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1 Introduction

Microplastics, known as plastic particles with size less than
5 mm, have been determined as emerging contaminants to

attract worldwide attentions (Al-Salem et al., 2020).
Microplastics ubiquitously exist in aquatic systems
(Elizalde-Velázquez and Gómez-Oliván, 2021), soils/
sediments (Koutnik et al., 2021), air (Wright et al.,
2020), and organisms (Santana-Viera et al., 2021).
Microplastics have been regarded as the important hotspots
for many pollutants such as persistent organic pollutants
(Santana-Viera et al., 2021), endocrine disrupting con-
taminants (Lu et al., 2021a), and emerging contaminants
(Lu et al., 2019a). Microplastics have important effect on
pollutant sorption and release, toxicity of multiple systems,
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H I G H L I G H T S

•Total 174 subtypes of ARGs were detected by
metagenomic analysis.

•Chloramphenicol resistance genes were the
dominant ARGs in water and microplastics.

•The abundances of MRGs were much higher than
those of ARGs.

•Proteobacteria, Bacteroidetes, and Actinobac-
teria were the dominant phylum.

•Microplastics in mariculture system could enrich
most of MRGs and some ARGs.
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G R A P H I C A B S T R A C T

A B S T R A C T

Microplastics existing widely in different matrices have been regarded as a reservoir for emerging
contaminants. Mariculture systems have been observed to host microplastics and antibiotic resistance
genes (ARGs). However, more information on proliferation of ARGs and metal resistance genes
(MRGs) in mariculture system at the presence of microplastics is needed. This study used
metagenomic analysis to investigate the distribution of ARGs and MRGs in water and microplastics of
a typical mariculture pond. Total 18 types including 174 subtypes of ARGs were detected with the total
relative abundances of 1.22/1.25 copies per 16S rRNA copy for microplastics/water. Chloramphenicol
resistance genes were the dominant ARGs with the abundance of 0.35/0.42 copies per 16S rRNA copy
for microplastics/water. Intergron intI1 was dominant gene among 6 detected mobile genetic elements
(MGEs) with the abundance of 75.46/68.70 copies per 16S rRNA copy for water/microplastics. Total 9
types including 46 subtypes of MRGs were detected with total abundance of 5.02 � 102/6.39 � 102

copies per 16S rRNA copy for water/ microplastics while genes resistant to copper and iron served as
the dominant MRGs. Proteobacteria, Bacteroidetes, and Actinobacteria accounted for 84.2%/89.5%
of total microbial community in microplastics/water. ARGs with relatively high abundance were
significantly positively related to major genera, MGEs, and MRGs. Microplastics in mariculture
system could enrich most of MRGs and some ARGs to serve as potential reservoir for these pollutants.
The findings of this study will provide important information on resistance gene pollution at presence
of microplastics in the mariculture system for further proposing suitable strategy of environmental
management.
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and the organisms in the environment to exert potential
risks to human health and ecological safety (Liu andWang,
2020; Prata et al., 2021; Xu and Ren, 2021). Ocean is an
important sink to receive plastic debris with annual amount
of 4.8–12.7 million tons (Al-Salem et al., 2020). Anthro-
pogenic generation rate of microplastics is estimated as
0.1–5500 kg/d according to beach and shoreline monitor-
ing (Al-Salem et al., 2020). Thus, an enormous pressure
has been exerted to the marine ecosystem by microplastics.
Antibiotic resistance genes (ARGs) might be a specific

and critical kind of emerging contaminants hosted by
microplastics due to their potential threat to the human
health and ecological sustainability. ARGs can proliferate
in diverse matrices including microplastics (Lu et al.,
2019a, 2020a, 2020b). ARGs generally propagate in the
environment through vertical gene transfer by transmitting
genetic information from mother to daughter cells and
horizonal gene transfer (HGT) under mediation by mobile
genetic elements (MGEs) such as transposons, plasmids,
bacteriophages, and intergrons (Pazda et al., 2019; Wu
et al., 2020). ARGs can be induced under the natural
conditions while they also proliferate under the co-
selective pressure from antibiotics, heavy metals, or other
agents (Li et al., 2020). Propagation and dissemination of
ARGs will enhance antibiotic resistance and induce
antibiotic-resistant bacteria (ARB) to make a significantly
negative effect on controlling the bacterial infection and
epidemics (Pazda et al., 2019). The costs for hospital-
caring patients infected by ARB or multi-drug resistance
bacteria have reached 2.2 billion USD in the United States
and 1.5 billion EUR in the Europe (Pazda et al., 2019).
Enormous risks posed by ARGs have ignited worldwide
attention so that lots of research works have focused on
occurrence of ARGs in different matrices (Li et al., 2020;
Lu et al., 2019b; Pazda et al., 2019). ARGs have been
observed to proliferate and accumulate on microplastics in
different environments (Lu et al., 2019a; Pham et al., 2021;
Yang et al., 2019). Wide distribution of microplastics
might further enhance the spread of ARGs and ARB to
deteriorate the pollution status. Most of studies on ARGs
related to microplastics still adopt qPCR methods to obtain
the incomplete information for assessment. Therefore,
metagenomic analysis which takes a wide range of ARGs
into consideration (Nowrotek et al., 2019; Wang et al.,
2018; Yin et al., 2018, 2019) might be more useful and
thorough for investigating ARGs on microplastics.
Heavy metals have been widely detected in various

