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ABSTRACT

With the development of multidrug resistance in Salmonella spp. in recent years, ciprofloxacin, ceftriaxone, and
azithromycin have become the principal antimicrobial agents used for the treatment of Salmonella infections. The
underlying mechanisms of plasmid-mediated ciprofloxacin and ceftriaxone resistance have attracted extensive
research interest, but not much is focused on azithromycin resistance in Salmonella. In this study, we investigated the
genetic features of two conjugative plasmids and a non-transferable virulence plasmid that encode azithromycin
resistance in food-borne Salmonella strains. We showed that the azithromycin resistance phenotype of these strains
was conferred by erm(B) gene and/or the complete genetic structure 1S26-mph(A)-mrx-mphR-1S6100. Comparative
genetic analysis showed that these conjugative plasmids might originate from Escherichia coli and play a role in the
rapid dissemination of azithromycin resistance in Salmonella. These conjugative plasmids may also serve as a
reservoir of antimicrobial resistance (AMR) genes in Salmonella in which these AMR genes may be acquired by the
virulence plasmids of Salmonella via genetic transposition events. Importantly, the formation of a novel macrolide-
resistance and virulence-encoding plasmid, namely pS1380-118 kb, was observed in this study. This plasmid was
found to exhibit transmission potential and pose a serious health threat as the extensive transmission of
azithromycin resistant and virulent Salmonella strains would further compromise the effectiveness of treatment for
salmonellosis. Further surveillance and research on the dissemination and evolution routes of pS1380-118kb-like

plasmids in potential human pathogens of the family of Enterobacteriaceae are necessary.
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Introduction

Salmonella is a primary cause of food-borne diseases
and is considered to be a major public health threat
worldwide [1,2]. Most cases of salmonellosis are self-
limiting, yet antimicrobial treatment is necessary in
cases of systematic and serious infection, especially
in immune-compromised and elderly patients [3].
Due to the increasing incidence of resistance to
ciprofloxacin and ceftriaxone, azithromycin is
regarded as a last sort, FDA-approved antimicrobial
agent for the treatment of systemic Salmonella infec-
tions, especially those caused by S. Typhimurium [4].
Azithromycin is a semisynthetic macrolide antibiotic
derived from erythromycin by methyl substitution of
a nitrogen atom in the macrolide ring. It differs struc-
turally from erythromycin and exhibits stability in an
acidic environment, a wide antibacterial spectrum,
negligible irritability, and rapid absorption from gas-
trointestinal (GI) tract upon oral administration [5],
and has become one of the most commonly used anti-
microbials after being launched in 1991 [6]. The

excellent pharmacological characteristics and favour-
able membrane permeability of azithromycin allow it
to be used for the treatment of infections caused by
various members of Enterobacteriaceae, especially
these common foodborne pathogens of E. coli, Shigella
spp.» or Salmonella spp. [7,8]. The key antimicrobial
mechanism of azithromycin involves inhibition of
protein synthesis and bacterial growth by binding to
the bacterial ribosome and therefore hindering
mRNA translation. To date, two other mechanisms
of azithromycin resistance have been reported: one
is associated with extruding antibiotics from bacterial
cytoplasm by efflux. Relevant bacterial efflux system
families are ABC, MFS, MATE, RND, and SMR,
among which genes encoding the ABC family efflux
pumps including msr(A), msr(D), and msr(E), and
those which encode the MFS family, such as the mef
(A) and mef(B) genes, are transferable among different
bacterial pathogens [9,10]. The second mechanism
involves the modification of either the bacterial ribo-
some or the molecular structure of macrolides by

CONTACT Sheng Chen @ shechen@cityu.edu.hk
*Contributed equally to this work.

