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e New STs (17) and possible evolutionary
relationships with other STs were
identified. —_—

e Over 140 resistance genes provided a Z =
snapshot of the aquaculture resistome.

e Many resistance genes found are com-
mon to those of clinical isolates (e.g.
qnrB19).

e Many ARGs detected (e.g. sul) are asso- =
ciated to antibiotics used in aquaculture.

e Several (74.2 %) strains studied were
classified as pathogenic to human.
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ARTICLE INFO ABSTRACT

Editor: Damia Barcelo Aquaculture environments can be hotspots for resistance genes through the surrounding environment. Our
objective was to study the resistome, virulome and mobilome of Gram-negative bacteria isolated in seabream and

Keywords: bivalve molluscs, using a WGS approach. Sixty-six Gram-negative strains (Aeromonadaceae, Enterobacteriaceae,

Seabream

Hafniaceae, Morganellaceae, Pseudomonadaceae, Shewanellaceae, Vibrionaceae, and Yersiniaceae families) were
selected for genomic characterization. The species and MLST were determined, and antibiotic/disinfectants/
Resistome heavy metals resistance genes, virulence determinants, MGE, and pathogenicity to humans were investigated.
Virulome Our study revealed new sequence-types (e.g. Aeromonas spp. ST879, ST880, ST881, ST882, ST883, ST887,
Mobilome ST888; Shewanella spp. ST40, ST57, ST58, ST60, ST61, ST62; Vibrio spp. ST206, ST205). >140 different genes
were identified in the resistome of seabream and bivalve molluscs, encompassing genes associated with p-lac-
tams, tetracyclines, aminoglycosides, quinolones, sulfonamides, trimethoprim, phenicols, macrolides and
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fosfomycin resistance. Disinfectant resistance genes qacE-type, sitABCD-type and formA-type were found. Heavy
metals resistance genes mdt, acr and sil stood out as the most frequent. Most resistance genes were associated
with antibiotics/disinfectants/heavy metals commonly used in aquaculture settings. We also identified 25
different genes related with increased virulence, namely associated with adherence, colonization, toxins pro-
duction, red blood cell lysis, iron metabolism, escape from the immune system of the host. Furthermore, 74.2 %
of the strains analysed were considered pathogenic to humans. We investigated the genetic environment of
several antibiotic resistance genes, including blatgwm.1p, blarox.1s, aph(3")-Ib, dfrA-type, aadAl, catAl-type, tet
(A)/(E), qnrB19 and sull/2. Our analysis also focused on identifying MGE in proximity to these genes (e.g. IntI1,
plasmids and TnAs), which could potentially facilitate the spread of resistance among bacteria across different
environments. This study provides a comprehensive examination of the diversity of resistance genes that can be
transferred to both humans and the environment, with the recognition that aquaculture and the broader envi-
ronment play crucial roles as intermediaries within this complex transmission network.

1. Introduction

Water is a rich environment encompassing several organisms (such
as fish, bivalve molluscs, and algae) along with their respective micro-
biomes. Additionally, water serves as a convergence point for bacteria
originated from other environments (human and animal) (Baquero
et al., 2008). Aquaculture farms are examples of such diverse environ-
ments, where the use of antibiotics can increment selective pressure
among commensals as well as pathogenic bacteria (Done et al., 2015;
Gastalho et al., 2014).

In aquaculture settings, antibiotics are usually administrated mixed
in food, which exposes both diseased and healthy animals to these
substances (Ottinger et al., 2016; Topp et al., 2018). Uneaten food
containing antibiotics, as well as unabsorbed antibiotics or their by-
products that are excreted in urine and faeces, can be carried by water
currents to other sites, thereby exposing other animals to these sub-
stances. Aquaculture, particularly in coastal environments, can be
influenced by sewage and land run-off (mainly due to high rainfall in
certain periods), as well as marine birds or mammals, and may
concomitantly contain various bacteria, as well as various heavy metals,
antibiotics and organic substances. This confluence of factors can pro-
mote selective pressure on bacteria normally present in the aquatic
environment. For that reason, marine bivalve molluscs can serve as
potential indicators of multidrug-resistant Escherichia coli and other
species of the Enterobacteriaceae family (Grevskott et al., 2017). In
addition, human activities, like maritime traffic, industry, agriculture,
hospitals, tourism, and water from treatment plants can also contribute
to the contamination of aquatic environments, including aquaculture
farms (Done et al., 2015; Gastalho et al., 2014). The statistically sig-
nificant decrease in susceptibility to oxytetracycline found in Japanese
oysters during the summer, which could be directly influenced by the
factors described above, such as bird migration, was previously
demonstrated by us (Salgueiro et al., 2021). Additionally, Salgueiro
et al. (2023) illustrated that Staphylococcus aureus ST398, isolated in a
gilthead seabream from aquaculture, could had an environmental origin
due to the tank’s exposure to seawater and, consequently, to antibiotics,
bacteria and resistance determinants from different locations (Salgueiro
et al., 2023).

It is known that antibiotics, even in sublethal concentrations, inter-
fere in the regulation of gene expression and interaction between bac-
teria, promoting genetic exchanges. In addition, these exchanges can be
facilitated by the presence of bacteria at high densities in small areas, as
observed in bivalve molluscs due to their filter-feeding habit, as well as
in biofilms, which play a crucial role in bacterial persistence in water
environments. The presence of heavy metals or disinfectants can also
contribute to the selection of antibiotic resistance through cross-
resistance events, as these elements serve as substrates for efflux
pumps. Additionally, genes responsible for tolerance to heavy metals
and disinfectants can be located in the same genetic elements as anti-
biotic resistance genes (ARG) (Finley et al., 2013; Lupo et al., 2012).
Several theories support that some of the ARG frequently found in
clinical isolates were originated in aquatic bacteria, such as mcr

(conferring colistin resistance) and blapxa.4g (conferring carbapenem
resistance) genes that probably derived from the chromosome of She-
wanella spp., a bacterium typical from freshwater and marine environ-
ments (Poirel et al., 2012, 2005; Cabello and Godfrey, 2018). Likewise,
plasmid-mediated blaampc genes may have originated from other
aquatic bacteria, such as Hafnia alvei and Aeromonas hydrophila, or from
bacteria that circulate between various environments (like water and
gut), such as Enterobacter asburiae and Citrobacter freundii (Lupo et al.,
2012). The hypothesis is that these genes jumped from the chromosomes
of these aquatic species under the pressure of antibiotic application,
facilitated by mobile genetic elements (MGE) such as insertion se-
quences (IS) and plasmids. Subsequently, they disseminated into bac-
teria commonly found in clinical settings (Lupo et al., 2012; Poirel et al.,
2012, 2005; Cabello and Godfrey, 2018). Acquired antibiotic resistance
can result from mutations in genes already present in the bacterial
chromosome or through the acquisition of genetic material via hori-
zontal gene transfer (HGT) using three mechanisms: conjugation,
transformation, and transduction (Nadeem et al., 2020). Due to the high
abundance of phages in water environments, transduction represents an
important vehicle for ARG acquisition (Breitbart, 2012). Thus, aqua-
culture environments can serve as reservoirs of antibiotic resistance
(Nadeem et al., 2020).

Whole Genome Sequencing (WGS) represents one of the most
comprehensive technologies nowadays. Therefore, this study used WGS
on bacteria isolated in fish and bivalve molluscs from aquaculture pro-
duction. Samples were collected directly from aquaculture farms and
markets to identify which determinants of resistance and virulence, as
well as MGE, are circulating in this environment in order to understand
the contribution of aquaculture sources in the emergence and spread of
antibiotic resistance. Thus, this study aims to comprehensively search
and analyse not only the genes conferring resistance (resistome), but
also the MGE that could be associated with their dissemination (mobi-
lome), as well as genes related to virulence (virulome), whose presence
unquestionably depends on the natural environment or anthropogenic
factors, rather than solely relying on the metabolism of fish or bivalve
molluscs (Wanyan et al., 2023). In fact, this is the first study in Portugal
that deepens into the diversity of resistance genes that can be trans-
mitted to humans and to the environment. It recognizes both the envi-
ronment and aquaculture as intermediaries in a complex chain.

2. Materials and methods
2.1. Characterization of the bacterial collection

In 2018 and 2019, samples of Sparus aurata (muscle, gills, skin, in-
testine) were collected from aquaculture farm 7 in the southern region of
Portugal, as well as from a market. On the other hand, in 2019, bivalve
molluscs’ samples were collected in 6 Portuguese aquaculture farms:
Crassostrea gigas from aquaculture farms 1 (southern region), 5 and 6
(central region); Mytilus sp. from aquaculture farms 2, 3 and 4 (southern
region); and Ruditapes decussatus from aquaculture farm 1. Mytilus sp.
were purchased from a market (central region), imported from Spain but
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with the depuration process performed in Portugal. All analyses were
performed at the National Institute of Health Dr. Ricardo Jorge. Sample
preparation and bacterial isolation procedures have been previously
described elsewhere (Salgueiro et al., 2021, 2020). These procedures
involved the use of selective media with different standard antibiotic
concentrations (100 mg/L of amoxicillin, 2 mg/L of cefotaxime, 20 mg/
L of chloramphenicol, 0.5 mg/L of colistin, 50 mg/L of nalidixic acid and
8 mg/L of oxytetracycline) that allowed an initial screening of decreased
susceptibilities. Only individual colonies with distinct morphology were
selected to ensure no duplications were included.

A total of 66 Gram-negative strains were selected for genomic
characterization. Among these, 53 fulfilled the criteria of non-
susceptibility to at least one group of the following antibiotics: fB-lac-
tams, aminoglycosides, folate pathway antagonists, phenicols, quino-
lones, polymyxins or tetracyclines. The other 13 bacterial strains were
randomly selected from a susceptible group of 56 Gram-negative strains,
with the purpose of understanding whether there were any ARG related
to antibiotics that were not tested or ARG whose resistance phenotype
was not detected by the methods used in this study. The distribution of
strains among bacterial families, aquaculture species and origin (aqua-
culture farm and market) can be found in Table S1.

2.2. Identification of bacterial strains and antibiotic susceptibility testing

At the time of strains isolation, bacterial species identification was
performed by VITEK MS (BioMérieux, Marcy-I’Etoile, France) or
amplification of the 16S rRNA gene, as previously described (Jones-Dias
et al.,, 2016b). Posteriorly, antibiotic susceptibility testing was per-
formed by disk diffusion (Bio-Rad, Marnes-la-Coquette, France) and
minimum inhibitory concentration (MIC) by an in-house broth micro-
dilution. The antibiotics tested and their respective breakpoints are
described in Table S2. Strains were considered multidrug resistant if
they presented a resistant phenotype to three or more structurally un-
related antibiotics.

2.3. Genomic DNA extraction and preparation

Genomic DNA of the 66 Gram-negative strains was extracted using
the MagNA Pure 96 Instrument (Roche, Manheim, Germany) and
quantified using the Qubit Fluorometric Quantitation (Thermo Fisher
Scientific, Waltham, MA), following the manufacturer’s instructions.

2.4. Whole genome sequencing

Libraries were prepared from 1 ng of genomic DNA using the dual-
indexed Nextera XT Illumina library preparation kit. Subsequently,
cluster generation and paired-end sequencing (2 x 150 bp for half of the
strains and 2 x 250 bp for the other half; more detail in Table S3) were
performed on a MiSeq Illumina platform (Illumina Inc., San Diego, CA),
according to manufacturer’s instructions.

2.5. Data analysis and molecular characterization

Sequence reads were subjected to trimming and filtering based on
quality criteria, and de novo assembly was performed using CLC Ge-
nomics Workbench version 21.0.3 (QIAGEN, Aarhus, Denmark). Online
tools and databases available at the Center for Genomic Epidemiology
(CGE) (https://www.genomicepidemiology.org/; accessed on 25 July
2022) were used to confirm bacterial species identification (KmerFinder
3.2), predict multilocus sequence type (MLST), whenever available
(MLST 2.0), investigate the presence of antibiotic and disinfectant
resistance genes (ResFinder 4.1), virulence genes (VirulenceFinder 2.0),
plasmids (PlasmidFinder 2.1), and other MGE, as well as their relation to
ARG and virulence factors (MobileElementFinder version 1.0.3), and to
estimate bacteria’s pathogenicity towards human hosts (PathogenFinder
1.1) (Bortolaia et al., 2020; Carattoli et al., 2014; Cosentino et al., 2013;
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Johansson et al., 2021; Larsen et al., 2014, 2012; Tetzschner et al.,
2020). New sequence types (ST) were submitted to the respective
database in PubMLST (https://pubmlst.org/; accessed on 25 July 2022).
A Minimum Spanning Tree (MST) was constructed using CLC Genomics
Workbench version 21.0.3 based on MLST, for Aeromonas spp., Cit-
robacter spp., Enterobacter cloacae complex, Shewanella spp. and Vibrio
spp. strains that exhibited new ST. The purpose was to investigate the
possible evolutionary relationships between these strains, using schemes
from PubMLST database, single linkage, and Manhattan distance.