matrices (Lu et al., 2021b) so that metal resistance genes
(MRGs) have been induced to exist in different environ-
ments (Sherpa et al., 2020; Yang et al., 2019). Organic
pollution is also reported to induce proliferation of MRGs
(Sherpa et al., 2020). Co-occurrence of ARGs and MRGs
have been widely observed (Sherpa et al., 2020; Yang
et al., 2019) to comprehensively represent the resistance
gene pollution status.
Mariculture is one essential industry in the coastal zone

for economic development (Lu et al., 2021c). Metage-
nomic analysis is a useful and efficient tool for determining
ARGs, MGEs, MRGs, and microbial community simulta-
neously. Metagenomic analysis have been used to
investigate the distribution of ARGs and MRGs in the
environment (Sherpa et al., 2020; Yang et al., 2019) with
wider viewpoint. Therefore, this study first used metage-
nomic analysis to explore the distribution of ARGs, MGEs,
MRGs, and microbial community in water and micro-
plastics of a typical mariculture system. The objectives of
this study are to provide the comprehensive information on
ARGs and MRGs in mariculture system containing
microplastics and discuss the potential correlation among
ARGs, MGEs, MRGs, and microbial community. The
findings of this study will provide some insights on
environmental management of mariculture.

2 Materials and methods

2.1 Sampling, DNA extraction, and metagenomic
sequencing

One water sample with volume of 2 L was collected from a
shrimp pond with volume of 1000 m3 of a recirculating
mariculture system near Dongying City and passed
through 0.22-μm mixed cellulose esters filters (Millipore,
Germany). One microplastic sample was in situ obtained
from the same pond by passing 100-L seawater collected
from the different positions of the pond and mixed evenly
through a 2 m � 2 m net with 300-μm mesh size. The
samples were put into a sterilized container with icebox
and transported to the laboratory as soon as possible.
The abundance of microplastics was determined as 261
items/m3 by counting method. The type of microplastics
was determined by Fourier transform infrared spectro-
scopy as polyethylene terephthalate (PET), similar to the
previous study (Lu et al., 2019a).
TIANamp Soil DNA Kit (Beijing, China) was used to

extract total DNA of water (2 L) and microplastic
(collected from 100-L seawater) samples based on the
guideline of the manufacturer. Agarose gel (1%) electro-
phoresis was used to identify the purity of extracted DNA
while NanoDrop UV-vis spectrophotometer (Thermo
Scientific, Wilmington, USA) was adopted to determine
the DNA concentration.
Illumina Novaseq6000 platform (San Diego, CA, USA)

was used to construct and sequence the short-gun
metagenomic library by Majorbio company (Shanghai,
China). The sequences with length< 20 bp were removed
by Fastp (Version 0.20.0). The clean base for water/
microplastic sample was 1.73 � 1010/1.55 � 1010 bp to
account for 99.4%/99.1% of its raw reads. The raw
sequences of water and microplastic samples were
deposited into NCBI database with the accession number
of PRJNA728751.
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2.2 Metagenomic quantification of target genes

BLAST (Version 2.2.28) was used to align the sequences
against NCBI NR (non-redundant protein sequence)
database with e-value threshold of 1 � 10–5 for taxonomy
annotation.
The filtered reads were input into ARGs-OAP v2.0

online pipeline to annotate ARGs (Yin et al., 2018) with e-
value of 10–7 and similarity higher than 80%. Total 24
types of ARGs were investigated by ARGs-OAP platform.
The abundance of ARGs were normalized with unit of
ARGs copies per 16S rRNA copy (Yin et al., 2018) to
make the abundance data comparable with the previous
studies.
Intergrons serving as representative MGEs were inves-

tigated. The filtered reads were aligned using BLAST
software with INTEGRALL database with e-value of 10–5

and similarity higher than 90%. The abundances of MGEs
were further normalized by 16S rRNA copies which were
obtained from ARGs-OAP pipeline.
BacMet 2.0, a metal resistance gene (MRG) database

was used for MRG annotation. The filtered gene-like reads
were aligned with length greater than 25 amino acids, e-
value of 10–5, and identity higher than 90%. The
abundances of MRGs were also normalized by 16S
rRNA copies.

