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Human activities have largely modified nitrogen (N) sources supply, cycling and export from land to ocean. Ni-
trification and denitrification are vital processes alleviating N pollution in aquatic ecosystems but the diverse re-
sponses and niche of microbial N retention to human disturbance are still understudied. Here we investigated the
changes in N species and functional genes in the urban, agriculture and reservoir river sections of the Jiulong
River (southeast China). Our results show that ammonia-oxidizing bacteria (AOB) (Nitrosomonas) were domi-
nant in the urban river section receiving ammonium-rich sewage that enhanced nitrification and subsequent de-
nitrification, while ammonia-oxidizing archaea (AOA) was more abundant than AOB in the river section flowing
through areas of pomelo (Citrus maxima) agriculture with low pH, low ammonium and very high nitrate input.
Warm temperatures and large total suspended matter (TSM) in the wet season promoted growth of nitrifiers
and denitrifiers, which were mostly particle-attached. The potential river N retention through gaseous N removal
(PRnz20 and PRy;) in the agriculture section with huge N loading was among the lowest. Strong nitrification and
denitrification were suspected to occur in the agricultural acid soil system rather than in the river network. In ad-
dition, the decreased TSM and N concentration promoted free-living microbes in the reservoir. The highest PRy,
and N, production observed in the reservoir in the dry season implied that denitrification and anammox occur-
ring in sediments was likely to increase N retention. This study suggests the diverse factors involved in processing
of N pollution among diverse landscapes.

© 2020 Elsevier B.V. All rights reserved.

* Corresponding author at: College of the Environment and Ecology, Xiamen University, Xiamen 361102, China.

E-mail address: nwchen@xmu.edu.cn (N. Chen).

https://doi.org/10.1016/j.scitotenv.2020.141139
0048-9697/© 2020 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2020.141139&domain=pdf
https://doi.org/10.1016/j.scitotenv.2020.141139
mailto:nwchen@xmu.edu.cn
https://doi.org/10.1016/j.scitotenv.2020.141139
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv

2 J. Lin et al. / Science of the Total Environment 746 (2020) 141139

1. Introduction

Land use change and increased loading of anthropogenic nitrogen
(N) to earth systems have resulted in eutrophication, harmful algal
blooms, hypoxia and biodiversity reduction (Galloway et al., 2004;
Hagy et al., 2004; Maloney and Weller, 2011). A coupled nutrient
input-hydrology-instream nutrient retention model (IMAGE-GNM)
suggest that human activities have led to a global increase in river nutri-
ent transport to the ocean during the 20th century despite increased re-
tention along the aquatic continuum (Beusen et al., 2016). Nitrogen
retention in the aquatic continuum includes temporary storage in
plant biomass, trapping of sediment and particulate, permanent loss
via gaseous N removal by nitrification-denitrification, exchange be-
tween sediment and water column, and so on (Bouwman et al.,, 2013).
In recent decades, major rivers discharging along the east coast of
China have been considered to be hot spots of regional N pollution
due to chemical fertilizer consumption, urbanization, river damming
and aquaculture (Lin et al,, 2020; Yu et al,, 2019a). Understanding N bio-
geochemical processes and response to human disturbance in river net-
works is of great importance in order to successfully manage nutrient
pollution and restore aquatic ecosystems.

Nitrification and denitrification are two vital biogeochemical pro-
cesses regulating aquatic ecosystem functioning and ability to supply
services to human society. Nitrification is a two-step biological
oxidization process, conducted by ammonia-oxidizing and nitrite-
oxidizing autotrophic microbes, from NHZ-N to NO3-N and NO3-N
(Daims et al., 2016). Traditional denitrification (i.e. heterotrophically
anaerobic denitrification) involves the reduction of NO3-N, via NO3-N
and NO, to N,O and N, (Akunna et al., 1992). Coupled nitrification-
denitrification enhances N retention in redox-variable conditions, such
as suspended sediments, bed-sediments and aquatic environments
(Xia et al., 2017). After T. pantotropha was found to be an aerobic deni-
trifier in 1984 (Dalsgaard et al., 2003; Kuypers et al., 2003), Yang et al.
(2020) clarified the mechanism of aerobic denitrification from the per-
spective of electron transfer. Anammox also produce N, which has been
widely known to occur in anaerobic conditions (Strous et al., 1997). Al-
though these processes are widespread and important to transform and
remove N, the diverse responses of nitrification and denitrification to
human disturbance are understudied.

Environmental biologists have often reported the abundance and
community of nitrifiers and denitrifiers from various river waters and
sediments (Huang et al., 2011; Liao et al., 2018; Lin et al., 2020; Liu
etal, 2011; Lv et al., 2017; Zhou et al., 2015). Damashek et al. (2015)
found that the abundance and community of ammonia-oxidizing bacte-
ria (AOB) and archaea (AOA) were different in water and sediment
samples that were influenced by agricultural runoff and sewage efflu-
ent, and both were found to be more abundant in agricultural sediments
than in residential and industrial areas (Zhang et al., 2016). The commu-
nity of archaea (e.g. AOA) in the Jiulong River was found to be sensitive
to water temperature, nutrient concentrations and stoichiometry (Hu
et al., 2016). Johnson et al. (2012) found that the composition of
denitrifying communities were little affected by local sediment organic
carbon in an agricultural stream, but other literature reported that deni-
trification rates increased with DOC (Arango et al., 2007; Inwood et al.,
2007). Such heterogeneity of nitrifier and denitrifier genes might be ex-
plained by variety in habitat type and environmental conditions. Geo-
chemists have extensively measured concentration and composition
of N species at various temporal and spatial scales, but their results typ-
ically lack biological interpretation. Therefore, an interdisciplinary re-
search linking nitrifier and denitrifier genes and physicochemistry is
essential to better understand the impacts of human disturbance on
the biogeochemical N cycle.

