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Introduction: Aeromonads are ubiquitous in aquatic environments and
several species are opportunistic pathogens of fish. Disease losses caused
by motile Aeromonas species, particularly Aeromonas hydrophila, can be
challenging in intensive aquaculture, such as at striped catfish (Pangasianodon
hypophthalmus) farms in Vietnam. Outbreaks require antibiotic treatments, but
their application is undesirable due to risks posed by resistance. Vaccines are
an attractive prophylactic and they must protect against the prevalent strains
responsible for ongoing outbreaks.

Methods: This present study aimed to characterize A. hydrophila strains
associated with mortalities in striped catfish culture in the Mekong Delta by
a polyphasic genotyping approach, with a view to developing more effective
vaccines.

Results: During 2013-2019, 345 presumptive Aeromonas spp. isolates were
collected at farms in eight provinces. Repetitive element sequence-based PCR,
multi-locus sequence typing and whole-genome sequencing revealed most
of the suspected 202 A. hydrophila isolates to belong to ST656 (n = 151),
which corresponds to the closely-related species Aeromonas dhakensis, with
a lesser proportion belonging to ST251 (n = 51), a hypervirulent lineage
(vAh) of A. hydrophila already causing concern in global aquaculture. The
A. dhakensis ST656 and vAh ST251 isolates from outbreaks possessed unique
gene sets compared to published A. dhakensis and vAh ST251 genomes,
including antibiotic-resistance genes. The sharing of resistance determinants
to sulphonamides (sull) and trimethoprim (dfrA1) suggests similar selection
pressures acting on A. dhakensis ST656 and vAh ST251 lineages. The earliest
isolate (a vAh ST251 from 2013) lacked most resistance genes, suggesting
relatively recent acquisition and selection, and this underscores the need to
reduce antibiotics use where possible to prolong their effectiveness. A novel
PCR assay was designed and validated to distinguish A. dhakensis and vAh
ST251 strains.

Discussion: This present study highlights for the first time A. dhakensis, a
zoonotic species that can cause fatal human infection, to be an emerging
pathogen in aquaculture in Vietnam, with widespread distribution in recent
outbreaks of motile Aeromonas septicaemia in striped catfish. It also confirms
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vAh ST251 to have been present in the Mekong Delta since at least 2013.
Appropriate isolates of A. dhakensis and vAh should be included in vaccines
to prevent outbreaks and reduce the threat posed by antibiotic resistance.

KEYWORDS

antibiotic resistance, antimicrobial resistance (AMR), aquaculture, comparative
genomics, hypervirulent Aeromonas hydrophila (vAh), motile Aeromonas septicaemia,
pangasius, Pangasianodon hypophthalmus

1. Introduction

Aeromonas spp. are ubiquitous members of autochthonous
communities in aquatic environments, while some species
are opportunistic pathogens of animals and humans (Janda
and Abbott, 2010; Batra et al., 2016; Pessoa et al., 2019;
Fernandez-Bravo and Figueras, 2020) meaning they can present
a One Health challenge (Lamy et al, 2021). Infections
caused by Aeromonas spp. can be particularly challenging at
aquaculture sites where aquatic animals are farmed intensively,
as these provide ideal conditions for a disease outbreak.
Vietnam is a major aquaculture producer with several species
dominating output, including the striped catfish Pangasianodon
hypophthalmus (Sauvage, 1878), which is exported around the
world as pangasius (Phuong and Oanh, 2010). Striped catfish
production is concentrated in the Mekong Delta region where
these fish are cultured primarily in freshwater ponds and the
sector provides significant support to the regional economy with
exports worth >USD 1.7 bn, thereby securing livelihoods and
employment (Phuong and Oanh, 2010; Nguyen and Jolly, 2020;
Hasan and Shipton, 2021). However, bacterial disease outbreaks
can disrupt production, with the most important pathogens
being Edwardsiella ictaluri, which causes bacillary necrosis of
pangasius (BNP), and motile species of Aeromonas, particularly
A. hydrophila, which are responsible for motile Aeromonas
septicaemia (MAS), also known as haemorrhagic or red spot
disease (Phuetal., 2016; Hoa et al., 2021). In striped catfish, MAS
manifests clinically with hemorrhage, abscess, ulcers, ascitic
fluid, and anemia, and outbreaks result typically in high rates
of mortality (Anyanwu et al., 2015; Phu et al., 2016).

An injectable vaccine is available commercially in Vietnam
to protect against BNP and MAS, and it contains an inactivated
isolate of E. ictaluri and two biotypes of A. hydrophila (ALPHA
JECT® Panga 2, PHARMAQ; Tung et al, 2014); however,
uptake by farmers is far from universal with cost cited as a
barrier because specialized teams and equipment are needed
to administer the vaccine (Adams, 2019; Kayansamruaj et al.,
2020). Consequently, treatment with antibiotics is needed when
outbreaks occur (Rico et al., 2013; Strom et al., 2019), but this
is undesirable due to risks associated with the selection and

enrichment of antibiotic-resistant strains in the environment
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and in people and animals exposed to these agents (Mo et al.,
2015; Phu et al., 2016; Brunton et al., 2019; Hoa et al., 2021).
Therefore, the implementation of preventative measures to
counter infectious diseases, including easy to administer and
less costly vaccines, is a priority, with oral and immersion-
based vaccines showing promise and in advanced development
(Mzula et al., 2019; Ngo et al., 2022). Nevertheless, to ensure
greatest efficacy, it is critical that newly developed vaccines
protect against the most prevalent disease-causing lineages in
circulation, thus underlining a need for regular surveillance.
Due to long standing misidentification issues and the high
heterogeneity present within the Aeromonas genus (Pessoa
et al., 2019), the strains affecting striped catfish deserve special
attention. Several approaches can be applied to differentiate
strains of Aeromonas, although even speciation within this genus
can be a challenge due to traditional phenotypic markers lacking
sufficient discrimination (Pessoa et al., 2019; Ferndndez-Bravo
and Figueras, 2020). Indeed, the molecular epidemiology of
MAS outbreaks affecting striped catfish in the Mekong Delta
is not well described, and many studies have relied solely on
traditional biochemical tests to identify presumed Aeromonas
spp. (Nguyen et al., 2014), with identification of A. hydrophila
reliant on single genetic markers based on amplification of the
aerolysin gene (Pollard et al., 1990; Hoa et al, 2021). More
recently, genetic methods of characterisation for Aeromonas
spp. based on housekeeping gene phylogeny and multi-locus
sequence typing (MLST) have proven popular and these can
provide more reliable species placement and strain resolution
(Martino et al., 2011; Navarro and Martinez-Murcia, 2018).
Still, instances of ambiguous species attribution have been
documented based on MLST (de Melo et al., 2019), with
whole genome sequencing (WGS) providing the most definitive
differentiation of species and strains (Bayliss et al., 2017). Such
genomic studies have revealed the presence of a hypervirulent
lineage (vAh) of A. hydrophila [sequence type (ST) 251] that
is prompting serious concern in global aquaculture due to its
role in causing MAS outbreaks in farmed channel catfish and
carp in the USA and China, respectively (Pang et al., 2015;
Rasmussen-Ivey et al., 2016; Awan et al., 2018), whilst vAh
ST251 isolates have been detected recently in two provinces
farming striped catfish in Vietnam (Ngo et al., 2022). Application
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of a comprehensive suite of strain typing methods to isolates
associated with MAS outbreaks in Vietnam would allow for
the identification of the predominant strains in circulation for
inclusion into more effective vaccines, whilst providing insight
into the most suitable methods for future surveillance to ensure
their continued effectiveness.

Therefore, the aim of the present study was to characterize
the circulating A. hydrophila strains associated with mortality
losses in striped catfish culture in the Mekong Delta, Vietnam by
a polyphasic genotyping approach, with a view to applying this
knowledge to the development of new vaccines offering greater
protection against this pathogen.

2. Materials and methods

2.1. Reference and type strains

Five A. hydrophila isolates of varied host origin were used for
reference purposes and these isolates originated from Thailand
(isolate F2D20 from Rana rugulosa), Bangladesh (isolate T4
from Labeo rohita and isolate B2/12 from an unknown
host), India (isolate VDS from Ictalurus punctatus), and USA
(isolate AL09-71 from I. punctatus). A further reference isolate,
Aeromonas veronii biovar sobria LMG 13067 (originating from
an unspecified frog host in the USA), and 12 type strains of
Aeromonas spp. were also included (Supplementary Table 1).

2.2. Sampling sites and primary isolation
of Aeromonas spp. field isolates

P. hypophthalmus exhibiting classical signs of MAS,
reddened fins
hemorrhage, were sampled from disease outbreaks in the

including and external and/or internal
Mekong Delta region (An Giang, Ben Tre, Can Tho, Dong
Thap, Hau Giang, Tien Giang, and Vinh Long provinces) and
Dong Nai province during 2013-2019. For each sampling
occasion, at least two representative field isolates were included
that had been derived from separate farms located in the same
geographic area. Additionally, nine farms from five regions
were sampled more extensively between 2018 and 2019, where
multiple fish, internal organs and isolates per culture plate were
collected. After disinfecting the fish surface with 70% ethanol
in water, the internal organs (liver, spleen, and head kidney)
were dissected out aseptically, streaked on to Rimler-Shotts agar
(RS; Himedia, India) or Aeromonas medium (supplemented
with ampicillin; Thermo Fisher Scientific, UK) and incubated
overnight at 28°C. Smooth, convex, round, and yellow (or dark
green on Aeromonas medium) single colonies presumed to be
Aeromonas spp. were sub-cultured in tryptone soya broth (TSB;
Himedia) at 28°C for 16-20 h at 240 rpm. All isolates, samples
and locations are listed in Supplementary Table 1. Cultures were
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cryopreserved at —-80°C in TSB medium supplemented with
20% glycerol (Merck, USA).

2.3. Diagnostic PCR to confirm colonies
to be A. hydrophila

Genomic DNA was extracted from the culture pellet of
each isolate using the GeneJET Genomic DNA Purification kit
(Thermo Scientific, USA). PCR was performed against the 16S
rRNA gene using the primers of Trakhna et al. (2009), and this
assay yields an amplicon of 103 bp in the presence of genomic
DNA from A. hydrophila. This 16S rRNA PCR assay was
chosen to identify A. hydrophila instead of the more traditional
aerolysin gene PCR (Pollard et al., 1990), as initial evaluations
found equivalent PCR outcomes with reference isolates within
the Aeromonas genus whilst avoiding the presence of non-
specific artifact products that appeared for a small proportion
of aerolysin PCR-negative samples collected from the field (e.g.,
isolate TN120 from An Giang and isolates TN103 and TN117
from Dong Thap; data not shown). Each PCR contained 10 ng
genomic DNA in a 10 puL total volume containing 1x MyTaq
HS PCR master mix (Meridian Bioscience, UK) and 0.2 uM of
each primer. The amplification conditions were as follows: initial
denaturation at 95°C for 3 min, followed by 30 cycles of 95°C
for 15 s, 55°C for 15 s, and 72°C for 10 s. PCR amplicons were
electrophoresed through 1% agarose gel (Meridian Bioscience,
UK) containing 0.1 mg/mL ethidium bromide in 0.5x TAE
(20 mM Tris, 10 mM acetic acid, and 0.5 mM EDTA). The gel
was observed under UV light using the InGenius gel imaging
system (Syngene, UK) for the presence of the expected band.

