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Denitrification is an important pathway for reactive nitrogen removal from aquatic ecosystems. In this study, the
biodiversity, abundance, and activity of cytochrome cd, -type nitrate reductase gene (nirS)-harboring denitrifiers
in the sediments of the Indus River Estuary were examined by molecular and isotope-tracing techniques. Results
showed that the nirS-harboring denitrifier communities showed significant geographical variations along the
estuarine salinity gradient. Real-time quantitative PCR showed that the abundance of nirS-harboring denitrifiers

ranged from 5.3 x 10°to 2.5 x 108 copies g !, without significant spatiotemporal variation. The potential rates
of denitrification varied from 0.01 to 6.27 umol N kg~ ! h™! and correlated significantly to TOC and Fe(I)
(P < 0.05). On the basis of °N isotope-tracing experiments, the denitrification process contributed 18.4-99.4%
to the total nitrogen loss in the sediments of the Indus River Estuary. This study provides novel insights into the
microbial mechanism of nitrogen removal process in estuarine ecosystems.

1. Introduction

Nitrogen (N) is an essential constituent of living organisms, but
excess amount of nitrogen can be harmful to aquatic ecosystems
(Fowler et al., 2013; Galloway, 2013; Gruber and Galloway, 2008; Luo
et al.,, 2018). In recent decades, reactive nitrogen loading in most
aquatic environments has greatly increased, because of human activ-
ities such as the discharge of industrial and municipal wastes, fertilizer
application, and fossil fuel combustion (Booth and Campbell, 2007;
Galloway et al., 2008, 2004; Vitousek and Howarth, 1991). The accu-
mulation of reactive nitrogen in aquatic ecosystems has caused severe
eutrophication, harmful algal blooms, hypoxia, anoxia, loss of biodi-
versity and seawater acidification (Booth and Campbell, 2007; Deegan
et al., 2012; Diaz and Rosenberg, 2008; Galloway et al., 2004; Glibert
et al., 2005; Paerl, 1997). In this context, a better understanding of
nitrogen removal and associated microbial mechanisms is crucial for
controlling the pollution of reactive nitrogen and improving water
quality in aquatic ecosystems.

Denitrification is a known and sophisticated process eliminating

reactive nitrogen from aquatic ecosystems (Dalsgaard et al., 2012;
Zumft, 1997). It is a primary contributor to the removal of reactive
nitrogen in natural ecosystems, compared with anaerobic oxidation of
ammonium (anammox) (Dalsgaard et al., 2012). Under an anaerobic
condition, denitrifiers respire nitrate (NO3 ™) to nitrite (NO, ™), nitric
oxide (NO), nitrous oxide (N,0), and at last to N, (Santoro et al., 2011;
Zumft, 1997). Denitrification is a biological process for fixed N removal
from aquatic and terrestrial ecosystems, which is restricted by different
groups of microorganisms (Zumft, 1997). These diverse phylogenetic
groups of microorganisms are responsible for the denitrification process
by using various types of enzymes, such as nitrate reductase (Nar),
nitrite reductase (Nir), nitric oxide reductase (Nor), and nitrous oxide
reductase (Nos) (Zumft, 1997). In denitrification, NO,~ reduction to
NO is catalyzed either by cytochrome cd;-nirS NO,  reductase or
copper containing nirK NO,~ reductase (Coyne et al., 1989; Hochstein
and Tomlinson, 2003; Sakurai and Kataoka, 2007; Zumft, 1997). Al-
though these two genes are similar in physiological and functional
manner, but possess different skeleton (Glockner et al., 1993; Zumft,
1997). The nirS gene is generally used as a gene marker for the
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identification of denitrifying bacteria in aquatic ecosystems (Coyne
et al., 1989; Glockner et al., 1993; Zumft, 1997). The association be-
tween denitrification and functional microbial dynamics remains lar-
gely uncertain for a specific aquatic ecosystem.

In the present work, the Indus River Estuary was selected as a re-
presentative study region to determine the biodiversity, abundance,
and contribution of nirS-harboring denitrifiers in the nitrogen removal
process. The Indus River originates in Tibet Plateau near Lake
Manasarovar, with a total length of 3200 km approximately, a drainage
basin area of 9.7 x 10° km?, a deltaic area of 3 x 10* km?, and annual
sediment discharge of 2 x 10! kg (Ali and de Boer, 2008; Davidson,
2016; Hussain, 2011). The annual rainfall is low (about 180-220 mm),
resulting in the sub-tropical and arid environmental condition (Inam
et al., 2008; Kidwai et al., 2019). The tide in the Indus River Estuary is
semidiurnal, with an amplitude of about 2.7 m (Saifullah et al., 2002).
Nowadays, > 3 X 10° t of nitrogen is annually entered into the Indus
River basin due to human activities such as excessive fertilizer use in
agriculture and improper disposal of wastewater (Amin et al., 2017;
Wang et al., 2019), which has caused serious environmental problems
such as eutrophication, hypoxia, and harmful algal blooms in the Indus
River Estuary (Kidwai et al., 2019; Kravtsova et al., 2009). Hence, the
microbial reactive nitrogen loss is a primary concern in the Indus River
Estuary. The aims of the present study were (a) to explore the biodi-
versity, abundance, and distribution pattern of nirS-harboring deni-
trifiers across the salinity gradient of the Indus River Estuary, (b) to
elucidate the potential role of denitrifiers in the surface sediment of the
Indus River Estuary, and (c) to investigate the potential links between
the dynamics of nirS-harboring denitrifiers and environmental factors in
the sediments of the Indus River Estuary. To the best of our knowledge,
this is the first study to investigate the dynamics and potential role of
nirS-harboring denitrifiers in the sediments of the Indus River Estuary.