Single nucleotide polymorphisms (SNPs) analysis was performed
using CSI Phylogeny 1.4 web tool with default parameters and E. coli
SCU-104 (CP053284) as reference, to construct a phylogenetic tree and
a SNPs matrix with all E. coli detected in this study (Kaas et al., 2014).
The phylogenetic tree image was edited with CLC Genomics Workbench
version 21.0.3. The network of E. coli isolates was created with the
pairwise SNP distances matrix, using the GraphSNP viewer (Permana
et al., 2023). Each node represents an isolate while the edge represents
the SNPs distance between two isolates. A threshold of <15 SNPs dif-
ference was used to filter the edges in the network. The Comprehensive
Antibiotic Resistance Database (CARD) was also used to investigate the
presence of ARG and PHASTER search web tool allowed the identifica-
tion and annotation of prophage sequences (Alcock et al., 2020; Arndt
et al., 2016). The online tool RFPlasmid was used to predict chromo-
somal or plasmid location of the previously identified genes (van der
Graaf-Van Bloois et al., 2021). For visualizing and comparing the contigs
harboring qnrB19 genes that were determined to have a plasmid loca-
tion, the BLAST Ring Image Generator (BRIG, v. 0.95) was used (Alikhan
et al., 2011). This tool generated a circular image facilitating the com-
parison of all relevant contigs. As reference, the closest plasmid se-
quences obtained through the NCBI Microbial genomes BLAST analysis
were used. ISsaga was used to complement the search of MGE, such as
insertion sequences (Varani et al., 2011). All analysis were performed
using default parameters. CLC Genomics Workbench version 21.0.3 was
also used to search for integrons, heavy metals resistance genes, using
Antibacterial biocide and metal resistance genes (BacMet) database
version 2.0 (Pal et al., 2014), as well as to study the genetic environment
of ARG.

2.6. Nucleotide sequence accession numbers

The genomes of the 66 bacterial strains included in this study were
deposited in GenBank under BioProject number PRINA762299. More
information about accession numbers, contigs, consensus length and
average coverage is available in Table S3. New alleles numbering for
B-lactamases genes were requested at NCBI (https://www.ncbi.nlm.nih.
gov/pathogens/submit-beta-lactamase/; accessed on 25 July 2022) and
are the following: MZ092825 (blagppx.1g from INSAq178), MZ359745
(blargr-3 from INSAq228), MZ092824 (blacrx-m-24¢ from INSAQ229),
MZ359742 (blapia.; from INSAQ240), MZ092826 (blapox.19 from
INSAq241), MZ092827 (blapxa-960 from INSAq243), MZ092828 (blapxa-
961 from INSAQ334), MZ092822 (blacmy.17s from INSAq424),
MZ092830 (blapxa-963 from INSAqQ494) and MZ092832 (blapxa-96s from
INSAq497).

3. Results and discussion
3.1. Identification of bacterial strains

The online tool KmerFinder 3.2 was utilized to confirm the species of
all 66 Gram-negative strains selected for this study, previously identified
by either MALDI-TOF or amplification of the 16S rRNA gene. The results
revealed that 18 strains belonging to the families Aeromonadaceae,
Enterobacteriaceae, Hafniaceae, Morganellaceae, and Shewanellaceae were
misidentified. Additionally, the use of KmerFinder 3.2 allowed the
identification of 7 strains at the species level, within the genera Aero-
monas, Enterobacter, Hafnia, Serratia, and Vibrio (Table S4). However,
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subsequent analysis using Average Nucleotide Identity (ANI) on Gen-
Bank revealed corrections in the identification of 6 strains. Specifically,
one Aeromonas veronii strain was changed to Aeromonas allosacchar-
ophila, one Proteus vulgaris strain was changed to Proteus terrae and three
C. freundii/C. freundii complex strains were changed to Citrobacter por-
tucalensis (Table S4). This confirms the difficulties already described in
other works to identify closely related members from these genera to the
species level (Fernandez-Bravo and Figueras, 2020; Richter et al., 2013).
Only identifications provided by KmerFinder 3.2 and confirmed by ANI
will be used throughout this study.

Therefore, all strains included in this study belong to one of the
following species: A. allosaccharophila (n = 2), Aeromonas caviae (n = 1),
Aeromonas media (n = 1), Aeromonas rivipollensis (n = 2), Aeromonas
salmonicida (n = 2), C. freundii (n = 2), C. portucalensis (n = 3), E. asburiae
(n = 1), Enterobacter hormaechei (n = 4), Escherichia coli (n = 11), Hafnia
alvei (n = 1), Hafnia paralvei (n = 6), Klebsiella michiganensis (n = 1),
Klebsiella pneumoniae (n = 2), Kluyvera intermedia (n = 1), Leclercia
adecarboxylata (n = 2), Lelliottia amnigena (n = 1), Obesumbacterium
proteus (n = 4), P. terrae (n = 1), Pseudomonas stutzeri (n = 2), Raoultella
ornithinolytica (n = 3), Raoultella planticola (n = 1), Raoultella terrigena (n
= 1), Serratia liquefaciens (n = 1), Shewanella algae (n = 4), Shewanella
chilikensis (n = 2), Shewanella indica (n = 1), Vibrio alginolyticus (n = 1),
Vibrio antiquarius (n = 1), and Vibrio diabolicus (n = 1). All species,
except for P. terrae, have been previously associated with water envi-
ronments and/or aquatic animals (Harmon et al., 2019; Salgueiro et al.,
2021, 2020). Nevertheless, to the best of our knowledge, this is the first
report of C. portucalensis, K. intermedia, R. terrigena, and S. liquefaciens in
S. aurata (acquired in market), as well as P. terrae and S. chilikensis in
Mytilus sp. (acquired in market and farm 2) and C. portucalensis in
C. gigas and R. decussatus (acquired in farm 1) from aquaculture.

3.2. Genetic diversity

MLST was performed for 40 strains (Tables 1 and 2), representing
various species including Aeromonas spp., C. freundii complex, E. cloacae
complex, E. coli, K. pneumoniae, Shewanella spp. and Vibrio spp.

3.2.1. Aeromonas spp.

Within the genus Aeromonas, a single strain of A. caviae (isolated
from mussels acquired in the market) was assigned to ST368. In contrast,
the other 7 strains (from gilthead seabream’s muscle and mussels ac-
quired in the market) presented new STs: ST879, ST880, ST881, ST882,
ST883, ST887, and ST888. In the MST depicted in Fig. 1 A.1 (and Fig. S1
A), we can observe that the new ST879, ST880, ST882, ST883 and ST888
share a putative founder, namely ST1251, which belongs to A. caviae
and was isolated from drinking water in Bangladesh, in 2013 (PubMLST
database id 1182). These new STs show differences in 6 loci compared to
ST1251. Among them, ST883 is particularly closely related to ST193
(isolated in vegetables from Italy, in 2011; PubMLST database id 213),
differing by only 5 loci. On the other hand, ST113 (from
A. allosaccharophila isolated in Cyprinus carpio from China, in 2011;
PubMLST database id 125) and ST483 (from A. hydrophila recovered
from meat samples from China, in 2014; PubMLST database id 547) are
the closest to ST888, from which they differ in 5 loci. In Fig. 1 A.2 (and
Fig. S1 A), we can see the new ST887, that differ in 5 loci compared to its
putative founder, ST477, originating from A. hydrophila isolated in
seafood from China, in 2014 (PubMLST database id 541). Finally, the
remaining newly identified ST in this family, ST881, differs in 5 loci
from ST459 (Fig. 1 A.3 and Fig. S1 A) previously found in A. veronii
isolated from meat samples in China, in 2014 (PubMLST database id
524). Additionally, A. caviae ST368 has been previously isolated from
human blood in Spain, in 2014 (PubMLST database id 424).

3.2.2. Citrobacter freundii complex
The C. freundii isolates in our study belonged to 2 different STs: ST64
and ST169. ST64 was recovered in this study from the muscle of a

Science of the Total Environment 905 (2023) 166351

gilthead seabream (collected in farm 7) and previously reported by Villa
and colleagues in association with a C. freundii strain harboring blayy.1
and blagpc.o genes, collected from a hospitalized patient (Villa et al.,
2017). On the other hand, ST169, which has been linked to carbapen-
emase production (OXA-48 and VIM-1), was previously isolated in the
digestive tract of patients with acute leukaemia (Lalaoui et al., 2019)
and, in our study, ST169 was found in mussels acquired in a market.
The three strains of C. portucalensis identified in the present study,
had different STs: ST85 isolated in gilthead seabream’s gills acquired in
the market, ST416 found in Japanese oysters from farm 1 and a new ST
(ST971) isolated in clams also from farm 1. According to PubMLST
database, ST85 and ST416 were already associated with Citrobacter sp.
isolated in humans from China and Ireland, respectively. In MST shown
in Fig. S2 A, the new ST971 clusters together with ST343 (identified in
Citrobacter sp. isolated in food samples from China, in 2017; PubMLST
database id 315) and ST834 (of unknown origin), differing by 5 loci.

3.2.3. Enterobacter cloacae complex

All strains belonging to the E. cloacae complex (four E. hormaechei
and one E. asburiae) found in this study, were isolated in gilthead
seabream from farm 7. Among these strains, only two shared the same
ST, while one is new due to the presence of new alleles (ST1994). In MST
shown in Fig. 1 B.1 and Fig. S1 B, the putative founder of ST1994 is
ST483, which has been previously identified in Citrobacter species iso-
lated from humans in the United States of America in 2018 (PubMLST
database id 415). ST1994 differs from its putative founder, ST483, by 5
loci. Regarding the distribution of the strains E. hormaechei ST170, one
E. hormaechei ST190 and E. asburiae ST1994 were found in different
samples from the same fish (muscle and skin). The other E. hormaechei
ST190 and E. hormaechei ST664 were detected in muscle samples from
distinct fish. To the best of our knowledge, this is the first description of
ST170, ST190 and ST664 in aquaculture reservoirs. However, ST190 has
been previously reported in other studies involving human clinical
samples, namely by Lin et al. (2020), that identified this ST in an
E. cloacae with 19 resistance genes (such as mcr-9, catAl and dfrA1).
Similarly Liu et al. (2021), linked this ST with non-susceptible carba-
penemase isolates of E. cloacae complex producers of KPC-2 and IMP
carbapenemases, among others (Liu et al., 2021).

3.2.4. Escherichia coli

The 11 strains of E. coli studied belonged to three different ST based
on their origin: ST10 (n = 8), isolated from mussels in farm 4; ST58 (n =
1), found in the intestine of a gilthead seabream acquired from the
market; and ST2607 (n = 2), isolated from the gills of a gilthead seab-
ream in farm 7.

ST10 is a well-known ST among E. coli strains responsible for human
extraintestinal infections worldwide (Manges et al., 2019). It has also
been described in Venus clam (Ruditapes philippinarum) acquired from
the market, where it was associated with blayyy., (Roschanski et al.,
2017). Furthermore, ST10 has been associated with poultry, vegetables
and water sources harboring CTX-M extended-spectrum f-lactamases
(ESBL) (Miiller et al., 2016). Although belonging to the same ST,
phylogenetic and network analysis showed that these eight E. coli ST10
are not indistinguishable, with a pairwise nucleotide distance between 6
and 15 SNPs (Fig. S3A-B, and Table S5). These E. coli ST10 also present
some differences regarding ARG, virulence factors, heavy metal resis-
tance genes, MGE, and others (discussed in the next sections). There is
no agreement between the authors regarding the SNPs cut-off to con-
siderer whether strains are related or not. However, according to the
relatedness criteria for E. coli SNP typing scheme of Schiirch et al. (2018)
(<10SNPs), INSAQ316 is closely related to INSAq317 and INSAq319;
additionally, INSAq317 is closely related to INSAq324; lastly, INSAq321
is closely related to INSAq354 (Fig. S3B).

ST58 is widely distributed worldwide and has been collected from
various sources, including clam Chamelea gallina, humans, cattle, swine,
poultry, birds, companion animals, water, and store-bought produce
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Table 1
Summary of the results obtained by antibiotic susceptibility testing and the investigation of Multilocus sequence type (MLST), antibiotic/disinfectant resistance genes,
virulence factors, mobile genetic elements (MGE), phage regions and pathogenicity towards human hosts for fish samples acquired in farm 7 (A) and market (B).

