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Effects of oxytetracycline on denitrification and anammox processes
in riparian buffer zone soil
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Abstract: Microbial denitrification and anaerobic ammonium oxidation (anammox) are two critical processes involved in
nitrate (NO;) removal from riparian buffer zones. However, the responses of these processes to antibiotics used in nearby
animal farms are not yet fully understood. In this study the effects of oxytetracycline (OTC) short-term exposure on microbial
denitrification and anammox in riparian buffer zones were examined via slurry-based "N tracer technique combined with
network analysis. Short-term OTC exposure will significantly decrease denitrification and anammox performance by restricting
related functional genes, but inhibitory upper will appear at high OTC contents. The dominant bacterial community did not
significantly change, while the bacterial network became more complex to keep the network stable. Functional bacteria
containing nosZ and hzsB genes underwent significant changes, manifested as inhibitory effects, promotion effects, and no
significant effects. The results indicated that short-term OTC exposure seemed unable to affect all types of functional bacteria,
resulting in a considerable part of bacteria maintaining certain nitrogen removal performance. In the bacteria containing nosZ
gene, it was found that 22.2% are denitrification mode bacteria and 77.8% are non-denitrification mode bacteria, suggesting
that the restoration of the denitrification process should rely on the maintenance of a diverse denitrifying community. These
results provide scientific knowledge on the effect of antibiotics-containing wastewater on the excessive N loading in aquatic
ecosystems, and also indicate that additional efforts are needed to control antibiotic pollution in riparian buffer zones and

Vol. 17 No. 6

coastal ecosystems.
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1 Introduction

Excessive nitrogen (N) loading exerts serious threats to various
ecosystems, especially aquatic ecosystems!. Most N enters rivers
[mostly in the form of nitrate (NO53)] via surface/subsurface runout
and atmospheric deposition!’. Riparian buffer zones create a barrier
between terrestrial and aquatic ecosystems and intercept pollutants
through a range of hydrological, physical, chemical, and biological
processes”. Therefore, exploring pathways for reactive N removal
from riparian buffer zones to protect rivers is particularly important.

Denitrification and anaerobic ammonium oxidation (anammox)
have been identified as the primary processes for removing NO; via
emission of nitrogen (N,) and/or nitrous oxide (N,O)P".
Denitrification generally occurs under anaerobic conditions and is
driven by heterotrophic microorganisms that convert NO; or nitrite
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(NO;) into N,0 and/or N,". Anammox requires NO; as an electron
acceptor to directly oxidize ammonium (NH}) to N, under
anaerobic conditions'*”. The riparian buffer zone as a complex
system possesses widely distributed and intensely active microbial
communities, which are considered as hot spots for denitrification
and anammox processes. However, the NO; removal capacity of
riparian buffer zones may be challenged by extensive use of
antibiotics in farming and aquaculture®®. Therefore, it is necessary to
better understand the responses of denitrification and anammox to
antibiotics in riparian buffer zones.

About 80%-90% of antibiotics are directly discharged into
aquatic and soil environments via urine and feces as parent
compounds”, which can then influence microbial processes
including denitrification and anammox™®'". Antibiotics can inhibit
bacterial growth or survival'"*l] alter functional gene abundances or
expression!*", and alter community structures of denitrifying and
anammox bacteria’”"®. For example, chloramphenicol exposure
significantly inhibited denitrifying enzyme activity in soils"® and in
estuary sediments'”. Lysozyme, penicillin, and oxytetracycline
exposure have been shown to destroy the cell walls and/or impede
the synthesis of ribosomes of anammox bacteria, thereby inhibiting
their growth and reducing anammox rates'. Oxytetracycline
inhibits bacteria growth through various pathways, such as
preventing ribosome formation, inhibiting peptide chain extension,
or blocking protein synthesis!"**".

In China, up to 162 000 t of antibiotics are used annually, about
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52% of which are used in livestock and poultry rearing”’. For
example, nearly 20 000 t of veterinary antibiotics are used yearly in
the Beijing-Tianjin-Hebei region™. Tetracyclines are the most
frequently used antibiotics®, with oxytetracycline (OTC)
representing a typical tetracycline that is regularly detected in
livestock and poultry rearing areas of the Beijing-Tianjin-Hebei
region®*, Indeed, OTC contents have been observed at
concentrations of up to 524.4 mg/kg in pig manure in a livestock
farm™'. This high level of antibiotic contamination exposure is a big
risk for surrounding soils and waters. Some studies showed that
NO; and antibiotic levels in rivers near a livestock or poultry farm
are much higher than in other comparison rivers®*. However, few
studies have investigated the response of NO; removal process-
associated microbial communities to short-term high OTC levels
within riparian zones that play critical roles in preventing excess
NO; pollution into rivers.

