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Abstract

Anaerobic ammonium oxidation (anammox) is an important pathway for the removal of fixed nitrogen from aquatic and
terrestrial ecosystems. Previous studies on anammox were focused on the surface sediments in estuaries, but the activity and
community composition of anammox bacteria in the estuarine subsurface sediments remained unknown. In this study, we used
high-throughput sequencing of 16S rRNA gene combined with '*N isotope tracing method to investigate the activity, diversity,
and spatio-temporal distribution of anammox bacteria in sediment cores of the Pearl River Estuary (PRE). Our results indicated
that anammox in the subsurface sediments has significant potential activity, contributing to approximately 17.49% of the total
microbial nitrogen loss. A variety of anammox bacteria, including Candidatus Scalindua, Ca. Brocadia, Ca. Jettenia, and Ca.
Kuenenia, were all detected in the subsurface sediments. Moreover, the anammox bacterial community had a significant specific
geographic distribution but no obvious difference along the sediment depth. Multiple environmental factors including salinity,
and NH4* and NOs~ contents, synergistically shaped the diversity and distribution of anammox bacteria in PRE sediments.
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Introduction mestic industrial wastewater discharge, fisheries, agricultural ac-
tivities, and so on, leading to a high load of dissolved inorganic
nitrogen (DIN) and phosphate (PO,>") in PRE (Cai et al. 2004;

Chai et al. 2006; Hong and Shen 2012; Huang et al. 2003).

The Pearl River Estuary (PRE) is one of the most complex estu-
arine systems in the world, forming a transition zone between the

Pearl River and the South China Sea. Recently, rapid industrial-
ization and urbanization of the Pearl River Delta region has ac-
celerated the discharges of anthropogenic pollutants, such as do-
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Increasing nutrients loading broke the ecology balance of bio-
geochemical cycle and caused a series of serious environmental
problems, such as widespread eutrophication, algal blooms, and
hypoxia (Liu et al. 2014; Dai et al. 2006).

Over the past several decades, heterotrophic denitrification
has been known as the only pathway for nitrogen removal
(Zumft 1997). Discovery of anaerobic ammonium oxidation
(anammox) in natural ecosystems as a pathway for the perma-
nent removal of reactive nitrogen and reduction of greenhouse
gases (N,O and CO,), leading to the production of dinitrogen gas
(N,), has extended our understanding of the microbial diversity
in the global nitrogen cycle (Dalsgaard et al. 2003; Dalsgaard
et al. 2005; Kuypers et al. 2003; Mulder et al. 1995; Thamdrup
and Dalsgaard 2002). Anammox bacteria has a wide occurrence
in oxygen-depleted estuarine and marine sediments (Penton et al.
2006; Risgaard-Petersen 2004; Thamdrup and Dalsgaard 2002;
Wu et al. 2019; Zhang et al. 2007), marine oxygen minimum
zones (Dalsgaard et al. 2003; Kuypers et al. 2003; Lam et al.
2007), wastewater (Kartal et al. 2008; Quan et al. 2008; Schmid
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et al. 2003), multiyear sea ice (Rysgaard et al. 2004), agricultural
soils (Zhu et al. 2011; Shen et al. 2015; Wu et al. 2018), and in
geothermal subterranean oil reservoirs (Li et al. 2010) and black
smokers (Byrne et al. 2009). They contribute significantly to total
N production in various environments, for example 50% in
ocean (Arrigo 2005; Brandes et al. 2010) and ranging from 0
to 80% in estuarine and marine sediments (Engstrom et al. 2005;
Engstrom et al. 2009; Thamdrup and Dalsgaard 2002). At pres-
ent, known anammox bacteria include 5 genera and 16 species
(belong to phylum Planctomycetes) (Sonthiphand et al. 2014)
with the dominant species in different ecosystems being variable.
Extensive research has confirmed that the Ca. Scalindua domi-
nates in marine and pristine environments while Ca. Brocadia
possesses better adaptability in terrestrial ecosystems (Cao et al.
2011; Dale et al. 2009; Kartal et al. 2008; Li et al. 2011; Schmid
et al. 2007; Wu et al. 2018).

Estuaries are the ecotones between riverine and marine
ecosystems and are characterized by complex natural and an-
thropogenic environments (Dai et al. 2006), providing habitats
for a large number of organisms and playing a significant role
in regulating biogeochemical cycles and ecological processes.
The PRE receives excessive anthropogenic nitrogen input,
which has strengthened the microbial nitrogen removal pro-
cess in this area (Hong et al. 2015, 2019). We hypothesize that
anammox plays an important role in estuarine nitrogen loss in
the subsurface sediments. However, previous studies have
identified a diverse community of anammox bacteria in estu-
arine waters through constructing clone libraries of 16S rRNA
and /Azo genes and quantitative PCR (qPCR) technology (Fu
et al. 2015; Liu et al. 2014). Similarly, Ye et al. (2016) inves-
tigated the microbial diversity, distribution, and community
structure in the surface sediments of the Changjiang Estuary.
These studies mainly focused on the estuarine surface sedi-
ments, and thus, knowledge of the activity, and community
structure of anammox bacteria in the subsurface estuarine sed-
iments remained limited. Herein, we present the activity and
spatio-temporal distribution of anammox bacteria in sediment
cores collected from upstream to downstream of PRE. The
objective of this study was (1) to measure potential activity
of anammox and denitrification in the sediments with 15NO3_
incubation; (2) to investigate the abundance and community
diversity of anammox bacteria in the sediment cores of the
estuary with high-throughput sequencing analysis; and (3) to
analyze the relationship between the diversity of anammox
bacteria and environmental factors.