© 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrest-
ricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://crossmark.crossref.org/dialog/?doi=10.1080/22221751.2022.2058420&domain=pdf&date_stamp=2022-04-07
http://creativecommons.org/licenses/by/4.0/
mailto:shechen@cityu.edu.hk
http://www.iom3.org/
http://www.tandfonline.com

1050 M. XIE ET AL.

rRNA methylases, esterases, and phosphorylases,
which are encoded by the erm, ere(A)/ere(B) and
mph(A)/mph(B) genes, respectively [11]. However,
plasmids carrying these determinants mediating azi-
thromycin resistance are sporadically reported in Sal-
monella strains, among which plasmids of IncHI2 and
IncC types were reported in recent years [12-14], and
most of these plasmids originate from other Entero-
bacteriaceae. In addition, extensively drug resistant
(XDR) S. typhimurium with a single point mutation
in the efflux pump AcrB (R717Q/L) is the main epi-
demic azithromycin resistant isolate in recent years
in Southeast Asian countries, especially in Nepal,
India, and Pakistan [15].

In this study, we performed genetic characterization
of two conjugative plasmids that carry an rRNA methy-
lase gene erm(B) and a phosphorylase-encoding cluster
with the structure I1S26-mph(A)-mrx-mphR-1S6100.
One was an InclI1 type plasmid that can acquire macro-
lide-resistance genes and was responsible for causing an
increasing prevalence of azithromycin resistance in Sal-
monella. The other was an IncFIC/IncFIB type plasmid,
which was commonly detected in E. coli strains and
responsible for transferring azithromycin resistance
genes to a typical virulence plasmid, forming a novel
azithromycin resistance and virulence-encoding plas-
mid in S. typhimurium. These events would lead to
an increase in the incidence of life-threatening Salmo-
nella infections and pose a serious threat to human
health.

Materials and methods

Bacterial isolation and antimicrobial
susceptibility tests

Salmonella strains S1330 and S1380 were isolated from
retail pork samples collected from supermarkets in
Shenzhen, China in 2013. Species identification was
performed by detection of the Salmonella-specific
invA gene and by using the MALDI-TOF-MS Biotyper
System (Bruker, Germany). The serotypes of the two
strains were then identified according to the Kauff-
mann-White scheme, using a commercial antiserum
(Difco, Detroit, MI). Antimicrobial susceptibility
tests were performed by following the microdilution
method recommended by Clinical and Laboratory
Standards Institute [16]. Escherichia coli strain
ATCC 25922 and Staphylococcus aureus strain
ATCC 29213 were used as quality control.

Cloning of two resistance determinant-bearing
clusters 1S26-mph(A)-mrx-mphR-IS6100, IS26-
mph(A)-mrx-AmphR-I$26, and mph(A) gene

The corresponding gene fragments were amplified
using the primers listed in Table 2. Briefly,

sequences of 200 bp located up- and downstream
of the target genes, including the natural promoters,
were amplified. PCR products were then ligated to
the cloning vector pBackZero-T, generating pBack-
Zero-mph(A), pBackZero-1S26-mph(A)-mrx-mphR-
IS6100 and pBackZero-1S26-mph(A)-mrx-,mphR-
IS26 respectively, which were then transformed
into E. coli strain DH5a. Transformants were
selected on LB plates containing 50ug mL™"' kana-
mycin, followed by confirmation of their genetic
identity through PCR screening with the cloning
primers described above.

Conjugation and pulsed-field gel
electrophoresis (PFGE) analysis

Conjugation experiments were performed to evalu-
ate the transmission potential of azithromycin
resistance in Salmonella strains, with a sodium
azide resistant E. coli strain ]J53 being used as the
recipient. In brief, overnight culture of the test Sal-
monella strains and the recipient were diluted 100-
fold in fresh Luria Bertani (LB) broth and incu-
bated at 37°C for 4h until the logarithmic phase
was reached. The Salmonella strains and the recipi-
ent were mixed at a ratio of 1:4 and inoculated
onto a 0.45um membrane placed on LB agar.
After incubation for 24 h at 37°C, serial dilutions
of the bacterial mixture were incubated onto
Eosin Methylene Blue (EMB) agar supplemented
with 100 uig mL™" sodium azide and 16 pg mL™"
azithromycin for selection of transconjugants. The
transconjugants were then identified by antimicro-
bial susceptibility tests and pulsed-field gel electro-
phoresis (PFGE) as previously described [17].

