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ABSTRACT

The overuse of antibiotics in aquaculture drives the emergence of multi-drug-resistant bacteria, and antibiotic-
resistant genes (ARGs) can be disseminated to other bacteria through vertical- and horizontal gene transfer
(VGT and HGT) under selective pressure. Profiling the antibiotic resistome and understanding the global dis-
tribution of ARGs constitutes the first step in developing a control strategy. Hence, this study utilized extensive
genomic data from hundreds of Aeromonas strains in aquaculture to profile resistome patterns and explores their
association with isolation year, country, and species characteristics. Overall, ~400 Aeromonas genomes were
used to predict the ARGs from A. salmonicida, A. hydrophila, A. veronii, A. media, and A. sobria. ARGs such as sull,
tet(A), and tet(D), which display a similar proportion of positive strains among species, were subjected to
phylodynamic and phylogeographic analyses. More than a hundred ARGs were identified, some of which
exhibited either species-specific or non-species-specific patterns. A. salmonicida and A. media were found to have
a higher proportion of species-specific ARGs than other strains, which might lead to more distinct patterns of
ARG acquisition. Overall, ~25% of strains have either sull, tet(A), or tet(D) gene(s), but no significant difference
was observed in the proportion of positive strains by species. Phylogeographic analysis revealed that the
abundant numbers of sull, tet(A), and/or tet(D) introduced in a few East Asian and North American countries
could spread to both adjacent and faraway countries. In recent years, the proportions of these ARGs have
dramatically increased, particularly in strains sourced from aquatic environments, suggesting control is required
of the overuse of antibiotics in aquaculture. The findings of this research offer significant insights into the global
dissemination of ARGs.

1. Introduction

Aquaculture is one of the fastest-growing sectors for the resource of

antibiotics remains the most instantaneous and cost-effective remedy.
(Roh et al., 2018; Pereira et al., 2022; Vignesh et al., 2011; Burridge
et al., 2010). However, the misuse and overuse of antibiotics in the

high-quality proteins; hence, a large number of developed and devel-
oping countries are promoting the aquaculture industry (e.g., Gui et al.,
2018; Béné et al., 2016; Hersoug, 2015). The trend toward developing
aquaculture with industrialization has contributed significantly to
massive fish production with high efficiency (Sikveland et al., 2022).
However, without sufficient regulation, the rapid growth of aquaculture
can lead to substantial water pollution and increase the outbreak of
diseases (Carter, 2018; Greaker et al., 2020). Among multiple relevant
problems that arise, bacterial disease is one of the most prominent and
problematic causes of high mortality rates and economic losses (Mzula
et al., 2021). Whilst numerous environmentally sustainable treatment
modalities have been devised for managing bacterial diseases in aqua-
culture, it is undeniable that, in the short term, the utilization of
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aquaculture environment has raised multiple concerns, not only in terms
of public health issues but also the reduction of effective and valid an-
tibiotics for bacterial infection in aquatic animals (Shao et al., 2018; Kim
et al., 2018). Regarding the former, the indiscriminate use of chemo-
therapy with antibiotics induces a selective pressure on bacterial path-
ogens, which generate multi-drug resistant bacteria (Rasul and
Majumdar, 2017). Moreover, the residual antibiotics following chemo-
therapy are released without any elimination or inactivation procedures
through effluent water, which increases propagation of antimicrobial
resistances in natural microbiome environments (Silva et al., 2021). A
more severe problem is that many ARGs are located within mobile ge-
netic elements such as integrase, transposase, and plasmid. Therefore,
ARGs can be replicated and delivered continuously if the bacteria are in
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environments that require antibiotic resistance for survival (Ellabaan
et al., 2021; Hu et al., 2022). In addition, ARGs can be horizontally
transferred to other bacteria. Eventually, the spread of ARGs in nature
will raise public health concerns about emerging multi-drug-resistant
bacteria that are infectious in humans. Thus, profiling the current sta-
tus of ARG distribution and its propagation pattern is vital for gaining a
comprehensive understanding of this issue, and implementing effective
countermeasures.

