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The nitrogen (N) loss processes have not been well examined in subterranean estuaries (STEs) between land and
sea. We utilized a '°N isotope tracer method, g-PCR, and high-throughput sequencing to reveal the activities,
abundances, and community compositions of N loss communities in a STE in Gloucester Point, Virginia, US. The
highest activities, abundances and diversity of denitrifiers and anammox bacteria were detected at 50-60 cm
depth in the aerobic-anaerobic transition zone (AATZ) characterized by sharp redox gradients. nirS-denitrifiers

and anammox bacteria were affiliated to 10 different clusters and three genera, respectively. Denitrification and
anammox played equal roles with an estimated N loss of 13.15 mmol N m~2 day~’. A positive correlation be-
tween ammonia oxidizing prokaryote abundances and DO as well as NOy suggested that nitrification produces
NOx which supports the hotspot of denitrification and anammox within the AATZ. Overall, these results high-
light the roles of N loss communities in STEs.

1. Introduction

Land-sea transition zones play an important role in buffering the
open ocean from anthropogenic nitrogen (N) inputs by acting as highly
efficient bioreactors. Roughly >70% of ice-free continental shelves are
covered by sandy beaches (Luijendijk et al., 2018). Freshwater and
seawater exchange at the coastline occurs in highly permeable beaches
or subterranean estuaries (STEs) with steep redox, salinity and oxygen
gradients. Ahrens et al. (2020) found that STEs with permeable sandy
sediment are complex environments and highly active, supporting many
biogeochemical reactions, such as desorption of ions (Charette and
Sholkovitz, 2002), dissolution and precipitation of carbonates (Liu et al.,
2017), remineralization of organic matter (Roy et al., 2013), metal
release (O'Connor et al., 2018) and nutrient transformations (Couturier
et al., 2017; Jiao et al., 2018; Santos et al., 2008).

Rivers and estuaries have long been regarded as major areas of N
removal prior to the ocean (Seitzinger et al., 2005). Voss et al. (2013)
found that N loads from submarine groundwater discharge (SGD, 4 Tg N
yr 1) were unexpectedly higher than previously realized. Cho et al.

(2018) reported that total SGD-derived flues of DIN could be 1.4-fold
higher than river fluxes to the global ocean. SGD plays a major role in
N cycling in coastal and marine environmental water quality (Beusen
et al., 2013; Couturier et al., 2017). Microbial communities and their
functions in the STE along the subsurface freshwater—seawater contin-
uum determine the fate of N discharged to coastal waters (Santoro,
2010). Assessing the role of microbial N loss processes in the STE is
crucial to understanding coastal ecosystems as a buffer from anthropo-
genic N inputs and reducing the development of harmful algal blooms in
coastal waters.

Denitrification and anaerobic ammonium oxidation (anammox) are
two major processes removing excess N from coastal ecosystems (Hong
et al., 2019a; Ward, 2013). Due to large variation typically found in
STEs, which are highly heterogeneous systems, microbial N loss pro-
cesses are also highly variable. Fluctuating hydrological regimes with
intense material exchange at the interface between two adjacent eco-
systems creates the potential for biogeochemical hotspots (Zhu et al.,
2013). Under similar dynamic hydrologic conditions, the aerobic-
anaerobic transition zone (AATZ) in STEs is regarded as hotspot of
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biogeochemical processes with the highest diversity and abundance of
microorganisms and complex predicted microbial functions (Hong et al.,
2019b). Nevertheless, our knowledge about the microbial N loss pro-
cesses in the AATZ of STEs remains under-studied.

Previously, denitrification capacity and microbial N attenuation in
the STEs have been evaluated by in situ injections of °>N-nitrate (push-
pull method) (Addy et al., 2005) and the reduction of DIN inventory
during transit (Gonneea and Charette, 2014). Microbial N loss occurred
in the deeper, suboxic regions of the STE, whereas in surficial sediment,
NO3 did not encounter favorable condition for N loss (Santoro, 2010).
Smith et al. (2015) found active anammox in all areas tested in a coastal
aquifer by quantifying changes in 232°%0N,, >NOx and !°NHJ with
groundwater travel time. Ladderane fatty acid analysis also showed that
anammox bacteria were prevalent in the upper portion of a STE (Saenz
et al., 2012). N loss processes are largely controlled by residence time
length (Gonneea and Charette, 2014), redox state dynamics (Slomp and
Van Cappellen, 2004), and substrate availability (Saenz et al., 2012) in
the STE. Until now, the microbial communities of N loss processes and
their distribution pattern in permeable STEs are unclear.

Employing molecular detection techniques is a straightforward way
to understand what types of microorganisms exist in STEs (Santoro,
2010). The polymerase chain reaction (PCR), performed with specific
primers of N cycling genes (e.g., amoA, nirS, and nosZI/II), combined
with sequencing techniques (e.g., clone library and high through-put
sequencing) can determine the community composition and diversity
of N-cycling microorganisms. In addition, quantitative PCR was devel-
oped to assess their abundance. Zheng et al. (2016a) used PCR-based
clone library and terminal restriction fragment length polymorphism
(T-RFLP) analyses to analyze the denitrification and anammox bacteria
in intertidal sediment cores. Jiao et al. (2018) reported high diversity
and complex community composition of denitrification and anammox
bacteria in STEs with low permeability using high-throughput
sequencing. In addition, Hong et al. (2019b) found vertical stratifica-
tion of microbial communities in the GP-STE by high-throughput
sequencing of 16S rRNA gene. Little is known about how the microbi-
al communities mediate N loss processes in permeable STEs, which cope
with significant vertical fluctuations in oxygen, dissolved inorganic ni-
trogen (DIN) availability and other geochemical properties.

