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a b s t r a c t

Dissimilatory nitrate reduction to ammonium (DNRA), an important intermediate process in the N-cycle,
links N-compound oxidation and reduction processes. Hence, the oxic-anoxic interface would be the
hotspot of the DNRA process. In freshwater ecosystems, the riparian zone is the most typical carrier of
the oxic-anoxic interface. Here we report spatio-temporal evidence of a higher abundance and rate of
DNRA in the riparian zone than in the open water sediments based on molecular and 15N isotopic-tracing
technologies, hence signifying a hotspot for the DNRA process. These abudance and rates were signifi-
cantly higher than those in openwater sediments. 15N isotopic paring technology revealed that the DNRA
hotspot promoted higher rates of N-compound oxidation (NO2

�), reduction (NO3
� and DNRA), and N2

production (anammox and denitrification) in the riparian zone than those in open water sediment.
However, high-through sequencing analysis showed that the DNRA bacteria in the riparian zone and
openwater sediments were insignificantly different. Network and correlation analysis showed that the
DNRA abundance and rates were significantly positively correlated with TOM, TC/NH4

þ, and TC/NO2
�, but

not with the dominant genera (Anaeromyxobacter, Lacunisphaera, and Sorangium), which played different
roles on the connection in the respective community networks. The DNRA process in the riparian zone
could be driven mainly by the related environmental biogeochemical characteristics induced by
anthropogenic changes, followed by microbial processes. This result provides valuable information for
the management of riparian zones because anthropogenic changes in the riparian water table are ex-
pected to increase, inducing consequent changes in the reduction from NO3

� to NH4
þ.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Nitrogen (N) cycling is driven by microorganisms. Specifically,
nitrifying microorganisms oxidize excess ammonium via nitrite to
nitrate and denitrifying microorganisms return the oxidized ni-
trogen species back to N2 thereby closing the cycle (Jetten, 2008).
Nitrate, which is a ‘fixed’ form of nitrogen, is a key node in the
assimilatory and respiratory nitrogen pathways and plays an
essential role as a nitrogen source, electron acceptor, and even
resulting to undesirable by-products, i.e. greenhouse gas (N2O) and
toxic substance (NO2

�) (Peng and Zhu, 2006; Jetten, 2008; Kraft
et al., 2014). Nitrate is mainly reduced to nitrogen gas (N2) via
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denitrification process, but also to ammonium via the dissimilatory
nitrate reduction to ammonium (DNRA) process.

DNRA competes with denitrification for NO3
�, with end-products

of NH4
þ. Since the dominance of these two pathways is determined

by the environment (Kraft et al., 2014; Lu et al., 2015), the roles,
drivers, and underlying mechanisms of DNRA are significantly
different among ecosystems (Sanford et al., 2012; Roberts et al.,
2014; Chen et al., 2015). In oligotrophic marine and soil systems,
DNRA produces NH4

þ to improve primary productivity of the system
(Lam et al., 2009; Rütting et al., 2011; Silver et al., 2011; Zhang et al.,
2015; Bonaglia et al., 2016; Shan et al., 2016). However, in fresh-
water ecosystems, DNRA is probably an important contributor to
eutrophication because the rates of NH4

þ-promoted algal growth
and eutrophication are significantly higher than that of NO3

� (von
Rückert et al., 2004; Scott et al., 2008; Nogaro and Burgin, 2014).
At present, DNRA studies are mostly concentrated to marine and
estuarine wetland sediments (Bonin et al., 1998; Welsh et al., 2001;
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An and Gardner, 2002; Ketil and Giblin, 2010; Dunn et al., 2013;
Deng et al., 2015; Hardison et al., 2015; Cao et al., 2016; Schutte
et al., 2018) and soils (Yin et al., 2002; Sgouridis et al., 2011;
Sanford et al., 2012; Lu et al., 2015; Zhang et al., 2015; Shan et al.,
2016). In contrast, the DNRA rate, microbial community, distribu-
tion and contribution of the associated bacteria in freshwater
ecosystems are still poorly understood.

The interface between two adjacent ecosystems is often hot
zones for biogeochemical cycles. Riparian zones, which are transi-
tional boundary zones between terrestrial and aquatic ecosystems,
play important roles in regulating landscape-level interactions in
the vertical, transversal and longitudinal geometry of the three-
dimensional space (Naiman and D�ecamps, 1997; Yin et al., 2006).
Furthermore, these zones have long been regarded as biogeo-
chemical hotspots for nitrogen cycling with high rates of oxygen
consumption, anaerobic ammonia oxidation (anammox) and
denitrification (Zhu et al., 2013; Kim et al., 2016; Wang et al., 2018).
Similar to the denitrification and anammox process, DNRA also
reduces NO3

� and NO2
� under anoxic/anaerobic conditions.

Conversely, the NH4
þ generated during this process is subsequently

oxidized to NO3
� by nitrifying microorganisms, allowing the recy-

cling of substrates necessary for these processes. DNRA is an
important intermediate of the N-cycle and links N-compound
oxidation and reduction processes. On the basis of the studies
described above, we hypothesize that riparian zones are hotspots of
DNRA with high abundances of DNRA bacteria and high rates of
DNRA process. Interestingly, in a regional-scale study, Kim et al.
(2016) found higher abundances and rates of N-cycling microbes,
including DNRA, in riparian sediments than those in the stream of a
river tributary. Similarity, in our previous studies on the micro- and
site-scale, DNRA was also found to play important roles in the ri-
parian zones, both in the reed rhizosphere (Wang et al., 2019a) and
the groundwater zones (Wang et al., 2019b). On the basis of these
studies described above, we hypothesize that the riparian zone is
the hotspot of DNRAwith a high abundance of DNRA bacteria and a
high rate of DNRA process. Nevertheless, until now, there was still
no evidence about the global and temporal scale of the DNRA
hotspot and the relevant microbial mechanism in riparian zones.