The development of urbanization, agriculture and dam reservoir
construction have been identified as major contributors to changes
the N budget, riverine N cycling and export in the Jiulong River water-
shed (Chen et al., 2014a; Chen et al., 2008; Chen et al., 2015; Chen

et al,, 2014b; Gao et al,, 2018; Yu et al., 2015). The further question we
seek to address here is how these human disturbances impact microbial
nitrification and denitrification. In this study we investigated the
changes in N species, functional genes (amoA (AOA), amoA (AOB),
nxrA, narG, nirS, hzsB) and 16S rRNA between urban, agriculture and
reservoir sections of the Jiulong River (southeast China) during the
wet and dry season in 2018. Specific objectives of the study were to:
(1) clarify anthropogenic N inputs that influence nitrification and deni-
trification in river sections; (2) reveal hydroclimatic controls on the dif-
ferent nitrifiers and denitrifiers and therefore on differences in gaseous
N retention between the urban and agriculture river sections; and
(3) examine major factors controlling reservoir nitrification and denitri-
fication and associated N retention.

2. Materials and methods
2.1. Study area

The Jiulong River (JR) is located on the western coast of the Taiwan
Strait and is the second largest river in Fujian province (Fig. 1,
Table S1), with a catchment area of 14,741 km?2. Two main tributaries
combined totally export 12.4 x 10° m® y~! freshwater to the Jiulong Es-
tuary; the North Jiulong River (NJR) exports about two-thirds of this dis-
charge while the West Jiulong River (WJR) exports one-third (Yu et al.,
2019b). The topography of the NJR drainage area is hillier than the WJR
(Gao et al., 2018). The multi-year average rainfall in the watershed is
1400-1800 mm, and 62% of precipitation occurred in the wet season
(May to September in 2018).

This study targeted three river sections which are mainly influenced
by urban sewage discharge, orchard agricultural runoff and cascade-
dam construction, respectively. The urban river section in the upper
NJR passes through the city of Longyan and several other towns. In
2018, the human population of Longyan was 0.74 million, and the num-
ber of pigs feeding was 0.98 million. The agriculture river section in the
upper WJR (Pinghe county) was dominated by pomelo (Citrus maxima)
planting in catchment. The reservoir section in the lower NJR was
mainly regulated by cascade hydropower reservoirs (Zhou et al.,
2016). More details about the JR watershed have been described in
Chen et al. (2014b).

2.2. Sampling campaign

We conducted two samplings in July (wet season) and November
(dry season) 2018 (Fig. S1). Sampling was targeted at four urban river
sites (U1-U4), four agriculture river sites (A1-A4) and four reservoir
sites (R1-R4) (Fig. 1). Based on results obtained in the wet season, it
was necessary to sample additional tributary sites in the urban river sec-
tion (U1-1 and U1-2) and agriculture river section (A2-1 and A3-1). Sur-
face (0.5 m) water was collected by a 5 L plexiglass sampler for analysis
of nutrient forms and microbes. In the dry season, additional water sam-
ples for dissolved gases analysis were introduced into 12 mL Labco bot-
tles (N5) and 60 mL brown glass bottles (N,0) using a silicone tube until
overflow of about 3+ volumes of water. The bottles were immediately
capped without air space after adding a final concentration of 0.1%
HgCl, to stop microbial activity. All samples were stored in a cooler at
4 °Cand immediately delivered to the lab for filtration and analysis. Dis-
solved oxygen (DO), water temperature and pH were measured in-situ
using a WTW multi-parameter portable meter (Multi 3430, Germany).

2.3. Physicochemical analysis

About 300 mL of water samples were filtered by a GF/F membrane
for nutrient analysis and determination of total suspended matter
(TSM). TSM weight was calculated by the differences between the
unfiltered and filtered GF/F membranes after oven-drying (105 °C)
to constant weights. Ammonium (NHZ-N), nitrite (NO3-N) and
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Fig. 1. Map of the Jiulong River watershed showing study sites. Three river sections (urban, agriculture and reservoir) were selected for the comparative study and named U, A and R,

respectively.

nitrate (NO3-N) of filtrate was detected by segmented flow auto-
mated colorimetry (San++ analyzer, Germany). Dissolved inor-
ganic N (DIN) was the sum of NHJ -N, NO3-N and NO>-N. Dissolved
total N (DTN) was determined as NO3-N following oxidization with
4% alkaline potassium persulfate. Dissolved organic N (DON) was
calculated by subtracting DIN from DTN. The precision of the N com-
ponents was determined by repeated 10% samples, and the relative
error was less than 5%.

Concentration of dissolved N, was measured using membrane inlet

mass spectrometry (MIMS) and the N,:Ar ratio method (Chen et al.,
2014b). Concentration of dissolved N,O was measured by Gas Chro-
matograph (GC) (Agilent 7890A, US). Excess dissolved N, (AN;) was
calculated using Eq. (1), where AN, is a measure of net N, production
(gross denitrification minus gross N fixation). Excess dissolved N,O
(AN,0) was calculated using Eq. (2). AN, and AN,O indicate net pro-
duction of gaseous N from sediments and water column.
AN, = [NZ : Ar]measured X [Ar]expected_[NZ]expected (1)
where [N2:Ar]measured 1S the detected No:Ar ratio by MIMS; [Ar|expected
and [Nz ]expectea Were calculated by Weiss equations based on sampling
temperature and salinity (Weiss, 1970).

AN,0 = [N, O]measured —[N; O]expected (2)

where [NO]measured 1S the measured concentration in surface water by
GC; [N2OJexpected is calculated by Weiss equations (Weiss and Price,
1980), and the atmospheric N,O concentration is taken from http://
www.cmdl.noaa.gov/.

24. Molecular analysis

Aquatic microbes can be classified as free-living (FL) or particle-
attached (PA) (Crump et al., 1999). About 1 L of water samples for anal-
ysis of N functional gene abundance were filtered by a 20 um bluteau
before sequential filtration by a 3 um and 0.22 pm Isopore TM Mem-
brane (47 mm, Millipore, USA). The 0.22 and 3 um filters respectively
collected FL and PA microbes. All filters were stored in a —80 °C freezer
until DNA extraction.

