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Abstract

Bacterial community in urban river sediments are important participants in the biogeochemical
cycles of nutrients. Although the bacterial community in sediments and its response to environmental
factors have been studied in individual river or branch, knowledge of that in urban river network is
limited. The purpose of this study was to characterize the bacterial community in sediments from urban
river network from downtown of Tianjin, China. Bacterial community was investigated using high-
throughput sequencing technology and the response of bacterial community to environmental factors
was revealed by redundancy analysis (RDA). The predominant bacteria phyla in urban river network
were Proteobacteria (39.1%), Bacteroidetes (13.3%) and Chloroflexi (10.4%). The diversity and richness
indexes of bacterial community in sediments from low urbanized area were higher than that from high
urbanized area. The bacterial community in sediments from different area exhibited significant spatial
differences, which was also related to urbanization. Particle size and ion extractable nitrogen (IEF-N)
were identified as the main factors influencing the bacterial community in the urban river network. The
results indicated that anthropogenic activity played important role in bacterial community and diversity
in the urban river network.

Keywords: bacterial community, environmental factors, urban river network, anthropogenic activity,
high-throughput sequencing

Introduction

Urban river sediments are widely considered
as the pollution sink in urban water environment
[1-2]. Pollutants released from sediments into overlying
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water have become the leading cause of severe aquatic
problems (eutrophication, black-odorous phenomenon,
etc.) after the management and control of exogenous
pollutions [3-4]. Bacterial community in river sediment
are the main participants of metabolism [5-6]; it plays an
important role in material cycling and energy transport
[7-8]. Due to the rapid response to environmental factors,
bacterial community may be used as an additional
monitoring tool for water quality [9-10]. Studying the
bacterial community and its environmental drivers is
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beneficial for pollution evaluation and remediation of
urban river sediments.

Several previous researchers have documented the
bacterial community and its response to environmental
factors in urban river sediments. Ibekwe et al. [8]
employed 454 pyrosequencing technology to study
the bacterial community in an urban river with
various pollutant sources. They revealed that the
Proteobacteria, Bacteroidetes, and Acidobacteria were
the main phyla, and NO, was the only major driving
environmental factor in sediment. Zhang et al. [11]
used 16S rRNA gene-based technology to compare the
bacterial community composition in two urban rivers
flowing through three typical anthropogenic zones. The
results showed the sediments of all sited were dominated
by Proteobacteria (41.4-54.4%), and functional
microorganisms for methanogenesis, denitrification
and sulphate reduction were respectively significantly
related to petroleum, nitrogen and sulfide. Wang et al.
[2] also used 16S rRNA gene-based technology to study
the diversity and structure of bacterial community in
sediment of an urban river. The results suggested that
river bacterial community exhibited spatial differences
in downtown and the bacterial community composition
was mostly affected by TP, NO,” and metals (Zn, Fe).
Yang et al. [12] employed high-throughput sequencing
technology to explore the bacterial community and
relevant factors in sediments of an urban river. The
results showed that predominant phyla in sediments
were mainly affected by sediments total phosphate (TP)
and weak acid extractable form nitrogen (WAEF-N).
Basically, these studies focused on the bacterial
community and its response to environmental factors in
sediments of individual river or branch through urban
areas.

With the acceleration of urbanization, there have
been increasing urban rivers transformed to river
network [13]. Bacterial community in sediment may be
more related to the degree of urbanization. Influential
factors driving the bacterial community structure
in river network become more complex due to the
morphological adjustments [14-15]. Understanding the
bacterial community structure and composition and
its interaction with environmental factors in sediments
from urban river network is beneficial for ecological city
construction and water resources protection. Despite
the importance, few articles have reported the bacterial
community structure and diversity in sediments from
an urban river network [16]. The response of bacterial
community to environmental factors is still not clear [6,
17-18].

In this study, 7 representative samples in urban
river network from downtown area were collected;
their environmental physicochemical factors were
measured. This study was aimed to (1) analyze the
diversity and structure of bacterial community in
urban river sediments from downtown area conducted
by high-throughput sequencing technology; (2) reveal
the response of bacterial community to multiple

environmental factors performed by redundancy
analysis (RDA). We attempted to characterize the
spatial difference in bacterial community structure
of sediments from urban river network and determine
the main environmental factors affecting the bacterial
community structure differences.