Among the bacterial pathogens, the genus Aeromonas is a major
waterborne opportunistic pathogen that can cause bacterial infection in
both aquatic and terrestrial animals (Conte et al., 2021). In the Aero-
monas species, some of the important bacterial pathogens in fish are
Aeromonas salmonicida, Aeromonas hydrophila, Aeromonas veronii, Aero-
monas sobria, and Aeromonas media. Of these, A. salmonicida is the
causative agent of fish furunculosis in salmonid and non-salmonid fish
by typical (subsp. salmonicida) and atypical subspecies (subsp. masou-
cida, achromogenes, smithia, and pectinolytica) (Cipriano and Bullock,
2001; Torres-Corral et al.,, 2022). Furthermore, A. hydrophila and
A. veronii are ubiquitous bacterial pathogens with diverse host ranges,
including fish, reptiles, and amphibians, and can lead to motile Aero-
monas hemorrhagic septicemia (Wang et al., 2003; Li et al., 2019b).
They occasionally cause tremendous mortality and economic losses in
the aquaculture and ornamental fish industries through primary in-
fections or co-infection with other pathogens (e.g., Jun et al., 2013;
Esteve et al., 1993; Roh et al., 2018; Suresh et al., 2023). Likewise,
A. sobria and A. media are etiological agents causing skin hemorrhages,
ulceration, lesions, and abnormal swimming behavior in a large number
of aquatic animals (Majtan et al., 2012; Lii et al., 2016).

There are several advantages in using Aeromonas as the genus for
profiling waterborne ARGs worldwide. Firstly, genomic data on Aero-
monas from various countries are highly diverse, providing robust in-
formation about isolation year, country, and host available in public
databases (e.g., Genbank). Secondly, many cases, reports, and studies
about Aeromonas that can acquire or spread ARGs from or to the sur-
rounding environment or microbiome highlight the usefulness of the
genus in profiling global resistome patterns (e.g., Conte et al., 2021; Roh
et al., 2018; Baron et al., 2017; Sahoo et al., 2016). For these reasons,
this study collected genomic data on five major Aeromonas pathogens in
aquaculture A. salmonicida, A. hydrophila, A. veronii, A. sobria, and
A. media from more than 30 countries, and identified ARGs and anti-
biotic class resistances by species and strain. In addition, among more
than a hundred genes, ARGs with no species-specific differences in
mutation patterns and a relatively even distribution in several species,
namely Tet(A), tet(D), and sull, were selected and subjected to phylo-
dynamic and phylogeographic analyses to profile the dissemination of
ARGs. The use of such metadata and big data is expected to make an
enormous contribution to the establishing of strategies for controlling
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the propagation and movement of ARGs.
2. Material and methods
2.1. Collection of Aeromonas genomes

The genome data of major Aeromonas pathogens (A. salmonicida,
A. hydrophila, A. veronii, A. media, and A. sobria) were obtained from
NCBI GenBank. To ensure data reliability and completeness, we only
used genomes with publicly available information on the isolation
country or site, isolation year, and hosts. A total of 399 Aeromonas ge-
nomes meeting these criteria were included in the analysis. Based on
information on the isolation source, the type of site - either terrestrial or
aquatic environment was assigned. Detailed information regarding the
bacterial genomes, such as species, strain, genome size, BioSample,
environmental type, BioProject, and assembly accession number is
available in Table S1. To generate maps for visualization of the data, we
retrieved geographic information, including GPS coordinates, from
Google Maps.

2.2. Prediction of antibiotic-resistant genes (ARG)

All 399 Aeromonas genome data were utilized for the prediction of
ARG sequences. Specifically, we utilized the resistance gene identifier
(RGI) in the comparative antibiotic resistance database (CARD) to
obtain the resistome, which included protein and nucleotide sequences.
To ensure accuracy, we used the options 'Perfect and strict hits only’
(Pass_Bitscore >50, and Best_Hit _Bitscore >80), "Exclude nudge’, and
"High quality/coverage’ (Percentage length of reference sequence
>50%) when blasting the genomes. We profiled the distribution of each
ARG by species and strain. Species-specific ARGs were identified as
those found exclusively in one species and accounting for more than 5%
of those present. This prevented the inclusion of species-specific ARGs
that might be coincidentally identified due to rare events. The ARGs
observed from all Aeromonas species used in this study were regarded as
non-species-specific ARGs. The copy numbers of specific ARGs were
counted for each strain (number of specific ARG copy number/1
genome). Following this, the patterns of ARG compositions were hier-
archically clustered using the Euclidean distance method. Each strain
was visualized differentiated by the presence of ARG sulfonamide
resistance; sull, tetracycline resistance; tet(D) and/or tet(A) gene in the
genomes, and circular dot colors differentiated by species. The identified
ARGs were used for estimating the resistance of antibiotic class, and the
following formula was applied to calculate the relative proportion of
each antibiotic class. The antibiotic classes were then compared by
species.

