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ABSTRACT
Ceftriaxone and ciprofloxacin are the drugs of choice in treatment of invasive Salmonella infections. This study discovered
a novel type of plasmid, pSa44-CIP-CRO, which was recovered from a S. London strain isolated from meat product and
comprised genetic determinants that encoded resistance to both ciprofloxacin and ceftriaxone. This plasmid could be
resolved into two daughter plasmids and co-exist with such daughter plasmids in a dynamic form in Salmonella; yet it
was only present as a single plasmid in Escherichia coli. One daughter plasmid, pSa44-CRO, was found to carry the
blaCTX-M-130 gene, which encodes resistance to ceftriaxone, whereas the other plasmid, pSa44-CIP, carried multiple
PMQR genes such as qnrB6-aac(6’)-Ib-cr, which mediated resistance to ciprofloxacin. These two daughter plasmids
could be integrated into one single plasmid through ISPa40 mediated homologous recombination. Mouse infection
and treatment experiments showed that carriage of plasmid, pSa44-CIP-CRO by S. typhimurium led to the impairment
of treatment by ciprofloxacin or cefitiofur, a veterinary drug with similar properties as ceftriaxone. In conclusion,
dissemination of such conjugative plasmids impairs current choices of treatment for life-threatening Salmonella
infection and hence constitutes a serious public health threat.
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Introduction

Salmonella is a leading cause of food-borne illness
worldwide [1]. Intestinal salmonellosis is usually self-
limiting and resolves in five to seven days without anti-
biotic treatment. However, bacteremia occurs in 3–10
percent of culture-confirmed cases and is particularly
common among patients at the extremes of age and
those who are immunocompromised. When infection
spreads beyond the intestinal tract, appropriate antimi-
crobial therapy (e.g. ciprofloxacin in adults and cef-
triaxone in children) can be lifesaving [2]. Multidrug
resistance in Salmonella such as the ACSSuT resistance
type of S. typhimurium DT104, which has been docu-
mented since 1980 [3–6], was thought to originate as
a result of the routine practice of giving antimicrobial
agents to domestic livestock as a means of preventing
and treating diseases, as well as promoting growth. In
recent years, the increasing use of fluoroquinolone
and cephalosporins in livestock for control and treat-
ment of infectious diseases have caused a steady
increase in the incidence of resistance to these two
types of antibiotics. Resistance to ceftriaxone in Salmo-
nella appears to be slowly increasing, reaching a rate of
around 3∼4%, but remained stable in the past few years

[7,8]. At the same time, the rate of resistance to
ciprofloxacin has increased dramatically in both clini-
cal and food isolates in various countries in recent
years, particularly in China and the adjacent areas [9].

Resistance to ceftriaxone is normally mediated by
the production of extended-spectrum β-lactamases
(ESBLs), the encoding genetic elements of which may
be located in plasmids or the chromosome. Among
the range of antibiotic-resistant Gram-negative bac-
teria pathogens known to date, organisms producing
CTX-M-type ESBLs pose a particularly serious public
health threat worldwide [10]. Often, these enzymes
are responsible for therapy failure because of their abil-
ity to mediate multidrug resistance. Ciprofloxacin
resistance is mainly attributed to double mutations in
the gyrA gene and a single mutation in the parC gene
in Salmonella [11,12]. Efflux pumps and the presence
of plasmid-mediated quinolone resistance (PMQR)
determinants have also been regarded as contributive
factors of development of low level resistance to nali-
dixic acid. At least three types of PMQR elements
have been reported to date: (i) the Qnr types, which
are pentapeptide repeat proteins that bind to DNA gyr-
ase by mimicking double stranded DNA, preventing
the binding of fluoroquinolones to gyrase, (ii) the
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Aac(6’)-Ib-cr, a modified aminoglycoside acetyltrans-
ferase that hydrolyses fluoroquinolones and (iii) the
efflux pumps QepA and OqxAB. PMQR elements
were first detected in Salmonella in 2009 and have
since been increasingly reported [13–18], in particular
the newly discovered mobile efflux gene, oqxAB. The
oqxAB and aac(6’)-Ib-cr genes often co-exist in the
same strain, and may be associated with an increase
in incidence of ciprofloxacin resistance in clinical Sal-
monella strains in recent years [19]. Other PMQR
genes have also been increasingly reported in Salmo-
nella [20]. As a result, a large proportion of ciproflox-
acin-resistant Salmonella currently harboured only a
single mutation or even no mutation in the gyrA
gene or other target genes, due to carriage of one or
more PMQR genes [21]. These Salmonella isolates
were often found to carry multiple PMQR genes
assembled in their chromosome or in non-conjugative
plasmids, resulting in rapid development of ciproflox-
acin resistance. In this study, we report for the first
time the emergence of a type of conjugative plasmid
encoding resistance to both ceftriaxone and ciproflox-
acin. Transmission of these plasmids in Salmonella
would significantly hinder the choices of antimicrobial
agents in the treatment of life-threatening Salmonella
infections.