As such, this study explored the occurrence, distribution,
contribution and biogeochemistry of the DNRA process in riparian
zones using an isotopic tracing technique, functional gene expres-
sion and high-throughput sequencing analysis. The hypothesis was
first tested using riparian zone samples collected globally. After the
global survey was conducted, we selected Baiyangdian Lake as the
site to further assess the hypothesis in detail. Finally, then the
biogeochemical mechanisms governing DNRA in riparian zones
were further analyzed.

2. Materials and Methods

2.1. Study site background

C Global scale

This study first tested if riparian zones act as hotspots of DNRA
on a global scale using extensive global sampling over six conti-
nents. A total of 30 surface sediment samples (equal 15 samples
from the riparian zone and open water sediment separately) were
collected from 15 wetlands (Supplementary Table S1). Collection
sites were located in Kumba, Cameroon (KC); Iquitos, Peru (IqP);
Brisbane, Australia (BA); Islamabad, Pakistan (IsP); San Jose, United
States of America (SJA); Milan, Italy (MI); and Jiaxing (JX), Chaohu
(CH), Tarim (TR), Lanzhou (LZ), Tianjin (TJ), Beijing (BJ), Panjin (PJ),
Wuliangsu (WLS), and Baiyangdian (BYD), China. Sampling sites
covered different biogeochemical indicators, such as different
temperatures, nitrogen-compound concentrations and organic
matter concentrations. These samples were used to collect spatial
evidence for the occurrence and distribution of DNRA bacteria in
global wetlands.

C Temporal scale

After the global survey was conducted, we further selected
Baiyangdian Lake, the largest natural freshwater lake in North
China with well-developed riparian zones, as the research site to
assess the hotspot hypothesis on a temporal scale. Furthermore, we
investigated the driving forces influencing DNRA hotspot zones.
The characteristics of Baiyangdian Lake have been described in our
previous publications (Zhu et al., 2013; Wang et al., 2019a). Given
the high heterogeneity of the landscape, water quality, section of
riparian zones, microbial biodiversity and rate at fine-scale in the
riparian zones, four typical riparian zones (sites A, B, C, and D) were
selected as sampling sites. The four sites were sampled monthly
during the winter (December 2017eFebruary 2018) and summer
(JuneeAugust 2018) at the �2.7 ± 1.9 �C and 25.5 ± 0.9 o95 C
ambient condition, respectively.

2.2. Sediment collection

For all sampling sites, both at the global and temporal scale,
three surface sediment samples (0e5 cm) from the openwater and
riparian zoneswere collected parallel to each other from three plots
(2 m � 2 m), respectively. All the samples were placed in individual
sterile plastic bag and transported to the laboratory on ice as soon
as possible. Each sample was sieved through 2.0 mm filters and
meanwhile visible roots and residues were removed, prior to the
subsequence analysis. A portion of the fresh subsample was incu-
bated to immediately determine N-cycle microbial activities, while
another portion was used for physico-chemical analyses and a
further small fraction of the subsample was stored at �80 �C for
molecular analysis.

2.3. Analytical procedures for sediment characteristics

The sediment NH4
þ, NO2

�, and NO3
� concentrations were

measured using a SEAL Auto-Analyzer 3 HR (Seal Analytical, UK)
after extraction with 2 M KCl (1:5 w/v) with detection limits of
0.015, 0.015, and 0.03 mg kg�1, respectively. The sediment pH was
measured using a DELTA 320 pH Analyzer (Mettler Toledo, USA) in a
dry-sediment:water ratio (1:5 w/v) suspension after shaking for
30 min. The sediment moisture content (MC) was analyzed by
oven-drying 2 g of fresh sediment at 108 �C to a constant weight.
The sediment total nitrogen (TN), total carbon (TC) and total sulfur
(TS) concentrations were determined using a VarioEL III Analyzer
(Elementar Analysen System GmbH, Germany); detection limits
were 0.05 mg kg�1, 0.2 mg kg�1, and 0.25 mg kg�1, respectively.
The dissolved oxygen (DO) concentration in surface sediments
(about 2 mm) was measured in situ using an OXY Meter S/N 4164
with a stainless electrode sensor (Unisense, Aarhus, Denmark)
(Gundersen et al., 1998). Ferrous iron (Fe(II)) and total iron (Fe)
were determined using a modified 1,10-phenanthroline colori-
metric method at 510 nmwith a detection limit of 0.6 mg kg�1, and
ferric iron (Fe (III)) was then the determined as the difference (D-
value) between total Fe and Fe(II) (Lovley et al., 1987). All mea-
surements were performed in triplicate for quality assurance/
quality control (QA/QC).

