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communities in wild freshwater fish and relevant water in a peri-urban river using highthroughput qPCR and 16S rRNA gene sequence. A total of 80 and 220 unique ARG subtypes
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were identified in fish and water samples. Fish and water both showed significant ARG sea-

Antibiotic resistance genes

sonal variations (P < 0.05). The highest absolute abundance of ARGs in fish and water oc-

Seasonal variation

curred in summer (1.32 × 109 copies per g, on average) and autumn (9.04 × 106 copies per

Wild fish

mL), respectively. In addition, the bipartite network analysis showed that 9 ARGs and 1 mo-

Water environment

bile genetic element continuously shared in fish and water. Furthermore, bacteria shared in
fish and water were found to significantly correlate with shard ARGs. The findings demonstrate that bacteria and ARGs in fish and water could interconnect and ARGs might transfer
between fish and water using bacteria as a spreading medium.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
The spread of antibiotic resistance genes (ARGs) is already
a global problem (Johnson and Woodford, 2013; Wang et al.,
2018). Natural environments represent reservoirs of ARGs
(Martínez, 2008), in which aquatic environments may provide
an ideal setting for the acquisition and dissemination of ARGs
(Marti et al., 2014). Environments and animals are important

∗

components in the “One Health” framework which is considered to be an important framework linking the humananimal-environment interface for studying antibiotic resistance (Kahn, 2017). Fish are sentinels for water environmental contamination and may be very relevant to human health.
For example, Japan Minamata disease events that happened
in the 1950s, the source of the poisoning was local fish
(Rabinowitz et al., 2009). Wild fish may receive ARGs from a
polluted water environment, further ARGs carried by fish may
spread widely in the water environments, and even spread to
drinking water sources. Thus, it is necessary to understand
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the distribution and spread of ARGs in wild fish and relevant
water environments.
Numerous studies have reported the distribution of ARGs
in water environments, including surface water, groundwater, and water treatment systems (Andrade et al., 2020;
Karkman et al., 2018; Xu et al., 2016; Yang et al., 2018;
Zhou et al., 2017). ARGs distribution in fish, water, and sediment from fish farms environment has been extensively studied (Harnisz et al., 2015; Muziasari et al., 2017; Shah et al., 2012).
However, few studies have been focused on the abundance
of ARGs in wild fish, only Marti et al. (2018) quantified four
ARGs (blaTEM, ermB, sulI, and qnrS genes) and one 16S rRNA
gene (absolute abundance ranged from 1.1 × 107 to 4.1 × 108
gene copies per gram) by qPCR in wild fish intestinal samples (Marti et al., 2018). Wild fish can migrate in different areas and are an important part of the wildlife food chain, and
information on wildlife in the dissemination of antimicrobial
resistance are limited (Arnold et al., 2016). To the best of our
knowledge, studies on ARG profiles in wild fish from a river by
high-throughput qPCR are rarely reported.
The objective of the study was to profile ARGs and bacterial communities in wild freshwater fish and relevant water in
a peri-urban river. We examined wild fish intestinal and river
samples in four seasons, using high-throughput qPCR and 16S
rRNA gene sequence. This study purported to (1) characterize
the temporal distribution of the abundance and patterns of
ARGs in wild fish and river; (2) investigate the shared ARGs
and bacterial community in wild fish and river; (3) reveal the
potential bacterial hosts of ARGs in wild fish and river. Our results provide insights into the fate of ARGs in wild fish and
water environments, and expand our understanding of ARG
prevalence between wild aquatic animals and water environments.

1.

Materials and methods

1.1.