Based on these previous studies, we hypothesize that the AATZ is a
hotspot of N loss mediated by denitrifying and anammox communities in
STE. The redox gradients and availability of NOy and NH{ promote the
coupling of nitrification and denitrification and anammox to remove
fixed N in the AATZ of GP-STE. Thus, the objectives of this study are (1)
to investigate the activity, abundance, and community composition of
denitrifying and anammox communities in the sediment along a depth
profile of GP-STE, and (2) to identify the location of N loss hotspots in
the STE. This study was intended to achieve a more comprehensive
understanding of microbial N loss communities and their role in the
subsurface N cycle of the GP-STE.

2. Material and methods
2.1. Study area, sampling, and assay of physicochemical parameters

The permeable STE used in this study is located at Gloucester Point
(37.248884 N, 76.505324 W), VA, within the Chesapeake Bay. The site
description, sampling details and analytical methodology were previ-
ously reported by Beck et al. (2016) and Hong et al. (2019b). In brief,
one sediment core (90 cm in length), comprised of fine to coarse sands,
was sampled at the low tide line at low tide on 15 October of 2015. The
SGD rates in GP-STE ranged from 3.9 to 8.9 cm day'. The York River is
microtidal, with a range of ~0.8 m at the study site. The salinity in
surface water at the site ranges between 15 and 25 psu (Beck et al.,
2016). Sediment core was artificially separated at 10 cm intervals, from
GP1 to 10. Groundwater was sampled to correspond to core sample
depths (Hong et al., 2019b). Groundwater properties including salinity,
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dissolved oxygen (DO), oxidation-reduction potential (ORP), tempera-
ture, pH, iron (Fe) and dissolved N2O concentrations, were previously
reported in Hong et al. (2019b). Rapid and high-throughput microplate
spectrophotometric methods with microplate reader (Tecan Sunrise,
Switzerland), described by Wu et al. (2016) and Guan et al. (2017), were
used for the determinations of NOyx and NHJ contents, respectively. The
lowest detection limits for NOy and NHi were 0.5 and 0.4 pM,
respectively.

2.2. Potential activity measurements

The potential rates and contribution to Ny production of denitrifi-
cation and anammox in the GP-STE sediments were measured and
calculated using a modified method of Dalsgaard and Thamdrup (2002)
and Song and Tobias (2011). The incubation condition and measuring
instrument of 29N2 and 3ON2 concentration were modified in this study.
In brief, 2 g of sediment was transferred to 12.5 mL Exetainer tubes
(Labco, High Wycombe, United Kingdom), which were sealed with septa
and flushed with He gas. The tubes with sediments were incubated
overnight at room temperature to reduce the background levels of NOx
and O,. After pre-incubation, the tubes were divided into three groups,
which were spiked through the septum with helium-purged stock solu-
tions of (1) *>NHZ (*°N at 99.6%), (2) °NHZ + *NO3 and (3) **NHJ +
15NO§ (*5N at 99%), respectively. The final concentrations of 15N in all
the tubes were approximately 100 pmol L1, Time course incubations
were carried out in duplicate (time points 0, 4, and 8 h) at room tem-
perature. The incubation was stopped by injecting 200 pL of 50% ZnCly
solution at each time point. The concentrations of 2°N; and 3°N, pro-
duced over the incubation period were measured by a continuous-flow
isotope ratio mass spectrometer (Thermo Delta V Advantage, Thermo
Scientific) in line with an automated gas bench interface (Thermo Gas
Bench II).

2.3. DNA extraction and qPCR assay of N cycling genes

The procedure of DNA extraction was previously reported by Hong
et al. (2019b). qPCR assays of the amoA, nirS, nosZI, nosZIl, and anam-
mox specific-16S rRNA genes were performed to quantify the abundance
of ammonia oxidizing prokaryotes, denitrifying and anammox bacteria
in the sediments, respectively. The qPCR reactions were performed in
triplicate with the following primer sets amoA-1F/amoA-2R (Rotthauwe
et al., 1997), Arch-amoAF/Arch-amoAR (Francis et al., 2005), cd3aF/
R3cd (Throback et al., 2004), nosZ1f/nosZ1r, nosZIIF/nosZIIR (Jones
et al., 2013) and A438f/A684r (Wu et al., 2019a) using ABI Prism 7500
Real Time PCR System (Applied Biosystems, Carlsbad, CA). Further
details concerning primers and PCR conditions can be found in Table S1.

2.4. PCR amplification and sequencing

PCR was conducted to amplify the nirS gene of denitrification and the
anammox specific-16S rRNA gene using cd3aF/R3cd and A438f/A684r
primers, respectively. The forward primer of cd3aF and A438f were
attached to a unique 8 bp barcode sequence. The purified PCR products
were quantified and sequenced on the [llumina MiSeq platform, gener-
ating 250 bp paired-end reads. More details concerning the primers, PCR
conditions and sequencing methods can be found in Table S1. Bio-
informatic analysis of sequences was conducted using Mothur software
v.1.39.1 following the protocol described previously (Jiao et al., 2018;
Wu et al., 2019a,b). The raw reads of nirS and anammox 16S rRNA gene
sequences were deposited in the NCBI short-read archive under the
accession numbers PRINA530374 and PRINA530365, respectively.