DNA extraction from filters was performed by FastDNA™ Spin Kit for
Soil (Millipore, USA), suspended in 80 pL TE solution and stored at
—80 °C until analysis. Concentration and purity of the DNA was quanti-
fied by a Nano Drop spectrophotometer (DN-1000; Isogen Life Science,
the Netherlands). The maximum abundant denitrifying genes of first
step (napA and narG) and the second step (nirK and nirS) were selected
by a high-throughput qPCR-based functional-gene chip detection
method (QMEC) (Fig. S2) (Zheng et al., 2018). Primer pairs, cycle
thresholds, amplification protocols, regression functions, amplification
efficiencies and limit of detection of nitrifier genes (amoA (AOA),
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amoA (AOB) and nxrA), denitrifier genes (narG and nirS), anammox
gene (hzsB) and 16S rRNA in absolute qPCR (Bio-Rad) were shown in
Tables S2, S3, S4 and S5, respectively. For these genes, the abundances
were quantified by a Bio-Rad CFX96 qPCR in triplicate with three nega-
tive controls (no DNA template) and five standards. Each sample re-
ceived 10 pL of Hieff™ SYBR Master Mix (Yeasen, China), 0.4 x 2 pL of
primers (10 umol L™'), 1 uL of template DNA and 8.2 pL of double dis-
tilled H,O. The ratios of functional gene abundance to 16S rRNA
abundance indicated the relative abundance (RA). Absolute gene abun-
dance indicated the AA.

AOA and AOB was sequence on an Illumina MiSeq instrument
using 2 x 300 bp lengths with 40-50 K reads by the company
GENEWIZ (China). The sequencing primers of AOA and AOB were
the same as qPCR. High-throughput sequence processing was con-
ducted by Mothur software v.1.35.1 (Schloss et al., 2009). Quality-
controlled sequences were obtained after removal of tags and
primers. All samples were analyzed at the same sequencing depth
(10000) after the sub.sample command. Sequences were simplified
using the unique.seqs command and then aligned to newly developed
database of amoA gene using the align.seqs command. Badly aligned
sequences were filtered using the screen.seqs command. In order to
improve sequencing quality, the pre.cluster, chimera.uchime and re-
move.seqs commands were used. After removing barcode sequences,
binning, denoising, and trimming sequences, the quality-trimmed
sequences were aligned to amoA (AOA or AOB) gene databases
from GenBank (https://www.ncbi.nlm.nih.gov/genbank/) and
FunGene (http://fungene.cme.msu.edu/) (He et al., 2018; Yang
et al., 2014). Following the classify.seqs command, each operational
taxonomic unit (OTU) was defined by 89.4% sequence identity for di-
versity analyses (He et al., 2018). The “unknown” sequences were re-
moved by the remove.lineage command. Rarefaction, non-parametric
coverage, Chao 1, Shannon and Simpson were calculated with com-
mands of dist.seqs, cluster, make.shared, classify.otu, rarefaction.single,
remove.rare and summary.single. The raw Illumina reads of amoA
gene sequences were deposited in the NCBI archive under the acces-
sion of No. PRINA630008 (AOA) and No. PRJNA630007 (AOB).

2.5. Auxiliary data and statistical analysis

The antecedent precipitation index (API) can be used to indicate the
soil antecedent moisture condition (Perrone and Madramootoo, 1998).
APlin the three river sections (urban, agriculture and reservoir) was cal-
culated according to Eq. (3), based on precipitation recorded by nearby
meteorological stations (Longyan, Pinghe and Hua'an). According to the
API value, soil condition was classified as dry (0 < API < 15 mm), average
(15 < API < 30 mm) and wet (API > 30 mm).
APl =31 P x K 3)
where P; is the amount of precipitation 1,2,...,i (i = 14) days prior to the
event, and K = 0.85 is the recession coefficient.

The potential retention of N,O (PRn20) and N, (PRy,) defined by
Egs. (4) and (5) indicates the strength of gaseous N retention in the
river system. We assumed that N,O was produced from NHZ -N by nitri-
fication and NO3-N by denitrification. N, was mainly produced by deni-
trification of NO3-N.

PRy20 = [AN,0]/([NHs " —N] + [NO;~ —N]) (4)

PRyz = [AN,]/[NOs " —N] (3)

Redundancy analysis (RDA) was performed using Canoco 5. The se-
lect analysis type of clustered samples was performed using the com-
mand of constrained ordination of species, with selection of
environmental variables. The significant environmental variables were
determined by p-value < 0.05. Summary of redundancy analysis and sta-
tistical significance of environmental variables were shown in Tables S6
and S7, respectively. R 3.5.1 was used for correlation analysis between
the N functional genes and environmental variables. SPSS 19.0 were
used to perform ANOVA analysis to test between-groups and within-
groups difference among river sections following the Kolmogorov-
Smirnov test and variances homogeneous test.

