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Abstract: Aeromonas salmonicida subsp. salmonicida is a pathogenic bacterium responsible for fu-
runculosis in salmonids. Following an outbreak of furunculosis, the infection can be treated with
antibiotics, but it is common to observe ineffective treatment due to antibiotic resistance. This bac-
terium has a wide variety of plasmids responsible for this resistance. Among them, pRAS3 carries a
tetracycline resistance gene. Several variants of this plasmid have been discovered over the years
(pPRAS3-3432 and pRAS3.1 to 3.4). During the present study, two new variants of the plasmid pRAS3
were identified (pRAS3.5 and pRAS3-3759) in strains of A. salmonicida subsp. salmonicida. Plasmid
PRAS3-3759, which has been found in many strains from the same region over the past three years,
has an additional genetic element identical to one found in pRAS3-3432. This genetic element was
also found in Chlamydia suis, a swine pathogen. In this study, we analyzed the bacteria’s resistance to
tetracycline, the number of copies of the plasmids, and the growth of the strains that carry five of
the pRAS3 variants (pRAS3.3 to 3.5, pRAS3-3432, and pRAS3-3759). The results show no particular
trend despite the differences between the plasmids, except for the resistance to tetracycline when
analyzed in an isogenic background. Blast analysis also revealed the presence of pRAS3 plasmids in
other bacterial species, which suggests that this plasmid family has widely spread. This study once
again highlights the ability of A. salmonicida subsp. salmonicida to adapt to furunculosis antibiotic
treatments, and the still-growing family of pRAS3 plasmids.

Keywords: Aeromonas salmonicida subsp. salmonicida; antibiotic resistance; insertion sequence;
plasmid; pRAS3; tetracycline

1. Introduction

Aeromonas salmonicida subsp. salmonicida is a Gram-negative bacterium that causes
difficulties for the fish farming industry. This opportunistic pathogen is responsible for
furunculosis in salmonids, a contagious bacterial disease. It causes high treatment costs and
production losses due to mortality [1]. Following an infection, the disease can be treated
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with antibiotics, but this promotes the appearance of resistant strains, which renders
antibiotic treatments ineffective [2].

This bacterium is well known for its wide variety of plasmids [3]. Among this plas-
midome, some plasmids confer tetracycline monoresistance, such as pRAS3 and pAsal0.
In Quebec (Canada), pAsal0, a Tn1721-like bearing plasmid, was described once in strain
SHY15-2743, which was isolated in 2015. In fact, in this plasmid, the resistance to tetracy-
cline is supported by the tet region found on transposon Tn1721 [4].

PRAS3 is a family of IncQ plasmids. To date, five pRAS3 variants have been identified
in strains of A. salmonicida subsp. salmonicida: pRAS3.1, 3.2, 3.3, 3.4, and pRAS3-3432 [5].
The first variants of this family to be completely sequenced were pRAS3.1 and pRAS3.2 [6].
Thus far, these two variants have been found in strains from Europe (Norway and Scot-
land) and Japan [6-8]. Then, pRAS3.3 and pRAS3.4 were identified in strains from North
America. pRAS3.3 has been identified several times in different regions of North America,
while pRAS3.4 has only been identified once in strain 2010-47 K18 from New Brunswick
(Canada) [9,10]. Finally, pRAS3-3432 was discovered in strain SHY16-3432 from Quebec.
PRAS3.2 was isolated from A. salmonicida sp. in Japan and atypical A. salmonicida in Norway,
while all the other pRAS3 variants known thus far were isolated from A. salmonicida subsp.
salmonicida [5,8,9].

All these variants contain tet(C) (previously described as tet(A) [9]) and tetR genes,
which cause resistance to tetracycline [11]. The tet(C) gene mediates tetracycline efflux
pumps, so this resistance is energy-dependent. This pump, made of transmembrane
proteins, exports tetracycline out of the cell, which reduces the concentration of tetracycline
antibiotic in it [12,13]. In the case of pRAS3.4, no complete sequence is available thus far;
therefore, its tetracycline resistance gene is still elusive.

The backbone of pRAS3 variants only differs in terms of sequence repeats at two
specific sites: Region A (RegA) and Region B (RegB) [9]. RegA is located in the promoter
region of the mobB-mobA/repB gene, and RegB is located near the oriV region. RegA has
a varying number of perfect 6 bp repeats, while RegB has a varying number of imperfect
22 bp repeats, depending on the type of pRAS3 plasmid [14]. Loftie-Eaton et al. performed
a study on Escherichia coli as a surrogate host, which revealed that the number of repetitions
at RegA and RegB on pRAS3 (using pRAS3.1, pRAS3.2, and modified versions of these
plasmids) could modulate the plasmid copy number (PCN) in the cell [6]. Their study
suggested that the presence of an additional repeat at RegA resulted in an increased PCN,
while a lower number of repeats at RegB also led to a higher PCN.