Strain Organ MLST NS Antibiotic Disinfectant Virulence Plasmids Others mobile Nr. of Human
profile resistance resistance factors genetic elements phage pathogen
genes genes regions probability

(%)

A) Aquaculture farm 7

Citrobacter
freundii (n = 1)
INSAq43 Muscle ST64 AMC, blacyy.41 (C) formA-type - Col 1S30-type, 1S102- 2 86.1
FLO, ®) (pHAD28)- type, ISEam1-type,
FOX type, pKPC- ISEcl1-type, ISKpn26-
CAV1321, type, ISSen4
RepA
Enterobacter
asburiae (n = 1)
INSAq146 Skin ST1994" - fosA-type (C) - - Col440I-type, cn_4160_1S102-type, 1 83.1
Col 1S102-type, ISEam1-
(pHAD28)- type, ISEcl1-type,
type ISEhe3-type ISKpn26-
type, ISSen4-type,
Tn5403-type
Enterobacter
hormaechei (n
=4
INSAq21 Muscle ST170 AMC, blaacr-17 (C) - iroN-type Col(pHAD28),  1S26, IS102-type, 2 79.6
CHL, IncFIB(K)- 1S5075-type, ISEam1-
FLO, type, IncFII type, ISEhe3-type
FOX (Yp)-type ISKox1-type,
ISKpn21, ISKpn43-
type, ISSen4-type
INSAQ99 Muscle ST190 AMC, blaacr-17 (C), - Col(IRGK)- 1526, 1S102-type, 2 80.2
AZT, fosA-type (C) type, Col 1S903-type, 1S5075-
CAZ, (pHAD28)- type, ISEhe3-type,
CTX, type, IncFIB ISKox1-type, ISKpn8,
FEP, (K)-type, ISKpn43-type
FLO, IncFII(Yp)-
FOX, type
INSAq107 Muscle ST664 PTZ blapcr.go (C), - Col440I-type, cn_1462_1S26, 1526, 4 80.5
fosA-type (C) Col 1S5075-type, ISCfr26,
(pHAD28)- ISEhe3-type,
type, IncFIB ISKpn20/38-type
(K)-type,
IncFII(Yp)-
type
INSAQ140 Skin ST190 AMC, blaacr7 (O), - Col(IRGK)- 1526, 1S5075-type, 2 81.0
AZT, fosA-type (C) type, Col ISKox1-type, ISKpn8,
CAZ, (pHAD28)- ISKpn43-type
CHL, type, IncFIB
CTX, (K)-type,
FEP, IncFII(Yp)-
FLO, type
FOX,
PTZ
Escherichia coli (n
=2)
INSAq159 Gills ST2607 AMC, acrA/B/E (C), - astA, gad- - MITEEc1-type 4 94.5
CHL, ampH (C), baeS type, hra-
FLO (C), cpxA (Q), type, iss-
emrB/R (C), type, IpfA,
eptA (C), evgA ompT, ompT-
(©), hns (), type, papC-
marA (C), mdf type, terC,
(A)-type (C), terC-type
mdtE/G/H (C),
msbA (C), tolC
©
INSAq163 Gills ST2607 AMC, acrA/B/E (C), - - 1S3-type MITEEc1- 3 94.4
FLO ampH (C), baeS type
(C), cpxA (O),
emrB/R (C),
eptA (C), evgA
(C), hns (Q),
marA (C), mdf
(A)-type (O,

(continued on next page)
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Table 1 (continued)

Strain Organ MLST NS Antibiotic Disinfectant Virulence Plasmids Others mobile Nr. of Human
profile resistance resistance factors genetic elements phage pathogen
genes genes regions probability
(%)
mdtE/G/H (C),
msbA (C)
Klebsiella
michiganensis
n=1)
INSAq73 Muscle NA - blaoxy.1-3 (C) - fyuA-type Col440I-type, 1526, 1S102-type, 1 83.3
Col 1S5075-type, ISEcl1-
(pHAD28)- type, ISEsal-type,
type, IncFIB ISKpn8, 1SKpn28/38-
(K)-type, type, ISPpul2-type,
IncN-type 1SSen4, ISSm3-type,
Tn5403-type
Klebsiella
pneumoniae (n
=2)
INSAq40 Muscle ST134 FLO blaspy-¢0 (C), - iutA-type, Col440I-type, cn_1587_ISEc36-type, 4 89.0
INSAq121 Intestine fosA-type (C), traT-type Col44011- 1S26-type, 1S102- 89.1
kpnF (C), IptD type, IncFIA type, 1S903-type,
(C), ogxA-type (HI1)-type, 1S5075-type, ISEc36-
(C), 0gxB19 IncFIB(K)- type, ISKpnl-type,
(] type ISPlige2-type
Leclercia
adecarboxylata
(n=2)
INSAq143 Skin NA FLO qnrB19 (P) - - Col(pHAD28), 1S903-type, 1S5075- 2 82.8
Col type
(pHAD28)-
type
INSAq160 Gills NA - - - - Col 1S26, 1S30-type, 1 82.3
(pHAD28)- ISEam1-type, ISEc33-
type type, ISPpul2-type,
ISRaq1-type, 1SSen4-
type, Tn5403-type
Pseudomonas
stutzeri (n = 2)
INSAQ87 Muscle NA CHL, - - - - ISCfrl-type, ISPal6/ - 15.9
ERT, 86-type, ISPpu23-
FLO, type, ISPre3-type,
FMQ ISPst3/4-type
INSAq93 Muscle NA - - - - ISCfr1-type, 1SPa86- - 15.7
type, ISPre3-type,
ISPst3/4-type
B) Market
Aeromonas
allosacharophila
n=1
INSAq178 Muscle ST881" ERT bla]:ox_lgh ), - - - 1SAeme3/15/23-type, - 46.9
blaoxa.gss (C), ISAhy3-type, ISAs12/
cphA-type (C) 23/25/26-type,

ISAs27, ISKpn3-type,
MITEAemel-type
Aeromonas media

(n=1)
INSAQ193 Muscle ST883" OTC ampH (C), aph sitABCD-type cia, cvaC, Col440I-type, cn_3415_1SApul, - 89.9
(3)-Ib (P), aph  (P) etsC, hlyF, IncFIB intl1/tmiA, 183-type,
(6)-1d (P), iroN, iss, (AP001918)- 1526, 1S100-type,
blartgn-1s (P), iucC, iutA- type, IncQ1- 1S629-type, ISAeme8/
dfrA5-type (P), type, mchF, type, IncFII 9-type, ISAeme12/15,
qnrB19 (P), ompT, ompT- ISAhy2-type, ISApul,
sul2 (P), tet(A) type, sitA, 1SAs2/6/12/16/19/
(P), tet(E)-type traT 25/26/32-type,
P) ISAs20, 1SEc1/31-
type, ISEc32, ISEcl8-
type, MITEAeme2,
MITEEc1-type,
MITEKpnl-type, Tn3
Aeromonas
rivipollensis (n
=2)
INSAq177 Muscle ST880" - - - - - ISAemel-type ISAs2/ 2 47.1

7/13/18/31-type,

(continued on next page)
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Table 1 (continued)

Strain Organ MLST NS Antibiotic Disinfectant Virulence Plasmids Others mobile Nr. of Human
profile resistance resistance factors genetic elements phage pathogen
genes genes regions probability
(%)

1SAs9/21, ISEc28-
type, ISKpn3/10-
type, MITEAeme2
INSAq180 Muscle ST882° - - - - - cn_10729_IS5-type, 2 46.3
1S5-type, ISAeme20-
type, ISAhy2-type,
ISAs2/13/31-type,

ISKpn10-type
Aeromonas
salmonicida (n
=2)
INSAq169 Muscle ST879" - cphA5-type (C)  qacE-type - - cn_3415_1SApul, 1 29.0
®) intl1/tniA/tniQ,

ISApul, ISAs3/12/
13/31-type, 1SAs22/
27, ISEc28-type,
1SSbal6-type
INSAqQ195 Intestine ~ ST887° - cphA5-type (C) - - - cn_2101_ISApul, 2 27.6
ISAeme5/21-type,
ISApul, ISApu2-type,
1SAs1/2/3/7/12/15/
16/23/29/32/34-
type, ISAs13/21,
ISAve3-type, ISKpn3/
10-type, ISKpn9-type,
Tn4671-type, tniA/

miB/miQ
Citrobacter
portucalensis (n
=1)
INSAQ234 Gills ST85 AMC, blacmy-176 (C), - - IncFIB(K)- cn_3415_1SApul, 8 84.6
FLO qnrB18 (C) type 1S102-type, 1S5075-

type, ISApul,
ISCfr13/26-type,
ISEcli-type, ISEc17-
type, ISEhe3-type,
ISEsal-type, ISSm1-

type
Escherichia coli (n
=1)
INSAq183 Intestine ST58 CIP, acrA/B/E (C), sitABCD-type capU-type, Col440I-type, 1526, 1S100-type, 1 94.4
FLO, ampH (C), aph ®P) cia, cvaC, Col(pHAD28), 1S629-type, ISEc31/
FMQ, (3")-b (P), aph etsC, fyuA, IncFIB 38-type, ISEc32,
OTC, (6)-1d (P), gad-type, (AP001918)- MITEEc1, MITEEc1-
SXT baeR/S (C), hlyF, iroN, type, IncFII, type, Tn3, TnAsl,
blatgn.1g (P), irp2, iss, iucC, IncQ1 intl1/tniA
cpxA (O), iutA-type,
dfrA5-type (P), IpfA, mchF,
emrB/R (C), ompT, ompT-
evgA (C), hns type, sitA,
(C), marA (C), terC, terC-
mdf(A)-type type, traT
(C), mdtG/H
(C), msbA (C),
qnrB19 (P),
sul2 (P), tet(A)
(P), tolC (C),
Hafnia paralvei (n
=6)
INSAq191 Intestine NA AMC, blapcc.1a (C) - - - ISCfr26-type, 1SEcl1- 3 64.0
CHL, type MITEYpel-type
FLO
INSAq204 Skin NA AMC, blapccac (O, - - - ISCfr26, 1SSen4-type 1 58.4
INSAq217 Gills CAZ, qnrD2 (P) - 57.6
FLO
INSAQ225 AMC, - 55.9
FLO
INSAq215 Gills NA FLO blaacc-1a (C) - - Col3M-type, 1S26-type, 1S5075- - 71.7

Col(Ye4449) type, ISEhe3-type,
ISKpn26-type,
MITEYpel-type

(continued on next page)
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Strain Organ MLST NS Antibiotic Disinfectant Virulence Plasmids Others mobile Nr. of Human
profile resistance resistance factors genetic elements phage pathogen
genes genes regions probability
(%)
INSAQ219 Gills NA AMC, blaacc.1q4 (C) - - Col3M-type, 1S30-type, 1S5075- - 69.5
CHL, Col(Ye4449)- type, ISCfr26-type,
FLO type, IncN- ISEhe3-type, 1SSen4-
type, pKPC- type, MITEYpel-type
CAV1321,
RepA
Kluyvera
intermedia (n =
1)
INSAq229 Skin NA - blacrx-m.246" - - IncFIB(K)- 1S5075-type, ISEam1- 1 76.5
© type, IncR type, ISEc33-type,
ISEcl1-type, 1SSen4-
type, Tn5403-type
Lelliottia amnigena
n=1
INSAq176 Muscle NA - - - - Col 1S26-type, 1S5075- 1 75.0
(pHAD28)- type, ISKpn26-type
type
Obesumbacterium
proteus (n = 4)
INSAQ172 Muscle NA AMC, blaacc-3-type (P) - - - - 1 55.0
CHL,
FLO,
OTC
INSAq192 Muscle NA AMC, blaaccz.type (C) - - - - 3 51.5
CHL,
FLO
INSAQ197 Muscle NA AMC, - - - - 3 54.8
CAZ,
CHL,
FLO,
FOX,
OTC,
PTZ
INSAq216 Gills NA AMC, - - - - 3 54.8
CHL,
FLO
Raoultella
terrigena (n =1)
INSAq228 Skin NA - blargg 3" (C), - - IncFIB(K)- 1S30-type, 1S102- 2 78.4
fosA-type (C) type type, IS5075-type,
ISEc52-type, ISKpn2/
26-type
Serratia
liquefaciens (n
=1)
INSAq207 Skin NA FLO, - - - Col ISEc31-type, ISEsa2- 5 73.0
OTC (pHAD28)- type
type, Col
(Ye4449)-
type

NS profile: non-susceptibility profile. NA: Not applicable (databases for determination of MLST profiles for these organisms were not available in MLST 2.0 web tool).
(C) Gene with predicted chromosomal location, determined by RFPlasmid tool. (P) Gene with predicted plasmid location, determined by RFPlasmid tool. -type: genetic

element with <100 % coverage and/or identity.
@ New MLST profiles found in this study.
b New alleles found in this study.

(Reid et al., 2022; Vignaroli et al., 2016). No literature was found
regarding ST2607.

E. coli is a commensal of the intestines of worm-blooded animals;
thus, its presence is commonly associated with faecal contamination.
These bacteria can enter aquaculture farms through runoff from land
(especially during periods of high precipitation), sewage, maritime
traffic and birds or marine mammals (Grevskott et al., 2017). This sit-
uation may have occurred in the aquaculture farms studied, since some
were located nearby agricultural farms, wastewater treatment plants,
sewage discharges, bathing areas and/or ports/marinas/quays.

