO, pH and T values of surface water in river sediment
were measured by a multiparameter controller (YSI 6600v2,
USA). Standard methods were used to determine the total
phosphorus (TP), total nitrogen (TN) and total organic carbon
(TOC) contents of river sediment samples (Wu et al., 2017). All
of the measurements are presented as milligrams per gram of
dried sediment.

1.3.

DNA extraction and PCR amplification

An MP Biomedicals Fast DNATM Spin kit was used to extract
total DNA from each freeze-dried sediment sample (0.25 g) following the manufacturer’s instructions. The quality of the extracted DNA was verified by 1% agarose gel electrophoresis
and the DNA was quantified with an ultraviolet spectrophotometer. The DNA was stored at -20 °C until PCR amplification.
Sediment DNA samples were commissioned to Majorbio Bio-pharm Technology Co., Ltd., Shanghai, China
for PCR optimization and sequencing analysis. The
extracted DNA was diluted to 20 ng/μL and used as
template for PCR. The V3-V4 region of the bacterial
16S rRNA gene was PCR amplified using the universal
primers 338F (5 -ACTCCTACGGGAGGCAGCAG-3 ) and 806R
(5 -GGACTACHVGGGTWTCTAAT-3 ).

1.4.

Illumina miseq platform sequencing

All samples were processed according to standard experimental conditions. Each sample was analyzed 3 times. The PCR
products of a single sample were mixed and examined by 2%
agarose gel electrophoresis. Based on the preliminary quantitative electrophoresis results, the PCR products were detected
and quantified with the QuantiFluorTM -ST Blue Fluorescence
Quantification System (Promega Company) and then mixed
according to the sequencing requirements at appropriate proportions.
In this study, Illumina MiSeq sequencing was performed to
obtain paired-end (PE) sequence data, which was optimized
with fastp software as follows. First, PE reads were combined
into a sequence according to their overlapping sequence, and
the effects of the merge were filtered by quality control. Then,
the samples were distinguished based on the barcode and
primer sequences at both ends. Subsequently, effective sequences were obtained, and the sequence direction was corrected to optimize the data.

1.5.

Statistics and analysis of pyrosequencing data

USEARCH (version 7.0 http://drive5.com/uparse/) was used to
cluster the original sequences from the 12 sediment samples
(Edgar, 2010), remove single sequences with no duplicates, and
sequence chimeras. According to different similarity levels,
the optimized sequences were clustered into operational taxonomic units (OTUs) at a sequence similarity of 97% (equivalent to a distance limit of 3%) (Samarajeewa et al., 2015). To
obtain the information for each OTU, the effective sequences
were compared to those in the SILVA database, and the RDP
classifier Bayesian algorithm was used at the 97% similarity level to perform taxonomic sequence analysis (Yan et al.,
2020), for each taxonomic level (phylum, class, order, family,
and genus). The Bayesian algorithm was performed with a 0.7
confidence threshold.
Based on the obtained OTU information, mothur (version
v.1.30.1
http://www.mothur.org/wiki/Schloss_SOP#Alpha_
diversity) was used to calculate the α-diversity indexes to

assess community richness (Chao 1 and Ace), community
diversity (Shannon), community evenness (Simpsoneven)
and sequencing depth (Good’s Coverage), and the R language
tool was used to generate corresponding bar charts (Fang et
al., 2018). In addition, the vegan package in R was used for redundancy analysis (RDA), primarily to assess the relationship
between the flora and environmental factors (Oksanen et al.,
2018).
This previous filtering step removed poorly represented
OTUs and reduced network complexity, facilitating the identification of the core sediment bacteria community. When the
Spearman correlation coefficient P was between 0.01 and 0.6,
the results were statistically reliable (Barberán et al., 2012a).
To describe the topology of the resulting network, a set of
measures, including the average degree, intermediate degree,
centrality, modularity, and average path length, were determined by Gephi (Bastian et al., 2009; Li et al., 2019). All statistical analyses were performed in the R environment (http:
//www.r-project.org) using the vegan (Oksanen et al., 2007)
and igraph packages (Csardi and Nepusz, 2006).
The functional potential of bacterial communities in the
river sediment samples were predicted using PICRUSt2, a
bioinformatics tool that predicts the functional composition
of microbial communities in samples from amplicon sequencing results (Langille et al., 2013). Kyoto Encyclopedia of Genes
and Genomes (KEGG) Orthology (KO), pathway and EC information can be obtained from the KEGG database, and the
abundance of each functional category can be calculated according to OTU abundance. In addition, PICRUSt was used to
obtain information at different pathway levels (levels 1–3) and
a table of the abundance of each level (Ren et al., 2017).
The raw sequencing data have been submitted to the
NCBI Sequence Read Archive under project accession code
SRP241216.