Table 1
Absolute gene abundances and the ratios of absolute gene abundance to 16S rRNA abundance in the urban, agriculture and reservoir river sections.
Gene Wet season Dry season
Urban Agriculture Reservoir Urban Agriculture Reservoir
Nitrifier ~— amoA AA 1.1 x 10> + 09 x 10° 1.1 x 10°> 4+ 0.8 x 10> 0.9 x 10> &+ 1.0 x 10> 0.7 x 10> + 0.3 x 10> 6.8 x 10> + 5.6 x 10> 0.1 x 10 + 0.1 x 103
(AOA) > 2
RA 56 x 1077 25x 1077 54 %1077 02 x 1077 1.9 x 1077 0.1 x 1077
+ 6.1 x 1077 +3.8x 1077 + 7.1 %1077 + 0.1 x 107" +20x 1072 +0.03 x107P
amoA AA 05 x 10° £ 0.1 x 10> 03 x 10> £ 02 x 10° 14 x 10> £ 1.5 x 10*> 0.7 x 10> £ 0.2 x 10> 0.5 x 10> + 0.3 x 10> 0.1 x 10*> £+ 0.1 x 10?
(AOB) : 2 b
RA 2.1 x 1077 0.5 x 1077 89 x 1077 2.1 %1078 12x 1078 06 x 1078
+12x 1077 + 0.5 x 1077 +99x 1077 + 14 x 1078 +0.6x10°8 + 04 x 1078
nxrA AA 03 x 10° £ 02 x 10° 3.3 x 10> £ 33 x 10> 0.3 x 10> £ 0.3 x 10> 0.3 x 10°> £ 0.1 x 10> 0.5 x 10*> £ 0.3 x 10> 0.1 x 10> + 0.1 x 10°
b a b b a b
RA 1.0 x 1077 2.8 x 1077 12x 1077 52 x 107° 9.8 x 107° 52 x 107°
+02x107P +15x1072 +03x107P +33x10°P +28x107°? +06x107°P
Denitrifier narG ~ AA 1.7 x 10° £ 2.3 x 10° 0.6 x 10° + 0.4 x 10° 0.2 x 10° + 0.2 x 10° 1.0 x 10° + 0.8 x 10° 0.2 x 10° & 0.1 x 10° 0.04 x 10°
2 b b 2 b + 002 x 10°°¢
RA 51 x107° 04 x 1073 0.6 x 107° 2.8 x 107° 0.6 x 107 03 x 1075
+52x107°2 + 04 x107°° +02x107°P +27 %1062 + 03 x 107" + 0.1 x1076P
nirS  AA 1.7 x 10° £ 04 x 10° 1.6 x 10° £ 0.8 x 10° 1.4 x 10° £ 0.7 x 10> 0.5 x 10° £ 03 x 10° 0.4 x 10> £ 0.2 x 10° 0.1 x 10° £ 0.1 x 10°
a a b
RA 09 x 107° 3.0x 107 1.0 x 10°° 14 x107° 09 x 107 0.5 x 1075
+03x10°° +1.5x10°° + 08 x 10°° + 09 x 10752 + 03 x 10 + 02 x1076P
Anammox hzsB  AA 1.4 x 10° £ 0.9 x 10> 1.9 x 10> + 0.8 x 10> 2.7 x 10°> £ 23 x 10> 0.2 x 10* £ 0.5 x 10* 1.2 x 10* £ 1.8 x 10* 0.3 x 10* + 0.3 x 10*
RA 0.6 x 107° 02 x 107 1.1x10°° 0.9 x 1077 51x 1077 12 x 1077
+ 05 x 107° +02x10°° +1.0x 10°° +21x 1077 +89x 1077 + 14 x 1077
16S rRNA AA 03 x 10" 1.3 x 10" 0.4 x 10" 6.6 x 10'° 5.1 x 10'° 1.6 x 10'°
+ 0.1 x 10'° + 1.2 x 10%° + 3.3 x 10'° + 7.4 x 10102 + 2.8 x 1002 + 12 x10'°P

Note: data are presented as mean =+ standard deviation in unit of copies mL ™. a, b, c represent significant differences (p < 0.05) among the river sections of urban (U), agriculture (A) and
reservoir (R). Absolute abundances (AA) (copies mL™~") are the numbers calculated by qPCR. Relative abundances (RA) are the ratio of functional gene abundances to 165 rRNA. Site U3 is
outlier for absolute abundance, where can be affected by the tributary Gaojuxi River. ANOVA tests were confirmed by Kolmogorov-Smirnov test and Normality plots with t-test. All data are
total numbers including free-living and particle-attached abundance. The absolute free-living and particle-attached abundance for each samples are displayed in Table S8.
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Additional physico-chemical parameters and gaseous N measured in
2011 (Chen et al., 2015; Chen et al., 2014b) were integrated into the
analysis to improve understanding of the temporal and spatial variation
of nitrification and denitrification in the study river.

3. Results
3.1. Spatial and temporal variation of gene abundances

The qPCR-based analysis of amoA (AOA), amoA (AOB), nxrA, narG,
nirS, hzsB and 16S rRNA genes successfully captured the variation be-
tween river sections and seasons. The average total AA of these genes
ranged from 14 to 1.7 x 10* (AOA), 15 to 3.7 x 10> (AOB), 22 to
7.1 x 103 (nxrA), 1.1 x 10° to 5.0 x 10° (narG), 2.8 x 10%to 2.1 x 10°
(nirS), 25t0 4.6 x 10* (hzsB) and 1.3 x 10°t0 2.0 x 10'! (16S rRNA) cop-
ies per milliliter (Table 1).

There were different gene abundances between agriculture, urban
and reservoir river sections. AOA had higher AA and RA in the agricul-
ture river section (Table 1), where AOA increased but AOB changed little
resulting in higher ratio of AOA/AOB (Fig. 2a). The abundance of nitrify-
ing gene nxrA was less than amoA (Fig. 2b), and nxrA was relatively
higher in the agriculture river section (p < 0.05) (Table 1). The denitri-
fier gene narG was more abundant than nitrifier gene nxrA, and the
maximum ratio of narG/nxrA (Fig. 2c) and the maximum RA of narG
were found in the urban river section (Table 1). The ratio narG/nirS
was less than one in the agriculture river section, but it was greater
than one in the urban river section (Fig. 2d). Average AA and RA of
hzsB were lower in the urban river section. AA of all genes in the reser-
voir section were the lowest (Table 1).

(a) amoA (AOB) vs. amoA (AOA)
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Most genes had a higher AA and RA in the wet season than in the dry
season with the exceptions of the agriculture river sites, where amoA
(AOA) was higher in the dry season (Table 1). In the wet season, more
nxrA (3.3 x 10> copies mL™ ') was observed in the agriculture river sec-
tion (p < 0.05), but more RA of amoA (AOB) (2.1 x 10~7) and more AA
and RA of narG (1.7 x 10° copies mL™ " and 5.1 x 10~>) were detected in
the urban river section. In the dry season, the agriculture river section
had a higher AA and RA of amoA (AOA) (6.8 x 10 copies mL™' and
1.9 x 1077) and nxrA (5.0 x 10% copies mL™' and 9.8 x 1079)
(p < 0.05), while the urban river section had a higher AA and RA of
narG (1.0 x 10° copiesmL™! and 2.8 x 107%) (p < 0.05). In the reservoir,
all genes except hszB had more AA and RA in the wet season than in the
dry season (Table 1).