2.3 Visualization and statistical analysis

Heatmap and column diagrams of target genes were

prepared by OriginPro 2019 (OriginLab, USA). Correla-
tion analysis with significance at p< 0.05 was performed
by SPSS 19 (IBM, USA). Circos analysis was conducted
by Circos-0.67-7. Network among the target genes and
bacteria was generated by Cytoscape 3.7.2 (The Cytoscape
Consoritum, USA) with absolute value of Spearman
coefficient greater than 0.8 and p< 0.05.

3 Results

3.1 Occurrence of ARGs on microplastics in mariculture
environment

Total 18 types including 174 sub-types of ARGs were
detected in the samples (Fig. 1). Genes resistant to
carbomycin, fusaric acid, fusidic acid, puromycin, specti-
nomycin, and tetracenomycin C were not detected in all
samples while those resistant to fosfomycin/polymyxin
were not detected in the microplastic/water sample.
Normalized by 16S rRNA copies, the relative abundance
of chloramphenicol resistance genes was higher than that
of the remaining ARG types to reach 0.35 and 0.42 copies/
16S rRNA copy for microplastics and water sample,
respectively (Fig. 1). The relative abundances of the
remaining detected ARGs were in the range of 1.57 �
10–5‒2.78 � 10–1 copies/16S rRNA copy for microplastics
and 4.89 � 10–5‒3.47 � 10–1 copies/16S rRNA copy for
water. The relative abundances of total detected ARGs
reached 1.22 copies/16S rRNA copy for microplastics and

Fig. 1 The relative abundances of different types (a) and subtypes (b) of detected ARGs in water and microplastic samples (Detailed
subtypes corresponding to individual digit of x-axis in Fig. 1‒(b) referred to Table S1).
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1.25 copies/16S rRNA copy for water. The abundance of
top 9 ARG types followed the order of chlorampheni-
col>sulfonamide>tetracycline>aminoglycoside>multi-
drug>macrolide-lincosamide-streptogramin>quinolo-
ne>bacitracin>β-lactam for microplastic sample and
chloramphenicol>tetracycline>sulfonamide>aminogly-
coside>multidrug>macrolide-lincosamide-streptogra-
min>β-lactam>trimethoprim>rifamycin for water sample
(Fig. 1). The relative abundances of ARGs in mariculture
system were significantly higher than those in marine
system in terms of water and microplastic samples (Yang
et al., 2019), suggesting that mariculture might be the
important contributor for ARGs in marine environment.
Approximately 141 sub-types of ARGs were detected in

microplastics while 157 subtypes were detected in water.
Genes including floR, sul1, and tetG were the predominant
ARG subtypes to account for 51.72% of total ARGs for
microplastics and 59.73% for water in terms of abundance
normalized by 16S rRNA gene (Fig. 1). Gene floR was the
dominant chloramphenicol resistance gene with the
relative abundance of 2.88 � 10–1 copies/16S rRNA
copy for microplastics and 3.60 � 10–1 copies/16S rRNA
copy for water while vanR was the dominant vancomycin
resistance gene with the relative abundance of 3.15 � 10–3

copies/16S rRNA copy for microplastics and 1.05 � 10–3

copies/16S rRNA copy for water. Gene sul1 was the
dominant sulfonamide resistance gene with the relative
abundance of 1.84 � 10–1 copies/16S rRNA copy for
microplastics and 1.51 � 10–1 copies/16S rRNA copy for
water while mfpA/tetG was the dominant quinolone/
tetracycline resistance gene with the relative abundance
of 3.09 � 10–2/1.59 � 10–1 copies/16S rRNA copy for
microplastics and 6.37 � 10–3/2.36 � 10–1 copies/16S
rRNA copy. Gene bacA was the dominant bacitracin
resistance gene subtype with the relative abundance of
1.76 � 10–2 for microplastics and 5.86 � 10–3 copies/16S
rRNA copy for water while rosA was the major
fosmidomycin resistance gene with the relative abundance
of 4.79 � 10–4 for microplastics and 1.97 � 10–4 for water.
Distribution of ARG subtypes of the same type showed
significant difference. Only one subtype resistant to
fosfomycin/kasugamycin/polymyxin was detected in the
samples while 41subtypes of multidrug resistance genes
and 39 β-lactam resistance genes were detected during the
investigation. The relative abundances of subtypes resis-
tant to sulfonamide or fosmidomycin were generally
similar while those of the remaining ARG subtypes
showed the significant variation for both microplastics
and water.

