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Abstract

Coastal zones are active reactors of continental material including that transported by rivers via a series of
microbiota-mediated reactions. Nevertheless, current knowledge of the ecology and functioning of the microbiota
in coastal areas affected by large riverine inputs remains insufficient on a global scale. Here, an investigation on
sediment microbial composition, including taxonomy and metabolic network, as well as their relationship with
major benthic reaction substrates, namely carbon, nitrogen, sulphur and phosphorus, was conducted in the
continental shelf affected by the spread of the Changjiang River plume. Surface sediment samples (48 samples)
were collected during March 2018, obtaining a mean Operational Taxonomic Units (OTUs) number of 3 341.
Proteobacteria, Acidobacteria and Actinobacteria were abundant phyla in the studied sediments. Bray-Curtis
distance analysis classified the 48 samples into 4 clusters (MG1 to MG4) at the phylum-level. MG1 and MG2 are
found near the river mouth, receiving substantial land-derived particles from the Changjiang River runoff.
Particle-attached microbes may be settled in these regions and influenced the observed sediment microbial
diversity and biomass, e.g., increased Crenarchaeota relative abundance. The relative enrichment of these two
groups in heterotrophic microbes further suggests a reliance of benthic microbiota on substrates with terrestrial
origin, particularly specialized on processing sulphur-rich substrates. Regions MG3 and MG4 are located in the
outer margin of the area affected by the Changjiang River plume, mainly fed by settling pelagic particles from
phytoplankton. Compared to MG1 and MG2, a significant increase in the abundance of Thaumarcheota (phylum-
level) and Nitrosopumilus (genus-level) was found in MG3, suggesting nitrogen-related transformations as the key
reactions to sustain microbial metabolism in this region. Coupled with the identified variations in the taxonomic
composition, significant differences in the keystone taxa between MG1/MG2 and MG3/MG4 were identified via
OTU co-occurrence analyses. A higher abundance of Actinobacteria, Thaumarchaeota and Acidobacteria in MG3
and MG4 reinforced the identified spatial variability in benthic metabolism and highlighted the significance of
substrate inputs on the sediment microbial structure and biogeography.
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1 Introduction

Coastal zones are among the most productive marine ecosys-
tems due to the interaction between continental surface loadings
and coastal seawater (Kim et al., 2018). The transport of riverine
freshwater into continental shelves introduces significant quant-
ities of land-derived particles and boosts the growth of primary

producers via adding nutrients and trace elements (Chang et al.,
2020, 2021; Jiang et al., 2021b). The combined effect of large river
fluxes, coastal currents and the buoyancy of riverine plume wa-
ters caused by density differences can transport this terrestrial
material very far from the river mouth, thus dramatically chan-
ging the composition of large coastal areas (Fournier et al., 2016;
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Ibdnhez et al., 2016; Lefevre et al., 2017). These terrestrial and
pelagic materials boom the growth and metabolism activity of
different pelagic and benthic microbes in the areas affected.

Current research estimates that coastal sediments host more
than 35 000 different species of bacteria and archaea on a global
scale (Sunagawa et al., 2015), although the benthic microbial
composition of continental shelves has received less attention
(Wei et al., 2016). Abundant coastal benthic microbes corres-
pond to the phyla of Proteobacteria, Cyanobacteria and Bac-
teroidetes, while opportunistic benthic phyla such as Firmicutes,
Nitrospirae, and Lentisphaerae are commonly found (Chen et al.,
2019; Wei et al., 2016; Yu et al., 2012). The diversity and abund-
ance of these benthic communities might be linked to a wide
range of environmental parameters, such as sediment particle
size, temperature and salinity. Among these parameters, sub-
strates used in metabolic reactions, including organic carbon
(0C), nitrogen (N) and sulfur (S) contents, are frequently
deemed to be prominent in shaping the microbial biogeography
(Brandsma et al., 2013; Sintes et al., 2013; Kuypers et al., 2018).

Microbes in marine environments include the free-living type
that distributes in water parcels and the particle-dependent type
that is attached to the suspended material or sediment particles
(Smith et al., 2013). Due to the abundant environmental mi-
croniches provided by particles (Bertics and Ziebis, 2010), the
density of particle-dependent microbes, especially in surface
sediments, is usually much higher than that of the free-living mi-
crobes (Smith et al., 2013). Microbial communities in sediments
are responsible for a wide range of benthic reactions, such as or-
ganic matter remineralization (Gudasz et al., 2010), nitrification
and denitrification (Jiang et al., 2021a; Wang et al., 2018), and S
reduction (Pallud and van Cappellen, 2006). The sediment mi-
crobes actively use benthic substrates for their metabolic reac-
tions and in turn, the microbial distribution is deeply influenced
by the supply of substrates from the overlying waters.

