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The ubiquitous water-borne Gram-negative bacterium Aeromonas salmonicida subsp. salmonicida is the causative agent of
furunculosis, a worldwide disease in fish farms. Plasmids carrying antibiotic resistance genes have already been described for
this bacterium. The aim of the present study was to identify and characterize additional multidrug resistance plasmids in A. sal-
monicida subsp. salmonicida. We sequenced the plasmids present in two multiple antibiotic-resistant isolates using high-
throughput technologies. We also investigated 19 other isolates with various multidrug resistance profiles by genotyping PCR
and assessed their resistance to tetracycline. We identified variants of the pAB5S9 and pSN254 plasmids that carry several antibi-
otic resistance genes and that have been previously reported in bacteria other than A. salmonicida subsp. salmonicida, which
suggests a high level of interspecies exchange. Genotyping analyses and the antibiotic resistance profiles of the 19 other isolates
support the idea that multiple versions of pAB5S9 and pSN254 exist in A. salmonicida subsp. salmonicida. We also identified
variants of the pRAS3 plasmid. The present study revealed that A. salmonicida subsp. salmonicida harbors a wide variety of plas-
mids, which suggests that this ubiquitous bacterium may contribute to the spread of antibiotic resistance genes in the
environment.

The Gram-negative bacterium Aeromonas salmonicida subsp.
salmonicida is an opportunistic fish pathogen (1). It is the eti-

ological agent of furunculosis, a disease that especially affects sal-
monids in fish farms (2). While antibiotics are commonly used to
treat A. salmonicida subsp. salmonicida infections, multidrug-re-
sistant isolates have been frequently detected (3–5), preventing
the effective treatment of furunculosis.

Many fully characterized plasmids from A. salmonicida
subsp. salmonicida have provided antibiotic resistance to this spe-
cies (2). All the known plasmids in A. salmonicida subsp. salmoni-
cida harboring antibiotic resistance genes include at least a tetra-
cycline resistance gene. The vast majority of the plasmids bearing
antibiotic resistance genes confer multiple types of resistance to A.
salmonicida subsp. salmonicida, including the large (167-kb) plas-
mid pAsa4, which provides resistance against chloramphenicol,
spectinomycin, streptomycin, sulfonamides, tetracycline, mer-
cury, and quaternary ammonium compounds (6). A plasmid
bearing multiple resistance genes that is similar to the large
pSN254 plasmid in Salmonella enterica (7) has been partially de-
scribed in A. salmonicida subsp. salmonicida (3). This pSN254-like
plasmid can be transferred via conjugation from A. salmonicida
subsp. salmonicida to multiple receivers, including Escherichia
coli, Edwardsiella tarda, and Aeromonas hydrophila (3).

Plasmid variants appear to be relatively frequent in A. salmoni-
cida subsp. salmonicida. The best example is the pRAS3 plasmid.
To date, two variants of this plasmid (pRAS3.1 and pRAS3.2) have
been described (8). The differences between them are very subtle
and consist of two additional repetition units in pRAS3.1, one that
is 22 nucleotides in length and another that is 6 nucleotides in
length. pAsal1B is another example of a plasmid variant. In this

case, pAsal1B differs from the parental plasmid (pAsal1) by the
presence of an AS5 insertion sequence (IS) and a fragment of the
same IS (9).

Given these observations regarding plasmids in A. salmoni-
cida subsp. salmonicida, it is possible that additional multidrug-
resistant plasmids in this bacterium remain unidentified. Thus, we
analyzed 78 A. salmonicida subsp. salmonicida isolates to identify
those displaying multidrug resistance. By using next-generation
sequencing methods, we detected pRAS3, pAB5S9, and pSN254
plasmid variants. We showed that A. salmonicida subsp. salmoni-
cida displays marked heterogeneity in terms of the repertoire of
plasmids bearing antibiotic resistance genes. This plasmid diver-
sity may have major consequences in terms of treatments for fu-
runculosis and highlights the significant flow of antibiotic resis-
tance genes among different water-borne bacteria.
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MATERIALS AND METHODS
Bacterial isolates and growth conditions. The A. salmonicida subsp. sal-
monicida isolates used in the present study were the same as those ana-
lyzed by Trudel et al. (9) (see Table S1 in the supplemental material). They
were grown on furunculosis agar (10) for 2 or 3 days at 18°C.