2.5. Statistical analysis

The relationship among the activities, abundances of microbial N
loss community (including ammonia oxidizing bacteria (AOB),
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ammonia oxidizing archaea (AOA), denitrifiers and anammox bacteria),
and sediment characteristics were examined by Pearson correlation
analysis using R (version 3.3.3) (Table S2). Redundancy analysis (RDA)
was performed using Canoco 5.0 software. Matlab (version R2016a),
and Sigmaplot (12.5) software were used for graphics.

3. Results
3.1. Vertical variations of physicochemical parameters

Depth profiles of physicochemical parameters, including salinity,
DO, ORP, temperature, pH, Fe(Il), Fe(Ill), Fe(total), and N5O concen-
trations were described in detail previously (Hong et al., 2019b). The DO
sharply declined from 7.3 ppm at 30 cm to 0.14 ppm at a depth of 90 cm
(Fig. 1a, blue dots). In line with the distribution pattern of DO, the
salinity declined from 17.80 psu at 30 cm to 1.26 psu at a depth of 90 cm
(Fig. 1a, light blue dots). The NH{ profile revealed a sharp increase from
4.47 pM at 30 cm to 60.33 pM at a depth of 90 cm (Fig. 1a, light green
triangles). The NOy increased slightly from 30.21 pM at 30 cm to 35.35
puM at 40 cm, and then declined sharply to below the detection limit at
80 cm (Fig. la, purple triangles).

3.2. Depth profiles of microbial abundances

The abundances of AOB and AOA showed a surficial depth maximum
(Fig. 1b, yellow and blue bars). The abundance of AOB ranged from 0.03
t0 1.62 x 102 copies g}, while AOA abundance ranged from 0 to 4.27 x
102 copies g! and decreased with sediment depth. The ratio of AOA/
AOB abundance in GP1-GP6 ranged from 1.13 to 3.34 (Fig. 1d, pink
dots), suggesting AOA was the dominant ammonia oxidizing microbial
group. AOB dominate the ammonia oxidizing community in GP8-10.
Hong et al. (2019b) previously revealed that microbial abundances,
including bacteria and archaea, in the same sediment core ranged from
(0.23 £ 0.03) x 10° to (4.62 + 0.08) x 10° copies g~ dry sediment. The

Marine Pollution Bulletin 168 (2021) 112440

peak microbial abundance in sediment core was observed in GP7.

The abundance of nirS and nosZI genes of denitrifiers varied insig-
nificantly with sediment depth (p > 0.05, GP1-6), but highest values
were observed at GP7 within the AATZ (Fig. 1c and e, green and blue
bars). The abundance of nirS gene ranged from 0.03 to 8.19 x 10° copies
g1 (Fig. 1c, green bars), while nosZI abundance ranged from 0.99 to
5.36 x 10° copies g ! (Fig. 1e, blue bars). The abundances of nosZII gene
(Fig. le, dark pink bars) were two orders of magnitude higher than nirS
and nosZI genes (ranged from 0.11 to 4.86 x 107 copies g 1), suggesting
nosZIl NoO-reducers were the dominant N5O sink in STE. Along the
sediment depth, the highest value was observed at GP8. Abundances of
nirS, nosZI and II in bottom sediments (GP9-10) were significantly lower
than other layers (p < 0.05). The highest ratio of nirS/(nosZI + nosZII)
gene was observed at GP7 (0.06), while the lowest was observed in GP8
(Fig. le, green dots). Similar to the distribution of nirS gene abundance,
the abundance of anammox bacteria increased slightly with sediment
depth to the highest value at GP7 (2.58 x 10° copies g~ ') within the
AATZ (Fig. 1d, purple bars). Anammox bacterial abundances in bottom
sediments (GP8-10) were below the qPCR detection limit.

3.3. Potential N loss rates by denitrification and anammox

Potential denitrification rates, measured by °N isotope tracer
method, ranged from 0.01 to 0.38 nmol N g~ h™! (Fig. 1c, red line). In
line with the distribution pattern of denitrification abundances, highest
potential denitrification rate was observed at GP7 within the AATZ and
lower rates were seen in bottom sediments (GP8-10). Potential anam-
mox rates ranged from 0 to 0.30 nmol N g~! h™!(Fig. 1d, orange line).
Similarly, potential anammox rates peaked in GP7. Anammox rates of
GP8-10 were below the detection limit. Denitrification contributed 29.3
to 95.3% of the total Ny production in all samples, while anammox
contributed nearly 50% of the total N; production in GP1-5. In the AATZ
(GP6-7), potential N loss rates were higher than other sediment layers
and denitrification was the dominant microbiological N loss pathway. In
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Fig. 1. Environmental parameters and microbial characteristics measured at different sediment core sampling depths. Vertical sections of the sediment core resulted
in a total of 10 subsamples (GP1-10). (a) Vertical profiles of NH and NO; contents and salinity and DO (reported by Hong et al., 2019Db) in groundwater. Tide was
too low to sample the ground water in surface sediment (0-25 c¢m), so the groundwater samples of surface sediments were missing. (b) The abundances of ammonia-
oxidizing bacteria (AOB: yellow bars, 10° copies g’l) and archaea (AOA: blue bars, 10° copies g’l) and ratios of AOA/AOB abundance (pink dots) in sediment core.
(c) The potential rates (red line) and nirS gene abundances of denitrifiers (green bars, 10° copies g’l) in sediment core. (d) The potential rates (orange line) and
abundances of anammox bacteria (purple bars, 10* copies g’l) in sediment core. (e) The abundances of nosZI (sky blue bars, 10° copies g’l) and nosZII (dark pink
bars, 107 copies g’l) and ratios of nirS/(nosZl + nosZII) (light green dots) in sediment core. Horizontal bars denote standard error of triplicate samples. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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general, a hotspot of N loss in the AATZ was evidenced by the highest
activities and abundances of nirS and nosZI and anammox bacteria in the
GP-STE.