The Changjiang River, the longest river in China (6 300 km)
and also called the Yangtze River, delivers ca. 9x10'! m3/a of
freshwater into the East China Sea and the Yellow Sea, and is the
5th largest river in the world (Jiang et al., 2021b). A large river
plume develops a significant area outside of the river mouth and
transports the Changjiang Diluted Water (CDW) far from the
river mouth (Chang et al., 2016; Jiang et al., 2021b). Active
biogeochemical reactions in the region influenced by the CDW
were observed fueled by terrestrially-derived C, N and S (Jiao et
al.,, 2018; Zhang et al., 2019). Similar to the spatial gradients ob-
served in the water column, sediment properties in the area of in-
fluence of the Changjiang River plume are highly variable
(Burchard et al., 2018; Chen and de Swart, 2018). Generally, co-
hesive sediments (mud) are observed near the river mouth, and
permeable sediments (sand) dominate in the outer plume area.
Accordingly, the mean grain size of the sediment particles con-
tinuously increases from the river mouth to the adjacent ocean
(Bian et al., 2013). Concomitantly, the origin and concentration
of benthic substrates, such as OC and N, varied from the river
mouth (high levels, terrestrial origin) to the oceanic area (low
levels, pelagic origin; Gao et al., 2008). This strong spatial dis-
crimination of substrates is expected to condition benthic micro-
bial biogeography and related metabolic reactions. Nevertheless,
the potential linkage between substrates and microbial com-
munity diversity and biomass in the river-sea continuum is still
poorly understood there.

A few studies on the diversity and abundance of the microbi-
al community in the Changjiang River plume area have been
conducted to date. For instance, a significant change in the bio-

mass of pico-sized autotrophs and heterotrophic bacteria, as well
as microbial diversity in the area, was found before and after the
construction of the Three Gorges Dam (Jiao et al., 2007), suggest-
ing the instant response of benthic microbial community di-
versity and biomass to environmental setting changes (e.g., wa-
ter temperature and the transport of dissolved nutrients). The
dominant phylum was observed to be Proteobacteria after ana-
lyzing eight sediment samples outside of the river mouth (Feng et
al., 2009). The benthic microbial biomass and taxonomic com-
position, dominated by nitrifiers (Dang et al., 2008), were also re-
corded in the hypoxic waters at the 24 isohaline from the contin-
ental shelf region between 121°E and 124°E (Liu et al., 2011; Ye et
al., 2016). Though their investigations offer a view on the micro-
bial biogeography in the continental shelf, two fundamental re-
search questions remain due to the limited spatial coverage of
previous research work: (1) Is there any spatial distribution pat-
tern of the benthic microbiota (community diversity, biomass
and metabolic functions) coupled with the transport of the CDW?
(2) Is there any linkage between sediment substrate originated
from the Changjiang River/adjacent seas and microbial com-
munity structure? The limited microbial information in the estu-
ary and adjacent sea may hamper the in-depth understanding of
the biogeochemical role played by sediment microorganisms in
the area. This study hypothesized that spatial variations of sedi-
ment microbial community diversity and biomass are strongly
determined by the spread of the Changjiang River plume, which
in turn determines the spatial distribution of riverine and pelagic
particle inputted to the sediment.

2 Materials and methods

2.1 Sample collection

An oceanographic campaign was conducted from the 7th to
the 22nd of March 2018 in the area affected by the Changjiang
River plume onboard the R/V Kexue III, covering a survey area
from 29°N to 33°N and from 121°E to 124°E (Figs la and b). The
sampled region is locus of the confluence of the Changjiang River
runoff and seawaters transported by the Yellow Sea Coastal Cur-
rent from the north (stronger during winter, average water tem-
perature 8°C and average salinity 33 during this survey) and by
the Taiwan Warm Current (the branch of Kuroshio Current) from
the south (stronger during summer, average water temperature
16°C and average salinity 34 during this survey). Generally, the
Taiwan Warm Current intrudes into the shelf along the 50 m
isobath and its water frequently reaches Changjiang River mouth
(Jiang et al., 2021b). During the cruise, water temperature, salin-
ity, turbidity and chlorophyll a in the water column were meas-
ured at each sampled site with a conductivity-temperature-depth
(SBE 911, Sea-Bird Co.) unit and a fluorescence detector. Surface
sediment samples, 48 in total, were collected using a box corer
(30 cm x 30 cm sampling area). Undisturbed, surface sediment
samples (0-2 cm depth) were rapidly transferred from the box
corer into sterilized bags and stored onboard at -20°C. The
samples were sent to the laboratory after the cruise and stored at
-80°C until analysis.

2.2 Sediment physicochemical analyses

Sediment samples were placed in glass petri dishes and then
dried in an oven at 60°C until reaching a constant weight for sub-
sequent laboratory analyses (Jiang et al., 2018a). Sediment OC
content was determined on an elemental analyzer (Vario EL III,
Elementar Analysensysteme GmbH) after incubating samples
with 1 mol/L hydrochloric acid for 24 h to remove inorganic frac-
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Fig. 1. Spatial distributions of temperature (a) and salinity (b) in surface waters (1 m below sea surface) in the continental shelf
affected by the Changjiang River plume during March 2018 as measured with CTD vertical profiles. Dots represent CTD measurement
sites. Spatial distribution of the 48 sediment samples collected in the continental shelf affected by the Changjiang River plume in
March 2018 (c). The Changjiang River outflow (CJ]), Taiwan Warm Current (TWC) and the Yellow Sea Coastal Current (YSCC) are

schematically represented based on Kim et al. (2018).

tions (Jiang et al., 2020). TN and S contents (including both inor-
ganic and organic fractions) in the sediment were quantified us-
ing the same equipment via the high temperature catalysis meth-
od. The sediment inorganic phosphorus (IP) content was extrac-
ted with 1 mol/L hydrochloric acid overnight (Aspila et al., 1976).
The extraction solution was neutralized with a 1 mol/L sodium
hydroxide solution to a pH range of 6 to 8. The P concentration in
the neuralized solution was quantified with a flow injection ana-
lyzer (SKLAR San++ system, Netherlands) and IP content in the
sediment samples was estimated according to the solution con-
centration and the amount of sediment used. Sediment particle
size and size fractions (clay: silt: sand) were measured on a grain
size analyzer (Colter LS 100Q). Particle sizes >63 nm were identi-
fied as sandy while particle sizes <2 nm were attributed to clay
(Wu et al., 2019).

