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ARTICLE INFO ABSTRACT

Keywords: The bacterium Aeromonas salmonicida is known since long time as a major fish pathogen unable to grow at 37 °C.
Aeromonas salmonicida However, some cases of human infection by putative mesophilic A. salmonicida have been reported. The goal of
Infection the present study is to examine two clinical cases of human infection by A. salmonicida in Spain and to in-
g::}‘;z;::l‘i‘its“ﬁﬁs vestigate the pathogenicity in mammals of selected mesophilic A. salmonicida strains. An evaluation of the pa-

thogenicity in a mouse model of clinical and environmental A. salmonicida strains was performed. The genomes
of the strains were sequenced and analyzed in order to find the virulence determinants of these strains. The
experimental infection in mice showed a gradient in the virulence of these strains and that some of them can
cause necrotizing fasciitis and tissue damage in the liver. In addition to demonstrating significant genomic
diversity among the strains studied, bioinformatics analyses permitted also to shed light on crucial elements for
the virulence of the strains, like the presence of a type III secretion system in the one that caused the highest
mortality in the experimental infection. Clinicians and microbiologists should consider these results for the
inclusion of A. salmonicida in diagnosis tests since it is now clear that some mesophilic strains are also pathogens
for humans.

Type III secretion systems
Whole genome sequencing

et al. 1990; Guérin-Faublée et al. 1997; Janda et al. 1996; Rouf and
Rigney 1971). However, at that time, the intra-species delineation of A.

1. Introduction

The Gram-negative bacterium Aeromonas salmonicida has been well
known for decades to be a fish pathogen (Austin and Austin 2016).
Officially, A. salmonicida has five subspecies (Martin-Carnahan and
Joseph 2005): salmonicida, smithia, achromogenes, masoucida and pecti-
nolytica. Although the taxonomy of A. salmonicida has always been
subject to debate (Austin 2011), it was only in 2000, with the pub-
lication of the discovery of the subspecies pectinolytica (Pavan et al.
2000) that the diversity of this bacterium was truly revealed. While the
other defined A. salmonicida subspecies grow only at temperatures
below 25 °C, pectinolytica strains can grow efficiently at 37 °C and are
thus considered to be mesophilic (Pavan et al. 2000). This dichotomy in
the maximum growth temperatures of A. salmonicida was reported be-
fore the official publication of the subspecies pectinolytica (Altwegg

salmonicida into subspecies was not systematically used and genome
sequences were not available, making conclusions difficult. Moreover,
classification of A. salmonicida based on biochemical characteristics or
16S rRNA gene sequence has been extremely difficult and many times
impossible (Beaz-Hidalgo et al. 2010).

Recently, four mesophilic A. salmonicida strains isolated from food
in India were sequenced and characterized to shed light on genomic
signatures that could explain why some evolutionarily close subspecies
have such large differences in their maximum growth temperatures
(Vincent et al. 2017, 2016). In accordance with previous experimental
evidence based on the salmonicida subspecies (Tanaka et al. 2012), in-
vestigation of these genomes revealed that insertion sequences could be
one of the major genomic determinants between the mesophilic and the
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psychrophilic strains (Vincent et al. 2017, 2016).

Although our knowledge about A. salmonicida has increased sig-
nificantly during recent years, the infectious potential of mesophilic
strains remained unknown. While psychrophilic A. salmonicida sub-
species are known to infect various fish species (Austin and Austin
2016), no host is certainly known for mesophilic strains. Early studies
found that mesophilic A. salmonicida strains (known as hybridization
group 3 [HG3]) could be isolated from human and animal hosts (Abbott
et al. 1992; Altwegg et al. 1990; Aravena-Romaén et al. 2011; Janda
et al. 1996; Janda and Abbott 2010). Although rigorous, these studies
were made before the democratization of DNA sequencing and the re-
cent advances in the taxonomy of A. salmonicida based on core genome
sequence analysis. In addition, no clinical background was available for
the isolates mentioned above, letting difficult to draw conclusions on
the medical importance of A. salmonicida for humans.