Sample collection and DNA extraction

In this study, water samples were collected from 5 sampling
sites (ZX1-ZX5) (Appendix A Fig. S1) of the Zhangxi river in
June, September, and December of 2019, and in March of 2020
(representing summer, autumn, winter, and spring, respectively). Wild fish have a wide range of activities in the river
and sample collection is difficult. Considering the fish samples
and body size, 2 samples of wild Fish (Opsariichthys bidens) with
body size ranged from 10 to 12 cm were collected from the
river at the ZX2 site in each season. The Opsariichthys bidens is
a common fish in this water area with small in size and inhabits the upper layer of the water area. Water samples (ZX1-5)
were aseptically collected with sterile polyethylene bottles
and enriched on 0.22 μm vacuum suction filtration filters, the
DNA was extracted from the filtration filters using the Fast
DNA SPIN Kit (MP Bio, USA) according to the manufacturer’s
instructions (Zhou et al., 2017). All fish were dissected under
aseptic conditions, then fecal material was collected by gentle squeezing the intestine and weighed (Saenz et al., 2019).
Samples were transferred to a sterile tube and immediately
freeze-dried for 12 hr at -70°C. DNA was extracted using the
QIAmp fast DNA Stool Mini Kit (Qiagen, Valencia, CA, USA) fol-
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lowing the manufacturer’s instructions. The concentration of
purified DNA was quantified with a spectrophotometer (Nanodrop ND-1000, Thermo Scientific Waltham, MA) and stored
at -80°C, until use.

1.2.

High-throughput qPCR

ARGs and mobile genetic elements (MGEs) in 20 water samples and 8 wild fish fecal samples were detected by highthroughput qPCR with Takara SmartChipTM (Zhu et al., 2017).
There were 384 primer sets targeting the 16S rRNA gene, 319
ARGs, 57 MGEs, and 7 bacterial taxonomic genes (Appendix
A Table S1). The 319 ARGs including the 12 groups divided
by the antibiotics conferred resistance to aminoglycoside,
beta lactam, fluoroquinolone, glycopeptide, multidrug (MDR),
macrolide/ lincosamide/ streptogramin B (MLSB), phenicol, rifamycin, sulfonamide, tetracycline, trimethoprim, and others.
The 57 MGEs included plasmid, integrase, and transposase
genes. The 100 nL of amplification reaction contains 1 × LightCycler 480 SYBR Green I Master Mix (Roche, USA), 1 μmol/L forward and reverse primer, 1 ng/μL albumin from bovine serum,
3 ng/μL DNA, and nuclease-free PCR-grade water. Each sample was performed in technical triplicates of quantitative PCRs
with a non-template negative control. The thermal cycle amplification conditions: 1) initial denaturation, 10 min at 95°C,
2) 40 cycles of denaturation, 30 sec at 95°C, 3) annealing, 30
sec at 60°C. Data quality control conditions: 1) wells efficiencies within the range (90%–110%); 2) amplicons without multiple melting curves; 3) three replicates within the detection
limit (a threshold cycle (Ct) of 31)). The normalized copies of
ARGs (copies per 16S rRNA gene) were the ratio of the ARG
copies to the 16S rRNA gene copies (Zhu et al., 2013). The absolute abundance of each gene was recorded as the product
of the normalized copies and the 16S rRNA’s absolute copies
(Zheng et al., 2018). The absolute copies of 16S rRNA were determined by quantitative real-time PCR described in previous
research (Zhou et al., 2018). The formulas are as follows:
Gene copies = 10((31−CT)/(10/3))

(1)

Normalized copies = Gene copies/16S rRNA’s copies

(2)

Absolute abundance = Normalized copies
× 16S rRNA’s absolute copies

1.3.

(3)

Bacterial 16S rRNA gene sequencing

Bacterial community compositions in each sample were
determined by performing 16S rRNA gene high-throughput
sequencing on a HiSeq PE250 platform (Illumina, USA).
Barcoded PCR was conducted with a universal primer
set 515F (5’- GTGCCAGCMGCCGCGG-3’) and 907R (5’CCGTCAATTCMTTTRAGTTT-3’) targeting the V4 to V5 regions of bacterial 16S rRNA (Turner et al., 1999). The PCR
reaction condition was described in detail in a previous study
(Zheng et al., 2017). Then, all of the DNA samples were sent
for sequencing. All sequences of each sample were trimmed
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Fig. 1 – Number of distinct antibiotic resistance genes (ARGs) detected (a) and absolute abundance of ARGs (b). Error bars
represent standard deviation. Resistance genes were classified based on the antibiotics to which they conferred resistance.
MLSB, macrolide-lincosamide-streptogramin B; MDR, multidrug.

for primers, barcodes, and adaptor sequences by removing
the low-quality reads, and sequence results were clustered
into operation taxonomy units (OTUs) using UCLUST at the
97% similarity level by Quantitative Insights Into Microbial
Ecology (QIIME) (Bolyen et al., 2019).

1.4.