Materia and Methods
Site Description and Sediment Sample Collection

PRE is a typical subtropical estuary (113.5 °E-114 °E, 22 °N—
23 °N), bound by the South China Sea (Dai et al. 2013). It is
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formed by the confluence of the Beijiang, Xijiang, and
Dongjiang rivers. These rivers discharge an average of 2.6
million gallons (10 million liters) of water per second into
the South China Sea (Guo et al. 2009). It drains water from
some of the most densely populated areas of China, and there-
fore is severely polluted with sewage and industrial waste.
About 617 million tons (560 million metric tons) of domestic
waste and 2.2 billion tons (2 billion metric tons) of industrial
effluents enter the estuary each year (Guo et al. 2009). There is
a strong seasonal shift in physicochemical processes in the
PRE due to monsoon in summer-winter alternation and sig-
nificant seasonal variations in river discharge (Lu and Gan
2015). Therefore, high nitrogen loading resulting from anthro-
pogenic activities allows for a comprehensive evaluation of
the nitrogen cycle in the sediments of the PRE.

Sediment samples were collected using a gravity stainless
steel sediment core sampler with a polyvinyl chloride (PVC)
tube (KC-Denmark), at five sites from PRE-1 to PRE-18 (Fig.
1), during a summer and a winter cruise in August 2016 and
January 2017, respectively. The lengths of the five sediment
cores were 60, 52, 96, 56, and 64 cm, respectively. These were
sliced at 4-cm intervals from the surface to the bottom, and a
4-cm layer in the surface, middle, and bottom cores were
selected for diversity analysis of the anammox bacteria. One
fraction of each sample was immediately placed in sealed
polyethylene bags and stored at — 20 °C for DNA extraction
and PCR amplification. The other fraction was placed at 4 °C

South China Sea
T
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Fig. 1 Location of sampling sites in the PRE
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for slurry experiments to determine potential nitrogen loss
rates. The sediment pore waters were extracted by centrifuga-
tion at 5,000 rpm for 20 min (Eppendorf 5804R), followed by
filtration with a 0.22-pum membrane for the analysis of phys-
icochemical parameters (Wu et al. 2019).

Analysis of Physicochemical Parameters

Physiochemical parameters of estuarine water, including dis-
solved oxygen (DO), salinity, pH, depth, and temperature,
were determined in situ with a multi-parameter water quality
analyzer (YSI 6600, USA). The oxidation-reduction potential
(ORP) of sediments was measured in situ with an ORP meter
(Mettler-Toledo, Switzerland). Concentrations of NH,",
NO, , and NO;  in pore water were determined by flow in-
jection analysis and spectrometric detection (Seal QuAAtro
Analyzer, Germany). Total nitrogen (N and organic carbon
(Corg) analyses were conducted with an elemental analyzer
(Flash 2000, Thermal Fisher Scientific). The samples for
Corg were acidified with 1.5 mol L~" HCI to remove inorganic
carbon, and N, was freeze-dried and homogenized without
acidification, to avoid the loss of organic nitrogen (Noy,).
Here, N, was estimated to be the difference between Ny
and the sum of dissolved inorganic nitrogen (N,y), using the
formula Nyg = Nio—Ney.

Isotope Tracer Experiments

'>N-isotope tracing method was used to measure the spatial
and temporal activity of denitrification and anammox in the
sediments from PRE, following protocols in previous studies
(Brin etal. 2014; Hou et al. 2013; Lin et al. 2017a, b). In short,
slurry was made at a sediment/benthic water ratio of 1:7 (w/v)
in a 500-mL plastic bottle (Nalgene). The mixed slurry was
then transferred into a 12.5-ml vial (Labco) and was sealed
with rubber stoppers after purging with helium for 25 min and
uniform stirring. To consume the residual NOs , the vials were
pre-incubated in the dark for 36 h at a temperature close to the
in situ temperature. Subsequently, these vials with slurries
were divided into three groups, which were spiked through
the septum with helium-purged stock solutions of (1) "’NH,*
("N at 99.6%), (2) "’NH, +'*NO; ", and (3) "°’NO;~ ("N at
99%), respectively. The final concentration of '*N in the vial
was about 100 pmol L. After incubation for 8 h, the mixture
was poisoned by injecting 200 L of 50% ZnCl, solution into
each vial to stop the biological activity and subsequently kept
at room temperature in the dark until detection with a
Membrane Inlet Mass Spectrometer (MIMS, HPR-40, US)
(Hou et al. 2013). The potential rates of anammox and deni-
trification can be calculated from the quantities of *’N, and
30N, detected by MIMS, according to the method previously
described (Hou et al. 2012; Risgaard-Petersen et al. 2003;
Xiao et al. 2018).