3.4. nirS-denitrifier bacterial community in sediment core

Samples GP8-10 could not be amplified by nirS gene targeted PCR
due to low denitrifier abundances. A total of 140,000 denitrification raw
sequences (20,000 sequences per sample) were run for denoising and
trimming sequences. About 17,000 reads per sample of denitrification
sequences were filtered as high-quality reads (Table 1). Seven samples
generated about 715 OTUs (456 OTUs per sample) for the nirS gene of
denitrification bacteria, with a Good's coverage of 0.99 at 97% similarly,
providing information that OTUs of each denitrifying bacterial library
had been captured effectively (Fig. Sl1a). Chaol and ACE diversity in-
dicators for denitrifiers ranged from 448.58 to 538.15 and 440.43 to
545.95, respectively. The Simpson diversity and Shannon richness
ranged from 0.03 to 0.08 and 4.14 to 4.60, respectively. Evenness of
denitrifiers was high, ranging from 0.67 to 0.75, suggesting that the
community composition of nirS carrying denitrifiers (nirS-denitrifiers)
remained relatively even within the GP-STE depths. The diversity of
nirS-denitrifiers varied insignificantly along the sediment depth (p >
0.05).

The dominant OTUs of nirS-denitrifiers in the collected samples were
phylogenetically affiliated with 10 different clusters, the relative
abundances of cluster 1 through cluster 10 were 33.35%, 3.44%, 9.92%,
3.76%, 1.85%, 5.89%, 4.66%, 24.11%, 3.95% and 9.07%, respectively
(Fig. 2a). The composition of nirS-denitrifiers varied significantly along
the sediment depths. Cluster 1 is the dominant community of de-
nitrifiers, especially in the surface sediment (GP1-4). As sediment depth
increased, the relative abundance of Cluster 1 decreased and Clusters 6,
7 and 10 dominated the community in the bottom sediment (GP5-7).
Compared to surface sediments, the diversity and composition of nirS-
denitrifiers is less diverse in the AATZ. Obvious vertical distribution of
community composition was also revealed by PCoA analysis (Fig. 2b).
The first two principal coordinates explained 86.34% of the variance in
the nirS-denitrifier community structure among all samples. The surface
sediment assemblage (GP1-4, Group 1) of denitrifiers was distinct from
the communities of GP5, GP6, and GP7, respectively. Fig. 2c shows a
heat-map analysis of 50 selected dominant OTUs across all samples.
OTUO1 was the most dominant sequence in GP1-4. GP4 had highest
number of dominant OTUs (46 OTUs), whereas the lowest were detected
at GP1 and GP7 (average = 41 OTUs, n = 7). 28 dominant OTUs were
cosmopolitan OTUs commonly present in all seven sediment samples. In
comparison OTU21 and OTU47 were only observed in AATZ samples.
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Phylogenetic analysis of the TOP 50 OTUs was shown in Figs. 2d and S3.
Cluster 1, contained the maximal amount of dominant denitrification
OTUs, was affiliated to Acidithiobacillia and an uncultured bacterium
found in the northwestern Pacific (AJ248412), while Cluster 2 was close
related to Sedimenticola thiotaurini and an uncultured wetland bacterium
(DQ767855). Cluster 3 was affiliated with Sulfuricaulis limicola, and an
uncultured bacterium found in estuarine ecosystems (LJTT01000014).
Cluster 4 was closely related to Pseudomonas xanthomarina and river
sediment (KJ777998). Clusters 5, 6 and 7 were related to an uncultured
bacterium observed in sediments of the Pearl River Estuary, soils in
Zoige Plateau (KT783447) and marine sediments (LAZR01000648).
Cluster 8 was affiliated to Bradyrhizobium and an uncultured bacterium
from the Amundsen Sea (KP723703 and KP723725), the Black Sea
(DQ479841) and the San Francisco Bay (KR061015). Cluster 9 was
related to an uncultured bacterium from the Arabian Sea (AY336807),
while Cluster 10 was affiliated to Nitratiruptor. All of the 10 clusters
belonged to Proteobacteria. In addition, Clusters 2 and 4 were affiliated
to the y subdivision of proteobacteria, while Clusters 3, 8 and 10 were
closely related to the p-, a- and e- subdivisions of proteobacteria.

3.5. Anammox bacterial community in sediment core

Sample GP1 could not be successfully amplified by anammox
specific-16S rRNA gene targeted PCR, so we do not know the diversity
and community composition of anammox bacteria in GP1. About
180,000 anammox bacterial raw sequences (20,000 sequences per
sample) were run for denoising and trimming sequences. A total of
14,000 reads per sample of anammox bacterial sequences were filtered
as high-quality reads (Table 1). About 250 OTUs (141 OTUs per sample)
for anammox bacteria were generated by nine samples. A Good's
coverage of 0.99 at 97% suggested that OTUs of each anammox bacterial
library had been captured effectively (Fig. S1b). Chaol and ACE di-
versity indicators for anammox bacteria ranged from 130.69 to 228.05
and 135.43 to 210.38, respectively. The Simpson diversity and Shannon
richness ranged from 0.04 to 0.08 and 3.48 to 3.78, respectively.
Evenness of anammox bacteria was high, ranging from 0.70 to 0.76,
suggesting that the community composition of anammox bacteria was
quite even across all the samples. The alpha diversity of anammox
bacteria in the AATZ was higher than other sediment depths. Compared
to nirS-denitrifiers, the diversity of the anammox bacterial community
was much lower and simpler.