Results

A total of 157 non-repeated Salmonella isolates that
were recovered from food samples were reported in
our previous study [22]. This study focused on investi-
gation of the mechanisms underlying resistance to both
ciprofloxacin and ceftriaxone. Among these 157 iso-
lates, 8% (12/157) and 35% (55/157) were found to
be resistant to ceftriaxone and ciprofloxacin, respect-
ively. Three strains, Sa44, Sa54 and Sa115, which
belonged to S. London, S. Indiana and S. Albany
respectively, were resistant to both ciprofloxacin and
ceftriaxone. Conjugation experiments showed that cef-
triaxone and ciprofloxacin resistance phenotype of
Sa44 could be transferred to E. coli J53, while those
of other two strains could not. Sequencing of the
gyrA and parC of Sa44 indicated that there was no
mutation observed in these two genes. Strain Sa44
was therefore subjected to further study to investigate
the mechanisms of its conjugative ciprofloxacin and
ceftriaxone resistance.

Ciprofloxacin and ceftriaxone resistance
mediated by conjugative plasmids in
Salmonella

Salmonella isolate Sa44 was found to carry the blaCTX-
M-130 gene, which was probably responsible for the cef-
triaxone resistance phenotype of this strain. It con-
tained no mutation in gyrA and parC, but carried

two PMQR genes, qnrS and aac(6’)-Ib-cr. Interestingly,
conjugation experiments showed that ceftriaxone and
ciprofloxacin resistance phenotypes could be trans-
ferred to E. coli J53 when selected in different types
of selective plates. Sa44-TC1 was the transconjugant
selected by ciprofloxacin/sodium azide and Sa44-TC2
was the transconjgant selected by ceftriaxone /sodium
azide. Antimicrobial susceptibilities were determined
for these transconjugants, with results showing that
Sa44-TC2 exhibited resistance to cephalosporins,
while Sa44-TC1 exhibited resistance to both ciproflox-
acin and cephalosporins, suggesting that resistance
determinants were encoded on conjugative plasmids
(Table 1). Sa44 exhibited MICs of 4 and >16 µg/ml
for ciprofloxacin and ceftriaxone, respectively, whereas
Sa44-TC1 exhibited MIC of 1 and >16 µg/ml respect-
ively for these two drugs (Table 1). S1-PFGE was per-
formed on this Salmonella strain and the
corresponding transconjugants. Three plasmids with
sizes of ∼200, ∼110 and ∼90 kb were found to be har-
boured by Sa44, yet only the ∼200 kb plasmid was
found in Sa44-TC1 and one ∼90 kb plasmid was
detectable in Sa44-TC2 (Figure 1). Interestingly,
when the ∼200 kb conjugative plasmid from Sa44-
TC1 was transferred to a ciprofloxacin-susceptible
(CipS) isogenic Salmonella strain, namely S. London
Sa48, it generated the Salmonella transconjugant
Sa48-TC. The transconjugant had a CIP MIC level of
4 µg/ml, which approached to that of the parent Salmo-
nella strain Sa44, suggesting that this conjugative plas-
mid could mediate slightly higher MICs in Salmonella
strains than in E. coli (Table 1). S1-PFGE analysis of
this transconjugant of Salmonella Sa48 depicted the
presence of three plasmids with similar sizes as those
detected in Sa44 even though only one ∼200 kb plas-
mid from Sa44-TC1 could be conjugated to Sa48
(Figure 1).