3.2.5. Klebsiella pneumoniae

The two strains of K. pneumoniae isolated from the muscle and in-
testine of fish from the same farm (7) belonged to ST134. This ST has
previously been identified in K. pneumoniae strains recovered from pa-
tients in hospitals in China and Japan, and it has been associated with
several resistance genes, including blaxpc.2, blapyp.1, gnrAl, qnrB6, sull,
and tet(B) (Liu et al., 2015; Mori et al., 2020).

3.2.6. Shewanella spp.

Within the Shewanella genus, only two strains belonged to the same
new ST (ST57; isolated in mussels from farm 2). In Fig. 1 C, it can be
observed that ST57 differs in 6 loci from ST9, which corresponds to



Table 2

Summary of the results obtained by antibiotic susceptibility testing and the investigation of Multilocus sequence type (MLST), antibiotic/disinfectant resistance genes, virulence factors, mobile genetic elements (MGE),

phage regions and pathogenicity towards human hosts for bivalve samples collected in farms 1/2/3/4/5 (A) and market (B).

Strain Aquaculture MLST NS profile Antibiotic resistance genes Disinfectant Virulence factors Plasmids Others MGE Nr. of Human
species resistance phage pathogen
genes regions probability
(%)
A) Aquaculture farms
Citrobacter
portucalensis (n
=2)
INSAq424 (Farm Crassostrea ST416 AMC, blacyy-175" (C), qnrB7 (C) - - Col440I-type 1S26-type, 1S30-type, ISEhe3- 4 82.4
1) gigas FLO, FOX, type, ISKpn24-type, 1SSbal4-
OTC type, ISSen4-type, ISYps3
INSAq485 (Farm Ruditapes ST971° AMC, blacmy-1190 (C), gnrB-type (C), - traT-type IncFIB(K)-type 1S30-type, ISKox1-type, 5 86.2
1) decussatus AMX, ISKpn24-type
CHL, FLO,
FOX, OTC
Escherichia coli (n
=8)
INSAq316 (Farm Mytilus sp. ST10 AMC, aadA1 (P), acrA/B/F/S (C), ampH qacE-type (P), gad, iha-type, Col156-type, Col intl1/tniA/tniB/qacdeltal/ 1 93.1
4) AMX, (C), aph(3")-Ib (P), aph(6)-Id (P), sitABCD-type iucC, iutA, mchB/ (BS512), Col(MG828)- qacE1/sull, 1S3-type, 1S4-type,
CHL, CIP, bacA (C), baeR/S (C), blapypc (C), P) F-type, mchC, type, Col(pHAD28), 1S26, 1S30-type, 1S421-type,
FLO, FMQ, blargp.ap (P), catAl-type (P), cpxA SigA-type, SitA, IncFIB(AP001918)-type, 1S682-type, 1S1326, 1SEc1/31/
OTC, SXT (Q), dfrA1-type (P), emrA/R (C), eptA terC, terC-type, IncFII-type, IncQ1-type 37/38-type, ISEc32, ISKpn26-
(C), evgA (C), gadX (C), hns (C), kdpE traT type, ISSso4-type, MITEEc1-
(C), kpnH (C), marA (C), mdf(A)-type type, MITEEc1, Tn3
(C), mdtE/F/G/N/O/P (C), mph(B)
(P), pmrF (C), qnrB19 (P), sull/2 (P),
tet(A) (P), yojI (C)
INSAq317 (Farm Mytilus sp. ST10 aadA1 (P), acrA/B/F/S (C), ampH iucC, iutA, mchB/ Col156-type, Col440I- 1 93.1
4) (C), aph(3")-Ib (P), aph(6)-Id (P), F-type, mchC, type, Col(BS512), Col
bacA (C), baeR/S (C), blapypc: (C), sigA-type, sitA, (MG828)-type, Col
blargm.1s (P), catAl-type (P), cpxA terC, terC-type, (pHAD28), IncFIB
(C), dfrAI-type (P), emrA/R (C), eptA traT (AP001918)-type, IncFII-
(C), evgA (C), gadX (C), hns (C), kdpE type, IncQ1-type
(C), kpnH (C), marA (C), mdf(A)-type
(C), mdtE/F/G/N/O/P (C), mph(B)
(P), msbA (C), pmrF (C), qnrB19 (P),
sull/2 (P), tet(A) (P), yojlI (C)
INSAq319 (Farm Mytilus sp. ST10 AMC, aadA1 (P), acrA/B/F/S (C), ampH gad-type, iucC, 1 93.2
4) CHL, CIP, (C), aph(3")-Ib (P), aph(6)-Id (P), iutA, mchB/F-
FLO, FMQ, bacA (C), baeR/S (C), blapypcy (C), type, mchC, sigA-
OTC, SXT blargy.ap (P), catAl-type (P), cpxA type, sitA, terC,
(C), dfrAl-type (P), emrA/K/R (C), terC-type, traT
eptA (C), evgA (C), gadX (C), hns (C),
kpnH (C), marA (C), mdf(A)-type (C),
mdtE/F/G/N/O/P (C), mph(B) (P),
msbA (C), pmrF (C), gqnrB19 (P), sull/
2 (P), tet(A) (P), tolC (C), yojI (C)
INSAq320 (Farm Mytilus sp. ST10 aadA1 (P), acrA/B/F/S (C), ampH gad-type, iha, 1 93.1
4) (C), aph(3")-Ib (P), aph(6)-Id (P), iucC, iutA, mchB/
INSAq321 (Farm Mytilus sp. ST10 bacA (C), baeR/S (C), blaaypc: (O, F-type, mchC, Col156-type, Col 1 93.1
4) blatgm.1g (P), catAl-type (P), cpxA SigA-type, sitA, (BS512), IncFIB

(C), dfrAI-type (P), emrA/R (C), eptA
(C), evgA (C), gadX (C), hns (C), kdpE
(C), kpnH (C), marA (C), mdf(A)-type
(C), mdtE/F/G/N/O/P (C), mph(B)

terC, terC-type,
traT

(AP001918)-type, IncFII-
type, IncQ1-type

(continued on next page)
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Table 2 (continued)

Strain Aquaculture MLST NS profile Antibiotic resistance genes Disinfectant Virulence factors Plasmids Others MGE Nr. of Human
species resistance phage pathogen
genes regions probability
(%)
INSAq322 (Farm Mytilus sp. ST10 AMC, (P), msbA (C), pmrF (C), qnrB19 (P), Col156-type, IncFIB 1 93.1
4) CAZ, CHL,  sull/2 (P), tet(A) (P), tolC (C), yojl (AP001918)-type, IncFII-
CIP, FLO, © type, IncQ1-type
FMQ,
OTC, SXT
INSAq324 (Farm  Mytilus sp. ST10 AMC, Col156-type, Col440I- 1 93.1
4) CHL, CIP, type, Col(BS512), Col
FLO, FMQ, (MG828)-type, Col
OTC, SXT (pHAD28), IncFIB
INSAg354 Mytilus sp. ST10 AMC, (AP001918)-type, IncFII- 1 93.2
(Farm 4) CHL, FLO, type, IncQ1-type
FMQ,
OTC, SXT
Raoultella
ornithinolytica (n
=3)
INSAq311 (Farm  Mytilus sp. NA FMQ, blaogrn-1 (C) - fyuA-type Col440I-type, IncFIB(K)- ISEhe3-type, ISKpn21/26/38/ 2 77.1
4) NAL, OTC type, IncFII(K)-type, 42/43-type, ISPpul 2-type,
INSAq315 (Farm  Mytilus sp. NA CIP, FMQ, IncR-type 1SSm3-type, Tn5403-type 2 77.3
4) NAL, OTC
INSAQ326 (Farm  Mytilus sp. NA FMQ, 2 77.4
4) NAL, OTC
Shewanella algae (n
-9
INSAq258 (Farm Mytilus sp. ST57¢ AMX, blaoxa-stE-type (C), qnrA3 (C) - - - ISKpn2-type, 1SSlo2-type - 30.7
2) FMQ, OTC
INSAq494 (Farm Mytilus sp. ST61" FMQ, OTC blaoxa.oe3” (C), qnrA3 (P), - - - - - 28.5
2)
INSAQq495 (Farm Mytilus sp. ST57¢ OTC blaopxa-964 (C), gnrA3 (C) - - - ISKpn2-type, 1SSlo2-type - 29.1
2)
INSAq497 (Farm Crassostrea ST62" COL blaoxa-ses’ (C), qnrA12 (P) - - - ISVpa2-type - 39.1
5) gigas
Shewanella
chilikensis (n = 1)
INSAq334 (Farm Mytilus sp. ST58" FMQ, OTC blaoxa-061” (C), qnrA11 (P) - - - - - 30.7
2)
Shewanella indica
n=1)
INSAQ347 (Farm  Miytilus sp. ST60" FMQ, OTC  blapxa.962 (C), qnrA2 (P) - - - ISShes3-type - 35.5
3)
B) Market
Aeromonas
allosaccharophila
n=1)
INSAq241 Mytilus sp. ST888"  ERT, IMP, blagox.19” (C), blaoxa-ose (C), cphA7- - - - ISAhy2-type, ISAs7/34-type 1 42
MEM type (C)

Aeromonas caviae
n=1)

(continued on next page)
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Table 2 (continued)

Strain Aquaculture MLST NS profile Antibiotic resistance genes Disinfectant Virulence factors Plasmids Others MGE Nr. of Human
species resistance phage pathogen
genes regions probability
(%)
INSAQ239 Mytilus sp. ST368 FOX blayiox-s (C) - - - 1SAeme19/21-type, 1SAs1/7/ - 42.2
12/13/16/17/18/19/21/22/
25/34-type, ISEcl8-type,
ISKpn3/10-type, MITEKpn1-
type, tniA/tniB/tmiQ
Citrobacter freundii
(n=1)
INSAq237 Mytilus sp. ST169 AMC, blacmy-es (C), gnrB38 (C) - - Col3M-type, Col440I- 1S26, 1S30-type, 1S903-type, - 88.2
FLO, FOX type, IncFIA(HI1)-type, ISEc30-type, ISKpn43-type,
IncY-type Tn5403-type
Raoultella
planticola (n = 1)
INSAq240 Mytilus sp. NA - blappa.," (C), fosA-type (C) - - IncFIB(K)-type, IncFII 1S102-type, IS903-type, IS5075- 4 84.6
(Yp)-type type, ISEch12-type, ISEc52-
type, ISKpn26-type, ISSm3-
type, ISSpu2
Hafnia alvei (n = 1)
INSAQ249 Mytilus sp. NA AMC, blaacc-3-type (C) - - - 1S26-type, 1S5075-type, ISEcl1- 3 60.6
CHL, FLO, type, ISSm1-type
OTC
Proteus terrae (n =
1)
INSAq246 Mytilus sp. NA AMC, hugA-type (C), tet(H)-type (C) - - - 1SShes4-type 2 68.4
CHL, FLO,
OTC
Shewanella
chilikensis (n = 1)
INSAq243 Mytilus sp. ST40" - blaoxa.oeo” (C), qnrAl (P) - - - - - 55.9
Vibrio alginolyticus
n=1)
INSAQ252 Mytilus sp. ST183 AMP blacars-se (C) - - - - 4 65.1
Vibrio antiquarius
n=1
INSAqQ251 Mytilus sp. ST206°  AMP blacarg.s7 (C), fos-type (C) - - - 1SVal/2-type, ISVchi-type, 2 65.2
ISVpal
Vibrio diabolicus (n
=1)
INSAQ250 Mytilus sp. ST205"  AMP blacars-s7 (C) - - - - - 66.6

NS profile: Non-susceptibility profile; NA: Not applicable (databases for determination of MLST profiles for these organisms were not available in MLST 2.0 web tool). (C) Gene with predicted chromosomal location,

determined by RFPlasmid tool. (P) Gene with predicted plasmid location, determined by RFPlasmid tool. -type: genetic element with <100 % coverage and/or identity.
@ New MLST profiles, found in this study.

b New alleles found in this study.
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S. algae isolated from fish in France in 1980 (PubMLST database id 9).
The other five strains, isolated from mussels in market and farms 2 and 3
(southern region of Portugal) and Japanese oysters from farm 5 (central
region of Portugal), revealed ST described here for the first time (ST40,
ST58, ST60, ST61, and ST62). According to MST in Fig. 1 C, ST40 differs
from ST17 by only 3 loci. Interestingly, ST17 was detected in
S. chilikensis isolated from human samples in Spain (in 2012; PubMLST
database id 17). This finding is consistent with the Shewanella species
that harbour ST40 in our study and the country of origin of the mussels
acquired in the market, where S. chilikensis ST40 was found. ST58 is
clustered with ST72 (which belongs to S. algae isolated from human in
Taiwan, in 2016; PubMLST database id 104), although it differs from
ST72 in 8 loci. In the same Fig. 1 C, it can be observed that ST60 differs
from ST25 (8. indica isolated from sea sediments in the USA, in 1992;
PubMLST database id 25) and ST41 (S. indica isolated also from sedi-
ments in India, in 2006; PubMLST database id 63) by 5 loci. ST61 differs
from ST45 (S. algae isolated from human in Norway, in 1997; PubMLST
database id 70) by 3 loci, and ST62 differs from ST28 (S. algae isolated
from Neophocaena phocaenoides in South Korea, in 2017; PubMLST
database id 28) by 6 loci.