The dominant anammox bacterial OTUs, with 97% similarity, in all
samples were affiliated to three genera, including Ca. Brocadia
(58.00%), Ca. Kuenenia (9.50%), and Ca. Scalindua (28.29%) (Fig. 3a).
In addition, one unknown genus was also detected (4.22%). Ca.

Table 1
Estimates of denitrification nirS gene and anammox specific-16S rRNA gene sequences richness and diversity in different sediment.
Genes Samples High quality sequences OTU* Chaol® ACE" Shannon” Evenness” Simpson Coverage
Denitrification nirS gene GP1 17,521 444 481.65 470.65 4.48 0.73 0.04 0.996
GP2 17,326 475 506.40 504.78 4.60 0.75 0.04 0.996
GP3 17,031 473 514.13 511.24 4.14 0.67 0.08 0.995
GP4 16,831 502 538.15 545.95 4.24 0.68 0.06 0.995
GP5 16,568 433 462.50 464.17 4.21 0.69 0.05 0.996
GP6 16,609 469 518.76 500.32 4.59 0.75 0.03 0.996
GP7 17,178 401 448.58 440.43 4.29 0.72 0.04 0.996
Anammox specific-16S rRNA gene GP2 13,906 125 130.69 135.43 3.52 0.73 0.05 0.999
GP3 14,805 130 150.13 147.85 3.56 0.73 0.05 0.998
GP4 14,377 138 186.77 178.05 3.72 0.76 0.04 0.998
GP5 14,102 148 171.87 177.70 3.78 0.76 0.04 0.998
GP6 15,641 159 193.91 188.76 3.72 0.73 0.05 0.998
GP7 14,101 146 228.05 210.38 3.65 0.73 0.04 0.998
GP8 14,549 152 174.25 174.07 3.52 0.70 0.08 0.998
GP9 14,035 139 172.19 167.90 3.48 0.70 0.06 0.998
GP10 14,739 137 162.10 157.02 3.58 0.73 0.05 0.998

@ Richness and diversity were determined based on 0.03 distance.
b Evenness was calculated by dividing Shannon index by Ln(OTUs).
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Fig. 2. Microbial characteristics of the denitrification nirS gene in the sediment core. (a) Relative abundance of 10 clusters of denitrifiers based on OTUs at a 97%
sequence identity cut-off. (b) The principal coordinates (PCoA) analyses for nirS-denitrifiers retrieved from sediments. (c) The heat map of the most abundant nirS
OTUs (Top 50 OTUs, 97% cutoff). (d) Neighbor-joining phylogenetic tree of the dominant (Top 50 OTUs) denitrification OTUs and the reference sequences from

GenBank. Bootstrap values were 1000 replicates.

Brocadia was the most abundant genus and the Unknown was the rarer
genus across the samples. The composition of anammox bacteria varied
insignificantly with the sediment depth. PCoA was used to analyze the
difference of community composition among all the samples (Fig. 3b).
The first two principal coordinates explained 79.17% of the variance in
the anammox bacterial community among all samples. The surface
sediment assemblage (GP2-5) and GP10 of anammox bacteria were
distinct from the communities of GP6, GP7, GP8 and GP9, respectively.
The community composition of anammox bacteria in the AATZ differs
from other samples.

Fig. 3c shows the heat-map analysis of 28 selected dominant OTUs
across all samples. GP6 had highest number of dominant OTUs (30
OTUs), whereas the lowest were detected at GP2, GP4 and GP9 (27
OTUs). 23 of the dominant OTUs were cosmopolitan and commonly
present in all nine sediment samples, but OTUO5 was the most abundant
group of sequences in GP8 (9.36). Phylogenetic analysis of TOP 30 OTUs
is shown in Figs. 3d and S4. OTUO1, closely related to Ca. Brocadia, was
the most abundant member in GP1-4. 14 OTUs belong to Ca. Brocadia.
In addition to Ca. Brocadia fulgida (EU478693), Ca. Brocadia caro-
liniensis (JF487828), Ca. Brocadia sapproroensis (KY659581), Ca. Bro-
cadia anammoxidans (AF375994), Ca. Brocadia sinica (AB565477) and
Ca. Brocadia brasiliensis (GQ896513) were also detected in the sedi-
ments. OTUO6 and OTU11 were affiliated to Ca. Kuenenia stuttgartiensis

(AF375995). OTUO05, affiliated to Ca. Scalindua, was the most abundant
member in GP6 and GP8. 11 OTUs were closely related to Ca. Scalindua
wagneri (AY254882), Ca. Scalindua japonica (AB573103), Ca. Sca-
lindua Arabica (EU478624), Ca. Scalindua brodae (AY254883), Ca.
Scalindua sorokinii (AY257181) and Ca. Scalindua marina (EF602038).
Three OTUs, including OTU30, OTU15 and OTU17, were not affiliated
to any known anammox genera.