Antibiogram analyses. One colony of each strain was resuspended in
2 ml of furunculosis broth, which was shaken at 200 rpm overnight at
18°C. The cultures were adjusted to an optical density (OD) at 595 nm of
0.9 and were spread on Mueller-Hinton agar medium (Oxoid, Canada) to
determine their levels of resistance to the following antibiotics with the
disc diffusion method: ampicillin (10 �g), chloramphenicol (30 �g),
erythromycin (15 �g), gentamicin (10 �g), nalidixic acid (30 �g), sulfa-
methoxazole-trimethoprim (23.75 �g/1.25 �g), streptomycin (10 �g),
tetracycline (5 �g), and trimethoprim (5 �g) (Becton Dickinson, Sparks,
MD, USA). The plates were incubated at 18°C to prevent possible insta-
bility of the plasmids bearing antibiotic resistance genes. This kind of
instability has already been described for pAsa5, a large plasmid bearing
the type III secretion system (11–13). Bacterial growth after 48 h was
recorded. Since there is, to our knowledge, no control chart for the diam-
eter of the zones of antibiotic-driven growth inhibition at this tempera-
ture with this bacterium, antibiotic resistance was determined based on
the relative sizes of the growth inhibition zones of the isolates compared to
that of the sensitive strain 01-B526, which has been sequenced and has no
antibiotic resistance genes (14), and to that of the resistant strain
m15879-11 (see below) (data not shown). Every assay was performed at
least in duplicate.

Assessment of the tetracycline MIC. The MIC of tetracycline was
assessed for 21 A. salmonicida subsp. salmonicida isolates (Table 1). The
isolates were inoculated on furunculosis agar from frozen stocks and were
grown at 18°C for 48 h before each experiment. Several colonies of each
isolate were suspended in fresh LB medium (EMD Millipore, Canada).
The optical densities (OD) of the bacterial suspensions were measured at
595 nm, the suspensions were diluted to 0.1 of the OD, and 3 � 107

bacteria (30 �l) were deposited in the wells of 48-well microplates. Tetra-
cycline (Calbiochem) was serially diluted in LB medium, and an aliquot of
each dilution was placed into a well of the 48-well microplates to obtain
antibiotic concentrations ranging from 0 to 256 �g/ml in a final volume of
300 �l. The plates were incubated at 18°C for 48 h with shaking at 200 rpm
in a Tecan Infinite F200 PRO microplate reader (Tecan, Morrisville, NC,
USA). Growth was assessed during and at the end of the incubation pe-
riod. Every assay was performed at least in duplicate.

DNA extraction and genomic sequencing. The total genomic DNA of
the isolates was extracted using DNeasy blood and tissue kits (Qiagen,
Canada). A 5-kb mate pair library was prepared using isolate 2009-144K3
and was sequenced on a GS-FLX� instrument (Roche, Branford, CT,
USA). A TruSeq shotgun library prepared with isolate 2004-05MF26 was
sequenced using the Illumina MiSeq sequencing system (Illumina, San
Diego, CA, USA). These two isolates were sequenced at the Plateforme
d’Analyses Génomique of the Institut de Biologie Intégrative et des Sys-
tèmes (IBIS, Université Laval). The resulting reads of the 2009-144K3
isolate were de novo assembled with Newbler version 2.5.3 (15). In the case
of isolate 2004-05MF26, the reads were filtered using Trimmomatic ver-
sion 0.32 (16) according to the parameters suggested in the manual and
were de novo assembled with Ray version 2.3.1 (17) at a k-mer length of 75.

