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Abstract
Background: Microbiota carrying multiple antibiotic resistance genes (ARGs) and virulence factors (VFs)
are posing increasing risks to public health. Particularly the rapid spread of human pathogenic bacteria
(HPB) with antibiotic resistance is recognized as a top health issue. The occurrence and abundance of
ARGs in aquaculture have been investigated following metagenomic approaches. However, few studies
have investigated the antibiotic resistome and VFs and their HPB hosts in aquaculture. Moreover, the
relationships between ARGs and VFs and their microbiome in aquaculture are poorly understood.  

Results: The pro�les of the antibiotic resistome, VFs, and HPB in aquaculture in Southern China were
investigated. In total, 492 subtypes of 24 ARGs types were detected. Multidrug ARGs were most
predominant, followed by macrolide-lincosamide-streptogramin (MLS). Proteobacteria were the most
predominant phylum carrying ARGs, followed by Firmicutes. Fifty-two HPB genera were detected.
Firmicutes was the most abundant phylum, followed by Proteobacteria. Staphylococcus was the most
abundant HPB genus. The samples contained 363 VFs, with Capsule being the most abundant. Seven
HPB phyla, including 42 HPB genera, carried VFs, and the abundance of Bacillus was highest. The
abundances of ARGs and VFs were highest in the sediment. However, the abundance of HPB was highest
in shrimp guts and Staphylococcus was most abundant. Most ARGs were more prevalent on
chromosomes than on plasmids. Source tracking analysis showed that the sediment was the greatest
contributor to microbes carrying ARGs, VFs, and HPB in shrimp guts. Additionally, the water source
contributed some of the HPB of shrimp guts.  

Conclusions: This study provides in-depth pro�les of the abundances, diversity, distribution, and
prevalence of ARGs, VFs, and their hosts HPB in aquaculture for the �rst time. Sediment was the most
direct and important contributor to the ARGs, VFs, and HPB in the shrimp guts. The prevalence of HPB in
aquaculture, particularly the high abundance of Staphylococcus in shrimp guts, poses potential risks to
human health and food safety. Aquaculture water sources should be monitored and protected. The
�ndings of this study provide a better understanding of the dissemination and hosts of ARGs and VFs for
improving aquaculture management and public health surveillance. 

Background
Antibiotics resistance issues have attracted much public concern worldwide [1, 2]. According to the World
Health Organization (WHO), antibiotic resistance is currently one of the greatest threats to global health,
food security, and economic development, leading to longer hospital stays, higher medical costs, and
increased mortality (https://www.who.int/en/news-room/fact-sheets/detail/antibiotic-resistance). An
article published in Science reported that anthropogenic activities have considerably changed the
movements of microorganisms and their genes by modifying selection pressures over the past 100 years.
Accordingly, microbial biogeography is changing substantially [3]. Bacteria carrying multiple antibiotic
resistance genes (ARGs) pose a higher potential risk to public health, particularly with the rapid spread of
human pathogenic bacteria (HPB) with comprehensive antibiotic resistance [4].
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Previous studies investigated the occurrence and concentrations of ARGs in aquaculture through
different approaches, including the universal polymerase chain reaction (uPCR) [5, 6] and quantitative
polymerase chain reaction (qPCR) [7, 8]. However, the shortcomings of uPCR and qPCR have limited the
study of the whole ARG pro�le, as they can only identify a limited number of ARGs. This limitation can be
resolved by metagenomic sequencing. The changes in the microbiome and mobile genetic elements
(MGEs) of the rearing water and �sh gut exposed to antibiotics can be revealed by metagenomic analysis
[9–11], along with the occurrence and abundance of ARGs and MGEs in aquaculture [12–15].