2. Materials and methods
2.1. Sample collection

The Indus River Estuary, Pakistan, was selected as our sampling
area. In the present study, a total of 12 sites were selected along the
Indus River Estuary, including Thatta bridge (TB), Goth qaisrani (GQ),
Babra road (BR), Allah rakhio (AR), Udero shrine (US), Jangi sar (JS),
Dando (DD), Sajanwari (SW), Kharochan (KC), Main kharochan (MK),
Keti bunder (KB) and Jamia masjid keti bunder (JK) (Fig. 1). A sig-
nificant salinity gradient (0-36 ppt) was observed along the estuary of
the Indus River. On the basis of the salinity difference, the sampling
sites along the estuary were divided into 3 groups: freshwater sites
(0 ppt, TB to US in winter and TB to MK in summer), low-salinity sites
(1-15 ppt, JS to DD in winter), and high-salinity sites (16-36 ppt, SW to
JK in winter and KB to JK in summer). At each sampling region, sedi-
ment samples (0-5 cm) were collected in triplicate in February (winter)
and August (summer) 2017, respectively, with scaled stainless steel
shovels. The shovels were cleaned and sterilized before sampling to
avoid contamination. The collected sediment samples were stored in
sterile polyethylene bags and sealed immediately. During the field
surveys, near-bottom water (approximately 0.5 m above the surface
sediment) samples were also collected with sterile polyethylene bottles
for the measurement of denitrification rates. All the collected samples
were transferred to laboratory on ice within 12 h. The sediment samples
were homogenized as a composite mixture of each sampling site under
helium condition and separated into two fractions after returned to the
laboratory. One fraction was preserved at —80 °C for molecular mi-
crobial analyses, and the second fraction was preserved at 4 °C for
measurement of sediment physiochemical properties and denitrifica-
tion rates.
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2.2. Analyses of environmental characteristics

The water temperature, salinity, and pH were measured in situ by
portable salt meter (CT-3086) and Mettler-Toledo pH meter. Sediment
moisture content was calculated through the weight loss of a known
amount of fresh sediment which was dried to a constant value at 80 °C
(Zheng et al., 2016). The extraction of sediment inorganic nitrogen was
proceeded using 2 M KCl. Subsequently, the concentrations of ammo-
nium (NH4*), NO3;~, and NO,~ were measured by continuous-flow
injection analysis (Skalar Analytical SAN+ +, Netherlands). The de-
tection limit is 0.5 pM for ammonium (NH4*) and 0.1 uM for NO3~ and
NO,~ (NO, ™) (Hu et al., 2017). Sediment total organic carbon (TOC)
was measured after acidification with 1 M HCI via Vario EL CN Ele-
mental Analyzer (Elementar, Germany) (Zhang et al., 2015). Sediment
sulfide was analyzed via methylene blue spectrophotometric method
(Cline, 1969). The concentration of Fe(II) and Fe(IlI) was measured
followed by our previous work (Zheng et al., 2019) and the references
therein (Roden and Lovley, 1993). Grain size of the sediment samples
were measured on a LS 13 320 Laser grain sizer (Wang et al., 2016). All
physiochemical characteristics were measured in triplicate (Table 1).

2.3. Measurement of denitrification rates

Denitrification rates were measured using the sediment-slurry
methods combined with '°N isotope-tracing technique (Hou et al.,
2013). Briefly, slurries were made from fresh sediment samples and
helium-purged overlying water from each site at a volume ratio of 1:7
(sediment/water). Then, the resulting sediment slurries were trans-
ferred into a sequence of vials (12 mL, Exetainer, Labco) under a helium
atmosphere, sealed with butyl rubber cork, and tightly caped. To re-
move residual NO3; ~, NO, ~, and O,, these vials were pre-incubated for
24 h under approximate in situ temperature. After that, the vials were
spiked with stock solutions of '>NO3~ (*°N at 99%), and the resulting
concentrations of >N was about 100 pM in each vial. These vials were
on average separated into two parts: the first group named as initial
samples was inhibited by 200 pL of 50% ZnCl, as a microbial inhibitor
and the second group named as terminal samples was inhibited by 50%
ZnCl, (200 pL) after 8 h of incubation. >°N, and 3°N, concentrations
during the incubations amended with '>NO;~ were measured by
membrane inlet mass spectrometry (MIMS) (HPR-40, Hiden Analytical,
UK), with a detection limit of 0.1 pmol N, L ™! (An and Gardner, 2002).
The potential rates of denitrification and its contribution to total N,
production were calculated by the equations as described by Thamdrup
and Dalsgaard (2002) and Trimmer et al. (2003). In brief, the produc-
tion of 2°N, resulting from denitrification and anammox during the
incubation were described in Eq. (1)