2.4. DNA extraction and quantitative PCR assay

DNA was extracted from the freeze-dried sediment
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(approximately 0.33 g) using a FastDNA SPIN Kit for Soil (MP Bio-
medicals, USA) according to the manufacturer’s protocol. DNA
concentrations and quantities were determined using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific, Germany).
Quantitative PCR (qPCR) assays were conducted using SYBR-Green
fluorescent dye on an ABI 7500 Sequence detection system
(Applied Biosystems, Foster City, CA). The abundance of DNRA
bacteria was quantified by targeting the nitrate ammonification
(nrfA) gene using the primers nrfAF2aw (CARTGYCAYGTBGARTA)
and nrfAR1 (TWNGGCATRTGRCARTC) (Mohan et al., 2004; Welsh
et al., 2014). The standard curves for qPCR were constructed us-
ing ten-fold serial dilutions of the plasmid DNAs of a known con-
centration. Melting curve analysis was performed to confirm the
specificity of amplification. Amplification efficiencies ranged from
95 to 105%; the correlation coefficients (R2) were greater than 0.98;
and the detection limit was 1.00� 103 copies g�1. All reactions were
performed in triplicate.

2.5. Illumina nrfA functional gene amplicon sequencing and
network analysis

The nrfA gene (approximately 222 bp nucleotides) was PCR
amplified with the barcoded primer pair nrfAF2aw and nrfAR1 to
conduct high-throughput sequencing analysis. The PCR products
were sequenced on the HiSeq 2500 platform (Illumina, San Diego,
USA) using a PE250 strategy (2 � 250 bp). The raw sequence reads
were strictly controlled using Mothur software, and 65000 se-
quences were randomly selected for analysis. Effective amino acid
sequences were filtered using the quantitative insights into mi-
crobial ecology (QIIME) pipeline. Operational taxonomic units
(OTUs) and a-diversity indices were calculated by gradient
continuous accumulation at a 97% similarity cutoff using self-
written Perl scripts, QIIME and Mothur. The higher smoothness of
the rarefaction curves indicated that the sequencing depth was
sufficient and the sequence numbers could fully reflect the species
and community structure of the sample. Phylogenetic trees with
heatmaps for representative OTUs were constructed using QIIME.
The nrfA gene sequences from pure cultured DNRA bacteria in the
NCBI database were used as reference sequences and BLAST was
used for sequence alignment and annotation. All sequence reads
were deposited into the GenBank database under the accession
number PRJNA605093.

Phylogenetic molecular ecological network (pMEN) analysis was
performed based on the OTUmatrix of all the samples (http://ieg2.
ou.edu/MENA; Zhou et al., 2011; Deng et al., 2012). The various roles
of a certain node in the pMENwere identified using within-module
connectivity (Zi) and among-module connectivity (Pi) at a
threshold of 2.5 and 0.62, respectively. Within the network, the
nodes in the peripherals may ecologically represent specialists,
whereas module hubs and connectors represent generalists, while
the network hubs may represent super-generalists (Olesen et al.,
2007; Deng et al., 2012).

2.6. Measuring DNRA and other N-cycling processes potentials with
15N-tracer sediment slurry

Triplicates of each homogenized sediment sample (approxi-
mately 3.3 g each) were transferred to 12.0-mL glass vials (Exe-
tainer, Labco, UK) with sterile water at the in-situ temperature.
Different 15N-amended substrates [Na15NO3 [99.19 15N atom %],
(15NH4)2SO4 [99.16 15N atom %], or Na15NO2 [99.17 15N atom %]]
were added to the glass vials to final concentrations of approxi-
mately 2e10 mM. The potential rate of DNRA (NO3

�/NH4
þ) was

assessed as the 15NH4
þ production rate, converting 15NH4

þ to 30N2
with hypobromite (Füssel et al., 2012; Song et al., 2016). The po-
tential rates of other N-cycling processes were investigated using
methods described by Risgaard-Petersen et al. (2003) and Füssel
et al. (2012). Briefly, anammox and denitrification rates were
separately determined using the yields of 29N2 and 30N2, respec-
tively, produced via 15NO3

�. NH4
þ oxidation (NH4

þ/NO2
�) and NO3

�

reduction (NO3
�/NO2

�) rates were measured as the 15NO2
� pro-

duction rates from incubations with 15NH4
þ and 15NO3

�, respectively,
via the reduction of 15NO2

� with sulfamic acid to 29N2. The NO2
�

oxidation (NO2
�/NO3

�) rate was determined as the 15NO3
� pro-

duction rate, which was converted to 15NO2
� using spongy cad-

mium, and then further reduced to 29N2 with sulfamic acid. The
29N2 or 30N2 produced using the processes above were measured
with Gasbench II-IRMS (MAT253 plus, Bremen, Germany) to
calculate the related microbial rates (Supplementary Fig. S1;
Table S2). IRMS precision in this study was <0.05‰ (Internal Pre-
cision) and 0.1e0.5‰ (External Precision) and the limiting detec-
tion rate was 0.001 nmol N g�1 h�1.

2.7. Statistical analysis

Values are expressed as means ± standard deviation (SD), as
determined using Statistical Product and Service Solutions 18.0
software (SPSS Inc., USA). The t-test and Pearson’s correlation
analysis were also performed using SPSS software. Redundancy
analysis (RDA) was conducted using CANOCO (version 4.5) for
Microsoft Windows. Principal co-ordinates analysis (PCoA) was
conducted using Mothur. Graphing and box charts were completed
using Origin 8.0 software. In this study, the level of statistical sig-
nificance was set at the a ¼ 0.05 (p value � 0.05).