Plasmid sequencing and bioinformatics
analysis

Plasmids harboured by Salmonella strains S1330 and
S1380 were extracted using the Qiagen Plasmid Midi
Kit (Qiagen, Valencia, CA) and then sequenced by
the NextSeq Illumina platform (San Giego, CA) and
Nanopore MinION (long-read) sequencing platform,
using the MinION R9.4.1 flow cell [18]. The complete
plasmid sequence was acquired by assembling the
short and long reads obtained from both Illumina
and Nanopore platforms by Unicycler v0.4.9b [19],
and then annotated by Rapid Annotation using Sub-
system Technology (RAST) version 2.0 [20]. Antimi-
crobial resistance genes, insertion sequences and
plasmid incompatibility types were identified by
ResFinder [21], ISFinder [22], and PlasmidFinder
[23] tools. Sequence comparison of plasmids was con-
ducted using BLAST Ring Image Generator (BRIG)
[24] and Easyfig [25].
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Table 1. Phenotypic characteristics of Salmonella strains tested in this study.
MIC (ug mL™")

Strain Species Source AMK AMP AZ| CHL cip CTX KAN MRP NAL SXT TET
$1330 S. Derby Pork 8 >64  >128 >64 4 0.25 >128 003 64 >32  >32
$1330-TC E. coli / 8 > 64 >128 1 <0.06 <0.06 16 0.03 2 4 0.5
$1380 S. Typhimurium Pork 4 >64  >128 >64 64 >128 >128 003 >64 >32  >32
S1380-TC  E. coli / 2 >64  >128 1 <006 <006  >128 003 2 4 0.5
153 E. coli / <05 2 1 1 0015  £0015 <05 003 2 4 0.5

AMK, amikacin; AMP, ampicillin; AZI, azithromycin; CHL, chloramphenicol; CIP, ciprofloxacin; CTX, cefotaxime; KAN, kanamycin; MRP, meropenem; NAL,

nalidixic acid; SXT, trimethoprim/sulfamethoxazole; TET, tetracycline.

Results

Phenotypic characterization of Salmonella
strains

Salmonella Derby strain S1330 and Salmonella Typhi-
murium strain S1380 were isolated from retail pork
samples in Shenzhen and found to be resistant to
most of the antibiotics tested, including azithromycin,
chloramphenicol, ciprofloxacin, kanamycin, nalidixic
acid, trimethoprim/sulfamethoxazole, and tetra-
cycline, but the strains remained susceptible to amika-
cin and meropenem (Table 1). Conjugation assays
indicated that the azithromycin resistance phenotype
of both isolates could be transferred to the recipient
E. coli J53 upon selection by azithromycin. The trans-
conjugants S1330-TC and S1380-TC exhibited dra-
matic increase in minimum inhibitory concentration
(MIC) of azithromycin when compared with the reci-
pient E. coli J53, with more than 128-fold increase in
azithromycin MIC being observed (Table 1). S1 nucle-
ase pulsed-field gel electrophoresis (S1-PFGE)

Xbal-PFGE

illustrated that both the S. Derby strain S1330 and
the corresponding transconjugant contained a single
plasmid of ~110 kb, which was designated as plasmid
pS1330-110 kb. In addition, S1-PFGE results showed
that S. Typhimurium strain S1380 harbored two plas-
mids, the size of which were found to be ~118 and
~135kb by plasmid sequencing. However, only the
larger plasmid (~135 kb) could be transferred to the
recipient by conjugation (Figure 1). These two plas-
mids were designated as plasmid pS1380-118 kb and
PS1380-135 kb, respectively.