3.6. Correlation analysis between microbial characteristics and sediment
properties

The relationship between activities, abundance, community
composition of microbial N loss community and the sediment properties
were analyzed by Pearson correlation analysis (Table S2) and redun-
dancy analysis (RDA, Fig. S2a and b). The salinity, DO, ORP, pH, N0, Fe
concentrations reported by Hong et al. (2019b) and the concentrations
of Mn, humid acid, and SO%’ measured by Beck et al. (2016) were used
for the correlation analysis. Salinity and DO in groundwater negatively
correlated with depth, NHJ, and positively correlated with NOy, AOA
and AOB abundances. The characteristics of denitrifiers (the abundances
of nirS and nosZI gene and denitrification rates) positively correlated
with anammox bacteria (the abundances of anammox specific-16S rRNA
gene and anammox rates). nosZII gene abundance positively correlated
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Fig. 3. Microbial characteristics of the anammox 16S rRNA gene in the sediment core. (a) Relative abundance of different anammox genera based on OTUs at a 97%
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Bootstrap values were 1000 replicates.

with Fe II concentration. N2O positively correlated with denitrification
rate and abundance of nirS and anammox specific-16S rRNA genes.
There were not significant relationships between N»O and NOx and
NHJ. The ratio of nirS/(nosZI + nosZII) negatively correlated with depth,
and positively correlated with NOy, AOA and AOB abundances, salinity,
DO and pH.

As revealed by RDA, the first two RDA axes explained 92.03% and
58.20% of the cumulative variance of the denitrification and anammox
bacterium-environment relationship, respectively (Fig. S2a and b). The
community compositions of denitrifiers based on nirS gene were affected
by depth, salinity, DO, ORP, pH, NOx~, NHJ, N0, and Fe. No factor was
shown to have a significant effect on the anammox community.

4. Discussion
4.1. Microbial characteristics of N loss processes in STE

The distribution and activities of denitrification and anammox have
been investigated by molecular ecological analyses and '°N-tracer in-
cubations in various ecosystems, including: estuaries (Wu et al., 2020;
Xie et al., 2020), bays (Liu et al., 2020; Wu et al., 2019b), mangrove
wetlands (Xiao et al., 2018), intertidal zones (Jiao et al., 2018) and red
soils (Wu et al., 2018). Using a similar method, we firstly reported the
vertical characteristics of denitrification and anammox in a permeable

STE. In this study, the denitrification nirS gene abundance (10° copies
g’l) and potential rate (0.01-0.38 nmol N g’1 h~1) in STE were lower
than the reported values of intertidal marsh (Zheng et al., 2016a),
estuarine (Xie et al., 2020), bay (Liu et al., 2020) and freshwater sedi-
ments (Gao et al., 2016; Zhu et al., 2013). Sandy subterranean is often
low in organic carbon (Santoro, 2010). Most denitrifiers are heterotro-
phic organisms, so the availability of organic matter is a major factor
influencing the activity and abundance of denitrifiers in low-carbon STE
environments (Santoro, 2010). The anammox bacterial abundance (104
copies g™1) and potential rate (0-0.30 nmol N g~} h™!) were in the
relatively wide range of those previously detected in estuarine (Lisa
etal., 2014; Wu et al., 2020; Zheng et al., 2016b), bay (Wu et al., 2019b),
and freshwater sediments (Shen et al., 2017; Zhu et al., 2013). Ny pro-
duction by denitrification exceeded that from anammox as the dominant
N loss process in both low and high permeable sediment as observed in
previous studies (Gao et al., 2012; Marchant et al., 2016; Rao et al.,
2008). Nevertheless, the contributions to N loss of denitrification and
anammox were almost equal in STE (nearly 50%). Based on the deni-
trification and anammox rates, the sediment N loss in this study was
estimated at 13.15 mmol N m ™ day %

10 different clusters of nirS-denitrifiers were shown in Fig. 2a, which
all belonged to Proteobacteria. Cluster 2 and 4 were related to y-proteo-
bacteria, while cluster 3, 8 and 10 were affiliated to -, a- and e- pro-
teobacteria. Cluster 1 belonged to Acidithiobacillia. In line with the nirS-
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denitrifier community in permeable sediments of the Wadden Sea, most
reads were associated with y-, f-, a- and e- proteobacteria (Marchant
et al., 2018). The results of dominant anammox bacterial OTUs were
similar to other land-sea transition zones, such as an estuary (Wu et al.,
2020), a bay (Wu et al., 2019b) and a low permeable intertidal zone
(Jiao et al., 2018) (Fig. 3a). To our knowledge, this study is the first to
report the anammox community composition by high-throughput
sequencing analysis in a highly permeable STE. The high diversity of
anammox bacteria observed at land-sea transition zones may be due to
the complexity of the environment and the mixing of river runoff or, in
our case, groundwater with the tidal current (Wang et al., 2015).
Recently, Ahmerkamp et al. (2020) found that sand gains with a golf-
ball like structure are ideal for microbial colonization by providing
protective structures as well as ensuring an optimal solute supply. This
may explain the diverse microbial N loss communities observed in the
high permeable, sandy STE.

Along the sediment depth, the highest bacterial abundance and po-
tential rates of denitrification and anammox were observed in GP7,
which was within the AATZ (Fig. 1b and c). In comparison to other
depths, this was identified as a hotspot of N loss in the AATZ (55-60 cm
in depth). Consistent with the predicted microbial functions reported by
Hong et al. (2019b), AATZ could support a wide variety of biogeo-
chemical processes with complex predicted microbial potential func-
tions. Previous studies have reported that the intertidal beach sands host
high rates of N cycling processes (nitrification, denitrification and
anammox) and are a sink for bioavailable N (Ahrens et al., 2020;
Couturier et al., 2017). Denitrification hotspots have also been identified
by model simulations (Heiss et al., 2020) and field observations (Kim
et al,, 2017, 2019; Schutte et al., 2015) of intertidal sandy beaches.