2.4. Repetitive element sequence-based
PCR (rep-PCR)

Each field isolate was genotyped using a rep-PCR
based on the single (GTG)5 repetitive primer, as described
previously (Bartie et al., 2012). Field isolates negative by
16S rRNA PCR were included to see whether lineages of
non-A. hydrophila species associated strongly with MAS
outbreaks (Supplementary Table 2). Five microlitres of each
PCR reaction was separated on a 1.5% UltraPure Agarose-1000
gel (Invitrogen, Thermo Fisher Scientific) in chilled 0.5x
TAE buffer. A GeneRuler 100 bp Plus DNA Ladder (Thermo
Fisher Scientific) was used to aid DNA profile comparisons.
Following electrophoresis, the gels were stained for 30 min in
1 mg/mL ethidium bromide and de-stained in Milli-Q water
(Merck Millipore, UK) for 1 h. DNA profiles resulting from
the rep-PCR were visualized and gel images captured using
the InGenius system (Syngene, UK). Numerical analysis of the
DNA fingerprints was performed using Gel Compar II software
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(Applied Maths NV, Belgium). Dendrograms were constructed
using the unweighted pair group method with arithmetic mean
(UPGMA) and Pearson similarity coefficient. Clusters of similar
banding profiles (similarity of at least 95%) were defined as
an equivalent rep-PCR type where the banding patterns were
considered indistinguishable by manual inspection of the
respective rep-PCR gel profiles.

2.5. Phenotypic characterisation of
suspected A. hydrophila isolates

A subset of 12 field isolates positive by 16S rRNA
PCR, representative of the main groups by rep-PCR and
collected from different provinces and sampling times, were
analyzed by API 20E biochemical profiling (bioMérieux, USA)
and oxidase test (Oxoid) to further support the species
identification (Supplementary Table 2). A. hydrophila subsp.
hydrophila ATCC 7966 was included for comparison.

2.6. Next-generation sequencing
multi-locus sequence typing (hgsMLST)

A subset of 132 field isolates were selected for ngsMLST
such that they
A. hydrophila diagnostic PCR outcomes, rep-PCR profiles

profiling represented the diversity of
and sample sites. Four A. hydrophila reference isolates of
varied host origin and six type strains of Aeromonas spp. were
included as control material for ngsMLST library preparation
(Supplementary Table 2). A total of nine MLST loci and the
full-length 16S rRNA gene (Weisburg et al., 1991) were amplified
by PCR, barcoded, and sequenced using the high-throughput
sequencing HiSeq platform (Illumina, USA) in order to assess
the genetic variation within the field isolate collection. Six
loci were included (gyrB, groL, gltA, metG, ppsA, recA) based
on the MLST scheme of Martino et al. (2011) with three
additional markers (rpoD, dnaX, dnaJ) selected for their ability
to inform phylogeny within the Aeromonas genus (Nhung
et al., 2007; Martinez-Murcia et al., 2011). Primer sequences
of the MLST loci and full-length 16S rRNA gene are listed in
Supplementary Table 3.

2.7. ngsMLST library preparation

The ten loci of interest were amplified individually in a 5-
L PCR containing 1x MyTaq HS mix (Meridian Bioscience,
UK), 0.2 uM of each primer pair and 2.5 ng genomic DNA
template. The touchdown cycling protocol consisted of an initial
denaturation at 95°C for 3 min; then 10 cycles of 95°C for
15 s, annealing at 65°C (with this temperature decreasing by
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1°C each cycle), and extension at 72°C for 30 s; followed by
eight PCR cycles performed at an annealing temperature of
55°C. The full-length 16S rRNA gene PCR was conducted in
the same PCR master mix conditions with an initial 3 min
denaturation step at 95°C; 15 cycles of 95°C for 15 s, 45°C
for 30 s, and 72°C for 45 s; and a final extension at 72°C
for 5 min.

Amplicons were visualized on a 1.5% TAE agarose gel and
the PCR products from each isolate combined to normalize
total DNA template according to band intensity and size.
Samples were purified by AxyPrep Mag PCR bead clean-
up kit (Axygen Biosciences, USA) at a bead ratio of 0.6x
and diluted to 0.2 ng/uL according to Qubit dsDNA HS
quantification (Invitrogen; Thermo Fisher Scientific). Libraries
were constructed in a miniaturized volume modified from
an existing Illumina Nextera XT Library Preparation protocol
(lumina, USA), starting with 0.1 ng DNA template in a
2.5 pL tagmentation mixture and 5 pL barcoding PCR. Then
libraries were cleaned up by AxyPrep magnetic beads (Axygen
Biosciences, USA) at a 1:1 ratio. Finally, quantified libraries
(Qubit dsDNA HS) were normalized by abundance of DNA,
divided into four pools, and submitted for sequencing on a
NovaSeq 6000 sequencing platform (Illumina, USA) at PE250
reads (Novogene, UK).

2.8. ngsMLST data analysis

Mass-parallel molecular typing data (ngsMLST sequences)
were filtered for quality (QC > 20), length (150 nt), and absence
of primers/adaptors and complexity (entropy > 15) using fastp
(Chen et al, 2018). Gene sequence assemblies and typing
were performed using SRST2 v0.2.0 (Inouye et al.,, 2014) and
PubMLST (Jolley and Maiden, 2012). The resulting sequences
of nine MLST loci and the full-length 16S rRNA gene with
average coverage above 400x were concatenated and aligned
using GramAlign v3.0 (Russell, 2014). A phylogenetic tree was
generated by PhyML v3.3.20200621 (Guindon et al., 2010) and
this included concatenated ngsMLST sequences derived from
published genomes of two reference isolates (vAh ST251 strain
AL09-71 and A. veronii biovar sobria LMG 13067) and 12
Aeromonas spp. type strains (Supplementary Table 2).

2.9. Whole-genome sequencing

Fourteen isolates positive by the A. hydrophila 16S rRNA
diagnostic PCR from the predominant rep-PCR types, and
the reference isolate A. hydrophila T4 that originated from
L. rohita in Bangladesh (Poobalane et al., 2010), were selected
for WGS. Genomic DNA samples were submitted for DNA
library preparation and microbial WGS (Novogene, UK) on the
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NovaSeq 6000 sequencing platform (Illumina, USA) at PE150
read length.

2.10. Genome analysis

Reads from the 15 sequencing libraries were used separately
during the assembly process and reads were filtered as described
in Section 2.8. Raw data were assembled using Spades v3.14.0
(Bankevich et al., 2012) and the Unicycler-pipeline v0.4.8 (Wick
et al., 2017). The initial de novo output was re-aligned against
both A. dhakensis CIP 1075007 (assembly GCF_000820305.1), a
closely related species frequently misidentified as A. hydrophila,
and A. hydrophila subsp. hydrophila ATCC 79661 (assembly
GCF_000014805.1), using CONTIGuator v2.7.5 (Galardini
et al, 2011) to order the contigs when continuity was
incomplete. Finally, Pilon v1.23 (Walker et al., 2014) was used
for polishing and correcting sequencing errors and to recover
closed circular plasmid sequences. Subsequently, all genomes
were annotated by DFAST v1.2.4 (Tanizawa et al., 2018) and
plasmids identified using blastN v2.11.0 (Nowicki et al., 2018)
against the National Center for Biotechnology Information
(NCBI) plasmid database [2021-12-01]. Furthermore, genome
sequences (including complete sequences, draft assemblies,
and raw reads) of 116 publicly available A. dhakensis and
A. hydrophila strains, and four other Aeromonas spp. to act as
outgroups, were downloaded from the European Bioinformatics
Institute (Supplementary Table 4). Unassembled samples were
assembled according to the same process as the newly
sequenced isolates.

2.11. Species affiliation by average
nucleotide identity (ANI)

To support species assignments, FastANI v1.33 (Jain et al.,
2018) was applied to the genome sequences to calculate an
ANI index against several type strains, specifically A. dhakensis
CECT 7289" and CIP 107500 (assemblies GCF_000819705.1
and GCF_000820305.1, respectively), and A. hydrophila subsp.
hydrophila ATCC 79661 (GCF_000014805.1). An ANI value of
more than 0.96 was selected as the species threshold (Ciufo et al.,
2018).

2.12. MLST typing and ST-eBurst

MLST types were determined for each genome with mlst
v2.19.0 (Seemann, 2022) and PubMLST (Jolley and Maiden,
2012). The Phyloviz v2.0a (Nascimento et al., 2017) tool was
used to run the goeBURST nLV algorithm and visualize trees
based on the probable patterns of evolutionary descent between
allelic profiles.
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2.13. Core and accessory genomes

PIRATE v1.0.4 (Bayliss et al., 2019) was used to create a
detailed pan-genome and to classify the core and accessory
genomes of all available A. dhakensis and A. hydrophila isolates.
Analysis of pan-genome outputs was performed using R v4.0.0
(R Core Team, 2022). Data on clustering and presence/absence,
and trees from PIRATE, were visualized using panX release
bb56978 (Ding et al., 2018) and phandango v1.3.0 (Hadfield
et al., 2018).

2.14. Screening for antibiotic resistance
genes

Screening for the presence of antibiotic resistance genes
was conducted for the genomes with ABRicate v1.0.0
(Seemann, 2020), using multiple databases [2021-12-01]:
NCBI (Feldgarden et al., 2020) and PlasmidFinder (Carattoli
et al., 2014).

2.15. Design and validation of primers to
distinguish the main groups of strains

Core genes of the two most prevalent groups of strains
observed in this present study were used to design pairs of
discriminating primers, with conserved regions within core
genes used to identify sites for the anchoring primers. Then,
whole genomes were scanned to confirm the specificity of the
primer sets using ecoPrimer v0.5 (Riaz et al., 2011). Candidate
PCR primer pairs (targeting sequences in yjcS and intA_5 genes)
were evaluated against a panel of field isolates and reference and
type strains to confirm their specificity (Supplementary Table 2).
Each PCR contained 5 ng genomic DNA in a 10 pL total volume
containing MyTaq HS mix (Meridian Bioscience, UK) and
0.2 WM of each primer. Initial specificity testing was conducted
using the following amplification conditions: denaturation at
95°C for 3 min; followed by 30 cycles of 95°C for 15 s, 52°C
for 15 s, and 72°C for 10 s. PCR amplicons were separated
through a 1% agarose gel (Meridian Bioscience, UK) containing
0.1 mg/mL ethidium bromide and visualized. A gradient PCR
between 52°C and 62°C was conducted to optimize the PCR
conditions and confirm the differential amplification of DNA
from isolates representing the different groups of strains.

3. Results

3.1. Collection of field isolates

In total, 345 presumptive Aeromonas spp. colonies were
recovered on isolation agar plates from P. hypophthalmus
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individuals exhibiting classical signs of MAS. Of these presumed
A. hydrophila isolates, 58.6 (202/345) yielded the expected 103-
bp amplicon in the PCR of Trakhna et al. (2009) that targets
specifically the 16S rRNA gene of A. hydrophila, thus indicating
the presence of this species (Supplementary Table 2). Of the
nine farm sites sampled between 2018 and 2019, PCR-positive
isolates suspected to be A. hydrophila were detected at seven
sites, including co-isolation with PCR-negative colonies at six
of these sites, indicative of the presence of other Aeromonas
spp. Notably, of the 40 fish from which more than one isolate
was recovered from the internal organs, in eight cases PCR-
positive and negative colonies were isolated, indicating the
presence of more than one Aeromonas spp. (e.g., Site 3, Fish 1;
Supplementary Tables 1, 2).

A summary of the analyses performed for isolates included
in this present study can be found in Supplementary Figure 1.