A. sal = Number of resistant strains in each class from A. salmonicida / total number of A. salmonicida (€8]
A. hyd = Number of resistant strains in each class from A. hydrophila / total number of A. hydrophila 2)
A. ver = Number of resistant strains in each class from A. veronii / total number of A. veronii 3)
A. sob = Number of resistant strains in each class from A. sobria / total number of A. sobria 4
A. med = Number of resistant strains in each class from A. media / total number of A. media (5)
Relative proportion of A. salmonicida in each antibiotic class=A. sal / (A. sal + A. hyd + A. ver + A. sob + A. med) (6)
Relative proportion of A. hydrophila in each antibiotic class=A. hyd / (A. sal + A. hyd + A. ver + A. sob + A. med) (7)

Relative proportion of A. veronii in each antibiotic class=A. ver / (A. sal + A. hyd + A. ver + A. sob + A. med) (8)
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Relative proportion of A. sobria in each antibiotic class = A. sob / (A. sal + A. hyd + A. ver + A. sob + A. med) )

Relative proportion of A. media in each antibiotic class = A. med/ (A. sal + A. hyd + A. ver + A. sob + A. med) 10)

Among all 399 Aeromonas strains, the identified 138 ARGs exhibited
gene copy numbers ranging from O to 7 copies per strain. To characterize
the distribution patterns of ARG copies and investigate their relationship
with antibiotics indicative of resistance across strain and species levels,
principal component analysis (PCA) was performed based on the num-
ber of ARGs within each antibiotic class. All data were analyzed and
visualized using 'dendextend’, "circlize’, *dplyr’, "plyr’, and 'factoextra’
packages in R (Ver. 4.2.2) (Galili, 2015; Gu et al., 2014; Wickham et al.,
2018; Wickham, 2011; Kassambara and Mundt, 2017).

2.3. Phylodynamic and phylogeographic analyses of non-species-specific
ARGs

For the phylodynamic and phylogeographic analyses of non-species-
specific antimicrobial resistance genes (ARGs) in Aeromonas, we selected
tet(A), tet(D), and sull, which were less dominant but shared a similar
proportion of positive strains among the species, and AdeF, which had
high dominance among all species. In total, we utilized 47 tet(D), 41 tet
(A), and 94 sull sequences. All epidemiological analyses were con-
ducted using Nextstrain (Hadfield et al., 2018). The nucleotide se-
quences of each ARG (tet(D), tet(A), and sull) were grouped by country,
isolated year, and species, and ’sequences-per-group’ was set to 20. To
construct the phylogenetic tree, the sequences were aligned with ’—fil-
e-gap’ option without a custom reference. The Time-Resolved Tree was
obtained using the 'refine’ command, with options of "coalescent = opt’,
’data-confidence’, and ’data-inference = marginal’ for assigning times

Species
® A. salmonicida
® A hydrophila
® A veronii

® A sobria
® A media

Legend

abc Sull’, tet(D)", tet(A)* strain
Sull, tet(D), tet(A) strain

abc Sull*, tet(D), tet(A) strain

Sl tetfD ety strain . Sull,tet(Dl, ey strain
D}, Sull*) tet(D}; tet(A)" strain

abe Sulf tet{D)" tetfA) strain

to the internal node. The trait, inferred ancestral sequences, and
amino-acid mutation sites were annotated and profiled by ’traits’,
’ancestral’, and 'translate’ commands, and the results were visualized by
Auspice using a ’nextstrain view’ command line. Likewise, adeF se-
quences were analyzed using a similar approach to tet(A), tet(D), and
sull, with a slight modification of ’sequences-per-group’ to 100. Due to
the higher abundance of adeF sequences, a ‘sequence-per-group’ value
of 100 was assigned. Time-resolved and unrooted phylogenetic trees for
sull, tet(A), tet(D), and adeF were visualized according to country,
isolation year, and species. Similarly, the number and proportion of each
ARG by country and predicted transmission routes were illustrated. In
addition, Pearson’s correlation analysis was performed using the "Per-
formanceAnalytics’ package in R (ver 4.2.2) to evaluate the relationship
between the proportion of sull, tet(D), and tet(A) positive strains and
isolated years (Peterson et al., 2018).