Pyy = Ayg + Dy @

where P,o denotes the total production rates of 2N, and the produc-
tion rates of 2°N, from denitrification and anammox were denoted as
D»g and Aoy, respectively. Dog was expressed by Eq. (2)

Dy = P3p X 2 X (1—FN) X FN_l (@3]

where P3, denotes the total production rates of 30N, Fy (%) denotes the
15N fraction in NO3~ in the incubation slurries. The potential deni-
trification and anammox rates were calculated by Egs. (3) and (4), re-
spectively.

Dy = Dy + 2Py 3
where D, denotes the rates of denitrification.
Az = Py—Day9 “4)

where A,y denotes the rates of anammox. The contribution of
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Fig. 1. Location of sampling sites of the Indus River Estuary, Pakistan.
Table 1
Physicochemical characteristics of the samples in the Indus River Estuary.
Seasons Sites Salinity (%0)* pH? Temp M.S. M.C. TOC Fe(1D) Fe(III) NO3~ NO, ™~ NH,* Sulfide

Co® @m)®  (%)° (mgg " (mgg H" (mgg M) (mgkg™H® (mgkg™"® (mgkg™")® (mgkg™"’

Winter TB 0 8.4 16.1 123.0 25.0 5.6 0.019 0.021 6.5 0.05 196.8 1.7
GQ 0 8.2 18.8 11.5 26.3 5.5 0.025 0.019 39.7 0.29 31.8 2.1
BR 0 8.4 18.9 17.6 30.4 6.6 0.016 0.011 38.4 0.28 26.0 1.1
AR 0 8.5 21.0 105.4 22.7 5.6 0.022 0.010 33.6 0.08 39.2 1.1
us 0 8.3 20.0 16.3 23.8 4.6 0.021 0.013 11.5 0.17 21.8 0.7
JS 11 8.4 19.7 15.3 28.9 8.8 0.014 0.031 30.8 0.19 24.2 1.5
DD 12 8.5 21.0 11.2 26.9 7.0 0.016 0.022 17.1 0.13 10.3 1.6
SW 23 8.4 20.0 21.4 26.0 5.4 0.015 0.024 18.5 0.52 32.2 0.0
KC 25 7.5 21.5 16.3 32.2 5.3 0.016 0.016 21.4 0.19 237.4 0.1
MK 26 8.4 21.6 11.6 34.1 7.7 0.002 0.035 52.8 0.43 257.3 0.4
KB 36 8.4 21.0 10.7 33.8 6.0 0.016 0.024 34.0 0.19 177.2 0.1
JK 33 8.4 26.0 11.1 30.1 8.6 0.016 0.026 16.7 0.12 79.2 0.3

Summer TB 0 8.5 27.9 29.9 20.2 1.9 0.005 0.003 16.6 0.30 24.4 0.1
GQ 0 8.1 28.0 13.3 29.7 5.9 0.011 0.020 52.7 0.76 62.8 1.2
BR 0 8.0 29.4 10.8 27.1 4.5 0.011 0.016 19.5 0.28 44.5 0.1
AR 0 8.1 29.0 35.8 22.0 3.1 0.008 0.018 9.4 0.08 43.4 0.0
us 0 8.1 30.0 47.6 23.9 5.4 0.015 0.020 19.5 0.12 74.1 0.0
JS 0 7.9 29.4 17.6 26.9 6.4 0.034 0.010 11.7 0.13 54.5 0.1
DD 0 8.2 29.0 9.1 29.2 5.7 0.018 0.023 10.3 0.13 43.1 0.7
SW 0 8.1 29.0 14.6 25.7 5.2 0.011 0.018 15.7 0.20 40.8 0.0
KC 0 7.2 29.0 11.7 26.4 4.8 0.008 0.016 9.4 0.11 68.9 0.1
MK 0 8.2 29.0 11.3 27.1 4.8 0.013 0.019 49.1 0.87 47.8 0.6
KB 18 8.4 29.0 10.5 25.8 7.6 0.031 0.011 27.0 0.24 51.3 0.0
JK 20 8.2 29.0 10.5 29.7 7.5 0.025 0.014 20.7 0.23 63.8 0.1

Temp = temperature, M.S. = mean size. M.C. = moisture content, TOC = total organic carbon. * and ® indicate overlying water and sediment samples.

denitrification to total N, production was calculated by Eq. (5) 2.4. DNA isolation, PCR amplification, and sequencing

Reenitrification = Dr/(Dy + Agg) ) The extraction of total genomic DNA from approximately 0.25 g
o o sediment from each sampling site was performed using Powersoil™

where Rgenitrification denotes the contribution of denitrification to total DNA isolation Kits (MOBIO, USA), as followed by manufacturer's in-