The majority of genes were particle-attached (PA) in the urban
(79 + 14%) and agriculture river sections (83 + 12%), but narG and
hzsB genes were mainly present as free-living (FL) microbes in the
urban and agriculture river sections (Fig. 3, Table S8). The reservoir
had relatively more free-living amoA (AOA 64 + 29%, AOB 44 + 9%),
narG (99%), nirS (36 4 9%) and 16S rRNA (33 + 14%) than other sec-
tions, except hzsB with 93 + 13% was PA (Fig. 3).

3.2. Diversity of ammonia-oxidizing microbial communities

Diversity of archaeal and bacteria amoA genes were compared in
river water, sediments and bank slope soil of the agriculture and
urban river section in the dry season (2018). The gentle rarefaction
curves can certify the sufficient amount of sequence to analyze AOA
and AOB diversity (Fig. 4c,d). Both AOA and AOB, higher diversity
(high Shannon, high Chao 1, high Ace, more OTUs and low Simpson)
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Fig. 2. Relative abundance of amoA (AOA and AOB), nxrA, narG and nirS gene abundances in 2018. DS: dry season; WS: wet season.
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Fig. 3. The percentage of free-living and particle-attached gene abundance in the wet season (July-2018).

was found in river water, but lower diversity was in bank slope soil sam-
ples (Table 2). Higher diversity of AOA and AOB was detected in the ag-
riculture river section (Table 2).

AOA in the agriculture and urban river section was clustered to Group
I.1a (Nitrosotenuis, Nitrosopumilus, Nitrosoarchaeum and Nitrosopelagicus),
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Group l.1a-associated (Nitrosotalea) and Group I.1b (Nitrososphaera)
(Fig. 4a). Soil cluster (Nitrososphaera) had higher relative abundance
in sediment and river slope soil, which was the maximum cluster of
soil samples especially in the agriculture river section. Acidophilic
cluster (Nitrosotalea) was up to 13.7% in water at the closet site to
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Fig. 4. Relative abundance and rarefaction curves (OTUs) of AOA and AOB at genus level between agriculture (A) and urban (U) in the dry season (2018). AW is the mixed water samples of
sites A2, A3 and A4. AW-1 is the water sample of site A3-1. ASE is the mixed sediment samples of sites A1 and A2. ASO is the mixed soil samples of sites A1 and A2. UW is the mixed water
sample of sites U1, U2, U3 and U4. USE is the mixed sediment samples of sites U2 and U3. USO is the mixed soil samples of sites U2 and U3.
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Table 2
The alpha diversity index of water, sediment and soil samples in the urban and agriculture river sections.
Gene Sample Initial reads High-quality reads Coverage Simpson Chaol Shannon Ace OTUs
amoA (AOA) AW 25,115 9061 100% 0.11 35.90 2.69 36.00 36
AW-1 26,126 9057 100% 0.12 68.36 2.87 68.19 68
ASE 37,171 8180 100% 0.18 62.90 2.59 62.62 62
ASO 22,081 6047 100% 0.38 50.50 1.83 51.15 49
uw 35,678 8696 100% 0.10 50.00 291 50.51 50
USE 37,397 9183 100% 0.35 39.17 1.90 42.75 37
uUso 67,854 9504 100% 0.79 36.67 0.55 38.02 30
amoA (AOB) AW 69,231 5719 100% 0.11 27.49 2.46 29.07 27
AW-1 56,906 8073 100% 0.14 55.26 2.60 54.71 56
ASE 50,936 8462 100% 0.14 50.99 2.60 52.38 51
ASO 63,456 5576 100% 0.11 42.50 2.62 44.84 41
uw 86,952 8656 100% 0.50 42.58 1.35 42.48 43
USE 62,265 7690 100% 0.12 38.45 243 39.97 37
uso 50,294 6170 100% 0.23 33.07 1.99 33.25 33

Note: AW is the mixed water samples of sites A2, A3 and A4. AW-1 is the water sample of site A3-1. ASE is the mixed sediment samples of sites A1 and A2. ASO is the mixed soil samples of
sites A1 and A2. UW is the mixed water sample of sites U1, U2, U3 and U4. USE is the mixed sediment samples of sites U2 and U3. USO is the mixed soil samples of sites U2 and U3. Sampling

sites refer to Fig. 1.

the orchard. Nitrosotenuis was the maximum cluster in water and
sediment samples.

AOB mostly came from Nitrosomonas and Nitrosospira (Fig. 4b). The
maximum relative abundance of Nitrosomonas was up to 95.3% in water
in the urban river section (UW). The maximum relative abundance of
Nitrosospira was up to 46.6% in river bank slope soil samples from the
agriculture river section and up to 22.9% in river water next to the
orchard.

3.3. Hydrological and physicochemical characteristics

The hydrological conditions changed with seasons. Average water
temperature increased from 23.3 °C in the dry season (November) to
31.7 °Cin the wet season (July) (Table S1). API of sampling sites ranged
from 4 to 39 mm with the largest variation in the agriculture river sec-
tion (Table S1). A high API in the wet season corresponded to higher N
concentrations and PRy0 and PRy, (Tables 3, S9).

Physicochemical characteristics varied across river sections. TSM
was highest in the urban river section, followed by the agriculture
river and the reservoir section. 73.2% to 79.1% surface sediments
were bigger than 3.9 um, but the maximum percentage (26.8% +
9%) of fine particle (size <3.9 um) was found in the reservoir section
(Table S10). Nitrogen concentrations also exhibited a clear spatial
variation (Fig. 5, Table S9). Higher NHZ -N and NO3-N were observed
in the urban river section, but higher NO3-N, DIN and DON were de-
tected in the agriculture river section. Nitrogen concentrations were
lowest in the reservoir sites. PRy20 and PRy, were higher in the
urban river section than in the agriculture sites (Fig. 5, Table S9).
PRy in the reservoir was highest in the dry season, while PRyz0
was among the lowest. Low DO (6.0 & 1.0 mg L™!) and high pH
(7.4 4+ 0.2) in the urban river section mostly were significantly

different (p < 0.05) from the agriculture river section which had
high DO (7.7 + 1.8 mg L™ ') and low pH (7.2 + 0.4) (Table S9).