2.4. Statistical analysis

The proportion of ARGs-positive strains derived from terrestrial or
aquatic environments was calculated within whole years or isolation
year intervals (pre-1999, 2000-2009, 2010-2019, and 2020-2022).
Chi-square analysis was applied to evaluate the frequency of specific
ARG-positive strains between the sites using 'gmodels’ package in R
(Warnes et al., 2015). A p-value less than 0.05 was regarded as a sig-
nificant difference.
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Fig. 1. Dendrogram based on the overall number of antibiotic-resistant genes identified in this study from 399 Aeromonas genomes. Strain name with the letter colors
differentiated by the presence of ARGs of sulfonamide resistance; Sull, tetracycline resistance; tet(D), and/or tet(A) gene in the genomes and circular dot colors by
species (A). More detailed information is available in Table S2. The relative proportion of strains that harbored ARG(s) of the antibiotic class) from each species (B).
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Fig. 2. The principal component analysis (PCA) plot displays the individual patterns of ARG counts within each antibiotic class at the level of strains from five
Aeromonas species (A. salmonicida, A. hydrophila, A. veronii, A. sobria, and A. media) (A). The PCA plot illustrates the patterns of antibiotic variables (Carbapenem
(Carba.), Fluoroquinolone antibiotic (Fluoro.), Cephalosporin (Cephal.), Elfamycin antibiotics (Elfa.), Aminoglycoside antibiotic (Aminogly.), Diaminopyrimidine
antibiotic (Diamino.), Disinfecting agents and antiseptics (Disinf.), Sulfonamide antibiotic (Sul.), Phenicol antibiotic (Phenicol), Rifamycin antibiotic (Rifa.), Mac-
rolide antibiotic (Macro.), Tetracycline antibiotic (Tet.), Penam, Monobactam (Monob.), Peptide antibiotic (Peptide), Glycylcycline (Glycyl.), Glycopeptide antibiotic
(Glyco.), Cephamycin (Cepham.), Phosphonic acid antibiotic (Phos.), Streptogramin antibiotic (Strepto.), Lincosamide antibiotic (Linco.), Nucleoside antibiotic

(Nucleo.), and Penem) (B).
3. Results
3.1. Characteristics of genomic data

The Aeromonas genomes used in this study were isolated between
1968 and 2022. Of the 399 strains of Aeromonas, 252 strains, including
~170 strains from fish and aquatic animals, originated from aquatic
environments. By comparison, ~37% of Aeromonas (147 strains) came
from territorial animals or environments. All five Aeromonas species
have been reported in fish (see Table S1).

3.2. Resistome data analysis reveals antibiotic-resistant patterns in
Aeromonas species

In total, 138 ARGs belonging to 23 types of antibiotic classes were
identified (Figs. 1 and 2; Table S2). Species-specific ARGs, which are
present in more than 5% of each species, were identified. One or two
species-specific ARG(s) was/were identified for each species. Beta-
lactamase genes related to the cphA family have been identified in
several Aeromonas, but cphA2, cphA5, cphA6, and cphA8 were only
observed in A. hydrophila, A. salmonicida, A. veronii, and A. sobria,
respectively. Likewise, the carbapenem-resistant gene, OXA-917 and
beta-lactamase gene, CepS were only found in A. media (13/23) and
A. hydrophila strains (36/45) (Table S3). The proportions of non-species
specific ARGs present (to some extent) in all Aeromonas species are
presented in Table S4. Almost all Aeromonas strains harbored adeF and
EF-Tu, but tet(D), sull, and tet(A) were observed in some strains
regardless of species (Table S4). Hence, this study mainly investigated
the non-species specific ARGs (tet(D), sull, and tet(A)). The proportion
of ARG positive strains derived from territorial and aquatic

Table 1

The proportion of species-specific ARGs (cphA2, cphA5, cphA6, cphA8, CepS,
0OXA.917, and vanT) and non-species-specific ARGs (tet(D), sull, and tet(A))
derived from the aquatic and terrestrial environments.

Applicable bacterial species ARGs Environment P-value
(Number of strains) . .
Aquatic Terrestrial
A. salmonicida (45) cphA5 76% (29/ 100% (7/7)  0.1500
38)
A. hydrophila (149) CepS 36% (39/ 44% (18/ 0.3736
108) 41)
cphA2 41% (44/ 29% (12/ 0.1966
108) 41)
A. veronii (176) cphA6 5% (4/81) 5% (5/95) 0.9223
A. sobria (6) cphA8 33%(2/6) - 0.2789
A. media (23) OXA.917  58% (11/ 50% (2/4) 0.7722
19)
vanT 95% (18/ 75% (3/4) 0.2029
19)
All species (399) tet(D) 14% (36/ 7% (11/ 0.0420"
A. salmonicida 252) 147)
A. hydrophila sull 19% (49/ 13% (19/ 0.0948
A. veronii 252) 147)
A. sobria tet(A) 12% (30/ 7% (10/ 0.1017
A. media 252) 147)

@ The p-value less than 0.05 based on the Chi-square analysis indicates a sta-
tistically different proportion of the ARG positive strains between aquatic and
terrestrial environments.