N production. structions. Subsequently, the DNA extractions were quantified on a
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Nano-Drop 2000 spectrophotometer (Thermo USA). The nirS gene de-
nitrifier (400 bp) fragments were amplified with primer set of cd3aF
(5’-GTSAACGTSAAGGARACSGG-3’) and R3cd (5-GASTTCGGRTGSGT-
CTTGA-3’) (Michotey et al., 2000; Throbéck et al., 2004). Polymerase
Chain Reaction (PCR) was performed in a total volume of 50 pL con-
taining 25 pL of Taq PCR Master Mix (including Taq DNA polymerase,
MgCl,, dNTP, PCR stabilizers, PCR buffer, gel loading reagent and dye;
Sangon, China), 1 uL. DNA (approxiamtely10 ng L.~ '), 1 uL each of the
forward and reverse primer (10 puM, Sangon), and 22 pL of sterilized
ddH,0. PCR amplifications were performed under a thermal cycling
condition of 95 °C for 4 min, followed by 35 cycles of 94 °C for 30 s,
54 °C for 45 s, 72 °C for 1 min, and a final extension at 72 °C for 5 min.
The amplified gene fragments were checked by 1.0% gel electrophor-
esis. Barcode and adaptor sequences were ligated to the 5-end of the
sequencing primers for multiplexing of the samples in the pyr-
osequencing runs. The PCR products were sequenced using Illumina
Miseq sequencing platform after being purified by OMEGA E.Z.N.A.
Cycle-Pure Kit (Omega Bio-Tek, Norcross, USA). The raw sequences
were firstly processed using Cutadapt (version 1.9.1) to remove tags
and primers (Martin, 2011). The paired-end reads were merged using
Pandaseq (version 2.7) (Andre et al., 2012). After possible chimera
detection, the software Mothur (version 1.35.1) was used to cluster the
remaining high-quality sequences into operational taxonomic units
(OTUs) at 97% sequence identity (Schloss et al., 2009). For further
analyses, OTUs containing < 0.001% of the total sequences were dis-
carded. Taxonomic identification was performed based on FunGene
database (http://fungene.cme.msu.edu/) and a constructed phyloge-
netic tree in this study.

2.5. Quantitative PCR (qPCR) assay

The extraction of plasmids carrying the target gene fragment from
Escherichia coli hosts was conducted via Qiagen Miniprep Spin Kit. The
original plasmid concentrations were quantified by a Nano-Drop 2000
spectrophotometer (Thermo USA) for standard curve construction.
qPCR was performed in triplicate samples and standards by SYBR green
method on ABI 7500 Detection System (Applied Biosystems, Canada).
The primer set used for nirS gene quantification composed of cd3aF
(5-GTSAACGTSAAGGARACSGG-3) and R3cd (5-GASTTCGGRTGSGT
CTTGA-3’) (approximately 400 bp) (Michotey et al., 2000; Throback
et al.,, 2004). The 25 pL-qPCR system contained 12.5 pL Fermentas
Maxima SYBR Green/Rox Master Mix, 1 uL. DNA sample (approximately
10 ng uL. 1), each of the forward and reverse primers 1 pL (10 uM,
Sangon), and 9.5 pL sterilized ddH,0. The qPCR was performed by the
following thermal cycling: 50 °C for 2 min, 95 °C for 10 min, followed
by 45 cycles of 95 °C for 30 s, 58 °C for 40 s, and 72 °C for 1 min.
Negative controls were run to detect any environmental contamination.
The final results were expressed in copies per gram of dry sediment. The
standard curve was generated using serial dilution of quantified stan-
dard plasmid DNA carrying target fragment. The quantification stan-
dard curves were obtained by plotting the cycles of threshold (Cp)
versus the log,o values of nirS gene copy numbers, with strong linear
relationship (R? = 0.9955) and the amplification efficiency (96.16%).
The range of the standard curves was
1.81 x 10°-1.81 x 10° copies uL.~'. The melt curve single peak was
observed at 90.6 °C for the standard and samples, representing that the
fluorescent indicators obtained from the expected PCR products.

2.6. Data analysis

The diversity indicators (Shannon and Simpson indices), species
richness (Chao and Ace estimators), and rarefaction curves were cal-
culated via QIIME 1.9.0 (Caporaso et al., 2010). The construction of
phylogenetic tree was performed through a neighbor-joining method
via MEGA 7.0.21 software (Kumar et al., 2016), whose topological
confidence was evaluated based on 1000 bootstrap replicates.
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Community classification of nirS-harboring denitrifiers was conducted
via principal coordinates analysis (PCoA) using QIIME 1.9.0. Canonical
corresponding analysis (CCA) was achieved via Canoco (version 4.5)
software to reflect the correlation of nirS-harboring denitrifier com-
munities with the environmental factors (ter Braak and Smilauer,
2002). The determination of potential correlations between the dy-
namics of nirS-harboring denitrifiers and environmental factors was
achieved via SPSS software (version 19.0). One-way analysis of var-
iance (ANOVA) was subjected to compare the seasonal and spatial
variations in the diversity, abundance, and activity of nirS-harboring
denitrifiers. In the current study, the statistical analyses were con-
sidered significant at P < 0.05.