Genetic analysis of plasmids that confer
phenotypic resistance to azithromycin in
Salmonella

Complete sequences of plasmids pS1330-110 kb,
pS1380-118 kb and pS1380-135kb were acquired
using both NextSeq Illumina and Nanopore MinION
sequencing platforms. Plasmid pS1330-110 kb was
110,440 bp in length, exhibited a GC content of 50.2%

S1-PFGE
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Figure 1. PFGE profiles of Salmonella strains S1330 and $1380 and the corresponding transconjugants. Xbal-PFGE and S1-
PFGE profiles of Salmonella strains $S1330, S1380 and their transconjugants are shown.
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Figure 2. Genetic structure of plasmids that confer azithromycin resistance in Salmonella strain S1330. Circular (a) and
liner (b) alignment of plasmid pS1330-110 kb in S. Derby strain S1330 with plasmids deposited in the NCBI database including
pNDM33-2 (MN915012), pS86 (KU130396), and pST1030-1A (MT507877) using Blast Ring Image Generator (BRIG) and EasyFig.
(c) Liner alignment of the MDR region of plasmid pS1330-110 kb with the plasmids pYPE12 and pCTXM3-020032. Dark blue,
gene encoding replication initiation protein; red, resistance gene; yellow, insertion sequence; green, gene encoding plasmid con-

jugative transfer protein Tra and Pil.

and comprised 147 predicted coding sequences (CDS).
The plasmid was found to belong to IncIl type. This
plasmid was found to harbour several resistance genes
including mph(A), aadAl, aac(3)-1Id, and erm(B),
which may confer resistance to azithromycin and kana-
mycin, respectively. BLASTN analysis showed that
plasmid pS1330-110 kb exhibited the highest degree
of homology to a 115,776 bp IncIl plasmid, namely

pS68 (Accession: KU130396), with 99.98% identity
and 91% coverage (Figure 2a), as well as plasmid
pNDM33-2 (Accession: MN915012) and pST1030-1A
(Accession: MT507877), both recovered from Escheri-
chia coli strains and shared similar plasmid backbones
(Figure 2b), with 99.8% identity and 85-94% coverage.
Sequencing analysis showed that the backbones of these
plasmids were extremely conserved after subtracting
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Table 2. MICs of DH5a strains that contained mph(A)-bearing fragments of different structures and relevant primers used.

Strain Primers Amplicon size AZI MIC (ug mL™")
DH5a - - 1
DH5a-pBackZero - - 1
DH5a-mph(A) F 5'-ATGCGTGCACTACGCAAAG-3' 1144bp

R 5'- CGAGCGGGCTATATCGAC-3' 1
DH5a-1S26-mph(A)-mrx-AmphR-1S26 F 5'-GTCGGTGGTGATAAACTTATCATC-3'

R 5'- CAATGTCTGACGCGAAGATCAG-3' 4302bp 1
DH5a-1S26-mph(A)-mrx-mphR-156100 F 5'-CACCAATCTCGACTATGCTCAATAC-3

R 5'-GTGGAACGAAAACTCACGTTAAG-3 5084bp > 128
DH5a-erm(B) F 5'-AGAAGGAGGGATTCGTCATG-3’

R 5'-TCTTGCTAGTCTAGGGACCT-3' 1138bp > 128

the multidrug resistance (MDR) region, a mosaic
region that comprised various resistance genes includ-
ing mph(A) and erm(B). The mph(A) cluster in plasmid
pS1330-110 kb was incomplete in which the mphR in
the complete mph(A) cluster (IS26-mph(A)-mrx-
mphR-1S6100) was truncated and the followed mobile
element IS6100 was replaced by an IS26. We confirmed
that deletion of the mphR gene would affect the func-
tion of the mph(A)-bearing cluster and restore azithro-
mycin sensitivity, as E. coli strain DH5a which acquired
1S26-mph(A)-mrx-AmphR-1S26 and mph(A) exhibited
sensitivity to azithromycin (azithromycin MIC of
both strains were 1ug mL™"), whereas the azithromycin
MIC of E. coli DH5a which acquired the complete
structure of 1S26-mph(A)-mrx-mphR-1S6100 increased
to over 128ug mL™" (Table 2). Our data confirmed that
erm(B) on pS1330-110 kb could mediate azithromycin
resistance by cloning experiments, which suggested
that erm(B) was a key genetic element that encoded
resistance to azithromycin in Salmonella S1330. The
role of erm(B) was also consistent with our previous
clonal study in which transconjugant E. coli DH5a-
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erm(B) exhibited a 128-fold increased MIC to azithro-
mycin [26].