Genetic basis of transmission of
ciprofloxacin and ceftriaxone resistance in
Salmonella Sa44

To gain further understanding of the genetic features of
these conjugative plasmids, complete sequences of the
plasmids recovered from Sa44 and its transconjugants
were obtained. Three plasmids with complete
sequences were resolved in Sa44. The first plasmid,
designated pSa44-CRO, had a size of 91,411 bp with
GC content of 50.2% and carried 123 CDs. This plas-
mid was found to belong to the Incl1 incompatibility
type and carry mainly IncI1 genes encoding IncI1 con-
jugative transfer proteins for conjugative functions and
a transposition unit, ISEcp1-blaCTX-M130-IS903, which
encodes resistance to cephalosporins (Figure 2(a)).
BLAST analysis showed that this type of plasmid had
previously been reported in E. coli and Salmonella,
with pSAN1-08-1092(85,439 bp: CP019996.1) isolated
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from an S. anatum strain in human stools in the United
States, and pJIE512b (92,339 bp: NC_025198) isolated
from a clinical E. coli strain in Australia, exhibiting the
highest degree of sequence homology (Figure 2(a)). In
contrast to the absence of any resistance genes in these
plasmids, pSa44-CRO carried an ISEcp1-blaCTX-M130-
IS903 transposition unit.

The second plasmid, designated pSa44-CIP, was
108,115 bp in size with a GC content of 54.4% and car-
ried 150CDs. It belonged to the IncFIB type and was
shown to carry two PMQR genes, qnrB1-aac(6’)-Ib-
cr. BLAST analysis showed that this plasmid has not
been reported previously. The only plasmid in Gen-
Bank that exhibited homology with it was
pCVM19633_110, which was isolated from a S.
Schwarzengrund strain, CVM19633. This plasmid
exhibited 99% similarity with pCVM19633-110, but
only 64% coverage. The third and largest plasmid
was found to be 202,750 kb in size and belong to
IncFIB / Incl1 plasmid family. It exhibited 52.7% GC
content and contained 274 CDs. Due to its ability to
mediate ciprofloxacin and ceftriaxone resistance, it
was designated as pSa44-CIP-CRO. Sequence analysis
indicated that this plasmid was the fusion plasmid of
pSa44-CRO and pSa44-CIP (Figure 3(a)). Alignment
of pSa44-CIP and pSa44-CRO with pSa44-CIP-CRO
showed that these plasmids shared a common IS
element, ISPa40, at the junction of two daughter plas-
mids, which allowed us to propose the potential mech-
anisms of plasmid fusion and resolution. ISPa40
present in both daughter plasmids could be used as
homologous sequences to form acointegrate between
two plasmids. Similarly, daughter plasmids in the coin-
tegrate could be excised through this homologus
sequence as shown in Figure 3(b). These three plasmids
existed in a dynamic form in Salmonella, with both
single and fusion plasmids being detectable simul-
taneously (Figure 1). However, the fusion plasmid
pSa44-CIP-CRO seemed to be more stable in E. coliTa
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Figure 1. S1-PFGE of ciprofloxacin-resistant Salmonella strain
Sa44, Sa48 and their corresponding transconjugants. S1-PFGE
patterns of Salmonella isolates and their relevant conjugants.
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and was the only plasmid detectable in E. coli strain
J53, Sa44-TC1. When pSa44-CIP-CRO was conjugated
back into Sa48, three forms of the plasmid including
the single form and fusion forms, were again detect-
able, further confirming the dynamic nature of these
plasmids in Salmonella (Figure 1).