3. Results
3.1. nirS-harboring denitrifier diversity

The excepted fragments of nirS gene (approximately 400 bp) were
successfully amplified from all the 24 collected samples from the Indus
River Estuary, and a total of 920075 sequences were retrieved. All se-
quence reads were submitted to the National Center for Biotechnology
Information (NCBI) under accession SRP230081. Each dataset of the 24
samples was normalized to 798 sequences for further analyses. When a
3% cut-off value was used, a total of 1625 OTUs were obtained, while
153 OTUs were shared among the freshwater, low-salinity, and high-
salinity sampling sites, covering 9.4% of the observed OTUs (Fig. S1).
The highest nirS-harboring bacterial diversity was detected at the
higher salinity site SW in winter, whereas the lowest value was ob-
served at the freshwater site US in summer (Table 2). This result was in
agreement with the rarefaction analysis (Fig. S2). However, the nirS
gene diversity indicated a non-significant spatial difference among the
freshwater, low-salinity, and high-salinity sampling sites (one-way
ANOVA, P > 0.05). Nevertheless, a significant seasonal difference of
nirS-harboring denitrifying bacterial diversity was detected between
summer and winter (one-way ANOVA, P < 0.05). The estimated

Table 2
Bacterial diversity and richness of nirS gene in the sediment samples of the
Indus River Estuary.

Season Sample Ace Chao OTUs® Shannon” Simpson Coverage (%)°

Winter TB 542 419 225 4.5 0.03 84.7
GQ 711 451 225 4.6 0.02 84.0
BR 125 125 96 3.7 0.05 96.1
AR 404 331 197 4.5 0.02 88.0
Us 494 385 173 3.9 0.06 87.8
JS 754 487 237 4.5 0.03 82.2
DD 535 373 222 4.8 0.01 85.8
SW 578 418 267 5.0 0.01 83.3
KC 572 427 211 4.4 0.04 85.2
MK 391 276 173 4.0 0.05 89.0
KB 429 241 129 3.8 0.04 91.4
JK 276 217 139 3.6 0.07 92.0

Summer TB 121 107 75 3.2 0.07 96.6
GQ 278 245 98 3.6 0.04 93.9
BR 286 256 137 3.9 0.05 92.0
AR 340 202 113 29 0.17 92.1
Us 86 119 59 1.6 0.53 96.9
JS 494 453 251 4.6 0.02 82.0
DD 377 205 89 3.0 0.12 93.6
SW 256 247 172 4.4 0.02 91.1
KC 445 309 158 3.6 0.10 88.8
MK 560 313 130 3.6 0.06 90.4
KB 472 325 174 4.0 0.05 88.2
JK 202 200 149 4.3 0.02 93.5

? OTUs were defined at a similarity of 97%.

> Shannon diversity index. A higher number represents more diversity.

¢ Calculated as 1 — n/N, where n is the number of singleton phylotypes and
N is the total number of sequences in the sample.
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Fig. 3. The community compositions and distributions of nirS-harboring denitrifiers in intertidal sediments of the Indus River Estuary.
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Fig. 4. PCoA analysis of nirS-harboring denitrifier communities. The first two
principal coordinate axes (PC1-PC2) are shown. W and S represent winter and
summer samples, respectively. Group I represents the high-salinity sites. Group
11 represents the freshwater and low-salinity sites. Red circle, blue triangle, and
green diamond symbols represent samples from the freshwater (0 ppt), lower-
salinity (11 to 12 ppt), and higher salinity (18 to 36 ppt) sites, respectively. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

coverage of the nirS gene library ranged from 82.0 to 96.9%, showing
that the majority of the nirS-type denitrifier genotypes were captured in
the present study (Table 2).

3.2. Phylogenetic analyses

On the basis of the evolutionary distance, the obtained sequences
from the Indus River Estuary were grouped into 9 broadly defined
clusters (I-IX) (Fig. 2). They were closely allied with nirS genes re-
covered from the Bahia del Tobari (KC614258, KC614274) (Beman,

2014), Yellow River Estuary (KX952082) (Li et al., 2017), Hai River
(JF966869), Yangtze River (MF959137; MF420410) (Zheng et al.,
2015; Jiang et al., 2017), Pearl River Estuary (HQ882462), Jiaozhou
Bay (EU048523) (Dang et al., 2009), Lake Sanaru (AB808835), Black
Sea suboxic zone (DQ479780) (Oakley et al., 2007), as well as nirS gene
sequences obtained from landfill beach (KX510600; KX510654). In
addition, part of the nirS sequences obtained from the Indus River Es-
tuary were closely affiliated with the cultivated denitrifier Bacillus
cereus (KY090788) (Rout et al., 2017), Cupriavidus pauculus
(GQ504716), Pseudomonas xanthomarina (LT629970), and Sulfuritortus
calidifontis (AP018721) (Watanabe et al., 2019).