3.2. Repetitive PCR (rep-PCR) genotyping

Analysis of the 345 field isolates by rep-PCR revealed
complex DNA profiles consisting of 12-14 fragments, with each
ranging from ca. 300-3,000 bp (Supplementary Figure 2). Of
the 202 isolates positive by 16S rRNA PCR and thus suspected
to be A. hydrophila, two distinct profiles were dominant: these
were confirmed by manual inspection and numerical analysis
and termed rep-PCR types A and B (Supplementary Table 2).
Rep-PCR types A and B were widely distributed across the
eight provinces sampled (Supplementary Figure 2), with rep-
PCR type A being most prevalent (151/202; 74.8%) among
the suspected A. hydrophila isolates, especially in samples
collected more recently. Of note, from one fish (Site 3, Fish 3)
was isolated three PCR-positive colonies, where two isolates
clustered within rep-PCR type A whilst the third was rep-PCR
type B (Supplementary Tables 1, 2).

More variable rep-PCR profiles were observed
for the colonies isolated on Aeromonas selective
medium that were negative by the 165 rRNA PCR

(Supplementary Table 2, Supplementary Figure 3), and these
presumed Aeromonas spp. isolates formed relatively diffuse
clusters (Supplementary Figure 2) compared to the tight clusters
corresponding to the two main rep-PCR types, A and B of
suspected A. hydrophila isolates that tested positive by 16S rRNA
PCR.

3.3. Phenotypic characterisation of
suspected A. hydrophila isolates

Biochemical characterisation of A. hydrophila subsp.
hydrophila ATCC 79661 and 12 field isolates, suspected to be
A. hydrophila by 16S rRNA PCR and representative of rep-PCR
types A and B, revealed identical API-20E biochemical profiles
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(704126) matching A. hydrophila, according to BacDive [https://
bacdive.dsmz.de/api-test-finder].

3.4. ngsMLST phylogeny

To provide greater confidence into the identities and
relatedness of the field isolates, ngsMLST was performed
whereby fragments (between 477 and 1,496 bp) at each of
the 10 loci were amplified for 132 representative field isolates,
four A. hydrophila reference isolates from varied hosts, and
six Aeromonas spp. type strains. These isolates were used as
template for ngsMLST library preparation and were selected
for diversity of sampling location, and the outcomes of
16S rRNA PCR and rep-PCR assays (Supplementary Table 2).
After applying the selected depth threshold, a phylogenetic
tree was generated for 92 libraries (87 field isolates, three
reference isolates, and two type strains) based on the
concatenated sequence (ca. 6,910 bp in length) from each
isolate (Figure 1). Amongst the field isolates suspected to be
A. hydrophila (i.e., positive by 16S rRNA PCR), two major
clusters formed according to multilocus phylogenetic analysis
(MLPA). Application of the PubMLST scheme and allelic
profiling of the six housekeeping genes (gyrB, groL, gltA, metG,
ppsA, and recA) permitted the assignment of sequence types
(STs) to each of these two main clusters, namely ST656 (n = 39)
and ST251 (n = 13), which corresponded to rep-PCR types A
and B respectively. ST656 is associated with A. dhakensis (Jolley
et al., 2010), a species closely related to A. hydrophila (Beaz-
Hidalgo and Figueras, 2013), while ST251 is a hypervirulent
lineage of A. hydrophila (vAh). In contrast, the PCR-negative
Aeromonas spp. isolates clustered more variably and distinctly
from the main A. dhakensis and vAh ST251 clades and formed
a diffuse cluster that affiliated most closely to published loci of
A. veronii NCIMB 130157 (n = 26) with a minor sub-cluster
related to A. jandaei CECT 4228 and A. sobria NCIMB 120651
(n = 9; Figure 1). The remaining three field isolates from
P. hypophthalmus presented as outlier groups according to
MLPA. The majority of the allelic profiles of these Aeromonas
spp. isolates did not match any ST in the PubMLST Aeromonas
database (Supplementary Table 2).

3.5. Genome assemblies and ANI

Genome sequencing generated a mean of 12 million
short-reads for each of 14 representative field isolates
and the A. hydrophila T4 reference strain (Table 1). The
genomes ranged between 4.82 and 4.98 Mb, with GC
ratios ranging from 60.9 to 61.4%; several closed plasmids
were detected consistently (Table2). All genomes were
(re-)annotated for gene location consistency using DFAST
(Supplementary Table 4), aligned against selected type strains
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Multilocus phylogenetic analysis by sequence comparison of concatenated housekeeping genes at 10 loci for 87 representative field isolates of
Aeromonas from striped catfish, five reference isolates, and 12 type strains. rep-PCR type, sequence type (ST), and alleles derived from ngsMLST
analysis of 10 genes including 16S rRNA are color coded. *Gene sequences (when available) were retrieved from the genome assembly at NCBI.
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TABLE 1 Field isolate genomes sequenced in this present study.

Isolate  Year Country Province Host Rep-PCR type Read number Run Acc.
T4 1994 Bangladesh - L. rohita n.d. 15,048,804 ERR4911987
TN1 2013 Vietnam AG P. hypophthalmus B 18,305,234 ERR4911995
TN3 2013 Vietnam AG P. hypophthalmus A 14,958,648 ERR4911948
TN4 2014 Vietnam AG P. hypophthalmus A 14,771,162 ERR4911656
TN5 2013 Vietnam AG P. hypophthalmus A 6,820,380 ERR4911952
TN10 2014 Vietnam AG P. hypophthalmus A 7,456,818 ERR4911957
TN11 2014 | Vietnam AG P. hypophthalmus A 18,000,280 ERR4911967
TN14 2013 Vietnam AG P. hypophthalmus A 8,281,592 ERR4911973
TN22 2014 Vietnam CT P. hypophthalmus B 16,909,614 ERR4912005
TN27 2014 Vietnam DT P. hypophthalmus B 7,555,950 ERR4912016
TN42 2015 Vietnam BT P. hypophthalmus B 14,792,042 ERR4912885
TN45 2018 Vietnam TG P. hypophthalmus A 10,315,308 ERR4911633
TN46 2015 Vietnam DN P. hypophthalmus B 8,067,104 ERR4912011
TN49 2015 Vietnam AG P. hypophthalmus A 7,221,844 ERR4911978
TN50 2015 Vietnam AG P. hypophthalmus A 8,292,598 ERR4911638

For each isolate the year sampled, country of origin and province (AG, An Giang; CT, Can Tho; DT, Dong Thap; DN, Dong Nai; BT, Ben Tre; TG, Tien Giang), host, rep-PCR genotype
(rep-PCR type A of A. dhakensis ST656 and rep-PCR type B of vAh ST251), total reads, and data accession number (Run Acc.) is provided. n.d., not determined.

TABLE 2 Genome assembly summary of 15 field isolate genomes.

Isolate  Species MLST type = Chromosome size (bp) Assembly acc.
T4 A. hydrophila u3 4,891,336 GCA_905132965
TN1 A. hydrophila vAh ST251 4,957,116 o o GCA_905132985
TN3 A. dhakensis ST656 4,850,229 e o | o | e GCA_905132935
TN4 A. dhakensis ST656 4,850,407 o o | o | o GCA_905132895
TN5 A. dhakensis ST656 4,850,228 o o | o | o GCA_905132915
TN10 A. dhakensis ST656 4,850,407 o o | o | o GCA_905132905
TN11 A. dhakensis ST656 4,850,231 o o | o | GCA_905132845
TN14 A. dhakensis ST656 4,847,439 e o | e | o GCA_905132925
TN22 A. hydrophila vAh ST251 4,977,638 o GCA_905132975
TN27 A. hydrophila vAh ST251 4,977,339 o e GCA_905132955
TN42 A. hydrophila vAh ST251 4,978,631 A e GCA_905132945
TN45 A. dhakensis ST656 4,820,690 o | o | o | o GCA_905132775
TN46 A. hydrophila vAh ST251 4,977,942 o o GCA_905132995
TN49 A. dhakensis ST656 4,850,028 o o | o | e GCA_905132875
TN50 A. dhakensis ST656 4,847,436 o o | o | o GCA_905132865

For each isolate the species assignment, multi-locus sequence type, chromosome size, presence of plasmids and assembly accession number is provided. e, circular/complete plasmid
sequence identified; o, partial plasmid sequence found; A, present with extra insertion (5,640 bp). a, p6.4-Qnr (6,386 bp); b, p6.3-RelE (6,276 bp); ¢, p6.2-StbE (6,162 bp); d, p4.7-HicB
(4,678 bp); e, p5.0-Yhd] (5,092 bp); f, p3.6-parDE (3,663 bp); g, p6.2-ParE (6,214 bp); h, p4.1-Rec (4,140 bp).

to determine ANI (Supplementary Table 5), and re-classified A. hydrophila, respectively. Moreover, the ANI calculations
(Figure 2). Field isolates fell within two clades that associated supported the existence of these two predominant species
with either A. dhakensis or the clonal vAh ST251 lineage within amongst the isolates collected from P. hypophthalmus (Figure 2,
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Supplementary Table 5). ANI values of 97.1-97.2% were
estimated for nine of the genomes (all rep-PCR type A)
against the two A. dhakensis type strains (CECT 72897 and
CIP 1075007). Similarly, the five vAh ST251 genomes (all
rep-PCR type B) associated most closely with the A. hydrophila
subsp. hydrophila ATCC 79667 type strain (mean ANI value of
96.8%). The reference strain, A. hydrophila T4, was also placed
within the major A. hydrophila clade (ANI values of 97.0%
compared to A. hydrophila subsp. hydrophila ATCC 79667),
although separately from the ST251 lineage.

3.6. Genome-based MLST and ST-eBurst
analysis

Genomes generated in this present study and all those
publicly available for A. dhakensis and A. hydrophila were
analyzed by MLST for the Aeromonas genus to identify STs
and perform network analysis. Most of the genomes had
profiles corresponding to a known ST, although 64 out of
135 analyzed genomes presented with novel gene sequences

and MLST associations (denoted by “u
Supplementary Table 5). Network eBurst analysis based on

in Figure 3 and

sequence distance (Figure 3) revealed high diversity within
and between the A. dhakensis and A. hydrophila species, thus
supporting their separation into two species. For both species,
strain STs were distributed typically as part of a network of
single locus variants or less commonly as unique doublets or
singletons (Figure 3). The A. dhakensis ST656 isolates associated
with P. hypophthalmus were located within the main clonal
complex of A. dhakensis strains; conversely, A. hydrophila ST251
isolated from P. hypophthalmus presented as a singleton.