3.2.7. Vibrio spp.

All Vibrio spp. were isolated from mussels acquired in the market.
One strain of V. alginolyticus belonged to ST183, which has been previ-
ously identified in human clinical samples in Norway, as well as in
marine animals and water in China (PubMLST database). Additionally,
one strain of V. diabolicus and one strain of V. antiquarius presented new
STs (ST205 and ST206, respectively). The MST in Fig. S4 A demonstrates
that ST205 differs from ST63 (V. alginolyticus/diabolicus isolated from
live marine animals in Italy, in 2007; PubMLST database id 70) by only 1
locus. ST63 and ST205 clustered together with ST32 (PubMLST database
id 33) and ST57 (PubMLST database id 64), both isolated from live
marine animals of the same species, country, and year as ST63. The
other new ST, ST206, differs from ST574 (identified in V. alginolyticus/
diabolicus isolated from Penaeus vannamei in Italy, in 2011; PubMLST
database id 1188) by 2 loci, as shown in Fig. S4 B. Together with ST143
(identified in Vibrio chagasii from unknown origin; PubMLST database id
175) and ST567 (identified in V. alginolyticus/diabolicus isolated from
Hymenopenaeus muelleri in Italy, in 2011; PubMLST database id 1181),
ST206 and ST574 form a cluster, with ST574 being the putative founder.

More studies are needed to understand the specific characteristics of
each ST in terms of their host range and environmental preferences.
However, it is evident that these STs have the capability to thrive in
diverse environments and infect various hosts, including fish and
bivalve molluscs and humans.

3.3. Resistome

The investigation of genes associated with antibiotic, disinfectant
and heavy metals resistance has identified over 140 different genes
(Tables 1 and 2; Figs. 2 and S5). This comprehensive analysis provides a
valuable snapshot of the resistome present in seabream and bivalve
molluscs cultivated in aquaculture farms.

3.3.1. Antibiotic resistance genes

In the Aeromonadaceae family, genes usually associated with p-lac-
tams resistance (e.g. blargm.1, blarox.18/19) were found to be predomi-
nant. This was followed by genes associated with tetracyclines resistance
(e.g. tet(A), tet(E)-type), as well as genes linked to aminoglycosides
resistance (e.g. aph(3")-Ib, aph(6)-Id). Notably, we highlight blapox.1s
and blagpx-19 genes described here for the first time. The blagox.13 gene
displayed 23 missense mutations (G11T, C13T, G74A, A148G, G213T,
G227A, C228T, T310G, T314A, G361A, G366T, C389A, A433G, A458G,
A459C, C653T, A693G, C767T, C799G, T800C, A884C, A902C, and
C956A) compared to blarox.3, with 95.5 % identity shared between the
two genes. Similarly, blapox.19 exhibit 22 missense mutations (T19C,
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G52A, G94A, A106G, T107C, T108C, C443T, AS09T, A586G, A651G,
C653T, C698T, A766G, C802G, A902T, C914T, G915A, T937C, C940A,
G952A, T954C, and T958C) that differentiate it from blagox.7, sharing
95.8 % identity. These genes were detected in 2 strains of
A. allosaccharophila isolated from gilthead seabream (blagpox.1s;
INSAq178) and mussels (blapox.19; INSAq241) obtained from different
markets. These strains also tested positive for blapxa-9ss/959 and cphA-
type genes and were categorized as “Susceptible, increased exposure”
according to EUCAST guidelines for carbapenems (ertapenem for
INSAq178; ertapenem, imipenem and meropenem for INSAq241) (Ta-
bles 1 and 2). The blapox genes were previously described by Maravic
et al. (2013) in A. caviae isolated from wild-growing Mytilus gallopro-
vincialis in Croatia and in water and sediments collected from aquacul-
ture ponds in China (Huang et al., 2017). To our knowledge, this is the
first report of blapxa.gsg in gilthead seabream and blapxa.gs9 in aqua-
culture mussels. These blapxs genes were already described in Aero-
monas spp. isolated from faeces of dairy cattle and wastewater treatment
plant effluent (accession numbers: LKKI01000011 and AP022264,
respectively). Additionally, two susceptible strains harboured a cphA5-
type gene (intrinsic in some species of Aeromonas) yet they remained
susceptible to carbapenems. This was already described and be attrib-
uted to the low enzymatic activity of this metallo-p-lactamase (Juan
et al., 2017). Most of the ARG detected in this family have been previ-
ously associated with aquaculture activities (Pham et al., 2018; Sal-
gueiro et al., 2021).

Enterobacteriaceae represented the family with the highest diversity
of ARG (Tables 1 and 2). These genes were predominantly associated
with efflux systems, which are commonly found in aquatic environ-
ments, possibly due to their ability to transport a wide variety of sub-
strates, including essential cellular components (Muziasari et al., 2016).
The efflux pumps identified belonged to four different families: the small
multidrug resistance (SMR) family, the ATP-binding cassette (ABC)
family, the resistance-nodulation-cell division (RND) family, and the
major facilitator superfamily (MFS). These pumps from our study are
usually associated with the capacity of extruding several antibiotics
from different classes such as quinolones (e.g. OqxAB), tetracyclines [e.
g. Tet(A)] and nitroimidazole (e.g. MsbA). Further identified ARG are
commonly associated with various mechanisms, including decreasing
the uptake of antibiotics (e.g. marA for several antibiotics), modification
of the antibiotic target (e.g. dfrAl-type for trimethoprim; sull/2 for
sulfonamides) and inactivation of antibiotics (e.g. blaspy.¢o and blatgy.
1 for B-lactams; aadA 1 and aph(3")-Ib for aminoglycosides; fosA-type for
fosfomycin; catAl-type for phenicols; and mphB for macrolides). Note-
worthy, blatgr-3, blactx.m.246, blapra7 (wWhich encode class A f-lacta-
mases) and blacmy-175 (Which encodes a class C p-lactamase) were found
in this study for the first time. The gene blargg.3, found in one R. terrigena
strain isolated from gilthead seabream’s skin in the market, displayed 1
nonsense mutation (G160A) and 2 missense mutations (A350G and
G351A) compared to blargg.2, sharing a homology of 99.3 %. This class A
B-lactamase is characteristic of the chromosome of R. terrigena and is
mainly found in water environments (Walckenaer et al., 2015). Also
identified in gilthead seabream’s skin from market, blacrx.m-246 from
K. intermedia shows 99.1 % homology with blacrx-m.10- It differs from
blactx.m-10 due to 3 missense mutations (G367A, A483C and A636G) and
belongs to the CTX-M-1 group. It is widely accepted that blacx.m genes
originated from chromosomal bla genes found in Kluyvera spp. and were
subsequently mobilized to other species, leading to their worldwide
dissemination (Sivaraman et al., 2021). Other studies have also detected
blacrx-m genes in E. coli and K. pneumoniae strains isolated from aqua-
culture environments. For instance, Said et al. (2017) identified these
genes in gilthead seabream, similar to our findings, and Sivaraman et al.
(2021) reported their presence in samples of shrimp, water, and sedi-
ment, where the CTX-M-1 group predominated. In our study, chromo-
somal blap; 5.7 was isolated from R. planticola obtained from mussels in
the market, demonstrated 4 missense mutations compared with blapa_14
(G578A, A644C, A793G and G845C) and blappp2, (G578A, A644C,
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A793G and G841A) genes, sharing 99.0 % homology with them. No
literature was found regarding the prevalence of blap; genes in aqua-
culture. The lately newly identified variant in Enterobacteriaceae, blacyyy.
175 (from C. portucalensis isolated in Japanese oysters from farm 1),
shares 99.7 % homology with blacyy.34, differing by only 1 missense
mutation (C602A). Previous studies have reported the presence of
blacmy genes in several fish species, including C. freundii from Pagrus
major in Japan and salmon in Chile, A. salmonicida from salmon aqua-
culture facilities in Canada, Morganella sp. and Klebsiella oxytoca from
retail aquaculture products and E. coli isolated from freshwater Perca
fluviatilis in Switzerland (Ahmed et al., 2015; Ye et al., 2013). Among the
31 ARG-positive strains, 25 had a resistance phenotype to at least one
antibiotic (amoxicillin, amoxicillin/clavulanic acid, aztreonam, cefe-
pime, cefotaxime, cefoxitin, ceftazidime, piperacillin/tazobactam,
chloramphenicol, florfenicol, ciprofloxacin, flumequine, nalidixic acid,
oxytetracycline and/or trimethoprim/sulfamethoxazole) and three
showed susceptibility with increased exposure to ertapenem. These last
3 strains of E. hormaechei (INSAQ99, INSAq107 and INSAq140; Table 2)
were positive for the presence of blaacr.17 and blaacr.gg genes, which can
confer resistance to carbapenems only when associated with other
mechanisms, such as the loss of outer membrane porins (Jacoby, 2009).
Genes that are weakly expressed, namely blapxy.1.3 in K. michiganensis,
blatggr-3 in R. terrigena, blacrxm-24¢ in K. intermedia, and blapia.; in
R. planticola, can explain the susceptible phenotypes, similar to the
findings in the studies developed by Canton et al. (2012) for blactx-m,
Gonzalez-Lopez et al. (2009) for blapxy and Walckenaer et al. (2015,
2004) for blatgr and blapia. Nine E. coli were classified as multidrug
resistant: one was recovered from gilthead seabream in the market and
eight were isolated from mussels in farm 4. Most of the ARG found in this
bacterial family were punctually described in a few previous studies
related with different aquaculture reservoirs (Libisch et al., 2022;
Sivaraman et al., 2021; Shah et al., 2014). Nonetheless, our study
allowed a more complete approach, as it not only covers acquired genes
but also investigates chromosomal genes, which are less studied, leading
to the identification of several new alleles and genes that are reported for
the first time in aquaculture reservoirs (e.g. blapgrn.1, blaoxy-1.3, qnrB38,
mdtE, mdtN, mdtO, mdtP, baeS, eptA, emrA, emrK, yojl, and kdpE).

All strains from the Hafniaceae family analysed in this study revealed
the presence of at least one ARG, specifically blaacc.-1a/1¢/1d/3-type; Which
is associated with a non-susceptibility phenotype to p-lactam antibiotics,
such as cefoxitin and ceftazidime, and to the amoxicillin/clavulanic acid
and piperacillin/tazobactam associations (with the exception of
INSAq215, which showed increased susceptibility to ceftazidime). The
blaacc genes are ubiquitous in the chromosome of Hafnia spp. and
encode a class C p-lactamase that can be categorized into two groups:
low-level inducible cephalosporinases (susceptible to ceftazidime) and
high-level constitutive cephalosporinases (resistant to ceftazidime, as
observed in seven strains in our study; Table 2) (Janda and Abbott,
2006; Jayol et al., 2017). To the best of our knowledge, there are no
studies identifying a chromosomal class C p-lactamase in O. proteus.
However considering its high homology with Hafnia genus (Koivula
et al., 2006), it is plausible to assume that O. proteus also harbours a
similar p-lactamase, encoded by blaacc.iike genes, as observed in the four
strains of O. proteus identified in our study (Table 2). Previous studies
have detected the presence of blaacc genes in various samples, namely
blue mussels and Venus clams, acquired from a market in H. alvei and
E. coli, respectively (Vu et al., 2018), although the authors did not
specify whether the samples originated from aquaculture farms. In our
study, three strains of H. paralvei, from gills and muscle samples of
gilthead seabream purchased in a market, were found to harbour the
plasmid-mediated quinolone resistance (PMQR) determinant gnrD2
gene. However, these strains exhibited a susceptible phenotype to all
tested quinolones, as PMQRs are associated with low-level resistance to
quinolones, which may not be detectable using conventional phenotypic
methods (Briales et al., 2012). The gnrD genes have been relatively rare,
but have been found in food sources, such as lettuce and broiler samples
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(Jones-Dias et al., 2016a; Kraychete et al., 2019). They have also been
detected in aquaculture reservoirs, such as the shrimp intestinal tract,
shrimp pond waters and sediments samples (Su et al., 2017), as well as in
the effluents of coastal aquaculture of Paralichthys olivaceus (Jang et al.,
2018). However, some studies do not specify the gnrD variant, so it is
unclear if our study represents the first description of gnrD2 in aqua-
culture reservoirs. Nevertheless, to our knowledge, this is the first
description of gnrD2 in H. paralvei. The qnrD2 gene was firstly described
in a human isolate of Salmonella enterica serovar Hadar (Abgottspon
et al., 2014) and, according to NCBI database, it has also been detected
in Providencia rettgeri (NZ_ABFNOU020000056), Proteus mirabilis
(NZ_JAAATT010000048) and Morganella morganii (NZ_JADNHIO10
000046) isolated from human samples.