HPB carrying ARGs and virulence factors (VFs) pose a considerable risk to human health [4]. However, to
the best of our best knowledge, only a few studies have investigated the pro�les of the antibiotic
resistome and VFs and their hosts in aquaculture. Moreover, the relationships between the ARGs and VFs
and the microbiome carrying them in aquaculture remain unknown. This study aimed to pro�le the
antibiotic resistome, VFs, and HPB, and their relationships, and analyze the microbiome carrying these
genetic factors in aquaculture. The �ndings of this study offer a better understanding of the
dissemination and hosts of ARGs and VFs and can aid in improving aquaculture management and the
safety of aquatic products.

Methods

Sample collection
Duck and shrimp farms located in Guangdong, South China, were selected as study sites. The duck farm
(Farm 1, 113.505757°E, 22.614772°N) rears over three thousand ducks in approximately ten ponds with
an area of 6.8 ha; this is a popular duck rearing practice in this area. The shrimp farm (Farm 2,
113.516473°E, 22.673034°N) covers an area of 7.1 ha with twelve rearing ponds. Litopenaeus vannamei
was the predominant reared organism, with a stocking density of 900,000 shrimps per hectare in each
pond and was polycultured with one-hundred grass carp (Ctenopharyngodon idellus). Samples were
collected from three ponds on each farm. Approximately 100 adult shrimps were aseptically collected
from each shrimp pond in sterile plastic bags, while approximately 500 g of duck feces samples were
aseptically collected from each duck pond. The rivers near the two farms that served as water sources
were also sampled. The sampling methods for the water and sediment in the water sources and rearing
ponds were detailed in our previous study [16]. Samples from the three rearing ponds for each farm were
collected in triplicates. All collected samples were stored in a freezer box and transported to the
laboratory for treatment within 24 h. 

DNA extraction
Approximately 0.5 L of each water sample was �ltered through a sterile membrane �lter with a pore size
of 0.2 µm (Merck Millipore, Ireland), which was, then, stored aseptically at -80 °C for DNA extraction. The
sediment and duck feces samples were lyophilized, ground, and sieved through an 80-mesh screen. The
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DNAs in the water, sediment, and duck feces samples were extracted using a PowerSoil DNA Isolation Kit
(Mobio, USA) following the protocol by the manufacturer and our previous study [16]. The shrimp gut
samples were separated aseptically and homogenized using a shaking machine. The DNA of the shrimp
gut samples was extracted using a HiPure Stool DNA Kit B (Magen, China) following the protocol
provided by the manufacturer, as described in our previous study [16]. Three DNA replicates were taken
for each sample for the subsequent metagenomic sequencing. 

Metagenomic sequencing and data analysis
The DNA samples were sent to Mingke Biotechnology (Hangzhou) Co., Ltd., China for Illumina shotgun
high-throughput sequencing using the 150 PE sequencing strategy (paired-end sequencing, 150-bp
reads). Approximately 10 GB of raw data were generated for each sample. The sequences obtained were
saved in the National Center for Biotechnology Information (NCBI) database (SRA accession:
PRJNA648777). Raw sequences, including those smaller than 50 bp, with degenerate bases (N's), and
those with an average quality score below 20 were �ltered using Trimmomatic [36]. The �ltered clean
reads were assembled into contigs using Megahit [37]. Genes prediction was, then, conducted by
applying Prodigal [38], and the gene �les of the samples were obtained. Nonredundant gene sets with
less than 90% overlap and less than 95% shared sequence were constructed from the gene �les with CD-
HIT [39]. The clean reads of each sample were, then, mapped to the clean nonredundant gene sets using
salmon [40], and the abundance transcripts per million reads (TPM) of these nonredundant gene sets for
each sample were obtained. These genes were also blasted against the NR database in NCBI to obtain
the putative taxon assignments for each sample using diamond [41]. 

ARGs and bacterial ARG taxon annotations
The annotations of the patterns and bacterial taxa of ARGs were obtained from Hu et al. (2020) [42].
Brie�y, the genes were blasted against the Structured Antibiotic Resistance Genes database (SARG
version 2.0) [43] with an E-value of ≤ 10-7 to obtain the putative sequences of ARGs. Based on the TPM
abundance, the abundance of ARG types and subtypes for each sample (TPM) were obtained using
custom Perl scripts [42]. The ARG sequences were blasted against the NR database in NCBI to obtain the
bacterial taxon of ARGs for each sample using diamond [41]. The abundance (TPM) of the bacterial taxa
for the ARG types and subtypes in each sample was obtained with custom Perl scripts. 