Data analysis

Data were processed with Microsoft Excel 2019. Box, bar, and
line charts were generated by OriginPro 9.0 (Origin Lab Corporation, USA). SPSS V22.0 (IBM, USA) was used to analyze correlation and statistical differences at a P < 0.05 level of significance. The principal coordinate analysis (PCoA) and redundancy analysis (RDA) were generated by CANOCO 5. Procrustes
and variation partitioning (VPA) analysis were performed by
R 3.5.1 with the vegan package (Oksanen et al., 2014). Network visualization was conducted on the Gephi interactive
platform and Cytoscape (version 3.7.2) (Bastian et al., 2009;
Shannon et al., 2003). Only statistically robust correlations
with Spearman’s correlation coefficient (ρ) > 0.7 and significance level (P) < 0.01 were used to form the final networks
(Li et al., 2015).

2.

Results and discussion

2.1.
Seasonal variations of ARGs and bacteria in wild fish
and water environments
The number of ARGs detected in fish feces and water ranged
from 22 to 94 and 19 to 110, respectively (Fig. 1a). The absolute abundance of ARGs in fish feces and water ranged
from 9.7 × 104 to 3.1 × 109 copies per g and 2.7 × 105 to
1.5 × 107 copies per mL, respectively (Fig. 1b). In fish and water, aminoglycoside and MDR were the dominant resistance

genes among all kinds of detected ARGs, with an average percentage of 40.2% and 30.9%, respectively. On average, the absolute abundance of ARGs in fish feces (7.24 × 108 copies per
g) was higher than that in relevant water (4.49 × 106 copies
per mL). Besides, it was found that the abundance of ARGs in
fish and water showed a similar trend in seasons. Absolute
abundances of ARGs of fish feces in autumn (1.55 × 109 copies
per g) and summer (1.32 × 109 copies per g) were significantly
higher than those in spring (5.59 × 107 copies per g) and winter
(6.27 × 105 copies per g) (Fig. 2a, P < 0.05), absolute abundances
of ARGs of water in autumn (9.04 × 106 copies per mL) and
summer (6.55 × 106 copies per mL) higher than that in spring
(1.91 × 106 copies per mL) and winter (4.74 × 105 copies per
mL) (Fig. 2b, P<0.05). The PCoA also showed significant seasonal difference clustering between samples (Fig. 3).
Similar seasonal distribution in ARGs between fish and
water suggests that ARGs in wild fish may be affected by the
water environment and there could be an exchange of ARGs
between them. This study is the first to report seasonal differences in ARGs in wild fish. Marti et al. (2018)only collected
wild fish samples in the summer of 2011 and the 16S rRNA
gene ranged from 1.1 × 107 to 4.1 × 108 gene copies per g,
this abundance was similar to the abundance in our summer
fish (3.0 × 108 to 4.2 × 108 gene copies per g). Compared
with farmed fish, the normalized abundance of tetracycline
resistance gene (tetM) in our wild fish (1.1 × 10−4 to 1.7 × 10−4
copies per 16S rRNA gene) was lower than that in farmed
fish (10−2 to 10−1 copies per 16S rRNA gene) reported by a
previous study (Muziasari et al., 2017). This is mainly because
those antibiotics are used to control ectoparasites, fungal and
bacterial diseases of the fish, compared with other antibiotics,
tetracycline is particularly commonly used in aquaculture
due to its broad-spectrum activity and low cost (Mukota et al.,
2020). Besides, ARGs in wild fish may exacerbate the spread
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Fig. 2 – Comparison of total ARGs absolute abundance among different seasons in fish (a) and river (b). Kruskal Wallis tests
were used to determine significant difference (∗ : P < 0.05).

2.2.
Bacterial communities contribute ARG changes in the
wild fish and river

Fig. 3 – Principal coordinate analysis (PCoA) based on
Bray-Curtis distance, showing the overall distribution
pattern of ARG assemblages among fish and water samples.

of antibiotic resistance in the environment, bioaccumulation
of human and veterinary antibiotics in wild fish in a highly
urbanized region has been reported by a previous study
(Zhao et al., 2015), and antibiotics could contribute to the
enrichment and spread of ARGs (Saenz et al., 2019). ARGs
seasonal differences in the water environment in previous
reports were consistent with our results, Peng et al. (2019) reported sulfonamide and vancomycin resistance gene are
significantly different across seasons in a subtropical riverine
ecosystem, Zheng et al. (2018) reported ARGs in the summer
(2.81 × 106 copies per mL) was the highest and bacterial
community is the main factor in ARG changes in the river.
The results highlight the seasonal differences in ARGs in
the watershed and wild fish, and also reveal the potential
connection of ARGs between water and fish.