DNA Extraction, PCR Amplification, lllumina-Based
16S rRNA Sequencing and g-PCR Analysis

About 0.3 g (wet weight) sediment from each sample was
used for DNA extraction using the PowerSoil DNA
Isolation Kit (MO BIO Laboratories, Inc., USA). Purified
DNA was dissolved in 50 uL ddH,O and stored at — 20 °C.
Anammox bacterial 16S rRNA was amplified using primers
438F (5-GTCRGGAGTTADGAAATG-3")/684R (5'-ACCA
GAAGTTCCACTCTC-3"), which performed good coverage
for the community structure of anammox bacteria from differ-
ent ecosystems (Humbert et al. 2012; Wu et al. 2019). Barcode
and adaptor sequences were designed and ligated to the 5’-end
of the sequencing primers for multiplexing of the samples in
the pyrosequencing runs. The PCR reaction mixtures
contained the following components: 12.5 pL PCR mix
(Promega), 1 uL primers, 1 L DNA, and 9.5 uL H,O. The
PCR protocol was as follows: initial denaturation at 95 °C for
3 min, 35 cycles at 94 °C for 45 s, and 49 °C for 45 s, and a
final extension at 72 °C for 10 min. The PCR products were
purified using the TaKaRa MiniBEST Agarose Gel DNA
Extraction Kit (TaKaRa) following the manufacturer’s in-
structions, and concentration was measured using the
NanoDrop Lite spectrophotometer (Thermo Fisher
Scientific, Willing Minton, USA). The PCR products were
subjected to Illumina MiSeq sequencing. All the anammox-
specific 16S rRNA gene sequences were analyzed using
Mothur (V.1.35.1), referring to standard operating procedures
(https://mothur.org/wiki/MiSeq_SOP) (Schloss et al. 2009). A
detailed description of the Mothur software procedure is pro-
vided in the Supplementary Information. The selected se-
quences were clustered into operational taxonomic units
(OTUs) at a 97% similarity level. Twenty-one OTUs were
selected as the dominant OTUs (> 1% of total sequences in
each community, covering 64.83% of the sequences). The
phylogenetic tree of the main OTUs was built with the repre-
sentative sequences of the main OTUs combined with the
reference sequences of identified anammox bacteria, using
MEGA 7.0 neighbor-joining method.

To quantify anammox bacteria in sediments, q-PCR assays
were performed on a LightCycler 480 II Real-Time PCR sys-
tem (Roche) using SYBR Green as a fluorescent dye
(Promega, Madison, Wisconsin, USA) with set A438f/
A684r targeting 16S rRNA gene of anammox bacteria as de-
scription in previous study (Wu et al. 2019) .

Statistical Analyses

To determine the composition of anammox bacterial assem-
blages, principal coordinate analysis (PCA) was performed
with SigmaPlot (v12.5). Relationships between anammox
bacterial community and environmental factors were explored
by canonical correspondence analysis (CCA), using
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CANOCO (v5.0). In addition, one-way analysis of variance,
followed by Tukey’s HSD test, was also conducted to com-
pare the physicochemical properties and microbial
characteristics.

Results
Physicochemical Characteristic of Sediments

The ORP, salinity, Ny, NO3~, NO,, NHy", Ny, Corg, and
Norg:Corg values in sediment samples are shown in Table 1.
Obvious salinity gradient characteristics were observed from
upstream to downstream of PRE, ranging from 0 to approxi-
mately 30 psu. ORP remained negative throughout the sedi-
ment cores, reflecting the anaerobic status of the sediments.
The Ny Was the highest in the surface sediments for all of
the cores except PRE-13 and decreased sharply in the middle
part of PRE-1 (from 1169.16 to 962.13 mg'kg '), PRE-3
(from 1042.43 to 875.92 mg'kg '), and decreased slightly at
PRE-7 and PRE-18. The distribution trend of N, and C,,
was similar to that of Ny, However, there were some differ-
ences in Ny,:C,ps between different samples, ranging from
10.88 to 14.13, with the highest value in the bottom sample
of PRE-18 (14.05). The ratio in surface samples was lower
than that in the bottom sample for all of the cores except PRE-
7. The exchangeable nitrogen (NO3 , NO, ", and NH,*) values
were significantly lower than the N (p < 0.01) and gradu-
ally decreased from upstream to downstream in an overall

Table 1  Physical and chemical parameters in the sediment cores
collected from PRE in summer. Chemical parameters include the
concentration of total nitrogen (Nyy1), NH4*, NO, ™, NO; ™, organic

trend. The concentrations of NO, and NO;  were relatively
higher in the surface sediment than in the deep zones, but the
concentrations of NH," showed a reverse trend. Samples from
PRE-1 were significantly different from other samples as the
chemical parameters fluctuated significantly. The Ny, con-
centration was extremely high in the bottom at 1809.25 mg
kg '. NO;~ was 34.76 mg kg ' in the surface, 27.23 mg kg '
in the middle, and declined to 2.36 mg kg ' in the bottom.
NH," increased with depth, reaching 134.91 mg kg ' at the
bottom, which is much higher than that in other samples
(13.97+9.82 mgkg ', n = 14).