In the sediments of the Indus River Estuary, the nirS-harboring de-
nitrifiers in Cluster I were more dominant at the high-salinity habitats
(averagely accounting for 29.7% of the retrieved nirS sequences in each
sample) than at the low-salinity and freshwater sites (averagely ac-
counting for 9.1%) (Fig. 3). Actually, the relative abundance of the
cluster I denitrifiers was significantly and positively correlated with
salinity (P < 0.01). Cluster II occurred in all the 24 collected samples
(accounting for 16.6-88.6%), and it harbored the utmost ubiquitous
and dominant nirS-type denitrifiers of the Indus River Estuary (Fig. 3).
In contrast to Cluster I, the nirS sequences in Cluster II tended to be
more dominant at the freshwater habitats (averagely accounting for
50.4%) than the saline habitats (averagely accounting for 35.9%)
(Fig. 3). A similar distribution pattern of the nirS sequences in Cluster V
was also observed, although the correlation between their relative
abundance and salinity was not significant (P > 0.05). The sequences
of nirS gene in Cluster IX were closely allied with the cultivated deni-
trifier Pseudomonas xanthomarina, and this type of denitrifier was
mainly found in the summer samples, which averagely accounting for
15.6% and 3.7% of the nirS-harboring denitrifiers in summer and
winter, respectively. In the Indus River estuarine surface sediments,
most of the denitrifying bacterial sequences (averagely accounting for
62.9% of the overall nirS sequences) were unclassified bacteria at the
family level (Fig. S3).

3.3. Distribution of nirS-harboring denitrifiers

The spatial and seasonal distributions of the nirS-type denitrifier
communities in the Indus River Estuary were determined by PCoA
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analyses (Fig. 4). The first two principle coordinate axes (PC1 and PC2)
described 22.21% of the cumulative variance in the nirS-harboring
denitrifiers. Based on these two principle coordinate axes, the nirS-
harboring denitrifier communities were divided into two separated
groups (Fig. 4). Group I was retrieved in the high-salinity sediments
(16-36 ppt), whereas those in group II were recovered in the low-
salinity and freshwater sediments (0-15 ppt). However, no significant
seasonal difference in the distribution of nirS-type denitrifier commu-
nities was detected in the sediments of the Indus River Estuary (Fig. 4).

3.4. Quantification of nirS-harboring denitrifiers

gPCR showed that the nirS gene copy numbers ranged from
5.3 x 10° to 1.9 x 10® copies g~! dry sediment in winter and from
2.3 x 107 to 2.5 x 108 copies g~! dry sediment in summer in the
sediments of the Indus River Estuary (Fig. 5). The highest nirS gene
copy number (2.5 x 10® copies g~ ! dry sediment) was found at site GQ
in summer, and the lowest nirS gene copy number
(5.3 x 10° copies g~ ! dry sediment) was observed at site BR in winter.
The average nirS gene copy number was higher at the saline regions
(9.3 x 107 copies g~ ' dry sediment) than at the freshwater sites
(2.2 x 10® copies g~ ! dry sediment), but no significant spatial differ-
ence was observed (one-way ANOVA, P > 0.05). Although the sea-
sonal variation was not significant (one-way ANOVA, P > 0.05), the
abundance of nirS-type denitrifiers tended to be higher in winter than in
summer, with average values of 1.1 x 10% and 9.4 x 107 copies g~ *
dry sediment, respectively.

3.5. Denitrification rates

Slurry incubations were performed with a '°N tracing technique,
and the production of '°N-labelled N, from the incubations amended
with ®NO;~ was used to determine the denitrification rates in the
estuarine environment. The estimated denitrification rates ranged from
0.01 to 6.27 pmol N kg™! h™! in the sediments of the Indus River
Estuary (Fig. 6). In this study, although there was no significant sea-
sonal variation of denitrification rate (one-way ANOVA, P > 0.05),
denitrifiers tended to be more active in winter than in summer, with
average values of 1.9 and 1.2 pmol N kg ™' h ™, respectively. Along the
Indus River Estuary, no significant spatial variation of denitrification
rates was observed among different salinity levels in winter (one-way
ANOVA, P > 0.05). However, the denitrification rates were sig-
nificantly higher at the saline sites than at the freshwater-dominated
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Fig. 6. The spatiotemporal variations of denitrification rates in the sediments of
the Indus River Estuary in winter and summer, respectively. Vertical bars in-
dicate standard deviation (n = 3).

sites in summer (except site JS), with average values of 3.9 and
0.1 umol N kg~ h™?, respectively (P < 0.05).