2.3 DNA extraction and 16S rDNA gene amplification

From each sample, approximately 0.25 g of sediment was
used for total DNA analysis following the procedure of the
DNeasy PowerSoil Kit (Qiagen, Germany) in biological safety
cabinets. Primers of 341F (5’-CCTAYGGGRBGCASCAG-3’) and
806R (5'-GGACTACNNGGGTATCTAAT-3’) targeted for V3-V4 re-
gions of microbial 16S rDNA genes were used to investigate the
microbial diversity (Yu et al., 2005). The 20 pL PCR reaction mix-
ture for V3-V4 amplification contained 0.2 pmol/L of each
primer, 250 pmol/L deoyxnucleoside triphosphate (dNTP),
5xFastPfu buffer 5 pL, 1 U FastPfu Polymerase (TransGen Bi-
otech) and 10 ng DNA. The PCR cycling parameters consisted on
an initial denaturation (5 min at 95°C), 27 cycles of 30 s at 95°C,
30 s at 55°C, and 45 s at 72°C, and 10 min at 72°C. The PCR frag-
ments were extracted from 2% agarose gels and purified with the

FastPure gel DNA extraction mini-Kit (Vazyme Biotech Co., Ltd)
according to the manufacturer’s instructions.

2.4 Library construction and sequencing

The purified PCR products were quantified using Qubit*4.0
(Life Technology), and the KAPA Hyper Prep Kit (Roche) was
used for the 16S rDNA gene amplicon library construction. The
library was paired-end sequenced (2x300 bp) on an Illumina
Miseq system (Illumina) according to standard protocols (Liang
et al., 2019). The raw reads were submitted to the NCBI Se-
quence Read Archive (SRA) database with the submission num-
ber SUB5200200 and the accession number from SRR8663111 to
SRR8663158.

2.5 Raw read analysis and Operational Taxonomic Units (OTUs)

classification

The obtained fastq files were demultiplexed with the barcode
sequences adapted to the primers using the atlas-utils demulti-
plex subcommand in biostack suits (version 0.0.1, https://github.com/
jameslz/biostack-suits/releases). Bases with a score <3 at the
start and the end of the reads were abandoned and reads with a
continuous low-quality (score <5) 4 bp or shorter than 150 bp
were truncated or abandoned. The USEARCH fastq_mergepairs
command (version 9.2.64) with default parameters was used to
merge the paired-end reads (Edgar and Flyvbjerg, 2015). Besides,
reads which could not be merged or with more than 2 mis-
matches in the primer area were discarded. The primer se-
quences in the obtained merged reads were trimmed.

The OTUs were clustered at 97% identity cutoff using
USEARCH UPARSE, and the chimeric sequences were aban-
doned based on the UPARSE pipeline analysis (Edgar, 2013). The
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USEARCH SINTAX algorithm was used to analyze the phylogen-
etic affiliation of the obtained 16S rRNA gene sequences with the
RDP training set (version v16) 16S rRNA database as the refer-
ence and 0.8 as the confidence threshold (Cole et al., 2014; Edgar,
2016). The OTUs annotated as mitochondrial or chloroplast
rRNA gene fragments were abandoned.

2.6 Alpha- and Beta-diversity analyses

The USEARCH alpha_div was used to reveal diversity indices
of the 48 samples, including the Richness, Chaol, Simpson,
Shannon, Dominance, and Equitability parameters (Edgar,
2010). The QIIME software (version 1.9.1) was used to calculate
the rarefaction curve based on the OTU table (Caporaso et al.,
2010b; Kuczynski et al., 2011; Navas-Molina et al., 2013). The
OTU table was normalized with the smallest tags number in all
the samples. The required phylogenetic tree of representative
OTU sequence was generated using PyNAST algorithm (Capora-
so et al., 2010a). The normalized OTU table and the phylogenetic
tree was used to calculate Bray-Curtis distance, weighted Uni-
Frac, and unweighted UniFrac to reveal the beta diversity of the
samples. The distance matrix between OTUs was used for simil-
arity analysis (ANOSIM). The unweighted pair-group method
with arithmetic means (UPGMA) was analyzed with the UPGMA
cluster method in the R software, to identify the microbial taxo-
nomic distribution of the samples. The principal co-ordinates
analysis (PCoA) in QIIME was used to examine the differences in
these 48 microbial communities (Caporaso et al., 2010b). PCoA
figures were generated with the Vegan 2.4.2 package in the R en-
vironment. Unweighted PCoA plots were applied to visualize the
overall differences in microbial communities among samples.
The color-mapped PCoA plots were used to enable the visualiza-
tion of the differences between microbial communities and en-
vironmental factors. The ANOSIM test was conducted in the R
environment with the Vegan package (Li et al., 2017). The statist-
ical redundancy analysis (RDA) was performed at the OTU-level
using the RDA function in the Vegan package. Several collinear
environmental factors were removed during the analyses. The
raw OTU count table was normalized using the decostandfunc-
tion Vegan Package. The ggcord R package (version 1.0.0) was
used for the visualization of the RDA results. The network was
used to explore microbial co-occurrence, and the program Gephi
0.9.2 was used for network visualization. The top 101 OTUs with
relative abundance >0.15% were selected. The selection standard
for key OTU co-occurring relationship analysis was Spearman’s
p>0.6 and p<0.01, including both positive and negative correla-
tions (Jiao et al., 2016). The OTUs which have strong interactions
with other OTUs in the network were identified as the keystone
taxa (Banerjee et al., 2018).