Ciprofloxacin and ceftriaxone resistance-
encoding conjugative plasmid impaired
efficacy of treatment

To test the effect of plasmid pSa44-CIP-CRO on the
effectiveness of antimicrobial treatment, the conju-
gation experiment was performed to transfer pSa44-
CIP-CRO from S44-TC1 to strain S. typhimurium
PY1, producing the pSa44-CIP-CRO-bearing Salmo-
nella strain PY1-TC. The rationale of using the PY1
strain are (1) PY1 exhibited a higher level of virulence
than Sa44 and was more suitable for mouse infection
experiments, and (2) PY1 belonged to serotype S.
Typhimurium, clinically important serotypes. Treat-
ment of PY1-infected mice with ciprofloxacin could
significantly reduce the lethal effect of PY1 infection,
with a survival rate of 4/5 (80%) recorded at 72
hours, whereas in the other three groups such as the
saline treatment groups for PY1 and PY1-TC infection
as well as ciprofloxacin treatment group for PY1-TC, 5/
5 (100%) mortality at 60 hours was recorded,
suggesting that carriage of pS44-CIP-CRO in
S. typhimurium could render ciprofloxacin treatment
ineffective. Similarly, ceftiofur treatment was only
effective on mice infected with PY1 (0% mortality)
but not PY1-TC (100% mortality) at 36 hours,

confirming that carriage of pS44-CIP-CRO could also
impair the effectiveness of ceftiofur in the treatment
of Salmonella infection.

Discussion

Incidence of resistance to almost all classes of anti-
biotics including the last resort antibiotics such as car-
bapenem and colistin has increased sharply worldwide
as a result of the emergence of novel antimicrobial
resistance genes as well as fast dissemination of mobile
elements and plasmids carrying such genes [23]. Upon
years of accumulation and evolution of these genetic
building blocks in the bacterial communities, assembly
of various resistance genes in different formats of
mobile elements results in continuous emergence of
multidrug resistance-encoding plasmids of novel struc-
tures. The advent of high throughput sequencing tech-
nologies enabled us to depict the evolution events
underlying emergence and transmission of plasmids
harbouring resistance genes.

Bacterial resistance to fluoroquinolones such as
ciprofloxacin was historically known to be mediated
by target gene mutations. Ciprofloxacin resistance in
Salmonella has previously been attributed exclusively
to double gyrA mutation and a single parC mutation
[24]. Due to the low rate of occurrence of gyrA double
mutations, ciprofloxacin resistance in Salmonella
remained rare before this period. In 2005, other mech-
anisms of quinolone resistance such as those due to
acquisition of PMQR genes was first reported in Salmo-
nella, while these PMQR genes could only mediate qui-
nolone resistance but not resistance to fluoroquinolone

Figure 2. Circular alignment of plasmid pSa44-CRO and pSa44-CIP recovered from Salmonella (A) The red circle denotes the plas-
mid pSa44-CRO that is used as a reference and key genetic loci in this plasmid are labelled. The light blue and pink circle, respect-
ively, represent pSAN1-08-1092(85,439 bp: CP019996.1) and pJIE512b (92,339 bp: NC_025198) in the NCBI database. (B) The light
pink circle represents plasmid pCVM19633 (100,227 bp, CP001125) and the outmost circle in red colour represents plasmid pSa44-
CIP. Plasmid sequence was generated through the combination of both Illumina and PacBio sequencing data.
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such as ciprofloxacin [19,25,26]. In recent years, inci-
dence of ciprofloxacin resistance in Salmonella
increased sharply in certain parts of the world such
as China, reaching 30∼40% for certain serotypes
[20,27]. These newly emerged ciprofloxacin-resistant
Salmonella strains exhibit CIP MIC between 1 and 16
µg/ml, and often harbour a single gyrA mutation,
along with PMQR genes. Alternatively, some of such
strains harbour multiple PMQR genes without any tar-
get gene mutations. The resistance phenotype of such
strains is therefore presumably due to the synergistic
effects of target mutation and a PMQR gene, or that
of multiple PMQR elements that act on fluoroquino-
lones via the mechanisms of enzymatic inactivation,
drug efflux, and competitive inhibition of drug binding,
producing a high-level quinolone resistance phenotype
in the absence of target gene mutations. Recently, we
reported the first type of conjugative plasmid that
encoded ciprofloxacin resistance phenotype in Salmo-
nella [22].