3.7. Core and accessory genomes

Core (n = 2,517) and accessory genes (n = 33,952) were
inferred to create a detailed pan-genome and to classify
core and accessory genomes using all available A. dhakensis
and A. hydrophila genomes (threshold of 95% presence in
available genomes; Figure 4). When analyzing A. dhakensis,
A. dhakensis ST656, A. hydrophila and A. hydrophila vAh ST251
pan-genomes separately, there were 2,196 shared core genes
identified between the groups (threshold of 95% presence in
available genomes for each group; Supplementary Figure 4).
A characteristic pattern of genes within the core genomes
distinguished the two closely related species of A. dhakensis
(n = 1,505 unique genes not found in A. hydrophila) and
A. hydrophila (n = 923 unique genes not found in A. dhakensis).
Strain-specific regions associated with the A. dhakensis ST656
(n = 769 genes) and vAh ST251 (n = 425 genes) genotypes
were detected when compared to all published A. dhakensis and
A. hydrophila genomes, respectively (Supplementary Figure 4).
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3.8. Antibiotic resistance genes

Screening for antibiotic resistance genes was conducted for
each of the 135 A. dhakensis and A. hydrophila available
including four Aeromonas

genomes, Spp. genomes as

outliers  (Figure 2, Supplementary Table 5).  Interestingly,
the genomes of the field isolates possessed sets of genes
implicated in a multi-drug resistance trait and in patterns
not detected in closely-related A. dhakensis and vAh ST251
counterparts (Figure 2, Supplementary Table 5). The nine
field isolates of A. dhakensis ST656 each included resistance
determinants to sulphonamides (sull), trimethoprim (dfrAl),
(tetA),

resistance gene (gnrS2). Of note, the sulphonamide (sull)

tetracycline and a plasmid-mediated quinolone
and trimethoprim (dfrAI) resistance genes were detected
in both A. dhakensis ST656 and vAh ST251 outbreak
genomes. Four of the vAh ST251 field isolates originating
from multiple provinces in 2014 and 2015 also contained
additional genetic elements conferring reduced susceptibility
to gentamicin [aac(6')-1b4] and rifamycin (arr-2). Intriguingly,
the earliest vAh ST251 isolate (TN1 collected in 2013)
of these additional
determinants (Figure 2).

lacked most antibiotic-resistance

Gene determinants encoding reduced susceptibility to S-
lactams and carbapenems were common in all A. dhakensis
and A. hydrophila genomes, including in field isolates.
The p-lactamase gene, blagqu, was found uniquely in
A. dhakensis, including the ST656 outbreak strains isolated
from striped catfish, while the chromosomally mediated Class
D OXA B-lactamase genes, blapxa—726 or related blapxa—724,
were common to genomes of both species. Sequences with
homology to CphA-type carbapenemases, belonging to metallo-
B-lactamases subclass B2, were also shared amongst the
two species, with the cphA3 subtype associated with vAh
ST251, including in the five genomes of the vAh ST251
field isolates sequenced in this present study. In contrast,
a predicted cephalosporin-resistant phenotype was limited
to A. hydrophila, including in the vAh ST251 field isolates
(cepH) and in the A. hydrophila T4 reference genome
(cepS). Markers for reduced susceptibility to chloramphenicol,
aminoglycosides, macrolides and quinolones were present
but distributed more sporadically across the entirety of
genomes examined.

3.9. Design and validation of primers to
distinguish A. dhakensis and vAh ST251

Two primer sets based on the core genes in the A. dhakensis
and vAh ST251 genomes were evaluated for their ability to
distinguish these two key strain groups (Supplementary Table 6).
To confirm the specificity of each set of primers, the two pairs
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FIGURE 2

Phylogenetic tree of 14 field isolates, one reference isolate, and 116 published A. hydrophila and A. dhakensis genomes. Four Aeromonas spp.
genomes are included in the analysis as an outlier group. Tree is based on the pan-genome analysis. Average nucleotide identity (ANI) values
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FIGURE 2 (Continued)
were calculated compared to the three labeled type strains (A. dhakensis CECT 72897 assembly GCF_000819705.1; A. dhakensis CIP 1075007

assembly GCF_000820305.1; and A. hydrophila subsp. hydrophila ATCC 7966" assembly GCF_000014805.1). The origin (Ori) of each isolate and
the presence/absence of 17 antibiotic resistance genes in the pan-genome analysis is provided. *The quinoline resistance gene was found on a
plasmid and plasmid sequences were available only for the genomes sequenced in this present study. Full list of the abbreviations and detailed

gene names is provided in Supplementary Table 5.
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eBurst network based on multilocus sequence typing (MLST) patterns of publicly available A. hydrophila and A. dhakensis genomes. Circles
denote a distinct MLST: small and unlabelled if undefined and unique; small and labeled if undefined but identified multiple times (“u”); and larger
and labeled if present in the PUubMLST database. Links show single allele variants. Sequence types (STs) containing field isolates are outlined in
black and these correspond to A. hydrophila vAh ST251 and A. dhakensis ST656.

were screened in an initial evaluation against a panel of 14
Aeromonas isolates that included field isolates of A. dhakensis
ST656 (n = 2) and vAh ST251 (n = 2), non-vAh A. hydrophila
reference strains (n = 2), A. hydrophila subsp. hydrophila
ATCC 7966T, the A. dhakensis type strains (n = 2), and
type strains of other Aeromonas spp. (n = 5). The PCR
assay designed to target yjcS, which encodes a metallo-8-
hydrolase in the A. dhakensis genome, yielded the predicted
223-bp amplicon at 62°C only for the DNA samples derived
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from the two A. dhakensis isolates collected from striped
catfish in this present study (TN5 and TN49) and the two
A. dhakensis type strains (CIP 107500T and CECT 72897).
Similarly, a PCR assay targeting the intA_5 integrase gene
in the vAh ST251 genome yielded a 283-bp amplicon at the
optimum 58°C annealing temperature for only the two vAh
ST251 field isolates collected herein (TN1 and TN27). No
amplification in either assay was observed for any non-target
isolates (Supplementary Figure 5).
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A. hydrophila vAh ST251 is available in Supplementary Figure 4.

Distribution of protein-encoding genes in the pan-genome of A. hydrophila and A. dhakensis. Tree is based on pan-genome analysis, calculated
by PIRATE using the accessory genes. Gray background indicates isolates sequenced de novo in this present study, with field isolates labeled
"outbreak”. Shared protein-encoding genes constitute the core genome (95% presence; 2,517 genes). A. dhakensis has species-specific genes
(698 genes) whilst the outbreak strains (ST656, from this present study) share a cluster of clone-specific genes (additional 769 genes). Similarly,
A. hydrophila possesses 439 unique genes (95% presence), whilst the vAh ST251 strains exhibit a specific gene cluster distinct from all other
specimens (additional 425 genes). A 4-way Venn diagram of the separate pan-genomes for A. dhakensis, A. dhakensis ST656, A. hydrophila and

. Discussion

This present study aimed to characterize the predominant
strains of A. hydrophila causing MAS in striped catfish in the
Mekong Delta, Vietnam to inform the selection of isolates for
inclusion into new vaccine formulations. A polyphasic approach
was taken to provide insight into the most appropriate methods
for discriminating the strains sufficiently. Following selective
culture of MAS-affected fish tissues on agar, biochemical
profiling, species-specific PCR, rep-PCR, ngsMLST, and WGS,
the main strains responsible for recent MAS outbreaks were
determined to be clonal lineages of two emerging pathogens,
specifically a hypervirulent clone of A. hydrophila (vAh ST251)
and a predominant single clone of the closely related species
A. dhakensis (ST656).
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Isolates of A. dhakensis were most prevalent in the samples
collected from striped catfish, with this species representing
151/202 of the field isolates testing positive by the 16S rRNA PCR
of Trakhna et al. (2009). This present study is the first to report
A. dhakensis to be a major pathogen affecting the striped catfish
sector in the Mekong Delta, Vietnam. A. dhakensis isolates were
collected from all eight provinces during 2013-2019, and these
isolates clustered within the rep-PCR type A group and belonged
to ST656. The detection and clonal nature of A. dhakensis was
unexpected because A. hydrophila is often cited to be the most
important pathogen responsible for MAS in striped catfish in
Vietnam (Ngo et al., 2022). However, given that A. dhakensis
(Aravena-Roman et al,, 2011) and A. hydrophila (Beaz-Hidalgo
et al., 2013) are frequently misidentified due to overlapping
phenotypic traits, shifting classification schemes and a lack of
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reliable discriminatory tools (Awan et al., 2018; da Silva Filho
et al., 2021), it is highly likely that A. dhakensis is an under-
reported cause of mortality in aquatic animals, with disease
outbreaks attributed instead to A. hydrophila (Aravena-Romén
et al., 2011). Previously, A. dhakensis (formerly Aeromonas
aquariorum) has been reported in disease events of ornamental
fish in Portugal (Martinez-Murcia et al., 2008) and Sri Lanka
(Jagoda et al., 2014), and in eels in Spain (Esteve et al., 2012)
and China (Guo et al., 2016). Moreover, A. dhakensis was the
predominant species isolated from freshwater fish with MAS
symptoms in Malaysia (Azzam-Sayuti et al., 2021), and this
species was also implicated in disease outbreaks in farmed tilapia
in Mexico (Soto-Rodriguez et al., 2013).

The remaining 51/202 field isolates that tested positive
by the Trakhna et al. (2009) PCR grouped together as rep-
PCR type B and were identified as vAh ST251. Isolates of
this hypervirulent clone were found in the earliest samples
analyzed, which confirms its presence in the striped catfish
sector in the Mekong Delta since at least 2013 (TN1 was isolated
in 2013; AG-2013-AG1 in Ngo et al, 2022). Furthermore,
vAh ST251 isolates showed widespread geographical and
temporal distribution through to 2019 when the most recent
samples were cultured (Supplementary Table 1), demonstrating
the persistence of this clone within the industry and supporting
a major role for A. hydrophila in the etiology of MAS in striped
catfish (Stratev and Odeyemi, 2017). Lineages of vAh ST251
have been implicated in significant MAS outbreaks worldwide
including those affecting the catfish industry in the USA and
carp production in China (Pang et al., 2015; Rasmussen-Ivey
et al, 2016), and further sampling may reveal this clone to
be responsible for disease outbreaks elsewhere. The restricted
singleton presentation of vAh ST251 is unusual given the
high strain diversity typically encountered in A. hydrophila.
Further, the global dissemination of the vAh ST251 epidemic
strain is limited to fish hosts thus far, and the pan-genomic
analysis presented herein supports the existence of vAh-specific
regions within core and accessory genomes that could explain
the hypervirulence and host specificity phenotype (Pang et al.,
2015; Rasmussen-Ivey et al., 2016; da Silva Filho et al., 2021).
Indeed, gene clusters unique to the vAh ST251 lineage have
been described previously in relation to prophages, O-antigen
biosynthesis and fucose and myo-inositol metabolism (Hossain
et al., 2013; Rasmussen-Ivey et al., 2016; Ngo et al., 2022).