In 2008, a first case of human infection by A. salmonicida with clear
clinical background was reported (Yang et al. 2008). More precisely, a
68-year-old diabetic woman on continuous ambulatory peritoneal dia-
lysis was diagnosed as infected by A. salmonicida after having been
admitted for abdominal pain and cloudy peritoneal fluid. Un-
fortunately, there is no indication on how the strain was identified as A.
salmonicida. Recently, in India, A. salmonicida was reported to have
been recovered from: (i) the blood of a 34-year-old female patient
(Tewari et al. 2014), (ii) a skin infection of a 67-year-old im-
munocompetent male (Kamble 2015) and (iii) the right eye of 55-year-
old female who had recovered from a cataract surgery (Varshney et al.
2017). However, although interesting for clinical backgrounds, the
taxonomic identification of these strains is putative given the inherent
complexity of A. salmonicida.

In 2017, a study reported the isolation of a multidrug-resistant
strain, ASG1, from a 15-year-old boy who had recovered from a finger
surgery (Ruppé et al. 2017). This time, the strain was clearly identified
as belonging to A. salmonicida species. Although it demonstrated once
for all that mesophilic A. salmonicida could infect humans, the patho-
genicity of these isolates and specific mechanisms that allow such in-
fections are still unknown.

Here, we investigate two mesophilic A. salmonicida strains isolated
from human patients in Spain, one that suffered from an acute gastro-
enteritis and the other that had a cellulitis in a foot after a trauma.
These two clinical strains, in addition to four environmental mesophilic
A. salmonicida strains, were tested for pathogenicity in an im-
munosuppressed rodent model. The complete genomes of the strains
were also investigated to figure out the putative determinants im-
plicated in the virulence of the strains.

2. Materials and methods
2.1. Isolation of the clinical strains
The strain AJ83 and 947C were isolated at a hospital in Guadalajara

(Spain) (Table 1). The strain AJ83 was recovered from a cellulitis in the
right foot of a 49-year-old man that also suffered of fasciitis due to
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trauma. The strain 947C came from the faeces of an 8-year-old girl that
had an acute gastroenteritis. Both strains were first identified at the
hospital as Aeromonas hydrophila using MicroScan W/A identification
system (Dade MicroScan, Inc., Sacramento, Calif). Using the same
equipment and based on the Clinical and Laboratory Standards Institute
guidelines of 2015, the resistance to various antibiotics was assessed for
each strain. Both strains were re-identified more thoroughly as A. sal-
monicida by sequencing the rpoD gene using primers and condition used
in another study (Beaz-Hidalgo et al. 2010).

2.2. In vivo experiments

All A. salmonicida strains included in this study (Table 1) were
grown on tryptic soy agar (TSA) plates and incubated at 30 °C for 24 h.
The colonies were then scraped off with a sterile loop and were sus-
pended in sterile phosphate-buffered saline (PBS) solution. For each
strain, the concentration of bacterial cells was determined by plating
10-fold dilutions onto TSA plates and then by counting the number of
CFU after 24 h.

Four-week-old male OF1 mice weighing approximately 30 g each
(Charles River, Criffa S.A., Barcelona, Spain) were used to perform the
experiments. All animals were maintained under standard conditions.
The designed experiments and care procedures were supervised and
approved by the Universitat Rovira i Virgili Animal Welfare and Ethics
Committee. Mice were immunosuppressed 2 days prior to infection by
intraperitoneal injection of 200mg/kg body weight of cyclopho-
sphamide (Genoxal®; Laboratories Funk S.A., Barcelona, Spain) and
thereafter the same procedure was performed once every 5 days
(Sanchis et al. 2016).