Potential Activity of Anammox and Denitrification
in the Sediments

'N-isotope tracing incubation method showed remarkable
spatio-temporal variation of the N loss rates in the sediment
cores by anammox and denitrification (Fig. 2). We found deni-
trification exceeded anammox and dominated the nitrogen loss
processes. Furthermore, the denitrification rate in each site was
higher in summer than in winter, except in PRE-18. In summer,
anammox and denitrification activity ranged from 0 to 1.10 £
0.03 umol N kg ' h™" and 0.57 + 0.03 to 7.14 + 0.20 umol N
kg ' h', respectively (Fig. 2a). In winter, anammox rates could
be detected in most samples and ranged from 0 to 0.73 +
0.04 pumol N kg™ h™', with denitrification rates decreasing
sharply in PRE-13 and PRE-18 (Fig. 2b). Notably, anammox
rates were higher in the winter (0.37 umol N kg™ h™") than in
summer (0.17 pmol N kg™ h™"). Based on the denitrification

nitrogen (N,y,), organic carbon (C,,), and the ratio of Corg:Nyyg.
Physical parameter include the oxidation reduction potential (ORP) and
salinity

Samples Niotal NO;~ NO,~ NH,* Norg Corg Corg'Norg ORP Salinity
(mgkg ") (mgkg ™) (mgkg ") (mgkg ") (mgkg ™) % mV psu
PREIS 1169.16 34.76 4.17 14.02 973.68 1.31 11.28 —179.67 0
PREIM 962.13 27.23 1.75 31.90 751.52 1.24 12.95 —179.75 0
PREIB 1809.25 2.36 1.01 13491 15114 2.17 12.01 —138.25 0
PRE3S 1042.43 8.11 1.08 13.50 872.15 1.14 10.88 - 167.67 1.05
PRE3M 875.92 7.86 0.97 36.86 683.42 0.96 11.01 - 172.67 2.00
PRE3B 536.47 7.61 0.75 21.35 414.26 0.76 14.13 —121.67 3.18
PRE7S 763.61 9.80 0.63 10.41 604.54 0.86 11.39 —69.80 4.58
PRE7M 729.02 4.82 0.63 11.99 593.71 0.84 11.51 —115.20 10.00
PRE7B 660.06 3.14 1.00 9.12 443.01 0.72 10.96 —129.00 8.50
PRE13S 1068.40 5.35 0.53 5.26 944 .49 1.24 11.59 —125.00 7.96
PRE13M 1097.91 3.87 0.84 6.23 978.52 1.34 12.25 —170.33 15.00
PRE13B 1057.48 7.40 0.13 9.32 902.19 1.23 11.66 —166.67 13.87
PRE18S 892.34 5.92 1.75 15.17 738.65 1.05 11.62 —122.67 18.47
PRE18M 761.89 2.40 0.71 5.14 640.93 1.00 13.17 —126.00 26.72
PRE18B 594.87 2.07 0.33 5.27 460.70 0.84 14.05 —133.67 29.48
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Fig. 2 Vertical distribution of denitrification and anammox
characteristics in sediment cores of PRE. Potential rates (red and blue
bars) and N loss contribution (green dot) of denitrification and
anammox in the sediments during summer (a) and winter (b). Samples
collected in the summer are labeled “S” and “W”” in the winter. The letters
“S,” “M,” and “B” after numbers represented the samples collected from

and anammox rates, the relative contributions of these two
processes to nitrogen loss were estimated. The contribution of
anammox to nitrogen loss ranged from 0 to 65.82% and 0 to
72.52% in summer and winter, respectively. In addition, the
anammox contributions to N, production in surface, middle,
and bottom sediments were 18.17 £21.59% (n = 10), 15.44 +
22.69% (n = 10), and 18.85 = 21.08% (n = 10), respectively
(Fig. 2¢).
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surface, middle, and bottom sediments, respectively. ¢ The N loss
contribution of anammox in different layers of sediment cores (surface,
middle, or bottom sediments). In the box plot, the middle line represents
the median value, and the vertical lines represent the maximum and
minimum values. Vertical bars denote standard error of triplicate samples

The Abundance of Anammox Bacteria
in the Sediments

As shown in Fig. 3, the abundances of anammox bacteria in
sediments had significant spatial and temporal variation (p <
0.05). In spatial, the abundances in the sediments of upper and
middle stream were higher than those in downstream. At sta-
tions PRE1, PRE3, and PRE7, the average abundance in
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“W” in the winter. The letters “S,” “M,” and “B” after numbers repre-
sented the samples collected from surface, middle, and bottom sediments,
respectively. Vertical bars denote standard error of triplicate samples
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summer was 1.27 x 10° copies g, and the average abundance
was 4.01 x 10° copies g ' in winter. So, the abundance of
anammox bacteria in summer was significantly higher than that
in sediments of winter in the stations PRE 1, PRE 3, and PRE 7
(p < 0.01). However, in the PRE 13 and PRE 18 of down-
stream, the average abundance of anammox bacteria in summer
was 2.17 x 10° copies g ', and in winter it is 3.03 x 10° copies
g”!'. The abundance in winter was slightly higher than that in
summer at downstream. The abundance of anammox bacteria
varied insignificantly along the sediment depth.