This present study showed that only rep-PCR, MLST, and
WGS had sufficient discriminatory power to distinguish the
two main groups of isolates effectively, specifically vAh ST251
and A. dhakensis. Indeed, the vAh ST251 and A. dhakensis
isolates were indistinguishable by colony appearance on RS
agar, API20E biochemical profiles and the 16§ rRNA PCR
(Supplementary Table 2). The inability of the Trakhna et al.
(2009) primers to discriminate A. dhakensis from A. hydrophila
is not entirely unexpected given the close genetic relatedness of
these species (Awan et al., 2018). Nevertheless, that A. dhakensis
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ST656 returned an identical API20E profile to vAh ST251 (i.e.,
704126) was unexpected because the inability of A. dhakensis to
ferment L-arabinose (API20E profile, 7047125) has been applied
to discriminate these species previously (Esteve et al.,, 2012).
Still, the high strain diversity within the Aeromonas genus has
resulted in isolates with atypical phenotypes being encountered,
such as A. dhakensis 1P11S3 from striped catfish in Malaysia that
utilized myo-inositol similar to vAh ST251 (Azzam-Sayuti et al.,
2022). The inability of A. dhakensis to assimilate urocanic acid or
to produce acid from L-fucose are other phenotypic markers that
have been applied to distinguish A. hydrophila and A. dhakensis
(Huys et al., 2002), but the observations in this present study
further underscore the need for more effective discriminatory
genotyping tools to differentiate Aeromonas species. Rep-PCR
with a single repetitive primer such as (GTG)s5 has long been
exploited in bacterial strain typing due to the relative simplicity,
low cost, and discriminative power of the assay to subspecies
level (Ishii and Sadowsky, 2009), and the continued relevance
of this genotyping methodology was demonstrated. Although
rep-PCR performed well to describe the population structure
of strains associated with the MAS outbreaks, MLST provides
a more objective approach to genotyping and a scheme has been
established for the Aeromonas genus (Martino et al., 2011; Du
etal., 2021). MLST allows the assignment of definitive genotypes
for reliable comparisons to previous studies, but the approach
can be relatively costly through reliance on Sanger sequencing
technology. To counter this shortcoming, in this present study a
ngsMLST sequencing protocol was devised to create multiplexed
miniaturized libraries from the PCR amplicons of each isolate
at each MLST locus, followed by high-throughput sequencing
as applied in yeast (Chen et al., 2015). This method allows
for cost effective, large-scale strain characterization compared
to more laborious traditional sequencing methods, and offers
a highly discriminative approach for future surveillance efforts
of bacterial pathogens, including those associated with MAS
outbreaks as demonstrated in this present study. Further to
this, to enable a rapid and inexpensive method to discriminate
A. dhakensis from A. hydrophila and vAh ST251, a simple
endpoint PCR was designed based on the core genomes.
The primers were validated experimentally to confirm their
specificity against a panel of strains that included field isolates,
non-vAh isolates, and type strains of A. dhakensis, A. hydrophila
subsp. hydrophila and several other Aeromonas spp. However,
it is unclear whether these primers can differentiate between
other strains of A. dhakensis, vAh ST251 of varied origin or
Aeromonas species, and further work is required to confirm
this. Even so, this yjcS PCR assay represents a novel tool that
could be applied to improve detection of A. dhakensis and
avoid misidentification as A. hydrophila, particularly for MAS
outbreaks in striped catfish in the Mekong delta. Similar assays
to the intA_5 PCR used to identify vAh ST251 in this present
study have been reported to target specific sequences unique to
the strains from the United States (Griffin et al., 2013), as well
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as vAh lineages from outbreaks in Asia (Rasmussen-Ivey et al.,
2016).

WGS provided the greatest discriminatory power and
phylogenetic insight, and sequencing of 14 genomes
representative of the two main clusters of striped catfish
isolates confirmed definitively the respective species affiliations,
their clonal nature and separation into two distinct lineages.
The genomes for the A. dhakensis ST656 isolates generated in
this present study are the first to be reported from striped catfish
and are a welcome supplement to the relatively few genomes
available for this species, compared to A. hydrophila. However,
A. dhakensis is attracting increasing attention as an emerging
pathogen with zoonotic potential, especially in Asia, where this
species has been associated with serious infections and fatalities
in humans (Huys et al., 2002; Wu et al., 2012; Chen et al., 2016;
Khor et al., 2018; Kitagawa et al., 2019; Lau et al., 2020; Sun
et al., 2021). Interestingly, though ST656 has been recovered
exclusively so far from fish hosts, this clone was placed within a
larger clonal complex of A. dhakensis strains originating from
human clinical cases (Figure 3), meaning outbreaks of disease
due to A. dhakensis in fish hosts present a theoretical risk to
susceptible individuals interacting with infected stocks. Of note,
a fatal case of necrotising fasciitis involving A. dhakensis was
recorded in Australia after exposure to pond water (Melo-
Bolivar et al., 2019). Pan-genomic analyses of the WGS data
revealed genomic regions unique to A. dhakensis and a relatively
large abundance of genes associated distinctively with the
ST656 genotype, which could have a role in disease progression
and host specificity (Supplementary Figure 4). Additional
genomes for A. dhakensis and A. hydrophila and their analysis
will enhance our understanding of zoonotic potential and the
success of epidemic strains.

The the of

antimicrobial resistance determinants in the field isolates

genomic analyses confirmed presence
of both species, which can reduce therapeutic treatment
options and underlines the need for greater uptake of control
measures by striped catfish farmers such as vaccines (Dien
et al., 2022). The inherent reduced susceptibility of Aeromonas
isolates to B-lactams is well recognized (Awan et al, 2018),
but the genomes of the isolates collected from the striped
catfish revealed the co-occurrence of resistance genes to
sulphonamides, trimethoprim, tetracycline and quinolines in
A. dhakensis, and to sulphonamides, trimethoprim, gentamicin,
and rifamycin in vAh ST251. Of particular concern, the gnrS2
gene that confers resistance to quinoline was detected on a
6.4 kb plasmid in A. dhakensis, which indicates a propensity
for likely transmission between strains, as shown before for
Aeromonas spp. isolates in this study arena (Nguyen et al,
2014). Notably, A. hydrophila T4 (isolated in 1994 from an
Asian carp in Bangladesh) and the earliest vAh ST251 field
isolate in this present study (TN1 sampled from a diseased
pangasius catfish in 2013; Ngo et al., 2022) did not possess
most of the additional antimicrobial resistance genes, in stark

Frontiers in Microbiology

14

10.3389/fmicb.2022.1067235

contrast with the more recent vAh ST251 genomes, thereby
suggesting relatively recent acquisition and/or selection. The
emergence of the multi-resistant strains has likely occurred in
response to selective pressure exerted by exposure to antibiotics
applied in the Mekong Delta region (Phu et al., 2016; Truong
et al, 2019; Dang et al,, 2021). Still, antibiotic susceptibility
testing is needed to verify the reduced susceptibility phenotypes
of the field isolates. Amongst the Aeromonas genomes, the
frequent presence of resistance elements to agents reserved
as treatments of last resort for Gram-negative infections in
humans is of concern, particularly genes encoding resistance
against carbapenems (cphA). Likewise, the frequent carriage of
the chromosomal class C B-lactamase blagqu in A. dhakensis,
including in the genomes of field isolates from striped catfish,
has reduced therapeutic options in cases of septicaemia in
humans (Wu et al., 2013), and A. dhakensis is postulated to be a
reservoir of B-lactamase-encoding genes Yi et al. (2014).
Amongst the field isolates that tested negative by the
16S rRNA PCR, high strain diversity was detected by rep-
PCR and ngsMLST both within and between sampling
sites (Supplementary Figure 2, Figure 1). Thus, the molecular
epidemiology of Aeromonas strains causing MAS in striped
catfish appears to be complex and this fits with a more
opportunistic and sporadic population structure for these other
species. Similar to the varied rep-PCR profiles encountered, the
extensive strain diversity of other Aeromonas species relative
to the single clonal lineages of A. dhakensis and vAh ST251
was indicated by less well-defined clusters in the MLPA of
the concatenated housekeeping gene sequences and inability
to assign isolates to an existing ST. The species identification
for these Aeromonas spp. isolates was less certain, with closest
homology to members of the A. veronii complex noted in the
main MLPA cluster of suspected Aeromonas spp. isolates, and
a minor group related to A. jandaei and A. sobria (Figure 1).
This is consistent with other studies that have implicated species
other than A. hydrophila in MAS outbreaks, including A. veronii
in channel catfish in Vietnam (Hoai et al., 2019) and carp in
China (Ran et al,, 2018), and A. veronii and A. jandaei in
tilapia in Thailand (Dong et al., 2017; Sakulworakan et al,
2021). This present study relied on opportunistic sampling and a
structured epidemiological approach is necessary to understand
the relative contributions of A. hydrophila including vAh ST251,
A. dhakensis and other Aeromonas species and strains to MAS
outbreaks in striped catfish in Vietnam. Moreover, isolation of
more than one Aeromonas sp. from the fish sampled in this
present study indicates that co-infections may be common in
striped catfish, as has been reported for carp (Ran et al., 2018).
In this present study, co-isolation of more than one Aeromonas
sp. isolate was detected in 9/40 fish from which multiple isolates
were collected, and this included a single fish (Site 3, Fish 3)
from which both A. dhakensis ST656 and vAh ST251 were
isolated (Supplementary Tables 1, 2). Furthermore, the presence
of Aeromonas spp. with non-aeromonads in clinical infections
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is also not unusual (Ferndndez-Bravo and Figueras, 2020), with
both A. hydrophila and E. ictaluri co-isolated from individual
fish at nurseries in Vietnam (Hoa et al., 2021).

In conclusion, two epidemic lineages of Aeromonas were
associated with recent outbreaks of MAS in striped catfish
in the Mekong Delta of Vietnam, specifically A. dhakensis
ST656 and vAh ST251. An endpoint PCR to differentiate these
strains was designed and validated. The most appropriate and
practical methods for continued surveillance of the strains
underlying MAS outbreaks include rep-PCR and MLST, where
a new approach relying on next-generation sequencing was
developed (ngsMLST). Representative isolates of these two
key pathogens can be used to develop improved vaccine
formulations, including novel vaccines for mucosal delivery,
and this forms the focus of a forthcoming study. Such vaccines
delivered in feed or by bathing should assist efforts to increase
vaccine uptake by farmers in Vietnam, thus reducing need for
antibiotic therapy and consequent problems associated with
bacterial antibiotic resistance. In turn, this will aid efforts to
enhance the environmental sustainability of the striped catfish
sector in Vietnam, which supports livelihoods and provides a
nutritious animal protein source for people across the world.

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
accession  number(s) be found in the

and can

article/Supplementary material.

Ethics statement

The animal study was reviewed and approved by the
University of Stirling Animal Welfare and Ethical Review Body.

Author contributions

KB:
investigation, data curation, writing—original draft, writing—

conceptualisation, methodology, formal analysis,
review and editing, visualization, and funding acquisition.
TN: conceptualisation, investigation, resources, writing—
review and editing, supervision, project administration, and
funding acquisition. MB: conceptualisation, methodology,

References

Adams, A. (2019). Progress, challenges and opportunities in fish vaccine
development. Fish Shellfish Immunol. 90, 210-214. doi: 10.1016/;.fsi.2019.
04.066

Frontiers in Microbiology

15

10.3389/fmicb.2022.1067235

formal analysis, investigation, data curation, writing—original
draft, writing—review and editing, and visualization. DH:
investigation, resources, writing—review and editing, and
funding acquisition. RH: conceptualisation and writing—review
and editing. AA: conceptualisation, methodology, writing—
review and editing, supervision, project administration, and
funding acquisition. AD: conceptualisation, methodology,
data draft,
writing—review and supervision,

formal analysis, curation, writing—original

editing, visualization,
project administration, and funding acquisition. All authors

contributed to the article and approved the submitted version.

Funding

This work was supported by the GCRF Networks
in Vaccines Research and Development which was co-
funded by the MRC and BBSRC
by the International
(IVVN).  This
Pump-priming Grant.

and is supported
Veterinary Vaccinology ~Network
was funded by IVVN

project an

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2022.1067235/full#supplementary-material

Anyanwu, M. U,, Chah, K. F,, and Shoyinka, V. S. (2015). Evaluation of
pathogenicity of motile Aeromonas species in African catfish. Int. J. Fish. Aquat.
Stud. 2, 93-98.

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1067235
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1067235/full#supplementary-material
https://doi.org/10.1016/j.fsi.2019.04.066
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Bartie et al.