3. Results

3.1. Spatial evidence for the occurrence and distribution of DNRA
bacteria in global wetlands

Evidence for spatial occurrence came from a total 15 sampling
sites (15 open water and 15 riparian zone samples, n ¼ 30) in
freshwater wetland sediments around the world (Fig. 1 a). These
samples represent a range of environmental factors, including
different geochemical properties, soil types, organic matter con-
tent, N compound concentrations, and temperature
(Supplementary Table S1). In the riparian sediments, the mean
concentration of NH4

þ, NO2
�, and TC were all lower than those in

open water sediments, while TOM showed the opposite trend
(paired t-test, all p < 0.05). NO3

� showed little difference between
the riparian and open water sediments (p > 0.1). Thus, the TC/NH4

þ

and TC/NOx
� (NO2

� plus NO3
�) also showed higher values in the ri-

parian zone than those in the open water sediments, although the
differences were not significant (both p > 0.1). In addition, the
higher concentration of N- and C- compoundsweremostly found in
lake sediments, following by pond and river sediments, and finally
in reservoir sediments.

The qPCR results showed that the DNRA nrfA gene had wide-
spread occurrence, with abundances ranging from
(2.20 ± 0.07) � 107 to (9.08 ± 0.28) � 108 copies$g�1 (Fig. 1 b). In
every sampling site, the abundance of DNRA bacteria in the riparian
zone ((4.19 ± 3.36)� 108 copies g�1, n¼ 15) was significantly higher
than in the open water sediment ((1.26 ± 0.93) � 108 copies g�1,
n ¼ 15) (t ¼ 3.249, p ¼ 0.003 < 0.01). The abundance was maxi-
mized in a lake riparian zone (KC). Furthermore, we analyzed the
DNRA rate using 15N-isotopic tracing technology, with awide range
of 9.0e53.6 nmol N g�1 h�1. The DNRA rates were also higher in
riparian sediments (28.0 ± 10.4 nmol N g�1 h�1) than those in open

http://ieg2.ou.edu/MENA
http://ieg2.ou.edu/MENA


Fig. 1. Biogeographic distribution of DNRA in global freshwater wetlands. a. Overview of the global sampling sites. b. The abundance and rate of DNRA bacteria in the riparian
zones (R, white) and openwater (O, gray) sediments. Box charts (the horizontal line indicates the median, the box give the 25th and 75th, and the whisker shows range from the 5th
to 95th) of the abundance and rate. c. Redundancy analysis of DNRA abundance and rate with physicochemical properties and air temperature. Red arrows indicate the nrfA gene
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water sediments (14.4 ± 3.7 nmol N g�1 h�1) (t ¼ 4.771, p < 0.001).
Both RDA and Spearman correlation analysis showed that the

DNRA abundance was significantly positively correlated with TOM
(Spearman, r¼ 0.826, p < 0.001) and TC/NO2

� (r¼ 0.394, p¼ 0.031),
but negative trend with TN (r ¼ -0.595, p ¼ 0.001), which were the
similar correlation relationships with DNRA rate (r ¼ -0.444,
p ¼ 0.014 for TOM; r ¼ 0.429, p ¼ 0.019 for TC/NO2

�; r ¼ -0.432,
p ¼ 0.017 for TN) (Fig. 1 c; Supplementary Table S3). Besides, the
DNRA abundances showed an interesting negative correlated with
latitude (r ¼ -0.560, p ¼ 0.001), but little correlation with longitude
(r ¼ 0.072, p ¼ 0.705), while the rate showed no obviously corre-
lated with the geographic location (both p > 0.05). Thus, the mo-
lecular and isotopic results preliminarily confirmed that the
riparian zone sediments contain a higher abundance and rate of
DNRA bacteria.
3.2. Temporal evidence for DNRA hotspot in typical riparian zone
sediments

After the global survey was conducted, we selected Baiyangdian
Lake as a typical riparian zone to assess our hypothesis in detail
(Fig. 2 a; Supplementary Fig. S1). The seasonal variation in physi-
cochemical properties of the Baiyangdianwetland sediments in the
riparian zone and open water are shown in Supplementary Fig. S2.
The mean concentrations of NH4

þ (15.21 ± 1.01e61.80
± 3.14 mg kg�1), NO3

� (1.16 ± 0.07e8.51 ± 0.32 mg kg�1), NO2
�

(0.12 ± 0.02e0.71 ± 0.02 mg kg�1), TN (2.67 ± 0.20e7.78 ±
0.30 mg kg�1), TC (21.30 ± 2.67e35.05 ± 3.15 mg kg�1), TS

(0.14 ± 0.06e0.21 ± 0.03 mg kg�1), and DO (0.21 ±
0.05e0.66 ± 0.08 mg kg�1) during the winter were higher than in
the summer (p < 0.001 for NO3

� and others p > 0.05), and concen-
trations in open water sediments were always higher than those in
the riparian zone (p < 0.001 for NH4

þ, NO2
�, and TN, p < 0.05 for NO3

�,
and others p > 0.05). In contrast, the means values of TOM, TC/NH4

þ

and TC/NO2
� showed opposite trends and significant differences

both between seasons (winter & summer) and sampling zones
(riparian zone & open water) (all p < 0.05). For Fe(II)
(8.62 ± 1.03e23.44 ± 2.61 mg kg�1) and Fe(III)
(39.34 ± 4.72e70.22 ± 8.43 mg kg�1), the concentrations in open
water sediments were higher than the riparian zone and the sea-
sonal variation was not significant.

