8 frontiers ‘ Frontiers in Marine Science

@ Check for updates

OPEN ACCESS

EDITED BY
Siyuan Ye,

Qingdao Institute of Marine Geology (QIMG),
China

REVIEWED BY

Yiran Hou,

Chinese Academy of Fishery Sciences, China
Mingcong Li,

Shandong Agricultural University, China

*CORRESPONDENCE
Zongxiao Zhang
zhangzx@sustech.edu.cn

"These authors have contributed
equally to this work

RECEIVED 27 October 2023
ACCEPTED 12 March 2024
PUBLISHED 22 March 2024

CITATION

Zhou H, Zhang H, He X, Liu C, Fozia, Cui Q,
Yang H, Zhao C, Zhang H, Hu H and

Zhang Z (2024) Taxonomic and functional
dynamics of nirS denitrifiers along a salinity
gradient in the Pearl River Estuary.

Front. Mar. Sci. 11:1328684.

doi: 10.3389/fmars.2024.1328684

COPYRIGHT

© 2024 Zhou, Zhang, He, Liu, Fozia, Cui, Yang,
Zhao, Zhang, Hu and Zhang. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Marine Science

TvPE Original Research
PUBLISHED 22 March 2024
po110.3389/fmars.2024.1328684

Taxonomic and functional
dynamics of nirS denitrifiers
along a salinity gradient in
the Pearl River Estuary

Hongwei Zhou', Hao Zhang?*, Xinping He? Cheng Liu?®, Fozia®*,
Qian Cui®, Hongjun Yang®, Chunyu Zhao®, Han Zhang®,
Huanhuan Hu' and Zongxiao Zhang*

tSchool of Life Science and Technology, Sanquan College of Xinxiang Medical University,

Xinxiang, China, ?Experimental Teaching Center of Biology and Basic Medicine Sciences, Sanquan
College of Xinxiang Medical University, Xinxiang, China, 3Shandong Key Laboratory of Eco-
Environmental Science for the Yellow River Delta, Shandong University of Aeronautics, Binzhou,
Shandong, China, “College of Life Sciences and Oceanography, Shenzhen University,

Shenzhen, China, *School of Ecology, Resources and Environment, Dezhou University,

Dezhou, China, ¢School of Environmental Science and Engineering, Southern University of Science
and Technology, Shenzhen, Guangdong, China

Understanding the factors that shape the diversity, distribution, and function of
denitrifying microbes is vital for managing nitrogen cycling in these ecosystems.
This study explores the diversity, biogeographic distribution, assembly processes,
interaction, and denitrification potential of the nirS-encoding microbial
community (nirS denitrifier) in the Pearl River Estuary based on high-
throughput and metagenomics sequencing dataset. The results of this study
show that salinity is a crucial regulatory environmental factor that determines the
spatial distribution, phylogenetic turnover, and co-occurrence patterns of nirS
denitrifiers. Additionally, the dissolved organic carbon (DOC), suspended
sediment concentration (SSC), and dissolved oxygen (DO) in water also
significantly impact the biodiversity and abundance of nirS denitrifiers.
Furthermore, our findings demonstrate that, in comparison to environmental
factors, the ecological and evolutionary characteristics of nirS denitrifiers play a
more prominent role in regulating their denitrification potential, suggesting that
alterations in the microbial community within dynamic changes in estuarine
water can profoundly affect its denitrification function. Our results indicate the
significant roles of denitrification microbial structure and phylogenetic
characteristics in maintaining their ecological functions. Future studies should
continue to explore the interactions between microbial communities and
environmental factors to further elucidate the denitrification process in
estuaries and its implications for ecosystem health and water quality.
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1 Introduction

With the burning of industrial fossil fuels and the application of
agricultural nitrogen fertilizer, a large amount of terrestrial nitrogen
is transported to the offshore area along the river (Howarth and
Marino, 2006; Yu et al., 2019). This causes a series of ecological and
environmental problems in offshore seawater environments,
including water eutrophication, anoxia, and algae propagation
(Wang et al., 2019; Zhao et al., 2021). Denitrification is the main
process of water nitrogen removal. In coastal seawater,
heterogeneous microbial communities can use nitrate (NO;") as
an electron acceptor to perform respiration, thus permanently
removing excess nitrogen in water (Y. Li et al, 2021). The
denitrification process is catalyzed by multiple kinds of metabolic
enzymes, such as nitrite reductases (Nir), nitrate reductases (Nar),
nitrous oxide reductases (Nos), and nitric oxide reductases (Nor)
(Zumft, 1997). In particular, the rate-constraining step is catalyzed
by the nitrite reductase, which is encoded by the nirS and/or nirK
genes (Braker et al, 2000). Although the two genes differ in
structure, both genes are similar both physiologically and
functionally (Coyne et al., 1989). In comparison with nirK
included in nitrifiers, nirS is more widely spread in nature, has
the highest frequency, and is used as a functional biomarker of the
denitrifying community (Cantera and Stein, 2007; Gao et al., 2016).