3.2 Occurrence of MGEs and MRGs on microplastics in
mariculture environment

Total 6 integrase intergrons were detected in water and
microplastics of mariculture system (Fig. 2(a)). Gene intI1
accounted for over 94% of detected MGEs with 75.46

copies/16S rRNA copy for water and 68.70 copies/16S
rRNA copy for microplastics while that of intI2 was the
lowest with 7.71 � 10–3copies/16S rRNA copy for water
and 7.17 � 10–3 copies/16S rRNA copy for microplastics.
The abundances of detected intergrons followed the order
of intI1>groEL/intI1>intI9>intIA>orf/intI1>intI2 for
water and intI1>groEL/intI1>intIA>orf/intI1>in-
tI9>intI2 for microplastics. Intergron intI1 was related
with multiple cassettes including sul1, groL, groEL, tnpA,
mrx, ereA2, tetA(G), aadA11, cmlA9, orf5, cmlA, ISCR1,
and tetR according to INTEGRALL annotation while
groEL/intI1 was related with cassettes including sul1,
qepA2, tnpA, and cmlA. Intergron intI9 was related with
cassette orf73 while intI2 was related with cassette
blaCARB-4. The relative abundances of intergrons except
intIA and orf/intI1 in water were higher than those on
microplastics, illustrating that mobility of ARGs in water
might be stronger than that on microplastics.
The relative abundances of MRGs in both water and

microplastics were much higher than those of ARGs and
MGEs (Fig. 2(b)). Total 9 types of MRGs including arsenic
(As), cadmium (Cd), chromium (Cr), cobalt (Co), copper
(Cu), iron (Fe), molybdenum (Mo), nickel (Ni), and zinc
(Zn) resistance genes were detected with total abundance
of 5.02� 102 copies/16S rRNA copy for water and 6.39�
102 copies/16S rRNA copy for microplastics (Fig. 2(b)).
The relative abundance of total MRGs was approximately
400/500 times that of total ARGs for water or microplastic
sample, illustrating that metal resistance pollution might be
more serious than antibiotic resistance pollution in
mariculture system. Iron and copper resistance genes
were the predominant MRGs to contribute to 51.95% and
35.22% of total MRG abundance for water as well as
49.52% and 34.19% for microplastics, respectively.
Cadmium resistance genes among all MRGs possessed
the lowest abundance of 2.57 copies/16S rRNA copy for
water while chromium resistance gene showed the lowest
abundance of 2.73 copies/16S rRNA copy for micro-
plastics. The relative abundances of MRGs followed the
order of iron>copper>molybdenum>zinc>nickel>chro-
mium>arsenic>cobalt>cadmium for water and iron>-
copper>molybdenum>zinc>nickel>cobalt>cadmiu-
m>arsenic>chromium for microplastics (Fig. 2(b)).
The relative abundances of total 46 MRG subtypes were

also obtained (Fig. 2(c)). The relative abundance of ybtP
was the highest among all MRG subtypes on microplastics
to reach 1.16 � 102 copies/16S rRNA copy while
abundance of ybtQ was higher than that of the remaining
MRG subtypes in water to reach 88.93 copies/16S rRNA
copy. Total 17/11 subtypes were detected for copper/iron
resistance genes. Three iron resistance genes including
ybtP, ybtQ, and yfeB were the predominant MRG subtypes
to account for 46.44% of total MRGs in water and 43.70%
in microplastics. Gene dnaK was the predominant copper
resistance subtype gene for microplastics with the relative
abundance of 45.98 copies/16S rRNA copy while copR