Similar to the global scale studies, the abundance of DNRA
bacteria in the riparian zone (5.27 ± 2.29 � 108 copies g�1, n ¼ 24)
was still significantly higher than the open water sediment
(2.67 ± 1.49� 108 copies g�1, n¼ 24) (t¼ 4.655, p < 0.001) (Fig. 2 b).
Furthermore, the abundance was higher in the summer
(5.62 ± 2.02 � 108 copies g�1, n ¼ 24) than in the winter
(2.32 ± 1.10� 108 copies g�1, n¼ 24) (t¼ 7.005, p < 0.001). A similar
trend was also detected in the DNRA rate. During different seasons,
the DNRA rate in the riparian zone (30.1 ± 12.2 nmol N g�1 h�1,
n ¼ 24) was significantly higher than in the open water sediment
(17.1 ± 9.8 nmol N g�1 h�1, n ¼ 24) (t ¼ 4.093, p < 0.001), and the
rate in the summer (28.7 ± 13.5 nmol N g�1 h�1, n¼ 24) was higher
than that in the winter (18.4 ± 9.7 nmol N g�1 h�1, n ¼ 24)
(t ¼ 3.034, p ¼ 0.004 < 0.01). RDA and correlation analysis showed
that the DNRA rate was positively correlated with the DNRA bac-
terial abundance (r ¼ 0.597, p<0.001), TOM (r ¼ 0.818, p < 0.001),
and C/N ratio (r ¼ -0.508, p ¼ 0.045 for TC/NH4þ and r ¼ 0.606,
p ¼ 0.013 for TC/NO2

�) (Supplementary Fig. S3, Table S4). Similar to
the global survey, the abundance of DNRA bacteriawas significantly
correlated with TOM (r ¼ 0.532, p ¼ 0.034).
abundance of DNRA bacteria and DNRA rate, and blue arrows indicate the geography informa
represent the riparian and open water sediments, respectively. Data sets colored by light blu
(For interpretation of the references to color in this figure legend, the reader is referred to
3.3. DNRA bacterial community in sediments of the riparian zone
and open water

The significant difference in the DNRA rate and abundance
promoted us to investigate the DNRA bacterial community in
sediments of the riparian zone and open water. High-throughput
sequencing analysis showed that all the sequences after quality
controlled were nrfA gene from DNRA bacteria (Fig. 3;
Supplementary Fig. S4, Table S5). DNRA bacterial diversity indices
in the riparian zones were not significantly different from those in
open water sediments (t-test, all p > 0.05). The relative abundance
and heatmap analysis also showed that there was no significant
difference in the DNRA community structure between sediments
from the riparian zone and open water. Cluster and PCoA analyses
showed the DNRA community in the riparian zone and open water
sediments from the same site were clustered first, and then
distinctly clustered according to seasons (Fig. 3 a b; Supplementary
Fig. S3). This indicates that the season variation has a greater in-
fluence on the DNRA bacterial community than the sampling site,
which is consistent with the above result showing that species
diversity of the summer samples was higher than the winter.

The genus-level analysis showed that the dominant generawere
Anaeromyxobacter (35.11% of the OTUs), Lacunisphaera (12.86%),
Sorangium (11.99%), Actinomyces (5.9%), Geobacter (5.6%) and Pet-
rimonas (5.8%), while others all less than 5% (Fig. 3 a;
Supplementary Table S6). Statistical analysis showed that the most
dominant strain, Anaeromyxobacter, had a positive and significant
correlation with NH4

þ (r ¼ 0.732, p ¼ 0.001) and NO2
� (r ¼ 0.724,

p ¼ 0.002); while the genera Actinomyces significantly correlated
with NO2

� (r ¼ -0.569, p ¼ 0.021) and TC/NO2
� (r ¼ 0.567, p ¼ 0.022),

respectively (Fig. 3 c; Supplementary Table S6). However, there was
no positive correlation between the DNRA rate and abundance of
the dominant genera Anaeromyxobacter, Lacunisphaera and Soran-
gium. In contrast, genera of relatively small proportion, such as
Actinomyces, Syntrophus, and the unclassified group, had positive
and significant correlations with DNRA rate (all p < 0.05). Finally,
there was no significant and positive correlation between a definite
DNRA bacteria with the DNRA abundance.
3.4. Co-occurrence patterns of DNRA bacteria in sediments of the
riparian zone and open water

The bacterial co-occurrence patterns of DNRA bacteria in the
riparian zone and open water were investigated using network
analysis based on strong significant correlations (Fig. 4). The ri-
parian zone network had 247 nodes connected by 757 edges with
an R2 of 0.54; the genera Caldimicrobium (OTU 5) and Lacunisphaera
(OTU 162) had the maximum connected degree. The open water
sediment network had 233 nodes connected by 891 edges with R2

of 0.53; the genus Archangium (OTU 102) had the maximum con-
nected degree.