The diversity, abundance, and community structure of nirS-type
denitrifiers in estuaries and waters in coastal areas are critically
regulated by water environmental characteristics, such as salinity,
pH, ammonia (NH,") concentration, and oxygen concentration of
seawater (Shi et al., 2019; X. Liu et al., 2020). These findings indicate
that environmental selection is crucial in shaping the biogeographic
patterns of nirS-type denitrifier bacteria. However, current research
on microbial biogeography is shifting its focus toward the assembly
processes governing microbial community biogeographic patterns
(Jiao et al, 2020). Based on the theory of microbial ecology,
microbial geographic distribution is affected not only by
deterministic processes (environmental selection) but also by
stochastic processes, such as random drift and mutation in genes,
random migration in and out of microbial species, random dispersal,
and random speciation and extinction (X. Hu et al, 2022). By
understanding how nirS-type denitrifier bacteria diversity forms
and adapts in response to environmental factors, we can gain
insights into their ecological functions and contributions to
biogeochemical cycles. This knowledge can also inform efforts to
manipulate and engineer these bacteria for more effective
biotechnological applications in environmental remediation and
health (Kou et al, 2021). Currently, the assembly process of
denitrifying bacteria, however, still lacks sufficient research.
Microbial community assembly models can be used to distinguish
the contributions of stochastic and deterministic processes in
constructing microbial spatial patterns, which promotes our
comprehensive understanding of microbial geographical patterns
(Stegen et al., 2015). In general, the balance between the degree of
genetic evolution and the ecological selection of microorganisms is
the key to influencing microbial biogeographic distribution (Stegen
et al., 2013). Figuring out the mechanisms that support the
biogeographic patterns of microbes is a crucial topic in ecology,

Frontiers in Marine Science

10.3389/fmars.2024.1328684

which raises the question of how nirS-type denitrifiers in estuaries
are shaped by stochastic and deterministic processes.

Additionally, microbial species in the environment exhibit
complex interactions and are significantly correlated with
biogeographic characteristics (Jiao et al., 2020). Correlation-based
network analysis can be used to explore their complex ecological
relationships, such as interspecific competition, mutualistic symbiosis,
parasitism, and predation (Faust and Raes, 2012). The interactions
between denitrifier bacterial communities, such as substrate
competition, may affect community assembly balance (Cai et al,
2021). However, the relationship between the assembly processes and
the co-occurrence patterns within denitrifier communities remains
poorly explored. Denitrification is the main release pathway of
greenhouse gases (e.g, N,O) (Falkowski et al,, 2008; Wang et al,
20205 Su et al, 2022). Therefore, understanding the microbial
mechanism of denitrification and the secondary environmental
problems caused by denitrification is essential for mitigating
eutrophication and global warming in coastal estuarine waters. In
contrast to the ecological characteristics of the denitrifier community,
little is known about the potential denitrifying functions in coastal
seawater. Metagenomics techniques can be used to reveal the overall
characteristics of functional genes in microbial communities, which in
part reflect the functional potential of microorganisms in a specific
environment (Rasigraf et al., 2017). Denitrification in estuarine water
is crucial for the biogeochemical cycling of nitrogen. However, the
ecological characteristics of denitrifiers in estuarine water and their
responses to estuarine environmental gradients are still poorly
understood. As a typical special interface of sediment-water
interactions, the bottom water in an estuary spans various physical,
chemical, and biological gradients. It is also an important place for the
coupling of river-estuary-marine biogeochemical cycles (Seiki et al,,
2008; Jorgensen et al., 2019; Guo et al,, 2023).

In this research, the functional and ecological characteristics of
denitrifying microbial communities are investigated at the water-
sediment interface in the Pearl River Estuary. This research aims to
(1) understand the biogeographic distribution, co-occurrence
pattern, and community assembly process of denitrifying
microorganisms in the seawater of the Pearl River Estuary, (2)
understand the denitrifying functional characteristics of estuarial
seawater microorganisms and the characteristics of nitrogen
metabolic pathways, and (3) construct the relationships between
microbial ecological characteristics and potentially functional
characteristics and to better understand the microbial mechanism
of denitrification processes in estuarine water. This research may
provide new inspiration for the microbial denitrification process in
the water column in coastal areas and provide further indicators for
the microbial mechanism of denitrification potential in coastal water.

2 Materials and methods
2.1 Research sites and fieldwork
The Pearl River Estuary (PRE) is in the northern part of the

South China Sea, with a length of 80 km from north to south and an
area of 2100 km?. Its dominant water source is the Pearl River, with
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an annual inflow of 326 billion m’ and an annual runoff of 300
billion m? (Zeng et al.,, 2020). The region is characterized by a humid
subtropical climate (Wong et al., 2002). The annual precipitation and
temperature on average are 1690 mm and 22°C, respectively (Huang
etal., 2021). The PRE is located in the core of the Guangdong-Hong
Kong-Macao Greater Bay Area and has several main economic
centers, including Guangzhou, Shenzhen, Zhuhai, Hong Kong, and
Macao (Xia and Zhou, 2021). With the rapid development of
industry and agriculture in this region, excessive anthropogenic
reactive nitrogen (N) and phosphorus (P) are released into the
PRE through artificial discharge, river runoff, and atmospheric
deposition, which has led to water eutrophication and water
quality deterioration (Niu et al., 2020a; Niu et al., 2020b).