Since it bears a unique number of repeats at RegA and RegB, pRAS3-3432 is a particular
version of this plasmid. Moreover, pRAS3-3432 has an additional 2 kb insertion sequence
(IS) that has also been found in Chlamydia suis, a swine pathogen [5]. C. suis, an obligate
intracellular bacterium, is a pathogen found in the intestinal tract of pigs [15]. Furthermore,
the tetR gene is altered in pRAS3-3432 due to the insertion sequence, since this IS (IScs605) is
localized between a replication-like protein and the tetR gene, thus causing a 45-nucleotide
deletion at the end of the gene [5]. IScs605 is a part of the TetC island found in C. suis, a
genomic island that confers tetracycline resistance [15]. Massicotte et al. described the
high similarity between pRAS3-3432 and the TetC island, therefore suggesting potential
horizontal gene transfer between A. salmonicida subsp. salmonicida and C. suis [5].

According to bacteriological analyses carried out at the Faculty of Veterinary Medicine
of the University of Montreal on salmonids from fish farms, tetracycline resistance has been
on the rise in Quebec for A. salmonicida subsp. salmonicida since 2017. Over the years, our
group has accumulated more than 250 strains of this bacterium. Most of these strains come
from Quebec (Canada), while many are from the northeastern part of the United States
or from Europe, and a few from the rest of the world. In the present study, we screened
various tetracycline-resistant strains of A. salmonicida subsp. salmonicida to identify the
plasmids responsible for this resistance. Plasmid pAsal0 and two new variants of pRAS3
were detected. The sequences of the new pRAS3 variants were characterized, as well as
their impact on the physiology of the bacteria bearing them.
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2. Results

In the present study, we were particularly interested in strains of A. salmonicida subsp.
salmonicida that present monoresistance to tetracycline; this type of resistance has until
now been typically associated with the presence of the pRAS3 or pAsal0 plasmids in the
bacteria [3]. A PCR-based genotyping was performed on these tetracycline resistant strains
to identify the type of plasmid they carry, using the primer pairs presented in Table S1. A
total of 18 new strains carrying a pPRAS3 plasmid were identified (see strains marked with
an asterisk in Table 1). It is interesting to note that in Quebec, strains bearing pRAS3 are on
the rise, particularly in one specific region since 2018 (Table 1, region C). Before 2016, no
PRAS3 plasmid had been detected in the province of Quebec among the strains studied.
The first pRAS3 plasmid detected in this province was the pRAS3-3432 variant [5]. The
screening also revealed the presence of pAsal0 in two strains from Quebec (SHY19-3932
and SHY20-1481).

Table 1. Strains used in this study.

Te line Resi
etracycline Resistance Presence of the

. . - i . .
Strain Fish Origin Gene-Bearing Plasmid (pRAS3 pRAS3-3432 Related IS
and pAsal0)

01-B526 ¢ Brook trout Qc (E) None No
01-B516° Brook trout Qc (F) None No
2009-157 K5 Brook trout NB pRAS3 No
2010-47 K18 Brook trout NB PRAS3 No
2009-195 K29 Brook trout NB pRAS3 No
2009-144 K3 ¢ Brook trout NB PRAS3 No
SHY16-3432 ¢ Brook trout Qc (F) PRAS3 Yes
91005 * Atlantic salmon NY pRAS3 No
91009 * Atlantic salmon NY PRAS3 No
96049 © * Trout NY PRAS3 No
900001 * Rainbow trout NY PRAS3 No
890054 * Brook trout NY PRAS3 No
SHY17-3542 * Brook trout Qc (A) PRAS3 No
SHY17-5108 * NA Qc (A) PRAS3 No
SHY-18-2492 * Brook trout Qc (C) PRAS3 Yes
SHY18-3221 * Brook trout Qc (A) PRAS3 No
SHY18-3759 € * Brook trout Qc (O) pRAS3 Yes
28516 ¢ * Trout France PRAS3 No
SHY19-3932 ** Brook trout Qc (G) pAsal0 No
SHY19-4656 * Brook trout Qc (O) pRAS3 Yes
SHY19-4655 * Brook trout Qc (C) PRAS3 Yes
SHY19-4654 * Brook trout Qc (C) PRAS3 Yes
SHY20-2575 * Brook trout Qc (O) PRAS3 Yes
SHY20-2715 * Brook trout Qc (B) pRAS3 No
SHY20-3274 * Brook trout Qc (C) PRAS3 Yes
SHY20-3753 * Brook trout Qc (O) pRAS3 No
SHY20-1481** Brook trout Qc (G) pAsal0 No

@: For strains from Quebec, a code was used to identify the corresponding fish farming region. ?: These two strains
are controls used in this study and do not bear pRAS3 variants or pAsal0 compared to all other strains in this
table. ©: These five strains were used for the plasmid electroporation. *: Strains bearing pRAS3 identified in this
study. pRAS3 plasmids present in the other strains were described previously [5,9]. **: Strains bearing pAsal0
identified in this study.