3.6. Relationships of nirS-harboring denitrifier communities, abundance,
and activity with environmental factors

Canonical correspondence analysis (CCA) was performed to de-
termine the potential effect of environmental factors on the nirS-har-
boring denitrifier communities (Fig. 7). The first two CCA axes (CCA1
and CCA2) explained 12.34% of the cumulative variance of the nirS-
harboring denitrifier genotype-environment relationship. The results
revealed significant correlations of nirS-harboring denitrifier commu-
nity structure with TOC, Fe(IlI), moisture content, and NO3;~
(P < 0.05), however other environmental factors (temperature, pH,
salinity, mean size, sulfide, Fe(Il), NO,~, and NH, ") were not corre-
lated significantly (P > 0.05) (Fig. 7). In addition, the correlation of
nirS-harboring denitrifier diversity with environmental factors was
analyzed by SPSS 19.0 software. The diversity of nirS-harboring deni-
trifier was negatively correlated with temperature (R = -—0.532,
P = 0.007) (Table S1). In addition, the abundance of nirS gene was
correlated significantly with NO3; ™ content in the sediment (R = 0.421,
P = 0.040) (Table S2). Furthermore, denitrification rates were corre-
lated significantly with TOC (R = 0.438, P = 0.032) and Fe(Il)
(R = 0.523, P = 0.009) (Table S3). A significant and positive linear
relationship was detected between denitrification rates and the asso-
ciated nirS gene abundance in the surface sediments of Indus River
Estuary (P < 0.05) (Fig. S4).

4. Discussion

Nowadays, the Indus River faces severe water pollution because of
excessive nitrogen inputs from human activities, and consequently the
excessive nitrogen is transported by rivers to seas, causing coastal eu-
trophication (Kravtsova et al., 2009; Kidwai et al., 2019; Wang et al.,
2019). Therefore, it is of great significance to deep understand the
microbial reactive nitrogen removal process in the Indus River Estuary.
To the best of our knowledge, this is the first study to examine the nirS-
harboring denitrifier community diversity, abundance, activity, and
distribution in the sediments of the Indus River Estuary. The biodi-
versity of nirS-harboring denitrifiers obtained in the Indus River Estuary
was approximate to those previously described in other environments,
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such as the Chesapeake Bay Estuary, Jiaozhou Bay, and freshwater
lakes (Dang et al., 2009; Francis et al., 2013; Guo et al., 2014). The
sequences of nirS-harboring denitrifier retrieved from the Indus River
Estuary showed high identity with those from other estuarine and
coastal environments, like the Yellow River Estuary, Pearl River Es-
tuary, and the Yangtze River Estuary (Fig. 2) (Li et al., 2017; Jiang
et al.,, 2017; Zheng et al., 2015). But, the communities of nirS-type
denitrifiers in the Indus River Estuary were significantly different from
those obtained from the above estuarine ecosystems and other coastal
wetlands of China (Fig. S5) (Gao et al., 2016). Furthermore, the
dominant nirS genotypes observed in the Indus River Estuary are af-
filiated with unclassified denitrifying bacteria (Fig. S3). This result
implies that we still have very limited knowledge about denitrifiers in
the estuarine ecosystems.

Recent results showed that salinity may be a vital factor for the
distribution and activity of denitrifiers (Zheng et al., 2015; Bai et al.,
2017). In the Yangtze River estuarine intertidal marshes, the nirS-har-
boring denitrifier communities had distinctive spatial variation along
the salinity gradient (Zheng et al., 2015). In the present study, a similar
distribution pattern of nirS-harboring denitrifiers was observed in the
Indus River Estuary, where the denitrifier communities were divided
into two different groups (Fig. 4). Group I was retrieved in the high-
salinity sediments, whereas those in group II were recovered in the low-
salinity and freshwater sediments (Fig. 4). These results further con-
firmed that salinity may play a crucial role in regulating the biogeo-
graphical distribution of nirS-harboring denitrifiers in estuarine en-
vironments. This statement was also strengthened by the CCA in the
present study (Fig. 7). In addition to salinity, the environmental factors
including moisture content, TOC, NO3 ™, and Fe(II) could also influence
the denitrification process (Bai et al., 2017; Cheng et al., 2016; Deng
et al., 2015; Shan et al., 2016). Moisture content was reported to po-
sitively correlate with the activity of denitrifiers (Bai et al., 2017; Ruser
et al., 2006), as the increase of soil moisture leads to lower oxygen
which might facilitate the process of denitrification (Smith, 1980).
However, no significant correlation was observed between denitrifica-
tion rates and moisture content in the present study (P > 0.05).
Nevertheless, moisture content was observed to significantly correlate
with the distribution of the nirS-encoding denitrifiers in the marsh se-
diments of the Indus River Estuary (P < 0.05), which suggested that
different micro-environment caused by diverse sediment water content
might lead to different denitrifier communities.