Identi�cation of HPB and VFs
HPB were identi�ed by blasting against the HPB 16S, which are publicly available from the NCBI GenBank
(http://www.ncbi.nlm.nih.gov/), following the study of Fang et al. [44]. Genes for each sample were
blasted against the virulence factor database (http://www.mgc.ac.cn/VFs/) to identify VFs following the
study of Chen et al. (2012) [28]. 

https://www.sogou.com/link?url=DSOYnZeCC_q1868-9euhbYedM6U9RhG2AQ1sC6SDnf0.
http://www.ncbi.nlm.nih.gov/
http://www.mgc.ac.cn/VFs/
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Detection of ARGs in chromosomes or plasmids and source
tracking
The presence of ARGs in chromosomes or plasmids was determined using BLAST+ blastx against
1,044,458 complete plasmid sequences from the NCBI RefSeq database (updated in October 2019)
following Fresia et al. [29]. Hits with query coverage of over 90% amino and acid identi�cation of over
70% were retained. Taxonomic classi�cation was determined from the description header of both
plasmids and chromosomes. Source tracking analysis of the HPB and microbiota carrying ARGs or VFs
was conducted using Source Tracker (V0.9.5) in R (V3.4.4) following Knights et al. [45].

Results

Prevalence and abundance of ARGs and microbiota
carrying ARGs
Twenty-four types of ARG were detected in the samples (Fig. 1a). Multidrug ARGs were the most
predominant, with an average abundance of 4,710 ppm, followed by macrolide-lincosamide-
streptogramin (MLS; 4,570 ppm) and vancomycin (4,150 ppm) ARGs. A total of 492 subtypes of ARGs
were identi�ed. The macB subtype of MLS ARGs was the most abundant (ranging from 1,060 to 6,420
ppm, with an average of 3,590 ppm), followed by bcrA, a subtype of bacitracin ARGs (2,380 ppm), and
vanS, a subtype of vancomycin ARGs (1,540 ppm).

The abundances of ARGs in each sample ranged from 5,800 to 39,500 ppm (Fig. 1a). Sediment sample
S1 contained the most ARGs, with an average abundance of 38,800 ppm, followed by the duck feces
sample (33,000 ppm), and sediment sample S2 (32,400 ppm). The shrimp gut sample (SI) had the lowest
abundance of ARGs (5,850 ppm).

The most predominant phylum carrying ARGs were the Proteobacteria (Fig. 1b), with abundances ranging
from 355 to 18,300 ppm, with an average of 7,720 ppm, followed by Firmicutes (3,260 ppm), Chloro�exi
(2,510 ppm), Actinobacteria (1,790 ppm), Bacteroidetes (1,760 ppm), Cyanobacteria (1,200 ppm),
Planctomycetes (441 ppm), Verrucomicrobia (282 ppm), and Acidobacteria (173 ppm).
Chloro�exi_norank was found to be the most abundant genus carrying ARGs, with an average abundance
of 1,190 ppm, followed by Bacillus (757 ppm), Limnohabitans (710 ppm), Lactococcus (701 ppm), and
Anaeromyxobacter (409 ppm). The results of circos analysis showed that Proteobacteria, Cyanobacteria,
Firmicutes, Actinobacteria, Chloro�exi, Bacteroidetes, Planctomycetes, Verrucomicrobia, Nitrospirae, and
Acidobacteria contributed 94.49%~99.85% of the abundances of the most predominent ARGs, e.g. macB,
bcrA, vanS, vanR, ompR, truncated-ArlR and ABC_transporter in aquaculture (Fig. 2a). Among these phyla,
the most predominant phylum contributing for ARGs were the Proteobacteria, with the contribution of
27.38%~59.49% of the abundance of the most predominent ARGs, and with contributing 40.18% of the
abundance of macB, the most abundant ARG subtypes in aquaculture. For genera, Anaeromyxobacter,
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Planktothricoides, Lactococcus, Bacillus, Limnohabitans, Caldilinea, Planktothrix, Synechococcus,
Cyanobium, and Desulfuromonas also contributed 26.66%~51.63% of the abundance of the most
predominent ARGs, e.g. macB, bcrA, vanS, vanR and ABC_transporter in aquaculture (Fig. 2b).
Lactococcus contributed 8.80%, 8.63% and 3.36% of the abundances of macB, bcrA, and vanS, the three
most abundant ARG subtypes, respectively. Besides, Lactococcus contributed 14.61% and 11.74% of the
abundances of cystathionine-patB and ABC_transporter, respectively.