environments for non-species-specific ARGs and species-specific ARGs
are presented in Table 1. The proportion of species-specific ARG positive
strains did not display any significant difference depending on the type
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Fig. 3. Genetic diversity and geographic transmission of sull, tet(D), and tet(A) across the country (A, B, and C). The pie chart sizes indicate the number of genomes
used from each country.
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Fig. 4. Genetic diversity and geographical transmission of sull, tet(D), and tet(A) among Aeromonas species (A, B, and C). The pie charts represent the proportion of
different species of Aeromonas genomes used from each country. The pie chart sizes indicate the number of genomes used from each country.

of environments. However, tet(D) positive strains from aquatic envi-
ronments, as one of the non-species-specific ARGs, were higher in
number than territorial strains. Likewise, although not statistically sig-
nificant, the proportions of sull and tet(A) positive strains from aquatic
environments were higher than those of terrestrial strains (Table 1).

3.3. Distribution of antibiotic resistance genes among diverse Aeromonas
species

All strains were clustered based on the presence and quantity of
ARGs, and ~74% of strains did not harbor either sull, tet(D), or tet(A)
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(Fig. 1). The clustering of ARGs did not necessarily correspond with each
species, and no specific pattern of sull, tet(D), and tet(A) between the
species was identified. Based on the functional characteristics of iden-
tified ARGs, the resistance of the antibiotic classes was predicted for
each strain. The relative proportion of each antibiotic class among
species is depicted in Fig. 2A. Resistance against carbapenem, fluo-
roquinolone, cephalosporin, elfamycin, aminoglycoside, tetracycline,
and the penam class was more or less evenly distributed across all spe-
cies, while resistance against the other classes varied between species.
For example, A. hydrophila, A. veronii, and A. sobria had some strains
resistant to diaminopyrimidine and phenicol class, but a much smaller
number of strains were found in A. salmonicida and A. media (Fig. 2A).
The overall patterns of the number of ARGs per each antibiotic class in
A. hydrophila, A. veronii, and A. media were similar, but A. salmonicida
and A. media strains exhibited slightly different clustering in the PCA
plot. Nonetheless, several strains exhibited distinct patterns of ARG
composition compared to the majority (Fig. 2B).

3.4. Phylodynamic and phylogeographic patterns by sull, tet(D), tet(A),
and adeF

The sull sequences from the genome tended to be clustered by
isolation year, but no significant pattern in terms of Aeromonas species
was observed. Although no clear differences in sull by geographical
factors were found, USA strains tended to cluster in one large distinct
group, whereas most of strains of Chinese and other countries were
scattered and distributed in two other groups (Fig. S1). With respect to
geographical region, the numbers of Aeromonas genomes released from
China and the USA were the first and second highest, respectively. A
relatively high number of sull were isolated from A. veronii in East Asian
countries, including China, Korea, and Japan. However, the major
source of the sull gene from A. hydrophila was found to be the USA and
Brazil (Fig. 3A; 4A) (see Fig. 3 and Fig. 4).

The similarity of tet(D) sequences was associated more closely with
geographical distribution than the year of isolation or species. All tet(D)
genes isolated from China were clustered in the same branch and were
not identified in other phylogenetic branches (Fig. S2). Similar to sull,

Table 2
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the first and second highest number of segregated regions in genomes
containing tet(D) sequences were in China and the USA, respectively.
Although A. veronii had the lowest ratio of tet(D) genes compared to
other Aeromonas species, almost half of the tet(D) genes identified in the
Aeromonas genomes from the USA and China were from A. veronii.
However, in other countries where multiple Aeromonas genomes are
reported to harbor the tet(D) gene, a higher number of tet(D) genes were
isolated from A. hydrophila than from A. veronii (Fig. 3B; 4B).

Phylogenetic analysis of tet(A) sequences revealed that the distri-
butions differed from other ARGs in terms of their association with the
country, isolation year, and species. Specifically, tet(A) sequences were
not well clustered based on these factors (Fig. S3). Among the countries
with high numbers of Aeromonas genomes containing tet(A) sequences,
China and Thailand ranked first and second, respectively. Moreover,
A. veronii was found to be the primary source of tet(A) genes in
numerous Asian countries, contributing to more than half of the total
amount. By contrast, tet(A) was not identified in any of the Aeromonas
genomes from the USA, unlike many tet(D) and sull genes (Fig. 3C; 4C).
In addition, the proportion of sull, tet(D), and tet(A) positive strains
increased significantly and correlated with the year of isolation (Fig. S4).
Moreover, there was a significant increase over time in the proportion of
sull, tet(D), and tet(A) positive strains from aquatic environments
(Table 2).