3 Results

3.1 Microbial community analyses

The sequence numbers assigned to the kingdom varied from
30 776 to 57 846 in the 48 analyzed samples, with an average se-
quence number of 48 050+7 593 (Table S1). A total of 2 306 418
high-quality bacterial 16S rRNA V3-V4 gene fragments and
12 581 OTUs were obtained from the 48 samples. OTU numbers
in each sample ranged from 1 812 to 4 305 with a mean value of
33414504 (Table S1 and Fig. S1). The Good’s coverage of the 48
samples was 0.96+0.008 and the richness parameter was similar
to the Chaol parameter, suggesting that most microbes were re-
covered (Table S1).

At the phylum-level, the top 3 most abundant phyla were Pro-

teobacteria, Acidobacteria and Actinobacteria, accounting on av-
erage for 49.2%+10.7%, 6.4%+1.6% and 4.6%+1.7% of the abund-
ance, respectively. Approximately 22.9%+8.9% sequences couldn’t
be precisely identified, revealing the presence of novel microbes
in these sediments (Fig. 2a). For another 36 phyla, their relative
abundance was less than4%. At the genus-level, 84.5%+4.8% of
the total sequences were assigned to unknown genera (Fig. 2b).
For the sequences which can be assigned at the genus level, only
Nitrosopumilus (3.4%+3.7%) and Gp22 (1.4%+0.6%) showed a
composition larger than 1% of all the sequences (Fig. 2b).

The top 20 most dominant OTUs accounted for 21.6%+4.8% of
the bacteria (Table 1). Fourteen of these 20 most dominant OTUs
were assigned to Proteobacteria. Most OTUs were similar to the
16S rRNA gene fragments previously identified in the marine en-
vironment, and the closest 16S rRNA sequences of all the top 20
dominant OTUs have been recovered before (Table 1). For the
top 20 most dominant OTUs, 17 of them show less than 97%
identity with known isolates, indicating that the majority of these
OTUs are currently uncultured (Table 1). In terms of metabolic
functions, the most abundant microbe (OTU_2 Chromatiales)
might be involved in S transformations (Fig. 2c). The biogeo-
chemical roles involved in the remaining OTUs also included
transformations of N and C. For instance, OTU_1 and OTU_50
would be the Nitrosopumilus which performs the transformation
from NHJ to NO; in the nitrification process (Qin et al., 2017).
OTU_5 might be Pelobacter venetianus, which participates in the
degradation of high-molecular-weight organic matter, such as
polyethylene glycol (Schink and Stieb, 1983). OTU_18 would be
Vibrio splendidus, a pathogenic bacterium in aquaculture
(Lovdal et al., 2008).

3.2 Microbial classification

Based on the Bray-Curtis distance calculation in the UPGMA
analysis, the 48 sediment samples can be classified into 4 clusters
at the phylum-level (Fig. 2a), and identified as MG1, MG2, MG3
and MG4. Among these 4 groups, ANOSIM revealed that the
inter-group difference was greater than the intra-group differ-
ence (Fig. S2; Leung et al., 2016)., reinforcing the rationality and
reliability of cluster identification. In the MG1 group, Proteobac-
teria accounted for 32.7% of all the microbes, and the top 9 phyla
accounted for less than 60% of all microbes on average.
Moreover, all samples in MG1 contained high abundance of
Crenarchaeota (4.8%), including several uncultured mesophilic
Crenarchaeota (Konneke et al., 2005). Approximately 37.4% of
the microbes in MG1 were assigned to unknown phyla. In the
MG2 group, Proteobacteria composes 56.1% of all the microbes
and only 17.5% of the microbes were assigned to unknown phyla.
Proteobacteria was also the dominant phylum in MG3. Com-
pared with other groups, the MG3 group contains more Thau-
marchaeota microbes but less Firmicutes and Euryarchaeota.
MG4 was dominated by Proteobacteria. At the genus-level, differ-
ences of abundance were frequently observed in group pairs (Fig.
S3), such as the abundance of Nitrosopumilus and Gp22 (Fig. 2b).

Most top 20 OTU distributions showed significant differences
among the identified sample groups (Table S2), such as OTU_2
distribution between MG1 and MG2 or OTU_2 distribution
between MG1 and MG3 (Fig. 2c). The alpha diversity of these 4
groups is outlined in Table 2. Fewer OTUs in the MG1 were ob-
served (Richness) compared to the other 3 groups. The mag-
nitude of the Chaol parameter of MG4 was smaller than the oth-
er 3 groups. The Shannon_2, Simpson, Dominance and Equitab-
ility parameters in MG4 were also the lowest identified (Table 2
and Fig. S1).
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Fig. 2. UPGMA phylogenetic tree based on Bray-Curtis distance combined with phylum-level species distribution (a); the mean
abundance of genus and OTUs in MG1, MG2, MG3 and MG4 groups (b and c).