The only strain of Morganellaceae family analysed in this study was
P. terrae isolated from mussels obtained from the market. This strain
tested positive for the presence of tetH-type and hugA-type ARG, which
are associated with resistance to tetracyclines and f-lactams, respec-
tively. Additionally, this strain was also resistant to chloramphenicol (no
corresponding ARG detected), indicating multidrug resistance. The tetH
gene has previously been identified in effluents from coastal aquaculture
of P. olivaceus in south Korea (Jang et al., 2018) and in sediments from
aquaculture fish farms (rainbow trout and common white fish) in the
northern Baltic Sea (Tamminen et al., 2011). On the other hand, to our
knowledge, this is the first description of hugA gene in mussels from
aquaculture origin. The chromosomal hugA gene has been identified in
Plesiomonas shigelloides in wild-caught fish (Herrera et al., 2006) and in
Proteus spp. in cecum samples from chicken slaughterhouses (Zheng
et al., 2022).

In the Shewanellaceae family, all 7 strains analysed were found to
harbour a gene encoding a class D p-lactamase (blaoxa-960,961,/962/963/
964,965, OF blaoxa-sHE-type) and one variant of the PMQR gene gnrA
(gnrA1l, qnrA2, qnrA3, qnrA11 or gqnrA12). This study identified new
genes, blapxa-960,961/963/965, Which encode class D p-lactamases
belonging to the OXA-55 family. The gene blapxa.960 Was found in
S. chilikensis from mussels obtained from the market and shares 93.1 %
of identity with blapxa.ss, with 20 missense mutations (A98C, C117A,
T121G, C137T, T138C, A199T, G212T, C292A, G316C, T383C, G514A,
A592C, G593A, G713A, G716A, T717A, G781A, T792G, G796A, and
A857T) distinguishing the two. The gene blapxa.ge1, also identified in
S. chilikensis but from mussels originated in farm 2, exhibits 94.9 % of
identity with blapxass and possesses 17 missense mutations (A98C,
T121G, C134T, C292A, G316C, T383C, A470C, A471G, A517G, A592C,
G593A, G713A, G716A, T717A, C764T, G781A, and G796A) compared
blapxa-ss- The gene blapxa.963 Was found in a S. algae strain isolated from
the same sample as blapxa.ge1- It shares 98.7 % identity with blapxa-ss,
differing by only 5 missense mutations (T121A, C292A, T383C, G499C
and A584T). The last new blapxa found in this family, blapxa-9¢s, Was
identified in S. algae isolated from Japanese oysters originating from
farm 5 and shares 97.7 % homology with blapxa-ss, with 9 missense
mutations (T121A, A128G, C292A, T383C, G520A, G560A, A561G,
G629T and G781A) distinguishing these two. The genes blapxa.9e2 and
blapxa.ge4 are described here for the first time in mussels sourced from
aquaculture, S. indica from farm 3 and S. algae from farm 2, respectively.
The only descriptions regarding these two genes were found in NCBI
database, the gene blapxa.962 Was previously associated with
S. chilikensis from an unspecified origin in Japan (AP024611) while
blapxa-964 Was linked to S. algae isolated from Neophocaena phocaenoides
in South Sea of South Korea (CP033575). All OXA genes detected in this
family were predicted to be located on the chromosome and did not
demonstrate hydrolysis activity against the tested carbapenems.
Regarding the gnrA variants found in this family, they have been pre-
viously described in aquaculture reservoirs, such as water columns,
sediments, mussels and Japanese oysters (Salgueiro et al., 2021; Tomova
et al., 2015; Zago et al., 2020). Tomova et al. (2015) conducted a study
in water and sediment samples from aquaculture origin, as well as uri-
nary tract isolates from individuals residing in the aquaculture area.
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They identified the presence of gnrAl in putative uncultured marine
bacteria and in urinary tract isolate E. coli. These findings suggested the
possibility of HGT occurring between marine bacteria and human
pathogens (Tomova et al., 2015). In our study, one strain of S. algae,
isolated from mussels collected in farm 2, was considered multidrug
resistant, although only gnrA3 and blaoxa-sHe-type genes were found.

The three strains belonging to the Vibrionaceae family analysed
showed resistance to ampicillin and carried two variants of the blacarp
gene, blacarps6 and blacarp.sy. Previous studies developed by Zhang
et al. (2013) and Hossain et al. (2020) detected blacagrp genes in E. coli
isolated from fishponds waters and in Vibrio parahaemolyticus isolated
from aquaculture shrimp, respectively (Hossain et al., 2020; Zhang
et al., 2013). However, some studies, such as the one developed by
Zhang et al. (2013), did not specify the variant of the blacarp genes,
making direct comparisons with the variants found in our study difficult.
Nonetheless, according to the NCBI database, blacarp.sy has been
detected in V. diabolicus, which is consistent with our findings, and was
isolated from Epinephelus coioides (AMPD01000002). One strain of
V. antiquarius was found to carry a fos-type gene, which is typically
associated with fosfomycin resistance.

No ARG were detected in the only strain from the Yersiniaceae family
(S. liquefaciens) and in the two strains from the Pseudomonadaceae family
(P. stutzeri), which were isolated from gilthead seabream obtained from
market and farm 7, respectively. The P. stutzeri strains showed a resis-
tance phenotype to ertapenem, chloramphenicol, florfenicol (intrinsic
resistances) and flumequine. This suggests that the methods used in this
study may not have detected all the resistance genes present in these
strains. Both P. stutzeri and S. liquefaciens species have previously been
detected in aquaculture environments, such as biofilters in a recircu-
lating aquaculture system for seabass in France and in salmon farms in
Chile (Michaud et al., 2009; Miranda et al., 2003).

Overall, the study of resistome highlights several new ARGs. Indeed,
water is a rich environment that can be contaminated by different
sources (e.g. maritime traffic, land run-off, marine birds or mammals),
promoting selective pressure on the bacteria normally present in the
aquatic environment, which possibly explains the identification of new
ARGs and high diversity (Done et al., 2015; Gastalho et al., 2014).

3.3.2. Disinfectant resistance genes

In the present study, disinfectant resistance genes were detected only
in the Aeromonadaceae and Enterobacteriaceae families (Table 2). Two
strains of the Aeromonas genus (A. media and A. salmonicida) from
S. aurata acquired in the market, tested positive for the qacE-type or
sitABCD-type genes. These genes encode resistance to quaternary
ammonium compounds and peroxides, respectively. This seems to be the
first description of sitABCD operon in Aeromonas sp. and aquaculture
environments, unlike gacE gene that has been previously described in
bacteria isolated from a tilapia aquaculture system (Chenia and Jacobs,
2017). In addition to the Aeromonas strains, the study also detected
sitABCD-type and qgacE-type genes in nine multidrug resistant E. coli and
formA-type gene (aldehydes resistance) in a C. freundii with resistance to
p-lactams antibiotics from gilthead seabream’s muscle collected in farm
7. The formA-type gene had already been identified in another study
carried out by this team, where it was found in an Enterobacter ludwigii
strain isolated from S. aurata in an aquaculture setting (Manageiro et al.,
2022). These three genes are associated with resistance to disinfectants
frequently used in aquaculture settings. Quaternary ammonium com-
pounds, such as benzalkonium chloride, disrupt the cell membranes,
destroy enzymes involved in energy production, and denature vital
proteins (Mon-On et al., 2018). Indeed, aldehydes disinfectants, such as
formaldehyde, are commonly used in aquaculture to control ectopara-
sites in fish (Hu et al., 2019). This may justify the detection of these
genes in the present study. Peroxides, namely hydrogen peroxide, are
used in aquaculture and in the food industry in general to cope with
bacterial and parasitic infections. This disinfectant is known for gener-
ating free hydroxyl radicals, which cause damage to DNA, membrane
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lipids and other cell components crucial for bacterial survival (Jia et al.,
2021; Vyrostkova et al., 2020). The sitABCD operon, which was detected
in Aeromonas strains and multidrug-resistant E. coli strains in this study,
are not exclusively related to disinfectants resistance. It encodes an ABC
cassette-ATPase type transporter that is involved in the transport of iron
and manganese, as well as to virulence in E. coli and S. enterica serovar
Typhimurium (Boyer et al., 2002; Galardini et al., 2020; Sabri et al.,
2006). In fact, the detoxification of free radicals and protection against
oxidative damage caused by hydrogen peroxide are associated with the
acquisition of iron and manganese by the bacteria (Sabri et al., 2006).
This system can be particularly important in water environments where
the concentrations of manganese can be low (Green et al., 2013).

3.3.3. Heavy metals resistance/tolerance genes

Heavy metals found in aquaculture settings, as well as in the farmed
animals, can have different origins, since natural processes (e.g. coastal
erosion) to human activities (e.g. industrial wastewater, mining, pesti-
cide and fertilize applications in agriculture) (Lv et al., 2021; Razak
et al., 2021). Moreover, heavy metals, such as copper and zinc, can be
incorporated into fish feed as preservatives and/or additives or used as
anti-fouling agents in fish cages (Farmaki et al., 2014). In our study, we
observed a wide variety of heavy metals resistance/tolerance genes,
with the mdt gene group being the most prevalent (16.6 %), followed by
acr gene group (11.7 %) and the sil genes (11.0 %) (Fig. S5). These genes
are involved in resistance to copper and zinc (mdt and acr genes), arsenic
(acr genes) and silver (sil genes), mainly through efflux systems (Sinha
et al., 2021; Wang and Fierke, 2013; Zagui et al., 2021). Other resis-
tance/tolerance genes were identified, which were associated with
mercury (e.g. merA), tungsten (e.g. baeS), nickel (e.g. niKA), iron (e.g.
fieF), chromium (e.g. ruvB), manganese (e.g. mntH) and tellurium (e.g.
terC) (Jie et al., 2016; Sherpa et al., 2020). Indeed, we observed a diverse
range of heavy metal resistance/tolerance genes in bacteria isolated
from both fish and bivalves, indicating the presence of these genes in
multiple reservoirs (Fig. 2 A). The top five most frequently identified
genes in both reservoirs were sil (15.5 %) > mdt (14.6 %) > pco (11.9 %)
> acr (11.5 %) > ars (7.9 %) in fish and mdt (18.6 %) > acr (11.9 %) >
cus (8.5 %) > sil (6.7 %) > pco (5.4 %) in bivalve molluscs. Furthermore,
genes merA, nirA, ruvB, and ncr were exclusively present in fish samples
(Fig. 2 A).

In the perspective of market vs. aquaculture farm, we observed a
wide variety in both reservoirs (Fig. 2 B). The top five of the genes most
frequently found in the market were mdt (15.8 %) > ars (14.0 %) > sil
(11.7 %) > acr (11.1 %) > pco (8.8 %), while in aquaculture farms were
mdt (16.9 %) > acr (11.8 %) > sil (10.8 %) > pco (8.5 %) > cus (6.5 %).
Genes ruvB and terC were only present in aquaculture farm samples
(Fig. 2 B). Several studies have been conducted to quantify heavy metals
and investigate heavy metal resistance in aquaculture samples (Jiang
et al., 2020; Ju et al., 2017). However, only a few studies have focused
on the investigation of the specific genes responsible for conferring
resistance, as in our study (Zago et al., 2020; Zhou et al., 2019). Zago
et al. (2020) investigated the resistome, mobilome and virulome of 12
multidrug-resistant strains from the Vibrionaceae and Shewanellaceae
families, isolated from aquaculture fish farms in Italy. These authors
identified 26 different genes associated with the resistance to various
metals, including arsenic (e.g. arsA and acr3), copper (e.g. cusA and
copA), cobalt-zinc-cadmium (czcA, zur and znuC), chromium (e.g. chrA
and srpC), molybdenum (e.g. moeA and moeB), magnesium (e.g. corA
and mgtE) and nickel (e.g. nikR) (Zago et al., 2020). Similarly, Zhou and
colleagues collected soil, water, and sediment samples from three duck-
fish farms in China and concluded that metal resistance genes were more
abundant in sediment samples compared to soil samples. These authors
found genes related to copper resistance, pcoA and pcoD, in all samples
analysed. The gene zntA, which is associated with zinc resistance, was
also detected and was the most abundant metal resistance gene in the
majority of the samples analysed (Zhou et al., 2019). However, Zhou
et al. (2019) focused specifically on zinc and copper resistance genes and
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merA (1.2%)
nir4 (0.7%)
ruvB (0.5%)
nerA/C (1.4%)

Fig. 2. Venn diagrams representing genes (and their prevalence in brackets) found in this study associated with tolerance to heavy metals in: A. Fish vs. bivalve
samples (in the group of genes found in both reservoirs, the underlined percentages correspond to the prevalence of that gene in fish samples and the non-underlined
ones correspond to bivalve samples); B. Market vs. farm samples (in the group of genes found in both reservoirs, the underlined percentages correspond to the
prevalence of that gene in market samples and the non-underlined ones correspond to farm samples).
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did not investigate a broader range of metal resistance genes.