Sequence analyses. Contigs resulting from the de novo assemblies
were first mapped on the chromosome and the A449 plasmid sequence
using the CONTIGuator Web server (18) with default parameters. The
large unmapped contigs were investigated by conducting BLASTx and
BLASTn searches of the NCBI databases nr/nt. For the 2009-144K3 iso-
late, two contigs exhibited high degrees of identity with the pAB5S9 plas-
mid (19), while one contig exhibited a high degree of identity with the
pRAS3 plasmid (8). The two pAB5S9-like contigs were assembled using
Consed version 35 (20), and the junctions were verified by PCR amplifi-
cations. The resulting plasmid was named pAB5S9b. A third-party anno-
tation was produced for the original pAB5S9 plasmid (GenBank accession
number EF495198). Since the pRAS3-like plasmid was in a single contig,

TABLE 1 Characteristics of multidrug-resistant A. salmonicida subsp. salmonicida isolates harboring a tetracycline resistance gene

Isolatea Antibiotic resistanceb

MIC (�g/ml)
for tetracyclinec Plasmids foundd

01-B522 SXT, TET, TMP 128 Cryptic, pAsal1, pAsa5, pAsa4-like
07-9324 STR, AMP, TET, CHL 16 Cryptic, pAsal1, pAsa5, pSN254-like
07-7817 STR, AMP, TET, CHL 16 Cryptic, pAsal1, pAsa5, pSN254-like
08-2647 SXT, STR, AMP, TET 16 Cryptic, pAsal1, pAsa5, pSN254-like
07-7287 STR, AMP, TET, CHL 16 Cryptic, pAsal1, pAsa5, pSN254-like
08-2783 STR, AMP, TET 16 Cryptic, pAsal1, pAsa5, pSN254-like
08-4188 STR, AMP, TET, CHL 16 Cryptic, pAsal1, pAsa5, pSN254-like
2009-157K5 STR, TET, ERY 128 Cryptic, pAsal1, pAsa5, pRas3.3
2010-47K18 STR, TET, CHL 128 Cryptic, pAsal1, pAsa5, pRas3.4, pAB5S9-like
2004-05MF26 NAL, SXT, STR, AMP, TET, ERY, GEN, CHL 16 Cryptic, pAsal1, pAsa5, pSN254b
2004-68K52 NAL, SXT, STR, AMP, TET, CHL 64 Cryptic, pAsal1, pAsa5, pSN254-like
2009-195K29 STR, TET, ERY 32 Cryptic, pAsal1, pAsa5, pRas3.3
2009-144K3 SXT, STR, TET, ERY, CHL 256 Cryptic, pAsal1, pAsa5, pRas3.3, pAB5S9b
M15448-11 STR, AMP, TET, CHL 32 Cryptic, pAsal1, pAsa5
M16474-11 STR, AMP, TET, ERY, CHL 32 Cryptic, pAsal1, pAsa5
M14481-11 SXT, STR, AMP, TET, CHL 16 Cryptic, pAsal1, pAsa5, pSN254-like
M15879-11 SXT, STR, AMP, TET, CHL 16 Cryptic, pAsal1, pAsa5, pSN254-like
M17739-11 SXT, STR, AMP, TET, CHL 16 Cryptic, pAsal1, pAsa5, pSN254-like
M13732-11 STR, AMP, TET, CHL 16 Cryptic, pAsal1, pAsa5, pSN254-like
M17053-11 STR, AMP, TET, CHL 16 Cryptic, pAsal1, pAsa5, pSN254-like
M15469-11 STR, AMP, TET, CHL 16 Cryptic, pAsal1, pAsa5, pSN254-like
a The origin and source of these isolates are given in Table S1 in the supplemental material.
b NAL, nalidixic acid; SXT, sulfamethoxazole-trimethoprim; STR, streptomycin; AMP, ampicillin; TET, tetracycline; ERY, erythromycin; GEN, gentamicin; TMP, trimethoprim;
CHL, chloramphenicol.
c The MIC of the sensitive 01-B526 isolate was 0.5 �g/ml.
d The three cryptic plasmids pAsa1, pAsa2, and pAsa3, as well as pAsal1 and pRAS3, were identified in these isolates in a previous study by Trudel et al. (9). The pAsa5, pAsa4-like,
pAB5S9-like, and pSN254-like plasmids were found by PCR genotyping in the present study (see Table S2 in the supplemental material).
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no subsequent assembly was required, and it was named pRAS3.3 (see
Results and Discussion).