Sediment sample S1 contained the most microbes carrying ARGs (Fig. 1b), with an average abundance
of 38,800 ppm, followed by duck feces sample DF (33,000 ppm), sediment sample S2 (32,400 ppm),
water source sample WS1 (28,300 ppm), pond water sample PW1 (18,900 ppm), pond water sample PW2
(16,600 ppm), and water source sample WS2 (16,100 ppm). Shrimp gut sample SI contained the least
microbiota carrying ARGs, with an abundance of 5850 ppm.

Prevalence of HPB
HPB were prevalent in shrimp aquaculture. Fifty-two genera belonging to eight phyla were detected (Fig.
3). Firmicutes was the most abundant, with an average abundance of 11,900 ppm among the samples,
followed by Proteobacteria (1,490 ppm) and Actinobacteria (526 ppm). Staphylococcus, a member of the
Firmicutes phylum, was the most abundant HPB genus among the samples, with an average abundance
of 5,820 ppm, followed by Bacillus (4,260 ppm), Clostridium (965 ppm), and Streptococcus (813 ppm).

The total abundances of HPB in each sample ranged from 963 to 29,300 ppm. The shrimp gut samples
had the highest total abundance of HPB, with an average of 29,100 ppm (most of which were
Staphylococcus; 16,000 ppm), followed by sediment sample S2 (25,300 ppm), S1 (19,400 ppm), and the
feces sample (9,750 ppm). The total abundances of HPB in pond water samples PW1 and PW2 were
1,050 and 1,090 ppm, respectively. The water source of Farm 2, WS2, had the lowest total abundance of
HPB (1,000 ppm). A high abundance of HPB was identi�ed in the water source of Farm 1, WS1 (1,470
ppm), which was even higher than those of the pond water samples.

Prevalence of VFs and microbiota carrying VFs
A total of 363 VFs were identi�ed in the samples (Fig. 4a), of which VF Capsule was the most abundant,
ranging from 1,350 to 7,810 ppm, with an average abundance of 4,890 ppm, followed by
lipopolysaccharide (LPS, 4,610 ppm), Flagella (2,810 ppm), and Polar �agella (2,730 ppm). The
abundances of VFs ranged from 13,500 to 94,600 ppm in each sample, and sediment sample S1
contained the most VFs, with an average abundance of 92,000 ppm, followed by sediment sample S2
(80,700 ppm), water source sample WS1 (79,500 ppm), and the duck feces sample (78,700 ppm). Shrimp
gut sample SI contained the least VFs, with an average abundance of 13,600 ppm.
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Seven HPB phyla containing 42 HPB genera carrying VFs were identi�ed. Firmicutes was the most
predominent phylum, with an average abundance of 362 ppm, followed by Proteobacteria. For HPB
genera, Bacillus was the most abundant, with an average abundance of 253.5 ppm, followed by
Clostridium (22.26 ppm). Circos analysis showed that Firmicutes, Proteobacteria, Actinobacteria,
Bacteroidetes, Spirochaetes, Fusobacteria and Chlamydiae contributed 99.99%~100% of the abundances
of the most predominent VFs, e.g. Capsule, LPS, Flagella, Capsule-I, HitABC, and Polar-�agella, etc in
aquaculture (Fig. 5a). Among these HPB phyla, the largest contributor for VFs was Firmicutes, with the
contribution of 58.37%~89.41% of the abundance of the most predominent VFs, and with contributing
78.73% of the abundance of Capsule, the most abundant VF in aquaculture. For HPB genera, Bacillus,
Mycobacterium, Pseudomonas, Streptococcus, Bordetella, Clostridium, Aeromonas, Actinomadura,
Bacteroides and Vibrio contributed 92.67%~99.61% of the abundance of the most predominent VFs, e.g.
Capsule, LPS, Flagella, Colibactin, HitABC, LOS, and Polar �agella (Fig. 5b). Bacillus contributed
52.94%~86.14% of the abundance of the most predominent VFs, and 72.53%, 52.94% and 78.61% of the
abundances of Capsule, LPS and Flagella, the three most abundant VFs, respectively.