In order to better understand the OTC effects on microbial-
driven denitrification and anammox activities in a riparian buffer
zone, soil slurry "N tracer incubation experiments combined with
microbial network analyses were used to evaluate: 1) variations in
denitrification and anammox rates; 2) shifts in the presence of key
functional genes; and 3) response and adaptation of soil bacteria
communities.

2 Material and methods

2.1 Study area and soil sampling

The study area is located in a riparian buffer zone (39°29'N,
117°22 'E) of the Chaobaixin River in the Beijing-Tianjin-Hebei
region, with a livestock farm located upstream of the sampling sites.
The riparian buffer zone is comprised of woodlands and weeds.
Salinized tidal soil is the dominant soil type of the area with pH 7.1-
8.0. The study area has a semi-moist temperate continental monsoon
climate. The mean annual temperature is 11.4°C-12.9°C, and the
annual precipitation is approximately 520-660 mm, with 75%
falling from June to August.

Three plots (5 mx5 m) with 20 m intervals were selected as the
experimental sites for the study. In each plot, soil was collected
from 0-20 cm depth (i.e., the plow layer) and eight drill samples
were mixed as one plot-level soil sample with three replicates,
resulting in a total of nine samples (e.g., 3 plotsx3 replicates)?.
After removing roots and stones, the composite soil samples were
sieved through a 2-mm mesh and immediately taken to the
laboratory on ice bags. To eliminate potential interference, ambient
antibiotics in soil samples were removed through a pre-incubation
experiment®®. Then each sample was separated into three parts, one
of which was air-dried at room temperature for soil
physicochemical properties analyses as described in Table 1; the
second part was stored at 4°C for slurry-based "N tracer
experiments; and the third part was stored at —80°C for soil
molecular analysis.

Table 1 Soil physicochemical properties at different OTC
addition levels

= + TOC TN
OTC treatment pH NO;-N NH; -N
/mgkg! /g'kg!
CK 6.34+0.15* 7.49+1.70° 1.78+0.19° 8.25+0.75* 1.08+0.03*
OTC, 6.43+£0.32* 8.93+0.62* 1.87+0.13* 8.26+0.88* 1.08+0.07*

OTC, 6.58+0.27* 10.09+£0.32* 1.994+0.09* 8.31+0.82* 1.10+0.05*
OTC;, 6.64+0.32* 10.56+0.53* 2.02+0.09* 8.36+0.68* 1.11+0.04*

Note: TOC: total organic carbon; TN: total nitrogen. Values are means +standard
deviations (SD) for three replicates. Lowercase letters in the same column indicate

statistically significant differences at p<0.05 level. CK, OTC;, OTC,, and OTC;
indicate OTC contents of 0, 50, 200, and 400 mg/kg, respectively. Same as the
tables below.

2.2 "N tracer experiments and reaction rate calculations

The potential rates of denitrification (Denitrif-N,) and
anammox (Anammox-N,) were determined with a "N tracer soil
slurry incubation approach®*!, First, fresh soil (3 g) was weighed
into 12-mL Exetainer tubes (Labco, High Wycombe, UK) that were
injected with helium (He)-purged Milli Q water to completely fill
the glass vial, and then sealed using a gas-tight cap. To remove
residual NO; and oxygen, samples were pre-incubated for 7 d at
25°C in the dark under anoxic conditions. Then, all vials were
divided into three groups that were injected with a stock solution of
(a) ®NH; (99.09% “N), (b) *NH; plus “NO;3, or (c) *NO; (99.14%
“N) to achieve a final concentration of 100 gmol/L N in each vial.
“NH; (99.09% "“N) measurements were used to evaluate whether
microorganisms had completely consumed background “NO; in
soil samples during pre-incubation. The second treatment was used
to demonstrate the presence of anammox bacteria in samples. *N,
was used to calculate the anammox activity, and *N, was used to
calculate the denitrification rates in third treatments with “"NOJ
addition. The "NO; (99.14% "N) vials were then injected with
500 uL of He-purged oxytetracycline (OTC) to achieve contents of
0 (CK), 50 (OTC,), 200 (OTC,), 400 (OTCj3), 600 (OTC,), and 800
(OTCs) mg/kg (six replicates per treatment). Consistent with
previous results®, the N, production increased linearly in the first 8
h of incubation, and then tended to be stable. Therefore, the optimal
incubation time was selected as 8 h. After 0 and 8 h of incubation:
1) half of the replicates in each treatment were injected with 200 L
of a saturated ZnCl, solution to quench microbial activity for
determination of *N, and *N,, whereas 2) the remaining half of
assays were immediately frozen without addition of saturated ZnCl,
solution and then stored at —80°C until subsequent genomic DNA
extraction. The isotopic compositions of N, (i.e., N, and *N,) were
determined by Membrane Inlet Mass Spectrometry (MIMS) (Bay
Instruments, Easton, MD) in soil slurries®'. The potential rates of
Denitrif-N, and Anammox-N, were obtained using linear
regressions between the N, production of samples and the
corresponding sampling time points. Calculations were conducted
as previously described™, based on equations established by
Thamdrup and Dalsgaard™.
2.3 Functional gene and microbial community analyses
2.3.1 Quantitative PCR