In the case of the 2004-05MF26 isolate, a single unmapped contig was
found. This contig corresponded to a pSN254-like plasmid, which dif-
fered markedly from the pSN254 plasmid originally found in S. enterica
(7). As such, it was named pSN254b (see Results and Discussion).

Annotations for the pAB5S9, pAB5S9b, and pRAS3.3 plasmids were
performed manually. Open reading frames (ORFs) were found by a
BLASTx search of the NCBI nonredundant database, and each ORF was
verified. Given the size of the pSN254b plasmid, it was annotated using a
custom Perl script. ORFs of �30 amino acids were found using the
GETORF function of EMBOSS (21). Their products were then identified
using a similarity search of a local formatted database with the heuristic
fasta35 algorithm (22). The coordinates of each ORF-encoded protein
were determined using a similarity search with tfasty35 (23) of the main
sequence, which in this case was pSN254b. The search generated output
files compatible with the Artemis genome viewer (24) and the Sequin
annotation tool. Each ORF from the resulting annotation was manually
verified.

The genomic maps and GC skews of the plasmids were generated
using DNAPlotter version 1.10 (25) and were visualized using the genome
viewer Artemis, version 15 (24).

PCR analyses. The DNA templates, PCR mixtures, and program cy-
cles were done as previously described (9). The PCR assays were per-
formed at least twice, and suitable positive and negative controls were
included in each assay.

The PCR primers used in the present study are listed in Table S2 in the
supplemental material. We designed primers that were specific for each
multidrug resistance plasmid (pAsa4, pAB5S9, pSN254). In the case of
pAB5S9, two primer pairs detected pAB5S9 and pAB5S9b with the same
amplicon size, while the third primer pair detected different amplicon
sizes for the two plasmids (see Table S2). For pSN254, two primer pairs
detected pSN254 from S. enterica and pSN254b from A. salmonicida
subsp. salmonicida with the same amplicon size, while the third primer
pair was specific to pSN254b (see Table S2).

The two regions in pRAS3-like plasmids which exhibit variations
among repetition units were sequenced for all pRAS3-like positive isolates
other than 2009-144K3 (i.e., for 2010-47K18, 2009-157K5, and 2009-
195K29) using the Sanger method on a 3130XL apparatus (Applied Bio-
systems) at the Plateforme d’Analyses Génomique of the Institut de Bi-
ologie Intégrative et des Systèmes (IBIS, Université Laval).

Nucleotide sequence accession numbers. The sequences of pAB5S9,
pAB5S9b, pRAS3.3, and pSN254b were deposited in GenBank under the
accession numbers BK008853, KJ909292, KJ909291, and KJ909290, re-
spectively.

RESULTS AND DISCUSSION

We tested the antibiotic resistance of 78 A. salmonicida subsp.
salmonicida isolates, of which 30 were resistant to at least two
antibiotics (Table S1). To investigate the putative presence of new
plasmids carrying multidrug resistance genes, we used high-
throughput methods to determine the sequences of the 2009-
144K3 and 2004-05MF26 isolates, which were resistant to a large
number of antibiotics but displayed differences in their antibiotic
resistance profiles (Table 1). These bacteria were isolated from
New Brunswick and Quebec, Canada, respectively.