Sampling was undertaken across the south-to-north passage,
and a total of 25 sampling sites (S1-S25) were set in the study area
during July 2022. Supplementary Table SI and Figure S1 present the
field sampling trips in detail. The salinity distribution was
considered for dividing these study sites into 5 distinct salinity
zones (zones 1-5) and 2 salinity regions, including freshwater
regions (S1-S15; upstream of the estuary, mainly Pearl River
water) and mixed water regions (S16-S25; downstream of the
estuary, influenced by the dynamic interaction between the river
and the ocean). In each sampling sites, 5 bottom water (~ 5 L, 0-0.5
m above the sediment) samples were collected using a stainless-steel
water sampler from the north to the south of the estuary. After
collection, some water samples were immediately transferred
onboard the research cruise to analyze water pH, salinity,
dissolved oxygen (DO), and turbidity. The water pH and salinity
were determined by a portable multiparameter water quality meter
(LMPWM-A20). Following the classic Winkler procedure, titration
was applied to measure water DO. Turbidity was recorded in the
light of nephelometric turbidity units (NTU), which were adopted
to calculate suspended sediment concentrations (SSC, in g L™").
Dissolved organic carbon (DOC) was measured on a carbon-
hydrogen-nitrogen elementary analyzer (VVarioELIII,
Elementary, Germany). We adopted the ascorbic acid-molybdate
blue method for assaying total phosphorus (TP) and applied a
spectrophotometer to the measurements.

A sterile filter membrane (Waterman) with a pore size of 0.22
micrometers was utilized to filter water samples ranging from
approximately 100 to 500 milliliters, and three filter membrane
samples were collected in each sample site. The filtered membrane
was kept carefully at —20°C for DNA extraction. The filtered water
sample was preserved in a brown glass bottle and taken back to the
laboratory to determine NO,~ (including NO,” and NO;") and NH,"
using a nutrient analyzer (SAN plus, Skalar Analytical B.V., the
Netherlands), with detection limits of 0.5 uM for NH,* and 0.1 uM
for NO,~ (Hou et al, 2015). The water environmental parameters
were analyzed in triplicate, and the average was calculated.

2.2 DNA extraction and Illumina
MiSeq sequencing

The total DNA of the filtered membrane sample was extracted
by Powersoil ' DNA Isolation Kits (MO BIO, USA) based on the
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operation manual. Filter membranes from the same sampling sites
were extracted separately for DNA, and triplicate DNA extracts
were pooled for downstream molecular interpretation. A total of 25
DNA samples were collected. The pooled DNA extracts were tested
with 1% agarose gel and quantified by a Nanodrop-2000
Spectrophotometer (Thermo Fisher Scientific, Waltham, the U.S.).
The nirS gene was amplified from the appropriate DNA extracts by
the polymerase chain reaction (PCR) primers Cd3aF and R3cd (Gao
et al, 2016). PCR was conducted in a total volume of 25 pL
containing 0.2 pL of Taqg DNA Polymerase (5 U/uL, TaKaRa,
China), 1 pL of genomic DNA (10-100 ng/uL), 0.5 uL of ANTPs
(10 mM), 0.5 uL of primer (10 mM), and 2.5 pL of 10 x PCR buffer.
PCRs were conducted based on our previous method (Zheng et al.,
2021). Brieflly, thermal cycling for PCRs was performed at 95 °C for
30 s, followed by 40 cycles at 95 °C for 5's, 60 °C for 30's, and 72 °C
for 10s, and a dissolution curve program at 95 °C for 15 s, 60 °C for
155, and 95 °C for 15s.

Selection Beads (Transgen, China) were used to purify the final
PCR products, a Qubit3.0 DNA Kit (Life Technologies, Sweden)
was used for quantification, and then the Illumina MiSeq PE250
platform was used for sequencing the products. The amplified
anteroposterior sequence was spliced by the default setting of
FLASH software (Edgar, 2013). First, the anteroposterior primers
were removed from the spliced sequence using the fastp software
(https://github.com/OpenGene/fastp). Subsequently, the resulting
high-quality sequences were screened and processed using QIIME
v1.8.0 software. Duplicate sequences were then removed, and the
dataset was reclustered using USEARCH software (Bolyen et al.,
2019; Liu et al., 2020). All read high-quality sequences were edited
to the same sequence length. The sequence was analyzed according
to the UPARSE-OTU algorithm using the UPARSE software
package. Sequences with a similarity of 97% were designated as
equivalent operational taxonomic units (OTUs) (Edgar, 2013). The
representative sequence taxonomic status of every OTU was
determined against the GreenGene database (RDP classifier,
threshold 70%).

The water-extracted DNA was pooled (as a sample for
sequencing the metagenome) from one salinity zone. Overall, 5
DNA samples were collected, consisting of 5 distinct salinity
gradients. The NEBNext UltraTM DNA Library Prep Kit for
Mumina (NEB, the U.S.) was used to prepare the DNA library
following the manufacturer’s recommendation. Under an index
code, the attribute sequence was added for the samples. AMPure XP
system was used to purify the samples, and an Agilent 2100
Bioanalyzer (Agilent Technologies, CA) was used to assess the
libraries. A cBot Cluster Generation System was employed for
cluster generation, and then with an Illumina HiSeq2500
platform, paired-end reads (PE150) were produced to generate a
metagenomic dataset of 10 Gb. Then, on the online Majorbio Cloud
Platform (www.majorbio.com), the first-hand data were assessed
(Ren et al., 2022). Briefly, low-quality reads, as well as adaptor and
host sequences, were removed (base N > 10 bp; quality score < 38;
and overlap length between reads and adapter > 15 bp) in fastp
software (https://github.com/OpenGene/fastp). Second, the
overlapping sequences were assembled to create longer
contiguous segments (contigs with lengths beyond 300 bp were

frontiersin.org


https://github.com/OpenGene/fastp
https://www.majorbio.com
https://github.com/OpenGene/fastp
https://doi.org/10.3389/fmars.2024.1328684
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Zhou et al.

kept) with Megahit (https://github.com/voutcn/megahit).
Regarding assembled metagenomes, MetaGeneMark v.2.10 was
used to predict the open reading frames (Zhu et al., 2010), CD-
HIT v.4.5.8 was used to build a nonredundant gene catalog
(unigenes), and SoapAligner v.2.21 was used for quality control
(eliminating the genes with < 3 reads per sample) (Li and Godzik,
2006). DIAMOND, guided by the KEGG and NR databases
(BLASTP, e-value < le-5), was used to assign functional and
taxonomic identifications (Buchfink et al., 2015). The KOs
belonged to higher KEGG categories as well as KEGG pathways.
The reads per kilobase of the exon model per million mapped reads
(RPKM) was used to characterize the relative abundance
of unigenes.