Functional genes (nosZ and hzsB) were quantitatively assessed
by real-time fluorescent quantitative PCR (qPCR) (ABI7900,
Applied Biosystems Inc., USA). PCR reaction system (25 uL)
contained 5 uL of Ex Taq buffer, 2 uL. of ANTP Mix (2.5 mM),
0.5 uL of Ex Taq, 1 uL of each primer (10 gmol/L), 1 uL of
template DNA, and 12.5 uL of ddH,O. Specific primers for nosZ
and hzsB genes are shown in Table 2. The amplification efficiencies
were 98% and the R* of the standard curve was >0.99.

Table 2 Specific primers and conditions

Primer Sequence (5'-3") Conditions

nosZF  CGYTGTTCMTCGACAGCCAG Pre-denaturation: 95°C,
1n0sZ1622R CGSACCTTSTTGCCSTYGCG > min

Denaturation: 98°C,
Amx809F GCCGTAAACGATGGGCACT 30 sec

nosZ

hzs .
Amx1066R AACGTCTCACGACACGAGCTG Annealing: 60°C, 30 sec
Extension: 72°C, 30 sec
Bacteria 338F  ACTCCTACGGGAGGCAGCAG  Final extension: 72°C.

806R  GGACTACHVGGGTWTCTAAT 10 min
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2.3.2 DNA extraction and high-throughput sequencing

DNA was extracted from 0.5 g frozen soil samples using the
Fast DNA SPIN Kit for soil (MP Biomedical, Solon, OH, USA).
DNA concentrations and purity were checked by 1% agarose gel
electrophoresis using the spectrophotometer (NanoDrop 2000,
Thermo Scientific, Wilmington, USA). PCR amplification was
performed using specific primers (Table 2), and the products were
purified, quantified, and homogenized to form sequencing libraries.
Microbial community compositions were determined based on high-
throughput sequencing of amplicons. Sequences of high quality
(length>300 bp, without ambiguous bases ‘N’, and average base
quality scores>20) were used for downstream analyses. Operational
taxonomic units (OTUs) were constructed by clustering sequences
at the 97% nucleotide sequence similarity cutoff using the UPARSE
(http://drive5.com/uparse/, version 7.1) program. Chimeric sequences
were removed using the UCHIME algorithm®!. Taxonomic
classification was assigned using the Ribosomal Database Project
(RDP) classifier™. Alpha diversity indices were calculated from the
quality-filtered sequence data, including the Chaol estimator of
richness and Shannon’s diversity. The raw sequence data were
deposited in the National Center for Biotechnology Information
database under the accession PRINA792478 (https://www.ncbi.
nlm.nih.gov/sra/PRINA792478).
2.3.3 Co-occurrence network construction and analyses

Microbial ecological networks were constructed using the
“microeco” package™'. Firstly, the microtable class was created and
the basic preprocessing operations were performed. The OTUs table
was rarefied to make the sequence number the same across samples
(10 000 sequences in each sample). The taxa abundance and alpha
diversity were all calculated for the downstream analysis. To further
study the species co-occurrence patterns, associations between the
microbial communities were examined by calculating all possible
Pearson rank correlations using the trans network class. A valid
interaction event was considered to be a robust correlation if the
Pearson correlation coefficient was either equal to or greater than
0.8 or less than —0.8 and statistically significant (p<0.01). The
network structure was explored and visualized with the interactive

A Denitrif-N,
a
=30t
oh
Z
=
g
£ y=14.8+16.8e 0005
4 2,
T R=0.999
E o20f
85 c
=)
10

0 200 400 600 800
OTC/mg kg™
a. Denitrif-N, production rates

platform gephi (https://gephi.org) using undirected network and the
Fruchterman—Reingold layout.
2.4 Statistical analyses

The KEGG PATHWAY database was used to screen the
genera containing nosZ or hzsB genes in Ko00910 nitrogen
metabolism.