The sequencing of the A. salmonicida subsp. salmonicida 2009-
144K3 isolate identified a large contig that shared no identity with
the chromosome or known plasmid sequences associated with A.
salmonicida subsp. salmonicida. Further analyses revealed a high
level of homology with pAB5S9, a previously described plasmid
from Aeromonas bestiarum (19), which carries multiple antibiotic
resistance genes. pAB5S9b, the 2009-144K3 variant, exhibited a
highly conserved gene distribution and gene order with its ho-

molog except for a transposition of two regions (Fig. 1). One of
these regions (Fig. 1, part A) had a complete putatively functional
transposase and a truncated transposase (delta-tnp). These trans-
posases have been reported to be part of an ISCR2 element in A.
bestiarum (19). The other region (Fig. 1, part B) contained two
genes involved in tetracycline resistance. Surprisingly, one of these
genes in the pAB5S9 plasmid, tet(Y), did not appear to have a
homologous gene in the pAB5S9b plasmid. However, another
gene involved in tetracycline resistance, tet(H), was found at the
same position. Moreover, the pAB5S9b variant contained genes
that should confer resistance to sulfonamide (sulII), streptomycin
(strA and strB), florfenicol (floR), and chloramphenicol (floR).

A region in the original pAB5S9 (19) shares a high degree of
homology with a part of the SXT resistance element of Vibrio
cholerae that contains the floR, strB, strA, and sulII genes (26). The
region is cut in half in pAB5S9 by the tetR and tet(Y) genes (19).
Interestingly, the SXT resistance region in pAB5S9b in A. salmoni-
cida subsp. salmonicida is not altered (Fig. 1), suggesting that this
plasmid might be closer to an ancestral SXT-like element than the
original pAB5S9.

pAB5S9b is 824 bp larger than the pAB5S9 plasmid in A. besti-
arum. This difference is mainly due to an insertion between parts
A= and B= of the variant in A. salmonicida subsp. salmonicida. The
insertion bears a single ORF that encodes a short hypothetical
protein. An ortholog of this ORF has been annotated only in Acin-
etobacter baumannii (GenBank accession number EXS20171), an
opportunistic Gram-negative human pathogen.

The pAB5S9 plasmid was first discovered in France (19). Our
study identified, for the first time, a plasmid in the pAB5S9 family
isolated in North America from a different Aeromonas species.
This discovery showed that the distribution of pAB5S9 may be
geographically independent and may be involved in the propaga-
tion of antibiotic resistance in many regions of the world.

The pSN254 variant of the 2004-05MF26 isolate differed sig-
nificantly from the original plasmid and was named pSN254b
(Fig. 2). The variant in A. salmonicida subsp. salmonicida was
smaller than the replicon identified in S. enterica by approximately
24 kbp. Three sections in pSN254b were missing; one was ap-
proximately 11.6 kbp, one was 6.4 kpb, and one was 6.0 kbp.
The 11.6-kbp section corresponded to a duplicated fragment
previously reported in S. enterica (7) that contains genes encod-
ing hypothetical proteins, some of which are involved in multi-
drug resistance, including proteins for quaternary ammonium
compound resistance (SugE1) and the CMY-2 beta-lactamase
proteins (Fig. 3A). This section in the pSN254 plasmid in S. en-
terica is bordered by ISEc9, suggesting that it may be a putative
duplicated composite transposon. The pSN254b variant contains
a single copy of this IS. However, we cannot discriminate between
the possible insertion of this putative transposon in pSN254 or its
deletion from pSN254b by conservative transposition. This dele-
tion is interesting, because it was previously reported in another
plasmid, pAR060302, which is in the same incompatibility plas-
mid group (IncA/C) (27). This suggests that the two plasmids
share a high degree of homology.

