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Abstract
Ammonia-oxidizing bacteria (AOB) attached to aquatic particles are important participants in ammonia oxidation within 
hypereutrophic urban river systems. To explore the effects of aquatic nitrogen pollution on particle-attached AOB in urban 
river, we utilized laboratory mesocosms to investigate the responses of abundances and community structure of particle-
attached AOB to ammonium  (NH4

+) and glycine  (C2H5NO2) amendments. The abundance and community structure of 
particle-attached AOB were determined with quantitative real-time polymerase chain reaction (qRT-PCR) analysis and 
high-throughput sequencing based on the AOB amoA gene, respectively. Most of the bacterial amoA sequences from dif-
ferent treatments were affiliated with uncultured Nitrosomonadaceae bacterium, uncultured Nitrosomonadales bacterium, 
and uncultured Nitrosomonas sp., which are closely associated with organic pollution. The species richness and diversity of 
particle-attached AOB communities increased with increasing  NH4

+ and glycine concentrations. Treatment effects contrib-
uted significantly to the variance in particle-attached AOB communities. Although, glycine was completely transformed to 
ammonium within a few days and ammonium amendments would change the community structure of particle-attached AOB, 
the effect of glycine on the particle-attached AOB community was regulated by both the resulting ammonium concentra-
tion, as well as organic matter availability to the heterotrophic bacteria. Results suggested that high anthropogenic nitrogen 
loadings appeared to promote higher particle-attached AOB richness and diversity in the hypereutrophic urban river, but 
the effect of organic nitrogen on the particle-attached AOB community was different from the effect of inorganic nitrogen. 
This study informs ammonia oxidization mechanisms in the hypereutrophic urban rivers, which contributes to remediation/
restoration strategies.

Keywords Ammonia-oxidizing bacteria · Particle-attached · Ammonium · Glycine · Urban rivers

Introduction

Nitrogen (N) is recognized a critical environmental element, 
playing diverse roles in ecosystems including beneficial (e.g. 
increased food production) and detrimental (e.g. eutrophi-
cation/hypoxia) impacts (Galloway et al. 2008; Xia and 
Wan 2008; Gao et al. 2014; Gu et al. 2015). The annual input 

of anthropogenic nitrogen to the earth system has increased 
by more than ten times in the past century (Galloway et al. 
2008; Gao et al. 2014). Approximately 25% of the anthro-
pogenic N input is eventually exported in rivers, with espe-
cially high inputs to many urban rivers (Howarth et al. 2006; 
Zhang et al. 2014; Cai et al. 2019). In fact, urban rivers are 
hotspots for regional nitrogen pollution (Yang et al. 2021; 
Zhang et al. 2015). Urban rivers microbial ecosystems are 
often distinctly different from other freshwater ecosystems 
due to serious eutrophication from organic and nutrient pol-
lution. This is especially true in China where rapid urbani-
zation and economic development have caused excessive 
anthropogenic nitrogen loadings in urban rivers (Lu et al. 
2011; Qiu 2011; Zhang and Xu 2011; Cai et al. 2019). Nitro-
gen forms includes both inorganic and organic forms, how-
ever, the effects of these various nitrogen forms on aquatic 
microbial ecology have not been fully investigated.
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Microbial community structure and function are impor-
tant components of aquatic ecology (Psenner et al. 2008), 
and play an important role in degradation and transforma-
tion of organics/nutrients (Fuhrman 2009), especially for 
the microorganisms attached to particles (Dang and Lovell 
2016). Among these microorganisms, ammonia-oxidizing 
bacteria (AOB) driving ammonia oxidation (Kowalchuk 
and Stephen 2001) are a key participant in nitrogen biogeo-
chemical cycling of hypereutrophic urban rivers (Cai et al. 
2019). The activity, abundance and community composition 
of AOB have been investigated extensively in soil, lake, estu-
ary, and marine ecosystems (Jin et al. 2011; Hu et al. 2014; 
Hou et al. 2013; Xu et al. 2014); however, little is known 
about particle attached AOB in hypereutrophic urban rivers.