3.3 Microbial network

The top 101 OTUs were selected to determine microbial co-
occurrence in the four identified groups (Fig. 3). Besides un-
known phyla, the OTUs were assigned to 8 phyla with Proteobac-
teria as the most abundant accounting for 67.3% of the total
OTUs. In MG1, the co-occurrence mainly occurred in Proteobac-
teria, Actinobacteria and Bacteroidetes species (Fig. 3a), reveal-
ing the presence of approximately 20 keystone taxa. In MG2 and
MG4, nearly all the OTUs showed a high co-occurrence relation-
ship, especially with strong connections between OTUs from Pro-
teobacteria and OTUs from unknown phyla (Figs 3b and d). Ac-

cordingly, the quantity of keystone taxa increased. In contrast,
OTUs in MG3 were loosely connected (Fig. 3c). Each group con-
tained more than 10 keystone taxa. Notably, the keystone taxa
varied among groups, and not all the abundant OTUs in each
group were identified as the keystone taxa.

3.4 Sediment proprieties and relationships with microbial di-
versity
Sediment parameters are outlined in Table 3, with marked
differences in OC, TN and S contents among the 4 identified
groups, revealing different sources of microbial substrates to the
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Table 2. The alpha diversity of the obtained four microbial groups in the sediments of the continental shelf affected by the

Changjiang River plume
Richness Chaol Shannon_2 Simpson Dominance Equitability
MG1 3 337+386 3 338.49+386.00 9.38+0.50 0.007 7+0.005 0 0.990+0.005 0.80+0.04
MG2 3463+495 3 464.57+495.00 9.20+0.40 0.009 1+0.003 0 0.990+0.003 0.78+0.03
MG3 33914516 3392.54+516.00 9.38+0.30 0.006 8+0.005 0 0.990+0.005 0.80+0.03
MG4 2789+397 2791.24+397.00 8.55+0.30 0.014 0+0.004 0 0.980+0.004 0.75+0.02
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Fig. 3. Network of co-occurring OTUs in MG1 (a), MG2 (b), MG3 (c) and MG4 (d), based on correlation analysis. The selection
standards for strong and significant correlation are Spearman’s p>0.6 and p<0.01, respectively. The size of each node is proportional to
the relative abundance of each OTU in the network; the color and thickness of each connection between two nodes (edge) are
proportional to the value of Spearman’s correlation coefficients. The OTUs assigned to the same phylum were marked with the same
color.

sediment. At the OTU-level, the PCoA plots based on unweighted =~ MG?2 overlapping (Fig. 4). Overall, OC, sediment N, S, and clay
UniFrac distance showed that the majority of samples from the  contents manifested a continuous distribution of the four identi-
same group were clustered, with several samples from MG1 and fied groups (1 to 4) along the two first components of the PCoA (low
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Table 3. Average sediment organic carbon (OC), total nitrogen (TN), sulfur (S) and inorganic phosphorus (IP) contents together with
sediment particle sizes (MPS) in the four microbial groups identified through Bray-Curtis distance
OC content/% TN content/% S content/% IP content/(pmol-g!) MPS/pum Clay content/% Silt proportion/% Sand proportion/%

MG1 0.5+0.1 0.1+0.0 0.38+0.02 17.8+3.1 9.1£2.7 30.4+4.5 64.0+3.6 5.6+4.3
MG2 0.5+0.2 0.1+0.0 0.28+0.04 18.5+4.4 12.8+8.4 27+5.9 63.3+6 9.7£10.6
MG3 0.1+0.0 0.0+0.0 0.14+0.00 14.9+3.3 239.0+43.4 4.8+2.3 9.1+4.9 86.1+7.1
MG4 0.3+0.1 0.1+0.0 0.22+0.04 16.4+6.0 76.8+54.4 18.7+4.0 30.0+8.4 51.3+11.7
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Fig. 4. Unweighted unifrac PCoA plots visualizing community dissimilarities and variations of environmental factors. OC represents

organic carbon; TN, total nitrogen; S, sulfur; IP, inorganic phosphorus. The color code denotes the target environmental variable level.

to high component 1, and low to high component 2); while sand  ported the connections found in the PCoA tests (Fig. 5). Among
content showed an antagonistic trend (Fig. 4). Inorganic phos-  all the factors tested, OC, TN, S, and silt contents in sediments
phorous displayed an unclear trend. The RDA analysis further sup-  had significant effects (p<0.01) on the microbial distribution (Fig. 5).
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Fig. 5. Relationships of overall community structure and envir-
onmental factors obtained through RDA analysis, including con-
tents (according to mass fraction) of organic carbon (OC), total
nitrogen (TN), sulfur (S), inorganic phosphorus (IP), and propor-
tions of clay and sand in the continental shelf samples.