Averaged concentrations of NHf-N and NO3-N in the dry
season were higher than in the wet season (Fig. 5). In contrast,
NO>-N, as an intermediate product of nitrification and denitrifica-
tion, was higher in the wet season (17.3 + 11.8 pmol L™!) com-
pared to the dry season (11.4 + 8.4 umol L™'), with a significant
seasonal difference in the urban river section (2011) (p = 0.03)
and reservoir (2018) (p = 0.03) (Fig. 4b). PRn2o and PRy, were
higher in the wet season and the period of API > 30 in the urban
and agriculture river sections (Fig. 5, Table 3). In the reservoir,
PRn2 was higher in the dry season (October 2011 and November
2018) than the wet season (May 2011) along the river network.
In the agriculture river section (2018), pH was lower in the dry
season (7.03 £ 0.3) than in the wet season (7.54 4+ 0.7), while
TSM was higher in the dry season (10.84 + 2.16 mg L™!) than in
the wet season (8.26 4 2.63 mg L™!) (Table S9).

3.4. Relationship between nitrogen functional genes and environmental
factors

RDA was performed to explore the main environmental factors
influencing N functional genes in the urban and agriculture river
sections in the wet and dry seasons (Fig. 6). NO3-N, DON and DO
could be the major factors affecting nitrifiers and denitrifiers in
the agriculture river section. pH had a negative relationship with
amoA (AOA) in the dry season in the agriculture river section.
NHZ -N, NO3-N and TSM were the main controlling factors in the
urban river section, which had a positive correlation with each
other (Fig. S3).

The strength of N-gene relationship changed with season. In the wet
season, NO3-N, NHZ -N, DIN and TSM had a significant correlation with

Table 3
Gaseous N removal (AN, and AN,0) and potential retention (PRy; and PRyy0) in three river sections.
Land use Date API AN,O AN, PRn20 PRy
(nmol L™1) (umol L™1) (%) (%)
Urban Nov-2018 <30 213 + 4.0° 9.1+ 98" 0.01 + 0.002° 6.2 + 6.6°
May-2011, Oct-2011 >30 62.7 + 14.5% 354 4+ 10.1* 0.014 4+ 0.002* 14.6 + 74°
Agriculture Oct-2011, Nov-2018 <30 416 + 17.6 174 + 133 0.005 + 0.002 294+ 28
May-2011 >30 287 +£ 1.6 53.3 + 20.9 0.008 + 0.003 45 + 038
Reservoir May-2011, Nov-2018 <30 16.2 + 147 132 +£ 81 0.005 4 0.003 84 + 38
Oct-2011 >30 109 + 54 52.3 + 26.7 0.004 + 0.002 253 4+ 135

Note: data for 2011 were adapted from previous studies (Chen et al., 2015; Chen et al., 2014b). The antecedent precipitation index (API) reflects the soil antecedent moisture conditions.
Classification follows Perrone and Madramootoo (1998). a and b represent significant differences (p < 0.05) among the groups of API > 30 and API < 30. ANOVA tests were confirmed by to

Kolmogorov-Smirnov test and Normality plots with t-test.
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nxrA, narG and nirS, respectively (p < 0.01) (Fig. S3a), while in the dry
season, only NO3-N, NO3-N and NHZ -N were correlated with amoA
(AOA) and narG (p < 0.01) (Fig. S3b). A stronger positive correlation be-
tween NO3-N and nxrA and nirS occurred in the wet season. NO3-N was

RDA2 (29.21%)

1.0

-1.0

positively correlated with amoA (AOB) (p < 0.05) in the wet season,
while it was negatively correlated with amoA (AOA) (p <0.01) in the
dry season. A close relationship between NHZ -N and narG was found
in both the dry and wet seasons.
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Fig. 6. RDA ordination plots indicate the relationship between the absolute abundance of functional genes and environmental factors among sampling sites.
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4. Discussion

4.1. Anthropogenic nitrogen inputs influence nitrification and denitrifica-
tion in river sections

The spatial variation of N concentration and composition reveals dif-
ferent anthropogenic source inputs to the urban and agriculture river
sections (Fig. 5). As with previously reported values in the JR, NHf -N
derived from sewage (both raw and treated) was relatively more abun-
dant in the urban river section, while NO3-N originating from ground
water was dominant in the agriculture river section (Chen et al.,, 2015;
Chen et al., 2014b). The higher N isotopes (8!°N) in the upper NJR
(urban river section) suggest that Longyan city and suburban area pro-
duce a large amount of NHZ -N from manure and sewage disposal (Cao
et al., 2015). Pinghe county in the upper WJR (agriculture river section)
is known as “the town of Chinese pomelo” (Li et al., 2015), and excessive
amounts of ammonia fertilizer have been applied to extensive areas of
pomelo cultivation resulting in massive NO3-N pollution in groundwa-
ter and surface water (Chen et al., 2015; Guo et al., 2019) (Fig. 5¢). It
is clear that urban development and pomelo agriculture have markedly
increased N loading and changed the concentration and composition of
ammonium and nitrate in river water. Moreover, ammonium N de-
creased from 2011 to 2018 (Fig. 5a), following the nutrient abatement
programs (e.g., upgrades to sewage treatment plant, reducing the num-
ber of livestock), and high flow years in 2015-2016 controlled by El
Nino-Southern Oscillation.