The analyses were carried out in the SPSS v19.0 software and
R v4.2.1 softwareP. All data were evaluated to validate the model
assumptions of normality and equality of variance. Means
comparisons were conducted by one-way ANOVA, followed by the
Least Significant Difference (LSD) test. Spearman’s rank
correlation was performed to test relations between the variables
using the “corr.test” function. Significance for all statistical tests
was evaluated at p=0.05.

3 Results

3.1 Denitrification (Denitrif-N,) and anammox (Anammox-N,)
rates at different contents of OTC

The *N, and *N, production rates were calculated from the
slopes of linear regressions of changes in 29 and 30 masses across
incubation times with "NO;. A negative, exponential relationship
was observed between Denitrif-N, and/or Anammox-N, rates and
OTC contents (Figure 1; R*=0.999 for Denitrif-N, and R*=0.998 for
Anammox-N,). Rates of both processes rapidly decreased at OTC
contents < 400 mg/kg, while the decrease rate gradually flattened at
OTC contents > 400 mg/kg. As OTC contents increased, the rates
reduced from 31.5 (CK: 0 mg/kg) to 14.9 nmol N/g-h (OTCs:
800 mg/kg) for Denitrif-N, and from 1.1 (CK: 0 mg/kg) to
0.6 nmol N/g-h (OTCs: 800 mg/kg) for Anammox-N,. The rate
reduction percentages of Denitrif-N, and Anammox-N,
substantially increased from 17.0% to 52.5% and from 14.0% to
45.8%, respectively, compared with the CK in an OTC content
between 50 (OTC,) and 800 (OTCs) mg/kg (Figure 2). The rate
reduction percentages of Denitrif-N, and Anammox-N, reached
52.3% and 45.5%, at OTC content of 400 mg/kg. Variations in the
rate reduction percentages were small at higher OTC content (i.e.,
> 400 mg/kg).
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Note: Error bars indicate standard deviations (SD) based on three replicates. > Different lowercase letters indicate significant differences (p<0.05) as determined by

Fisher LSD test. Same as the figures below.
Figure 1

3.2 Denitrification and anammox functional gene copy
numbers at different contents of OTC

Since variation was small at OTC contents > 400 mg/kg
(Figure 1), microbial analyses were primarily focused upon groups

N, production rates at different OTC addition levels

with OTC contents ranging from 0 to 400 mg/kg. Abundances of

denitrification and anammox functional genes (nosZ and hzsB) that

encode nitrous oxide reductase and hydrazine synthetase,

respectively, were quantified in the soil slurry incubation
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Figure 2 Reduction percentages of N, production of denitrification
(Denitrif-N,) and anammox (Anammox-N,) at different OTC
addition levels
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experiments. Negative, exponential relationships were observed
between the abundances of the functional gene nosZ or hzsB and
OTC contents (Figure 3; R*=0.999 and R*=0.982, respectively).
Specifically, the abundances of nosZ and hzsB genes decreased
from 6.3x107 (CK: 0 mg/kg) to 4.9x107 (OTC;: 400 mg/kg) copies/g
and from 2.9x10° (CK: 0 mg/kg) to 2.0x10° (OTC;: 400 mg/kg)
copies/g, respectively. Compared with the CK groups, the
abundances of nosZ and hzsB genes were reduced from 21.8% to
10.4% and from 32.1% to 18.4% at OTC contents between 50
(OTC,) and 400 mg/kg (OTC;), respectively. Interestingly, a linear
relationship was observed between Denitrif-N2 and Anammox-N2
rates and their corresponding functional genes (nosZ and hzsB) at

different contents of OTC (Figure 4).
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Figure 4 Relationships between N, production rates and gene abundances

3.3 Composition and structure of soil microbial communities
at different contents of OTC

A total of 697 053 high-quality sequences (average length of
416 bp) were obtained from 12 samples (3 replicates each for CK,
OTC,, OTC,, and OTC;), which were clustered into 4249 OTUs.
Rarefaction curves indicated that the bacterial OTUs were fully
sampled with increasing sequencing depth (Figure 5). The CK and
OTC group communities did not exhibit significantly different
Shannon and Chaol index values (Table 3), but OTC groups tended
to reduce the diversity and richness of the communities.