In the case of adeF, the sequence similarities were closely related to
the origin species rather than country and isolation date. A. hydrophila
and A. veronii strains exhibited clear delineation, with no instances of
them coalescing into a single group. Instead, each species primarily
dominated its own cluster in two of the groups (Fig. S5). The phylo-
geographic estimation revealed that China, USA, and Brazil were
geographically important countries with regard to adeF transmission
(Fig. S6).

4. Discussion
The continuous and frequent use of antibiotics has been identified as

a trigger for the dissemination of antibiotic resistance genes (ARGs) not
only in specific bacterial pathogens but also in various aquatic

Proportions of sull, tet(D), and tet(A) positive strains from aquatic and terrestrial sources across year in-
tervals: ~pre-1999, 2000-2009, 2010-2019, and 2020-2022.

Proportion of positive strain Chi-square
ARGs Isolation year
Aquatic Terrestrial X2 p-value
~1999 6.3% (1/16) 0.0% (0/4) 0.26 0.608
sull 2000 - 2009 9.4% (5/53) 12.5% (1/8) 0.07 0.786
2010 - 2019 20.9% (32/153) 13.7% (14/102) 2.14 0.144
2020 - 2022 36.7% (11/30) 12.1% (4/33) 5.22 | 0.022*
~1999 0.0% (0/16) 0.0% (0/4) - -
Tet(D) 2000 - 2009 9.4% (5/53) 12.5% (1/8) 0.07 | 0.786
2010- 2019 15.7% (24/153) 9.8% (10/102) 1.83 0.176
2020 - 2022 23.3% (7/30) 0.0% (0/33) 8.66 | 0.003**
~1999 0.0% (0/16) 0.0% (0/4) - -
Tet(A) 2000 - 2009 5.7% (3/53) 12.5% (1/8) 0.53 | 0.466
2010 - 2019 11.1% (17/153) 6.9% (7/102) 1.3 0.255
2020 - 2022 33.3% (10/30) 6.1% (2/33) 7.58 0.006**

+ Chi-square analyses of aquatic- and terrestrial strains at the same year intervals, displaying both the Chi-
square (Xz) and p-value (B - D). Asterisks indicate statistical significance (*; P < 0.05 and **; P < 0.01).
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environments, including groundwater, seawater, surface water, sewage,
and drinking water (Zhang et al., 2009; Blanco-Picazo et al., 2020). The
characteristics of each region for phylogeographic analysis are ulti-
mately determined by the interaction between terrestrial and aquatic
environments. Therefore, for the phylogeographic analysis, we included
both terrestrial and aquatic strains. Nonetheless, the Aeromonas species
used in this study have been reported to cause significant damage to
aquatic animals, and the usage of antibiotics in aquaculture and aquatic
environments could be more problematic than in terrestrial environ-
ments due to the method of antibiotic administration (Sgrum, 2005;
Quinones et al., 2019). This difference can have substantial implications
which underscores the importance of aquatic environments. The resis-
tance of aquaculture bacterial pathogens can be derived from the
acquisition of ARGs through horizontal gene transfer (HGT) and/or
incidental gene mutation, both of which can directly and indirectly
impact the phenotypic characteristics of bacteria (Von Wintersdorff
etal., 2016). HGT between bacteria has been raised as the major concern
regarding the spread of ARGs and a potential threat to public health
(Cooper et al., 2017). HGT can occur among inter-species bacteria, as
demonstrated by numerous studies, such as between Acinetobacter bau-
mannii and Escherichia coli, and among environmental microbiota like
the gut, aquatic ecosystem, soil, and biofilms (e.g., Cooper et al., 2017;
Giaouris et al., 2015; Aminov, 2011). Thus, several types of HGT with
different mechanisms, including conjugation, transformation, and
transduction, have been reported. Conjugation occurs via direct inter-
action between bacteria through cell surface components (e.g., adhesin
and pili); while transformation involves the uptake of free DNA in the
environment; and transduction is mediated by the bacteriophage
(reviewed by Von Wintersdorff et al., 2016). The multiple routes of HGT
increase the likelihood of sharing ARGs, which can occur more
frequently than anticipated. Whilst HGT is commonly recognized as a
major pathway, recent evidence has highlighted the notable contribu-
tion of vertical gene transfer (VGT) in transmitting ARGs through
reproductive processes to progeny. VGT mediates and forms the trans-
conjugants that can drive further dissemination of ARGs from donor to
recipients (Li et al., 2019a). In nature, HGT and VGT coexist, leading to
the dissemination of antibiotic resistance genes (ARGs) under selective
pressure (Qiu et al., 2018). In the aquaculture environment, Preena et al.
(2020) cautioned against the high prevalence of bacterial infection and
increased use of antibiotics, both of which have contributed in the
proliferation of antibiotic-resistant bacteria. In addition, anthropogenic
activities, such as the international trade in live fish and their products,
might spread the ARGs from regions where many multi-drug resistant
bacteria are prevalent to others, thereby introducing these genes into
natural bacterial populations through HGT and VGT. For example, Roh
et al. (2018) isolated a bacterial pathogen (Aeromonas veronii) from
imported ornamental fish (Discus; Symphysodon discus). They found
ARGs such as sull, tet(A), and gcuC in the ARG integron and transposon
cassettes closely relevant to HGT between bacteria (Domingues et al.,
2012). These findings underscore the importance of international
cooperation in sharing information to prevent the transmission of ARGs
in aquaculture systems. Moreover, it is crucial to understand the phy-
lodynamic and phylogeographic patterns of ARGs distribution to effec-
tively combat the emergence and spread of antibiotic resistance.