Seasonal changes of bacterial communities were observed
(Appendix A Fig. S2), the Inv-Simpson and Shannon index
were significantly lower in winter (Appendix A Fig. S3, P <
0.05), indicating that the bacteria community diversities were
lower in winter. Procrustes analysis confirmed a significant
correlation between bacterial communities and ARGs (Appendix A Fig. S4, M2 =0.5872, P < 0.001, r=0.6425). Redundancy
analysis (RDA) was used to observe the correlation of bacteria
(phylum), MGEs, and ARGs (Fig. 4a). RDA showed ARGs were
clustered into two clusters, suggesting the similar fate of different ARGs in the fish and water. For instance, MGEs, Proteobacteria, and Firmicutes showed close relationships with
aminoglycoside, beta lactams, fluoroquinolone, MLSB, MDR,
and tetracycline resistance genes, suggesting that the bacteria and MGEs contributed the ARG shifts in wild fish and
river. VPA was used to differentiate the effects of the bacterial community and MGEs on the change in the ARGs, the result showed that a total of 57.6% could be explained (Fig. 4b).
The bacterial community contributed 38.6% of the variance,
and joint effects contributed 16.8% to the ARG profiles; much
higher than that of the MGEs (2.2%). Previous studies also
reported the bacterial community (52.3%, 39.8%, and 19.9%)
contributed more than MGEs (7.8%, 4.1%, and 8.8%) on shaping ARGs profiles of phyllosphere and endophytes (Zhu et al.,
2017a), soil (Chen et al., 2016), and river (Zhou et al., 2017),
respectively. These results indicate that bacterial community
shifts, rather than HGT via MGEs, are the main driving force
for shaping the profile of ARGs in wild fish and water.

2.3.
Shared ARGs, MGEs, and bacteria in the wild fish
and river
Genes or bacteria are shared in more than 80% of samples
and are called core genes or core bacteria (Su et al., 2017).
Here, 49 ARGs and 13 MGEs were core genes in water samples (see Type-I Genes and Type-II Genes), accounting for
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Fig. 4 – Redundancy analysis (RDA) assessing the relationship between bacteria, MGEs and ARGs (a). Variation partitioning
analysis (VPA) differentiating effects of bacterial community and mobile genetic elements (MGEs) on ARG profiles (b).

Fig. 5 – Bipartite network analysis revealing the shared core genes (a) and bacteria (b) between fish and water environments.

91.6% of all genes observed; 11 ARGs and 1 MGE were core
genes in fish samples (see Type-I Genes and Type-III Gene),
accounting for 84.9% of all genes observed (Fig. 5a). Type-I
genes (10ARGs and 1MGE) were the core genes shared between fish and water samples. Besides, 95 genera were core
bacteria in water samples (see Type-I Bacteria and Type-II Bacteria), accounting for 89.6% of all genera observed; 46 gen-

era were core bacteria in fish samples (see Type-I Bacteria
and Type-III Bacteria), accounting for 87.9% of all genera observed (Fig. 5b). Type-I Bacteria (37 genera) were the core bacteria shared between fish and water samples. Previous studies also reported that 128 core ARGs and 33 core genera were
found in sewage water (Su et al., 2017), and the 5 most dominant ARGs were shared among four seasons in a subtropical
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17

Fig. 6 – The Network analysis depicting the co-occurrence patterns between core ARGs, MGEs and bacteria. The nodes were
coloured according to types of ARGs and genus. A connection represents a strong (Spearman’s correlation coefficient (ρ) >
0.6) and significant (P < 0.01) correlation. According to the modularity class, the entire network could be parsed into five
major modules which are marked with colored shading.