2.

Results

2.1.

Physicochemical characteristics

Based on the data presented in Appendix A Table S1, the
different types of agricultural pollutants had an obvious influence on the physical properties of the Qingliu River sediments. The pH ranged from 7.30 to 7.69, with the highest
in YTS (aquaculture sewage) and the lowest in SDS (wheat
field sewage). The YZS (animal husbandry sewage) sediment
TP value (1.05 mg/g), TN value (2.50 mg/g) and TOC value
(5.32 mg/g) were notably higher than those at the other locations.

2.2.

α-Diversity of the microbial community

Illumina MiSeq sequencing of the 16S rRNA gene at the entire community level provides an almost unbiased analytical strategy for characterizing microbial diversity and relative
proportional changes in river flow. To ensure the uniformity of
the data among the samples, sequencing was performed according to the minimum number of sample sequences. After
filtering, 269,364 high-quality sequences were obtained, and
the OTUs were divided at the 0.97 similarity level and used
for analysis. High Good’s coverage (from 96.46% to 97.28%) indicated that the bacterial OTUs at each river sediment sampling site were captured (Appendix A Table S2). All 12 river
sediment samples had a coverage above 96%, indicating that
the sequencing depth in this study was sufficient to represent
most of the microorganisms, with even some rare species included.

journal of environmental sciences 99 (2021) 90–99

93

Fig. 2 – Alpha diversity of four different types of river sediment samples. (a) ACE richness, (b) Chao 1 richness, (c) Shannon’s
diversity, (d) Simpsoneven’s evenness. ∗ stands for 0.01 P ≤ 0.05, ∗∗ stands for 0.001 P ≤ 0.01 and ∗∗∗ stands for P ≤ 0.001.
Refer to Table S2 for sample related data.

To assess the complexity of the sediment samples exposed
to the different agricultural pollutants in the river environment, diversity indexes, including the ACE, Chao 1, Shannon,
Simpsoneven and coverage indexes, and the inter-index difference values were calculated (Appendix A Table S2). The
α-diversity indexes of the bacterial communities in the river
sediments under the influence of the different agricultural
pollutants were significantly different (Fig. 2). For example, the
Shannon index (P < 0.05) and Simpsoneven index (P < 0.05)
values in the YZS sediments were significantly lower than
those in the other sediments (Fig. 2c and 2d). The uniformity
in the SCS (vegetable field runoff sewage) sediments was significantly higher than that in the other samples (Fig. 2d). It
is worth noting that the sample coverage calculated among
the four groups of samples showed no obvious difference (Appendix A Table S2).

2.3.

Overall microbiota structures

Based on the 16S rRNA gene sequences, the OTUs with a relative abundance > 1% were divided into 8 phyla. “Others” refers
to OTUs that could not be classified into any known group. The
relative abundances of known phyla in all 8 river sediment
samples were in the order of Proteobacteria (37.74%), Chloroflexi
(16.77%), Actinobacteria (13.79%), Firmicutes (8.93%), Acidobacteria (8.05%), Bacteroidetes (3.95%), Nitrospinae (2.19%), Gemmatimonadetes (1.44%) and others (7.15%) (Fig. 3a).
To further study the beneficial flora present in all sediment
samples associated with different agricultural pollutants in
the river environment, a Venn diagram was constructed to
identify common OTUs in these four sediment types (Fig. 3b).
Only 1524 OTUs were shared among the YTS, SDS, SCS and
YZS samples, accounting for 35.48% of the total reads. SDS
and SCS shared the most OTUs (2489), accounting for 57.95% of

the total number of reads, while YZS and SCS shared the least
OTUs, accounting for 42.82% of the total number of reads.

2.4.