4 Front. Environ. Sci. Eng. 2022, 16(1): 4



Fig. 2 The relative abundances of detected MGEs (a), MRG types (b), and MRG subtypes (c) in water and microplastic samples.
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was the dominant copper resistance gene in water with
abundance of 41.01 copies/16S rRNA copy. Gene acr3
possessed the lowest abundance among all MRG subtypes
for both water and microplastic samples. The ratio of ybtP
versus acr3 reached approximately 4100 for water and
4600 for microplastics. Gene aioA/aoxB with abundance
of 4.14 copies/16S rRNA copy for water and 3.99 copies/
16S rRNA copy for microplastics with possessed the
highest abundance among 3 arsenic resistance genes while
frnE/chrR/perO was the only detected cadmium/chro-
mium/molybdenum resistance gene with the relative
abundance of 2.57/5.78/21.57 copies/16S rRNA copy for
water and 6.01/2.73/32.05 copies/16S rRNA copy for
microplastics. The relative abundance of cobalt resistance
genes including cmtR and ctpD on microplastics were 2‒4
times that in water. Total 3 subtypes were detected for zinc
resistance genes while czrAwas the predominant gene with
the relative abundance of 13.44 copies/16S rRNA copy for
water and 18.07 copies/16S rRNA copy for microplastics.
Total 6 subtypes were detected for nickel resistance genes
while nmtR for microplastics with the relative abundance
of 9.43 copies/16S rRNA copy and kmtR for water with the
relative abundance of 3.60 copies/16S RNA copy served as
the predominant nickel resistance gene.

3.3 Microbial community and KEGG pathway in micro-
plastics

Over 99% of microorganisms in microplastic and water
samples were bacteria. Proteobacteria were the predomi-
nant phylum by accounting for 50.7% of microbial
community for microplastic sample and 66.6% for water
sample (Fig. 3(a)). Bacteroidetes/Actinobacteria/ Plancto-
mycetes served as the second/third/forth phylum by
contributing to 19.5%/14.1%/6.4% of microbial commu-
nity for microplastics and 17.5%/5.4%/2.3% for water.
Bacteroidetes, Actinobacteria, and Planctomycetes gradu-
ally increased in microplastics to suggest that microplastics
and water provided different host environment for the
microorganisms. Ruegeria was the dominant genus in
water sample to account for 7.0% of total microorganisms
while Mycobacterium was the dominant genus in micro-
plastic sample to cover 10.2% of total microorganisms
(Fig. 3(b)). Genera including Ruegeria, Mycobacterium,
Muricauda, and Roseovarius contributed to 20.0% of total
microbial community in water and 28.9% in microplastics,
illustrating that microplastics might be more suitable for
these to proliferate. Microbial composition in genus level
showed significant difference for microplastic and water
samples (Fig. 3(c)). Total 15 genera such as Mycobacter-
ium, Muricauda, and Ruegeria exhibited significant
difference with p< 1 � 10–15 for microplastics and
water. Difference in genus level for microplastics in
comparison with water suggested that occurrence of
microplastics might significantly change the habitat for
the aquatic microorganisms.

KEGG metabolism pathway in microplastic/water
sample was further investigated (Fig. 4). Amino acid
metabolism, global and overview maps, and carbohydrate
metabolism served as the major metabolism pathways for
both microplastics and water to respectively account for
over 12% of total pathways (Fig. 4(a)). The detected 15
metabolism pathways such as carbohydrate metabolism,
amino acid metabolism, energy metabolism, membrane
transport, and nucleotide metabolism showed significant
difference between microplastics and water at p< 1 �
10–15 (except replication and repair at p< 0.0005,
Fig. 4(b)), exhibiting that the existence of microplastics
would have drastic effect on the metabolism pathway for
molecular interaction in the mariculture environment.

3.4 Correlation between ARGs and microbial community in
mariculture environment with microplastics

Bacterial genus might have different contribution to
existence of ARGs in different environment. Contribution
proportion of top 10 bacterial genera to 7 representative
ARGs in water/microplastics was calculated (Fig. 5).
Contribution proportion of total 10 predominant genera to
each resistance gene ranged from 0% to 57%. Existence of
tetG in both water and microplastics was affected by the
genera with relative abundance less than 1% while the 10
predominant genera for the water/microplastics did not
contribute to its occurrence (Fig. 5). Muricauda was the
major contributor among the predominant genera for
macB/bcrA/tetB(P) with the proportion of 11.50%/
11.24%/17.29% for water and 15.32%/13.96%/32.69%
for microplastics. Roseovarius was the major contributor
among the predominant genera for mexW/cpxR with the
proportion of 7.04%/7.04% for water and 16.00%/16.00%
for microplastics. Ruegeria contributed to occurrence of
macB, mexW, tetB(P), and cpxR with proportion in the
range of 4.12%-8.83% for water and 5.70%-9.95% for
microplastics. The predominant genera generally posed
more contribution to proliferation of ARGs on surface of
microplastics than that in water, illustrating that bacterial
community might have more important effect on ARGs at
presence of microplastics.
Co-occurrence network was used to investigate the