2.3 Quantitative real-time PCR

With primers cd3aF/R3cd, an ABI 7500 Sequence Detection
System (Applied Biosystems, Canada) was applied to quantify nirS-
encoding denitrifiers in all of the gathered samples. Supplementary
Table S2 presents detailed information about the primers and
amplification conditions. The Qiagen Miniprep Spin Kit was used
to retrieve plasmids with the nirS gene from E. coli hosts. A
Nanodrop-2000 Spectrophotometer (Thermo, U.S.) was used to
quantify the plasmid DNA concentration. The plasmids were
applied to construct standard curves, and the threshold cycle
(CT) values were determined to quantify the target gene copy
number. Briefly, the quantification standard curves were
generated by plotting the CT against the logarithm of nirS gene
copy numbers carried by the standard plasmid solutions,
demonstrating a strong linear relationship (R* = 0.998) and high
amplification efficiency (99.7%). The standard curve spanned over 6
orders of magnitude, ranging from 1.50 x 10* to 1.50 x 10° copies
per microliter of the standard plasmid’s concentrations.
Furthermore, both the standards and samples exhibited a single
peak at 85.4°C in their melt curves, indicating that specific DNA
samples produced fluorescent signals throughout the quantitative
PCR process. Triplicate qPCR assays were carried out for the whole
standards and samples.

2.4 Statistical analyses

Prior to the analysis, water environment data were estimated for
normal distribution with the Shapiro—Wilk test. Coefficient
variations (CVs) were used to compare the dispersion of two
groups of data. Log-transformation or square root transformation
were applied to improve the normality of the data. In R, the “vegan”
package is utilized for a-diversity analysis, employing metrics such
as Sobs, Shannon and Coverage index, the “phyloseq” package is
utilized to specifically calculate phylogenetic diversity (PD) for nirS-
type denitrifiers at the Operational Taxonomic Unit (OTU) level.
Prior to this analysis, the sequences are standardized based on the
minimum sequence count of 9457 to ensure comparability across
samples. The differences in denitrifying microbial abundance and
diversity between sampling zones were determined using one-way
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analysis of variance (ANOVA) followed by Tukey’s experiment to
evaluate the significance of differences. Principal Coordinates
Analysis (PCoA) was used to visualize the similarities in
microbial structure between different sampling sites. The Bray-
Curtis dissimilarity of denitrifying microbial compositions was used
for permutational multivariate analysis of variance
(PERMANOVA). The difference in denitrifying microbial
composition was assessed using the analysis of similarities
(ANOSIM) by using the “vegan” package in the R (version 4.2.1).
Pearson’s correlation was used to determine the environmental
factor correlations with nirS microbial abundance and diversity.
Random forest were used to identify key environmental factors.
And the significance of factors was evaluated based on Mean
Decrease Accuracy (MDA). Redundancy analysis (RDA) was
employed to discuss the relationship between environmental
factors and nirS microbial species composition. Before the RDA,
detrended correspondence analysis (DCA) was applied to assess the
suitability of RDA for the current sequencing analysis. RDA and
DCA were conducted by CANOCO 4.5 (Microcomputer, Ithaca,
NY, USA). A null model was applied to quantify the comparative
significance of the deterministic and stochastic processes in the
assembly processes of microbial communities. The B-nearest taxon
index (BNTI) was calculated as the number of standard deviations
of the observed phylogenetic turnover from the null distribution of
phylogenetic turnover. BNTI values >2 or <-2 indicate
heterogeneous selection (HeS, significantly more than expected
phylogenetic turnover) and homogeneous selection (HS,
significantly less than expected phylogenetic turnover),
respectively, which represent the deterministic process. PNTI
values falling within the range of -2 to 2 indicate stochastic
processes that include homogenizing dispersal (HD), dispersal
limitation (DL), and undominated (UN) processes. To discern
these three processes, a Bray-Curtis-based Raup-Crick metric
(RCpray) was calculated with RCpray > 0.95, |[RCpray| < 0.95, and
RCpray < —0.95 being interpreted as DL, UN, and HD processes,
respectively (Stegen et al., 2013, 2015). In addition, structural
equation modeling (SEM) was applied to measure the indirect
and direct influences of water variables on nirS-harboring
denitrifier abundance and dissimilarity (Lafuente et al., 2019).