Interestingly, the 6.4-kbp and 6.0-kbp fragments, which are
present in pSN254 but absent in pSN254b, are located in the trans-
poson Tn21 (Fig. 3B), which is also present in the large plasmid
pAsa4 (6). The first cassette located immediately downstream
from the attI site is aadA, which was previously identified in this
transposon (28) and is known to confer resistance to streptomycin
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FIG 1 Maps of pAB5S9 and pAB5S9b. Genes are represented by arrows. Genes on the outside are transcribed clockwise, whereas genes on the inside are
transcribed counterclockwise. Red, green, and blue arrows represent genes coding for antibiotic resistance, hypothetical proteins, and other functions, respec-
tively. The inner ring represents the GC skew calculated by DNAPlotter, with a window and step size of 10,000 bp and 100 bp, respectively. Parts A and B in
pAB5S9 are transposed in pAB5S9b and are indicated as parts A= and B=. The orange dotted lines represent the SXT resistance regions in pAB5S9 and pAB5S9b.
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and spectinomycin by adenylylation (29). However, five other cas-
settes follow the aadA cassette in the pSN254 plasmid of S. en-
terica. These cassettes consist of the 6.4-kbp section and are not
present in the pSN254b plasmid of A. salmonicida subsp. salmoni-
cida.

The other section absent from pSN254b (6.0 kbp) corresponds
to the cassettes for the istB and istA genes, the insertion sequence

IS1353, and the tni module, which encodes an ATPase and a trans-
posase. Another interesting characteristic of the A. salmonicida
subsp. salmonicida Tn21 is the replacement of IS26 by IS6100,
which is present in a wide range of hosts (30). Overall, pSN254b
provides resistance to florfenicol, chloramphenicol, tetracycline,
streptomycin, spectinomycin, sulfonamide, quaternary ammo-
nium compounds, beta-lactam antibiotics, and mercury.

FIG 2 Map of pSN254b. Genes are represented by arrows. Genes on the outside are transcribed clockwise, whereas genes on the inside are transcribed
counterclockwise. Red, green, and blue arrows represent genes coding for antibiotic resistance, hypothetical proteins, and other functions, respectively. Gray
rectangles represent mobile elements, such as transposons and IS. The inner ring represents the GC skew calculated by DNAPlotter with a window and step size
of 20,000 bp and 300 bp, respectively. Each tick mark represents a 5,000-bp step.

FIG 3 Differences between pSN254 and pSN254b (A) Putative composite transposon. The genes and the IS in the box are present in the pSN254 of S. enterica
but are absent from the pSN254b of A. salmonicida subsp. salmonicida. (B) Transposon Tn21. The genes and the IS in the boxes are present in the pSN254 of S.
enterica but are absent from the pSN254b of A. salmonicida subsp. salmonicida. Light gray arrows indicate genes coding for antibiotic and mercury resistance.
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pSN254b is related to pSN254, a blaCMY-2 plasmid, and shares a
typical backbone with other plasmids from the A/C incompatibil-
ity plasmid group (IncA/C). The majority of the genes with known
functions codes for the replication/maintenance of the plasmid
and for a type IV conjugative transfer system (7). Putative hypo-
thetical protein-coding genes make up approximately half of the
gene repertoire of the plasmid, suggesting that additional func-
tions for this plasmid may be discovered in the future.

Variations among blaCMY-2 plasmids have been reported (27),
and it has been proposed that, if a blaCMY-2 plasmid were discov-
ered in A. salmonicida, it would be the first time that the spread of
a blaCMY-2 plasmid was associated with a marine disease.

Two variants of pRAS3, an IncQ-related plasmid that carries
genes for tetracycline resistance, have been described (8). They
display minor differences, mainly in repetition units at two sites.
We identified two additional variants, pRAS3.3 and pRAS3.4.
They differed in terms of the repetition units located at the same
sites in pRAS3.1 and pRAS3.2 (Fig. 4). Four isolates which are
known to bear pRAS3 (9) were included in our analysis. In addi-
tion to 2009-144K3, these isolates included 2010-47K18, 2009-
157K5, and 2009-195K29. Of these four isolates, three bore
pRAS3.3, and one bore pRAS3.4 (Table 1). Tandem repeated se-
quences ended with a highly similar repeated unit but had a point

mutation at the last nucleotide for the two repetition spots. The
repetition spot identified as region A (Reg A) ended with a re-
peated unit with a transversion (Fig. 4B), while the repeated unit
of Reg B had a transition (Fig. 4C). In these two cases, the repeti-
tions were close to the regulation sequence involved in mobiliza-
tion or replication (oriT or oriV, respectively). We propose that
these repeated sequences may be involved in the regulation of
plasmid transfer or copy number, as previously suggested for IncQ
plasmids (8, 31, 32), but further studies are required to confirm
this.