Groups of 8 animals were infected intravenously at the tail with
0.2 mL of sterile PBS containing 1 x 107 or 1 x 10° CFU/mouse of the
respective A. salmonicida strains. Parameters were selected based on
previous experiments of mouse infections with Aeromonas (Romero
et al. 2016). In all experiments, a control group of 8 mice injected with
only 0.2 mL of PBS was used. At the end of the experiment, mice were
euthanized by anoxia in a CO, chamber, followed by cervical disloca-
tion.

The Kaplan-Meier function was used through the R package survival
to verify if the survival curves were significantly different from each
other. The p-values from the log-rank test were adjusted with the
Bonferroni method (a = 0.05).

2.3. Bacteria quantification from the different organs and histopathological
analysis

The liver and kidney from the mice infected at both concentrations
were directly aseptically collected when the animal died on day 10
post-infection. Each organ was divided in two parts: one part was di-
rectly frozen at —80 °C and was used for bacterial DNA quantification
by real time PCR (qPCR), and the other half was directly fixed in 10%
buffered formalin for histopathological studies.

The DNA was extracted using the Easy-DNA™ Kit (Invitrogen, CA),

Table 1
Mesophilic strains of A. salmonicida used in the present study.
Strain Source Country Year Accession number Reference
34mel” River Argentina 1988 NZ_CP022426.1 (Pavan et al. 2000)
Y47 Chicken® India 2006 JZTF00000000 (Nagar et al. 2011)
A527 Giant river prawn” India 2007 CP022550 (Nagar et al. 2011; Vincent et al. 2017)
A308° Fresh water France 1962 PSZJ00000000 Present study
AJ83 Human Spain 2007 PSZ100000000 Present study
947C Human Spain 2008 PSZK00000000 Present study

@ Isolated in food markets in India (Nagar et al. 2011). The real hosts are considered unknown.
> Strain A308 = Popoff C316 = CDC 0434-84 = CECT 5171 = LMG 13451. This strain is considered as a reference for mesophilic A. salmonicida (Abbott et al.

1992; Altwegg et al. 1990; Martinez-Murcia et al. 2005).
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according to the manufacturer's instructions. Real-time PCR was per-
formed on the purified DNA using the kit DNA TargetSpecies dtec-qPCR
Test for Aeromonas sp. (Genetic PCR solutions, SP) and the
StepOnePlus™ Real-Time PCR System (Applied Biosystems) equipment.
The number of copies was calculated on the basis of the standard curve
and the corresponding amplification cycle threshold (Ct). At the time of
collection of the liver and kidney, the organs were examined to detect
any macroscopic lesions. After fixation, the tissues were embedded in
paraffin and sectioned before staining with hematoxylin, eosin, and
Giemsa. The sections were evaluated with microscopy (CX 33,
Olympus).

2.4. DNA extraction, sequencing and analysis

The strains AJ83, 947C and A308 were grown on TSA at 30 °C for
24 h and the genomic DNA extracted using Easy-DNA™ Kit (Invitrogen,
Carlsbad, CA), according to the manufacturer's instructions. The DNA of
strain A308 (=Popoff C316), was also sequenced since this environ-
mental strain is considered to be a reference of the mesophilic A. sal-
monicida (known as hybridization group 3 [HG3]) by several studies
(Abbott et al. 1992; Altwegg et al. 1990; Martinez-Murcia et al. 2005).

The purified DNA was used to prepare sequencing libraries using a
KAPA Hyper Prep kit. The resulting libraries were sequenced using
[lumina MiSeq technology (IBIS, Université Laval). The final reads
were de novo assembled using A5-miseq version 20160825 (Coil et al.
2015). The resulting sequences were annotated using the Prokaryotic
Genome Annotation Pipeline (PGAP) of the NCBI and were deposited in
GenBank (Table 1).