Considering the discovery of pRAS3-3432 in the past, pRAS3 plasmids found over the
years have been characterized to verify if some might also have the same IS as pRAS3-3432.
PCR genotyping with primers that target the IS revealed that other strains, all from the
same region in Quebec (but a different region compared to pRAS3-3432), carry the same IS
(Figure 1 and Table 1). In Figure 1A, strains showing an amplicon of about 500 bp have the
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IS in question, and this IS is at the same position in the plasmid as suggested by positive
PCR results with primers that target the IS junction (Figure 1B).

+———r—>

Primers: IS tapA IS junction  tapA

Figure 1. Example of result obtained following screening showing the presence of the IS in strains of
A. salmonicida subsp. salmonicida. pRAS3 in strain 2009-144 K3 does not carry the IS, while the one
in SHY16-3432 does [5]. Strain 2009-144 K3 and water were used as positive and negative controls,
respectively. (A) Genotyping by PCR targeting the IS found in pRAS3-3432. (B) Genotyping by PCR
targeting the region between the backbone of pRAS3 and the tetR gene.

Further analyses were needed to confirm that these pRAS3 plasmids were indeed
PRAS3-3432 or a new variant. To compare the sequence of pRAS3.3 and pRAS3-3432,
a combination of two restriction enzymes (Sall and Clal) was identified to distinguish
those plasmids by restriction enzyme digestion profile. However, it is difficult to properly
characterize only one plasmid in A. salmonicida, since this species carries several other
plasmids [3]. Thus, the different plasmids of the pRAS3 family were transferred into E. coli
DH5«, in order to clearly analyze them without interference by other plasmids. Following
enzymatic digestion, one of the tested plasmids showed a different plasmid profile from
pRAS3-3432, as shown in Figure 2, even though both variants have the same insertion
sequence at the same localization in the plasmid (Figure 1B). Eight strains, all from the same
region (Region C, Table 1), were identified as carriers of this new variation of the pRAS3
plasmid, which was named pRAS3-3759 since it was first observed in strain SHY18-3759.

(\/ q

LI R R U
™y 1o} >y o' 29! kb
— 6.0
—2.5
—1.5

Figure 2. Enzymatic digestion of the pRAS3 plasmids in E. coli DH5c. The enzymes Sall-HF and Clal
were used.

The screening also revealed that strain 96049, from New York state, also has a pRAS3
that confers resistance to tetracycline. It was therefore also tested during enzymatic diges-
tion, and revealed a plasmid profile identical to pRAS3.3. It seemed relevant to sequence
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the DNA of this strain, since it is from New York and most of our other strains come from
Quebec. Genomic sequencing revealed that this strain has a pRAS3.4 plasmid; this variant
has only been identified once before, in a strain from New Brunswick, and has not been
completely sequenced in the past [9].

Strain 28516 is the only strain in this study that does not come from North America: it
is originally from France. We discovered that this strain has a pPRAS3 plasmid, and tested
the plasmid during the enzymatic digestion. This plasmid profile did not show anything
particular, since it was identical to pRAS3.3. Given its origin, it was still relevant to send it
for further genomic sequencing, even if the enzymatic digestion did not show any specific
distinction with the already discovered pRAS3 plasmids (Figure 1). The sequencing of the
A. salmonicida subsp. salmonicida 28516 isolate led to the discovery of a new variation of
PRAS3, which was named pRAS3.5.

Table 2 shows the variations between the different types of pRAS3, which are diver-
gences of the nucleotide repeats at two specific sites of the plasmid, namely, RegA and
RegB. Five variants of this plasmid have already been discovered: one variant presenting
the IS (pRAS3-3432) and four variations presenting minimal differences [5,9]. The pRAS3.5
plasmid shows four repetitions at RegA and five repetitions at RegB, which is a unique
combination of repetitions at these two specific sites. Table 2 shows that pRAS3-3759 has
the same number of repeats at RegA and RegB as pRAS3.3. The sequence of pRAS3-3759
has differences from pRAS3-3432, even though the two plasmids have the same IS at the
same place in the plasmid. First, the tefR gene is altered compared to other pRAS3 plasmids,
but not in the same way as pRAS3-3432. In pRAS3-3759, the tetR gene has a deletion of
12 nucleotides, compared to pRAS3-3432, which has a deletion of 45 nucleotides in this gene.
Furthermore, pRAS3-3759 displays one fewer RegA repeat than pRAS3-3432; in fact, this
plasmid is identical to pRAS3.3, but with an additional IS. In pRAS3-3759, the IS encodes
a transposase (tnpA) and an RNA-guided endonuclease (tnpB), like in pRAS3-3432 [5,16].
Like the other variants of the pRAS3 family, pRAS3-3759 also bears two ORFSs (mazF and
mazE genes) that code for a toxin/antitoxin pemk-like system (Figure 3) [9].