Materials and Methods
Study Area and Sample Sampling

Tianjin, the largest port city in the north of China,
is located in downstream of Haihe basin. The study
areca was in the downtown of Tianjin (39°03'-39°14" N,
117°06'-117°18" E). Numerous rivers flowing through
this area shaped the urban river network. The flow
direction throughout downtown 1is basically from
northwest to southeast as shown in Fig.l. Due to the
flat topography, the average annual flow rate of the
rivers is slow making pollutants and nutrients easy to
be deposited in the sediment. In order to objectively
reflect the pollution level and distribution law of river
sediments, a total of 7 typical sites were chosen in
river network. By referring to the monitoring data of
downtown Tianjin (supporting material), site 1, 2, 3
and 4 were chosen from the monitoring sites to reflect
the pollution characteristics of sediment from high
urbanized area. Site 5, 6 and 7 were chosen from the
monitoring sites to reflect the pollution characteristics
of sediment from low urbanized area (Fig. 1).

The surface sediments (around 3-10 cm) of the seven
chosen sampling sites were collected with a Peterson
grab on the 4th July, 2019. The water temperature
of the sampling sites was around 19~20°C. At each
sampling site, three parallel samples within 1 m? were
homogenized to be measured. All sediment samples
were sealed in plastic bags and then sent to the lab.
Physicochemical properties of all samples were
determined within 24 h. Some of each sample was
kept at -80°C in preparation for DNA extraction and
then send to the Beijing Allwegene Technology Co.,
Ltd (Beijing, China) for MiSeq high-throughput
sequencing.

Physicochemical Analysis

In suit sediment pH value was measured by the pH
Meter (Ohaus Instrument (Shanghai) Co. Ltd). In suit
sediment ORP value was determined by FJA-6 ORP
Meter. The total organic carbon (TOC) of the sediment
was measured according to the combustion oxidation
nondispersive infrared absorption method [19]. The total
nitrogen (TN) in the sediment was determined with
the Modified Kjeldahl method [20]. Four transferable
nitrogen of the sediment (ion extractable nitrogen
(IEF-N), strong-oxidant extractable nitrogen (SOEF-N),
strong-alkali extractable nitrogen (SAEF-N) and weak-
acid extractable nitrogen (WAEF-N)) were measured
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Fig. 1. The locations of the sampling sites.

according to Wang et al. [21]. The total phosphorus (TP),
inorganic phosphorus (IP) and organic phosphorus (OP)
were measured with the methods according to Zhang et
al. [22]. The samples were filtered through a 2 mm sieve
to remove large-grained impurities. The particle size of
samples was measured by a LS 13320 laser diffraction
particle sizer. The percentage of particle size less than
4 um belonged to powder clay mixture percentage
(PCMP), the percentage of particle size between 4 um
and 63 um belonged to powder particle percentage
(PPP), the percentage of particle size greater than
63 um belonged to sand percentage (SP).

DNA Extraction and MiSeq High-Throughput
Sequencing

All community DNA in 0.3 g of single sample was
extracted by the Fast DNA spin kit for soil (Q-BIO
gene, Carlsbad CA) in accordance with the user’s
guidance. Agarose gel electrophoresis was used to test
the DNA quality. The universal 16S rRNA gene primers
(338F:5'-ACTCCTACGGGAGGCAGCAG-3' and
806R:5-GGACTACHVGGGTWTCTAAT-3') were
chosen for the amplification, targeting the V3-V4 region
of the bacterial 16S rDNA genes. All PCR products were
quantified by the QuantiFluor™ -ST blue fluorescence
quantification system, and then mixed in proportion to
the sequencing volume of each sample.

All PCR products were sequenced by the Illumina
Miseq PE300 platform (Illumina, Inc., CA, USA) of
Beijing Allwegene Tech Ltd. The raw sequence reads
were processed according to the description by Niu et
al. (2015) [23]. Mothur software was used to check and
remove PCR chimeras to get effective sequences. Then
the sequences were clustered into operational taxonomic

units (OTUs) with 97% similarity identity cutoff and
the taxonomic classification was measured according to
the RDP Classifier.