3 Result

3.1 Variations in community structure and
variance of nirS denitrifiers

A total of 1801 OTUs were identified based on a 97% sequence
similarity, with a coverage ranging from 98.37% to 99.77%,
indicating that the gene libraries encompass the targeted nirS-
denitrifier community effectively. At the order level, the majority
of nirS genes could not be classified accurately, and most OTUs
were classified as Unclassified_Bacteria (UB), Unclassified_
Proteobacteria (UP), and Norank_environmental samples (NES).
In addition to Unclassified and Norank taxa, the predominant order
identified for nirS-harboring denitrifiers was Rhodocyclales
(accounting for 3.38% and 4.07% in fresh and mixed water
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regions, respectively), followed by Rhodobacterales (accounting for
2.61% and 2.25% in fresh and mixed water regions, respectively)
(Figure 1A). Moreover, the comparative abundance of most
predominant orders in nirS-harboring denitrifiers varied
significantly (one-way ANOVA, P < 0.05) between the two
salinity regions (Supplementary Figure S2). UP, NES,
Unclassified_Betaproteobacteria (UBP), and Rhodobacterales were
more abundant in fresh water, whereas mixed water regions were
dominated by UB, Rhodocyclales, and Unclassified_
Alphaproteobacteria (UAP). Subsequently, we calculated the local
biodiversity (o-diversity) of nirS denitrifiers. In comparison, the
biodiversity of nirS denitrifiers, including the Sobs and Shannon
index, and the phylogenetic diversity index were markedly higher in
freshwater than in the mixed water regions. However, a significantly
lower community coverage index of OTU levels was observed in
freshwater than in the mixed water regions (one-way ANOVA, P <
0.05) (Figure 1C). Additionally, compared to samples in mixed
water regions, higher CVs of a-diversity in freshwater samples were
found (Supplementary Table S3). Furthermore, the PCoA
ordinations on the basis of the Bray—Curtis dissimilarity matrix
showed that the nirS-type denitrifiers were clustered based on the
salinity gradient (ANOSIM, P = 0.004) (Figure 1B). The
PERMANOVAs revealed that the community composition of
OTU levels significantly differed between freshwater and mixed-
water regions (P = 0.001), which was also proven by PLS-DA
analysis (Supplementary Figure S3). A total of 381 OTUs were
classified as core species. In the 5 sampling zones, the number of
unique OTUs was higher in zones 1 and 2, with 90 and 86 in zone 2
and zone 1, respectively. However, zone 4 had the lowest number of
unique OTUs, containing only 2 unique OTUs (Figure 1D).
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3.2 Effects of environmental factors on
nirS-harboring denitrifier variation

In RDA, we found that the measured environmental variables,
including salinity, TP, NO; N, DOC, and SSC, appreciably
impacted the variations in the composition of the nirS-denitrifier
community. The SSC and DOC in waters were significantly
correlated with the community composition of nirS denitrifiers in
freshwater regions, and the water salinity, TP, and NO; -N were
significantly related to the nirS denitrifier community from mixed
water regions (Figure 2A). However, taken together, these water
properties explained only 20.20% of the total variation in
community composition. This suggested that the mechanisms
governing the spatial dynamics of denitrifying communities in the
study area were complex. Furthermore, the random forest model
results showed that water DOC, salinity, and SSC were the best
predictors of spatial variation in denitrifying microorganisms
(Figure 2B), with MDA values greater than 8. These results
suggested that the three environmental factors (DOC, salinity,
and SSC) were the major environmental factors affecting
nirS denitrifiers.

The results revealed that the abundance of nirS genes in
denitrifying bacteria was significantly related to salinity and DOC
(R =0.496, P = 0.0012; R = 0.254, P < 0.001). In addition, DOC,
SSC, NH,"-N, NO5 "N, and DO were the major factors affecting the
abundance of denitrifying genes in sediments (P < 0.05). The
relation between dominant denitrifier orders and environmental
variables was further explored, and the results showed that most
predominant orders were significantly related to all measured
environmental variables (Supplementary Figure S4). Judging from
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these connections, the nirS denitrifier orders mostly accumulated
into three groups and revealed varying relationship patterns. For
instance, denitrifier orders belonging to Rhodocyclales,
Hydrogenophilales, and Burkholderiales (group 1) were
significantly correlated with nutrient content, including water
NO;5™-N, TP, and NH,"-N. Additionally, denitrifiers belonging to
Pseudomonadales, Unclassified_Gammaproteobacteria (UGP),
Xanthomonadales, Neisseriales, Rhodospirillales, Norank_Bacteria,
NES, and UBP (group 2) were positively correlated with water DOC,
pH, and SSC values and negatively related to salinity and DO. In
addition, denitrifier orders belonging to Unclassified_Kingdom,
Rhodobacterales, UB, and UP (group 3) were weakly correlated
with the water environmental factors, except for temperature, which
was significantly negatively correlated with the relative abundances
of Rhodobacterales (Supplementaryray Figure S4).

3.3 Community assembly processes and
co-occurrence patterns

The dissimilarity of RCp,ay distances and pairwise BNTIT among
sampling sites revealed that assembly of the nirS-harboring
denitrifier community was more deterministic in fresh water and
moved toward stochastic in mixed water, with UN and DL
processes fractions becoming more dominant (Figures 3A, B). HS
process was the most important process, accounting for 57.50% of
the community variation in freshwater samples, followed by DL and
UN, each of which explained 29.17% and 13.33% of the total
variation, respectively. While community assembly in mixed
water samples was primarily structured by stochastic processes,
the DL, UN, and HD processes accounted for ~97% of the total
community variation. Notably, the contribution of the HD process
to the community variation of denitrified microbes was 0 in the
freshwater region, while there was a significant contribution
(14.55%) in the mixed-water region. Furthermore, HeS processes
did not appear in either the freshwater region or the mixed region,
accounting for 0% of the total community variation (Figure 3C).
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The network analysis revealed that the co-occurrence
relationships of nirS-denitrifier communities in freshwater regions
were composed of 644 OTUs and 14903 edges (OTUs were closely
associated). There were only 355 OTUs and 9616 edges in the co-
occurrence network of nirS-denitrifier communities in the mixed
area. Relationships between nodes showed higher positive
correlations in both freshwater and mixed zones, suggesting that
symbiosis was higher than exclusion between nirS-denitrifier
communities. Additionally, an obviously higher number of
positive correlations were identified in freshwater sample
networks (85.18% of total edges) than in mixed-water networks
(69.90% of total edges). Compared with the co-occurrence pattern
of denitrifying communities in freshwater areas, nirS denitrifiers in
mixed areas showed weaker network complexity and connectivity
(Figure 4, Table 1). The network topology indexes of nirS-denitrifier
communities in freshwater regions, including degree, network
diameter (ND), average path length (APL), graph density (GD),
and clustering coefticient (CC), were significantly larger than those
in the mixed regions, while the modularity coefficient was
significantly smaller, indicating that the denitrifying microbiome
in the mixed region showed higher OTU modularity.