potential correlation among genera and ARGs (Fig. 6(a)).
Total 10 genera frequently occurring in samples and 15
ARG subtypes with the relatively high abundance were
selected to construct the network among them. ARG
subtype and bacterial genus showed different preference
according to co-occurrence network analysis. Multidrug
resistance gene emrE was significantly positively related to
Mycobacterium, Muricauda, Ruegeria, Roseovarius, and
Roseobacter, illustrating that these bacterial genera might
possess high potential to host multidrug resistance genes so
as to induce high potential health risks for humans.
Chloramphenicol resistance gene floR which was the
subtype with the highest abundance in all samples and
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Fig. 3 Bar plot on phylum level (a), Circos diagram on genus level (b), and Fisher’s exact test bar plot on phylum level (c) of water and
microplastic samples.
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Fig. 4 Circos diagram (a) and Fisher’s exact test bar plot (b) of KEGG level 2 pathway in water and microplastic samples.
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chloramphenicol exporter were significantly positively
related to 5 genera including Psychroserpens, Paracoccus,
unclassified_f_Rhodobacteraceae, Marinobacter, and Sul-
fitobacter while another chloramphenicol resistance gene
catB was positively related toMycobacterium, Muricauda,
Ruegeria, Roseovarius, and Roseobacter. Similar to
chloramphenicol resistance genes, tetracycline resistance
gene subtypes also showed different relationship with the
bacterial genera. Gene tetX was positively related to
Mycobacterium, Muricauda, Ruegeria, Roseovarius, and
Roseobacter while tetA and tetG were positively related to
Psychroserpens, Paracoccus, Marinobacter, unclassi-
fied_f_Rhodobacteraceae, and Sulfitobacter, exhibiting
that ARG subtypes might have different potential of
interacting with bacteria. Sulfonamide resistance genes
including sul1 and sul2, aminoglycoside resistance genes
including aac(2')-I, aph(3”)-I, aph(6)-I, and aadA, baci-
tracin resistance gene (bacA), and quinolone resistance
gene (mfpA) were also significantly positively related to 5
genera including Mycobacterium, Muricauda, Ruegeria,
Roseovarius, and Roseobacter. Genes including floR, tetG,
tetA, and chloramphenicol exporter were positively related
to each other while the remaining 11 ARGs were positively
related to each other. Most of ARGs with the relatively
high abundance possessed close relationship with both
bacterial genera and the other ARG subtypes, suggesting
that ARGs in mariculture system containing microplastics
might have higher risks to the ecosystem and human
health.
Bacterial phylum detected in water and microplastic

samples showed wide relation with ARGs (Fig. 6(a)).
Three genera of Proteobacteria exhibited close relation-
ship with 11 ARG subtypes whileMuricauda belonging to
Bacteroidetes were also positively related to 11 ARGs.
Attention should also be paid to Mycobacterium which
was genus of Actinobacteria phylum and a potential
pathogenic bacterium because it was positively related to
11 ARGs with the relatively abundance to become a
potential multidrug resistance bacterium.

3.5 Correlation among ARGs, MGEs, and MRGs in
mariculture system

Total 15 ARGs with the relatively high abundance were
significantly positively related with MGEs (Fig. 6(b)).
Gene floR/tetG/tetA/chloramphenicol exporter was posi-
tively related with 4 integrons including intI1, intI2, intI9,
and groEL/intI1 while the remaining ARGs were posi-
tively related with 2 integrases including intIA and orf/
intI1. Gene intI1 was positively related with intI2, intI9,
and groEL/intI1 while intI2 was positively related with
intI9 and groEL/intI1. Moreover, gene intI9 was also
positively related with groEL/intI1 while intIA was
positively related with orf/intI1.
Total 14 among 15 ARGs with the relatively high

abundance were related with 10 MRGs (Fig. 6(c)). Gene
floR/tetA/chloramphenicol exporter was significantly posi-
tively related with copR while tetG was not related with
any MRGs. The remaining 11 ARGs were significantly
positively related with 9 MRGs including ybtP, ybtQ, yfeB,

Fig. 5 Contribution of major bacterial genera to proliferation of representative ARGs.
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dnaK, perO, copS, baeS, czrA, and cmeB. Except copR,
the remaining 9 MRGs were positively with each other.
Gene tetX was the most active tetracycline resistance gene
to correlate with 4 types of genes resistant to iron, copper,
molybdenum, and zinc. Genes resistant to sulfonamides,
aminoglycosides, and bacitracin also exhibited close and
complex relationship with MRGs.