4 Discussion

Among the collected sediment samples (48 samples), the
most abundant bacterium was assigned to Proteobacteria (49%),
which is in line with other studies conducted in the Changjiang
River plume area (Ye et al., 2016). In adjacent seas and estuaries,
such as the Zhujiang River Estuary (Mai et al., 2018), the South
Yellow Sea (Chen et al., 2021) and the East China Sea (Dong et
al., 2014), Proteobacteria was also identified as the dominant
phylum. In addition, on a global scale, high-abundance of Pro-
teobacteria in both estuarine/marine sediments has been repor-
ted, frequently involved in biogeochemical transformations of C,
N, and S in the benthic environment (Inagaki et al., 2006; McCaig
et al., 1999; Nold et al., 2000). Actinobacteria was the second
most abundant phylum in the collected sediments (4.6%). The
high abundance of Actinobacteria was also observed in the Yel-
low Sea (Wei et al., 2018) and Rajang River Estuary, Malaysia (Sia
etal., 2019). Actinobacteria are frequently involved in the meta-
bolic production of polyketides and nonribosomal peptides. High
abundance of Actinobacteria suggests that sediments in the area
of influence of the Changjiang River plume have high potential in
the biosynthesis of antibiotics (Gomez-Escribano et al., 2016).

Though these dominant species were observed in all sedi-
ment samples, the community structure, especially the taxonom-
ic composition of benthic microbes significantly varied along the
continental shelf affected by the river plume. Contrasting with re-
search performed by Feng et al. (2009) that showed unclear spa-
tial distribution patterns of the benthic microbial community in
the Changjiang River plume area, benthic microbial community
studied here can be grouped into four different clusters via the
UPGMA analysis using Bray-Curtis distance. These groups
showed a significant difference in taxonomic composition
between each other (Fig. S2) and a clear spatial pattern distrib-
uted from the Changjiang River mouth to the outer plume area,
following the spatial distribution of environmental drivers de-
rived from the interaction between the transport of terrestrial
material by the Changjiang River and sea currents from the East
China Sea and the Yellow Sea (Fig. 1c). Salinity and temperature
are deemed to be key factors shaping the microbial community
in estuaries (Sunagawa et al., 2015). In this study, the salinity in
the waters near bottom sediments was ca. 32 in the majority of

sites because of the low discharge rate of Changjiang River and
wind-induced seawater intrusion during winter-early spring (Fig.
S4). Near-bottom water temperature ranged from 6°C to 15°C
from the north to the south and displayed a decreasing trend
along the latitude increase (Fig. S4), which was different from the
identified spatial pattern of taxonomic composition (Fig. 1c).
Consequently, the influence of these physical factors on the spa-
tial distribution of the benthic microbial community in the stud-
ied coastal region seems limited.

Apart from the Site A6-7, samples grouped in MG1 are loc-
ated in the vicinity of the Changjiang River mouth (Fig. 1c), re-
ceiving substantial Changjiang River-borne particles with ter-
restrial signal throughout the year (Li et al., 2020), evidenced by
the high turbidity near the sediment surface during both low and
high river discharge periods (Figs S4 and S5). Riverine transport
of particles may also introduce Changjiang River-borne mi-
crobes in the studied sediments (Dang et al., 2008). Liu et al.
(2018) showed that Planctmyces and Pseudomonas dominate the
benthic community in Changjiang River sediments. This signific-
antly contrasts with the microbial composition of group MG1,
where Proteobacteria and Creanarchaeota were key phyla (ex-
cluding unknown species). Such difference reveals a rearrange-
ment of the dominant species in the fresh-to-saline water trans-
ition environments despite potentially receiving allochthonous
microbes. Furthermore, in MG1, the abundant OTUs were
OTU_6 (Thermoprotei), OTU_2 (Chromatiales) and OTU_19 (An-
aerolineaceae). All of them are predicted to participate in sedi-
ment S turnover (Fig. 3c) and represent keystone taxa in the
benthic metabolism. Concurrently, high-level sediment S con-
tent was obtained in these sediment samples near the river
mouth (Table 3). In addition, S enrichment of the suspended
particles transported by the river was previously reported, which
can be used as electron donor thus supporting microbial meta-
bolism via oxidative reactions (Li et al., 2011). In parallel, high-
concentrations of dissolved dimethylsulfoniopropionate (DM-
SPd) and dissolved dimethylsulfoxide (DMSOd) are frequently
observed in the river mouth (Gao et al., 2017), likely to be
products of the oxidation of land-derived S. Near the river mouth,
due to the interactions of shallow depths and tidal forces, intense
sediment resuspension occurs (Zhu et al., 2017), which en-
hances oxidative reactions via increasing the contact between
sediment microbes and dissolved oxygen in the overlaying wa-
ters. Furthermore, seawater intrusion in the saltwater wedge in-
troduces sulfate in the river mouth area. Coupled with terrestrial
OC from the river plume, a fraction of sulfate is likely reduced to
sulfide (He et al., 2015). The combination of these factors and re-
actions may explain the enrichment of microbes specialized in S
processing in surface sediments near the river mouth (correla-
tions from the PCoA and RDA analyses), which greatly shapes the
benthic microbial composition there. The significance of S con-
tent on microbial composition could also be witnessed at the A6-7
site, i.e., a site belonging to the MG1 group but far from the river
mouth. This site is characterized by much higher S content
(0.38%) than the mean levels found in MG2 (Table 3). Apart from
S reactors, in MG1, 4 OTUs identified as Actinobacteria were out-
lined in the center of the metabolic net (Fig. 3a). Considering that
the Changjiang River watershed holds a human population of
more than 300 million and that the river mouth receives the dir-
ect anthropogenic outflow from a megacity (Shanghai larger than
20 million population; Zhang et al., 2021), the high abundance of
Actinobacteria in MG1 may play a role in the removal of terrestri-
al organic contaminants from human industries (Hu et al., 2013;
Piza et al., 2004).
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In the region where the MG2 group was identified, OTU_2
(Gamma Proteobacterium, Chromatiales strain) was the domin-
ant species, increasing abundance compared to MG1 (from 2.2%
in MG1 to 5.9% in MG2). In addition, OTU_33 (another Chroma-
tiales strain) also markedly increased in MG2 compared to MG1,
from 1.1% to 4.0% (Fig. 2 and Table 1). This increase suggests an
enhancement of oxidative reactions, which links to the continu-
ous suspension of sediment particles in the oxygen-saturated
overlying water. In particular, the location of the maximum tur-
bidity zone frequently shifts between the outer region of MG1
and the entire MG2 region, depending on the seasonal riverine
discharge rate. The high turbidity of the overlying water (Figs S4
and S5), likely resulting from flocculation of riverine materials
and particle resuspension driven by seawater intrusion (Zhang et
al., 2020a), benefits oxidative reactions on sediment particle sur-
faces, especially the S-oxidizing reactions carried by Chroma-
tiales (Cleary et al., 2017). This seems to be a major pathway sus-
taining the local benthic metabolism (Audry et al., 2007). The in-
crease in S-oxidizing potential may also result from the decrease
of terrestrially derived labile organic content since this portion
might be preferentially consumed by microbiota in MG1 prior to
reaching MG2. Compared with the flourished microbial S reac-
tion pathways, OTU_19 and OTU_6 markedly decreased in this
region compared to MG1, especially OTU_6 (Thermogladius cal-
derae, from 4.6% to 0.36%). Based on laboratory culture experi-
ments carried by Kochetkova et al. (2016), Thermogladius calder-
ae is highly selective on carbon substrate utilization. Considering
the carbon consumption sequence of MG1 and MG2, the decline
of OUT_6 in MG2 could also be interpreted as the result of chan-
ging sediment organic matter quantity and quality. To conclude,
the OTU co-occurrence between MG1 and MG2 was similar, and
the keystone taxa in the microbial community of both regions
were identified as dependent on S substrates (Fig. 3).