Many studies suggest that particle association provides 
bacteria with several benefits, such as increased nutrient 
availability and enhanced environmental resistance (Gerba 
and McLeod 1976; Qualls et al. 1983; Sinton et al. 1999; 
Davies and Bavor 2000). So, a possibility is that there may 
be special responses to inorganic and organic nitrogen for 
particle-attached AOB. Meanwhile, given the nature and 
restoration of hypereutrophic river systems, it is important 
to distinguish how particle-attached AOB respond to inor-
ganic versus organic nitrogen forms. As organic nitrogen 
mineralization releases dissolved inorganic nitrogen, espe-
cially ammonium, we hypothesize that there may be similar 
responses to increasing additions of inorganic and organic 
nitrogen in water column for particle-attached AOB. Glycine 
is a simple amino acid produced from hydrolyzed proteins 
and as a degradation product of other amino acids in urban 
rivers. The relatively high content of glycine in urban rivers 
is related to pollutant inputs (Zhao et al. 2015). Hence, we 
chose glycine as an experimental organic N amendment. In 
the present study, we utilized laboratory mesocosms to simu-
late urban freshwater ecosystems experiencing elevated con-
centrations of ammonium (inorganic N) and glycine (organic 
N). The main objective of this research was to investigate 
the effects of ammonium and glycine on the abundances and 
community structure of particle attached AOB in a hypere-
utrophic urban river system. Results of this study inform a 
better understanding of nitrogen migration and transforma-
tion in urban rivers with high nitrogen pollution, and provide 
fundamental knowledge of microbial ecological functions 
for management and repair of urban rivers.

Materials and methods

Experimental design

The Wen-Rui Tang River watershed (740  km2) is located in 
Wenzhou, Zhejiang Province, of eastern China. The water-
shed has experienced rapid urbanization and surface water 

degradation in the past few decades due to rapid economic 
development (Lu et al. 2011; Mei et al. 2011). The main-
stem of the Wen-Rui Tang River has a length of 20.4 km 
within the urban area and links to a network of intercon-
necting hypereutrophic urban waterways with a total length 
of 1178 km (Mei et al. 2011). It has been noted that serious 
organic and nutrient pollution and insufficient water flows 
are commonly encountered in the Wen-Rui Tang River (Cai 
et al. 2019). River water was collected at Shunao River 
(27.929854°N, 120.705249°E), a typical urban tributary of 
the Wen-Rui Tang River, on June 10, 2018. Laboratory mes-
ocosms were constructed in high-density polyethylene con-
tainers (top/bottom diameters = 43/33 cm and depth = 50 cm) 
and filled with 50 L of river water. Physicochemical analyses 
of the river water used in this study are displayed in Table 1.

To determine the influence of different nitrogen forms 
(mineral vs. organic), ammonium and glycine were sepa-
rately added to the mesocosms. Ammonium (as  NH4Cl) and 
glycine  (C2H5NO2) were added at concentrations of 5 and 
10 mg N  L−1, and were designated as AN1 and AN2, and 
ON1 and ON2, respectively. River water without exogenous 
nitrogen amendment served as the control group (CK). The 
range of nitrogen concentration was set according to the 
monitoring results for Wen-Rui Tang River (Lu et al. 2011; 
Cai et al. 2022). We employed a completely randomized 
design with three replications of each treatment (5 treat-
ments × 3 replicates = 15 mesocosms). These mesocosms 
were cultured in the laboratory at room temperature and an 
illumination of 12 h per day (9:30–21:30) at an intensity 

Table 1  Physicochemical analysis of initial water quality conditions 
for the river water sample used in mesocosms (mean ± SE; n = 3)

T water temperature, EC specific conductivity, DO  dissolved oxy-
gen, DIN dissolved inorganic nitrogen, NH4

+-N  ammonium nitro-
gen, NO3

−-N nitrate nitrogen, NO2
−-N nitrite nitrogen, PO4

3−-P 
orthophosphate, DOC dissolved organic carbon, Chla chlorophyll a, 
TBA total bacterial abundance

Parameter River water for 
mesocosms

T (°C) 26.7 ± 0.01
pH 8.03 ± 0.01
EC (mS  cm−1) 0.333 ± 0.0002
DO (mg  L−1) 7.02 ± 0.06
NTU 12.5 ± 0.2
DIN (mg  L−1) 3.53 ± 0.01
NH4

+-N (mg  L−1) 2.33 ± 0.01
NO3

−-N (mg  L−1) 1.10 ± 0.005
NO2

−-N (mg  L−1) 0.100 ± 0.0005
PO4

3−-P (mg  L−1) 0.018 ± 0.0006
DOC (mg  L−1) 6.41 ± 0.09
Chl-a (µg  L−1) 18.4 ± 0.6
TBA (×106 cells  mL−1) 2.52 ± 0.41
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of ~ 2000 lx, and were operated as batch mode. Consider-
ing the insufficient water flows in the Wen-Rui Tang River, 
we did not set water flow rate in the experiment. However, 
river water in the each mesocosm was mixed by stirring in 
the morning during the experiment. Thus, the water became 
turbid and suspended particles present in the benthic layers 
were mixed with water.