All the genome sequences of mesophilic A. salmonicida strains (in-
cluding AJ83, 947C and A308 that are from the present study), the ones
of selected psychrophilic A. salmonicida strains and finally the ones of
30 other Aeromonas were annotated using Prokka version 1.12
(Seemann 2014) (see Supplementary Table S1). Homologous links be-
tween the translated coding sequences were defined using GET HOM-
OLOGUES version 20180103 (Contreras-Moreira and Vinuesa 2013)
with two algorithms: COG and OMCL (see Supplementary Fig. S1). The
2026 gene sequences (excluding paralogs) corresponding to the soft-
core, defined as the sequences present in > 95% of the genomes, were
recovered and aligned by codons using TranslatorX version 1.1 (Abascal
et al. 2010). The resulting alignments were filtered using BMGE version
1.12 (Criscuolo and Gribaldo 2010) and concatenated in a partitioned
supermatrix using AMAS (Borowiec 2016). The best-fit model of each
partition was determined using ModelFinder (Kalyaanamoorthy et al.
2017) through IQ-TREE version 1.6.1 (Nguyen et al. 2015). The max-
imum-likelihood phylogeny was itself done using IQ-TREE by per-
forming 10,000 ultrafast bootstraps (Hoang et al. 2017). The Average
Nucleotide Identity (ANI) values were computed for genome sequences
of A. salmonicida using pyani (https://github.com/widdowquinn/
pyani).

The antibiotic resistance genes were predicted using ABRicate ver-
sion 0.8.7 (https://github.com/tseemann/abricate) and the CARD da-
tabase (Jia et al., 2017). A gene sequence had to have a minimum of
80% identity on at least 70% of the length in order to annotate it as an
antibiotic resistance gene. Annotation of the genes was then manually
curated.

3. Results
3.1. Clinical pictures

In 2007, a 49-year-old man was hospitalized at the Guadalajara
University Hospital for cellulitis and fasciitis in the right foot after
trauma. The clinical background of the patient includes diabetes mel-
litus and Reiter syndrome, being treated with prednisone. The patient
was treated by piperacillin/tazobactam and surgical debridement. The
patient healed without complications. A microbial investigation at the
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wound exudate revealed a polymicrobial infection of Aeromonas hy-
drophila, Staphylococcus aureus and Klebsiella oxytoca, after MicroScan
identification. No stool or blood culture was performed, since the pa-
tient did not have a fever. The rpoD sequence of the Aeromonas strain,
named AJ83, revealed that this strain does not belong to the hydrophila
species, but surprisingly to the salmonicida species (data not shown).
This strain is resistant to three antibiotics: cefazolin, ampicillin and
ticarcillin, while sensitive to piperacillin/tazobactam (see
Supplementary Table S2).

One year later, at the same hospital, an 8-year-old girl without a
clinical background was hospitalized for an acute gastroenteritis. The
patient had bloody stools with mucus. The stool culture revealed the
presence of Campylobacter jejuni in addition to Aeromonas hydrophila. A
blood culture was not performed since the young girl had no fever. She
had a treatment with hydration and no antibiotic was administered.
Like strain AJ83, the rpoD sequence of the Aeromonas strain (named
here 947C) revealed that it belongs to the species salmonicida. Strain
947C was shown to be resistant to cefazolin, ampicillin and cotrimox-
azole (see Supplementary Table S2).

3.2. Taxonomic validation of the strains

The genome of the clinical strains AJ83 and 947C was sequenced, de
novo assembled and used to perform a robust molecular phylogeny
based on 2026 gene sequences (Fig. 1). Without any doubt, the clinical
strains AJ83 and 947C are belonging to the salmonicida species as they
clustered with the type strain of the subspecies pectinolytica (34mel™)
and with the other already known A. salmonicida mesophilic strains.
Moreover, they cluster along other mesophilic strains, as strain A308.
Interestingly, strain 947C cluster with strain A308, which is environ-
mental. On its side, strain AJ83 form a group with Y567 and Y47, two
strains isolated from food in Mumbai (India) and for which no host is
known (Fig. 1). The ANI values revealed that available genomes of
mesophilic strains are distant in terms of nucleotide sequences, al-
though they come from strains of the same species (ANI = 0.96)
(Fig. 1). Only strains AJ83 and Y567 were more closely related com-
paratively to other strains (ANI value of 99%).