The identified group MG3 showed a significant variation in
sediment microbiota at both the phylum-level and the genus-
level compared to the other inner-most two groups (Fig. 2). For
microbial distribution at the OTU-level, OTU_2 was still the most
abundant OTU in the microbial community (Fig. 2c). However,
abundances of other S-related microbes significantly dropped
(Table 1), which was parallel to the decrease in S content in the
sediment (Table 3). Alternatively, abundances of Nitrosopumilus
(OTU_1 and OTU_50) markedly increased (Figs 2b and c).
Moreover, OTU co-occurrence revealed that the dominant S-
based, benthic metabolism weakened. In this region, the turbid-
ity in the surface water sharply decreased with low quantity of
terrestrial particles (Chen et al., 2008; Fig. S4), while the water
from the Taiwan Warm Current and the Yellow Sea significantly
intrudes into the region (Fig. S1). These sea currents are rich in
pelagic particles, including blooms of Prorocentrum donghaiense
during the spring and early summer (Wang et al., 2020) and
blooms of Skeletonema costatum during the summer and early
autumn (Bian et al., 2013; see the fluorescence peaks in Fig. S5,
including a bloom of Skelefonema costatum in July 2017). As a re-
sponse, the benthic microbial metabolism shifted from S-based
(terrestrial particles, S enriched) to N-based (pelagic sources).
Nitrosopumilus conducts the oxidation of NH/ to NO; during the
autotrophic nitrification process, relying on the ammonium pro-
duction during the benthic decomposition of phytoplankton de-
tritus sinking from surface waters, especially during algae blooms
(Ye etal., 2016). During benthic mineralization and ammonifica-
tion processes, NH; is produced from labile organic N, such as
amino acids, and then subject to nitrification in oxic environ-

ments (Jiang et al., 2019). N-enriched pelagic organic matter thus
fuels a cascade of benthic microbial reactions including the deni-
trification process (increased abundance of OTU_137; nitrite re-
ducer), tightly linked to nitrification in benthic sediments (Liu et
al., 2019). The correlation between sediment OC/N and microbi-
al community structure is supported by the RDA analysis per-
formed and continuously increased (low to high) along the two
axes of the PCoA plots. Compared with the MG1 and MG2 re-
gions, sediment OC and N in MG3 was much lower. This may be
based on the rapid turnover of pelagic organic matter in the sedi-
ments due to its lability, thus sustaining the entire microbial
community there. Accordingly, the microbial network in MG3
was significantly different from the pattern observed in MG1 and
MG2 zones (loosely connected, several clusters), displaying the
multiple selection for substrates during their metabolic reactions.