To investigate the specific changes of microbiota in samples,
the relative abundance of taxa in OTC and CK groups was assessed.
At the phylum level, microbial communities in soils were primarily
Proteobacteria, Chloroflexi,
Acidobacteriota, and Gemmatimonadota, accounting for more than
85% of the total identified phyla (Figure 6a), and their abundance in
CK and OTC groups was similar (Figure 7a). At the genus level, the
top five genera were Kaistobacter, Balneimonas, Streptomyces,
Rhodoplanes, and Mycobacterium (Figure 6b). There were no
significant differences in relative abundance between CK and OTC

comprised of Actinobacteriota,
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400 mg/kg, respectively. Same as the figures below.
Figure 5 Rarefaction curves for different OTC addition levels

3.4 Co-occurrence networks of soil microbial communities at
different contents of OTC

To understand the potential interactions of soil bacterial
communities at different OTC contents, 16S rRNA gene OTU
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distributions were used to construct the co-occurrence networks for
the CK and OTC groups (Figure 8). Based on the topological
features presented in Table 4, the number of nodes ranged from 442
to 446, and the number of links ranged from 21 267 to
21 986. On average, each node had 50.66, 48.99, 48.12, and 48.94
edges, respectively. Moreover, the modularity (MD) demonstrated
that OTC groups had a higher value (0.660, 0.641, and 0.654)
compared to CK (0.626). As for soil bacterial communities, higher
percentages of positive links (from 52.96% to 58.11%) were also
observed in the OTC groups compared to in the CK group
(51.60%).

Table 3 Shannon and Chaol index at different OTC
addition levels

OTC treatment Shannon index Chaol index
CK 6.4440.06* 2996+233¢
OTC, 6.4240.13° 29924204
OTC, 6.38+0.11° 2940+153¢
OTGC; 6.36£0.09* 2882+80°

Note: Values are means + standard deviations (SD) for three replicates.
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Figure 6 Stacked bar chart showing the relative abundance of bacteria in soils
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Figure 7 Relative abundances of the top five phyla and genera as affected by OTC
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containing nosZ gene, blue nodes represent genera containing szsB gene, and grey nodes indicate sums for the genera neither containing nosZ nor hzsB gene. Lines

connecting two bacteria genera represent the interactions between them. Red lines represent the positive significant correlations, and green lines represent the negative

significant correlations. Same as the figures below.

Figure 8 Co-occurrence networks for soil bacterial communities in different treatments

Table 4 Co-occurrence network topological features for soil
bacterial communities at different OTC addition levels
OTC treatment Nodes Links Modularity (MD) Positive link/% Negative link/%

CK 434 21986 0.626 51.60 48.40
OTC, 444 21751 0.660 52.96 47.04
OTC, 442 21267 0.641 55.38 44.62
OTC, 446 21828 0.654 58.11 41.89

In the co-occurrence network, red nodes represent genera
containing nosZ gene, blue nodes represent genera containing /zsB
gene, and grey nodes indicate sums for the genera neither
containing the nosZ nor hzsB gene. The proportion of nodes
containing nosZ and hzsB genes ranged from 20.4% to 22.3% and
16.6% to 19.0%, respectively. To explore the impact of OTC on the
genera containing nosZ and hzsB genes, the sub-networks for nosZ
and /hzsB genes without other microbial communities were
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Figure 9

constructed (Figure 9). The corresponding topological features are
summarized in Table 5. Overall, the four sub-networks have similar
nodes (31.25+1.26). However, compared with CK (links: 142;
modularity: 0.546), OTC groups demonstrated fewer links (137,
133, and 92), but higher modularity (0.562, 0.592, and 0.651). The
proportion of positive links ranged from 56.34% to 67.67% in the
OTC groups and was 50.36% in the CK group.

There were 36 genera containing the nosZ gene in the four sub-
networks (Table 6), in which only eight genera (occupying 22.2%)
were involved in denitrification (defined as denitrification mode
bacteria), and the remaining 28 (occupying 77.8%) were non-
denitrification mode bacteria. This result implies the importance of
non-denitrification mode bacteria in the denitrification process. The
denitrification mode bacteria which appeared in the CK group were
all in the OTC groups, and five genera displayed different
abundances at different OTC contents (p<0.05, Table 6).
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Co-occurrence sub-networks for soil bacterial communities containing nosZ and hzsB genes in different treatments
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Table 5 Co-occurrence sub-network topological features for
soil bacterial communities at different OTC addition levels
OTC treatment Nodes Links Modularity(MD) Positive link/% Negative link/%

CK 31 142 0.546 50.36 49.64
OTC, 33 137 0.562 56.34 43.66
OTC, 31 133 0.592 67.67 32.33
OTGC, 30 92 0.651 65.22 34.78

Table 6 Genus containing nosZ and hzsB genes in co-
occurrence sub-networks of CK and OTC treatments