Diversity of Anammox Bacteria in the Sediments
A total of 123,258 reads were obtained from the 30 samples

collected from sediments of PRE. High-quality sequences
were obtained ranging from 1,565 to 4,579 sequences per

sample (at an average of 4,108). The sequences were clustered
at 97% similarity by Mothur and OTUs generated, ranging
from 57 to 197 in different samples (Table 2). Higher than
96% coverage implied that the OTUs of each anammox bac-
terial library had been well captured.

To estimate the community diversity and richness of
anammox bacteria in the sediment of PRE, the alpha diversity
indices, viz. Chaol, ACE, Shannon, Simpson, and Coverage
indices, were calculated (Table 2). The ACE and Chaol diversity
estimators for anammox bacteria ranged from 75.55 to 311.06
and 71.87 to 219.50, respectively. ACE estimators were remark-
ably higher than that of Chaol in most samples, suggesting
greater species richness in the sediments. This estimation was
verified by rarefaction curves, showing no plateaus in most sam-
ples (Fig. S1), implying much higher diversity than measured in
the anammox bacteria 16S rRNA gene reads. However, there

Table 2 Estimated OTUs, Chao

1, Shannon index, and coverage at Sample  Reads  OTUs* Chao1*  ACE" Shannon®  Simpson  Enveness®  Coverage

a 3% dissimilarity level for the

sediment collected from PRE SIS 4345 131 139.87 17778 2.66 0.14 0.545 0.98
SIM 4324 117 124.24 143.74 293 0.10 0.615 0.98
S1B 4334 147 148.09 175.31 2.99 0.11 0.598 0.98
S3S 4307 170 199.69 252.13 3.02 0.10 0.588 0.97
S3M 4411 140 154.08 194.28 293 0.11 0.593 0.98
S3B 4317 155 162.14 216.70 292 0.10 0.579 0.97
S7S 4242 184 206.75 286.57 323 0.08 0.620 0.96
S7T™M 4358 161 175.27 214.72 3.08 0.11 0.607 0.97
S7B 4295 161 168.18 217.80 3.01 0.11 0.593 0.97
S13S 4217 170 180.30 212.59 343 0.06 0.668 0.97
S13 M 3130 62 71.87 75.55 2.69 0.11 0.652 0.99
S13B 4579 57 64.63 122.69 0.40 0.89 0.098 0.99
S18S 4258 170 182.77 214.77 3.15 0.08 0.614 0.97
S18 M 4232 145 152.75 182.75 3.27 0.08 0.657 0.98
S18B 4277 131 131.71 139.13 332 0.07 0.681 0.98
WIS 4278 127 148.13 189.11 2.80 0.11 0.578 0.98
WIM 4340 141 159.58 207.33 2.88 0.11 0.583 0.97
WI1B 4376 113 117.38 122.66 2.48 0.19 0.525 0.98
W3S 4365 132 140.77 156.57 2.03 0.32 0.415 0.98
W3M 1834 69 110.23 120.36 1.12 0.61 0.265 0.98
W3B 4278 138 170.58 29490  2.63 0.15 0.534 0.97
W7S 4219 197 219.50 311.65 3.54 0.06 0.669 0.96
WM 1565 107 201.09 254.04 3.51 0.05 0.751 0.97
W7B 4265 143 154.81 184.17 3.14 0.10 0.633 0.98
WI13S 4344 181 191.13 233.54 3.56 0.05 0.684 0.97
WI3 M 4171 117 120.21 115.53 3.15 0.09 0.662 0.98
WI13B 4435 88 91.44 92.78 2.88 0.10 0.644 0.99
WISS 4357 176 183.57 207.87 3.20 0.08 0.619 0.97
WI18M 4442 158 163.87 167.18 3.18 0.08 0.628 0.97
W18B 4363 152 159.63 209.06 2.85 0.10 0.568 0.97

“Richness and diversity were determined based on 0.03 distance. ® Evenness was calculated by dividing Shannon

index by Ln (OTUs)
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was no obvious change in both Chaol and ACE indices between
summer and winter, suggesting that the diversity of anammox
bacteria in PRE had no remarkable seasonal shift. The Shannon
richness ranged from 0.4 to 3.56. The evenness of anammox
bacteria fluctuated around 0.5, suggesting that anammox bacte-
rial community was evenly distributed in the sediments.

Community Composition and Spatial Distribution
of Anammox Bacteria

Dominant OTUs accounting for 64.83% of the reads in the
samples belonged to Ca. Scalindua (27.15%), Ca. Brocadia
(19.60%), Ca. Kuenenia (8.11%), Ca. Jettenia (0.01%), Ca.
Anammoxoglobus (0.01%), and unclassified genera (45.12%)
(Fig. 4). Along the sediment depth, the community composi-
tion of anammox bacteria showed no significant difference in
summer or winter. On the contrary, the significant differences
of the anammox bacterial composition were observed from
upstream to downstream. Ca. Brocadia was dominant in the
upstream sediments and decreased gradually from upstream to
downstream. Ca. Brocadia cannot be detected in the sedi-
ments of PRE-18. Contrarily, Ca. Scalindua was the major
group in the downstream sediments and decreased gradually
from downstream to upstream. Ca. Brocadia, Ca. Kuenenia,
and unclassified genera were dominant in the sediments of
PRE-1. However, in winter, Ca. Kuenenia had a relatively
higher abundance than in summer. In the sediment samples
of PRE-7, Ca. Scalindua accounted for a higher proportion in
winter (more than 50%) than in summer.