Water quality measurements and sampling were per-
formed between 8:00 and 9:30 after 1, 3, 5, 7, 10 and 15 days 
of treatment initiation. In situ water temperature (T), pH, 
dissolved oxygen (DO) and specific conductivity (EC) were 
measured using a multi-parameter water quality sonde (YSI 
650MDS/6920, Xylem, Yellow Springs, OH). Following 
homogenization, a 500 mL water sample was collected using 
a Schindler sampler. Samples were analyzed for ammonium 
 (NH4

+), nitrate  (NO3
−), and nitrite  (NO2

−). At the end of 
experiment (15 days), an additional water sample was col-
lected for ammonia-oxidizing bacterial community analyses.

Analytical methods for nitrogen

Aliquots for the determination of  NH4
+,  NO3

−, and 
 NO2

− were filtered through a 0.22 μm membrane filter. 
Nesslerization colorimetric, ultraviolet spectrophotometric 
and N-(1-naphthyl)-ethylenediamine colorimetric meth-
ods were used for quantification of  NH4

+,  NO3
− and  NO2

−, 
respectively (Jin and Tu 1990). We calculated dissolved inor-
ganic nitrogen as DIN =  NH4

+ +  NO3
− +  NO2

−. All ana-
lytes were quantified at concentrations well above analytical 
detection limits.

DNA extraction and quantitative real‑time 
polymerase chain reaction (qRT‑PCR) analysis

The bacteria in water samples can be divided in particle-
attached and free-living assemblages according to filter 
pore sizes (Kellogg and Deming 2009; Hugoni et al. 2013; 
Xie et al. 2020; Cai et al. 2022). Particle-attached bacteria 
can be retained on 5.0-µm pore-size filter, and free-living 
bacteria can be collected by filtering samples of the 5.0-
µm filtrate through a 0.2-µm membrane. In this study, par-
ticle-attached AOB were retained by filtering 500 mL of 
sample through a 5.0-µm polycarbonate membrane (47 mm 
diameter, Millipore). After filtration, the membrane was cut 
into pieces, placed in a 2-mL sterile centrifuge tube, and 
stored at − 80 °C for subsequent DNA extraction. All DNA 
extraction processing was performed under strict aseptic 
conditions. Molecular analyses of AOB communities were 
conducted according to previous studies (Cai et al. 2019). In 
brief, total DNA for AOB was extracted from frozen filters 
with the FastDNA® SPIN Kit for Soil (MP Biomedicals, 
Solon, OH) according to the manufacturer’s protocols. DNA 
concentration and quality were determined by NanoDrop 

spectrophotometer (Nano-200; Hangzhou Allsheng Instru-
ments, Hangzhou China). The mean concentration of DNA 
was 46.7 ± 9.4 ng µL−1, and the 260/280 ratio was 1.6 ± 0.2.

The qRT-PCR was performed using a StepOne Real-
Time PCR System (Applied BioSystems, Foster, CA) with 
SYBR Green I fluorescent dye. The AOB amoA genes were 
amplified using primers amoA-1 F/amoA-2R (Rotthauwe 
et al. 1997; Zeng et al. 2014). The 20 µL reaction mixture 
contained 10 µL 2×TransStart Top Green qPCR SuperMix 
(TransGen, Beijing, China), 0.2 µM forward and reverse 
primers, 0.4 µL passive reference dye (50×), 0.5 µL diluted 
DNA extract and ultrapure sterile water. The PCR ampli-
fication program used for the AOB amoA gene was 3 min 
at 95 °C; 45 cycles of 30s at 95 °C, 1 min at 55 °C, 20 s 
at 72 °C, and a final extension of 7 min at 72 °C. Copy 
numbers were determined via standard curves constructed 
as follows: 10-fold serial dilutions of a known copy number 
of plasmid DNA were subjected to qRT-PCR assay in trip-
licate to generate a standard curve. PCR product specificity 
was checked using melting curve analysis and agarose gel 
electrophoresis. Data were analyzed with StepOne Software 
Ver. 2.3 (Applied BioSystems). Quantification data were 
combined with sample volume to calculate the abundance 
of the AOB amoA gene (copies  mL−1).