Like pRAS3.1 and pRAS3.2, pRAS3.3 has the same two ORFs
that code for an active toxin-antitoxin system related to the PemK/
Mazf family (32, 33).

After identifying pAB5S9b and pSN254b, we PCR genotyped
the multidrug-resistant A. salmonicida subsp. salmonicida isolates
harboring a tetracycline resistance gene in order to identify other
isolates that potentially bear these plasmids or pAsa4. Only the
tetracycline-resistant isolates were tested, because pAB5S9b,
pSN254b, pAsa4, and pRAS3 shared resistance to this antibiotic.
In addition to 2009-144K3 and 2004-05MF26, 19 isolates were
tested (Table 1). The genotyping primers were designed to detect
pAB5S9 and pSN254. Other primers were also used to detect the
presence of pAsa4 and pAsa5 (see Table S1 in the supplemental

FIG 4 Map of pRAS3.3 and differences among variants. A. The map of pRAS3.3 in the 2009-144K3 isolate. Genes are represented by arrows. Genes on the outside are
transcribed clockwise, whereas genes on the inside are transcribed counterclockwise. Red, green, and blue arrows represent genes coding for antibiotic resistance,
hypothetical proteins, and other functions, respectively. The inner ring represents the GC skew calculated by DNAPlotter with a window and step size of 1,000 bp and 50
bp, respectively. Each tick mark represents a 500-bp step. (B and C) Representation of the differences in the number of repeat units between all pRAS3 variants for the
region (Reg) A and Reg B spots. The red nucleotides are point mutations in the last repetition unit, either a transversion (B) or a transition (C).
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material). When combined with data from our previous study on
small plasmids from the same isolates (9), the genotyping pro-
vided a more complete view of the plasmid profiles.

As expected for pathogenic isolates, they all displayed positive
PCR results for pAsa5 (Table 1), which encodes the type III secre-
tion system essential for the virulence of A. salmonicida subsp.
salmonicida (34). One isolate (01-B522) was positive for pAsa4.
However, this isolate displayed less antibiotic resistance than ex-
pected for a bacterium bearing pAsa4 (6). Given this, the pAsa4
plasmid in the 01-B522 isolate is likely a variant of the pAsa4
plasmid (i.e., pAsa4-like) in the A449 reference strain. Further
analyses of this plasmid will be required once its complete se-
quence has been determined in order to evaluate its relationship to
pAsa4.

In addition to 2009-144K3, only the 2010-47K18 isolate con-
tained a pAB5S9 plasmid (Table 1). The three pAB5S9 primer
pairs gave positive PCR signals for 2010-47K18, suggesting that
this isolate bears a pAB5S9b plasmid. However, the 2010-47K18
isolate was not resistant to sulfamethoxazole, unlike 2009-144K3,
whose resistance is provided by the sulII gene on pAB5S9 and
pAB5S9b. As such, the pAB5S9b-like plasmid in 2010-47K18 was
probably another variant of the pAB5S9 family. Interestingly,
these two isolates harboring the pAB5S9 variants also each bore a
pRAS3 plasmid. The two plasmid types carried resistance genes
for tetracycline. As expected, these isolates, as well as the isolate
containing the pAsa4-like plasmid and an isolate likely bearing an
unknown plasmid (see below), had the highest tetracycline MICs.