Above the AATZ, NOy was the dominant form of DIN, whereas the
NHJ concentrations were lower than those in other zones (Fig. 1a). DO
and ORP profiles showed that active brackish water and groundwater
exchange promotes DO penetration to reach 60 cm depth (Hong et al.,
2019b). The abundances of AOA (r = —0.87, p < 0.01) and AOB (r =
—0.82, p < 0.01) decreased with sediment depth (Fig. 1d), suggesting
that nitrification process is active in surface sediment where DO is
available. Schutte et al. (2018) found elevated NO3 concentrations and
deep DO penetration drives active nitrification in permeable sandy
beach sediment. Denitrification and anammox are inhibited under oxic
conditions, though aerobic denitrification has been observed in some
intertidal zones (Gao et al., 2010). In addition, DOC was relatively low
(320 pM) in the surface groundwater of Gloucester Beach (O'Connor
et al., 2015). So denitrification may have been limited by low DOC
concentrations above the AATZ.

In the AATZ, NHf was the dominant form of DIN (Fig. la) and
sharply decreasing concentrations of DO and ORP were observed (Hong
et al., 2019b). The AOP abundances (AOA and AOB) decreased with
sediment depth (Fig. 1d). In addition, a positive correlation between
AOP abundances and redox indicators (DO and ORP) and NOx ™ contents
were observed (Table S2). This suggests that vertical dispersion of NOyx
driven by surface brackish water and groundwater exchange may sup-
port the observed hotspot of denitrification and anammox in the AATZ.
Aller (1994) found that the rapid changes in the oxidation-reduction
conditions stimulated the coupling between nitrification and denitrifi-
cation in sediments. The infiltration of O3 in the beach drives nitrifica-
tion in STE, providing the NO3; and NOj for denitrification and
anammox (Schutte et al., 2018). Groundwater rich with NHJ may be
expected to support anammox in the AATZ. In addition, O'Connor et al.
(2015) found maximum dissolved Fe concentration (30 pM) were
observed between 50 and 60 depth. Higher Fe contents in AATZ may
accumulate the abundance and activities of nitrite oxide reductases
because nirS is an iron containing cdl-type reductase (Saarenheimo
et al., 2015). Furthermore, low DO conditions in the AATZ would
stimulate N loss pathways, especially NO3 attenuation by denitrifica-
tion. Previous studies shown that DO is one of the most important factors
affecting N loss in coastal water and sediments (Hong et al., 2019b;
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Korner and Zumft, 1989; Lin et al., 2016). Xiao et al. (2018) found that
seawater and groundwater exchange facilitated high-oxygen seawater
infiltration and subsequent nitrification in tidal creeks.

O'Connor et al. (2015) reported that DOC increased rapidly to 2.9
mM at 50-100 cm depth and humic carbon made up 43% of total DOC in
the sediments of GP-STE. Most denitrifiers are heterotrophic organisms,
so higher DOC and humic carbon may support denitrification in the
AATZ. Lovley et al. (1999) found that heterotrophic denitrifying bac-
terium Paracoccus denitrificans can oxidize humic acids coupled to ni-
trate reduction. Recent study also reported that humic substance can act
as an electron shuttle for anaerobic methane oxidation (AMO) coupled
to N,O reduction in wetland sediments (Valenzuela et al., 2020). In
addition, the STE has a long residence time (46 day, O'Connor et al.
(2015)), which creates a favorable environment for N loss by the
coupling of nitrification and denitrification or anammox in the AATZ.
Under low oxygen conditions where groundwater and seawater are
mixed, microbes can alternate or simultaneously carry out aerobic and
anaerobic respiration (Hong et al., 2019b). Thus, microbial efficiency of
metabolic productivity would be higher in the AATZ (Zannoni, 2004).

Below the AATZ, the lowest abundances of AOB, AOA, denitrifying
(based on nirS and nosZI genes) and anammox bacteria, as well as ac-
tivities of denitrification and anammox were observed (Fig. 1b, ¢, and
d). NHZ was the dominant form of DIN, whereas NOx was below the
detection limit (Fig. 1a). O'Connor et al. (2015) also found that NO3 was
low in porewater of deeper sediments of the Gloucester Point Beach.
NOx availability is limited by the inactive nitrification. NO3 is one of the
most important factors limiting the denitrificaiton process in permeable
tidal sediment (Marchant et al., 2016). Higher sulfide concentrations
(>1000 pM) were reported below 75 cm depth (O'Connor et al., 2015),
which have been shown to inhibit denitrification (Senga et al., 2006).
The concentrations of NO; were under the detection limit in the
groundwater of GP-STE (<0.5 pM). Although there are high NHZ con-
centrations in the groundwater, anammox activity is limited by NO3
availability. In addition, the low values of NO3 suggested that the ac-
tivity of ammonia oxidation process was low or the NO3 produced by
ammonia oxidation process maybe immediately transformed to N, by
denitrification and anammox process.