4 Discussion

Resistant antibiotics have been detected in different

matrices (Mustafa et al., 2021). Antibiotic chlorampheni-
col has been banned for food especially animal-food
production including aquaculture due to its toxicity
although it is still used as human medicine (Hanekamp
and Bast, 2015). Chloramphenicol is regarded as important
inducer for aplastic anemia and possible carcinogenic
agent to exert potential health risks to humans (Hanekamp
and Bast, 2015). Previous study reported that chloram-
phenicol in microbial fermentation food unexpectedly
occurred due to possible use of this antibiotic during
production (Fraiture et al., 2020). Chloramphenicol
resistance genes were also induced due to usage of relative

Fig. 6 Co-occurrence network between typical ARGs and bacterial genera (a), ARGs-MGEs (b), and ARGs-MRGs (c). Red lines
represent the positive correlation.
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antibiotics (Fraiture et al., 2020). Genes such as catB,
cmlA, and floR showed different resistance mechanisms
for chloramphenicol antibiotic. Gene floR showed efflux
pump conferring antibiotic resistance while catB and cmlA
were mainly dependent on enzyme inactivation to confer
antibiotic resistance. Total 6 among 13 subtypes of
chloramphenicol resistance genes were detected with the
relatively high abundances in both water and microplastic
samples, illustrating chloramphenicol resistance genes
might have the relatively strong activity. No chloramphe-
nicol was detected in water sample, illustrating that
occurrence and proliferation of chloramphenicol resistance
gene might be caused by multiple factors. The abundances
of chloramphenicol resistance genes in water or micro-
plastics previously reported (Yang et al., 2019) were much
lower than those of this study, illustrating that mariculture
environment might be more suitable for proliferation of
chloramphenicol resistance genes.
Sulfonamide and tetracycline antibiotics have been

widely detected in different matrices (Buta et al., 2021;
Lu et al., 2018; Wen et al., 2021). Sulfonamide and
tetracycline resistance genes also frequently proliferated in
the environment with the relatively high abundances (Lu
et al., 2019b). Genes including sul1 and sul2 confer the
antibiotic resistance through protein replacement to serve
as the predominant sulfonamide resistance gene. The
relative abundance of sul2 in both water and microplastics
was lower than that of sul1 reported by this study while
relative abundances of sul1 were lower than those of sul2
in a recirculating aquaculture system although abundances
of sul genes in microplastic samples were higher than those
in water for both studies (Lu et al., 2019a), which might be
affected by environmental conditions of different aqua-
culture system. Total 21 tetracycline resistance genes were
detected in the samples of this study with resistance
mechanisms including efflux pump (e.g. tet35, tetA, tetG,
and tetB), antibiotic target protection protein (e.g. tet32,
tetM, and tetP), antibiotic inactivation enzyme (tetX), and
molecular bypass (tet34).
Aminoglycoside and multidrug resistance genes also

possessed relatively high abundance in mariculture system
of this study. Total 40 multidrug resistance subtypes and 18
aminoglycoside resistance subtypes existed in the samples.
Resistance mechanism of aminoglycoside resistance genes
was mainly antibiotic inactivation enzyme while multidrug
resistance mechanism was mainly efflux pump according
to ARG annotation. Multidrug resistance genes are
generally defined as gene resistant to ≧3 different classes
of antimicrobial agents or gene/mutation/bacterial isolate
exhibiting ≧3 different resistance phenotypes to originate
from human, animal, or both human and animal sources
(Wendlandt et al., 2015). The relative abundances of
multidrug resistance genes on microplastics were higher
than those in water, illustrating that microplastics might be
potential host to readily concentrate multidrug resistance
genes from water to pose higher health risks.

Macrolide-lincosamide-streptogramin and quinolone
antibiotics have been frequently detected in aquatic
environment so that their corresponding resistance genes
have also widely existed in the environments including
aquaculture system (Lu et al., 2019a; Wang et al., 2018).
Total 13 macrolide-lincosamide-streptogramin resistance
gene subtypes and 4 quinolone resistance gene subtypes
were detected in the mariculture system. The mechanisms
of resistance to macrolide-lincosamide-streptogramin
mainly included efflux pump (e.g. oleB and mefA),
antibiotic inactivation enzyme (e.g. ereA and mphA), and
antibiotic target modifying enzyme (e.g. erm(38) and
ermF) while those of quinolone resistance genes comprised
antibiotic target protection protein and efflux pump. The
relative abundance of ermF/qnrA in water/microplastics of
this study was lower than that of previous study while
abundance of qnrS in water/microplastics of this study was
higher than that previously reported (Lu et al., 2019a),
illustrating that aquaculture environments might have
effect on distribution of ARG subtypes.
MGEs are regarded as the indicator for evaluating