Data Processing and Analysis

The bacterial community diversity and richness
indices (Shannon index, Chao 1 richness index) of all
samples were obtained by Mothur. Bacterial community
structure of samples was analyzed on the phylum and
genus level. The Bray-Curtis similarity method of PAST
3.0 was used for the clustering analysis of bacterial
community at the phylum level [24]. Redundancy
analysis (RDA) was conducted to reveal the connection
in the environmental factors and bacterial community
structure by CANOCO for Windows 5.0. SPSS 22.0
was adopted for the correlation analysis in the bacterial
community and environmental factors. Significant
differences were accepted at p<0.05. Statistical
processing was accomplished with Microsoft Excel
2013.

Results and Discussion
Physicochemical Properties of the Sediments

The physicochemical properties of sediments in
7 sampling sites were shown in Table 1. The PCMP
ranged from 55.60% to 88.40%, being the maximum
value in sample 2 and the minimum value in sample
7. The PPP ranged from 7.60% to 18.70%, being the
maximum in sample 7 and the minimum in sample
2. The SP ranged from 4.00% to 25.70%, being the
maximum in sample 7 and the minimum in sample 2.
The distribution of SP showed the similar trend with
PPP. Basically, the sediments in high urbanized area
(sample 1, 2, 3 and 4 with average PCMP value 79.40%)
had more fine particles than low urbanized area (sample
5,6 and 7 with average PCMP value 71.70%). The pH
value of the sediments was around 7.0. The ORP value
differed dramatically across different sediment samples.
TOC, TN and TP varied obviously across different
sediment samples, being the maximum in sample 1 and
the minimum in sample 7. Basically, the pollutant and
nutrient concentration in sediments from high urbanized
arca was higher than that from low urbanized area. The
spatial characteristics of the various forms of nitrogen
and phosphorus, such as IEF-N, SOEF-N, SAEF-N,
WAEF-N, OP and IP, were same as the TOC, TN and
TP. In high urbanized area, there were more vehicles
discharging a large amount of vehicle emission. Organic
pollutants in vehicle emission would be absorbed in
particles and then flowed into the river along with
runoff and finally accumulated in sediment. Besides,
the site 1, 2, 3 and 4 were located in an area surrounded
by universities and residential belt with high population
density, and the discharge of sewage might also lead to
the high pollutant and nutrient concentration.
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Table 1. Physicochemical factors in sediments of 7 sampling sites.
Sampling site 1 2 3 4 5 6 7
PCMP (%) 78.50 88.40 74.20 76.40 83.80 75.80 55.60
PPP (%) 11.50 7.60 14.80 14.00 9.40 12.40 18.70
SP (%) 10.00 4.00 11.00 9.60 6.80 11.80 25.70
pH 6.93 7.06 6.95 6.95 6.67 7.01 7.11
ORP (mV) 207.90 163.30 -71.90 218.30 -43.20 38.20 44.70
TOC (%) 8.19 6.15 4.34 2.62 4.04 3.15 1.53
TP (mg/g) 3.88 1.87 2.50 2.65 1.91 1.43 1.26
OP (mg/g) 1.0155 0.4671 0.5289 0.6488 0.1802 0.2907 0.0939
IP (mg/g) 2.3419 1.6547 1.9361 1.8848 1.2064 1.3276 0.9622
TN (mg/g) 421 1.96 2.10 2.71 0.97 2.77 0.91
SOEF-N (mg/g) 0.9886 0.4340 0.6074 0.8080 0.2828 0.7155 0.2262
WAEF-N (mg/g) 0.1897 0.0802 0.1523 0.0916 0.0639 0.1083 0.0480
SAEF-N (mg/g) 0.1180 0.0566 0.0755 0.0685 0.0370 0.0724 0.0307
IEF-N (mg/g) 0.0868 0.0151 0.0199 0.0167 0.0159 0.0433 0.0219

Diversity and Richness of Bacterial
Community

High-throughput sequencing technology of 16S
rRNA was performed and the diversity and richness
indexes of bacterial community was shown in Table 2.
There was a total of 12973 OTUs of all sediment
samples. The OUT number of a single sample ranged
from 1321 to 2109 and was ordered as 5>7>6>3>2>1>4.
The Shannon index can provide information about the
number of species and the distribution of abundance
of all species; it was between 8.30 and 9.54, being the
maximum value in sample 5 and the minimum value in
sample 4. The Chao 1 richness index was ranged from
1567.51 to 2359.08, being the maximum in sample 7 and
the minimum in sample 4. Basically, the diversity and
richness indexes of bacterial community in sediments
from low urbanized area (sample 5, 6 and 7 with
average OTUs 2087, Shannon 9.43, and Chao 1 index
2336.44) was higher than that from high urbanized areca