3.3. Pathogenicity of strains

The pathogenicity of six mesophilic A. salmonicida strains was
evaluated by infecting mice (Fig. 2). Two doses were tested, 1 x 107
and 1 x 10° CFU/mouse. At 1 x 107, a clear dichotomy in the survival
rate of mice can be observed between strains (Fig. 2-A). The most
virulent strain is the clinical one 947C followed by strain A308, which
has been isolated from fresh water. There is no statistical significant
difference in the mortality caused by both strains (see Supplementary
Table S3), which are in the same phylogenetic cluster (Fig. 1). The less
virulent strains include A527, Y47, AJ83 and 34mel” (subspecies pec-
tinolytica). Here again, there is no significant statistical difference in the
mortality caused by those strains.

Three groups of strains based on virulence can be observed at the
dose of 1 x 10° CFU/mouse (Fig. 2-B). The pathogenicity of 947C is
striking, with all mice being death after only three days post-infection.
As seen in the test at the dose of 1 x 107 CFU/mouse, strains A527, Y47
and 34mel” are the less virulent and without significant difference in
the mortality caused by them (see Supplementary Table S4). At this
dose, the environmental strain A308 showed to have an intermediate
virulence, along with strain AJ83. Although they are less virulent than
strain 947C, both strains A308 and AJ83 killed all mice before the end
of the experiment.

Interestingly, both clinical strains 947C and AJ83 and the Indian
strain Y47 produced lesions on the mouse tails, at the injection site
(Fig. 2-C). This cutaneous infection that is typical of necrotizing fasciitis
was only seen at the lowest dose (1 X 107 CFU/mouse) for 947C, likely
because mice died too quickly at the dose of 1 x 10° CFU/mouse.
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Fig. 1. Phylogenetic tree of 51 strains of Aeromonas. The tree is based on 2026 gene sequences using the methodology described in the Materials and Methods section.
For the sake of clarity, the focus is on mesophilic (red) and psychrophilic (blue) strains of the species salmonicida. Bootstrap values are only shown if they are < 100.
The heatmap represents the ANI values. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Strains A308, A527 and 34mel” did not produce visible cutaneous in-
fections.

3.4. Bacteria quantification from the different organs and histopathological
studies

The presence of bacterial DNA in the liver and kidney of mice was

quantified by qPCR (Fig. 3). Significantly higher amounts of DNA
(p < .05) were found in both organs for the clinical strains (947C and
AJ83), than for the environmental strains. A higher amount of Aero-
monas DNA was detected in liver than in kidney. It is interesting to note
that the DNA of the environmental strain A308 was present in larger
quantities than other environmental strains, in both organs. In liver and
at a higher dose, more DNA of strain A308 was detected than clinical
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strain AJ83 (Fig. 3A). The results obtained with the clinical strains
showed a significantly greater amount of DNA of strain 947C, the most
pathogenic one, at a lower dose (1 x 107) than for strain AJ83 at both
doses.

Histopathological examination with hematoxylin and eosin or
Giemsa staining showed no damage in the kidney (see Supplementary
Fig. S2). However, the liver revealed various levels of multifocal and
diffuse necrotic changes and infiltration of polymorphonuclear cells
(PMNs), with inflammatory response as shown in Fig. 4. Specifically,
tissues collected from animals infected with strain 947C at dose 1 x 107
showed more PMN infiltration and necrotic cells (Fig. 4A), than for
strain AJ83 at dose 1 x 10° (Fig. 4B). In addition, the Giemsa staining
confrimed the observation of PMN cells and the inflammatory response
(Fig. 4C).