Heavy metals can persist in the environment, which have a signifi-
cant impact on bacterial communities and can drive the selection of
heavy metals resistance/tolerance genes (Wang et al., 2021). Indeed,
some studies indicate that the transfer of ARG through conjugation
process is promoted by the presence of heavy metals (Meng et al., 2022).
While some of these metals, such as iron, copper, and zinc, are vital for
bacterial functions, excessive amounts can be toxic (Ju et al., 2017). This
holds true not only for bacteria but also for aquatic animals and humans.
Therefore, the presence and persistence of heavy metals in the envi-
ronment, namely through intensive aquaculture, pose risks to both mi-
crobial communities and higher organisms, highlighting the importance
of studying and understanding heavy metal resistance/tolerance genes
in these contexts (Farmaki et al., 2014; Nabinger et al., 2018; Razak
et al., 2021).

3.4. Virulome

The investigation of aquaculture’s virulome has allowed the identi-
fication of 25 different genes in the families Aeromonadaceae and
Enterobacteriaceae, which have been associated in the literature with an
increase in virulence (Tables 1 and 2).

3.4.1. In Aeromonadaceae family

In the Aeromonadaceae family, a strain of A. media (INSAq193 from
S. aurata acquired in the market) exhibited the presence of 13 genes
associated with various virulence factors. These genes are related to
toxin production (cia, cvaC), transportation (etsC, mchF), red blood cell
lysis (hlyF), iron metabolism (iroN, iucC, iutA-type, sitA), increased
serum survival (iss, traT), and the escape from the immune system of the
host (ompT, ompT-type) (Daga et al., 2019; Messaili et al., 2019). To our
knowledge, this is the first description of cia, cvaC, etsC, iucC, mchF, hlyF,
iroN and iss genes in aquaculture. However, some of these genes have
been found in fishery products, just like in the studies developed by
Massella et al. (2020) and Zhang et al. (2017), although the origin of the
samples was not specified. These seven genes have been found in various
other reservoirs, such as drinking water, marine and freshwater, dog,
seal, birds, and South Australian grey-headed flying fox pups (Ewbank
et al., 2022; McDougall et al., 2022; Medina-Pizzali et al., 2022; Vingino
et al., 2021). Genes iutA, traT and ompT were identified in aquaculture
reservoirs, specifically in K. pneumoniae from shrimp aquaculture farms,
Acinetobacter johnsonii isolated from cultured Oreochromis niloticus and
Vibrio ichthyoenteri from Paralichthys olivaceus cultured in a marine farm
(Elabd et al., 2020; Sivaraman et al., 2021; Tang et al., 2019).

Overall, in Aeromonadaceae family only one strain was found to
possess virulence genes (Table 1), which did not correspond to the
commonly studied virulence genes in this family, such as hlyA (hemo-
lysin), act (cytotoxic heat-labile enterotoxin), ast (cytotonic heat-stable
enterotoxin), aerA (aerolysin), and alt (cytotonic heat-labile entero-
toxin) (Nhinh et al., 2021; Pattanayak et al., 2020).

The fact that all genes detected in our study, except for the ompT
gene, were predicted to be located on plasmids suggests that these genes
may have been acquired through MGE from other bacterial species,
particularly from Enterobacteriaceae family.

3.4.2. In Enterobacteriaceae family

In Enterobacteriaceae, 66.7 % of the strains (22/33) tested positive for
virulence genes. These genes were identified in gilthead seabream ac-
quired from farm 7 and market, as well as in clams and mussels from
farms 1 and 4, respectively. In addition to the genes previously described
in A. media INSAQ193, several other virulence genes were found in the
Enterobacteriaceae family. These included genes associated with toxin
production (astA, mchB/C, sigA), adherence and colonization (IpfA,
papC, terC, iha, hra), iron metabolism (fyuA, irp2), resistance to acid
environments (gad) and hexosyltransferase homologue (capU) (Ferdous
etal., 2016; Rodriguez-Villodres et al., 2019). To our knowledge, among
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the virulence genes detected in our study, only terC and papC genes had
already been described in aquaculture. The terC gene was found in
Pangasianodon hypophthalmus in Vietnam while the papC gene was
identified in S. aurata in Portugal (Manageiro et al., 2022; Ngo et al.,
2022). The genes astA, IpfA, iha and irp were identified by Bueris et al.
(2022) in wild-caught seafood, more specifically, marine bivalves, in
Brazil. The genes mchB, mchC and gad have been associated to E. coli
isolated from water, sediments, and seal samples (Nadya et al., 2016;
Vingino et al., 2021). Foysal et al. (2019) detected sigA gene in Shigella
spp. isolated from hisla fish (Tenualosa ilisha) acquired in the market
(unknown origin). The genes hra, capU and fyuA were previously iden-
tified in E. coli strains isolated from surface water of agricultural
drainage in Mexico (Magana-Lizarraga et al., 2022) and coastal marine
sediments from the Adriatic Sea (Vignaroli et al., 2012).

In general, traT was the most identified virulence gene (9.0 %) in this
study, followed by iutA (8.3 %).

Most previous studies have focused on virulence genes in specific
bacteria responsible for disease in animals produced in aquaculture.
Deng et al. (2020) studied 70 strains belonging to nine Vibrio species and
analysed their prevalence in marine fish with diseases from an aqua-
culture area in South China, as well as the presence of ARG and virulence
factors. Similarly, Nhinh et al. (2021) investigated the prevalence of
infection, ARG and virulence factors of A. hydrophila isolated from
diseased fish (tilapia, channel catfish and carp) from several farms in
Vietnam. Our study takes a more complete approach by encompassing
several genera and species of Gram-negative bacteria, isolated from not
only fish (S. aurata), but also three species of bivalve molluscs (C. gigas,
Mytilus spp., and R. decussatus). Additionally, we investigated the pres-
ence of virulence genes in both the bacterial chromosome and plasmids.
In contrast to other studies involving animals produced in aquaculture,
all Vibrio spp. identified in our work were negative for the presence of
virulence genes, such as flaC (flagella C), tdh (thermostable direct he-
molysin), vwh (hemolysin), and trh (tdh-related hemolysin) (Deng et al.,
2020; Ryu et al., 2019). These differences in the presence of virulence
genes can be attributed to the complex nature of virulence expression,
which is influenced by several factors such as environmental conditions
(e.g. water temperature, salt conditions), the presence of competing
bacteria either from the same species or different species, and hosts
(Cam and Brinkmeyer, 2020; Ceccarelli et al., 2013; Rubio-Portillo et al.,
2020). However, several of the virulence genes mentioned above are
related to humans and land animals and not necessarily to aquatic ani-
mals; indeed, they may have other functions, as is the case of the traT
gene that can also prevent the self-mating of carrier cells of identical or
closely related conjugative plasmids, which may explain their presence
in this study (Sukupolvi and O’Connor, 1990).

3.5. Mobilome and its importance in the spread of resistance

Our study revealed a significant number and diverse distribution of
MGE across the 8 bacterial families analysed (Tables 1 and 2). These
MGE included a total of 133 plasmids, 412 IS, 20 transposons, 9 com-
posite transposons, 20 miniature inverted-repeat transposable elements
(MITEs), 11 class 1 integron-integrases (intl1) and 109 prophage re-
gions. Among the plasmids, Col[pHAD28] was the most predominant
(13.5 %), while IS26 was the most prevalent among the IS (5.6 %). Tn3
accounted for the majority of the transposons (50.0 %), cn_3415_ISApul
was the most common composite transposons (33.3 %), and MITEEc1
had the highest prevalence among the MITEs (60.0 %).

The MGE described below can potentially facilitate the spread of
resistance genes between bacteria and the environment. Therefore, in
addition to prophages (Section 3.5.1), we also investigated the genetic
environment of several ARG (Section 3.5.2), where we highlighted the
most significant findings of contigs that were predicted, through in silico
analysis, to be located on plasmids.
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Fig. 3. A and B: alignment of all blatgy.15 found in this study and their respective genetic environments. B, C and D: alignment of all dfrA-type found in this study
and their respective genetic environments. D, E and F: alignment of all sul2, aph(3")-Ib and aph(6)-Id found in this study and their respective genetic environments.
INSAQ183 (Escherichia coli) was isolated in intestine of gilthead seabream from market. INSAq193 (Aeromonas media) was detected in muscle of gilthead seabream
from market. All strains in group D (E. coli) were isolated in mussels from farm 4. Arrows are drawn to scale. Elements in dark and light yellow are associated with
antibiotic resistance. Elements in light and dark orange are associated with mobile genetic elements. Elements in dark blue are associated with disinfectants and
heavy metals resistance. Elements in light blue are associated with normal functions of the bacterial cell. 1. Recombinase family protein. 2. Transposase zinc-binding
domain-containing protein. 3. DUF3330 domain-containing protein. 4. Replication protein. 5. GNAT family N-acetyltransferase. 6. TniB family NTP-binding protein.
7. Diguanylate cyclase. 8. Hypothetical protein. 9. Beta-lactamase family protein. 10. TetR/AcrR family transcriptional regulator. 11. Alpha/beta fold hydrolase. 12.
Transposase. 13. DDE-type integrase/transposase/recombinase. 14. EAL domain-containing protein.

3.5.1. Prophages 2022). Such elements can integrate into bacterial chromosomes,

Among the 66 strains analysed, prophages were present in 72.7 % of becoming known as prophages, and representing up to 20 % of the
them, with values ranging from 1 to 8 prophage regions. The most bacterial genome. Prophages carrying antibiotic resistance and/or
frequently identified prophages were Entero Mu and Escher HK639 virulence genes can confer selective advantages to bacteria under
(7.3 % each) (Fig. S6). Mu phages are known to infect several Gram- certain environmental conditions, such as exposure to sub-inhibitory
negative bacteria and play a role in the dissemination of bacterial concentrations of antibiotics. Notable examples of genes acquired
transposable elements, while Escher HK639 prophage was previously through prophages integration in bacterial genomes include stx (Shiga
described in a carbapenem-resistant C. freundii strain isolated from a toxin) in E. coli O157:H7 and blatgy in E. coli (Olszak et al., 2017;
patient admitted in a Hospital in South Africa (Ramsamy et al., 2020; Wendling et al., 2021).

Ranquet et al., 2005). Interestingly, fish samples exhibited a higher di-

versity of prophages compared to bivalves, with Escher HK639 as the 3.5.2. Plasmids, transposons, integrons, IS

most frequent in fish (9.9 %; Fig. S7 A). In bivalve samples, the most

frequent prophage was Entero_Mu (21.1 %) (Fig. S7 A). Among the 3.5.2.1. Genetic environment of blargy.1p and dfrA genes. The blargm.1s

prophages identified, only Entero_mEp213, Entero_mEp235, Enter- genes were identified in one E. coli strain isolated from a gilthead
0_mEp390, Escher 500465_1, Escher HK639, Klebsi phiKO2, Sal- seabream acquired in the market, as well as in eight E. coli strains iso-
mon_118970_sal3, Salmon_SEN34 and Vibrio_12B12 were found in both lated from mussels in farm 4. In these strains, a recombinase family
fish and bivalve samples (Fig. S7 A). Both market and farms reservoirs protein was found upstream of the blatem.1s gene, while a transposase
revealed a wide diversity of prophages. In the market samples, the most zinc-binding domain-containing protein was found downstream. This
frequent prophages were Klebsi_phiKO2 and Vibrio_12B12 (7.3 % each genetic arrangement was similar to that observed in A. media strains
one), while in aquaculture farms it was Entero_Mu (14.8 %) (Fig. S7 B). obtained from gilthead seabream acquired in the market (Fig. 3 A and
Prophage Klebsi_phiKO2 has previously been associated with human B). Transposons belonging to the Tn3 family (TnAs1) are widespread
clinical isolates of K. pneumoniae, whereas Vibrio_12B12 has been iso- across bacterial phyla and are frequently associated with several ARG,
lated from a Vibrio penaeicida in a Japanese shrimp farm (Enany et al., such as blargy.1, particularly in aquatic environments (Jones-Dias et al.,
2022; Ragab et al., 2022). Among the phages studied, only Entero_c_1, 2016¢, 2013; Sultan et al., 2020).