A heat map based on OTU level was present to show the
composition of anammox bacteria (Fig. 5). There was a slight
variation between summer and winter but a significant spatial
shift was observed from upstream to downstream.
Phylogenetic relationship among dominant OTUs of
anammox-specific 16S rRNA gene is shown in Fig. S2.
OTU1, 0OTU15,0TU7, OTU19, OTU3, and OTU20 affiliated
to the Ca. Brocadia, which were mainly distributed in the up-
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and middle stream. Only OTU6 belonged to the Ca.
Kuenenia, which was also mainly distributed in the up- and
middle stream. OTU14, closely related to Ca. Jettenia, had
relatively high abundance in the sediments of PRE-1 from
winter. Other dominant OTUs were affiliated to Ca.
Scalindua and appeared in the middle- and downstream.
Therefore, the richest diversity of anammox bacteria was in
the mixed zone of freshwater and seawater at middle stream.

PCA analysis present conclusive evidence for geographically
specific distribution of anammox bacteria in the sediment cores
of PRE (Fig. 6). The plots of the first two principal coordinate
axes (P1 and P2) showed 44.41% variability in anammox bac-
terial community, among all the samples. These results showed
that anammox bacterial assemblage could be classified into two
groups in summer. PRE-1, PRE-3, and PRE-7 could be grouped
together, while PRE-13 and PRE-18 belonged to the other
group. In winter, anammox bacterial assemblage could be clas-
sified into four groups, PRE-13 and PRE-18 being grouped and
other three stations separated from each other.

Correlation Between Anammox Bacterial Diversity
and Chemical Variables

The correlation between anammox bacterial diversity and chem-
ical parameters in sediment cores of PRE was revealed by CCA
analysis (Fig. S3). The first two CCA axes showed 43.83%
anammox bacterial variation. Of all the chemical parameters,
exchangeable ammonium (Neynps > P = 0.012, F = 2.11, 1000
Monte Carlo permutations) and nitrate (Nexno3 » P =0.026, F =
1.34, 1000 Monte Carlo permutations) were the key factors in
shaping the community structure of anammox bacteria. The signs
of blue triangular (OTU3, OTUS, OTU9, OTU10, OTU11,
OTU13, and OTU18) were close related to Ca. Scalindua that
was rich in the downstream (PRE-13 and PRE-18). The signs of
green triangular (OTU1, OTU3, OTU7, OTU15, OTU19, and
OTU20) were affiliated to Ca. Brocadia and the sign of purple
triangular (OTU6) belonged to Ca. Kuenenia.
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Fig. 4 Community composition of anammox bacteria at genus level in sediment samples of PRE during summer (a) and winter (b)
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Fig. 5 The heat map of the most abundant anammox bacterial OTUs in the sediment cores of PRE (top 21 OTUs, 97% cutoff)

Discussion

Contribution to Nitrogen Loss by Anammox
in the Estuarine Sediment Cores

Many studies so far have estimated the potential activities of
anammox in the estuarine and coastal sediments (Engstrom

et al. 2005; Hou et al. 2013; Teixeira et al. 2012; Thamdrup
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and Dalsgaard 2002). However, these mainly focused on surface
sediments, with knowledge about anammox in the subsurface
sediments remaining largely unknown.

The physicochemical parameters in the sediment cores of
PRE were investigated. According to the chemical analysis,
the environment characteristic of the subsurface sediments was
sufficiently anaerobic for the anammox process, with the ORP
values being below — 69.80 mV. Furthermore, the dissolved

08 b
wiB
06 1 &
wis
WM .
0.4 1 N
wi
02 A A
W13
00
AW3B\
021 (A wssj
 waw/
041 wal R
AWT
056 AW7B
08 , , . , .

-0.8 0.6 0.4 0.2 0.0 0.2 0.4 0.6 08
P1-Percent variation explained 29.01%

Fig. 6 Unweighted UniFrac PCA analyses anammox-specific 16S rRNA gene retrieved from the sediment cores of PRE in (a) summer and (b) winter
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inorganic nitrogen (NOs, NO, ", and NH4") can provide sub-
strates like NH,* that act as an electron donor, with NO,  or
NO; acting as electron acceptors for their catabolism, respec-
tively (Kartal et al. 2013; Walter et al. 1999). Moreover, active
denitrification in the sediments would utilize organic matter to
generate NO, through reduction of NO; ™, providing more sub-
strates for the anammox bacteria (Yang et al. 2015).

In order to provide insights into the activity of anammox in
the subsurface estuarine sediments, we determined the deni-
trification and anammox rates simultaneously with '°N isoto-
pic tracer methods. Our results showed that the potential de-
nitrification was much higher than anammox. The anammox
contributed 8.62% and 26.35% to N loss in summer and win-
ter, respectively. In line with previous reports, denitrification
was the main process for nitrogen loss in many ecosystems
(Engstrom et al. 2005; Engstrom et al. 2009; Lin et al. 2017a,
b; Shen et al. 2014; Teixeira et al. 2012; Yang et al. 2015; Zhu
et al. 2013; Zhu et al. 2011). Although the proportional con-
tribution of anammox is much less relative to denitrification,
the annual flux of nitrogen loss for anammox makes a signif-
icant contribution from a macro perspective. Wang et al.
(2012) found that N loss via anammox was about 3.0 and
42.3 t N year ' in surface sediments of Pearl River Estuary
in summer and winter, respectively. Anammox possess a high
potential to remove the buried or transported nitrogen that
cannot be fully removed in the surface sediments, maintaining
a low level of DIN in the bottom sediment. These results
suggested that anammox in the subsurface sediments played
an important role in the nitrogen loss and should not be
neglected to estimate the total flux of nitrogen sink.