Composition of bacterial communities

The sequences in the SILVA database were compared with the
normalized sequences, with a 70% clustering threshold for
the different taxonomic levels (including phylum, class and
genus). Although t the V3-V4 region used in this study was reported to the greatest accuracy for bacterial sequence classification, there were still a small number of bacterial sequences
that could not be classified to any taxon. With increasing classification depth, the average percentage of unclassified sequences increased, varying from 0.81% to 15.51%. The unclassified ratio of YZS samples was significantly above that of the
other samples at the phylum and genus levels, indicating that
there were more rare species in these samples.
Fig. 4a shows the microbial community composition at the
phylum level of the river sediments under the different agricultural pollution conditions (relative abundance > 0.1% in
all samples). Among the 13 identified phyla, 8 had an abundance > 1% in the four groups. Generally, the compositions
of dominant phyla did not significantly differ among the four
groups. After further analysis of the composition and structure of the bacterial communities at the class level, and removal of classes with an average abundance < 1%, the primary
bacterial groups obtained were Actinobacteria, Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, Acidobacteria, Anaerolineae and Clostridia (Fig. 4b). Compared to the other three types of sediments, YZS had a significantly lower relative abundance of Alphaproteobacteria sediments (P < 0.05), and a significantly higher relative abundance
of Gammaproteobacteria (P < 0.05).
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RDA analysis contributes to a better understanding of the
relationships among environmental factors, samples and
flora (Rao et al., 1973; Lindström et al., 2005). In the RDA graph,
species and environmental factors are represented by green
and red arrows, respectively (Fig. 5). Among them, the length
of the arrow represents the degree of impact of environmental
factors on species data, and the angle between arrows represents positive and negative correlation (acute angle: positive
correlation; obtuse angle: negative correlation). In our study,
pH, TP, TN and TOC were selected as environmental factors to
analyze bacterial community variation in sediment samples
(Fig. 5). According to the envfit environmental factor table
(Appendix A Table S3), TN and TP were strong predictors of
bacterial community distribution in river sediment samples
(P < 0.01).

2.5.

Fig. 3 – (a)The bacterial community in all samples at
phylum level. Less than 1% abundance of the phyla was
merged into others. (b) Comparison of OTUs in the four
groups by Venn diagram.

Cooccurrence network analysis

The calculation of some significant topological properties
in the river microbial network analysis, such as edges, and
nodes, helps to describe the complex patterns of interrelationships among nodes. In this study, the bacterial network of
river sediment consists of 3441 edges (average degree or node
connectivity 43.585) and 198 nodes (Fig. 6). The average path
length between all node pairs was 2.289 edges, and the diameter was 6 edges. The average clustering coefficient (which indicates how the nodes are embedded in their neighborhood and
thus tend to cluster together) was 0.622, while the modularity
index was 0.573 (a value of the modular index > 0.4 indicates
that the network has modular structure). In general, the bacterial network in the river sediment was highly connected by
OTUs (approximately 9 edges for each node), which are structured among densely connected node groups (i.e., modules)
and form a clustered topology. These structural features make
it quick and easy to compare complex data in different environments, and offer the potential for exploring how the general traits of a certain habitat type affect the assembly of microbial communities.
The nodes in the network were mainly distributed among
11 phyla. Among them, Proteobacteria, Actinobacteria, Chloroflexi

Fig. 4 – Microbial community composition of (a) bacterial phyla (>0.1%), (b) classes (>0.1%) and (c) genus (top 50).
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was found to have a high relative abundance in many human
diseases (cardiovascular disease, and drug resistance: antineoplastic, cardiovascular diseases) in the analysis of secondorder functional prediction of genes (Appendix A Fig. S2).
In the highest metabolic function, YZS was decreased in
carbohydrate metabolism, global and overview maps, amino
acid metabolism and energy metabolism to varying degrees
(Fig. 7).

3.

Fig. 5 – The RDA analysis of the above microbial community
under phylum and class classification and environmental
variables.

and Firmicutes were widely distributed, accounting for 80% of
all nodes. When the distribution of nodes was modularized,
all nodes were divided into five main modules. Proteobacteria and Actinomycetes were most abundant in module I and
module II, while Bacteroides were mainly distributed in module
III. In contrast, all nodes of module IV belong to proteobacteria. Candidatus-Competibacter, Ramlibacter, Arenimonas, Smithella
and Sphingomonas were identified as the top five keystone taxa
(based on betweenness centrality scores).

2.6.