Through topological analyses, most of the network nodes were
in the peripheral and no nodes were in the network hub. In the
riparian zone network, there was only one connector annotated as
Geobacter and two module hubs that were annotated as Caldimi-
crobium and Lacunisphaera. Moreover, Caldimicrobium and Lacuni-
sphaera were not only the most connected nodes in the network
but also existed in the z-p diagram of the module hubs, indicating
that these taxa were the key genera. In the open water sediment
network, there was also one connector (Anaeromyxobacter) and
two module hubs, which were labeled as Sorangium. Although
tion, physicochemical properties, and climate indexes. Dark gray solid and open circles
e and yellow indicates sediments from the riparian zone and open water, respectively.
the Web version of this article.)



Fig. 2. Temporal distribution of DNRA abundance and activity in typical riparian zones. a. Overview of the sampling sites in Baiyangdian Lake. b. The abundance and rate of
DNRA bacteria in the riparian zone (R) and open water (O) sediments of four sampling sites A-D in summer (S) and winter (W). Box charts (the horizontal line indicates the median,
the box gives the 25th and 75th percentiles, and the whisker shows range from the 5th to 95th percentile) indicate the abundances and rates of DNRA bacteria.
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Archangium was the most connected in the network, it was in the
peripheral, so it was not a key genus. The genera Anaeromyxobacter
and Sorangium played an important role between modules and
within their respective modules, respectively.
3.5. Potential interactions between DNRA and other N-cycle
processes

Further studies were conducted to resolve how DNRA process
rates compare to other N cycle processes in the riparian zone and
open water sediment under significant DO difference. NO2

� is the
key intermediate in microbial N-cycling processes. Hence, we
determined the NO2

� conversion rate of several possible N cycle
processes (anammox, denitrification, NO2

� oxidation and DNRA)
and the NO2

� production rate (NH4
þ oxidation and NO3

� reduction)
via the 15N isotopic-pairing technique (Fig. 5).

In the riparian zone, the DO content (0.20 ± 0.05 mg L�1) was
relatively low because of the high TOM content
(20.98 ± 2.42 mg kg�1), hence the NH4

þ oxidation rate in the ri-
parian zone (7.60 ± 1.08 mmol N m�2 d�1) was lower than that in
the openwater sediment (14.73 ± 1.58 mmol N m�2 d�1). Although
DO was relatively low, the rate of NO2

� oxidationwas higher both in
the riparian zone (39.80 ± 4.70 mmol N g�1 h�1) and open water
sediment (42.49 ± 4.66 mmol N g�1 h�1) because NO2

� oxidation
can occur in the presence of trace amounts of oxygen (Bristow et al.,
2016). Under oxygen-limited conditions, NO3

� reduction provides
energy for the entire N cycle (Zhu et al., 2019). In the riparian zone,
with higher NO3

� reduction rates (40.91± 4.86mmol N g�1 h�1), the
rates of DNRA, anammox, and denitrification were all higher than
those in the open water sediment. As the main NO3

� reduction
process, DNRA reduced NO3

� to NH4
þ at a higher rate

(35.28 ± 5.56 mmol N g�1 h�1) in the presence of higher TOM and
NO3

� concentrations, which was even more than the rates of deni-
trification (27.09 ± 4.21 mmol N g�1 h�1) and anammox
(12.02 ± 2.15 mmol N g�1 h�1) in the riparian zone. Hence, the
DNRA rate was positively correlated with the TOM and NH4

þ con-
centrations. In all, the NO2

� oxidation (which produced substrate
NO3

� for DNRA) and NO3
� reduction (which produced energy for

DNRA) promoted a higher DNRA rate in the riparian sediments.
4. Discussions

Mankind is transforming the global nitrogen cycle at a record
pace through increased combustion of fossil fuels and an increased
demand for nitrogen in agriculture and industry (Galloway et al.,
2008). Much of this anthropogenic nitrogen is lost to the environ-
ment and causes an increase in freshwater nitrate levels and
increased nitrous oxide production that may enhance global
climate change (Duce et al., 2008). In addition to effective political
action, a better understanding of the microorganisms that are
involved in nitrogen transformation is necessary to understand and
eventually counteract the negative effects of nitrogen pollution.

As a dissimilatory reduction process, DNRA is different from the
anammox and denitrification processes. When nitrate is converted
to N2 by denitrification and anammox, N is permanently removed
with N2 as the end product. However, a large amount of NO3

� is not
removed by anammox and denitrification, instead of producing
NH4

þ through the DNRA process. This NH4
þ can enter the water body

and accelerate eutrophication (von Rückert et al., 2004), and pro-
motes the production of a large amount of N2O (Groffman et al.,
2000; Hefting et al., 2006; Wang et al., 2006; Kool et al., 2011;
Zhu et al., 2013). Therefore, the DNRA process is a very important
internal link in the N conversion process. To our knowledge, this
study is the first to report the DNRA hotspot in global and temporal
scale freshwater ecosystems.