Plasmid pS1380-135 kb was 134,634 bp in length,
with a GC content of 52.1%. The plasmid comprised
184 predicted coding sequences and was found to
belong to a IncFIC/IncFIB type plasmid. BLASTN
screening against the resistance gene database showed
that plasmid pS1380-135 kb harbored multidrug resist-
ance genes, including the aminoglycoside resistance
genes aph(3”)-1, aph(3’)-1a, aph(6)-1d, aadA5 and acc
(3)-1I, the phenicol resistance gene catA2, the trimetho-
prim resistance gene dfrA17, the tetracycline resistance
gene tet(A), the sulfonamide resistance genes sull and
sul2, and the macrolide resistance genes mph(A) and
erm(B) (Figure 3a). These resistant determinants
located in a ~40 kb MDR region surrounded by various
IS elements with the genetic environments of int-
dfrAl17-aadA5-sull, 1S26-mph(A)-mrx-mphR-1S6100,
1S26-erm(B)-groEL-1S26, Tn3-aph(6’)-1d-aph(3’)-1-
sul2-185075, and 1S26-aph(3’)-la-,1S26-1S26, respect-
ively. Plasmid pS1380-135 kb exhibited the highest
degree of sequence homology (83% overage and

(b)

B GC Content

GC Skew

B GCskew ()

B ccskew)
pST90-2
pSTS3-1
pSTS6-2

W psi380-11810

merR

1826 aph(3}la 1526

Figure 3. Genetic structure of plasmids that confer azithromycin resistance in Salmonella strain S1380. (a) Circular align-
ment of plasmid pS1380-118 kb in S. typhimurium strain S1380 with plasmids deposited in NCBI database including pST56-2
(CP050741), pST53-1 (CP050746), and pST90-2 (CP050736), using Blast Ring Image Generator (BRIG). (b) Circular alignment of plas-
mid and pS1380-135 kb in S. Typhimurium strain S1380 with plasmids deposited in NCBI database including pSMS35_130
(CP000971), p2 (LR890271), and pMUB-MIN12-1 (CP069658), using Blast Ring Image Generator (BRIG).
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99.87% identity) to a 163,427 bp IncFIC/IncFIB plasmid
pMUB-MIN12-1 (Accession: CP069658) recovered
from a clinical E. coli strain collected from the wound
of a patient. The IncFIC/IncFIB plasmid pSMS35_130
(Accession: CP000971) and plasmid p2 (Accession:
LR890271), both recovered from E. coli, also exhibited
similar sequence coverage and identity (Figure 4a).
The aph and tet(A) genes were found in all the Inc-
FIC/IncFIB plasmids, even though a high degree of
structural divergence was observed in the mosaic resist-
ance regions of these plasmids. Importantly, the back-
bone sequences of these plasmids shared a common
virulence gene cluster, sitABCD, indicating that such
plasmids might have originated from pathogenic
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avian Escherichia coli (APEC) strains, as sitABCD is
commonly located in large conjugative plasmids in
APEC strains.

Plasmid pS1380-118 kb was 118,931 bp in length,
exhibited a GC content of 53.9% and comprised 190
predicted coding sequences. This plasmid was found
to belong to the IncFII type. BLASTN analysis demon-
strated that plasmid pS1380-118 kb exhibited hom-
ology to various plasmids originated from
Salmonella Typhimurium, including pST56-2 (Acces-
sion: CP050741), with 100.00% identity and 75% cov-
erage, plasmid pST53-1 (Accession: CP050746) with
99.98% identity and 73% coverage, and plasmid
PST90-2 (Accession: CP050736) with 99.95% identity
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Figure 4. Genetic structure of plasmids that confer azithromycin resistance in Salmonella strain S1380. Liner alignment of
plasmids pS1380-135 kb (a) and pS1380-118 kb (b) with plasmids deposited in NCBI database using Easyfig. (c) Alignment of plas-
mid pS1380-118 kb with plasmid pS1380-135 kb and virulence plasmid pSLT (CP060170). Dark blue, gene encoding replication
initiation protein; red, resistance gene; pink, virulence gene; yellow, insertion sequence; green, genes encoding the plasmid con-

jugative transfer proteins Tra and Pil.