Our findings demonstrate variations in the composition of ARG
across different Aeromonas species. Notably, the ARG composition dif-
fers according to the Aeromonas species. A. salmonicida and A. media
exhibited more distinct patterns in the ARG count belonging to 23
antibiotic classes than other Aeromonas species. This difference was
correlated with the percentage of species-specific ARGs, although all
Aeromonas species harbored one or two own species-specific ARGs. The
cphA5 and vanT as species-specific ARGs in A. salmonicida and A. media
was 80% and 91%, respectively, which was two - three times higher the
existence of species-specific ARGs in other Aeromonas species (CepS,
cphA2, cphA6, and cphA8). Notably, four out of the seven species-specific
ARGs found in this study belong to cphA genes. CphA is the enzyme that
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can hydrolyze the penems and carbapenems classes of antibiotics
(Segatore et al., 1993). In this study, whole genome based resistome
analysis showed that ~58% of A. hydrophila harbored at least one cphA
gene, including cphA2 (38%; 56/149), cphA3 (20%; 30/149), or cphA7
(less than 1%; 1/149). However, this could be highly variable depending
on the site and region. For example, several studies investigated the
presence of cphA from A. hydrophila isolated from Southeastern Brazil or
southern Taiwan and found that they showed more than 90% of Aero-
monas harbored the cphA gene (Balsalobre et al., 2009; Wu et al., 2012).
In addition, ~80% of A. salmonicida genomes profiled in this study
harbored cphA5. All these results could raise concerns about the
spreading of cphA worldwide. Although each Aeromonas species seems
to have a specific subtype of cphA regarding species-specific ARGs (ac-
cording to the results in Table S3), multiple subtypes of cphA have been
detected from the same Aeromonas species. For instance, Tekedar et al.
(2020) detected cphAl, cphA2, cphA6, cphA7, and cphA8 genes from
A. veronii. This difference might arise from the varying compositions of
strain pools and methods for investigating ARGs; however, releasing
more genomes and ARGs databases will decrease such errors.

With respect to shared ARGs among all Aeromonas species, adeF and
Ef-Tu are most abundant in all strains. In particular, adeF provides
resistance against tetracycline and fluoroquinolone classes, which have
been widely used in fish farms. The acquisition of adeF in almost all
Aeromonas strains can drive the emergence of multidrug-resistant bac-
teria in aquaculture (Quesada et al., 2013; Guidi et al., 2018; Li et al.,
2022). A former study (Li et al., 2022) revealed the possibility that adeF
frequently found in activated sludge and wastewater treatment plants
could be enriched through HGT from Betaproteobacteria and Alphap-
roteobacteria to Gammaproteobacteria, supporting the hypothesis that
adeF can transfer to other genera of bacterial pathogens. The relatively
high acquisition of adeF genes in most Aeromonas species will increase
the risk of multidrug-resistant bacteria in aquaculture environments. Tet
(D) and tet(A) are the ordinary resistant genes against the tetracycline
class found in gram-negative bacteria, and sull is a resistant gene against
the sulfonamide class. These three genes have been reported in
numerous bacteria and/or environments in aquaculture and are known
to contribute to multi-drug resistance in the surrounding microbiota via
multiple types of HGT (Chopra and Roberts, 2001; Grape et al., 2005;
Minogue et al., 2012; Kim et al., 2018; Roh et al., 2019). Although they
were not dominant, a relatively even distribution among Aeromonas
species was observed in this study, and their sequence similarity was not
highly dependent on Aeromonas species. This suggests that tet(D), sull,
and tet(A) are the appropriate ARGs for phylogeographic analysis.