Sediment sample S2 contained the most abundant HPB carrying VFs (Fig. 4b), with an average
abundance of 1,005 ppm, followed by S1 (746 ppm) and the duck feces sample (617 ppm). The average
abundance of HPB carrying VFs in the shrimp gut samples was 530 ppm, with Bacillus being the most
predominent HPB genera, with the proportion of 95.07%, followed by Streptococcus (1.99%) and
Staphylococcus (0.84%).

Occurrence of ARGs on the chromosomes and plasmids
Twenty types of ARG were identi�ed on both the chromosomes and plasmids; most of them were found
on the chromosomes, with an average abundance of 8,840 ppm (62.3%) (Fig. 6a). All ARG types were
more prevalent on the chromosomes than on the plasmids, with proportions ranging from 53.4%
(trimethoprim ARGs) to 84.2% (kasugamycin ARGs), excluding aminoglycoside ARGs, whose proportion
on the plasmids was 56.4%. MLS ARGs were the most abundant, with a value of 3,304 ppm (23.3%),
followed by tetracycline (2,700 ppm, 19.1%) and multidrug (2,340 ppm, 16.5%) ARGs.

Among the different samples, the duck feces samples contained the most amount of ARGs on the
chromosomes and plasmids (Fig. 6b), with an abundance of 27,000 ppm, followed by the sediment
(15,500 ppm) and water (11,100 ppm) samples. The shrimp gut samples contained the lowest amount of
ARGs (3,190 ppm).

Source tracking results
Figure 7a shows the results of the source tracking of microbiota in the sediment. Unknown microbiota
accounted for the largest proportion of the microbiome and contained 59.6%, 66.2%, and 99.9% of the
ARGs, VFs, and HPB groups, respectively; the second largest proportion of the microbiome was found in
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pond water, followed by the water source samples. Duck feces contributed to 1.06%–1.51% of microbiota
in the sediment.

The source of the microbiota of shrimp guts is presented in Fig. 7b. Sediment was the largest contributor,
accounting for 62.2%, 75.1%, and 89.5% of the ARGs, VFs, and HPB groups, respectively, followed by the
unknown source and water sources.

Discussion
Most previous studies on the occurrence and concentrations of ARGs in aquaculture were conducted
following uPCR and qPCR approaches [7, 8, 16–21]. However, owing to the limits of uPCR and qPCR, the
full pro�les of ARGs could not be described. The metagenomic analysis may be used to overcome these
limitations. In this study, 492 subtypes of 24 types of ARGs were detected in the aquaculture system.
macB was the most abundant ARG subtype, conferring resistance to macrolides, which could be
attributed to the high amount of residual macrolide antibiotics in the feed [22, 23]. The vanS subtype of
ARGs, conferring resistance to vancomycin, was the third-most abundant in the aquaculture system. The
use of vancomycin in livestock and aquaculture was banned by the Ministry of Agriculture and Rural
Affairs, People's Republic of China in 2001. These results suggest that ARGs would persist for over a
decade without the selective pressure of antibiotics. Through metagenomic analysis, Chen et al. found
that the total abundance of ARGs in the sediment of bullfrog farms ranged from 8.6 to 111.2 ppm [12].
Higher prevalence and abundance of ARGs were detected in this study. The total abundances of ARGs in
each sample ranged from 5800 to 39,500 ppm, and the sediment sample contained the most ARGs, with
an average abundance of 38,800 ppm.