riverine ecosystem (Peng et al., 2019). The core bacteria were
stable across different habitats, might play vital roles in the
structure of ARGs and microbial communities. Besides, the
shared core genes (Type-I Genes) and bacteria (Type-I Bacteria) were stable in wild fish and water environments, indicating that the genes and the bacteria could widely spread between fish and water. More importantly, Type-I Genes included
transposases gene (IS1247), colistin resistance gene (mcr-1),
and beta-lactams resistance gene (blaOXY-1 ). Colistin and betalactams are the important antibiotics for clinical treatment
of bacterial infections. Colistin resistance genes and betalactams resistance genes have attracted global attention. Our
previous study reported the prevalence of mcr-1 in aquatic environments (Zhu et al., 2020), present study revealed mcr-1 is a
core resistance gene shared by fish and aquatic environment,
indicating that the colistin resistance gene was not only transmitted in the water environment, but also carried and spread

by wild animals, as well as beta-lactams resistance genes. The
results obtain core genes and bacteria in wild fish and aquatic
environments, and reveal the potential connection between
their mutual transmission.

2.4.

Cooccurrence of core ARGs, MGEs, and bacteria

To address the question of whether specific core bacterial
species might host-specific core ARGs, the cooccurrence of
core ARGs, MGEs and bacteria were generated by network
analysis, here called core network (Fig. 6). The visualization of
the network consisted of 157 nodes (nodes represented TypeI, II, III Bacteria or Genes) and 1045 edges, with the modularity index of the network of 0.482 (values > 0.4 suggested
that the network had a significantly modular structure) and
the node connectivity of 13.312. Compared to network based
on all genes and bacteria, here called extensive network (Ap-
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pendix A Fig. S5), the node connectivity in the core network
was higher than that in the extensive network (13.072), on
the contrast the modularity index in the core network was
lower than that in the extensive network (0.527). Node connectivity distribution can be used to compare the hierarchical structure between systems (Steele et al., 2011), indicating
that the core network had a higher hierarchy and tighter connection than the extensive network. A lower modularity index indicated fewer module clusters. The core network preferred to gather together rather than separate, while the extensive network preferred to separate compared to the core
network, suggesting that there was a closer connection between core genes and core bacteria. The core network had
five main modules, the co-occurrence of genes and bacteria in the same module, meaning that they shared a similar fate in the environments (Zheng et al., 2018). Type-I Bacteria (red nodes) widely appeared in all modules, indicating
the exchange and sharing of bacteria between fish and the
water environment, and shared core bacteria had an important role in the composition of the bacterial community in
wild fish and water environments. Compared to other modules, the module I only contained fish-related core bacteria
(Type-I Bacteria and Type-III Bacteria) and all Type-I Genes,
indicating that fish-related core bacteria might be the major
host of Type-I Genes and fish may carry these bacteria and
genes spreading among water environments. Module II, III, IV
and V contained most water-related core genes (Type-II Genes)
and water-related core bacteria (Type-I Bacteria and Type-II
Bacteria), revealing the co-occurrence of ARGs and bacteria
in the water environment. The water environment is the pool
of ARGs (Yang et al., 2018), water environment might be the
major source of ARGs in wild fish. We further speculated that
wild fish may be a suitable production workshop for the ARGs.
Wild animals are the enrichment center of environmental pollutants (Zhao et al. (2015). It has been reported the bioaccumulation of human and veterinary antibiotics in bile, plasma,
liver, and muscle tissues of wild fish (Zhao et al., 2015). Bacteria in the intestines of fish need these resistance genes to
resist stress, including antibiotics, heavy metals, and other
environmental pollutants. Results reveal the potential bacterial host of AGRs in fish and water environments and suggest
the spread patterns of ARGs and bacteria in aquatic environments.

3.

Conclusion

Wild animals are the outpost for environmental pollution including antibiotic resistance genes, the presence of antibiotic
resistance genes in wild fish and relevant water environments
needs significant attention. This research is a pioneer in the
detection of ARGs in wild fish and relevant water environments by high-throughput qPCR. The study revealed significant seasonal variations of ARGs and bacteria in wild fish and
relevant water environments, and the bacterial community
was a major contributor on ARG changes; identified shared
core genes and bacteria in wild fish and water environments
which were stable in aquatic environments playing a vital
role in ARGs and microbial composition; demonstrated the cooccurrence of core ARGs, MGEs, and bacteria suggesting the

potential hosts of ARGs in aquatic environments. Water environments are the ARGs reservoirs, wild fish can be the ARGs
recipients and communicators. Our research results provide
new knowledge for resistance genes in the aquatic environment and call attention to the role of wild animals in spreading resistance genes.
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