3.4 Potential functional characteristics
of denitrification

Metagenome prediction generated large gene numbers in each
dataset, ranging from 239,712,289 to 483,683,208 copies. A total of
432,409,0 nonredundant genes were detected in the metagenomes,
and 8429 KOs were annotated. These KOs fell into higher KEGG
categories (Supplementaryray Figure S5) and showed a high
frequency of sequences enriched in fundamental features: global
and overview maps (512,037,6 reads), amino acid metabolism
(461,610,4 reads), and carbohydrate metabolism (458,562,0 reads).

Only genes involved in N metabolism and the denitrification
process are discussed for simplicity. For N metabolism, 46 KOs
were annotated to N metabolism, which covered most of the entire
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N metabolic pathway (Supplementaryray Figure 56). Annotation in
the metagenome dataset showed the gene dominance included in
the coupling between glutamate metabolism, with a high occurrence
of glutamine synthetase (glnA), glutamate synthase large chain
(gltB), small chain (gltD), glutamate dehydrogenase (GDH2) and
carbonic anhydrase (cynT) (ranking first to fifth). In addition, the
high occurrence of nitrate reductase (narG), glutamate
dehydrogenase (gdhA) (6th and 7th), and transporters (NRT2,
8th) was also discovered, which showed large genomic potential
for nitrite/nitrate transformation. N transformation was also
associated with genes annotated to N dissimilatory/assimilatory
nitrate reduction to ammonium (DNRA and ANRA),
denitrification, fixation, anammox, and nitrification. Here, we
found a high frequency of sequences linked to the N-removal
process involved in denitrification, followed by dissimilatory
nitrate reduction to ammonium (DNRA). The relative abundance
of functional genes included in denitrification also differed between
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sampling zones, with the highest salinity region of zone 3 harboring
more denitrification genes than other sampling zones (Figure 5B).

For functional genes in denitrification, the relative abundance of
the major functional genes that mediate denitrification, including
narG/H, napA/B, nirS, and norB, showed significant variations
across salinity regions. The relative abundance of narG/H, nirS,
and norB genes was significantly higher in the freshwater region
(ANOVA, P < 0.01), while the relative abundance of napA/B genes
was significantly higher in the mixed-water regions (ANOVA, P <
0.01). However, the relative abundances of the nirK and nosZ genes
were not obviously different between within five different salinity
gradients (Figure 5A). Furthermore, whether based on
metagenomic gene sets or qPCR results, the results demonstrated
that the nirS gene abundance in mixed-water regions was
significantly higher than that in low-salinity regions (Figures 5C,
D). This further implied a significant regulation of nirS gene
abundance by water salinity.
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3.5 Links between denitrifying microbial
biodiversity and abundances and
environmental variables

As illustrated by the concrete arrows in Figure 6. The nirS gene
abundance was directly positively related to salinity and negatively
related to SSC and ACE. The nirS-denitrifier dissimilarities were
weakly directly related to salinity and more indirectly regulated by
environmental variables and microbial o.-diversity (Figures 6A, B).
To better exhibit and illustrate the impact of microbial o.-diversity
on denitrification function, as well as the abundance and
dissimilarity in nirS-type denitrifiers, models with only

environmental variables or microbial c-diversity were compared.
The SSC and phylogenetic diversity index significantly influenced
nirS-denitrifier dissimilarities; however, the correlation with salinity
was not significant. Similar to the model without the microbial o-
diversity index, salinity was a key regulatory factor affecting nirS
denitrifier abundances. The denitrification function was negatively
correlated with nirS-denitrifier dissimilarities and gene abundance.
Additionally, salinity can indirectly influence denitrification
function via reductions in the SSC and ACE index. In addition,
the SEM including microbial community diversity enhanced the
predictability of nirS gene spatial dissimilarity and the potential
function in denitrification. When replacing environmental factors

TABLE 1 The network-level properties of the nirS-denitrifier microbial community cooccurrence patterns.

Groups Node Edge Degree ND GD Modularity CcC APL
Fresh-water 644 14903 46.283 6 0.072 0.799 0507 2551
Mixed-water 355 9616 22.755 5 0.053 095 0.505 2189

*ND, network diameter; GD, graph density; CC, clustering coefficient; APL, average path length.
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FIGURE 5

Metagenomic sequencing and qPCR were used to characterise the denitrification function. (A) Relative abundance of key functional genes and
metabolic pathways involved in denitrification. The genes significant more abundant in the freshwater region are marked in red, and those more
abundant in the mixed-water region are marked in orange. (B) N metabolism and denitrification function (shown in the box) in Pearl River Estuary
waters across all samples. (C) Relative abundance and (D) gene copy number of nirS genes from Zone 1 to Zone 5, based on shotgun sequencing
and gPCR results, respectively. RPKM: reads per kilobase of exon model per million mapped reads. DNRA, Dissimilatory nitrate reduction to
ammonium; ANRA, Assimilatory nitrate reduction to ammonium; RPKM, Reads Per Kilobase per Million mapped reads.