In this study, the DNRA bacterial abundance (>108 copies g�1)
and rate (32.38 ± 2.21 nmol N g�1 h�1) in riparian zone sediments
were in the relatively wide range of that the previously reported



Fig. 3. Diversity and community composition of DNRA bacteria in the riparian zone (R) and open water (O) sediments of Baiyangdian Lake in summer (S) and winter (W). a.
Heatmap analyses showing the relative abundance and the shifts of community composition at the genus level in summer (S, red) and winter (W, black), (b) Principal Coordinate
analysis (PCoA) derived from the Bray-Curtis dissimilarity matrices based on the 97% OTU level of the DNRA bacterial community, (c) Redundancy analysis (RDA) plot showing the
correlation analysis among the DNRA bacterial major genera (orange triangle), rate (blue arrow), abundance (green arrow) and dominant environmental parameters of distribution
and dominant environmental parameters (black arrow) in sediments of Baiyangdian Lake. Percentages represent the amount of variance explained by each dimension. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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values in estuarine and freshwater sediments (2.2e25.1 nmol N g�1

h�1, Song et al., 2014; <40 nmol N g�1 h�1, Decleyre et al., 2015;
0.03e0.54 nmol N g�1 h�1, Shan et al., 2016). To investigate the
mechanism of DNRA in the riparian zone hotspot, the rates of
different microbial N-cycle processes that co-occur with DNRA
were measured, and it was also confirmed that the reaction rates in
the riparian sediments were higher than those in the open water
ones. The key point is that the higher internal-circulation rate of
nitrite oxidation and nitrate reduction in the riparian zone, due to
both lower environmental requirement of themselves (i.e. nano-
mole O2, Bristow et al., 2016; Füssel et al., 2012) and the higher TOM
in the riparian zone. Thus, the above two processes could provide
available substrate NO3

� and efficient energy for DNRA microbes
and process, respectively. As an important result, DNRA is main-
tained at a higher rate in the riparian zone.

Although DNRA does not contribute to N loss, the potential rates
and relative contributions of DNRA to total nitrate reduction in the
current study exhibited a wide range (0.03e0.54 nmol N g�1 h�1)
and dominated the NO3

� reduction over anammox and denitrifica-
tion, suggesting that the DNRA rate is also highly variable
throughout the riparian zone and open water sediment. Generally,
DNRA is considered to have a higher rate in NO3

�-limited conditions
(even higher than denitrification) because DNRA bacteria can
accept eight, instead of five, electrons per NO3

� molecule (Tiedje,
1988; Jørgensen et al., 1989; Kraft et al., 2014). However, in this
study, the NO3

� levels in open water sediments were higher than
those in the riparian zone; therefore, NO3

� was not a limiting factor
(Rysgaard et al., 1996). Alternatively, the carbon source may be
responsible for the higher DNRA rates. Previous data showed that
the DNRA rates in soils across different ecosystems are significantly
related to TN, C/NO3

�, and C/N ratio (Chen et al., 2015; Shan et al.,
2016). In this study, the DNRA abundance and rates were also
positively significantly correlated with TOM, TC/NH4

þ and TC/NO2
�.

These correlations promoted the DNRA rate because DNRA bacteria
use electron acceptors (i.e., NO3

�) more efficiently when the labile C
availability is high and NO3

� is limited (Tiedje, 1988). In addition, the
ratio of extractable organic C (EOC)/NO3

� more strongly influenced
the DNRA rates than C/N ratio (Shan et al., 2016), and Ext-C also
showed more positive correlation with DNRA abundance than TC
(Kim et al., 2016). Li et al., (2019) studied the effects of various C
types on DNRA using diverse statistical analyses. In their study,
total and dissolved organic C (TOC and DOC) showed a close rela-
tionship with DNRA, while the labile oxidized organic C (LOC)
exhibited a discrepant relationship. Therefore, the influence of C
compositions on DNRA needs to be further studied.

Anammox bacteria also perform dissimilatory nitrate reduction
to ammonium (Kartal et al., 2013); however, in this study, the high
rate of DNRA should not be attributed to the anammox process.



Fig. 4. Networks analysis showing the co-occurrence and putative key connector of DNRA bacteria at the genus level. Overall distribution of nodes in the DNRA bacteria
network of the (a) riparian zone and (b) open water sediments. Each solid circle represents an OTU. Blue lines indicate positive correlations, and gray lines indicate negative
correlations. c. The Zi-Pi plot showing the distribution of OTUs in the riparian zone and openwater sediments based on their topological roles. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Biogeochemical mechanism of DNRA in riparian zone revealed by the interaction and estimated fluxes of different DNRA-related N cycle processes in the riparian
zone and open water sediments. Error bars represent standard error (n ¼ 3).
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Isotope tracing has revealed the mechanism of dissimilatory nitrate
reduction to ammonium during anammox: when the ammonia
substrate becomes a limiting factor, anammox reduces 15NO3

� to
15NH4

þ with 15NO2
� as the intermediate, followed by the anaerobic

oxidation of the produced ammonium and nitrite. The overall end-
product of anammox bacterial metabolism is 15N15N dinitrogen gas.
That is to say, the NH4

þ produced during anammox bacteria will also
be utilized by anammox bacteria. In addition, the substrate con-
centration in the incubation vials was about 8.41 mg N kg�1 soil,
which was 2e3 orders higher than the microbial rate with only
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0.014 mg N kg�1 soil h�1, meaning that the substrate was sufficient
to support all microbial processes. Thus, the potential influence
from the change of substrate, NH4