The processing of ammonium N entering the fluvial system starts
with ammonia oxidation. NHf -N can be oxidized by ammonia-
oxidizing microorganisms (AOB and AOA). AOB appears to play the pri-
mary role in the urban river section with a high concentration of NHZ -N
compared to the agriculture river section (Fig. 2a). More relative abun-
dance of Nitrosomonas (-subclass AOB) was detected in the urban river
section (Fig. 4b), which was likely retrieved from activated sludge and
waste water discharge (Kowalchuk and Stephen, 2001; Rotthauwe
et al.,, 1997). Wastewater from urban wastewater treatment plants
(WWTPs), which has high levels of organic compounds with high
metal complexation potentials, inhibits the growth of AOA (Gwak
etal, 2020).In addition, AOB is better adapted to low DO concentrations
than other nitrifiers in WWTPs due to the higher affinity of oxygen to
AOB (Kauser et al., 2019; Soliman and Eldyasti, 2018). Unlike archaea,
AOB might be more suited to high-ammonia, high-temperature, low-
oxygen environments (Figs. 6, S3). As for the intermediate product of ni-
trification, nitrite accumulated in the urban river section (Fig. 5b), likely
due to the lower nitrite transformation rate than ammonia oxidation.
This is consistent with the result that amoA (AOB) was relatively more
abundant than nxrA (NOB) in the urban river section (Fig. 2b). In addi-
tion, nitrite was positively correlated with NHZ -N (Fig. S3). As reported
earlier, the Nitrospira-like NOB in wastewater treatment plants de-
creased with nitrite accumulation (Wrage et al., 2001), which was
lower in water of the urban river section (Fig. 4b). AOB tends to reside
in particle, but NOB tends to be more diffuse to resist oxygen limitation
(Kowalchuk and Stephen, 2001). The fraction of particle-attached mi-
crobes of AOB (82%) was greater than NOB (74%) (Fig. 3). Nitrite accu-
mulation could also occur during denitrification when the first step is
more rapid than the second step, as narG was more abundant than
nirS in the urban river section (Fig. 2d). A previous study also reported
that NO>-N was associated with partial nitrification and denitrification
in sludge liquor (Stuven and Bock, 2001). Both denitrification (high
abundance of narG) and anammox (low abundance of hzsB) contributed
to the production of N, in the urban river section (Table 1). The higher
PRn2o and PRy in the urban river section than the agriculture river sec-
tion (Fig. 4e, f) and our recent study along Fujian coast (Lin et al., 2020)
all suggest that urbanized river section became a hot spot of nitrification
and denitrification. We concluded that high ammonium input favored
the growth of nitrifier (AOB), and this enhanced nitrification and subse-
quent denitrification in the urban river section.

In the pomelo planting area (upper WJR), excess application of
chemical fertilizers would cause significant nitrification in the vadose
zone and down-leaching of nitrate to the groundwater as reported ear-
lier (Dahan et al., 2014). A fairly high NO3-N concentration and DIN frac-
tion as well as low pH was detected in the agriculture river section
(Fig. 5¢c, Table S9), accompanied by a high AA and RA of amoA (AOA)
and nxrA genes (Table 1). AOA was negatively correlated with NHZ -N
(Fig.6) and pH (Fig. S3). As an acido-neutrophilic microbe, AOA was ex-
pected to grow well under a medium NHZ -N, low pH environment (Ren
et al,, 2018). A relatively high abundance (13.7%) of Nitrosotalea cluster
and the maximum OTUs of AOA were detected in water at site A3-1
(AW-1) next to orchard (Fig. 4a, ¢). Nitrosotalea was discovered and cul-
tivated from acidic agricultural soil where ammonium availability was
reduced by ionization (Lehtovirta-Morley et al., 2011). In addition,
AOA in water was mostly present as particle-attached (PA) in the agri-
culture river section, likely associated with soil loss from river bank
slope and uplands (Fig. 3a). There was a positive relationship between
nxrA (NOB) abundance and DO in the agriculture river section with rel-
ative high DO level (Fig. S3). In contrast to the urban river section, less
N>O and N, production and more nitrate input resulted in a lower
PRn2o and PRy, (Fig. 5e, f), corresponding to less narG and more hszB
in the agriculture river section (Fig. 5e,f). We therefore speculated that
complete nitrification by AOA and NOB and incomplete denitrification
have enhanced nitrate accumulation in ground water, which occurred
mainly in agricultural soil rather than in the river.

4.2. Hydroclimatic controls on nitrifiers and denitrifiers and gaseous nitro-
gen removal

In both the urban and agriculture river sections, the abundance of ni-
trifiers varied across seasons, likely associated with temperature and
runoff. Higher TSM detected in the urban river section in the wet season
favored the growth of particle-attached AOB (Table S9). Water temper-
ature (30.5 + 1.8 °C) in the wet season was within the optimum tem-
perature range for nitrification (30-35 °C) (Hellinga et al., 1998).
Nitrifiers had more AA and RA in the wet season than in the dry season,
with the exception of AOA in the agriculture river section which was
higher in the dry season (Table 1). Accordingly, nitrite and AN,O0, the in-
termediate product of nitrification, were higher in the wet season
(Table S9). This is consistent with an earlier finding that increasing tem-
perature would enhance nitrite accumulation when AOB outcompeted
NOB (Bougard et al., 2006). The highest AA and RA of AOA were de-
tected in the agriculture river section where the ratio of AOA/AOB was
greater than one (Fig. 2a). The relationship of AOA absolute abundance
with pH (negative) and with nitrate (positive) was most evident during
the dry season (Fig. 6b). Previous studies suggest that AOA has a better
tolerance to low pH soil than AOB (Gubry-Rangin et al., 2010), and a
greater abundance of AOA was detected in the lower pH upstream of
Qiantang River (Liu et al., 2013). The agriculture river section
surrounded by acidic red soils had more relative abundance of
Nitrosotalea (acidophilic cluster) (Fig. 4a). pH of river water would
tend to be lower in the dry season than the wet season due to lower di-
lution of runoff (Table S9). In addition, decreasing pH was associated
with nitrification as ammonium is oxidized to nitrite, releasing hydro-
gen ions (Eklind and Kirchmann, 2000). In summary, the optimum
water temperature and turbid water in the wet season could promote
the growth of nitrifiers and enhance nitrification in the urban river sec-
tion, while lower pH favored AOA-driven nitrification in the agriculture
river section.

The seasonal hydroclimatic influence on denitrifiers varied between
the agriculture and urban river sections. There were larger AA and RA of
denitrifiers (both narG and nirS genes) in the wet season than in the dry
season in the agriculture river section but no seasonal pattern was ob-
served in the urban river section (Table 1). The optimum temperature
for denitrifiers is 25-35 °C in pure cultures and soil (Braker et al.,
2010), which was consistent with more denitrifiers observed in the
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wet season (Table 1). In the wet season (urban river section), nitrite was
higher (Fig. 5b) and had a positive relationship with narG (Fig. S3a),
suggesting that the growth of denitrifier (narG) could favor the produc-
tion of nitrite. In the dry season, more ammonium input (Fig. 4a) could
enhance coupled nitrification-denitrification to support high denitrifier
abundance (Table 3) in the urban river section, where the relationship
between narG and ammonium was significantly positive (Fig. S3b).
Therefore, denitrifier abundance (urban river section) was still high in
the dry season though the temperature (24.1 °C) was lower than opti-
mum (Table S1).