(Figure 6A) with the microbial o-diversity index (Figure 6B), the
total variance of nirS gene dissimilarity explained by the fixed
factors improved from 0.470 to 0.527. Additionally, the total
variance of the denitrification potential improved by ~ 2 times
(R? from 0.314 to 0.615). The differences between these two models
implied the potential contribution of microbial community
characteristics to denitrification processes in the PRE ecosystem.

4 Discussion

The study of the distribution pattern, community assembly, and
bio-interaction of its functional microbial community structure is
extremely important for revealing and predicting the N cycling
process and response mechanism of the estuarine water ecological
environment. Here, we explored the diversity, abundance,
community assembly processes, and co-occurrence pattern of
nirS-denitrifying bacteria and the denitrification potential in
typical estuarine waters. Additionally, we analyzed the key
regulatory role of the water environmental gradient on their
community ecological characteristics and community abundance,
providing new insights into the microbial driving mechanism of the
denitrification process in estuaries and marine waters.
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The results revealed that the diversity index and richness index
of nirS denitrifiers in freshwater environments significantly
exceeded those in mixed-water areas, suggesting that salinity in
this study area plays a crucial role in regulating denitrification
bacteria. High salinity reduces bacterial diversity (Bernhard et al.,
2005; Ruhl et al, 2018). It has been reported that nirS-harboring
bacterial diversity is higher in lower salinity environments than in
higher salinity environments (Zheng et al., 2015), which is
consistent with our results. A high degree of salinity can impede
bacterial development by limiting the activities of cell membranes
and enzymes. Due to high salinity, low salt-tolerant bacteria must
allocate more energy to combat high osmotic pressure, resulting in
insufficient fecundity. In addition, if salt tolerance is lacking,
microorganisms may perish due to cell vitality loss (Uygur, 20065
Chen et al,, 2019). Studies have shown that Rhodanobacter and
Pseudomonas are the major nirS denitrifiers in artificial
environments (Wu et al., 2017). However, the results of this study
showed that most denitrifying bacteria cannot be identified at the
genus and phylum levels. At the phylum classification level,
unclassified bacterial and nonranked environmental samples
accounted for more than half of the nirS sequences in total,
which in is agreement with the results of previous studies (Zhou
et al,, 2016; Jiang et al, 2020). Although the molecular method
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Structural equation model describing the effects of salinity, dissolved organic carbon (DOM), suspended sediment concentration (SSC), dissolved
oxygen (DO), N concentration (NH;* and NOs™), and microbial characteristics (Shannon, ACD, and phylogenetic diversity index) on the abundance of
the nirS gene, denitrifier B-diversity and denitrification potential. (A) Conceptual model without microbial characteristics (Shannon, ACD, and
phylogenetic diversity index). (B) Conceptual model without environmental characteristics (SSCM, DOC, and N concentration). Red lines indicate
positive relations, while blue lines indicate negative relations. Solid lines indicate significant and stable correlations (P < 0.05), and dashed lines
indicate nonsignificant correlations (P > 0.05). Numbers next to the arrow lines show standardized path coefficients. Arrow widths are proportional

to the strength of the relationship.

based on PCR amplification is the best method to study the nir
community, noticeably, the coverage of the frequently applied nirS
primers to the entire gene pool is low. A report by Ma et al. (2019)
showed that the primer group cd3aF/R3cd could only account for
77.70% of nirS clade I. Therefore, in areas with less natural
environment or human interference, it is still necessary to use
metagenomics or culture-dependent methods to isolate and identify
major denitrifying bacteria.

DOC and salinity in water are the key driving factors affecting
the spatial variation in B diversity and abundance of the nirS
denitrifier microbial community. As a carbon source, DOC can
be directly utilized by microbial communities and provides essential
energy and material for synthesizing extracellular and transport
enzymes, significantly regulating the ecological and physiological
characteristics of microbial communities (A. Hu et al., 2022).
Furthermore, when denitrifying microbial communities are not
subject to resource constraints or other environmental pressures,
the abundance and diversity of denitrifying microorganisms may be
limited by salinity. Salinity can influence the denitrifying microbial
community’s species composition through various pathways, such
as soluble salts, which typically increase the water’s osmotic
potential and draw water from cells, which may decrease the
activity of cells. Finally, certain microorganisms are killed through
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solute decomposition (Yang et al., 2016). Research results have
shown that SSC in water also significantly impacts the abundance
and spatial variation in denitrifying microorganisms, which may
also be a crucial factor affecting the structure of the denitrifying
community (Zheng et al., 2021). The elevated SSC would lead to
flocculation and cause higher oxygen depletion next to the
suspended sediment interface, thus supplying denitrifying bacteria
with more microsites. Hence, SSC was crucial for shaping the
abundance and dynamics of denitrifiers in the PRE-water system.
In this research, although the results and previous studies
demonstrate that the complex water environment significantly
manipulates the diversity and abundance characteristics of
denitrifying bacteria, environmental variables cannot explain a
large portion of the community differences in nirS microbial
community structures. The unexplained changes may result from
unmeasured spatial and environmental elements in this research or
by the random assembly process of microbial communities, such as
dispersal limitations caused by sampling point distance and random
drift within microbial communities (including genetic and
ecological drift). These factors have been shown to significantly
impact the composition of nirS denitrifier microorganisms in
aquatic ecosystems (Jones and Hallin, 2010; Li et al., 2022). We
showed that the samples from mixed-water regions, the stochastic
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process was overwhelming. In the present study, deep-sea
sediments with relatively uniform environments (Jacob et al,
2013) allow stochastic processes to dominate community
assembly. In systems with fewer environmental differences,
stochastic processes may exceed deterministic processes (Wang
et al,, 2013; Jiao et al, 2020). In contrast, physical disturbances
occur frequently at low salinity sites, resulting in a weak response to
stochastic factors. It was found that the assembly of denitrifying
microorganisms was mainly controlled by stochastic processes in
freshwater environments. However, our findings demonstrated that
the construction process of the denitrifying community in the
freshwater area in the upper reaches of the Pearl River is mainly
affected by the process of homogeneous selection, which may be
because freshwater is more obviously affected by runoft, which
contributes to the diffusion process of denitrifying bacteria (J. Liu
etal, 2020; Zhang et al., 2023). Moreover, the source of denitrifying
bacteria in the upper reaches of the Pearl River inshore estuary is
more complex, and the water environment has been affected by the
discharge of urban domestic and industrial sewage for a long time,
which causes the environmental filtration of this area to be more
obvious (M. Li et al., 2021).