þ or NO3
�, due to the DNRA and

anammox processes can be ignored.
High-throughput sequencing analysis showed that there was no

correlation among the top three dominant genera (Anaeromyx-
obacter, Lacunisphaera, and Sorangium) with the DNRA rate and
total abundance. Network analysis showed that Caldimicrobium and
Lacunisphaera were the key connectors in the riparian hotspot;
however, RDA and correlation analysis showed that neither rate nor
abundance was related to the two key genera. The key genus Cal-
dimicrobium is an extremely thermophilic, strictly anaerobic,
facultatively chemolithoautotrophic bacterium. It not only pos-
sesses the nrfA gene but can also grow chemolithoautotrophically
with molecular hydrogen in the presence of thiosulfate or
elemental sulfur, subsequently forming H2S (Miroshnichenko et al.,
2009). Generally, under sulfate-rich anoxic conditions, sulfate-
reducing bacteria are metabolically active and versatile, with the
ability to perform DNRA through secondary metabolism, resulting
in increased DNRA rates (Kimura, 2000; An and Gardner, 2002).
Furthermore, sulfide, the product of sulfate reduction, enhances
DNRA by serving as a potential electron donor for DNRA bacteria in
the sediments and soils (Tiedje, 1988; Sayama et al., 2005; Lu et al.,
2013; Deng et al., 2015). Similarly, Fe(II) could favor the DNRA
process by chemoautotrophic metabolisms (Robertson et al., 2016;
Li et al., 2019), even under oxic conditions (Roberts et al., 2014).
However, in this study, both the RDA and correlation analysis
showed that neither the DNRA rates nor the DNRA abundance had a
positive relationship with sediment sulfate concentrations or Fe(II).
Lacunisphaera, which has a peptidoglycan cell wall, is a novel spe-
cies in the new genus Lacunisphaera gen. nov. (Family Opitutaceae,
Subdivision Verrucomicrobial) recently isolated from a freshwater
lake (Rast et al., 2017). It is not yet clear if this microorganism has
the DNRA function.

Numerous studies and our previous researches reported the
activities of N-cycling processes were not positively correlated with
the abundances of the related microorganisms, but affected by the
environmental factors. The rate of DNRA varied with nutrient
gradient (Dong et al., 2009; Lu et al., 2015), soil C/N ratio and sulfate
concentration (Shan et al., 2016), glucose and free sulfide (Lu et al.,
2013), or soil pH (Zhang et al., 2015), AOA and AOB in wetland
sediments with NH4

þ concentration (Wang et al., 2011), anammox
with NO2

� (Zhu et al., 2013) and moisture content (Wang et al.,
2019a), and denitrifier nosZ II in lake sediment with TOM (Zhao
et al., 2018). In this study, although the rate and abundance of
DNRA in the riparian zone were significantly higher than those in
open water sediments, there is no significant difference in the
DNRA bacterial community between open water and riparian zone
sediments. Hence, the higher DNRA rate in the riparian zone might
be attributed to the combined effect of various influencing factors.
Moreover, the influence of geochemical parameters may be greater
than that of microbial processes, which is consistence with the
statement that the environmental controls that govern the end
product of bacterial nitrate respiration (Kraft et al., 2014).

In the field of wetland ecology, this result also provides some
insight into the currently applied human management practices
versus the less anthropogenically influenced systems. We know
that both NH4

þ and NO3
� are important nitrogen sources for plant

growth, and that common wetland plants generally have a higher
uptake capacity (Vmax), by approximately 16%, and a higher affinity
(low Kt) for NH4

þ compared to NO3
� (Tylova-Munzarova et al., 2005;

Fang et al., 2007). On the other hand, the positively charged NH4
þ is

more beneficial for adsorbing negatively charged soil colloid par-
ticles. Therefore, the leaching rate of NO3

� is several or even dozens
of times higher than NH4

þ, allowing the leaching process to occur
from surface water to groundwater, resulting in NO3
� pollution

(Riley et al., 2001). Most importantly, the higher NO3
� accumulation

could trigger a massive release of N2O. Therefore, enhancement of
the DNRA process is beneficial for the retention of ammonium
fertilizer in the riparian zone, as well as for the reduction of NO3

�

flux into the groundwater and N2O emission. In the present study,
the interface sediments in the riparian zone represent the hotspot
of DNRA. This result provides valuable information for the man-
agement of riparian zones. Anthropogenic changes in the riparian
water table are expected to increase, with subsequent changes in
the reduction from NO3

� to NH4
þ. This could significantly impact the

cumulative N budget at a given location, thereby bridging global
changes and local management practices.
5. Conclusion

C Both global and temporal scale results confirmed that DNRA
was widespread in the various sediments, and the higher
abundance and rate of DNRA were found in riparian zone
sediments, rather than open water sediment.

C DNRA rate and abundance were positively correlated with
the environmental controls, TOM and C:N ratios (TC/NH4

þ

and TC/NO2
�), but not with the most dominant genera

(Anaeromyxobacter, Lacunisphaera, and Sorangium).
C High-throughput sequencing and network analyses showed

that there were similar diversity and community structure of
DNRA bacteria between riparian zone and open water sedi-
ments, but different key connectors in the related networks
of DNRA genera, with Caldimicrobium and Lacunisphaera in
the riparian sediments but Anaeromyxobacter and Sorangium
in the open water ones.

C In the DNRA hotspot, the N-cycling processes were higher
than those in the open water sediments. The rates of DNRA,
NO3

� reduction, and NO2
� oxidation were more than the rates

of denitrification and anammox. In all, the NO2
� oxidation

(which produced substrate NO3
� for DNRA) and NO3

� reduc-
tion (which produced energy for DNRA) promoted a higher
DNRA rate in the riparian sediments.
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