(sample 1, 2, 3 and 4 with average OTUs 1678, Shannon
8.62, and Chao 1 index 1953.76). Zhang et al. [16]
obtained a total of 4311 OTUs from all sites by Illumina
MiSeq sequencing. This study obtained a total of 12973
OTUs and a high diversity index making sure that the
bacterial community diversity and composition could
be accurately analyzed.

The difference of bacterial community diversity
in sediments is probably due to the anthropogenic
activities. Excessive accumulation of anthropogenic
nutrients or contaminants in urban river sediments
would be harmful for the metabolism of bacterial
communities and further impact upon the diversity
[25-26]. Vehicle emission was a significant source of
polycyclic aromatic hydrocarbons in Tianjin area [27].
Site 1, 2, 3 and 4 were located in a high urbanized area
with large amounts of vehicles, much more organic
pollutant from vehicle emission accumulated in the
sediment due to a series of natural process. Thus, the
bacterial community diversity in sediment from high

Table 2. The richness and diversity indices of 7 sampling sites with 97% similarity identity.

Sampling site OTU, Goods coverage Observed species Shannon Chao 1
1 1655.00 0.966 1602.10 8.96 2032.61
2 1834.00 0.963 1498.60 8.38 2000.37
3 1901.00 0.960 1686.00 8.85 2214.54
4 1321.00 0.973 1204.60 8.30 1567.51
5 2109.00 0.964 1881.30 9.54 2293.19
6 2048.00 0.960 1901.10 9.36 2357.06
7 2105.00 0.960 1929.60 9.38 2359.08
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urbanized area suffered more impact from organic
pollutant than that from low urbanized area.

Bacterial Community and Its Relation
with Environmental Factors

Taxonomic Composition and Spatial Variation
of Bacterial Community

To better understand the bacterial community
structure of 7 sediment samples, taxonomic composition
of bacterial communities at the phylum and genus
level was showed in Fig. 2. The relative abundance
and composition of the top 15 phyla were shown in
Fig. 2a). Proteobacteria (an average of 39.1%) was
the most abundant phylum among all sampling sites,
followed by Bacteroidetes (an average of 13.3%),
Chloroflexi (an average of 10.4%), Acidobacteria (an
average of 4.3%), and Verrucomicrobia (an average
of 3.9%). Besides the large amounts of unidentified
bacteria, the top 5 abundant genera were Thiobacillus
(an average of 4.6%), Smithella (an average of 1.7%),
Dechloromonas (an average of 1.1%), Desulfatiglans (an
average of 1.0%), and Halomonas (an average of 0.9%)
(Fig. 2b). Basically, bacterial community populations
were dominated by Proteobacteria, Bacteroidetes
and Chloroflexi, which was consistent with the recent
research in urban river network [16].

Regarding the spatial distribution of the bacterial
community, all sampling sites based on bacterial
phyla were clustered into two distinct groups (Fig. 3).
Sampling sites in Group I were located in low urbanized
area of downtown surrounded mainly by the farmland.
Sampling sites in Group II were located in high
urbanized area surrounded by many housing estates
and shopping centers with higher population density. It
was obviously different between two groups, indicating
that the degree of anthropogenic activities had great
influence on the bacterial community composition [11].

g. 2. The relative abundances of different phyla a) and genera b) in each sediment samples.

Sediment samples in Group II had more fine particles
and higher pollutant and nutrient concentration than that
in Group I (Table 1). It is speculated that the particle
size and pollutant and nutrient concentration may be
the driving factors shaping the variation of bacterial
community structure.