3.5. Genomic investigation

When checking the genome of strain 947C, the most virulent one,
several genes involved in a type III secretion system (T3SS) were found
(see Supplementary Table S5). However, it is unclear what make strains
AJ83 and A308 virulent. A high number of genes that encode for hy-
pothetical proteins were predicted to be encoded in their genomes and
we cannot rule out that some of them are implied in virulence.

When looking for the presence of CDSs that encode known virulence
factors (Rasmussen-Ivey et al. 2016), the gene ast (cytotonic en-
terotoxin) was found exclusively in the genomes of clinical strains 947C
and AJ83 (see Supplementary Table S6). Finally, the mouse infections
clearly demonstrated that strains 947C, AJ83 and Y47 can cause ne-
crotizing fasciitis (Fig. 2). Only five orthologous genes, not yet asso-
ciated with virulence in Aeromonas salmonicida, were found to be pre-
sent in the genomes of these three strains and absent from those of
strains 34mel”, A308 and A527 (Table 2). Interestingly, four of these
five genes were already listed in the literature as virulence factors in
human pathogens such as A. hydrophila, Helicobacter pylori, Leptospira

c

“0=34mel” . ‘
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Fig. 2. Virulence tests in a mouse model. Survival
rate of mice at doses of (A) 1 x 10’ and (B)
1 x 10° CFU/mouse of six mesophilic A. salmonicida
strains. (C) Pictures showing the lesions at the in-
fection site caused by strains 947C, AJ83 and Y47.
The pictures of the mouse tail infected with A308
provides a negative control for the lesions observed
with the other strains.

947C

A308

sp. and Salmonella enterica (Table 2).

It was also interesting to investigate the genes that could be in-
volved in antibiotic resistance for the mesophilic strains of A. salmoni-
cida (see Supplementary Table S7). All strains have genes predicted to
be involved in antibiotic resistance (from 2 to 12 genes). Two genes
were predicted to be encoded in the genome of all strains: OXA-12
(resistance to cephalosporin and penam) and cphA5 (resistance to car-
bapenem) genes. The two strains with the most antibiotic resistance
genes are ASG1 (12 genes), isolated from a human patient, and ECFood
+05 (10 genes) for which little information is available. The most
virulent strain in the mouse model (Fig. 2), 947C, is predicted to have
genes involved in resistance to several compounds: aminoglycoside,
cephalosporin, penam and carbapenem. The second strain isolated from
a human patient for the present study, AJ83, presents almost the same
antibiotic resistance pattern as 947C, only differing by the absence of
the gene involved in resistance to aminoglycoside compounds.

4. Discussion

Earlier studies on human cases of A. salmonicida infections lack
clinical metadata or are taxonomically uncertain (Abbott et al. 1992;
Altwegg et al. 1990; Aravena-Romdn et al. 2011; Janda et al. 1996;
Kamble 2015; Ruppé et al. 2017; Tewari et al. 2014; Varshney et al.
2017) compared to what can be done now with core genome phylogeny
(Vincent et al. 2016). Recently, the strain ASG1, clearly identified as A.
salmonicida, was isolated from a 15-year-old boy that recovered from a
finger surgery (Ruppé et al. 2017). Unfortunately, another pathogen,
Stenotrophomonas maltophilia, was co-isolated with strain ASG1, making
it impossible to draw firm conclusions on clinical aspects of the ASG1
strain. The present study clearly demonstrated for the first time by
combining experimental infection essays and whole genome analyses
that some mesophilic A. salmonicida strains are able to infect mammals.

It is not surprising that T3SS seems to be a major virulence factor, as
shown by the striking mortality caused by strain 947C. T3SS is known
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to be an important virulence factor in several Gram-negative bacteria,
including the human pathogens A. hydrophila and Aeromonas veronii
(Chacoén et al. 2004; Vilches et al. 2004) and the fish pathogen A. sal-
monicida subsp. salmonicida (Frey and Origgi 2016).