Table 2. Repeat sequences at regions A (RegA) and B (RegB) in the seven pRAS3 plasmids found in
A. salmonicida subsp. salmonicida.

Plasmid RegA RegB
TGTCA (GGTTACCACCTGCGCCGGGGGT)
PRAS3.1 S o feaotee) X X3 GGTTACCACCTGCGC-
CGGGGGCTTGAATT
TGTCA (GGTTACCACCTGCGCCGGGGGT)
PRAS3.2 T s (o000 3 X2 GGTTACCACCTGCGC-
CGGGGGCTTGAATT
TGTCA (GGTTACCACCTGCGCCGGGGGT)
PRAS3.3 CIECT eI (L0003 X3 GGTTACCACCTGCGC-
CGGGGGCTIGAATT
TGTCA (GGTTACCACCTGCGCCGGGGGT)
PRAS3.4 CTCCTCTC(;:GTSS%%SCGTGG) X3 X4 GGTTACCACCTGCGC-
CGGGGGCTTGAATT
TGTCA (GGTTACCACCTGCGCCGGGGGT)
PRAS3.5 e o (Laotee) X X5 GGTTACCACCTGCGC-
CGGGGGCTTGAATT
TGTCA (GGTTACCACCTGCGCCGGGGGT)
pRAS3-3432 T eI (eLaaa X2 X6 GGTTACCACCTGCGC-
CGGGGGCTTGAATT
TGTCA (GGTTACCACCTGCGCCGGGGGT)
PRAS3-3759 7 CIECTICIC e (COC00) X3 X3 GGTTACCACCTGCGC-
CGGGGGCTTGAATT

; pRAS3 variants identified in this study. *: pRAS3-3432 has an additional nucleotide at RegA (in red), making it
the only variant without a perfect repetition at this site.



Antibiotics 2022, 11, 1047 60f 14

IScs605 i

tet(C)

tnpB

A. salmonicida subsp. salmonicida

repA SHY18-3759
ofxX
pRAS3-3759 I
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6000 \Reg A

8000
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Figure 3. Plasmid map of pRAS3-3759. Genes are represented by arrows. Genes more on the outside
are transcribed clockwise, while genes on the inside are transcribed counterclockwise. Green arrows
represent genes coding for antibiotic resistance, while the brown arrows represent the genes coding
for the transposition of the ISsc605. Orange arrows code for an active toxin/antitoxin pemk-like system.
Recognition sites of the restriction enzymes used for enzymatic digestion (Sall and Clal) are shown
outside the ring.

The E. coli strains bearing the available pRAS3 (pRAS3.3, pRAS3.4, pRAS3.5, pPRAS3-
3432, and pRAS3-3759) were tested for tetracycline MIC to remove the effect of genetic
background diversity found in the various A. salmonicida subsp. salmonicida strains. MICs
were determined with a Tecan Infinite 200 PRO microplate reader as performed in the
past [5]. pPRAS3-3432 has the lowest MIC in this bacterium compared to the other pRAS3
variants tested, while the two new variations, pPRAS3-3759 and pRAS3.5, have MICs of
256 ug/mL and 128 pug/mlL, respectively (Table 3).

Table 3. Tetracycline resistance induced by pRAS3 plasmids in E. coli.

Plasmid MIC (ug/mL) for Tetracycline *
pRAS3.3 128
pRAS3.4 256
pRAS3.5 128
PRAS3-3432 64
PRAS3-3759 256

2 Growth was assessed after 24 h.

The number of copies per cell of the different pRAS3 plasmids was determined from
the genomic sequences in order to study the impact of the number of repetitions at RegA
and RegB on the PCN, as proposed in a previous study [14]. Table 4 presents the results
of the number of copies and the number of repeats found at the two specific sites of the
plasmid for five variants. There does not appear to be a correlation between the number of
repeat sequences and the number of copies of the plasmid per cell, except that the smaller
number might be related to the plasmid with the fewest repeats at RegB. However, the
study did not establish a clear link between these two parameters.
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Table 4. Plasmid copy number (PCN) per cell for different pRAS3 plasmids.