With respect to the top 5 abundant phyla,
Proteobacteria ranked first in two groups. The relative

abundance of Chloroflexi and Verrucomicrobia
were higher in Group I, while Bacteroidetes
and Acidobacteria were higher in Group II

Anaerolineaceae was the dominant family among
Chloroflexi and its variation in relative abundance
was the main reason causing variation of Chloroflexi.
Higher relative abundance of Anaerolineaceae
which uses simple carbon for anaerobic metabolism
means more low molecule organic matter content in
sediments of Group I [28]. More Acidobacteria which
was frequently associated with the biodegradation
of organic pollutants [29-30] was found in Group II,
indicating that more organic contaminants participated
in sediments of Group II. Regarding phyla with relative
low abundance, higher relative abundance of Nitrospira
was found in Group 1. Nitrospirae was regarded
as the essential participant in the nitrogen cycling
[31-32]. Lower relative abundance of Nitrospirae in
Group II might due to the excessive input of nitrate
which inhibits nitrifying microorganisms’ activity.
Besides, the relative abundance of Firmicutes in
Group II (an average of 2.5%) was almost two times
higher than that in Group I (an average of 1.3%)
which showed obvious response of Firmicutes to
environmental gradient. In this study, the abundance
difference of class clostridium (an average of 2.2% in
Group II, an average of 1.2% in Group I) accounted
for the abundance difference of Firmicutes. Class
clostridium 1is the typical anaerobic fermentation
bacteria. It indicated that organic matter in sediments
of Group II was more susceptible to anaerobic
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Fig. 3. Cluster analysis of the sampling sites based on bacterial phyla.

fermentation. Due to the different impact from
anthropogenic activity, bacterial community structure
and composition were obviously distinct between two
groups in the urban river network in downtown.

Correlation Analysis of Bacterial Community
and Environmental Factors

The relationship between the bacterial community
and the environmental physicochemical factors of each
sediment samples was analyzed by RDA on the phylum
and genus level (Fig. 4). At the phylum level (Fig. 4a),

Chloroflexi

Group II

it could be seen that the characteristic value on the
horizontal axis was 0.8469, accounting for 84.69%
of the information; the characteristic value on the
longitudinal axis was 0.0828, accounting for 8.28% of
the information. According to the relationship between
bacterial phyla and environmental factors, particle size
and nutrient factors had longer lines on the horizontal
and longitudinal axes, indicating that particle size
and nutrient factors had larger impacts on the overall
bacterial community.

At the genus level (Fig. 4b), it could be seen that
the characteristic value on the horizontal axis was
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0.7005, accounting for 70.05% of the information; the
characteristic value of the longitudinal axis was 0.1863,
accounting for 18.63% of the information. According
to the relationship between bacterial genera and
environmental factors, particle size and nutrient factors
had larger impact on overall bacterial community, which
was consistent with the phylum level. Sample 5, 6 and 7
were more affected by SP and PPP, while other samples
were more affected by PCMP, and nutrient factors. Most
pollutant and nutrient factors (except IEF-N) showed
positive correlation with PCMP (Fig. 4). This was
probably because of the large specific surface area of
PCMP which was conducive to adsorption of pollutants
and nutrients, indicating the great impact particle size
had on bacterial community structure. As the easily
released exchangeable nitrogen, IEF-N showed little
correlation with particle size, indicating IEF-N might
act as another separate driving environmental factor.
Bacterial community living in or on the sediments
at the bottom of the water system are influenced
by various environmental factors [5, 33]. Fan et al.
[34] found that water temperature, pH and nutrients
content were the main factors influencing the bacterial
community in river sediments. Yang et al. [12] reported
that differences in bacterial community of urban river
sediments were mainly caused by TOC, TP, WAEF-N,
IEF-N and cation exchange capacity, several abundant
bacterial phyla were closely related to these factors.
Wang et al. [35] concluded that the median grain size
and DO were the most significant factors influencing
the bacterial diversity and abundance in sediments.
The results of the present study indicated that particle
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size and IEF-N were the main factors influencing the
bacterial community structure in sediments from urban
river network.