This study identified the first type of conjugative plas-
mid that encodes resistance to both ciprofloxacin and
ceftriaxone. The formation of this plasmid was due to
the fusion of two different types of plasmids, each of

which comprised a resistance determinant for ciproflox-
acin or ceftriaxone respectively. The resulting hybrid
plasmids were proven to be transferrable from Salmo-
nella to E. coli and vise verse without affecting the resist-
ance phenotype. The phenomenon of plasmid fusion
has been reported previously [28], in which fusion of
IncFIB and IncHI2 plasmids in Salmonella strains
enabled the resulting fusion product to be transferrable
to E. coli recipient strains. It appears that plasmid
fusions commonly occurs in bacteria in clinical isolation
[29], but mechanisms governing the fusion process
could not be depicted prior to availability of plasmid
sequencing technology [30]. Likewise, conjugative plas-
mid that facilitates transmission of small non-conjuga-
tive IncQ types of plasmids through formation of a
conjugation pilus, rather than direct fusion with the
IncQ plasmid, was previously reported [31]. Fusion
between conjugative plasmids had also been reported,
yet our work is the first to discover the dynamic pres-
ence of fusion plasmid and the daughter plasmids in a
bacterial strain; the underlying biological significance
of this phenomenon needs further investigation [32].

In summary, this study identified a novel type of
conjugative plasmid that encoded resistance to both

Figure 3. Dynamic presence of hybrid plasmid and daughter plasmids in Salmonella with stain Sa44. (A) Alignment of plasmid
recovered form strain Sa44 using Easyfig. Plasmids pSa44- CRO (91,411 bp), pSa44-CIP (108,115 bp) and pSa44-CIP-CRO
(202,750 bp) were aligned. Key genetic loci in two daughter plasmid were labelled. Plasmid sequence was generated through com-
bination of both Illumina and PacBio sequencing data. Red denotes the resistance genes and yellow denotes ISs (B) Proposed IS
element-mediated plasmid fusion through homologous recombination in Salmonella Sa44. pSa44-CRO acted as target plasmid,
which attacked the hot spot in the donor plasmid, pSa-44-CIP to facilitate plasmid fusion.
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ciprofloxacin and ceftriaxone. The emergence of such
multidrug resistance-encoding conjugative plasmids
among Salmonella may have serious impact on global
infection control effort since cephalosporins and fluor-
oquinolones are the key choice of treatment for Salmo-
nella infections. New strategies must be urgently
devised to halt global transmission of these plasmids
among Salmonella and other Enterobacteriaceae
species, as well as organisms which have already
acquired such plasmids.

Materials and methods

Antimicrobial susceptibility testing

Susceptibility to 14 antimicrobials as listed in Table 1
was determined using the agar dilution method accord-
ing to the Clinical and Laboratory Standards Institute
(CLSI) guidelines [33]. E. coli strain ATCC 25922
was used as quality control.

Conjugation experiments

The transmission of PMQR genes were assessed by per-
forming the conjugation experiment using the filter
mating method as previously described [21]. Ciproflox-
acin-resistant Salmonella strains were used as donor
strain and sodium azide-resistant E. coli J53 was used
as the recipient strains. Ciprofloxacin-resistant trans-
conjugants were selected on EMB agar containing
sodium azide (100 µg/ml) and ciprofloxacin (0.5 µg/
ml). Cefatriaxone-resistant transconjugants were
selected on EMB agar containing sodium azide
(100 µg/ml) and ceftriaxone (2 µg/ml).