The anammox rates in the sediment cores of PRE were in
line with the values reported in the surface sediments of
Yangtze estuary (Zheng et al. 2016) and New River Estuary
(Lisa et al. 2014). Furthermore, we found that there was remark-
ably higher activity of anammox in the subsurface sediments
compared to that in the surface (Fig. 2¢). This may be regulated
by the organic matter as denitrification is a heterotrophic pro-
cess dependent on consumption of organic nutrients, while
anammox is an autotrophic process (Strous et al. 2006; Zumft
1997). In the sediment cores, N, was the dominant component
of Ny, accounting for more than 80%. Rates of sedimentation
and organic carbon decomposition were extremely high in the
estuary (Hong et al. 2019), resulting in an anoxic environment
below a depth of a few centimeters or less. Labile organic
matter would be rich in the surface sediments and the deposited
content in the sediment should comprise of recalcitrant humic
substances. Thus, lack of labile organic matter would weaken
denitrification and strengthen anammox. In line with the spa-
tiotemporal variations of anammox rates in riparian sediments
of PRE, the activities and contribution of anammox were higher
than that in summer in sediment cores of PRE (Wang et al.
2012). The hydrological condition and background nutrients
of the two seasons are different. Anammox bacteria process

better adaptability to temperature variety (Rysgaard and Glud
2004). Compared with temperature, the concentration of DIN
was an important factor in affecting the anammox process (Hou
etal. 2013; Meyer et al. 2005; Nacher et al. 2015; Trimmer et al.
2005). Higher DIN contents of PRE in winter were also evi-
denced by Wang et al. (2012). Lower river runoff and inade-
quate hydrodynamic mixing leads to longer retention time in
winter, and more amounts of DIN can provide substrates like
NH,* and NO, for anammox bacterial catabolism and enhance
the anammox rates (Hong et al. 2015).

The potential anammox rates in sediments were measured as
described in Risgaard-Petersen et al. (2003). Following addition
of '>’NO;~, anammox process will only produce two isotopic
N, species (*®N, and ?°N,), while denitrification will produce
three isotopic N, species (*®Ny, °N,, and *°N,). The potential
rate and contribution to N, production of anammox and deni-
trification were calculated using the produced *’N; and *°N>, as
described by Thamdrup and Dalsgaard (2002). Up to now, this
isotope pairing technique ('’NO5 as the tracer) has been used
as the widely accepted method to estimate the contribution of
anammox and denitrification processes in various environmen-
tal samples where anammox and denitrification coexist, such as
marine sediments and anoxic water (Dalsgaard et al. 2003,
2012; Thamdrup and Dalsgaard 2002), estuarine and coastal
sediments (Wang et al. 2012; Zheng et al. 2016; Song et al.
2013; Lin et al. 2017a, b), river network (Lin et al. 2017a, b;
Zheng et al. 2019), soils (Zhu et al. 2011; Shan et al. 2016; Zhu
et al. 2019), and constructed wetland (Tan et al. 2017; Wang
et al. 2018). It is noted that the potential anammox rates are
probably underestimated because using '°NOs;~ as the tracer
may give denitrifiers an advantage (as anammox prefer
>N, ). NO; ™ reduction in anammox is not very efficient,
and anammox may therefore rely on the first step of denitrifi-
cation to provide NO, as a substrate (Lam et al. 2007). So
using 'NO, as the tracer was also employed to estimate the
anammox rates in previous studies (Kim et al. 2016; Plummer
et al. 2015; Shen et al. 2014). However, the final injection
concentrations of ’NO, ™ (25-200 uM) are significantly higher
than those in natural estuarine environments (Table 1), which
will overestimate the anammox rates. Shen et al. (2014) found
that '>NO, labeled method will overestimate the rates of the
anammox in the layers with low NO,  concentration. Song and
Tobias (2011) suggested that all substrate amendment tech-
niques (ISNO{/ ISNO[ + 14NH4+) will enhance or inhibit rates
of anammox and denitrification. So rates using this isotopic
approach should be considered “potential rate,” a measure of
metabolic readiness for activity under favorable conditions.

Community Structure of Anammox Bacteria
in the Sediment Cores of PRE

In this study, we investigated the anammox bacteria in the
sediments along the depth, presenting a comprehensive
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spatio-temporal distribution in sediment core of PRE. Our
results indicate that anammox bacteria exist in deep estuarine
sediments and contribute to estuarine nitrogen loss.