mobility of ARGs (Lu et al., 2019a; 2019b). Similar to the
previous reports (He et al., 2017; Huang et al., 2017; Zhou
et al., 2020), intI genes especially class 1 intergron intI1
served as the major MGEs in water (Fig. 2(a)). The relative
abundance of groEL/intI1 was also high with the relative
abundance of 3.54 copies/16S rRNA copy in water and
3.39 copies/16S rRNA copy on microplastics. The relative
abundances of MGEs in water or on microplastics of this
study were significantly higher than those previously
reported (Subirats et al., 2018; Lu et al., 2019a; 2019b),
illustrating that higher mobility potential for ARGs in
mariculture system of this study. Relative abundances of
intI genes in water were higher than those on microplastics
of the mariculture system, which was contrary to the
previous report (Lu et al., 2019a) to be possibly affected by
the aquatic environment and other factors.
MRGs often co-occur with ARGs in different matrices

(Flach et al., 2017; Yang et al., 2019). The relative
abundances of MRGs were significantly higher than those
of ARGs in this mariculture system, which was similar to
pattern previously reported (Flach et al., 2017; Yang et al.,
2019). The relative abundances of MRGs in water or
microplastics were almost 4 order of magnitudes those in
the marine environment (Yang et al., 2019), suggesting that
MRGs might be more readily to proliferate in this
mariculture system. Moreover, MRGs were readily enrich
in microplastics than ARGs in this study. Multidrug
resistance gene emrE was positively related to metal
resistance genes with high abundances to pose higher risks
to humans so as to need more attention.
It still needs to clarify that sample quantity could affect

the analysis results to some extent. It is regretful that the
influential factors of resistance genes in water and
microplastic samples could not be determined by pathway
analysis due to the limited samples. The future work
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should pay attention to collection of more samples to
obtain useful information on source apportionment of
resistance genes.
Microplastics are generally regarded as the reservoir of

resistance genes and other emerging contaminants (Lu
et al., 2019a; 2021a; Yang et al., 2019). This study also
reported that microplastics could enrich most of MRGs
(resistant to arsenic, cadmium, cobalt, copper, iron,
molybdenum, nickel, and zinc) and some ARGs including
genes resistant to aminoglycoside, bacitracin, fosmidomy-
cin, multidrug, polymyxin, macrolide-lincosamide-strep-
togramin, quinolone, sulfonamide, and vancomycin
antibiotics from water in this mariculture system. ARGs
or MRGs frequently proliferated in aquaculture environ-
ments (Wang et al., 2018; Wang et al., 2019). Therefore,
ARGs generally existed in aquaculture systems with
relatively high abundances (Wang et al., 2018; Lu et al.,
2019a). Similar to microplastics in the effluents of
wastewater treatment plants (Martínez-Campos et al.,
2021), the dominant phyla of microplastics in this study
also included Proteobacteria, Bacteroidetes, and Actino-
bacteria. The higher relative abundance of Actinobacteria
on microplastics might contribute to difference in
distribution of ARGs in water and microplastics to some
extent. The environmental conditions, microplastic types,
microplastic biofilm, and microbial community in micro-
plastics could induce the occurrence and proliferation of
resistance genes on microplastics (Martínez-Campos et al.,
2021). Microplastics as potential reservoir of MRGs and
ARGs should be paid attention for human health and
regional sustainability.

5 Conclusions

This study adopted metagenomic analysis to investigate
the occurrence of ARGs, MGEs, and MRGs in water and
microplastics from a typical mariculture system. Genes
resistant to chloramphenicol were the dominant ARGs in
samples while genes resistant to copper and iron served as
the dominant MRGs. Class 1 intergron intI1 served as the
major MGEs while Proteobacteria, Bacteroidetes, and
Actinobacteria were the dominant phyla in both water and
microplastics samples. ARGs with the relatively high
abundances were significantly positively related to the
major genera, MGEs, and MRGs. Microplastics might
become a potential sink for resistance genes in mariculture
system. The findings of this study provide useful
information on emerging contaminants such as resistance
genes and microplastics in mariculture system to bring
some basis for environmental management in the related
fields.
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