PICRUSt functional predictive analysis

Functional differences in the microbial communities of river
sediments under different agricultural pollution conditions
were also evident from a comparison of the relative abundance of the PICRUSt2 predicted KOs classified at level-1 (Appendix A Fig. S1), level-2 (Fig. 7), and level-3 (Appendix A Table
S4). In the microbial community of river sediments affected by
agricultural pollution, the majority of KOs at level-1 involved
metabolic pathways, followed by environmental information
processing, genetic information processing, cellular processes
and human disease (Appendix A Fig. S1). The second functional layer prediction gene copy number was analyzed, and
four functional genes were found to be related to genetic information processing, with the highest content of those related
to replication and repair, followed by those related to translation. In particular, the microbial assemblage in SCS sediments

Discussion

Freshwater ecosystems are particularly vulnerable to their
surroundings (Xu et al., 1999), and river fluctuations caused
by agricultural pollution can accelerate the exchange of matter and energy between rivers and their riparian areas, which
may have an immediate impact on microbial communities in
rivers (Jones et al., 2018). Specific bacterial groups are selected
because of local habitat conditions (Staley et al., 2013; Gibbons
et al., 2014; Heino et al., 2014), and the species richness and
uniformity of bacterial communities in river sediments under
different agricultural pollution conditions are different (Fig. 2).
Compared with that in the other samples, the TOC content at
the YZS (animal husbandry sewage) location was the highest
(Appendix A Table S1), but this location had the lowest the
species richness and uniformity (Fig. 2). Some studies have
found that water with high organic content may alter the richness of sediment bacteria (Liu et al., 2018b), which may be
due to the high enrichment of certain species that are highly
adaptable to certain conditions in agricultural wastewater and
can use various nutrients to resist (Wittebolle et al., 2009)or
withstand environmental fluctuations (Wittebolle et al., 2009;
Evans and Hofmann, 2012; Staley et al., 2014).
Sediments serve as a reservoir for microorganisms and can
provide information on pollution events that could not previously have been obtained by surface water testing. In this
study, using Illumina MiSeq sequencing technology based on
the 16S rRNA gene, the sediment samples associated with four
different types of agricultural pollution (animal husbandry
sewage, aquaculture sewage, vegetable field runoff and wheat
field sewage) were analyzed. The dominant groups in the sediment bacterial communities were Proteobacteria (37.34%), Actinobacteria (13.79%) and Bacteroidetes (3.95%) (Fig. 3), which is
consistent with the results of other studies, and these members are typically detected in freshwater sediment environments (Bai et al., 2014; Ruiz-González et al., 2015; Ibekwe et al.,
2016; Liu et al., 2018a), indicating that this result is reasonable. However, the dominant or common community members also showed varying degrees of change in bacterial community composition at different taxonomic levels. Proteobacteria (mostly Alpha-, Beta-, and Gammaproteobacteria) is one of the
most abundant bacterial groups in fresh water (Kenzaka et al.,
2001; Mark Ibekwe et al., 2012; Liao et al., 2013; Ibekwe et
al., 2016), and typically dominates river sediments. Nevertheless, the abundance of classes in river sediments were
quite different, perhaps caused by the high nutrient sources
in the sewage (Appendix A Table S1, Fig. 4). In this study,
Gammaproteobacteria (P < 0.05) had the highest abundance in
YZS sediments and showed a positive correlation with TP and
TN, while Alphaproteobacteria (P < 0.01) and Deltaproteobacteria (14.65%) both had the highest abundance in SCS (vegetable
field runoff sewage) sediments, but showed a negative correlation with TP and TN in the RDA graph (Fig. 5). Therefore, the
TP and TN levels in rivers may affect the proportion of Proteobacteria (Fig. 5).
Because the removal of organic materials from wastewater primarily occurs through the adsorption and metabolism
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Fig. 6 – Spearman’s correlation-based network analysis between OTUs for the inflow rivers samples. The size of each node
is proportional to the number of connections (i.e., degree), and the nodes are colored according to different types of
modularity classes (a) and phylum (b), respectively. Colored nodes (except light gray) represent the six major groups and
light gray represents all modules except the six main major modules. Orange and blue edges indicate positive and negative
correlations.