and 75% coverage (Figure 3b and 4b). In addition, two
antimicrobial resistance islands (ARI) (designated as
ARI-A and ARI-B) conferring resistance to aminogly-
coside and azithromycin were detected in plasmid
pS1380-118 kb. Blast against the ResFinder [21] and
ISfinder [22] showed that the genetic structure of
ARI-A was int-dfrA17-aadA5, 1SVas5-aac(3’)-114, fol-
lowed by a macrolide resistance cluster IS26-mph(A)-
mrx-mphR-1S6100, whereas ARI-B contained a mer-
cury resistance cluster merACPTR and an aminoglyco-
side resistance-encoding transposon with a structure
of 1S26-aph(3°)-la-1S26 (Figure 4c). The ~17 kb ARI-
B fragment only exhibited high level homology
(99.34% similarity, 94% coverage) to plasmid plI
(Accession number: LT795504), indicating that the
ARI-B region of plasmid pS1380-118 kb might orig-
inate from E. coli strains such as KV7 [27]. In addition,
the plasmid backbone exhibited a high degree of
sequence homology to a virulence plasmid, pSLT
(Accession number: NZ_CP060170), after removing
both ARI regions. Both plasmids contained the viru-
lence locus spvABCDR, which encodes important
virulence factors reported to play a role in enhancing
the growth rate of Salmonella strains in mouse model
during the systemic phase of infection [28]. Compared
with the virulence plasmid pSLT, the ARI-A region in
plasmid pS1380-118 kb was found to be replaced by a
~14 kb region containing the original virulence clus-
ter pefBACDI and a virulence gene rck (Figure 4c).
The pef operon is associated with fimbriae biosyn-
thesis and contributes to adherence to the intestinal
epithelium, whereas the rck gene is associated with
resistance to complement killing [29]. The formation
of ARI-B in plasmid pS1330-118 kb might be associ-
ated with the rlgA gene, which exhibited high
sequence homology to several previously reported
resolvase-like protein-encoding genes. The process
probably involved sequence insertion and reversal, in
which rlgA was truncated into two ArlgA genes and
then orientated in opposite direction with the adjacent
fragments (Figure 4c). Spontaneous reversal of the
rlgA gene is commonly observed in other virulence
plasmids such as plasmid pST56-2, pST53-1, and
pST90-2, even though they lacked the insertion frag-
ment of ARI-B (Figure 4b). In addition, pS1380-
118kb-like plasmids only conferred phenotypic resist-
ance to aminoglycoside antibiotics, since AMR genes
including aph(3’)-la, aac(3’)-lld, dfrA12, and aadA2
were detected in the ARI-A region. BLASTN analysis
showed that the ARI-A region from plasmid pS1380-
118 kb exhibited homology (100% similarity, 68% ~
74% coverage) to plasmid pCTXM15_020026 (Acces-
sion number: CP034956), pECSE_01 (Accession
number: KX683283) and pGMI17-003_3 (Accession
number: CP031137), which were recovered from
E. coli and lacked the genetic structure IS26-mph(A)-
mrx-mphR-1S6100. This observation indicates that
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the macrolide-resistance encoding fragment might
be derived from an exogenous plasmid, such as plas-
mid pS1380-135 kb.