Gaseous N removal by nitrification and denitrification was higher in
the wet season, and the high API period (due to higher rainfall)
corresponded to the higher PRy, and PRy»o, especially in the urban
river section (Fig. 5, Table 3). In the warm and wet season, stronger ni-
trification and denitrification and lower riverine ammonium and nitrate
concentration together produced a higher PRy, and PRy;o. At the same
time, higher rainfall increased runoff, carrying large amounts of TSM at-
tached organic matter and ammonium, providing more potential sites
for microbe growth and N transformations (Mohit et al., 2014). The ma-
jority of nitrifiers and denitrifiers were found to be attached to particu-
lates (Fig. 3), which is consistent with studies in other aquatic systems
(Fernandez-Gomez et al., 2013; Liu et al., 2019). In oxic running waters,
the coupled nitrification-denitrification reactions can occur around
suspended particles (Xia et al., 2017). Nevertheless, gene abundance
was not significantly correlated with TSM, likely because the agriculture
river section has less fine particles as the measurements of surface sed-
iments indicate that most particles were coarse (Table S10). Anammox
(hzsB) had higher RA in the wet season than in the dry season (Table 1).
Overall, warm temperatures, high runoff and high TSM in the wet sea-
son promoted growth of nitrifiers, denitrifiers and anammox microbes,
and as a result gaseous N retention increased.

4.3. Major factors controlling reservoir nitrification and denitrification and
associated nitrogen retention by gaseous N removal

The AA of nitrifiers and denitrifiers in the reservoir was far lower
than in the urban and agriculture river sections (Table 1). Mixing of
water from external tributaries (Fig. 1) with the mainstream river re-
duced substrate (concentration of inorganic N species) in the reservoir
for nitrification and denitrification (Fig. 5). The percentages of most
functional genes of free-living (FL) AOA, AOB, denitrifiers and 16S
rRNA in the reservoir were fairly high relative to other river sections
(Fig. 3). As particle-attached (PA) microbes have higher energy require-
ments to attach themselves to particles and degrade organic matter, FL
microbes usually dominate in oligotrophic waterbodies (Crespo et al.,
2013; Ghiglione et al., 2009). As a result, lower nutrient and particle
availability in the reservoir likely inhibited PA microbes but promoted
the survival of FL nitrifiers and denitrifiers.

Reservoirs can reduce N loading by nitrification, denitrification and
burial in sediments (Harrison et al., 2009), eliminating around 7% of N
loading to the global river network (Akbarzadeh et al., 2019). In the
dry season, both AN, and PRy; in the reservoir section was higher
while AN,0 and PRyz0 was lower than in the urban and agriculture
river sections (Table S9). N,O produced in reservoir with a longer
water residence time could be likely further reduced to N, compared
to N0 in flowing water (Beaulieu et al., 2014). Grantz et al. (2012) ob-
served a net denitrification occurred in sediments in contact with reser-
voir epilimnia during seasonal mixing, but net N, fixation occurred in
these sediments during stratification. Denitrification was found to
mainly occur in the sediment-water interface in a tropical reservoir
(Upper Peirce Reservoir) and accounted for 98% of N, removal (Han
et al,, 2014). The retention of N, removal could also be related to
anammox as there was a high RA of hzsB and particle-attached gene
in the reservoir section (Table 1, Fig. 3f). The small-scale cascade dams
in the NJR decrease minimum flow to generate electricity in the dry sea-
son (but do not decrease maximum flow in the wet season), reducing

water velocity and suspended particles (Lu et al., 2018). Longer hydrau-
lic retention time gives suspended particles more time to deposit, so
reservoir TSM was lower than in the other river sections (Table S9). In
addition, the lower water level in the dry season could aid N diffusion
from sediments to surface water. Gaseous N retention (AN, and
AN,0) and potential retention (PRy, and PRyyo) in the reservoir mark-
edly declined from 2011 to 2018 (Fig. 5, Table S9), largely due to the re-
duction in N loading compared to the early 2010s (Chen et al., 2014a).
Therefore, nitrification and denitrification in reservoir water were re-
stricted by decreased N input, but sediment denitrification and
anammox were expected to contribute more N retention, particularly
in the dry season.

5. Conclusions

Microbe-driven nitrification and denitrification varied across river
sections with different landscapes and anthropogenic N inputs. Urban
sewage and intensive pomelo agriculture increased N concentrations
and changed nutrient composition (ammonium versus nitrate) in
river water. Discharge of urban sewage (both raw and treated) with
high ammonium favored the growth of AOB (Nitrosomonas cluster)
and enhanced N retention by denitrification in the urban river section.
AOA had more abundance than AOB and high richness in the agriculture
river section due to lower pH, low ammonium and high nitrate. Al-
though the dominant AOA (Nitrosotenuis cluster) was comparable to
the urban river section, higher relative abundance of acidophilic cluster
(Nitrosotalea) was found in the agriculture river section. The lower
PRn20 and PRy suggest that nitrification and denitrification occurred
mainly in agriculture soil rather than in the river. The seasonal pattern
of measured parameters showed that warm temperatures, high runoff
and high TSM in the wet season promoted growth of nitrifiers and deni-
trifiers and increased N retention by gaseous removal. One exception is
that AOA-driven nitrification in the agriculture river section might be
increased in the dry season due to lower pH. The reservoir section had
relatively more FL nitrifiers and denitrifiers than river sites. Low nutri-
ent and fewer particles in reservoir water reduced particle-attached mi-
crobes allowing free-living microbes to survive. Overall, nitrification
and denitrification in reservoir water were not significant but denitrifi-
cation and anammox occurring in sediments likely increased N reten-
tion (higher PRy-), particularly in the dry season.
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