Interestingly, some A. salmonicida strains have the ability to cause
cutaneous infections that look like necrotizing fasciitis. In addition to
the pathogenicity tests done in the present study, ASG1 was isolated
from a finger that recovered from surgery (Ruppé et al. 2017) and AJ83
isolated from the right foot of 49-year-old man that suffered of fasciitis
due to trauma. Investigation of the genomes revealed five genes that are
candidates to explain why only three strains cause necrotizing fasciitis
(Table 2). In addition to these genes, which may help explain the ability
of some strains to cause necrotizing fasciitis, it was observed that even a
low level of virulence can cause this type of infection. Strain 947C,
which is the most virulent, causes a necrotizing fasciitis only at the
lowest dose (Fig. 2). The other two strains that can cause this skin in-
fection, AJ83 and Y47, cause a low or intermediate mortality level. It is
possible to postulate some similarities with the subspecies salmonicida,
which causes two forms of furunculosis in salmonids (Austin and Austin

2016). The chronic form of the disease causes a low mortality rate and
is often characterized by a cutaneous appearance known as furuncles,
hence the name of the disease. The acute form of the disease causes a
high mortality rate (2 to 3days) due to septicaemia and does not
manifest cutaneously.

A significant amount of Aeromonas DNA was found in the livers of
fish (more than in their kidneys) by qPCR (Fig. 3). Similar results were
described with A. hydrophila in channel catfish, where the bacterium
was detected only in the liver > 48 h post-infection and was eliminated
from the other organs, including the kidney, of the fish (Zhang et al.
2016). The quantification obtained from the clinical strains correlated
with the results of the histopathological examination, which showed
important pathological changes in the liver while no damage was ob-
served in the kidney (Fig. 4 and Supplementary Fig. S2). The fact that
bacterial DNA was detected in the kidney at relatively low levels could
be related to the process of their elimination with the urine.

Although preliminary, the degree of pathogenicity does not seem to
be associated with strains of a specific phylogenetic group. However,
the study of the pathogenicity of mesophilic A. salmonicida is still in its



A.T. Vincent et al.

Infection, Genetics and Evolution 68 (2019) 1-9

AJ83

947C

Fig. 4. Histopathological examination of mouse liver tissue 10 days after intravenous infection with two Aeromonas strains (AJ83 and 947C) of clinical origin. (A)
Strain AJ83 at dose 1 x 10° CFU with hematoxylin/eosin staining. (B) Strain 947C at dose 1 X 107 CFU with hematoxylin/eosin staining (C) Strain 947C at dose

1 x 107 CFU with Giemsa staining. Bars represent 100 pum.

infancy and strains from various hosts will be needed to clarify the
evolutionary links between these strains. The fact that the genomes of
only two out of ten mesophilic A. salmonicida strains are similar at the
nucleotide level demonstrates a great diversity in the mesophilic strains
of this bacterium (Fig. 1). One of these two strains, AJ83, has a clinical
origin while the second, Y567, was isolated from food.

The psychrophilic strains of A. salmonicida are officially divided into
different subspecies: salmonicida, smithia, achromogenes and masoucida,
whereas there is only one official mesophilic subspecies, pectinolytica.

However, according to the molecular phylogeny and ANI values, the
mesophilic strains of A. salmonicida characterized so far have greater
genetic diversity than the psychrophilic strains of the same species. This
fact rises, as mentioned before (Vincent et al. 2017), a certain taxo-
nomic dilemma. It is obvious that it will be necessary to review the
taxonomy of A. salmonicida in order to unify in a cohesive manner the
mesophilic and psychrophilic strains of this species. A first scenario
could be to classify mesophilic strains into different subspecies. A
second scenario would be to make two subspecies, one comprising all

Table 2
CDSs present only in strains 947C, AJ83 and Y47.
Protein Virulence trait Ref
Two pore domain potassium channel family protein N/A? N/A
Hemerythrin A. hydrophila survival in host macrophages (Zeng et al. 2016)