Copy number Number of Number of
a
Isolate Type of pRAS3 of pRAS3 b Repeats at Repeats at RegB
RegA

SHY16-3432 PRAS3-3432 6 2 6
SHY18-3759 PRAS3-3759 3 3 3
SHY17-3542 pRAS3.3 4 3 3

96049 pRAS3.4 10 3 4

28516 pRAS3.5 4 4 5

4: pRAS3.1 and pRAS3.2 are not shown in this table because their PCN was determined in the past by Loftie-
Eaton et al. (2009) by a different method than that used in this study. Therefore, it was not possible to compare these
data with those obtained in this study. ¥: The PCN was determined by considering the number of chromosomes
in the cell equal to 1.

To analyze the impact of the IS present in some pRAS3 variants on the growth of the
bacteria, growth curves were performed for strains of A. salmonicida subsp. salmonicida
with different versions of pRAS3 (Figure 4) and for E. coli clones (Figure 5). Growth curves
with standard deviations are shown in the Supplementary data (Figures S1 and S2). For A.
salmonicida subsp. salmonicida, the strains displayed perceptible growth variation. However,
it is not possible to assert that the IS has an impact on the bacterial growth, since it is
relatively similar to the growth of the control strains, bearing no plasmids, or other strains
bearing the other pRAS3 variants. The strain that has pRAS3.5 grows more quickly in the
beginning compared to other strains. Strains that bear pRAS3.4 grow at an OD higher than
all the other strains, but its initial exponential growth was similar to one of the other tested
strains (Figure 4). Considering the variability between the replicates, the improved growth
for pRAS3.4 is not significant (Figure S1). For E. coli, there is no visible tendency, except
that some strains that have pRAS3 plasmids grow more slowly than the control strain.
However, the maximum OD reached by all the clones is quite similar (Figures 5 and S2).

N
-
£ o ] B PRAS3.4 (2010-47 K18)
s
3
< [ee] W CTRL (01-B516)
o > | [ pRAS3.5 (28516)
> © [3 PRAS3.3 (SHY17-3542)
%‘ [ pRAS3-3759 (SHY18-3759)
c [0 pRAS3-3432 (SHY16-3432)
8 g I /\ [ CTRL (01-B526)
©
a ¥ -
@) o
N
o

| | | |
0 20 40 60

Time (h)

Figure 4. Growth curves at 18 °C of the various pRAS3 plasmids in their strains of A salmonicida
subsp. salmonicida. Two control strains that do not contain pRAS3 were tested. The name of the
strains used for the experiment are indicated for each of the curves shown. The strains are shown in
Table 1.
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Figure 5. Growth curves at 37 °C of E. coli DH5x clones that bear the various pRAS3 variants.

3. Discussion

The present study demonstrates that the pRAS3 plasmid family is very diverse in A.
salmonicida subsp. salmonicida. Seven variants are now known, including five that could be
analyzed in parallel in this study for their contribution to the physiology of the bacterium. It
also shows that monoresistant plasmids are on the rise in Quebec. Plasmids are a metabolic
burden for bacteria, but this does not prevent the increasingly frequent appearance of
variations of the pRAS3 plasmid in A. salmonicida subsp. salmonicida.

Two variants of pPRAS3 were identified in this study. pRAS3.5, which comes from
France, displays minor differences with pRAS3.1 to 3.4 by bearing a unique number of
repetition units at RegA and RegB (Table 2). The new plasmid pRAS3-3759 displays an IS of
2 kb that has only been observed once in pRAS3-3432. This IS is absent from other variants
of the pRAS3 family, and was identified in the tet(C) island of C. suis. In fact, pRAS3-3759
and pRAS3-3432 share a great similarity with the genomic island found in C. suis [5].

The type of IS found in the pRAS3 plasmids is described as “classic” since these ISs
only code for genes essential to their transposition and regulation. The IScs605 in pRAS3-
3759 codes for a transposase tnpA and the tnpB gene, which has a role in the regulation
of transposition. It has been recently shown that TnpB from Deinococcus radiodurans is an
RNA-directed nuclease and is proposed to be a precursor to CRISPR-Cas nucleases that
can cut DNA [16]. According to the results obtained in our study, the IS does not seem to
have an impact on the bacterium, whether at the level of resistance to antibiotics (MIC), the
number of copies of the plasmid per cell, or for bacterial growth.

All strains of A. salmonicida bearing pRAS3 plasmids have additional plasmids that
may interfere for MIC determination by carrying, for example, genes that can affect the
properties of the host cell or other resistance genes that interfere with the resistance selected
for the study [17,18]. It is especially the case of strain SHY16-3432, which has another
plasmid bearing a tetracycline resistance gene (pAsa5-3432) in addition to pRAS3-3432 [5].
With the goal of testing the pRAS3 plasmids individually without interference, the MICs
were determined for tetracycline for E. coli DH5« clones that bear pRAS3 variants (except
3.1 and 3.2). The best outcome would have been to test the individual plasmids all in the
same A. salmonicida subsp. salmonicida strain, but the electroporation of pRAS3 plasmids
was not possible; multiple attempts were made with no success.