In the MG4 zone, an increase in sediment C and N compared
to sediments from the MG3 group was observed, which is similar
to the levels found in the Yellow Sea (Hu et al., 2013). This region
is occasionally influenced by the outer Changjiang River plume
during the summer (June to August), the period of highest river-
ine discharge (discharge >70 000 m3/s, Jiang et al., 2021b). Dur-
ing the rest of the year, the area is dominated by the Yellow Sea
water masses (high salinity and low temperature, Fig. S4). In this
region, abundances of the majority of the OTUs tended to be
identical among samples, with OTU_2 presenting the highest re-
cords (2.6%). As a result, substantial OTUs were clustered togeth-
er in the network, creating a dense web (Fig. 3d). This distribu-
tion likely reflects the instability of substrate supply because of
the geographic location of this group. Specifically, because of the
long distance to the river mouth, this region lacks the input of ter-
restrial particles (Zhang et al., 2020b). S, especially sulfide-metal,
might be limited in the MG4 region. In addition, phytoplankton
blooms are mainly occurring in the MG3 region due to the relat-
ively high concentration of dissolved nutrients and trace ele-
ments transported by the Changjiang River plume (Fig. S5;
Chang et al., 2021; Jiang et al., 2021b), suggesting a low input of
pelagic organic matter in the MG4 region by comparison. Alto-
gether, substrate inputs in MG4 might be limited on both ter-
restrial and pelagic sources. Accordingly, the intense recircula-
tion and high efficiency utilization of the limited substrates in the
sandy sediments sustain the basic functions of sediment microbi-
ota via active co-metabolism, as previously observed in coastal
sediments of an oligotrophic bay (Jiang et al., 2021c).

Interestingly, among the four identified groups, sediment IP
content was not identified as an important factor for the benthic
microbial distribution in the RDA analyses, though it serves as an
essential element for microbial metabolism. For instance,
OTU_18 (Vibrio splendidus) showed a strong dependence on P in
laboratory cultures (Schink and Stieb, 1983). The high storage ca-
pacity of P in sediments might be an important reason for this. In
the studied sediments, though the measurement of sediment N
might not be precise at low concentrations, the C:P and N:P stoi-
chiometry ratios were markedly below Redfield ratios. The high-
level P in the sampled sediments likely results from the strong
adsorption capability of sediments and subsequent P sequestra-
tion (Jiang et al., 2018b). Because of such high-levels, P may not
be a limiting element for local benthic metabolism and therefore
the linkage of sediment P content with benthic microbial com-
munity composition was weak.

The significant correlation obtained between sediment
particle size (clay) and microbial structure can be explained by
two reasons. On the one hand, small particles have a larger spe-
cific surface area, indicating that abundant microniches can be
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provided for supporting activities of sediment microbes. On the
other hand, there was a strong correlation between particle size
and sediment C/N (content ratio). The effects from particle size
on the sediment microbial community may be the mirror of in-
fluences from the availability of these substrates. Therefore, it is
not surprising to find that positive relationship between sedi-
ment particle size and microbial structure.

5 Conclusions

The 48 sediment samples collected on the continental shelf
affected by the spread of the Changjiang River plume were used
to characterize the benthic microbial community and to elucid-
ate its biogeography. From the river mouth to the outer plume,
the benthic microbial structure can be clearly classified into 4
clusters at the phylum level. The dominant phylum in all clusters
was Proteobacteria. Acidobacteria and Actinobacteria were also
frequently observed. The distribution of these benthic microbes
can be related to sediment substrate (C, N and S) availability af-
fected by the river plume and ocean currents. In regions close to
the river mouth receiving Changjiang River derived particles, S
reactions seem to play a dominant role in the microbial metabol-
ism and these microbes (e.g., Thermoprotei and Chromatiales)
were assigned to the key taxa in the microbial community. In the
outer region, the water turbidity decreased, thus benefiting the
growth of phytoplankton. C and N turnover, supported by debris
of phytoplankton in the sediment, tended to be the major meta-
bolic pathways. This shift of microbial biogeography is linked to
the substrate supply in the river-ocean continuum (riverine
particles and debris of phytoplankton), significantly influencing
the transformation of nutrients and trace elements though pro-
cesses such as denitrification or mineralization of organic matter.
Accordingly, the detailed characterization of sediment microbi-
ota, including microbial biomass and taxonomic composition,
could help to understand the magnitude and spatial distribution
of biogeochemical processes in this region such as carbon se-
questration, N removal, S oxidation, etc. Besides, this study found
abundant Actinobacteria in the study area which harbor abund-
ant/diverse natural product biosynthetic genes/gene clusters. In-
depth exploration of these synthetic pathways using metagenom-
ics is highly recommended.
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Supplementary information:

Fig. S1. Alpha diversity parameters of the 4 identified sample groups. a. Chaol estimators; b. Dominance estimators; c. Equitability
estimators; d. Richness estimators; e. Shannon_2 estimators; f. Simpson estimators.

Fig. §2. The results of ANOSIM show that the inter-group gap (e.g., MG1 vs. MG2) is greater than the intra-group difference.

Fig. $3. Abundance of sediment microbiota at the phylum-level (a) and genus-level (b) in the studied 48 sediment samples.

Fig. S4. Spatial distribution of temperature, salinity, turbidity and fluorescence of Chlorophyll a in bottom waters (2 m above
seabed) in the continental shelf affected by the Changjiang River plume during March 2018 as measured with CTD vertical profiles.
Dots represent CTD measurement sites.

Fig. S5. Spatial distribution of temperature, salinity, turbidity and fluorescence of Chlorophyll a in bottom waters in the continental
shelf affected by the Changjiang River plume during July 2017. Dots represent CTD measurement sites.

Table S1. The obtained 16S rRNA fragment sequence and the alpha diversity parameters of the marine samples

Table S2. The top 20 most dominant OTUs, their distribution in each sample and the difference comparison between each group
based on T-test analysis
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