To study the diversity and community structure of
anammox bacteria in the sediment cores, we used high-
throughput sequencing of the 16S rRNA gene. Anammox
bacteria have been detected in multiple types of environments
in previous studies, providing information regarding commu-
nity structure and distribution in different ecosystems
(Caporaso et al. 2012; Lee et al. 2011; Qian et al. 2010;
Shen et al. 2016; Vila-Costa et al. 2013; Zhao et al. 2013).
However, previous studies were mostly performed on the ba-
sis of clone library analysis with some specific primers (Fu
et al. 2015; Schmid et al. 2000), which limited deep analysis
of diversity. Fu et al. (2015) found that dominant genus of
anammox bacteria shifted from Ca. Brocadia or Ca.
Anammoxoglobus to Ca. Scalindua along the salinity gradient
in surface sediments of PRE. In this study, 317 OTUs were
found in 30 samples, affiliated to Ca. Scalindua (27.15%), Ca.
Brocadia (19.60%), Ca. Kuenenia (8.11%), Ca. Jettenia
(0.01%), Ca. Anammoxoglobus (0.01%), and unclassified
genera (45.12%) (Fig. 4). Our results showed that Ca.
Brocadia was the most abundant phylum in near-shore
(PRE-1 and PRE-3), and Ca. Scalindua was rich in off-shore
(PRE-13 and PRE-18). Community structures in the PRE sed-
iment cores present typically mixed characteristics of terres-
trial and marine environments, consistent with the understand-
ing that Ca. Scalindua was dominant in marine environments
(Schmid et al. 2007) and Ca. Kuenenia, Ca. Brocadia, Ca.
Anammoxoglobus, and Ca. Jettenia co-occurred in terrestrial
environments of wetland soils, porous aquifer, estuary sedi-
ment, and soil environments (Humbert et al. 2010; Shen et al.
2015; Thrush et al. 2012; Zhu et al. 2013). Moreover, a dis-
tinct geographically specific distribution of anammox bacteria
was evidently presented by PCA analysis (Fig. 6). This result
reaffirmed previous findings of the dominant genus shift from
Ca. Brocadia to Ca. Scalindua, from freshwater to open sea,
with salinity being the main factor (Dale et al. 2009; Fu et al.
2015; Hou et al. 2013). Ca. Brocadia has been reported to
harbor diverse metabolic processes. Therefore, they can effec-
tively adapt in terrestrial ecosystems (Gori et al. 2011) and the
presence of Ca. Brocadia indicates more eutrophication in the
upstream and middle stream of PRE (Nacher et al. 2015).
Contrary to Ca. Brocadia, the presence of Ca. Scalindua sug-
gests that the examined sediments have not been significantly
exposed to pollution and urbanization (Byrne et al. 2009; Cao
etal. 2011; Li et al. 2011; Schmid et al. 2007).

We also found that Ca. Brocadia have adaptability to high-
nutrient environments and Ca. Scalindua prefers high Cq:Norg
environments. Compared with other anammox genera, Ca.
Brocadia possesses diverse metabolic pathways and better
adaptability to higher substrate concentration (Gori et al.
2011; Strous 1999; Gao et al. 2018). The environmental
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parameters, NO,  concentration, Cos:Nor,, and median sedi-
ment grain size were regarded as influential in determining
the composition and distribution of the sediment anammox
bacterial community (Dang et al. 2010). Ca. Jettenia, Ca.
Brocadia, Ca. Anammoxoglobus, and Ca. Kuenenia are usual-
ly associated with sewage treatment system, freshwater, or di-
verse terrestrial environments (Humbert et al. 2010; Jetten et al.
2009, 2005; Zhang et al. 2007), which might explain the resis-
tance of Ca. Brocadia to stressful and adverse environmental
changes. Therefore, it dominated at near-shore regions which
are affected by significant human activity. Nevertheless, the
heat map showed that there was not distinct change between
summer and winter, suggesting that temperature was not an
important factor in shaping the anammox bacterial community
distribution (Fig. 5). Hou et al. (2015) and Yang et al. (2017)
found that the distribution and diversity of anammox bacterial
community exhibited a latitudinal gradient along the coastal
wetland of China. Temperature is a key environmental factor
shaping the distribution and diversity of anammox bacteria with
majority of researchers finding significant difference between
summer and winter (Bao et al. 2016). But the temperature var-
iation of subtropical Pearl River Estuary (15-30 °C) cannot
shape the anammox bacterial community. And anammox bac-
teria appear at a broader temperature range with ranged from —
2.5 to 100 °C (Rysgaard and Glud 2004; Byme et al. 2009). In
addition, there was no significant variation in the vertical zona-
tion of anammox bacteria in the sediment cores (Fig. 4). In line
with the results found in intertidal marshes (Zheng et al. 2016),
the anammox community in the sediment cores remained sta-
ble. It suggested that vertical variation of physicochemical pa-
rameters (TN and DIN) in sediment core (1-m depth) cannot
shape the anammox bacterial community.

In conclusion, our results provide a comprehensive under-
standing of the activity and spatio-temporal distribution of
anammox bacteria in the sediment cores of PRE. Anammox
bacteria exist in the deep sediment and contribute to the estu-
arine nitrogen loss. Although there were no obvious differ-
ences in the composition of anammox bacterial community
in summer and winter, a distinct geography-specific distribu-
tion of anammox bacteria was evident, with salinity, NH,4™,
and NO3 ™ contents being significant drivers of the rates and
community composition of anammox bacteria.
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