Aravena-Roman, M., Harnett, G. B, Riley, T. V., Inglis, T. J. J., and Chang, B. J.
(2011). Aeromonas aquariorum is widely distributed in clinical and environmental
specimens and can be misidentified as Aeromonas hydrophila. J. Clin. Microbiol.
49, 3006-3008. doi: 10.1128/JCM.00472-11

Awan, F.,, Dong, Y., Liu, J, Wang, N.,, Mushtaq, M. H,, Lu, C, et al
(2018). Comparative genome analysis provides deep insights into Aeromonas
hydrophila taxonomy and virulence-related factors. BMC Genomics 19, 712.
doi: 10.1186/512864-018-5100-4

Azzam-Sayuti, M., Ina-Salwany, M. Y., Zamri-Saad, M., Annas, S., Liles, M. R,
Xu, T., et al. (2022). Draft genome sequence of myo-inositol utilizing Aeromonas
dhakensis 1P11S3 isolated from striped catfish (Pangasianodon hypopthalmus) in a
local fish farm in Malaysia. Data Brief 41, 107974. doi: 10.1016/j.dib.2022.107974

Azzam-Sayuti, M., Ina-Salwany, M. Y., Zamri-Saad, M., Yusof, M. T,
Annas, S., Najihah, M. Y., et al. (2021). The prevalence, putative virulence
genes and antibiotic resistance profiles of Aeromonas spp. isolated from
cultured freshwater fishes in peninsular Malaysia. Aquaculture 540, 736719.
doi: 10.1016/j.aquaculture.2021.736719

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A.
S., et al. (2012). SPAdes: a new genome assembly algorithm and its applications to
single-cell sequencing. J. Comput. Biol. 19, 455-477. doi: 10.1089/cmb.2012.0021

Bartie, K. L., Austin, F. W. Diab, A, Dickson, C, Dung, T. T,
Giacomini, M., et al. (2012). Intraspecific diversity of Edwardsiella ictaluri
isolates from diseased freshwater catfish, Pangasianodon hypophthalmus
(Sauvage), cultured in the Mekong Delta, Vietnam. J. Fish Dis. 35, 671-682.
doi: 10.1111/j.1365-2761.2012.01376.x

Batra, P., Mathur, P., and Misra, M. C. (2016). Aeromonas spp.: an emerging
nosocomial pathogen. J. Lab. Phys. 8, 1-4. doi: 10.4103/0974-2727.176234

Bayliss, S. C., Thorpe, H. A., Coyle, N. M., Sheppard, S. K., and Feil, E. J.
(2019). PIRATE: a fast and scalable pangenomics toolbox for clustering diverged
orthologues in bacteria. GigaScience 8, giz119. doi: 10.1093/gigascience/giz119

Bayliss, S. C., Verner-Jeffreys, D. W., Bartie, K. L., Aanensen, D. M., Sheppard, S.
K., Adams, A., et al. (2017). The promise of whole genome pathogen sequencing for
the molecular epidemiology of emerging aquaculture pathogens. Front. Microbiol.
8, 121. doi: 10.3389/fmicb.2017.00121

Beaz-Hidalgo, R., and Figueras, M. J. (2013). Aeromonas spp. whole genomes
and virulence factors implicated in fish disease. J. Fish Dis. 36, 371-388.
doi: 10.1111/jfd.12025

Beaz-Hidalgo, R., Martinez-Murcia, A., and Figueras, M. J. (2013).
Reclassification of Aeromonas hydrophila subsp. dhakensis Huys et al. 2002 and
Aeromonas aquariorum Martinez-Murcia et al. 2008 as Aeromonas dhakensis sp.
nov. comb nov. and emendation of the species Aeromonas hydrophila. Syst. Appl.
Microbiol. 36, 171-176. doi: 10.1016/j.syapm.2012.12.007

Brunton, L. A., Desbois, A. P., Garza, M., Wieland, B., Mohan, C. V., Hsler,
B., et al. (2019). Identifying hotspots for antibiotic resistance emergence and
selection, and elucidating pathways to human exposure: application of a systems-
thinking approach to aquaculture systems. Sci. Total Environ. 687, 1344-1356.
doi: 10.1016/j.scitotenv.2019.06.134

Carattoli, A., Zankari, E., Garcia-Fernandez, A., Larsen, M. V., Lund, O., Villa,
L., et al. (2014). In silico detection and typing of plasmids using PlasmidFinder
and plasmid multilocus sequence typing. Antimicrob. Agents Chemother. 58,
3895-3903. doi: 10.1128/AAC.02412-14

Chen, P.-L, Lamy, B., and Ko, W.-C. (2016). Aeromonas dhakensis,
an increasingly recognized human pathogen. Front. Microbiol. 7, 793.
doi: 10.3389/fmicb.2016.00793

Chen, S., Zhou, Y., Chen, Y., and Gu, J.
fast all-in-one FASTQ  preprocessor.  Bioinformatics
doi: 10.1093/bioinformatics/bty560

Chen, Y., Frazzitta, A. E., Litvintseva, A. P, Fang, C., Mitchell, T. G., Springer,
D. J, et al. (2015). Next generation multilocus sequence typing (NGMLST)
and the analytical software program MLSTEZ enable efficient, cost-effective,
high-throughput, multilocus sequencing typing. Fungal Genet. Biol. 75, 64-71.
doi: 10.1016/j.fgb.2015.01.005

Ciufo, S., Kannan, S., Sharma, S., Badretdin, A., Clark, K., Turner, S., et al.
(2018). Using average nucleotide identity to improve taxonomic assignments in
prokaryotic genomes at the NCBI. Int. J. Syst. Evol. Microbiol. 68, 2386-2392.
doi: 10.1099/ijsem.0.002809

da Silva Filho, A. C., Marchaukoski, J. N., Raittz, R. T., De Pierri, C. R., de Jesus
Soares Machado, D., Fadel-Picheth, C. M. T., et al. (2021). Prediction and analysis
in silico of genomic islands in Aeromonas hydrophila. Front. Microbiol. 12, 769380.
doi: 10.3389/fmicb.2021.769380

Dang, L. T., Nguyen, L.-H. T., Pham, V. T., and Bui, H. T. T. (2021). Usage and
knowledge of antibiotics of fish farmers in smallscale freshwater aquaculture in the
Red River Delta, Vietnam. Aquacult. Res. 52, 3580-3590. doi: 10.1111/are.15201

(2018). fastp: an ultra-
34, i884-i890.

Frontiers in Microbiology

16

10.3389/fmicb.2022.1067235

de Melo, B. S. T., Mendes-Marques, C. L., de Lima Campos, T., de Almeida, A.
M. P, Leal, N. C,, and Xavier, D. E. (2019). High-resolution genome-wide analysis
is essential for the identification of ambiguous Aeromonas strains. FEMS Microbiol.
Lett. 366, fnz245. doi: 10.1093/femsle/fnz245

Dien, L. T., Ngo, T. P. H,, Nguyen, T. V., Kayansamruaj, P., Salin, K. R,,
Mohan, C. V., etal. (2022). Nonantibiotic approaches to combat motile Aeromonas
infections in aquaculture: current state of knowledge and future perspectives. Rev.
Aquac. 15, 333-366. doi: 10.1111/raq.12721

Ding, W., Baumdicker, F., and Neher, R. A. (2018). panX: pan-genome analysis
and exploration. Nucleic Acids Res. 46, 5. doi: 10.1093/nar/gkx977

Dong, H. T., Techatanakitarnan, C., Jindakittikul, P., Thaiprayoon, A.,
Taengphu, S., Charoensapsri, W., et al. (2017). Aeromonas jandaei and Aeromonas
veronii caused disease and mortality in Nile tilapia, Oreochromis niloticus (L.). J.
Fish Dis. 40, 1395-1403. doi: 10.1111/jfd.12617

Du, X., Wang, M., Zhou, H,, Li, Z., Xu, J., Li, Z., et al. (2021). Comparison of
the multiple platforms to identify various Aeromonas species. Front. Microbiol. 11,
625961. doi: 10.3389/fmicb.2020.625961

Esteve, C., Alcaide, E., and Blasco, M. D. (2012). Aeromonas hydrophila subsp.
dhakensis isolated from feces, water and fish in mediterranean Spain. Microbes
Environ. 27, 367-373. doi: 10.1264/jsme2.ME12009

Feldgarden, M., Brover, V., Haft, D. H., Prasad, A. B, Slotta, D. J,
Tolstoy, I., et al. (2020). Validating the AMRFinder tool and resistance gene
database by using antimicrobial resistance genotype-phenotype correlations in
a collection of isolates. Antimicrob. Agents Chemother. 64, €00483-e00419.
doi: 10.1128/AAC.00361-20

Fernandez-Bravo, A., and Figueras, M. J. (2020). An update on the genus
Aeromonas: taxonomy, epidemiology, and pathogenicity. Microorganisms 8, 129.
doi: 10.3390/microorganisms8010129

Galardini, M., Biondi, E. G., Bazzicalupo, M., and Mengoni, A. (2011).
CONTIGuator: a bacterial genomes finishing tool for structural insights on draft
genomes. Source Code Biol. Med. 6, 11. doi: 10.1186/1751-0473-6-11

Griffin, M. J., Goodwin, A. E., Merry, G. E., Liles, M. R., Williams, M. A., Ware,
C., et al. (2013). Rapid quantitative detection of Aeromonas hydrophila strains
associated with disease outbreaks in catfish aquaculture. . Vet. Diagn. Invest. 25,
473-481. doi: 10.1177/1040638713494210

Guindon, S., Dufayard, J.-F., Lefort, V., Anisimova, M., Hordijk, W., and
Gascuel, O. (2010). New algorithms and methods to estimate maximum-likelihood
phylogenies: assessing the performance of PhyML 3.0. Syst. Biol. 59, 307-321.
doi: 10.1093/sysbio/syq010

Guo, S., Yang, Q., Feng, J., Duan, L., and Zhao, J. (2016). Phylogenetic analysis of
the pathogenic genus Aeromonas spp. isolated from diseased eels in China. Microb.
Pathog. 101, 12-23. doi: 10.1016/j.micpath.2016.10.016

Hadfield, J., Croucher, N. J., Goater, R. J., Abudahab, K., Aanensen, D. M., and
Harris, S. R. (2018). Phandango: an interactive viewer for bacterial population
genomics. Bioinformatics 34, 292-293. doi: 10.1093/bioinformatics/btx610

Hasan, M. R, and Shipton, T. A. (2021). Aquafeed value chain
analysis of striped catfish in Vietnam. Aquaculture 541, 736798.
doi: 10.1016/j.aquaculture.2021.736798

Hoa, T. T. T., Boerlage, A. S, Duyen, T. T. M., Thy, D. T. M., Hang,
N. T. T., Humphry, R. W,, et al. (2021). Nursing stages of striped catfish
(Pangasianodon hypophthalmus) in Vietnam: pathogens, diseases and husbandry
practices. Aquaculture 533, 736114. doi: 10.1016/j.aquaculture.2020.736114

Hoai, T. D., Trang, T. T., Tuyen, N. V., Giang, N. T. H., and Van, K. V. (2019).
Aeromonas veronii caused disease and mortality in channel catfish in Vietnam.
Aquaculture 513, 734425. doi: 10.1016/j.aquaculture.2019.734425

Hossain, M. J., Waldbieser, G. C., Sun, D., Capps, N. K., Hemstreet, W. B.,
Carlisle, K., et al. (2013). Implication of lateral genetic transfer in the emergence
of Aeromonas hydrophila isolates of epidemic outbreaks in channel catfish. PLoS
ONE 8, €80943. doi: 10.1371/journal.pone.0080943

Huys, G., Kmpfer, P., Albert, M. ], Khn, I, Denys, R., and Swings, J. (2002).
Aeromonas hydrophila subsp. dhakensis subsp. nov., isolated from children with
diarrhoea in Bangladesh, and extended description of Aeromonas hydrophila subsp.
hydrophila (Chester 1901) Stanier 1943 (approved lists 1980). Int. J. Syst. Evol.
Microbiol. 52 (Pt. 3), 705-712. doi: 10.1099/00207713-52-3-705