Plasmids, as an important MGE, play a key role in the dissemination of ARGs in the environment [24]. Che
et al. [25] found that the ARGs in the MGEs accounted for 55% of the total ARGs in samples from a
wastewater treatment plant, whereas those on the chromosome accounted for 29%. However, a higher
prevalence of ARGs was observed on the chromosome in this study, accounting for an average of 62.3%.
Che et al. detected higher proportions of ARGs in the MGEs most likely because mobile genes �ow and
communicate most frequently in wastewater [24, 26].

Analyzing the microbiota carrying ARGs and/or VFs aided in understanding the occurrence, source, and
distribution of ARGs and/or VFs in aquaculture systems. Zeng et al. reported that the abundances of
Proteobacteria, Bacteroidetes, Actinobacteria, and Verrucomicrobia increased in the gut of cat�sh
exposed to standard therapeutic 10-d �orfenicol treatment and inferred that these bacteria either harbor
�orfenicol resistance genes (FRGs) or is characterized by bene�cial mutations that lead to their increased
abundance [10]. In this study, Proteobacteria was the most predominant microbiota carrying ARGs in the
aquaculture system, followed by Firmicutes, Chloro�exi, Actinobacteria, Bacteroidetes, Cyanobacteria,
Planctomycetes, and Verrucomicrobia. The producer hypothesis states that the ARGs in other bacteria
could have originated from Actinobacteria that produce antibiotics by ancient horizontal gene transfer
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(HGT) [27]. From the results of this study and the previous study, it could be inferred that Proteobacteria
is currently the main contributor to the dissemination of ARGs, rather than Actinobacteria.

VFs provide bene�cial mechanisms and help pathogens to establish infections, cause diseases, and
survive in disadvantageous environments [28]. Fresia et al. reported that the abundance and diversity of
VFs in sewage samples were higher than those in beach samples, and VFs involving bacterial motility,
cell adherence, iron uptake, and secretion were predominant in the sewage samples. They concluded that
urban waters served as a reservoir and medium for VFs responsible for clinically relevant bacteria and
their transport [29]. Unlike the results of Fresia et al. [29], VFs such as Capsule with the antiphagocytosis
function, LPS, with the endotoxin function, and Flagella, with the invasion function, were predominant in
our study. HPB carrying VFs with diverse functions were observed in each aquaculture sample, even in the
reared shrimp, posing high risks to human health and food safety.

HPB can easily capture multiple ARGs and form multidrug-resistant (MDR) bacteria and even Superbugs
[30–32]. Additionally, HPB harbor VFs with diverse functions [28]. Therefore, humans are readily infected
by HPB with MDR genes and pathogenicity via contact or the consumption of raw vegetables [33]. Che et
al. [25] and Fresia et al. [29] observed high HPB abundance in wastewater samples, which is likely
because the hospital and domestic wastewater containing samples of the human gut microbiome
converge and are treated in the sewage system, from which HPB are discharged into the environment
through the e�uent pipes [26]. In this study, 52 genera of HPB were identi�ed in the shrimp gut samples,
which had VF and HPB abundances of 13,600 and 29,100 ppm, respectively. Among the HPB phyla,
Firmicutes contributed 58.37%~89.41% of the abundance of the most predominent VFs. For HPB genera,
Staphylococcus was the most abundant HPB in the shrimp gut, with an abundance of 16,000 ppm. Other
HPB present included Aeromonas, Bacillus, Clostridium, Streptococcus, Salmonella, Serratia, and
Mycobacterium. Staphylococcus is a highly pathogenic bacteria and Superbug that can cause severe
infections even lethality, particularly the common methicillin-resistant Staphylococcus aureus (MRSA)
with MDR genes [34]. Overall, the �ndings of our study and those of previous studies indicate that the
presence of HPB in aquaculture, particularly in reared shrimp, poses severe risks to human health and
food safety, and the source of HPB should be investigated and traced to improve public health
surveillance.