Compared with surface sediments, the diversity and composition of
nirS-denitrifiers tends to be less diverse in the AATZ. PCoA analysis also
showed that the surface assemblage (GP1-4, Group 1) of nirS-denitrifiers
was distinct from the communities of GP5, GP6, and GP7 (Fig. 3b). The
communities of nirS-denitrifiers were shaped by the different
geochemical conditions in the AATZ. RDA analysis showed that the
communities of nirS-denitrifiers were affected by depth, salinity, DO,
ORP, pH, NOx, NH4, N0, and Fe (Fig. S2a). Vertical redox gradient
(DO and ORP) significantly affected the community nirS-denitrifiers.
nirS-denitrifiers adapted to the dynamic hydrological and geochemical
conditions are selected for and dominate the community in the AATZ. In
contrast with nirS-denitrifiers, nosZI NoO reducer and anammox bacteria
were less sensitive to the dynamic hydrological and geochemical con-
ditions in AATZ. PCoA analysis showed that the surface assemblage
(GP2-5) and GP10 of anammox bacteria were distinct from the com-
munities of GP6, GP7, GP8 and GP9, respectively. No geochemical fac-
tors were shown to have a significant effect on the anammox community
(Fig. S2b).

4.2. Distribution pattern of N2O reducing communities in STE

Denitrification (including bacterial denitrification, fungal denitrifi-
cation and chemodenitrification) and nitrification processes are known
to contribute to N2O production, but the only known N»O sink is the
reduction to Ny by microorganisms that possess the nosZI or nosZII genes
encoding N2O reductase (Jones et al., 2013). The net N2O emission is
partly determined by the balance between N2O-producing denitrifiers
(encoded by nirS or nirK genes) and N,O-reducing denitrifiers (encoded
by nosZI and nosZII genes). Graf et al. (2014) found that nosZI clade were
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more likely to be complete denitrifiers, in which NO3 or NO3 are
reduced to N3O and to Ny, In addition, 51% of the nosZII clade appear to
be nondenitrifying N2O reducers that lacked the genetic capacity to
produce N»O.

In this study, the abundance of nosZI and II genes of denitrifiers
varied insignificantly with sediment depth (p > 0.05, GP1-6). But
highest values were observed at GP7 and GP8, respectively (Fig. le).
nosZl abundances (10° copies g~1) were lower than the reported values
in a wetland (Ligi et al., 2015), a eutrophic lagoon (Highton et al., 2016),
constructed wetlands (Paranychianakis et al., 2016), rhizosphere soils
(Zhao et al., 2020) and agricultural soil (Juhanson et al., 2017). nosZII
abundances (107 copies g~ ) were within the relatively wide range of
those previously measured in rhizosphere (Zhao et al., 2020) and agri-
cultural soil (Juhanson et al., 2017), but lower than those observed in a
wetland (Ligi et al., 2015) and a eutrophic lagoon (Highton et al., 2016).
In this study, nosZII abundances (107 copies g’l) were two orders of
magnitude higher than nosZI and nirS abundances (10° copies g™b).
Graves et al. (2016) reported that the nosZII gene was three times more
abundant than nosZI in salt marsh sediment based on metagenomic
analysis. Several possible factors contribute to the unexpectedly high
abundance of nosZII in the STE. Compared to nosZI N,O reducers, Yoon
et al. (2016) reported that nosZIl N,O reducers have lower whole cell
half-saturation constants for N»O, giving them a competitive edge under
conditions of low N3O concentrations. Low NO concentrations, ranging
from 0.06 to 0.13 ppm, were measured by Hong et al. (2019b) in GP-
STE. Thus, low N2O concentrations observed in the GP-STE may favor
nosZII N,O reducers. In addition, nosZII NoO reducers produced 50-80%
more biomass per mol of N2O reduced and have more efficient free
energy conservation compared to the nosZI NO reducers (Yoon et al.,
2016). Furthermore, the diversity of nosZII N»O reducers is typically
higher than nosZI (Jones et al., 2014; Wittorf et al., 2016). Higher di-
versity of nosZII N2O reducers may give them a competitive edge in
adapting to the highly variable environments driven by brackish water
and groundwater exchange in STE sediments. Jorgensen and Nelson
(2004) reported that N2O reduction encoded by nosZII is known to be
linked to respiratory ammonification. Conditions of fluctuating oxygen
concentrations could be considered an advantage for organisms capable
of facultative denitrification (Wittorf et al., 2016), supporting higher
abundances of nosZII denitrifiers in the AATZ of the GP-STE. There is no
significant relationship between nosZI and nosZII abundances by corre-
lation analysis (r = —0.24, p > 0.05, Table S2), suggesting that both nosZ
genes have different patterns along the depth profiles. The distinct
correlation between the clade I and II nosZ genes and the environmental
parameters considered (Table S2) provides evidence that they occupy
different ecological niches. To the best of our knowledge, this is the first
study reporting nosZI and nosZIl abundance in a STE.

5. Conclusions

This study highlights the N loss processes in sediments of the GP-STE.
A hotspot of N loss was observed in the AATZ at 50-60 cm depth
(GP6-7), which is evidenced by this depth exhibiting the highest
observed activities, abundances, as well as diversity of denitrifiers and
anammox bacteria. Denitrification and anammox played equal roles in N
loss. nosZII genes had high abundances (107 copies g~ ') and dominated
the community of N2O reducers along the sediment depth. Strong ver-
tical brackish water and groundwater exchange accelerated the vertical
dispersion of NOy and created redox gradients that promoted the
coupling of nitrification and denitrification and anammox to remove
fixed N in the AATZ of the GP-STE. Overall, a multidisciplinary study of
geochemistry, isotope tracer incubation methods, and microbial mo-
lecular ecology were employed to highlight the role of coupled nitrifi-
cation to denitrification and anammox allowing for attenuation of
reactive Ns discharging from the STE to surrounding estuaries and
coasts. A more thorough understanding of spatial and temporal variation
in N loss (denitrification and anammox) activities, abundances and
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community composition are required to further understand the role of N
cycling in STEs.
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