Plasmid typing by S1-PFGE

Salmonella isolates and their relevant transconjugants
were examined by S1-PFGE to determine the size of
large plasmids. Briefly, agarose-embedded DNA was
digested with S1 nuclease (New England Bio-Lab) at
37°C for 15 min. The linearized digestion products
were separated by electrophoresis in 0.5 Tris-borate-
EDTA buffer at 14°C for 18 h using a Chef Mapper
electrophoresis system (Bio-Rad, Hercules, CA) with
pulse times of 2.16–63.8 S. Xba1-PFGE of Salmonella
strain H9812 was used as DNA size marker. The gels
were stained with GelRed, and DNA bands were visu-
alized with UV transillumination (Bio-Rad).

Plasmid sequencing and bioinformatics
analyses

Plasmid sequencing was conducted on an Illumina
platform and a PacBio RSII single-molecule real-time
(SMRT) sequencing platform. The Illumina paired-
end libraries were constructed with the NEBNext

Ultra DNA Library Prep Kit for Illumina (NEB) and
sequenced on an Illumina NextSeq 500 platform.
SMRT sequencing was performed at Wuhan Institute
of Biotechnology, China. De novo assemblies of PacBio
RSII reads and Illumina reads were performed by the
hierarchical genome assembly process (HGAP, Pacific
Biosciences) and the CLC Genomics Workbench
(CLC bio, Denmark) respectively. Long assembled con-
tigs obtained from PacBio reads were used to align and
join the contigs obtained from the Illumina assembly
results. The completed plasmid sequence was
confirmed by PCR and then annotated with the
RAST tool [34] and the NCBI Prokaryotic Genome
Annotation Pipeline (PGAP). Each plasmid was
sequenced using both Illumina and PacBio platforms
and only high-quality data were used for further
analysis.

Salmonella infection and treatment model

The LD50 of the Salmonella strains tested in this study
was first determined in a mouse model. Exponentially
growing organisms were centrifuged, washed twice
and resupended with sterile saline to achieve an OD
value of 0.5. Three to 4-week-old male NIH mice
were randomly separated into 5 groups, with 5 mice
per group. Each group was injected with the following
doses of Salmonella through the tail vein: 0, 5 × 10E4,
5 × 10E5, 5 × 10E6 and 5 × 10E7 CFU. Number of
dead mice was recorded every 12 h till 48 h, then the
LD50 at different time courses was determined and
the dose of LD50 would be used for infecting in treat-
ment experiments. For treatment experiments, inocu-
lation Salmonella strains PY1 and PY1-TC were
prepared as described above; 3–4-week-old male NIH
mice were randomly separated into several groups
and infected with ∼1 × 10E6 of bacteria by intravenous
injection. Infections were allowed to establish for 1 h
prior to treatment with 15 mg/kg ciprofloxacin and
20 mg/kg ceftiofur, respectively, with the therapeutic
dose for clinical treatment of Salmonella infection.
The rationale for use of ceftiofur instead of ceftriaxone
is that ceftiofur is a veterinary drug with similar prop-
erties to those of ceftriaxone; both belong to the third
generation of cephalosporin. Both drugs have similar
MICs when tested against Sa44. Saline treatment was
used as a control to evaluate the therapeutic effect. As
the ciprofloxacin was less effective in therapy compare
with ceftiofur, half of the number of bacteria was used
to infect mice once time, and the same method with
ciprofloxacin was used for treatment as described
above. The death number of the mice was recorded
every 12 h till 96 h post inoculation. The efficacy of
antibiotic treatment in different groups of mice was
calculated.

All experimental mice were obtained from the
Guangdong Provincial Laboratory Animal Center,
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Guangzhou, China and housed in individually venti-
lated cage (IVC) with free access to food and water.
All experiments were conducted strictly in accordance
with the guidelines of the Chinese Association for the
Accreditation of Laboratory Animals Care (CAALAC),
including the relevant local animal welfare regulatory
bodies in China. The animal works were approved by
the animal ethics committee of South China Agricul-
ture University, Guangzhou, China.
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