Pseudaminic acid cytidylyltransferase
Catalase KatE"
UDP-N-acetylglucosamine-1-phosphate transferase®

Colonisation of H. pylori
Virulence of Leptospira spp. in animal models
Production of enterobacterial antigen in S. enterica

(Wahid 2017)
(Eshghi et al. 2012)
(Gilbreath et al. 2012)

2 N/A, none-applicable.
> The catalase was annotated as KatE by PATRIC (Wattam et al. 2017).

¢ The CDS in strain Y47 appears to be divergent compared to those of strains 947C and AJ83.
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the mesophilic strains and the other all the psychrophilic strains. In any
case, before considering one of these scenarios, it will be necessary to
continue to isolate new mesophilic and psychrophilic strains of A. sal-
monicida in order to obtain a broader view of the different genetic and
phenotypic characteristics, thus making it possible to establish a robust
and representative taxonomy of this bacterium. Also, it is crucial to take
into account that the mesophilic A. salmonicida strains can be easily
misidentified as A. hydrophila and that the use of molecular methods
such as the sequence of the rpoD gene are required to correctly assign
the taxonomy of these strains (Beaz-Hidalgo et al. 2010).

The two clinical strains investigated in the present study were
shown to be resistant to some antibiotics (see Supplementary Table S2)
and also to harbor genes known to be involved in resistance (see
Supplementary Table S7). In fact, the resistance gene repertoires of
strains 947C and AJ83 differ only in that 947C has a gene that causes
resistance to aminoglycoside antibiotics. It is surprising that strain AJ83
is resistant to ticarcillin, belonging to the penem drug class, while strain
947C is sensitive to this antibiotic (see Supplementary Table S2).
Similarly, strain 947C is resistant to cotrimoxazole, belonging to sul-
phonamide/diaminopyrimidinedrug class, while strain AJ83 is sensi-
tive. It is still unclear why strains 947C and AJ83 differ in their re-
sistance to these antibiotics. Other species of the genus Aeromonas are
known to harbor genes involved in antibiotic resistance (Piotrowska
and Popowska 2015). This is the case, for example, of the fish pathogen
A. salmonicida subsp. salmonicida, for which several strains are multi-
resistant to all antibiotic approved in aquaculture in Canada (Trudel
et al. 2016; Vincent et al. 2014). A similar pattern of multiple resistance
seems to be apparent in mesophilic strains of the salmonicida species
where some strains, such as ASG1 and ECFood + 05, were predicted to
harbor > 10 genes involved in resistance to antibiotic compounds. This
is even more interesting given the context that these two strains cluster
together in the phylogenetic tree (Fig. 1), suggesting that some meso-
philic A. salmonicida strains that arise from a particular common an-
cestor could be more prone to having antibiotic resistance genes. Given
that both ASG1 and ECFood + 05 only share four genes (OXA-12, cphA5,
aadA and tet(E)), it is reasonable to believe that the other genes could
have been acquired by horizontal gene transfers. Moreover, the mul-
tiple resistance to antibiotics of ASG1 strain was confirmed experi-
mentally (Ruppé et al. 2017). Closely monitoring mesophilic A. sal-
monicida will be essential to effectively treat cases of infection by strains
of this bacterium.

4.1. Concluding remarks

In this study, it was possible to demonstrate robustly that the me-
sophilic strains of A. salmonicida can infect mammals, with varying
levels of pathogenicity between strains. It will be essential in the future
to isolate new mesophilic A. salmonicida strains and to verify their
geographical distribution. The clinical strains AJ83 and 947C in-
vestigated in the present study come from Spain. However, several
clinical studies have documented cases in India of infections in humans
from putatively mesophilic A. salmonicida strains (Kamble 2015; Tewari
et al. 2014; Varshney et al. 2017). Moreover, environmental strains
from India have clearly been identified as mesophilic A. salmonicida
(Vincent et al. 2017, 2016).
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