The results in E. coli did not allow us to draw conclusions, since no clear trend was
observed, whether the IS was present in the variants or not. pPRAS3-3432 has the lowest
MIC, but pRAS3-3759 (also with an IS) has an MIC that is four times greater, even if its tetR
gene, responsible for regulating tetracycline resistance, is also altered due to the presence
of the IS. The alteration is a deletion of the C-terminal part of TetR. This part of the protein
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is involved in the dimerization of the regulator [19]. Perhaps the deletion in TetR protein
produced by pRAS3-3432 and pRAS3-3759 has a different impact on the activity of the
regulator or leads to inactivation of the regulator in one case and not the other. The lowest
MIC was observed for the plasmid with the most important deletion in TetR (pRAS3-3432).

Growth curves were performed on strains with pRAS3 variants, both in A. salmonicida
subsp. salmonicida and in E. coli. In A. salmonicida subsp. salmonicida, the results do not
seem to indicate that the various versions of pRAS3 plasmids are harmful for the growth of
the bacterium. As shown in Figure 4, we can see that the strains that have pRAS3-3432 or
PRAS3-3759 (therefore with IS) grow at a rate within the growth interval of the two control
strains, which implies that the strains grow normally. The pRAS3 plasmid is not the only
influence in these strains of A. salmonicida subsp. salmonicida; the other plasmids and other
genetic elements present in the bacterium could also affect bacterial growth. These results
do not allow any conclusions to be drawn.

The same observation can be made with E. coli. Figure 5 shows the growth curves of
the DH5« bacterium. There is no visible trend between clones with the various versions of
PRAS3, even though the host bacterium only carries the plasmid pRAS3. Still, it is important
to consider that the plasmids have been transferred into another bacterium, since it was
not possible to introduce these plasmids into a strain of A. salmonicida subsp. salmonicida
without plasmids. The genetic background of E. coli is different from A. salmonicida subsp.
salmonicida, so there could be important influencing elements that may not be active in the
recipient bacterium.

A previous study had linked the number of RegA and RegB repeats to the number of
plasmid copies per cell, demonstrating that a higher number of repetitions at RegA would
be responsible for a higher PCN, while a lower number of repetitions at RegB would also be
responsible for a higher PCN [6]. However, the study only compared two types of pRAS3 at
the time, pRAS3.1 and pRAS3.2, and in lab-modified versions of these plasmids in E. coli. In
our study, we tested that aspect directly in A. salmonicida subsp. salmonicida. Furthermore,
their method of PCN determination was different from ours. They determined this number
using qPCR, while we used high-throughput sequencing. The numbers for pRAS3.1 and
PpRAS3.2 seemed quite high compared to those we obtained; there might be an impact of
the method used, but other parameters can influence the results. Our study on five variants
of this family (Table 4) suggests that this link between these two parameters may be more
complicated than previously estimated. In fact, there seems to be no correlation or tendency
between the PCN and the number of repeats at regions A and B of the plasmid. The strain
that bears pRAS3.4 has the higher PCN, but there seems to be no impact on the MIC or the
bacterial growth.

The family of pRAS3 plasmids is found in A. salmonicida subsp. salmonicida, but
also in other species. In 2019, when the article describing pRAS3-3432 was published,
the version of pRAS3 known at the time with an IS was found only in A. salmonicida
subsp. salmonicida and C. suis [5]. Since then, the databases have been enriched and we
now find pRAS3 plasmids (with an IS) in other bacterial species, such as Edwardsiella
tarda and Klebsiella sp., which are both pathogenic agents found in farming conditions. E.
tarda has a variety of hosts, including fish and humans. It is responsible for infections in
the fish farming industry, infections which are often associated with poor water quality
and warmer temperatures. Furthermore, this bacterium is a risk for zoonoses since it
is associated with gastro-intestinal infections in humans [20]. As for Klebsiella sp., it is a
ubiquitous bacterium and is an opportunistic pathogen for humans and other animals, such
as farm animals [21]. Already, in 2019, the link between A. salmonicida and C. suis created an
interesting relation between swine production and aquaculture production for the spread of
antibiotic resistance genes, since this was an indicator of horizontal gene transfer (even if the
direction of the genetic exchange is unknown). However, the newly discovered species that
have pRAS3 plasmids further confirm this link. Furthermore, versions of pRAS3 without
the IS are found in other Gram-negative species, such as Chlamydia trachomatis, Chlamydia
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muridarum, Edwardsiella piscida, Xanthomonas arboricola, Klebsiella sp., E. coli, and C. suis. This
once again highlights the exchange of genetic information between different species.