Sequencing and phylogenetic analysis

To investigate the community composition of particle-
attached AOB, DNA samples were analyzed by high-
throughput sequencing (Su et al. 2021; Xie et al. 2021). PCR 
amplification of bacterial amoA genes was performed with 
the primers amoA-1 F/amoA-2R (Rotthauwe et al. 1997). 
The 25-µL reaction mixture contained 1 µM forward and 
reverse primers, 12.5 µL Phusion® Hot Start Flex 2× Mas-
ter Mix (NEB, Ipswich, MA), template DNA and ultrapure 
sterile water. PCR amplification followed: denaturation at 
98 °C for 30s; 40 cycles of denaturation at 98 °C for 10 s, 
annealing at 52.5 °C for 30 s, extension at 72 °C for 40 s; 
and a final extension at 72 °C for 10 min. PCR amplicons 
were further analyzed by NanoDrop spectrophotometer and 
agarose gel electrophoresis. The purified, barcoded ampli-
cons were sequenced using an Illumina platform at LC-
Biotechnology (Hangzhou). Paired-end reads were assigned 
to samples based on their unique barcode and truncated by 
cutting off the barcode and primer sequence. Paired-end 
reads were merged using FLASH. Quality filtering on the 
raw tags was performed under specific filtering conditions 
to obtain the high-quality clean tags according to fqtrim (V 
0.94). Chimeric sequences were filtered using VSEARCH 
software (v2.3.4). Denoised sequences were clustered to 
operational taxonomic units (OTUs) at a 97% similarity 
level by VSEARCH (v2.3.4). The high quality representa-
tive sequence of each OTU was exported for phylogenetic 
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analysis. The maximum Likelihood phylogenetic tree with 
bootstrap values based on 1000 replications was built using 
the MEGA 11.0 software package (Tamura et al. 2021). A 
representative sequence for each OTU was assigned a taxo-
nomic identity using the GenBank NT database with BLAST 
software at the National Center for Biotechnology Informa-
tion (NCBI). OTU abundances were normalized using a 
standardizing sequence number corresponding to the sample 
with the least sequences. OTU data were assessed by Good’s 
coverage, Chao1 richness estimator, and Shannon index; all 
indices were calculated with QIIME (Version 1.8.0). The 
obtained sequences (682909 tags) were submitted to the 
NCBI Sequence Read Archive (SRA) under accession num-
ber SRP319457.

Statistical analysis

Univariate data were presented as mean ± standard error. 
Differences among water quality parameters and diversity 
indices for ammonia-oxidizing bacteria were assessed using 
a repeated measures ANOVA and one-way ANOVA, respec-
tively, followed by Tukey HSD tests with a significance 
level of 0.05. Statistical comparisons between means were 
performed using SPSS 22.0 (SPSS Inc., Chicago, IL), and 
data were plotted using SigmaPlot 12.0 (Systat Software, 
San Jose, CA). Multivariate analysis of ammonia-oxidizing 
bacterial community data based on species relative abun-
dance was carried out using Canoco 5 software (Ter Braak 
and Šmilauer 2012). Principal component analysis (PCA) 
was used to investigate differences in community compo-
sition among treatments. Redundancy analysis (RDA) was 
used to investigate the influence of different treatments on 
microbial community composition. Additionally, Monte-
Carlo permutation tests were conducted using 999 random 
permutations to determine the statistical significance of rela-
tionships between different treatments and their microbial 
communities.

Results

Water quality characterization

During the experiment period, water temperature (T) ranged 
from 26.6 to 28.3 °C, pH from 7.31 to 8.08, dissolve oxygen 
(DO) from 0.13 to 5.57 mg  L−1, and specific conductivity 
(EC) from 0.331 to 0.415 mS  cm− 1. Treatment groups had 
relatively lower values for DO and relative higher values for 
EC compared to the control group (Fig. 1). The higher EC 
values correspond to amendment additions; the lower DO 
is ascribed to microbial oxygen consumption via ammonia 
oxidation to nitrite/nitrate.