Inouye, M., Dashnow, H., Raven, L.-A., Schultz, M. B., Pope, B. J., Tomita, T.,
et al. (2014). SRST2: rapid genomic surveillance for public health and hospital
microbiology labs. Genome Med. 6, 90. doi: 10.1186/s13073-014-0090-6

Ishii, S., and Sadowsky, M. J. (2009). Applications of the rep-PCR DNA
fingerprinting technique to study microbial diversity, ecology and evolution.
Environ. Microbiol. 11, 733-740. doi: 10.1111/j.1462-2920.2008.01856.x

Jagoda, S., Wijewardana, T., Arulkanthan, A., Igarashi, Y., Tan, E.,
Kinoshita, S., et al. (2014). Characterization and antimicrobial susceptibility of

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1067235
https://doi.org/10.1128/JCM.00472-11
https://doi.org/10.1186/s12864-018-5100-4
https://doi.org/10.1016/j.dib.2022.107974
https://doi.org/10.1016/j.aquaculture.2021.736719
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1111/j.1365-2761.2012.01376.x
https://doi.org/10.4103/0974-2727.176234
https://doi.org/10.1093/gigascience/giz119
https://doi.org/10.3389/fmicb.2017.00121
https://doi.org/10.1111/jfd.12025
https://doi.org/10.1016/j.syapm.2012.12.007
https://doi.org/10.1016/j.scitotenv.2019.06.134
https://doi.org/10.1128/AAC.02412-14
https://doi.org/10.3389/fmicb.2016.00793
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1016/j.fgb.2015.01.005
https://doi.org/10.1099/ijsem.0.002809
https://doi.org/10.3389/fmicb.2021.769380
https://doi.org/10.1111/are.15201
https://doi.org/10.1093/femsle/fnz245
https://doi.org/10.1111/raq.12721
https://doi.org/10.1093/nar/gkx977
https://doi.org/10.1111/jfd.12617
https://doi.org/10.3389/fmicb.2020.625961
https://doi.org/10.1264/jsme2.ME12009
https://doi.org/10.1128/AAC.00361-20
https://doi.org/10.3390/microorganisms8010129
https://doi.org/10.1186/1751-0473-6-11
https://doi.org/10.1177/1040638713494210
https://doi.org/10.1093/sysbio/syq010
https://doi.org/10.1016/j.micpath.2016.10.016
https://doi.org/10.1093/bioinformatics/btx610
https://doi.org/10.1016/j.aquaculture.2021.736798
https://doi.org/10.1016/j.aquaculture.2020.736114
https://doi.org/10.1016/j.aquaculture.2019.734425
https://doi.org/10.1371/journal.pone.0080943
https://doi.org/10.1099/00207713-52-3-705
https://doi.org/10.1186/s13073-014-0090-6
https://doi.org/10.1111/j.1462-2920.2008.01856.x
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Bartie et al.

motile aeromonads isolated from freshwater ornamental fish showing signs of
septicaemia. Dis. Aquat. Organ. 109, 127-137. doi: 10.3354/da002733

Jain, C., Rodriguez,-R, L. M, Phillippy, A. M., Konstantinidis, K. T., and Aluru,
S. (2018). High throughput ANT analysis of 90K prokaryotic genomes reveals clear
species boundaries. Nat. Commun. 9, 5114. doi: 10.1038/s41467-018-07641-9

Janda, J. M., and Abbott, S. L. (2010). The genus Aeromonas:
taxonomy, pathogenicity, and infection. Clin. Microbiol. Rev. 23, 35-73.
doi: 10.1128/CMR.00039-09

Jolley, K. A., Bliss, C. M., Bennett, J. S., Bratcher, H. B., Brehony, C.,
Colles, F. M., et al. (2012). Ribosomal multilocus sequence typing: universal
characterization of bacteria from domain to strain. Microbiology 158(Pt. 4),
1005-1015. doi: 10.1099/mic.0.055459-0

Jolley, K. A., and Maiden, M. C. J. (2010). BIGSdb: scalable analysis of
bacterial genome variation at the population level. BMC Bioinformatics 11, 595.
doi: 10.1186/1471-2105-11-595

Kayansamruaj, P., Areechon, N., and Unajak, S. (2020). Development of fish
vaccine in Southeast Asia: a challenge for the sustainability of SE Asia aquaculture.
Fish Shellfish Immunol. 103, 73-87. doi: 10.1016/j.fs1.2020.04.031

Khor, W. C,, Puah, S. M., Koh, T. H,, Tan, J. A. M. A,, Puthucheary, S. D., and
Chua, K. H. (2018). Comparison of clinical isolates of Aeromonas from Singapore
and Malaysia with regard to molecular identification, virulence, and antimicrobial
profiles. Microb. Drug Resist., 24, 469-478. doi: 10.1089/mdr.2017.0083

Kitagawa, H., Ohge, H., Yu, L., Kayama, S., Hara, T., Kashiyama, S., et al. (2019).
Aeromonas dhakensis is not a rare cause of Aeromonas bacteremia in Hiroshima,
Japan. J. Infect. Chemother. 26, 316-320. doi: 10.1016/j.jiac.2019.08.020

Lamy, B., Baron, S., and Barraud, O. (2021). Aeromonas: the multifaceted
middleman in the one health world. Curr. Opin. Microbiol. 65, 24-32.
doi: 10.1016/j.mib.2021.09.012

Lau, T. T. V, Tan, J-A. M. A, Puthucheary, S. D., Puah, S.-M,
and Chua, K.-H. (2020). Genetic relatedness and novel sequence types of
clinical Aeromonas dhakensis from Malaysia. Braz. J. Microbiol. 51, 909-918.
doi: 10.1007/s42770-020-00239-8

Martinez-Murcia, A. J., Monera, A., Saavedra, M. J., Oncina, R., Lopez-Alvarez,
M., Lara, E,, et al. (2011). Multilocus phylogenetic analysis of the genus Aeromonas.
Syst. Appl. Microbiol. 34, 189-199. doi: 10.1016/j.syapm.2010.11.014

Martinez-Murcia, A. J., Saavedra, M. J., Mota, V. R., Maier, T., Stackebrandt,
E., and Cousin, S. (2008). Aeromonas aquariorum sp. nov., isolated from
aquaria of ornamental fish. Int. J. Syst. Evol. Microbiol. 58 (Pt. 5), 1169-1175.
doi: 10.1099/ijs.0.65352-0

Martino, M. E., Fasolato, L., Montemurro, F., Rosteghin, M., Manfrin,
A., Patarnello, T. et al. (2011). Determination of microbial diversity of
Aeromonas strains on the basis of multilocus sequence typing, phenotype, and
presence of putative virulence genes. Appl. Environ. Microbiol. 77, 4986-5000.
doi: 10.1128/AEM.00708-11

Melo-Bolivar, J. F., Sinclair, H. A., and Sidjabat, H. E. (2019). Draft genome
sequence of Aeromonas dhakensis, isolated from a patient with fatal necrotizing
fasciitis. Microbiol. Resour. Announc. 8, e00009-19. doi: 10.1128/MRA.00009-19

Mo, W. Y, Chen, Z, Leung, H. M, and Leung, A. O. W. (2015).
Application of veterinary antibiotics in China’s aquaculture industry and
their potential human health risks. Environ. Sci. Pollut. Res. 24, 8978-8989.
doi: 10.1007/s11356-015-5607-z

Mzula, A., Wambura, P. N., Mdegela, R. H. and Shirima, G. M.
(2019). Current state of modern biotechnological-based Aeromonas hydrophila
vaccines for aquaculture: a systematic review. Biomed Res. Int. 2019, 3768948.
doi: 10.1155/2019/3768948

Nascimento, M., Sousa, A., Ramirez, M., Francisco, A. P., Carrico, J. A,
and Vaz, C. (2017). PHYLOViIZ 2.0: providing scalable data integration and
visualization for multiple phylogenetic inference methods. Bioinformatics 33,
128-129. doi: 10.1093/bioinformatics/btw582

Navarro, A., and Martinez-Murcia, A. (2018). Phylogenetic analyses of the
genus Aeromonas based on housekeeping gene sequencing and its influence on
systematics. J. Appl. Microbiol. 125, 622-631. doi: 10.1111/jam.13887

Ngo, T. P, Vu, H. T, Le, T. T,, Bui, H. C,, Liles, M. R., and Rodkhum,
C. (2022). Comparative genomic analysis of hypervirulent Aeromonas
hydrophila strains from striped catfish (Pangasianodon hypophthalmus)
in Vietnam. Aquaculture 558, 738364. doi: 10.1016/j.aquaculture.2022.
738364

Nguyen, H. N. K, Van, T. T. H., Nguyen, H. T., Smooker, P. M., Shimeta,
J., and Coloe, P. J. (2014). Molecular characterization of antibiotic resistance in
Pseudomonas and Aeromonas isolates from catfish of the Mekong Delta, Vietnam.
Vet. Microbiol. 171, 397-405. doi: 10.1016/j.vetmic.2014.01.028

Frontiers in Microbiology

10.3389/fmicb.2022.1067235

Nguyen, T. A. T., and Jolly, C. M. (2020). Global value chain and food safety
and quality standards of Vietnam pangasius exports. Aquacult. Rep. 16, 100256.
doi: 10.1016/j.aqrep.2019.100256

Nhung, P. H.,, Hata, H,, Ohkusu, K., Noda, M., Shah, M. M., Goto, K, et al.
(2007). Use of the novel phylogenetic marker dnaJ and DNA-DNA hybridization to
clarify interrelationships within the genus Aeromonas. Int. J. Syst. Evol. Microbiol.
57, 1232-1237. doi: 10.1099/ijs.0.64957-0

Nowicki, M., Bzhalava, D., and BaLa, P. (2018). Basic local alignment search
tool. J. Comput. Biol. 25, 403-410. doi: 10.1089/cmb.2018.0079

Pang, M., Jiang, J., Xie, X., Wu, Y., Dong, Y., Kwok, A. H. Y, et al. (2015). Novel
insights into the pathogenicity of epidemic Aeromonas hydrophila ST251 clones
from comparative genomics. Sci. Rep. 5, 9833. doi: 10.1038/srep09833

Pessoa, R. B. G., de Oliveira, W. F., Marques, D. S. C., dos Santos Correia, M. T.,
de Carvalho, E. V. M. M, and Coelho, L. C. B. B. (2019). The genus Aeromonas: a
general approach. Microb. Pathog. 130, 81-94. doi: 10.1016/j.micpath.2019.02.036

Phu, T. M,, Phuong, N. T,, Dung, T. T., Hai, D. M., Son, V. N,, Rico, A.,,
et al. (2016). An evaluation of fish health-management practices and occupational
health hazards associated with Pangasius catfish (Pangasianodon hypophthalmus)
aquaculture in the Mekong Delta, Vietnam. Aquacult. Res. 47, 2778-2794.
doi: 10.1111/are.12728

Phuong, N. T., and Oanh, D. T. H. (2010). “Striped catfish aquaculture in
Vietnam: a decade of unprecedented development,” in Success Stories in Asian
Aquaculture. Eds. S. S. De Silva and F. B. Davy (Dordrecht: Springer), 131-147.

doi: 10.1007/978-90-481-3087-0_7

Pollard, D. R., Johnson, W. M., Lior, H., Tyler, S. D., and Rozee, K. R. (1990).
Detection of the aerolysin gene in Aeromonas hydrophila by the polymerase chain
reaction. J. Clin. Microbiol. 47, 2477-2481. doi: 10.1128/jcm.28.11.2477-2481.1990