The great similarity between the two pRAS3 variants that contain an IS in A. salmonicida
and the tet(C) genomic island in C. suis strongly suggests a transfer of genetic material
between these two bacteria [5]. Roberts et al. suggested that C. suis would be very unlikely
to participate in gene exchange by conjugation, since it is an obligate intracellular bacterium,
which means that it cannot survive for long outside a cell [15,22]. They therefore suggested
that the only way this bacterium could have acquired its tetracycline resistance gene (tet(C))
is through the action of a second bacterium carrying the gene, which would have co-infected
the same cells as C. suis [22]. However, the two bacteria occupy very different environments,
with one being a fish pathogen with an ideal growth temperature under 20 °C and the
other being a swine pathogen, with ideal growth in warmer conditions [15]. The direction
of the genetic exchange is therefore unknown at this time and there is nothing to indicate
that A. salmonicida would be directly involved in the genetic transfer to C. suis.

Florfenicol is, in Quebec, the most used antibiotic to treat furunculosis in fish, while
tetracycline (resistance carried by the pRAS3 plasmids) is not used much [23]. According to
Canadian and Quebecois reports on animal production and the use of antibiotics, the tetra-
cycline class is the most widely sold class of antibiotics for animal production in Canada,
and the pork sector is the one for which the most antibiotics are sold in Canada [24]. Quebec
is the leading pork producer in Canada, and this industry is the second largest agri-food
sector in Quebec [25]. The results of passive surveillance of antibiotic resistance in Quebec
show that a significant proportion of isolates of many pathogenic bacteria of porcine origin
are resistant to tetracyclines. Consequently, in Quebec, resistance to tetracyclines is very fre-
quent for swine pathogens [26]. Aquaculture is vulnerable to the introduction of antibiotic
resistance genes. Aquatic environments are at risk of contamination by residual antibiotics
from the activities of farms near them. Fish farms are dynamic and complicated environ-
ments that are easily influenced by environmental conditions [27]. These environments can
therefore become reservoirs of a diversity of bacteria which may be resistant not only to the
antibiotics used in fish farming, but also to those used in animal production. Thus, since it
is unlikely that C. suis would transmit pRAS3 plasmid to A. salmonicida, it is possible that
other bacteria (probably still not identified) from the swine industry or farming in general
may serve as a vector between land and aquatic farming.

The results presented in this study suggest that the IS found in pRAS3 plasmids have
no real effect on the physiology of the bacterium. However, we can conclude that there
are different versions of pRAS3 and that the appearance of variants is more and more
frequent. Based on our results, we conclude that there is nothing that favors one version
more than another, for now, compared to what was proposed in the past [6]. pPRAS3.3 is
the most frequently found version; it is the most distributed version, and the regions of
origin are different. Monoresistance has been on the rise in Quebec in recent years, with
the identification of pRAS3 in the genome of strains of A. salmonicida subsp. salmonicida
analyzed. However, it is important to keep in mind that the appearance of pPRAS3-3759 is
particular, since the strains with this version of the plasmid all come from the same fish
farming region.

4. Materials and Methods
4.1. Bacterial Strains and Growth Conditions

The A. salmonicida subsp. salmonicida strains used in this study are described in Table 1.
They were grown from frozen stocks on furunculosis agar (FA) for 3 days at 18 °C as

previously described [28]. E. coli DH5x was grown from frozen stock on tryptic soy agar
(TSA) (Wisent, St-Bruno, QC, Canada) for one day at 37 °C.

4.2. PCR Analyses

DNA lysates of the strains were obtained using a previously described protocol,
with PCR mixtures and conditions [18]. The primers required for the present study were
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designed using the tools available on the Integrated DNA Technologies (IDT) website. The
PCR program was as follows: 2 min 30 s at 95 °C, 30 cycles of 30 s at 95 °C, 30 s at 55 °C,
and 30 s at 68 °C, followed by a final extension of 10 min at 68 °C. The products were
separated on 1.5% agarose gels, which were mixed with 0.5 pg/mL EtBr before casting.
Positive and negative controls were also performed and the PCR assay was performed at
least twice. All the primers used in this study are listed in Table S1.

4.3. DNA Extraction and Sequencing

The total DNA of strains 28516, 96049, and SHY18-3759 was extracted using DNeasy
Blood and Tissue kits (Qiagen, Toronto, ON, Canada) following the manufacturer’s protocol.
A step of RNAse treatment at 20 ug/mL was added before proteinase K lysis. Sequencing
libraries were prepared from purified bacterial DNA using the Nextera XT DNA Library
Preparation Kit, and the sequencing was performed using a MiSeq instrument (Illumina,
San Diego, CA, USA) at the Plateforme d’Analyse Génomique of the Institut de Biologie
Intégrative et des Systemes (Université Laval, Quebec City, QC, Canada).