Temporal changes in different nitrogen parameters among 
treatments are shown in Fig. 2. There was a marked decline 
in  NH4

+ with time for the CK, AN1 and AN2 treatments. 
In contrast, concentrations of  NH4

+ in the ON1 and ON2 
treatments showed an increase to a maximum value at 5 days 
followed by a decline. These results suggest marked ammon-
ification  (C2H5NO2 ◊  NH4

+) when adding the organic nitro-
gen as a treatment. The  NO2

− concentration increased and 
then declined with time. This infers that nitrification was an 
important mechanism for ammonia removal and consisted 
of two steps, namely, ammonia oxidation to nitrite and the 
subsequent nitrite oxidation to nitrate. Temporal changes in 
 NO3

− concentration were different among treatments. The 
CK, AN1 and AN2 treatments showed an increase to a maxi-
mum at 10 days followed by a decline. In contrast, the ON1 
and ON2 treatments showed a decline to 10 days followed by 
a sharp increase. Overall, the DIN concentration remained 
stable before 10 days of treatment and then declined mark-
edly in the CK, AN1 and AN2 treatments, whereas DIN 
showed an initial increase followed by a decline in the ON1 
and ON2 treatments.

Particle‑attached ammonia‑oxidizing bacteria 
abundance and community

NH4
+ and glycine concentrations had significant effects 

on the abundance of particle-attached AOB amoA genes 
(Fig. 3). The abundances of the AOB amoA gene increased 
with increasing nitrogen concentrations, regardless of  NH4

+ 
or glycine amendment. Species richness and diversity indi-
ces for particle-attached AOB communities based on amoA 
gene sequences are shown in Table 2. The mean Good’s 
coverage was greater than 93% across all treatments, indicat-
ing that most phylotypes were detected. Different treatments 
had significant effects on species richness and diversity indi-
ces for particle-attached AOB communities, as evidenced 
by OTUs, Chao1 and Shannon. Notably, the species rich-
ness and diversity of particle-attached AOB communities 
increased with increasing  NH4

+ and glycine concentrations.
The phylogenetic tree is shown in Fig. 4. The sequence 

closest to the reference species, which was obtained by 
matching with BLAST tool in the GenBank database, was 
optimized. The relative abundance of genera and dominant 
species (sum > 99%) is displayed in Fig. 5A and B, respec-
tively. Betaproteobacteria noname, Nitrosomonadaceae 
noname, N. noname were the three predominant genera, 
accounting for > 92% of particle-attached AOB genera 
across all samples (Fig. 5A). At species resolution, uncul-
tured beta proteobacterium, uncultured Nitrosomonadaceae 
bacterium, uncultured ammonia-oxidizing beta proteobac-
terium and uncultured Nitrosomonadales bacterium were 
the four dominant species in the particle-attached AOB 
community of each sample (Fig. 5B). Relative abundance 
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of dominant ammonia-oxidizing genera and species both 
showed marked changes related to nitrogen amendment 
levels. For example, the relative abundance of uncultured 
Nitrosomonadaceae bacterium decreased, whereas the rela-
tive abundance of uncultured Nitrosomonadales bacterium 
increased with the addition of higher  NH4

+ and glycine con-
centrations (Fig. 5B). Additionally, compared with the other 
species, the changes in the relative abundance of uncultured 
Nitrosomonas sp. were more pronounced. The relative abun-
dance of uncultured Nitrosomonas sp. was markedly higher 
in treatment groups, particularly in the AN2 treatment, when 
compared to the control group (Fig. 5B).

We used principal component analysis (PCA) to compare 
differences in particle-attached AOB composition among 
treatments (Fig. 6). The first two PCA axes explained more 
than 83% of the variation in community composition. As 
expected, the PCA analysis showed that the samples from 
same treatment were clustered together. There were clear dis-
tinctions in the particle-attached AOB composition among 
treatments. Additionally, compared to the control, the higher 

the nitrogen amendment concentration, the larger the dif-
ferences in AOB composition. Redundancy analysis (RDA) 
indicated that treatment effects contributed significantly to 
the variance in particle-attached AOB communities (Monte 
Carlo test P < 0.01), explaining 74.2% of the observed vari-
ation (Fig. 7). The results of RDA illustrated that the two 
water parameters (DO and EC) were significantly related to 
the dynamics of particle-attached AOB communities. A few 
AOB species were notable from the RDA analysis; unclas-
sified and uncultured Nitrosomonadaceae bacterium were 
closely associated with the control and DO, whereas uncul-
tured beta proteobacterium was closely associated with the 
ON1 and ON2 treatments.