Poobalane, S., Thompson, K. D., Ardd, L., Verjan, N., Han, H.-]., Jeney, G., et al.
(2010). Production and efficacy of an Aeromonas hydrophila recombinant S-layer
protein vaccine for fish. Vaccine 28, 3540-3547. doi: 10.1016/j.vaccine.2010.03.011

R Core Team (2022). R: A Language and Environment for Statistical Computing.
R Foundation for Statistical Computing, v4.2.0. Available online at: https://www.r-
project.org/

Ran, C,, Qin, C,, Xie, M., Zhang, J., Li, J., Xie, Y., et al. (2018). Aeromonas veronii
and aerolysin are important for the pathogenesis of motile aeromonad septicemia
in cyprinid fish. Environ. Microbiol. 20, 3442-3456. doi: 10.1111/1462-2920.14390

Rasmussen-Ivey, C. R., Hossain, M. J., Odom, S. E., Terhune, J. S., Hemstreet,
W. G., Shoemaker, C. A, et al. (2016). Classification of a hypervirulent Aeromonas
hydrophila pathotype responsible for epidemic outbreaks in warm-water fishes.
Front. Microbiol. 7, 1615. doi: 10.3389/fmicb.2016.01615

Riaz, T., Shehzad, W., Viari, A., Pompanon, F., Taberlet, P., and Coissac, E.
(2011). ecoPrimers: inference of new DNA barcode markers from whole genome
sequence analysis. Nucleic Acids Res. 39, e145-e145. doi: 10.1093/nar/gkr732

Rico, A., Phu, T. M., Satapornvanit, K., Min, J., Shahabuddin, A., Henriksson,
P. ], et al. (2013). Use of veterinary medicines, feed additives and probiotics in
four major internationally traded aquaculture species farmed in Asia. Aquaculture
412-413, 231-243. doi: 10.1016/j.aquaculture.2013.07.028

Russell, D. J. (2014). “GramAlign: fast alignment driven by grammar-based
phylogeny,” in Multiple Sequence Alignment Methods, Vol. 1079, ed D. J. Russell
(Totowa, NJ: Humana Press), 171-189. doi: 10.1007/978-1-62703-646-7_11

Sakulworakan, R., Chokmangmeepisarn, P., Dinh-Hung, N., Sivaramasamy,
E., Hirono, I, Chuanchuen, R, et al. (2021). Insight into whole genome
of Aeromonas veronii isolated from freshwater fish by resistome analysis
reveal extensively antibiotic resistant traits. Front. Microbiol. 12, 733668.
doi: 10.3389/fmicb.2021.733668

Seemann, T. (2020). ABRicate. Github, v1.0.0.0. Available online at: https://
github.com/tseemann/abricate

Seemann, T. (2022). MLST. Github, v2.19.0. Available online at: https://github.
com/tseemann/mlst

Soto-Rodriguez, S., Cabanillas-Ramos, J., Alcaraz, U., Gomez-Gil, B., and
Romalde, J. (2013). Identification and virulence of Aeromonas dhakensis,
Pseudomonas mosselii and Microbacterium paraoxydans isolated from Nile tilapia,
Oreochromis niloticus, cultivated in Mexico. J. Appl. Microbiol. 115, 654-662.
doi: 10.1111/jam.12280

Stratev, D., and Odeyemi, O. A. (2017). An overview of motile

Aeromonas  septicaemia management. Aquacult. Int. 25, 1095-1105.
doi: 10.1007/s10499-016-0100-3

Strém, G. H., Bjorklund, H., Barnes, A. C,, Da, C. T, Nhi, N. H. Y,, Lan, T.
T., et al. (2019). Antibiotic use by small-scale farmers for freshwater aquaculture
in the upper Mekong Delta, Vietnam. J. Aquat. Anim. Health 31, 290-298.
doi: 10.1002/aah.10084

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1067235
https://doi.org/10.3354/dao02733
https://doi.org/10.1038/s41467-018-07641-9
https://doi.org/10.1128/CMR.00039-09
https://doi.org/10.1099/mic.0.055459-0
https://doi.org/10.1186/1471-2105-11-595
https://doi.org/10.1016/j.fsi.2020.04.031
https://doi.org/10.1089/mdr.2017.0083
https://doi.org/10.1016/j.jiac.2019.08.020
https://doi.org/10.1016/j.mib.2021.09.012
https://doi.org/10.1007/s42770-020-00239-8
https://doi.org/10.1016/j.syapm.2010.11.014
https://doi.org/10.1099/ijs.0.65352-0
https://doi.org/10.1128/AEM.00708-11
https://doi.org/10.1128/MRA.00009-19
https://doi.org/10.1007/s11356-015-5607-z
https://doi.org/10.1155/2019/3768948
https://doi.org/10.1093/bioinformatics/btw582
https://doi.org/10.1111/jam.13887
https://doi.org/10.1016/j.aquaculture.2022.738364
https://doi.org/10.1016/j.vetmic.2014.01.028
https://doi.org/10.1016/j.aqrep.2019.100256
https://doi.org/10.1099/ijs.0.64957-0
https://doi.org/10.1089/cmb.2018.0079
https://doi.org/10.1038/srep09833
https://doi.org/10.1016/j.micpath.2019.02.036
https://doi.org/10.1111/are.12728
https://doi.org/10.1007/978-90-481-3087-0_7
https://doi.org/10.1128/jcm.28.11.2477-2481.1990
https://doi.org/10.1016/j.vaccine.2010.03.011
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1111/1462-2920.14390
https://doi.org/10.3389/fmicb.2016.01615
https://doi.org/10.1093/nar/gkr732
https://doi.org/10.1016/j.aquaculture.2013.07.028
https://doi.org/10.1007/978-1-62703-646-7_11
https://doi.org/10.3389/fmicb.2021.733668
https://github.com/tseemann/abricate
https://github.com/tseemann/abricate
https://github.com/tseemann/mlst
https://github.com/tseemann/mlst
https://doi.org/10.1111/jam.12280
https://doi.org/10.1007/s10499-016-0100-3
https://doi.org/10.1002/aah.10084
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Bartie et al.

Sun, Y., Zhao, Y., Xu, W, Fang, R., Wu, Q., He, H,, et al. (2021). Taxonomy,
virulence determinants and antimicrobial susceptibility of Aeromonas spp. isolated
from bacteremia in southeastern China. Antimicrob. Resist. Infect. Control 10, 43.
doi: 10.1186/513756-021-00911-0

Tanizawa, Y., Fujisawa, T., and Nakamura, Y. (2018). DFAST: a flexible
prokaryotic genome annotation pipeline for faster genome publication.
Bioinformatics 34, 1037-1039. doi: 10.1093/bioinformatics/btx713

Trakhna, F., Harf-Monteil, C., AbdelNour, A., Maaroufi, A., and Gadonna-
Widehem, P. (2009). Rapid Aeromonas hydrophila identification by TagMan PCR
assay: comparison with a phenotypic method. Lett. Appl. Microbiol. 49, 186-190.
doi: 10.1111/.1472-765X.2009.02635.x

Truong, D. B, Doan, H. P, Tran, V. K. D., Nguyen, V. C., Bach, T.
K., Rueanghiran, C., et al. (2019). Assessment of drivers of antimicrobial
usage in poultry farms in the Mekong Delta of Vietnam: a combined
participatory epidemiology and Q-sorting approach. Front. Vet. Sci. 6, 84.
doi: 10.3389/fvets.2019.00084

Tung, V. T., Phuong, T. D., Phuong, L. T. K., Phuc, N. T., Nygaard, A.,
Hunderholdt, L. B., et al. (2014). Immunogenic Composition Against Aeromonas
hydrophila. International Patent No WO 2014/064217 Al. World International
Patent Organization.

Walker, B. J., Abeel, T., Shea, T., Priest, M., Abouelliel, A., Sakthikumar,
S., et al. (2014). Pilon: an integrated tool for comprehensive microbial

Frontiers in Microbiology

18

10.3389/fmicb.2022.1067235

variant detection and genome assembly improvement. PLoS ONE 9, e112963.
doi: 10.1371/journal.pone.0112963

Weisburg, W. G., Barns, S. M., Pelletier, D. A, and Lane, D. J. (1991). 16s
ribosomal DNA amplification for phylogenetic study. J. Bacteriol. 173, 697-703.
doi: 10.1128/jb.173.2.697-703.1991

Wick, R. R, Judd, L. M., Gorrie, C. L, and Holt, K. E. (2017).
Unicycler: resolving bacterial genome assemblies from short and long
sequencing reads. PLoS Comput. Biol. 13, €1005595. doi: 10.1371/journal.pcbi.
1005595

Wuy, C.-J., Wang, H.-C,, Chen, C.-S., Shu, H.-Y., Kao, A.-W., Chen, P.-L., et al.
(2012). Genome sequence of a novel human pathogen, Aeromonas aquariorum. J.
Bacteriol. 194, 4114-4115. doi: 10.1128/JB.00621-12

Wu, C.-J,, Wang, H.-C,, Chen, P.-L., Chang, M.-C,, Sun, H. S., Chou,
P.-H,, et al. (2013). AQU-1, a chromosomal class C P-lactamase, among
clinical Aeromonas dhakensis isolates: distribution and clinical significance.
Int. J. Antimicrob. Agents 42, 456-461. doi: 10.1016/j.ijantimicag.2013.
08.002

Yi, S.-W., Chung, T.-H., Joh, S.-]., Park, C,, Park, B.-Y., and Shin, G.-W. (2014).
High prevalence of BlaCTX-M group genes in Aeromonas dhakensis isolated
from aquaculture fish species in South Korea. J. Vet. Med. Sci. 76, 1589-1593.
doi: 10.1292/jvms.14-0274

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1067235
https://doi.org/10.1186/s13756-021-00911-0
https://doi.org/10.1093/bioinformatics/btx713
https://doi.org/10.1111/j.1472-765X.2009.02635.x
https://doi.org/10.3389/fvets.2019.00084
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.1128/jb.173.2.697-703.1991
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1128/JB.00621-12
https://doi.org/10.1016/j.ijantimicag.2013.08.002
https://doi.org/10.1292/jvms.14-0274
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

	Aeromonas hydrophila ST251 and Aeromonas dhakensis are major emerging pathogens of striped catfish in Vietnam
	1. Introduction
	2. Materials and methods
	2.1. Reference and type strains
	2.2. Sampling sites and primary isolation of Aeromonas spp. field isolates
	2.3. Diagnostic PCR to confirm colonies to be A. hydrophila
	2.4. Repetitive element sequence-based PCR (rep-PCR)
	2.5. Phenotypic characterisation of suspected A. hydrophila isolates
	2.6. Next-generation sequencing multi-locus sequence typing (ngsMLST)
	2.7. ngsMLST library preparation
	2.8. ngsMLST data analysis
	2.9. Whole-genome sequencing
	2.10. Genome analysis
	2.11. Species affiliation by average nucleotide identity (ANI)
	2.12. MLST typing and ST-eBurst
	2.13. Core and accessory genomes
	2.14. Screening for antibiotic resistance genes
	2.15. Design and validation of primers to distinguish the main groups of strains

	3. Results
	3.1. Collection of field isolates
	3.2. Repetitive PCR (rep-PCR) genotyping
	3.3. Phenotypic characterisation of suspected A. hydrophila isolates
	3.4. ngsMLST phylogeny
	3.5. Genome assemblies and ANI
	3.6. Genome-based MLST and ST-eBurst analysis
	3.7. Core and accessory genomes
	3.8. Antibiotic resistance genes
	3.9. Design and validation of primers to distinguish A. dhakensis and vAh ST251

	4. Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