Fig. 7 – The relative abundance of various predicted functions of microbial communities in river sediments under different
agricultural pollution using PICRUSt2 grouped into level-2 functional categories.

of microorganisms, some unique groups were observed in
the different sediment samples. Studies have shown that the
long-term discharge of aquaculture tailwaters to rivers results in a significant increase in TOC and TP in river sediments (Appendix A Table S1), which will affect the distribution of microbial communities in river sediments (Fig. 4).
It is worth noting that in the three YZS samples affected
by the long-term discharge of aquaculture tail water, the
unique genus Dechloromonas (4.57%, P < 0.05) and the genus
Candidatus-Competitor (38.25%) were detected, both of which
were positively correlated with TP (Appendix A Fig. S3). The
genus Dechloromonas is often reported to contain phosphate-

accumulating organisms (Bier et al., 2015), and the high
TP content at the YZS site stimulated the growth of this
genus. Similarly, because the genus Candidatus-Competitor can
become enriched in phosphate through alternate anaerobic/aerobic cycles (Rubio-Rincón et al., 2017), it may have a
strong correlation with the transformation of phosphorus.
Overall, the discharge of agricultural sewage has a significant
effect on the composition of river bacterial communities in
terms of chemical properties, and different agricultural pollution sources place different selective pressures on community
composition. In addition, the unique dominant bacteria may
also become indicators of environmental change.
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In the bacterial communities assayed in this study,
the phyla Proteobacteria, Actinobacteria and Chloroflexi were
dominant, which was similar to the bacterial community
structure observed in another polluted watershed. Network
analysis results also indicated that the great majority of
nodes were part of these three phyla. The authentication
of Candidatus-Competibacter, Ramlibacter, Arenimonas, Smithella
and Sphingomonas as the top five genera in terms of betweenness centrality scores in this study suggests that they may
play a key role in maintaining the structure and function of
ecological communities (Jiao et al., 2016). The important module maintains connectivity in the network and is useful for
defining the keystone species in a system. Sphingomonas has
a unique ability to cause microbial corrosion, plant disease
and the degradation of refractory organics (White et al., 1996).
Ramlibacter functions in plant growth promotion and pollutant
degradation, playing an important role in these processes and
in plant tolerance to stress (Picard and Bosco, 2003; Timmusk
et al., 2011). Smithella is more abundant than the other genera
in environments affected by petroleum hydrocarbons and
is the main n-alkane degrader (Tan et al., 2014). Arenimonas
species are alkane-degrading bacteria (Larsen et al., 2015).
Candidatus-Competibacter uses aerobically stored sugar to
achieve anaerobic carbon absorption, and competes with
polyphosphate bacteria for resources (McIlroy et al., 2014).
Accordingly, it is essential that all five major taxonomic units
be involved in ecological functions.
For the network of river sediment bacteria, the formation
of network modules may correspond to the coexistence of
functional bacteria that, were acclimated to the multiple
ecological niches combined under the different agricultural
pollution conditions in river sediments. In module I of the
network, some bacteria closely related to degradation showed
a strong ecological relationship, including two well-known
pesticide-degrading bacteria (Rhodoplanes from the family
Hyphomicrobiaceae, and Phenylobacterium from the family
Caulobacteraceae) and three bacteria that degrade organic
pollutants(Anaerolineaceae for petroleum degradation, Sphingomonas for the degradation of PAHs and HCH isomers, and
Bacteroidetes_vadinHA17 for refractory organics such as humus). Microorganisms achieve chemical degradation through
enzyme reactions (Allison, 2005), and the co-occurrence
relationship between widely existing microorganisms related
to degradation is likely established based on synergistic relationships, where one microorganism produces a substrate
for another microorganism. Moreover, the degradation of microorganisms also enables the cycling of elements necessary
for life, and the degradation of various complex organic compounds can further promote the beneficial nutrient cycling
within an ecosystem.
Module II is dominated by an SCS sediment bacterial community. Due to agricultural production activities such as irrigation and spraying, a large among of wastewater containing nitrogen and phosphorus enters water bodies, and the
overabundance of nutrients for plants in such water bodies leads to the proliferation of aquatic organisms, primarily algae. Recent investigations have shown that Latescibacteria capable of degrading multiple polysaccharides and glycoproteins that are integral components of green (Charophyta and Chlorophyta) and brown (Phaeophyceae) algal cell
walls, extracellular polymeric substances (EPSs), and storage
molecules (Youssef et al., 2015; Farag et al., 2017). Interestingly,
our results indicate that Latescibacteria is relatively abundant
in SCS, and the fact that Latescibacteria prefers this specific environment supports this inference. Unclassified Gemmatimonadaceae, which plays a lead role in module II, have the characteristics of killing and dissolving algae (Imai et al., 2006; Du