The presence of TOC enhanced the reduction of NO3; ™ in an anoxic
environment (Deng et al., 2015; Rahman et al., 2019). Organic carbon
has been reported to promote the process of denitrification, which was
consistent with our results (Cheng et al., 2016; Deng et al., 2015; Jia
et al., 2016). NO3 ™ is also an important substrate for the denitrification
process, and it has a crucial role in regulation of the activity of deni-
trifiers (Dunn et al., 2013; Roberts et al., 2012; Yu et al., 2013). In the
Indus River Estuary, NO3~ was observed to significantly correlate with
the distribution and abundance of the nirS-harboring denitrifiers (Fig. 7
and Table S2). In addition, a large number of chemoheterotrophic mi-
croorganisms are able to utilize Fe(II) as reductant for NO3~ reduction,
instead of utilizing organic matter (Ottley et al., 1997; Straub et al.,
1996). Actually, microbial NO5; ™ -dependent Fe(I) oxidation was de-
termined in freshwater environment as well as hypersaline environment
(Emmerich et al., 2012; Weber et al., 2006). Previous studies showed
that iron was an important environmental factor affecting the activity
of denitrifiers (Baeseman et al., 2006; Cheng et al., 2016), and this
point was confirmed in the current study as a significant correlation
was observed between the potential denitrification rates and Fe(II). In
addition, the community structure of nirS-harboring denitrifiers was
correlated significantly with Fe(IIl) in the Indus River Estuary. Fur-
thermore, pH was considered as one of the main environmental vari-
ables affecting the community structure and dynamics of denitrifiers
(Cuhel and Simek, 2011; Yang et al., 2018). However, in this study, pH
was not significantly correlated with the biodiversity, abundance, and
activity of nirS-harboring denitrifiers. Similarly, there was also no sig-
nificant correlation between pH and the nirS-harboring denitrifier
community dynamics in the intertidal sediments of the Yangtze Estuary
(Zheng et al., 2015).

The nirS gene abundance ranged from 5.3 x 10° to
2.5 x 10® copies g~ ! dry sediment in the sediments of the Indus River
Estuary, which was approximate to those determined in the sediments
of the Yangtze estuary (1.01 x 10°t0 9.00 x 107 copies g~ ! sediment)
(Zheng et al., 2015), created riverine wetland (6.8 x 107 to
3.4 x 10° copies g~ ! sediment) (Ligi et al., 2014), and Bahia del Tobari
estuary (2.72 X 10° to 8.82 x 107 copies gf1 sediment) (Beman,
2014), but was comparatively higher than those measured in the
Laizhou bay sediments (8.67 x 10° to 5.68 x 10° copies g~ ! sediment)
(Wang et al., 2014) and the paddy field soil (6.0 x 10° to
1.2 x 10° copies g_1 soil) (Yoshida et al., 2009). The nirS gene
abundance was only correlated significantly with NO;~ content
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(P < 0.05). In addition, a previous reports also mentioned that sulfide
could influence the growth of nirS-harboring denitrifiers (Aelion and
Warttinger, 2010; Sorensen et al., 1980). However, no significant cor-
relation was detected between sulfide and the abundance and activity
of denitrifiers in the present study. The nirS gene abundance was
slightly higher in winter than in summer, while no significant seasonal
difference was observed (one-way ANOVA, P > 0.05). In addition, the
denitrification rates also showed no significant seasonal variation in the
sediments of the Indus River Estuary (one-way ANOVA, P > 0.05).
These results might be due to the relatively weaker seasonal difference
in temperature in the Indus River Estuary (approximately 10 °C).

Compared with anammox, it is estimated that the denitrification
process averagely contributed 78.1% to the total nitrogen loss in the
marsh sediments of the Indus River Estuary, which was comparable to
those detected in other aquatic ecosystems, such as the Yangtze Estuary
(38-96%) (Deng et al., 2015), the East China Sea (17-85%) (Song et al.,
2013), and the Arabian Sea (87-99%) (Ward et al., 2009). If the mea-
sured potential denitrification rates were extrapolated to the entire
delta area, approximately 7.2 X 10° t nitrogen can be removed an-
nually by denitrifiers. This potential nitrogen-removal amount accounts
for about 20% of the total nitrogen inputs to the Indus basin (Wang
et al., 2019). Therefore, denitrification plays an important role in al-
leviating coastal water pollution, especially considering that the ni-
trogen inputs will continue to increase due to the population growth,
economic development, and climate change in the future (Wang et al.,
2019). It was reported that there was a wide discharge of heavy metals
(e.g., Cu and Pb) in the Indus River, and the accumulation of heavy
metals might have severe effect on bacterial biodiversity, abundance,
and activity (Gans et al., 2005; Tariq et al., 1996; Yao et al., 2017).
However, the heavy metals were not measured in the present study, and
their potential effects on denitrification process will be addressed in our
future research.

In summary, this work investigated the abundance, biodiversity,
distribution of nirS-harboring denitrifiers and the potential denitrifica-
tion rates in the sediments of the Indus River Estuary. The denitrifica-
tion rates ranged from 0.01 to 6.27 umol N kg ™' h™! and the abun-
dance of nirS gene ranged from 5.3 x 10° to 2.5 x 10° copies g~ ! dry
sediment. Along the salinity gradient of the Indus River Estuary, nirS-
harboring denitrifier communities exhibited distinctive spatial hetero-
geneity, however, the abundance and activity of nirS-harboring deni-
trifiers indicated a non-significant spatiotemporal variation. The deni-
trification process was an important nitrogen removal pathway in the
Indus River Estuary, which can help to alleviate the coastal water
pollution and harmful algae blooms. These results provide novel in-
sights into the community dynamics and important role of denitrifiers
in estuarine ecosystems.
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