Although there can be multiple pathways through which bacteria
acquire ARGs, they tend to acquire them readily from the surrounding
environment or microbial community through various gene transfer
mechanisms when the conditions requiring ARGs arise for their survival.
The acquisition and modification of various genes can happen in the
environmental microbiome, which could drive the proliferation and
dissemination of ARGs by overusing antibiotics. Even for the same level
of antibiotic resistance, a 100% match in nucleotide sequence is not
guaranteed; variations in sequence can occur, and the sequence patterns
can be specific to the geographic origin. These patterns of variation over
time and location can be determined through phylogeographic analysis
which may provide a way to trace ARG transmission and dynamics
(Hadfield et al., 2018). For instance, supposing that an ARG with a
unique or specific pattern had been identified from region A, and an
ARG with the same or very similar mutation pattern was then detected in
another region B. We could speculate that the ARG introduced from
region A would have spread to region B (Laamarti et al., 2023; Chak-
raborty et al., 2022; Hadfield et al., 2018; Baele et al., 2017). Based on
calculations in dozens or hundreds of ARG sequences, the best estima-
tion of ARG spreading between and among the countries could be ob-
tained by placing lines onto a geographical map. For instance, East Asian
and North American counties have reported multiple Aeromonas ge-
nomes that harbored sull, tet(D), and/or tet(A). These genes exhibit the
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possibility for transferring from China to the USA, as well as in the
opposite direction. Likewise, there is a substantial likelihood of trans-
ferring sull, tet(D), and tet(A) genes among East and East South Asian
countries. Notably, this study found that the emergence of tet(D) posi-
tive strains from waterborne environments is approximately twice as
frequent as that of, terrestrial strains. Given that the most frequently
used antibiotics in aquaculture is the tetracycline class, this pattern
underscores the need for caution and control of the overuse of antibi-
otics, especially in aquatic environments (Schar et al., 2020; Thiang
et al., 2021). Moreover, when estimating the proportions of sull, tet(D),
and tet(A) positive strains in aquatic and terrestrial strains across each
isolation year interval (pre-1999, 2000-2009, 2010-2019, and
2020-2022), our study revealed a substantial increase in positive or-
ganisms over time exclusively among aquatic strains. By contrast,
terrestrial strains did not exhibit a comparable surge in positivity rela-
tive to the isolation years. This could be attributable to the different
form of antibiotics used in aquaculture. One prevalent method for
administering antibiotics to farmed fish is immersion, which exposes the
aquatic environment and surrounding microorganisms to a considerably
higher amount of antibiotics compared to individual administration to
terrestrial animals (Sgrum, 2005; Quinones et al., 2019). This highlights
the need for significantly greater caution in the use of antibiotics in
aquaculture environments compared to terrestrial settings. In addition,
previous studies have verified multiple types of ARGs in surface sedi-
ments and waterborne environments in the country where many ARGs
positive strains were identified in the current study, which raises further
concern about the pervasive influx of ARGs into natural aquatic envi-
ronments (Qiao et al., 2018; Ohore et al., 2019). However, given that the
analysis of this study was conducted only on genomes and data that have
been freely available to date, which creates a heavily biased sampling
distribution, it cannot be the basis for judging whether the situation in a
particular country is better or worse. Also, the possibility that similar or
identical mutations in ARGs may occur in different countries by chance
rather than transmission may be a limitation of this study. Nevertheless,
we observed a significant increase in the proportion of sull, tet(D), and
tet(A) positive strains over the years. These results indicate that the
prevalence of these ARGs in Aeromonas genomes has been rising over
time, potentially reflecting the increased use of antibiotics and the
resulting selective pressure on bacterial populations. This emphasizes
the need for a global strategy and a unitary health approach to con-
trolling the spread of ARGs.

In conclusion, this is the first study to profile the resistome in major
Aeromonas species, which was achieved by exploring the phylodynamic
and phylogenetic distribution of ARGs among approximately 400 bac-
terial genomes. Among more than a hundred ARGs identified in this
study, sull, tet(D), and tet(A), were appropriate for phylodynamic and
phylogeographic analyses of Aeromonas species. We found that Aero-
monas strains derived from aquatic environments displayed a signifi-
cantly higher proportion of ARG compositions compared to those
originating from terrestrial sources. This underscores the urgent need
and importance for effective control and management of antibiotics
usage, including addressing potential overuse, in aquaculture practices.
The spread of these ARGs was not limited to adjacent countries and thus
revealed the possibility of spreading to distant regions. Therefore, the
control of ARGs spread in the water system is not only a concern for
specific countries but a global issue. To effectively combat the spread of
ARGs, it is imperative to monitor their distribution and implement
mitigation measures with full transparency through international
cooperation, one health approach and information sharing.
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