Entero_mEp235, Erwini_vB_EhrS_59, Escher 500465_1, Escher_ HK639, As in our study (Fig. 3 B), it’s not uncommon to observe the inte-
Klebsi_phiKO2, Mannhe_vB_MhM_3927AP2, Salmon_118970_sal3, Sal- gration of other MGE such as class 1 integrons and IS (Nicolas et al.,
mon_Fels_2 and Salmon_SP_004 were found in both the market and farm 2015; Sultan et al., 2020). Previous studies have recognized the signif-
reservoirs (Fig. S7 B). Our investigation confirms that aquaculture icant role of IS26 in the dissemination of multidrug resistance genes,
harbour a great abundance and diversity of phages. These phages can especially in Gram-negative bacteria. IS26 has been frequently associ-
play a role in the spread of ARG and virulence factors through gener- ated with class 1 integrons, and its insertion at various sites can lead to
alized or specialized transduction. If generalized transduction is rearrangements of antibiotic resistance loci (Partridge et al., 2018; Zhao
responsible for the transfer of any section of the bacterial genome, et al., 2018).

specialized transduction only affects some specific genes (Meng et al., The arrangement and orientation of 1S26 and the dfrA, blatem.1p
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Fig. 4. A. Gene blaroyx.1g and its respective genetic environment detected in Aeromonas allosaccharophila isolated in the muscle of a gilthead seabream acquired in the
market. B. Gene catAl-type and its respective genetic environment detected in eight Escherichia coli isolated in mussels from farm 4. Arrows are drawn to scale.
Elements in dark and light yellow are associated with antibiotic resistance. Elements in orange are associated with mobile genetic elements. Elements in light blue are
associated with normal functions of the bacterial cell. Elements in grey have unknown function. 1. Hypothetical protein. 2. Bor family protein. 3. AAA family ATPase.
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Fig. 5. A. Genes tet(A) and their respective genetic environment detected in our study. INSAq183 (Escherichia coli) and INSAq193 (Aeromonas media) were isolated in
intestine and muscle of gilthead seabream from market, respectively. All other strains (E. coli) were isolated in mussels from farm 4. B. Gene tet(E) and their
respective genetic environment detected in INSAqQ193. Arrows are drawn to scale. Elements in dark and light yellow are associated with antibiotic resistance. El-
ements in light and dark orange are associated with mobile genetic elements. Elements in light blue are associated with normal functions of the bacterial cell.
Elements in grey have unknown function. 1. Hypothetical protein. 2. Relaxase. 3. EamA family transporter. 4. Cysteine hydrolase. 5. Transposase. 6. LuxR C-ter-
minal-related transcriptional regulator. 7. Single-stranded DNA-binding protein. 8. Site-specific integrase. 9. Tyrosine-type recombinase/integrase. 10. Integrase. 11.
DivIVA domain-containing protein. 12. ATP-dependent RecD-like DNA helicase. 13. Helix-turn-helix domain-containing protein. 14. DUF4113 domain-containing
protein. 15. Transporter substrate-binding domain-containing protein. 16. DUF3811 domain-containing protein. 17. Cold shock domain-containing protein.

genes observed in our study (Fig. 3 B) have also been reported in other
studies. Kubomura et al. (2020) identified 1S26 and the dfrA gene in
enteropathogenic and enteroaggregative E. coli, while Gomes-Neves
et al. (2015) detected 1S26 and blatgy.1p in strains of Salmonella enterica
isolated from slaughtered swine samples (Gomes-Neves et al., 2015;
Kubomura et al., 2020). The dfrA-type genes identified in both A. media
and E. coli strains isolated from gilthead seabream obtained from the
market are located not only downstream of the integrase gene intl1, but
also adjacent to the transposon TnAs1 (Tn3 family), as shown in Fig. 3 B,
C and D. Moreover, in A. media strains, an 1S26 element is found
downstream of the dfrA5-type gene, along with a recombinase family
protein and blatgy-1s-
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3.5.2.2. Genetic environment of sul2, aph(3")-Ib and aph(6)-Id genes.

Fig. 3 D, E and F, present the alignment of sul2, aph(3")-Ib, aph(6)-Id
genes along with their respective genetic environment. The presence of
the repA gene, which is essential for plasmid replication, in strains
belonging to groups D and E provides evidence for a possible association
of these ARG with a plasmid (Betteridge et al., 2004). All E. coli strains
from group D (isolated from mussels from farm 4) harboured additional
ARG within this plasmid, such as: dfrA1-type, aadA1l, sull and mph(B);
disinfectants and heavy metals resistance genes, such as qacEA1 and the
mer operon; and additional mobile genetic elements, like intl1, located
downstream of sul2, aph(3")-Ib and aph(6)-Id genes, and upstream of
dfrAl-type, aadAl, sull and qacEA1 genes. Class 1 integrons have been
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Fig. 6. Circular comparison, generated by BLAST Ring Image Generator (BRIG, v. 0.95; Alikhan et al., 2011), between all contigs harboring qnrB19 genes detected in
this study, as having a plasmid location. Plasmids used as reference are the closest plasmid sequences obtained using the NCBI Microbial genomes BLAST analysis.

reported to be associated with aadA, dfrA and mph(B) genes (Jiang et al.,
2019; Muziasari et al., 2016; Suzuki et al., 2022). The ARG sul, dfrA and
mph(B) are involved in resistance to antibiotics used in aquaculture,
especially in fish (e.g. China, South Africa, Turkey, Norway and Italy),
and their presence contributes to a selective pressure that promotes the
survival of bacteria carrying these genes, as well as HGT and recombi-
nation (Andersson and Hughes, 2014; Federation of Veterinarians of
Europe, 2016; Ferry et al., 2022; Santos and Ramos, 2018). Additionally,
other genes, like aadA, can thrive in these environments due to co-
selection (Muziasari et al., 2016).

3.5.2.3. Genetic environment of blapox-18 gene. Noteworthy, an ISAs12
element was detected 4864 bp upstream of a major facilitator super-
family (MFS) transporter and the blapox.1s gene in an
A. allosaccharophila from gilthead seabream acquired in the market
(Fig. 4 A). Although blapox genes are normally encoded on the chro-
mosome of Aeromonas spp. (Maravic et al., 2013), previous studies have
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reported their association with plasmids in this genus (as in our study),
isolated from active sludge in urban wastewater treatment plant in
Poland (Piotrowska et al., 2017).

All eight E. coli strains isolated from mussels in farm 4 had a catA1-
type gene, sharing the same genetic environment (Fig. 4 B). This gene
was located upstream of a GNAT family N-acetyltransferase and the
transposon TnAs3. TnAs3 is a transposon belonging to the Tn3 family
and has previously been associated with cat genes (Mbelle et al., 2019;
Ross et al., 2021). Once again, our findings provide evidence that
transposons from Tn3 family are frequently linked to several ARG and
may play an essential role in their mobilization and dissemination.

3.5.2.4. Genetic environment of tet genes. In Fig. 5 A, we can see the
alignment of tet(A) genes found in this study. In all strains tet(A) gene
was found downstream tetR(A) [which codes for the repressor TetR,
responsible for the regulation of tet(A) mRNA expression (Mgller et al.,
2016)] and a relaxase, and upstream a EamA family transporter
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(belonging to the drug-metabolite transporter superfamily). The
remaining genetic environment varies according to the origin of the
farmed animals (farm 4 or market). We highlight E. coli INSAq324 which
has an IS1 downstream of the tet(A) gene and the EamA family trans-
porter, and E. coli INSAq183 which has TnAs1 upstream of the relaxase
and the tetR(A) gene. A. media INSAqQ193 proved to be an important
reservoir of ARG, as this strain had another ARG associated with tetra-
cyclines resistance, tet(E) (Fig. 5 B), upstream of a tetR gene and
downstream of a hypothetical protein and the IS3. TnAsI was observed
in other studies in association with the tet(A) gene, isolated in human
samples with diarrhoea and located in a plasmid along with the mcr-1
gene (Li et al., 2021).

For this study, we did not find any reference in the literature to the
association of IS1 and tet(A), as well as 1S3 with tet(E) (Fig. 5 A and B).
However, it is noteworthy that tetracycline resistance genes are often
associated with plasmids and transposons (Hong et al., 2014).

3.5.2.5. Genetic environment of qnrB19 gene. All the qnrB19 genes found
in this study were located in small plasmids with approximately 3000
bp. In Fig. 6, a comparative analysis is presented between the gnrB19-
harboring contigs identified in our study and the gnrBI19-harboring
reference plasmids (accession numbers: JN979787 and NC_019086.1).
Our finding indicate that the gnrB19-harboring plasmids of INSAq183
and INSAq193, isolated from the intestine and muscle of a gilthead
seabream obtained from the market, respectively, exhibit a higher
similarity (99.6 %) to the gnrB19-harboring small ColE1l-type plasmid
(JN979787), which was isolated from a clinical E. coli isolate in
Argentina (Tran et al., 2012).

Among the other gnrB19-harboring contigs identified in our study
(INSAQ143 isolated from L. adecarboxylata in a gilthead seabream
collected from farm 7; INSAq316, INSAq317, INSAq319, INSAq320,
INSAQ321, INSAq322, INSAq324 and INSAq354 isolated in eight E. coli
in mussels collected from farm 4), a higher identity (99.8 %) was
observed with another small ColE-type plasmid isolated from an E. coli
in a faecal sample, collected from a healthy child in Peru (NC_019086.1;
Pallecchi et al., 2010). The genetic environment of the gnrB19 genes is
identical in all analysed strains, with the pspF (coding to phage shock
protein transcriptional activator for pspABCE operon) gene disrupted by
an ISEcp1C-like located upstream of the gnrB19 gene. Some authors have
proposed that ISEcp1C-like elements may have played a significant role
in the mobilization of the gnrB19 gene (Tran et al., 2012). The gnrB19
gene can be found on both large and small plasmids. Small plasmids,
similar to those found in our study, have been described in previous
studies encompassing different bacterial species within the Enterobac-
teriaceae family, multiple host species (e.g. horse, chicken, pigs, wild
birds, humans, and environmental samples) and different geographical
regions (Moreno-Switt et al., 2019; Pallecchi et al., 2010; Tran et al.,
2012). This suggests that this type of small plasmids could be responsible
for the dissemination of the gnrB19 gene in different reservoirs through
HGT. Indeed, Moreno-Switt et al. (2019) demonstrated that the transfer
of these small plasmids is possible, from Salmonella Heidelberg to Sal-
monella Typhimurium, through the action of a P22 bacteriophage by
transduction (Moreno-Switt et al., 2019).

MGE play a fundamental role in the adaptation and evolution of
bacteria in diverse environments. They range from the simple elements,
such IS capable of translocating to several locations and influencing the
expression of nearby genes, to more complex MGE, such as plasmids.
Plasmids can incorporate in their structure numerous other MGE, like
transposons and integrons, as well as resistance and virulence genes.
They can be transmitted to other bacteria through HGT of the same or
different species, genus, or family (Partridge et al., 2018; Ross et al.,
2021).
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3.6. Pathogenicity to humans

All genes described above, from antibiotic, disinfectant and heavy
metals resistance genes to virulence factors (such as those related with
adherence, fimbriae, toxins secretion, efflux proteins and other features
essential for the survival and spread of bacteria within a human host),
prophages and MGE, contribute to the pathogenicity of these strains.
The analysis of the 66 strains studied, allowed the classification of 49
(74.2 %) as pathogenic to humans, with values ranging from 54.8 % to
94.5 % (Tables 1 and 2). This is a concerning fact since farmed animals
will inevitably come into contact with humans, whether through
handling of these animals in aquaculture settings, markets or through
their consumption, thereby exposing humans to potential risk of
infection.

4. Conclusions

Our study provides new information about resistance/virulence de-
terminants that are circulating in the aquaculture environment and
emphasizes the importance of MGE and the mobilome in the dissemi-
nation of these determinants to both humans and to the environment.

New ST were identified in Aeromonas spp., C. portucalensis,
E. asburiae, Shewanella spp. and Vibrio spp., shedding light on their
potentially evolutionary relationships with other studied STs. This
contributes to the understanding of the bacterial diversity in aquatic
farmed animals. The extensive array of antibiotic, disinfectants and
heavy metals resistance genes discovered (e.g. blatgy, sul2, qnrB19,
qnrD2, catAl-type, tet, sitABCD, merA and copA) confirms aquaculture
environments as hotspots for resistance genes, many of which are also
prevalent in clinical human isolates. MGE, such as IntI1, plasmids and
TnAs, were found to play a crucial role in the dissemination of resistance
to tetracyclines, trimethoprim, p-lactams, phenicols, sulfonamides,
quinolones, aminoglycosides, macrolides, disinfectants (like quaternary
ammonium compounds), and heavy metals (such as mercury). Antibi-
otics, disinfectants and heavy metals can persist in the environment for
extended periods, subjecting bacterial communities to selective pres-
sures and altering their abundance and composition. This can favour
resistant bacteria over sulfur-reducing, aromatic-compound-oxidizing,
methanotrophic and photosynthetic bacteria, with a possible impact in
ecosystem functioning. Likewise, it is known that even low amounts of
antibiotics can influence microbial signalling and interactions (Anand
et al., 2021; Posada-Perlaza et al., 2019). Given the appropriate condi-
tions, these genes can transfer to new reservoirs, posing a significant
threat to human health (Canica et al., 2015). This emphasizes the con-
cerning and highly probable occurrence of bidirectional transmission of
antibiotic resistant bacteria between the aquaculture and the environ-
ment, potentially impacting human health. Therefore, it is crucial to
implement One Health strategies to monitor these reservoirs and the
surrounding environment (Mcewen and Collignon, 2018).

Overall, these results show the need to apply Council Recommen-
dation/2002/77/EC on the prudent use of antimicrobial agents in
human medicine, as it highlights the need of establishing a relationship
between the occurrence of antimicrobial resistance in certain human
pathogens and its occurrence in animals and the environment (European
Council, 2001).

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.166351.
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