The source tracking results indicate that unknown microbiota contained most of the ARGs, VFs, and HPB
in the sediment, Therefore, more sources should be considered in the analysis besides the source water,
pond water, and duck feces samples in future studies. Sediment was found to contribute the most ARGs,
VFs, and HPB to the shrimp gut samples, which was consistent with the �ndings of our previous study
[35]; this demonstrates that the sediment is the most direct and important medium in the dissemination
of ARGs in aquaculture. Meanwhile, water source contributed 4.70% of the VFs and 7.42% of HPB in the
shrimp gut samples, suggesting that the water source used in aquaculture should be monitored and
protected to avoid the risks posed by VFs and HPB to human health and food safety.

Conclusions
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This study provides in-depth pro�les of the prevalence and distribution of ARGs, VFs, and HPB in
aquaculture. High abundances and diversity of ARGs, VFs, and HPB were observed in duck feces, water
source, pond water, sediment, and shrimp gut samples. Proteobacteria were the most predominant
microbiota carrying ARGs, and the prevalence of ARGs in the microbial chromosomes was higher than
that in the plasmids. Capsule was the most abundant VF and Firmicutes was the most abundant HPB,
followed by Proteobacteria. The sediment was the most direct and important medium that contributed to
the concentrations of ARGs, VFs, and HPB in the shrimp guts. The presence of HPB in aquaculture
systems, particularly the high abundance of Staphylococcus in shrimp guts, poses a severe risk to human
health and food safety. The water source of aquaculture systems should be supervised and preserved.
The �ndings of this study provide a better understanding of the dissemination and hosts of ARGs and
VFs and can aid in improving aquaculture management and public health surveillance.
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Figure 1

Abundances of antibiotic resistance genes (ARGs) and microbiota carrying ARGs for the samples in
aquaculture. a Heatmap showing the abundances of ARG types and subtypes. b Heatmap showing the
abundances of microbiota carrying ARGs for phyla and genera.

Figure 2

Circos analysis between the ARG subtypes and the microbiota carrying ARGs. a The top 15 most
abundant ARG subtypes and the top ten most abundant phyla carrying ARGs. b The top 15 most
abundant ARG subtypes and the top ten most abundant genera carrying ARGs.



Page 17/21

Figure 3

Abundances of human pathogenic bacteria (HPB) for the samples in aquaculture.
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Figure 4

Abundances of virulence factors (VFs) and human pathogenic bacteria (HPB) carrying VFs for the
samples in aquaculture. a Heatmap showing the abundances of VFs. b Heatmap showing the
abundances of HPB carrying VFs for phyla and genera.
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Figure 5

Circos analysis between the virulence factors (VFs) and the human pathogenic bacteria (HPB) carrying
VFs. a The top 15 most abundant VFs and the top ten most abundant phyla carrying VFs. b The top 15
most abundant VFs and the top ten most abundant genera carrying VFs.



Page 20/21

Figure 6

Abundances of ARGs types on different vectors. a Barplot showing the Abundances of ARGs types on
bacterial chromosomes (black) or plasmids (red). b Barplot showing the total Abundance of ARGs types
in the samples on bacterial chromosomes (black) or plasmids (red).
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Figure 7

Source tracking analysis of microbiota in the samples. a Pieplot showing the sources of microbiota in the
sediment for ARGs, VFs and HPB. b Pieplot showing the sources of microbiota in the shrimp gut samples
for ARGs, VFs and HPB. DF, duck feces; PW, pond water; WS, water source; S, sediment; Unknow, an
unknown source.