Discussion

To obtain a fine-scale resolution in the AOB community pre-
sent in the current study, the AOB attached to particles were 
identified by high-throughput sequencing which can show 

Fig. 1  Temporal variation (mean ± SE; n = 3) for four water qual-
ity parameters under treatments. A Water temperature (T); B pH; C 
dissolved oxygen (DO); and D specific conductivity (EC). CK no 
nitrogen amendment; AN1& AN2 ammonium amendments of 5 and 

10  mg N  L−1, respectively; ON1& ON2 glycine amendments of 5 
and 10 mg N  L−1, respectively. Numbers in parentheses represent the 
mean ± SE over 15 days for each treatment. Different letters indicate 
significant difference at P < 0.05 (mean separation by Tukey HSD)
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higher sensitivity compared to cloning and Sanger sequenc-
ing (Awolusi et al. 2018). There was a high proportion of 
unassigned or unclassified bacteria (Fig. 5), indicating that 
the AOB communities were complex in this urban river sys-
tem. The dominant AOB sequences were related uncultured 
Nitrosomonadaceae bacterium, uncultured Nitrosomon-
adales bacterium, uncultured Nitrosomonas sp., and so on 
(Fig. 5B). These results were distinctly different from those 
of eutrophic lakes (Lake Taihu and Lake Chaohu), which 
showed that Nitrosomonas- and Nitrosospira-like AOB 
dominated in these lakes (Hou et al. 2013; Liu and Yang 
2021). Consistent with our results, in a previous study on 
urban river section, Lin et al. (2020) found that there were 
Nitrosomonadaceae-like AOB in water samples. In fact, 
uncultured Nitrosomonadaceae bacterium was previously 
identified in the rhizosphere of a planted fixed-bed reac-
tor, which might provide sufficient organic matters for the 
overall microbial community (Nikolausz et al. 2008). It was 
also found in a peptone-fed, sequencing batch reactor, which 

Fig. 2  Temporal variation (mean ± SE; n = 3) for four nitrogen param-
eters under different treatments. A Ammonium nitrogen  (NH4

+-N); B 
nitrite nitrogen  (NO2

−-N); C nitrate nitrogen  (NO3
−-N); and D dis-

solved inorganic nitrogen (DIN). CK no nitrogen amendment; AN1& 
AN2 ammonium amendments of 5 and 10  mg N  L−1, respectively; 

ON1& ON2 glycine amendments of 5 and 10  mg N  L−1, respec-
tively. Numbers in parentheses represent the mean ± SE over 15 days 
for each treatment. Different letters indicate significant difference at 
P < 0.05 (mean separation by Tukey HSD)

Fig. 3  Treatment effects (mean ± SE; n = 3) on particle-attached 
amoA gene abundance. CK no nitrogen amendment; AN1& AN2 
ammonium amendments of 5 and 10 mg N  L−1, respectively; ON1& 
ON2 glycine amendments of 5 and 10 mg N  L−1, respectively. Differ-
ent letters indicate significant difference at P < 0.05 (mean separation 
by Tukey HSD)
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contained complex organic substrates (Racz et al. 2010). 
These studies and others suggest that Nitrosomonadaceae-
like AOB may be favored in the organic-matter-rich environ-
ments (Pan et al. 2018; Wu et al. 2019). Further, Nitroso-
monadales was reported in a biological aerated filter for 
micro-polluted source water treatment (Xie et al. 2019). All 
of these results suggest that AOB community composition in 
the hypereutrophic urban river may be more similar to those 
in the wastewater treatment plant. Additionally, considering 
that microbial communities may closely reflect water quality 
conditions, these results were in agreement with the observa-
tion that organic pollution is commonly encountered issue 
in urban rivers.