Functional Abundance/%
genes Genus CK OTC, OTC, OTC,
Hyphomicrobium 0.476* 0.459* 0.450" 0.302°
Anaeromyxobacter - - 0.015 -
Azospirillum 0.074* 0.048" 0.039* 0.026°
Denitrificati g, iy 1926 1973 1.676 1.860
on mode
bacteria Paenibacillus 0.614°  0.520° 0.546° 0.489°
Paracoccus 0.165* 0.055° 0.091° 0.067°
Pseudomonas 0.048* 0.038* 0.043* 0.031°
Thiobacillus 0.075 0.073 0.076  0.083
Achromobacter 0.137°  0.064> 0.064> 0.024¢
Agrobacterium 0.356 0.320 0368 0.322
Azoarcus 0.301* 0.308 0.313* 0.112°
Bradyrhizobium 0.465 0.495 0.509 0455
Desulfosporosinus 0.094 0.101 0.109 0.107
Desulfotomaculum 0.043 0.038 0.044 0.050
Flavisolibacter 2.012* 1.797% 1.423"> 1.498
Lysinibacillus 0.053* 0.022° 0.016° 0.021°
Paenisporosarcina 0.544¢  1.052" 0.949° 1.770*
os7 Pleomorphomonas 0.084 0.070 0.058 0.056
Pontibacter 1.014* 0.930® 0.786" 0.854
Ramlibacter 0.405¢  0.527° 0.523* 0.726°
Non- Rubrivivax 0.631 0.705 0.666 0.643
denitrificatioSinorhizobium 0.627 0.714 0.698 0.670
n mode Sporosarcina 0.119 0.145 0.109 0.053
bacteria ¢ voidobacier 1632 1734 1592 1745
Opitutus 0.014  0.027 - 0.026
Brevibacillus 0.041 - - -
Cohnella 0.011 - - -
Dyadobacter 0.009 - - -
Caldilinea - 0.012 - -
Magnetospirillum - 0.012 - -
Pseudoxanthomonas ~ 0.085  0.037  0.071 -
Sphingobacterium 0.025 0.021 0.023 -
Methylobacterium - 0.010 0.012 -
Flavobacterium - 0.012 - -
Cupriavidus - 0.010 0.019 0.012
Ralstonia - - - 0.043
Anammox C@ndidatus Jettenia  0.613" 0.600° 0.768" 1.088*
hzsB mode  Candidatus Brocadia 0.518 0.491 0.611 0.576

bacteria  copdidamus Kuenenia 0.244 0265 0234 0.268

Note: "-" indicates that the genus was not detected.

Azospirillum, Paenibacillus, and Paracoccus were significantly
higher in the CK group than in OTC groups. The differences of
Hyphomicrobium and Pseudomonas were smaller in the CK and
OTC groups, but their relative abundances were still significantly
lower in OTC; content. Azospirillum only appeared in the OTC
groups. The non-denitrification mode bacteria in the CK group
(except Brevibacillus, Cohnella, and Dyadobacter) were mostly in
the OTC groups, and seven genera exhibited different abundances at

different OTC contents (p<0.05, Table 6). Achromobacter,
Flavisolibacter, Lysinibacillus, and Pontibacter were significantly
decreased by OTC, while Paenisporosarcina and Ramlibacter were
increased. Azoarcus was significantly lower in OTC; content than in
other groups. There were some genera that only appeared in the
OTC groups: Caldilinea, Magnetospirillum, and Flavobacterium
were observed in the OTC,; content; Ralstonia was only found in
OTC; content; Methylobacterium was detected in OTC,; and OTC,
contents; and Cupriavidus was observed in all the OTC groups.
There were three genera containing the /zsB gene, all of which
were involved in anammox. The relative abundance of Candidatus
Jettenia significantly increased (p<0.05, Table 6).