The primary focus of microbial ecologists lies in the broader
classification of microbial communities, encompassing fungi,
bacteria, and archaea (Dassonville Fabrice, 2002; Newman, 2006;
Veiga et al., 2010; Ma et al., 2016; Jiao et al., 2020; Lu et al., 2023),
while their awareness regarding the functional communities of
microorganisms remains relatively limited. In this study, the
denitrifying bacterial communities in the freshwater region
exhibited a higher number of positive correlations compared to
those in the mixed-water region, indicating that the denitrifying
bacteria in the freshwater region displayed stronger synergistic and
symbiotic relationships. This, to some extent, might contribute to
the complexity and stability of the denitrifying bacteria co-
occurrence association (Liu et al., 2020). The complexity of the
denitrifying bacterial network in freshwater regions exceeds that in
mixed-water regions, suggesting that the interaction between
denitrifying bacteria is enhanced by a higher selection process or
lower diffusion restriction process in freshwater areas (Hernandez
et al,, 2021). Furthermore, the higher dispersal limitations of
denitrifying microbial communities in mixed-water regions
promoted a more clustered co-occurrence pattern of denitrifying
communities (that is, with higher network module characteristics),
while the enhancement of salinity or diffusion limitations reduced
the network complexity of microbial communities, which was
consistent with the distribution characteristics of low abundance,
diversity, and phylogenetic diversity of denitrifying microorganisms
in mixed-water regions. Since denitrifying bacteria are the key
functional groups driving the N cycle process in water, it is
essential to understand their potential functional characteristics
and conduct a correlation analysis between their functional
characteristics and diversity characteristics. However, the ability
to directly understand the functional characteristics of
microorganisms based on microbial ecological information is
limited. At present, with the emergence of modern high-
throughput technologies such as metagenomics, the acquisition of
microbial ecology information is more rapid and accurate, making
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it easier to complete the above work. Furthermore, macro-genomics
can expose the genetic foundation of microbial communities
engaged in biogeochemical procedures and identify the impact of
microbial communities on the ecological processes of estuarine
ecosystems (Lu et al., 2014; Zhang et al., 2023). Similar to previous
studies (Zheng et al, 2015; Zhang et al, 2020), there was a
significant salinity gradient distribution in the functional profiles
of microbial denitrification in the PRE. The results revealed that
microbial communities had higher denitrification potential in
mixed-water regions. SSC, DOC, salinity, nirS denitrifier
abundances, and community similarity significantly impacted
denitrification function (Figure 6A). Furthermore, by comparing
the results of two SEMs with and without microbial community
ecological and evolutionary data, we demonstrated the importance
of microbial characteristics in driving denitrification function
(Figure 6B), suggesting the potential relationship between the
spatial heterogeneity of environmental factors or microbial
ecological characteristics and the functional potential of
denitrification microbial communities. Suspended sediments in
water are the substrate of most bacterial activities (Muylaert and
Sabbe, 1999). Suspended particles provide the necessary carbon
source to increase the denitrification process of denitrifying bacteria
by aerobic degradation of organic matter and oxygen diffusion
intervention and create anoxic microniches for anaerobic
community growth (Stoodley et al., 2002; Zhang et al., 2020). The
tributaries of the Pear] River basin and the cities along the Pearl
River may change the N input and water environmental factors.
However, it was difficult to incorporate and analyze the changes in
the water environment quickly and accurately in SEM, which was a
possible explanation for the low regression factor in the models.
Due to the corresponding lag of microbial communities to the
environment, the biological characteristics of functional microbial
groups in water (such as nirS denitrifier groups) may be the key
indicators in predicting the functional characteristics
of denitrification.

Our study provides new insights and detailed data for
evaluating carbon and N fluxes and ecological health in this
region in the future. Which have important implications and
provide new information for predicting microbial responses to
anthropogenic activities and global climate change. Additionally,
it should still be noted that coastal areas are often subject to periodic
and occasional environmental disturbances due to typhoons and
other large storms (Ward et al., 2017), which critically alter
environmental factors and increase nutrient inputs from coastal
areas to the open ocean. Therefore, it is still necessary to conduct
periodic and long-term spatiotemporal surveys to clarify the major
driving factors of microbial distribution and the biogeochemical
cycle in the estuary.
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