4.4. Sequence Assembly and Analyses

The sequencing reads were de novo assembled using A5-miseq version 20160825 [29].
Then, CONTIGuator version 2.7.5 was used for mapping the contigs on the reference
genome of strain A449 (NC_009348.1). The unmapped contigs were screened using
BLAST [30] to find the tet(C) gene. The contig in each dataset bearing the gene sequence
was annotated using Prokka [31]. The plasmid sequence was then further character-
ized using BLAST [30], verified with Artemis version 16.0.0 [32]. Finally, the plasmid
maps were created using DNAPIotter version 18.0.0 [33]. The sequences of pRAS3.4,
pRAS3.5, and pRAS3-3759, respectively, from strains 96049, 28516, and SHY18-3759, were
deposited in DDBJ/ENA /GenBank under the accession numbers ON814114, ON814115,
and ON814113, respectively.

4.5. Copy Number of pRAS3 Variants in Their Host Strains

The relative sequencing coverage was used in order to be able to estimate the number
of plasmids present in the different strains carrying the pRAS3 variants. Initially, the read
assembly carried out de novo made it possible to highlight pRAS3 plasmids present in each
of the strains. Then, the reads were filtered with fastp version 0.23.2 [34], and mapped with
bowtie2 version 2.4.5 [35]. Generated files were converted with SAMtools version 1.15 [36]
in order to facilitate visualization using Qualimap v. 2.2.2d [37] to compare the coverage
associated with the plasmids to one of the chromosomes in each case.

4.6. Plasmid Electroporation

With the goal of introducing the pRAS3 variants available (pRAS3.3, pRAS3.4, pRAS3.5,
pRAS3-3432, and pRAS3-3759) in the same bacterial genetic background, the plasmidic
DNA of five A. salmonicida subsp. salmonicida isolates (Table 1) was extracted using the
QIAprep® Spin Miniprep Kit (Qiagen, Toronto, ON, Canada) following the manufacturer’s
protocol, with the exception that the bacterial colonies on FA plates were suspended directly
in 250 uL of buffer P1. The purified plasmidic DNA was then introduced by electroporation
into the bacterium E. coli DH5«x as previously described [38], with the use of tetracycline
(50 ng/mL) as a selective agent during growth to select pRAS3-bearing clones. The DNA
of the growing clones of E. coli DH5«x was then purified using the QIAprep Spin Miniprep
kit, and PCR assays confirmed the presence of the pRAS3 variants in the recipient host.
One clone per plasmid variant was kept for further analyses. An enzymatic digestion
was performed on the plasmidic DNA recovered from the various E. coli clones. This
digestion was executed at 37 °C using the enzymes Sall-HF and Clal (NEB, Whitby, ON,
Canada), and the resulting digested DNA was separated on 0.7% agarose gel. The gel was
submerged in water containing 0.5 pg/mL of EtBr for 30 min to visualize the DNA bands
under UV illumination.
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4.7. Growth Curves

Various A. salmonicida subsp. salmonicida strains and E. coli DH5« clones were in-
oculated in 10 mL of tryptic soy broth (TSB) (Wisent, St-Bruno, QC, Canada) and were
incubated at 18 °C and 37 °C overnight, respectively. The optical density (OD) was adjusted
to 0.1 at 595 nm (ODsgs5), and the cultures were incubated at 18 °C (for A. salmonicida subsp.
salmonicida) and 37 °C (for E. coli) in a Tecan Infinite 200 PRO microplate reader (Tecan,
Baldwin Park, CA, USA). Shaking was set to 200 rpm and the ODs were read automatically
every 15 min for 72 h (18°C) and 48 h (37 °C). The assays were performed in triplicate.

4.8. Assessment of the Minimum Inhibitory Concentration (MIC) of Tetracycline

The tetracycline MIC of various E. coli DH5«x clones bearing the pRAS3 plasmids were
determined in 48-well plates using a formerly described protocol, with concentrations
ranging from 0 to 256 pg/mL being tested [9]. The results were read every 15 min in a
Tecan Infinite 200 PRO microplate reader (with shaking at 200 rpm). Growth was evaluated
throughout the incubation period, and every assay was performed at least in duplicate.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/antibiotics11081047/s1, Table S1. Primer pairs used in this study;
Figure S1: Growth curves at 18 °C of various A. salmonicida subsp. salmonicida both with and
without the pRAS3 plasmid variants, with standard deviations; Figure S2. Growth curves at 37 °C
of E. coli DH5« clones with pRAS3 variants, with standard deviations. Refs [9,39,40] are cited in
Supplementary Materials.
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