Discussion

non-typhoidal Salmonella is an important pathogen
that causes food-borne diseases, the prevalence of
which ranked second among a total of 31 pathogens
that cause 9.4 million cases of food poisoning in the
United State each year [30]. Salmonella is the etiologic
agent of salmonellosis in humans causing severe dis-
eases, especially in immunocompromised patients as
well as children and the elderly [3]. Ciprofloxacin, cef-
triaxone, and azithromycin are antibiotics commonly
used for the treatment of salmonellosis. Upon decades
of evolution and accumulation of multidrug resist-
ance-encoding elements in the bacterial genomes,
novel structures in multidrug resistance plasmids
have emerged and were found to be responsible for
causing a sharp increase in the rate of resistance to
these three antibiotics in Salmonella. Our recent work
demonstrated that the IncIl plasmids could acquire
various P-lactamase encoding determinants such as
the blacrx p group variants, resulting in an increasing
prevalence of ceftriaxone resistance [31]. This type of
plasmid was subjected to extensive studies as they
may act as helper plasmids that mediate further acqui-
sition of ciprofloxacin resistance-encoding genes by
fusing with non-conjugative MDR plasmids or frag-
ments containing such genes [32,33]. In addition, a
recent report has recovered a conjugative Incl1 plasmid
carrying the erm(B) and blacrx_m.104 genes that encode
resistance to both cefotaxime and azithromycin from a
clinical Klebsiella pneumoniae strain [26]. These
findings indicate that IncIl type plasmids might play
critical roles in the spreading of resistance genes and
are worthy of further investigation. The emergence of
ciprofloxacin  resistance-encoding genetic
elements has limited the usage of ciprofloxacin in the
treatment of salmonellosis [34]; hence azithromycin is
increasingly regarded as an important last-line anti-
biotic for the treatment of Salmonella infections.

To date, vast majority of Salmonella enterica sero-
var Typhimurium strains (88%) harbor a virulence
plasmid of approximately 90 kb [35]. This virulence
plasmid was reported to be non-conjugative, as it
does not contain AMR genes and cannot be selected
by antibiotics in conjugative assay [36]. However,
Ahmer et al. confirmed that it was a self-transmissible
plasmid in Salmonella typhimurium, exhibiting a
transmission frequency of 2.9 x 107* transconjugants
per donor [37]. Besides, virulence plasmids play sig-
nificant roles in host adaptation and often affect bac-
terial vertical transmission among their preferred
hosts [38]. Unlike virulence plasmids in other non-
typhoidal Salmonella that are only detected in fecal

novel
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samples and cause gastroenteritis, S. typhimurium and
S. enteritidis containing virulence plasmids can
recover from blood specimens and cause severe Sal-
monella bacteremia [39]. Furthermore, the absence
of Salmonella plasmid virulence (spv) operons does
not cause fatal infections in mice models, since viru-
lence genes spvBCD are key factors that ruin host
immunity [40]. In the past two decades, the genetic
structures of these virulence plasmids have been extre-
mely conserved, only several plasmids deposited in the
NCBI database were found to have acquired amino-
glycoside resistance genes.

In this study, we performed genetic characterization
of two azithromycin-resistant Salmonella isolates that
can successfully transfer their azithromycin resistance
phenotype to E. coli 53 via filter mating experiments.
We found that the azithromycin resistance phenotype
of these two strains was encoded by IncI1 and IncFIC/
IncFIB type conjugative plasmids that harbored the
erm(B) gene, as well as the 1S26-mph(A)-mrx-mphR-
IS6100 or 1S26-mph(A)-mrx-AmphR-1S26 cluster. We
confirmed that these genetic elements could confer azi-
thromycin-resistance, as E. coli DH5a strains which
acquired the erm(B) gene [26] or the 1S26-mph(A)-
mrx-mphR-IS6100 fragment exhibited an increase in
MICs of azithromycin to over 128fold, but those
which acquired the mph(A) gene alone or the structure
of 1S26-mph(A)-mrx-AmphR-1S26 did not. Impor-
tantly, we recovered a Salmonella virulence plasmid
carrying the azithromycin resistance cluster IS26-mph
(A)-mrx-mphR-IS6100; we hypothesized that it was
the evolution product of azithromycin resistance plas-
mids, such as the plasmid pS1380-135 kb, upon exten-
sive dissemination in S. Typhimurium.

In summary, this study identified two conjugative
plasmids and a virulence plasmid that encoded resist-
ance to azithromycin. Transmission of such azithro-
mycin resistance-encoding plasmids in Salmonella
not only limits the therapeutic options of Salmonella
infections but also helps establish an AMR gene reser-
voir in Salmonella. The formation of novel multidrug
resistance and virulence-encoding plasmids in
S. typhimurium strains also leads to acceleration in
the rate of dissemination of virulence plasmids as
they would become more transmissible under the
selection pressure of antimicrobial agents. Further sur-
veillance and research on the transmission and evol-
ution of virulence plasmids in Salmonella are
necessary.
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