97

et al., 2011). The nitrogen and phosphorus pollution associated with vegetable planting undoubtedly contributes to the
presence of Gemmatimonadaceae and impacts the role module structure. Therefore, the co-occurrence patterns of bacterial communities in river ecosystems affected by agriculture sewage, appear to be nonrandom and functionally driven,
which is consistent with the results of previous research (Jiao
et al., 2016).
Differences in microbial community structure provide useful information about the impact of agricultural pollution on
the biological integrity of ecosystems, but generally convey little information regarding ecosystem functions. Thus, an increasing emphasis has been placed on understanding the environmental impact of specific microbiota known to be involved in ecological processes (Wellington et al., 2003), such
as the degradation of pesticides, and the biogeochemical cycling of nutrients (Wakelin et al., 2008). In this study, to better understand the functional differences of microbiota, we
compared the relative abundances of level 2 KOs. Four functional genes were related to genetic information processing,
with the highest content of those related to replication and
repair, followed by those related to translation (Fig. 7). This result was due to the high abundance of these genes needed
to support the basic life activities of cells. In addition, we
found that the microbial assemblage in the SCS sediments
had a high relative abundance of genes with the function’s
infectious disease: infiltration, infectious disease: viral, and
cardiovascular disease (Appendix A Fig. S2). This result is
noteworthy because organic pollution in rivers is an important source of human disease, and the SCS samples had concentrated levels of agricultural pesticides. Some studies have
reported that organochlorine pesticides (OCPs), organophosphorus pesticides (OPPs) and other commonly used pesticides are adsorbed by sediment (Leong et al., 2007; Wu et al.,
2009; Jaacks and Staimez, 2015; Smarr et al., 2016), and then
released back into the water under appropriate conditions
(Sun et al., 2017), involved in the geochemical cycle (Robinson
et al., 2016; Huang et al., 2017). This phenomenon causes
secondary pollution of the water body and poses a threat
to human health and the environment (Pristed et al., 2016;
Wang et al., 2017). In addition, persistent organic pollutants
not only degrade slowly in sediments but also are amplified by biological enrichment, causing great harm to human
health.
In this study, the major functional genes in river
sediments under different agricultural pollution conditions were all classified in metabolism-related functions, which accounted for the largest proportion.
Therefore, we further explored gene function at level-3
(Appendix A Table S4). For energy metabolism pathway
genes, SCS sediments had higher representation of oxidative
phosphorylation, which is the most abundant and active
energetic pathway (Huang et al., 2014), indicating increased
heterotrophic remineralization of organic carbon. This was
in line with the high TOC in YZS and the low TOC in SCS
(Appendix A Table S1). In addition, genes related to furfural
degradation were detected in the xenobiotics biodegradation
and metabolism category. Furfural is considered a toxic
organic compound that is used in and pesticides, resins and
other applications (Ajit Singh Mamman et al., 2008). Furfural
can be used as an insecticide, but also has an inhibitory effect
on microorganisms (Szengyel and Zacchi, 2000). Therefore,
the furfural degradation content was high in SDS and SCS
sediments. However, the functional prediction results showed
that YTS also contained a high level of furfural degradation,
which may result from the pollution of upstream SDS to
downstream YTS.
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Conclusions

In this study, 16S rRNA sequencing was used to analyze the
diversity, composition, symbiotic mode, and function of bacterial communities in rivers under four different types of agricultural pollution. Although the bacterial communities under
the influence of the four different types of agricultural pollution had similar dominant communities, the different sediment samples also contained some unique groups. For example, the genus Dechloromonas, which has a strong correlation with phosphorus conversion, was found in the YZS sediments along with the genus Candidatus-Competibacter. This
result indicates that agricultural pollution has a significant
effect on shaping bacterial populations in sediments. Furthermore, nonrandom co-occurrence and ecological functiondriven modular models can be used to describe bacterial communities, providing new approaches for bacterial assembly in
the field of agricultural pollution. The fluctuation of river functional genes under the influence of different types of agricultural pollution reflects the differences in bacterial community composition and diversity of the four contaminated sediments. In addition, this influence could be used to predict and
understand the potential metabolic functions of sedimentassociated bacteria under the influence of agricultural pollution and be used as a reference. In future work, more longterm and extensive research in more freshwater ecosystems
is needed to better understand the relationship between agricultural pollution and river sediment bacteria.
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