Ammonium concentration is especially high (often > 2 mg 
N  L−1) in many urban rivers that receive urban storm runoff 
and often appreciable amounts of non-treated waste waters 
containing a complex mixture of nutrients and organic com-
pounds. As the nitrogen substrate for the ammonia oxida-
tion process (Kowalchuk and Stephen 2001; Hatzenpichler 
2012), ammonium availability is an important factor influ-
encing the population dynamics and community composi-
tion of ammonia-oxidizing microorganisms (Martens-Hab-
bena 2009; Herrmann et al. 2011; Wu et al. 2019). Although 
particle attachment provides bacteria with important ben-
efits, such as increased nutrient availability and enhanced 
environmental resistance (Gerba and McLeod 1976; Qualls 
et al. 1983; Sinton et al. 1999; Davies and Bavor 2000), the 
ammonium concentration in the water column had a sig-
nificant effect on particle-attached AOB in our study. The 
bacterial richness and diversity, as well as the abundance 
of the bacterial amoA gene, showed positive correlations 
with ammonium concentration (Fig. 3; Table 2), indicating 
that ammonium concentration may still have been limiting 
particle-attached AOB population growth in hypereutrophic 
urban river. In addition, it could be found that some spe-
cies of particle-attached AOB were enriched markedly after 
addition of ammonium, such as uncultured Nitrosomon-
adales bacterium and uncultured Nitrosomonas sp., where 
the relative abundance of these species increased from 3.64 

to 13.22% and from 0.22 to 3.93%, respectively (Fig. 5B). 
Obviously, ammonium amendments would change the com-
munity compositions of particle-attached AOB (Figs. 6 and 
7). In general, different AOB species exhibit different affinity 
to ammonium (Pan et al. 2018; Sedlacek et al. 2019). Dif-
ferent specific affinities for substrate among the AOB spe-
cies may explain the population changes of particle-attached 
AOB under different ammonium concentrations in our study.

We further investigated the effects of glycine as an 
organic N source to determine its influence on particle-
attached AOB. Based on high-throughput sequencing and 
quantitative real-time PCR, variations in the abundance 
and community structure of particle-attached AOB were 
strongly affected by the presence of glycine. Although cer-
tain amino acids have previously been shown to influence 
the growth of some AOB species, there were no similar 
effects for the glycine (Clark and Schmidt 1967; Frijlink 
et al. 1992; Sedlacek et al. 2016). Hence, glycine may exert 
an indirect influence on the abundance and composition of 
particle-attached AOB communities. Organic nitrogen min-
eralization (i.e. ammonification) releases dissolved inorganic 
nitrogen in the form of ammonium. Glycine amendment to 
the water column caused an initial pulse of ammonium in 
the ON1 and ON2 treatments (Fig. 2A). Considering the 
rapid decrease in ammonium concentration after 5 days 
in the ON1 and ON2 treatments, nearly complete glycine 
mineralization may have occurred over the course of our 
study. Over the 15 days trial, ammonium concentration, 
which has been found to alter AOB communities, showed 
a trend of ON2 > AN2 > ON1 > AN1 > CK. However, the 
effects of glycine on the AOB were not fully dependent on 
the ammonium concentration in the present study (Figs. 3, 
5, 6 and 7). Organic matter can increase the biomass and 
productivity of heterotrophic bacteria (Gao et al. 2007; 
Morán et al. 2020), which may potentially affect the growth 
and activity of autotrophic AOB (Luo and Meng 2020). In 
the present study, the oxygen consumption in the ON1 and 
ON2 treatments increased dramatically following the glycine 
amendment (Fig. 1C). The bloom of heterotrophic bacteria 

Table 2  Indices of richness and 
diversity for particle-attached 
ammonia-oxidizing bacteria 
(mean ± SE; n = 3)

Different letters indicate significant difference at P < 0.05 (mean separation by Tukey HSD). CK no nitro-
gen amendment; AN1 & AN2 ammonium amendments of 5 and 10 mg N  L−1, respectively; ON1 & ON2 
glycine amendments of 5 and 10 mg N  L−1, respectively

Treatment Valid Tags Coverage (%) OTUs Chao 1 Shannon

CK 14,825 ± 2156 94.5 ± 0.2 1094 ±  88a 1508 ±  65ab 6.34 ± 0.13a

AN1 23,103 ± 4225 93.5 ± 0.2 1553 ±  106ab 1707 ±  30abc 7.07 ± 0.07ab

AN2 38,636 ± 10,457 93.4 ± 0.1 1823 ±  168bc 1813 ±  2c 7.82 ± 0.22b

ON1 49,364 ± 2009 94.6 ± 0.4 1706 ±  115bc 1458 ±  101a 6.53 ± 0.18a

ON2 57,711 ± 2337 93.5 ± 0.2 2085 ±  49c 1731 ±  42bc 7.46 ± 0.20b

F value – – 10.74 6.83 13.72
P value – – < 0.01 < 0.01 < 0.001
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resulting from the presence of organic matter may constitute 
an important factor in terms of oxygen consumption which 
affected the AOB (Nogueira et al. 2002; Zeng et al. 2013). 
Besides the oxygen consumption, heterotrophic bacteria may 
compete for ammonium with the AOB (van Niel et al. 1993; 
Strauss and Lamberti 2000). In addition, previous studies 
have also reported the positive effects of heterotrophic bac-
teria on the AOB, and suggested that the positive effects 