4 Discussion

4.1 Denitrification (Denitrif-N,) and anammox (Anammox-N,)
rates and functional genes at different OTC contents

In the denitrification and anammox metabolic pathways, nosZ,
which catalyzes the conversion of nitrous oxide into nitrogen, and
hzsB, which induces the transformation of nitric oxide (NO) into
hydrazine (N,H,), are considered as the important functional genes
to assess denitrification and anammox processes, respectively”’ .
This study clearly demonstrated a linear correlation between
Denitrif-N, and Anammox-N, rates and their corresponding
functional genes (Figure 4), which likely suggests a genetic basis
for antibiotic inhibition of denitrifying and anammox bacteria
activities. When the OTC contents were lower than 400 mg/kg, the
rates of Denitrif-N, and Anammox-N, (Figure 1), and the
abundances of nosZ and hzsB genes (Figure 3) decreased
remarkably. At concentrations higher than environmental
concentrations (>1 mg/L), antibiotics are toxic to bacteria and
inhibit their growth via preventing ribosome formation, inhibiting
peptide chain extension, and blocking protein synthesis*’, thereby
negatively affecting the removal efficiencies of nitrate. Noophan et
al.b” reported that after 7 h of OTC exposure, at concentrations of
25-100 mg/L, anammox activity was inhibited by 22.15%. Yin et
al.® observed that even at ultra-low OTC concentrations of 5.13-
22.5 ng/L, the denitrification rates were reduced by as much as
44.2%. In this study, at OTC contents of 400 mg/kg, Denitrif-N,
and Anammox-N, rates were cut down by up to 52.3% and 45.5%,
respectively, implying that OTC exposure led to greater inhibition
on denitrification and anammox rates in riparian buffer zones. The
average OTC concentration in the Chaobaixin River was around
13.1 ng/L (approximately 0.0131 mg/kg)*’, and Denitrif-N, and
Anammox-N, rates were estimated to be reduced by 10.3% and
8.2% based on the incubation experiments, respectively (Figure 2).
This indicates that inorganic nitrogen removal efficiency from
denitrification and anammox will rapidly decrease upon addition of
even small contents of external antibiotics. These results suggest
that the inhibition of OTC on denitrification and anammox
performance may be factors causing the retention of excessive
inorganic N in the riparian ecosystem, thereby further contributing
to hyper-eutrophication in the nearby Bohai Bay. Nitrous oxide is
considered a main greenhouse gas with higher radiative forcing
potential than carbon dioxide (CO,) and methane (CH,)*". The
inhibition of OTC on the nosZ gene that controls N,O reduction to
N, (10.4%-21.8% decrease in number) could contribute to an
increase in N,O production in the riparian buffer zones, and the
resulting release of N,O would lead to greenhouse effects and
atmosphere ozone depletion”*). When OTC contents were higher
than 400 mg/kg, the effects on denitrification and anammox rates
were not obvious. This was likely the response of antibiotic
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resistance genes (ARGs) in the denitrifying and anammox bacteria.
Some denitrifying genera encoded functional genes such as nirB,
nirK, nirS, and nosZ, which simultaneously contained multidrug
resistance genes (e.g., ofrA, otrB, tetA, tetPB, tetW, and tetM)!"),
which may help the function of denitrifying bacteria exposed to
environmental antibiotics. In addition, studies have found that
denitrifying and anammox communities may develop ARGs to
alleviate the stress caused by antibiotics exposure!*.

4.2 Response and adaptation of soil microbial communities at
different OTC contents

Co-occurrence networks have been used to identify the key
pathways that act in concert to regulate bacteria responses to
antibiotics*. Modularity features allow different taxa groups to
perform independent functions, resulting in less overlap and
connectivity between taxa“. In this study, compared to the CK
group, OTC exposure resulted in bacterial taxa forming high
modularity networks (Table 4), which can provide an advantage for
bacterial communities to be more resilient to antibiotic stress*‘.
Furthermore, antibiotic exposure in the environment could impose
severe pressure on the microbial community, so cooperation among
microorganisms is necessary for survival”’. In our study, the
percentages of co-presence links in the OTC groups (ranging from
52.96% to 58.11%) were higher than in the CK group (51.60%)
(Table 4), suggesting the prevalence of interspecific cooperation of
bacteria populations that were promoted by OTC exposure. These
results were consistent with the findings of some studies that
microbes cooperate for various purposes, including for acquiring
nutrients, and providing protection against antibiotics and harsh
environments“**", This implies that bacteria adapt to short-term
OTC exposure by increasing the cooperation between microbes and
reducing their functional overlap.