Lastly, in addition to 2004-05MF26, 13 isolates exhibited pos-
itive PCR signals for all of the pSN254 primer pairs (Table 1 and
data not shown. This is surprising, since these isolates had four
different antibiotic profiles with respect to sulfamethoxazole,
streptomycin, ampicillin, tetracycline, and chloramphenicol re-
sistance. These results indicated that multiple variants of pSN254
(pSN254-like) may exist in various populations of A. salmonicida
subsp. salmonicida. Further analyses are required to confirm this
possibility.

Only four of the isolates did not bear one of the multidrug-resis-
tance plasmids (pAB5S9, pSN254, pAsa4). Isolates 2009-157K5 and
2009-195K29 displayed resistance to tetracycline, erythromycin, and
streptomycin. Since these two isolates possessed a pRAS3 plasmid,
which confers tetracycline resistance, and since resistance to erythro-
mycin and streptomycin is frequently due to point mutations on
chromosomal genes (35), it is plausible that these isolates contained
no other plasmids than those found by genotyping and plasmid pro-
filing (9). However, the MIC of tetracycline for 2009-157K5 was
higher than that for 2009-195K29. This may be due to a mutation in
the pRAS3 plasmid of one of the isolates that increases its copy num-
ber, the expression of a tet gene, or another parameter related to the
level of resistance to tetracycline. Another scenario is that 2009-
157K5 bears another yet-unidentified plasmid that also codes for tet-
racycline resistance. The two other isolates that lacked a known mul-
tidrug resistance plasmid (M15448-11 and M16474-11) displayed
potentially chromosome-encoded resistance to streptomycin and
erythromycin (35) as well as resistance to ampicillin, tetracycline, and
chloramphenicol. This suggests that these isolates may possess other
multidrug resistance plasmids that have not yet been identified.

Overall, the present study showed that A. salmonicida subsp.
salmonicida harbors a high number of plasmid variants. Two such
variants (pAB5S9 and pSN254) have been identified in other bac-
terial genera or species, including S. enterica, a well-documented

human pathogen. Moreover, pSN254 plasmids have been shown
to be transferable by conjugation from A. salmonicida subsp. sal-
monicida to E. coli, A. hydrophila, and E. tarda (3). In fact, DNA
transfer between nonhuman and human pathogenic bacteria is
probably frequent under some conditions. It is possible that the
genomic rearrangement activity seen in A. salmonicida subsp. sal-
monicida (36), coupled with a DNA flow between this bacterium
and human pathogens, plays a role in spreading antibiotic resis-
tance among human pathogens.

The marked heterogeneity in the composition and distribution
of plasmids in A. salmonicida subsp. salmonicida, as revealed in the
present study, confirmed the importance of studying the genome
of this bacterium. Our results suggest that multiple still-unchar-
acterized variants of pSN254, pAB5S9, pRAS3, and pAsa4 exist
and indicate that additional multidrug resistance plasmids may be
identified in the future. High-throughput sequencing technolo-
gies will likely increase documented cases of DNA transfer be-
tween A. salmonicida subsp. salmonicida and other bacteria. Given
that A. salmonicida subsp. salmonicida is a ubiquitous bacterium
in aquatic environments (37), and considering the constantly
growing number of multidrug resistance plasmids that are being
found in this bacterium, it is reasonable to consider A. salmonicida
subsp. salmonicida a potential reservoir of antibiotic resistance
genes that can be transferred to human pathogens.

This study revealed additional elements of a growing world-
wide problem, which is the prevalence of multidrug-resistant bac-
teria. It is now clear that pollution of environments by human
activities, such as contamination by heavy metals, has contributed
to the selection for multidrug-resistant bacteria (38). It is also
known that the use of antibiotics in veterinary medicine has led to
an increase in antibiotic levels in water (39). Our study provides a
better understanding of A. salmonicida subsp. salmonicida, which
is a model for bacteria in environments, such as fish farms, that
have been significantly altered by human activities. We hope that
this will prompt more research on this issue, given its health and
economic impacts.
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