could be due to the elimination of inhibitory factors (e.g. 
 NO2

−) and a variety of compounds (e.g. digestive enzymes 
and siderophores) that may be produced by the heterotrophic 
bacteria (Burton et al. 2005; Keluskar et al. 2013; Sedlacek 
et al. 2016; Luo and Meng 2020). Therefore, in the ON1 
and ON2 treatments, the AOB communities not only face 
the changes in ammonium concentration, but also may be 
influenced by heterotrophic bacteria as a result of glycine 

Fig. 4  Phylogenetic tree of 
representative particle-attached 
ammonia-oxidizing bacterial 
OTU and reference sequences 
from GenBank
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amendment. These were possibly responsible for contribut-
ing to the differences between treatments with ammonium 
and those with glycine.

Based on our experiment results, ammonium and glycine 
amendments influence water quality characteristics (e.g. DO 
and EC), especially for glycine. Both DO and EC contrib-
uted significantly to the variances in particle-attached AOB 
composition in the RDA analysis (Fig. 7). EC is directly 
correlated to the ionic strength of a solution and is therefore 
correlated to the increase of dissolved inorganic nitrogen 

in the experiment. DO is a very important factor affect-
ing many geochemical and microbiological processes in 
aquatic environments (He et al. 2011). Additionally, with 
the exception of ammonium, DO as a necessary substrate for 
ammonia oxidation also influence the species composition 
and community structure of particle-attached AOB (Prosser 
and Nicol 2012). Oxygen availability may be another reason 

Fig. 5  Compositions of particle-
attached ammonia-oxidizing 
bacteria from different treat-
ments at genera (A) and species 
(B) level (mean ± SE; n = 3). CK 
no nitrogen amendment; AN1& 
AN2 ammonium amendments 
of 5 and 10 mg N  L−1, respec-
tively; ON1& ON2 glycine 
amendments of 5 and 10 mg N 
 L−1, respectively

Fig. 6  Principal component analysis (PCA) showing particle-attached 
ammonia-oxidizing bacterial assemblages for each treatment. CK no 
nitrogen amendment; AN1& AN2 ammonium amendments of 5 and 
10 mg N  L−1, respectively; ON1& ON2 glycine amendments of 5 and 
10 mg N  L−1, respectively Fig. 7  Redundancy analysis (RDA) showing the effects of different 

treatment on particle-attached ammonia-oxidizing bacterial commu-
nity. CK no nitrogen amendment; AN1& AN2 ammonium amend-
ments of 5 and 10  mg N  L−1, respectively; ON1& ON2 glycine 
amendments of 5 and 10 mg N  L−1, respectively
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that influences the effect of ammonium concentration (espe-
cially ammonium mineralized by glycine) on particle-AOB 
communities. Clearly, multiple physicochemical parameters 
interact to influence the particle-attached AOB communities 
in the present experiment.

In conclusion, most of the bacterial amoA sequences 
obtained in our study of urban river water were affiliated 
with uncultured Nitrosomonadaceae bacterium, uncultured 
Nitrosomonadales bacterium, and uncultured Nitrosomonas 
sp., which are closely related to organic pollution. The ele-
vated ammonium concentration significantly increased the 
abundance and diversity of particle-attached AOB commu-
nity. Although, glycine was transformed into ammonium 
within several days, the effect of glycine on the particle-
attached AOB community was regulated by the ammonium 
concentration and oxygen availability, as well as by facilitat-
ing the activity of the heterotrophic bacteria. These results 
suggested that the effect of organic nitrogen on the particle-
attached AOB community was different from the effect of 
inorganic nitrogen. The information obtained in this study 
would be useful to elucidate the mechanisms of ammonia 
oxidization in the hypereutrophic urban rivers.
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