To further reveal the relationship between the
bacterial community composition and environmental
factors, correlation analysis of bacterial phyla
and genera with abundant relative abundance and
environmental factors was conducted as shown in
Fig. 5. The results indicated that most phyla were
significantly correlated with particle size and nutrient
factors (P<0.05) (Fig.5a). The relative abundance of
Proteobacteria was significantly positively related to
nutrient factors (P<0.05), and negatively correlated
with PPP and SP (P<0.05). The relative abundance of
Bacteroidetes was significantly positively related to
nutrient factors, significantly negatively correlated with
SP (P<0.05). The relative abundance of Chloroflexi was
significantly positively related to PPP and SP (P<0.05),
and negatively related to nutrient factors (P<0.05).
Bacterial community has always been recognized as
a sensitive sensor towards environmental changes,
making it possible to use specific bacteria as monitoring
bioindicators of pollution risks of urban river sediments
[18, 36]. However, bacterial community in freshwater
sediments are often very similar at the phylum level
[37]. 1t is hence the less abundant bacteria that may
act as distinctive bioindicators for metabolic processes
[38-40]. Among the less abundant phyla, only the
relative abundance of Firmicutes was significantly
(P<0.05) positively correlated with the nutrient factors,
showing positive response to the pollution gradient.
Besides, the relative abundance of Firmicutes showed
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Fig. 5. Correlation analysis between bacterial community (phyla (a); genera (b)) and environmental factors.
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obvious spatial differences (Fig. 3). Thus, Firmicutes
might act as the potential bioindicator for pollution risks
in sediments.

At the genera level (Fig. 5b), it could be seen
that most bacterial populations were significantly
correlated with nutrient factors (P<0.05), especially
with IEF-N. The relative abundance of Smithella,
Syntrophorhabdus, Christensenellaceae_R-7 group,
Syntrophus, Caldisericum, ChristensenellaceaeR.7
group and vadinBC27 wastewater-sludge group were
weakly correlated with particle size, while significantly
positively correlated with TOC, TN as well as different
forms of nitrogen and phosphorus, especially with
IEF-N (P<0.05). As the biggest value of all sampling
sites (except sample 1), the relative abundance
of Thiobacillus was weakly correlated with most
environmental factors, while significantly negatively
correlated with IEF-N (P<0.05). The results indicated
that the IEF-N concentration could significantly
influence the bacterial community structure and
composition in sediments of urban river network.

The response of bacterial community to
environmental factors in sediment from urban river
network has not been fully studied. And the researches
mainly focused on the nutrient factors. Zhang et al. [16]
explored the connection between bacterial community
and environmental factors in sediment from high
urbanized river network. They concluded that nutrient
and heavy mental were the key factors influencing
the bacterial community composition. In addition
to nutrient factors, this study explored the physical
characteristics of sediment from urban river network
as environmental factors. Discussions above concluded
that particle size and IEF-N were the main factors
affecting the spatial differences of bacterial community
structure in sediment from urban river network. Several
previous studies had indicated that particle size was
one of the key factors controlling bacterial community
structure in sediments [35, 41]. Anthropogenic activity
can greatly change benthic features, such as particle-
size distribution and sediment permeability [42], which
would further affect the bacterial community in urban
river sediments. This is because difference in particle
texture would affect the bacterial attachment and its
access to organic substrates [43-44]. Thus, the particles
with particular texture could provide conditions only
suitable for specific species. As the most dynamic
and unsteady transferable nitrogen, IEF-N is easy to
release from the river sediment to overlying water and
participate in the nitrogen cycling [45-46]. It is inferred
that most genera related to nitrogen cycling would be
affected by IEF-N. However, the mechanism how most
genera response to IEF-N requires further research. The
variation of particle size and IEF-N in sediments of two
distinct Groups resulted in the difference of bacterial
community composition (Table 1, Fig. 3), indicating
the great impact of different degree of anthropogenic
activity on bacterial community in urban river
sediments. As the development of urbanization, the

urban river network may be formed gradually because
of the deepening impact of anthropogenic activities on
the urban river morphology. Particle size and IEF-N
may be paid more attention to understand the bacterial
community structure and composition in sediments of
urban river network.

Conclusions

This study explored the response of bacterial
community to environmental factors in sediment from
urban river network in this area for the first time. It
is demonstrated that diversity and richness indexes of
bacterial community in sediments from low urbanized
area was higher than that from high urbanized area.
Proteobacteria, Bacteroidetes and Chloroflexi were
the dominant phyla in all sampling sites in urban
river network. The bacterial community in urban river
network exhibited remarkable spatial differences;
they could be divided into two groups, Group I (low
urbanized area) and Group II (high urbanized area).
In addition to conventional nutrient indicators, the
physical characteristics of sediments such as particle
size distribution cannot be neglected. Based on RDA
analysis, particle size and IEF-N were identified as the
main factors influencing the bacterial community in
sediments from urban river network.
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