Bacterial communities containing nosZ and hzsB genes as the
crucial participants in denitrification and anammox processes
should play a crucial role in regulating the Dentrif-N, and
Anammox-N, rates®**, Thus, the sub-networks were constructed to
further explore the impact of OTC on the genera containing nosZ
and hzsB genes. Higher modularity and positive links were
observed in the co-occurrence sub-networks containing nosZ and
hzsB genes as well (Table 5). This suggests that altered interspecies
interaction and increased community complexity are important
strategies for bacteria to cope with antibiotic stress. In the sub-
networks, functional bacteria containing nosZ and hzsB genes
underwent significant changes in short-term OTC exposure
(Table 6), which would seriously affect the ecosystem function of
denitrification and anammox processes. More specifically, both the
denitrification and non-denitrification mode bacteria containing
nosZ gene which appeared in the CK group were mostly in the OTC
groups (23 genera), indicating that they are an important component
of maintaining network stability and complexity when exposed to
antibiotics. Due to different sensitivity of bacteria to antibiotics,
some researchers stated distinct conclusions that included
inhibition® as well as no significant effects!"”. In addition, bacteria
with antibiotic degrading enzymes were more resistant to antibiotics
than those without them. Moreover, the abundance may not be
affected or may slightly increase compared to those that were
inhibited™. The duration of antibiotic exposure can also influence
their effectiveness ", and at short time scales (8h), antibiotics may
only affect a subset of sensitive microorganisms. In this study, the
responses of the denitrification and non-denitrification mode
bacteria on antibiotics exposure can be attributed to a combination
of factors including antibiotic sensitivity, microbial resistance, and

duration of antibiotic exposure. Thus, some genera demonstrated
inhibitory effects with abundance decrease (e.g., denitrification
mode bacteria: Hyphomicrobium, Azospirillum, Paenibacillus,
Paracoccus, and Pseudomonas; and non-denitrification mode
bacteria: Achromobacter, Azoarcus, Flavisolibacter, Lysinibacillus,
and Pontibacter); some demonstrated promoting effects with
abundance increase (e.g., non-denitrification mode bacteria:
Paenisporosarcina and Ramlibacter); while some had no significant
effects (the remaining 11). Moreover, some genera (non-
denitrification mode bacteria: Cohnella, and
Dyadobacter) containing nosZ gene only appeared in the CK group,

Brevibacillus,

and they were quite sensitive to OTC. The Brevibacillus, Cohnella,
and Dyadobacter disappear under low OTC exposure, which can
explain the rapid decline of Denitrif-N, at the low OTC content
(Figure 1la). Simultaneously, some genera containing nosZ gene
only appeared in the OTC group. The non-denitrification mode
bacteria of Caldilinea, Magnetospirillum, Flavobacterium, and
Methylobacterium were observed in the OTC; and/or OTC, content,
which played a substantial role in antibiotic resistance but whose
proliferation was inhibited by high OTC (OTC;) content. It is quite
interesting to find the strong adaptability of non-denitrification
mode bacteria of Cupriavidus and Ralstonia, which tend to be
enriched in OTC; group (Table 6). Ryan et al.”* and Ruiz et al.*”
reported that Cupriavidus and Ralstonia were the emerging
opportunistic pathogens and naturally resistant to many classes of
antibiotics, as well as potentially contributing to the denitrification
process. The three anammox mode bacteria which appeared in the
CK group were all in the OTC groups. OTC increased the
abundance of Candidatus Jettenia but did not significantly impact
the Candidatus Brocadia and Candidatus Kuenenia (Table 6).
Candidatus Jettenia released extracellular polymeric substances in
excess and enveloped cells with them, and could thus protect
themselves from the toxic effects of other substances®. The results
indicate that the denitrification performance recovery under
antibiotics exposure should depend on the maintenance of a diverse
denitrifying community, as well as highlight the importance of non-
denitrification mode bacteria in maintaining the denitrification
process under short-term antibiotics exposure. Moreover, short-term
OTC exposure seemed unable to affect all types of bacteria
containing nosZ and hzsB genes, which allowed a considerable
portion of the bacteria to continue to participate in denitrification
and anammox processes to maintain a certain nitrogen removal
performance.

5 Conclusions

Denitrification and Anammox performance intensely decreased
in the presence of OTC, but inhibitory effects appeared at high OTC
contents. The dominant bacterial community under short-term OTC
exposure did not significantly change, while the bacterial network
became more complex to keep the network stable. Moreover, the
functional bacteria containing nosZ and hzsB genes demonstrated
major changes in short-term OTC exposure, but there was still a
considerable portion of unaffected bacteria which continued to
participate in denitrification and anammox processes in order to
accomplish the N removal process. The results imply that the
denitrification performance recovery after short-term OTC exposure
should depend on the maintenance of a diverse denitrifying
community and highlight the importance of non-denitrification
mode bacteria in maintaining the denitrification process under short-
term OTC exposure, as they account for a larger proportion than
denitrification mode bacteria. These results enhance our
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understanding of the role of OTC in altering denitrification and
anammox rates in riparian buffer zones and will help guide future
efforts to control antibiotics pollution in riparian buffer zones and
coastal ecosystems, which suffer from an increasing input of
antibiotics and reactive nitrogen.
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