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ABSTRACT

The rise of antimicrobial resistance limits therapeutic
options for infections by methicillin-resistant staphy-
lococci. The staphylococcal cassette chromosome
mec (SCCmec) is a mobile genetic element as the
only carrier of the methicillin-resistance determi-
nants, the mecA or mecC gene. The use of antibiotics
increases the spread of antibiotic resistance, but the
mechanism by which antibiotics promote horizontal
dissemination of SCCmec is largely unknown. In this
study, we demonstrate that many antibiotics, includ-
ing p-lactams, can induce the expression of ccrC1
and SCCmec excision from the bacterial chromo-
some. In particular, three widely used antibiotics tar-
geting DNA replication and repair (sulfamethoxazole,
ciprofloxacin and trimethoprim) induced higher lev-
els of ccrC1 expression and higher rates of SCCmec
excision even at low concentrations (1/8 x minimum
inhibitory concentration). LexA was identified as a
repressor of ccrC1 and ccrAB by binding to the pro-
moter regions of ccrC1 and ccrAB. The activation
of RecA after antibiotic induction alleviated the re-
pression by LexA and increased the expression of
ccrC1 or ccrAB, consequently increasing the exci-
sion frequency of the SCCmec for SCCmec trans-
fer. These findings lead us to propose a mechanism
by which antimicrobial agents can promote horizon-
tal gene transfer of the mecA gene and facilitate the
spread of methicillin resistance.

INTRODUCTION

Methicillin-resistant staphylococci (MRS) are major causes
of bacterial infections in humans and animals. The mecA4
or mecC gene responsible for methicillin resistance is lo-
cated on a mobile genomic island, the staphylococcal cas-
sette chromosome mec, which is a major gene acquisition

machine and is responsible for the horizontal dissemination
of many resistance genes (1).

Coagulase-negative staphylococci (CoNS) may serve as
gene reservoirs facilitating the conversion of methicillin-
susceptible Staphylococcus aureus (MSSA) to methicillin-
resistant S. aureus (MRSA) (2). The transmission of staphy-
lococcal cassette chromosome mec (SCCmec) from MR-
CoNS to MSSA has been proposed based on the following:
(1) the original source of the mecA gene appears to be S.
sciuri or S. fleurettii (3,4); (ii) the IS/272 element inserted
in SCCmec is observed much more frequently in Staphy-
lococcus haemolyticus than in S. aureus (5) and (iii) methi-
cillin resistance is more frequent among CoNS than S. au-
reus (6,7). Although there is no evidence for SCCmec trans-
fer from MRSA to CoNS, the restriction of the SCCmec
element to the Staphylococcus genus and the homology of
SCCmec DNA sequences between different staphylococcal
species highly suggest that the transfer of SCCmec among
different staphylococci is possible (8).

As a mobile genetic element, SCCmec integrates and ex-
cises from a unique location in the staphylococcal chromo-
some within the 3’ end of the highly conserved ribosomal
methyltransferase gene orfX, which is also known as rimH
(9,10). For the movement, SCCmec carries specific gene
complexes containing the cassette chromosome recombi-
nase genes AB or C (ccrAB or ccrC), which encode proteins
belonging to the large serine recombinase family and recog-
nizing the specific recombination sites of SCCmec (11,12).
The ccr genes with nucleotide identities of <50% are distin-
guished as distinct types. Within ccr4 and cerB types, allo-
types ccrA1-7 and ccrBI-6 have been characterized based
on their nucleotide identities (>85% within each allotype).
In the ccrC type, only two allotypes have been identified:
cerCl and cerC2 (8,13). Eleven alleles of ccrClI have been
assigned (14). The Ccr proteins mediate integration and ex-
cision of the SCCnmiec into and from the chromosome. The
integration of SCCmec occurs via Ccr-mediated recombi-
nation between this unique sequence (designated attB) and
a specific site in the circularized SCCmec element (desig-
nated a7tSCC). When SCCmec is inserted, a new pair of
sites is generated, referred to as attL and attR flanking the
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element’s left and right ends, respectively. During SCCmec
excision the reverse happens-azzR and attL sites are recom-
bined to regenerate the original sites, attB and attSCC (9).
B-lactam antibiotics have been recently shown to increase
expression of ccrAB (15). However, the regulatory mech-
anisms by which antibiotics promote expression of ccr4AB
and ccrCl and initiate SCCmec transfer have not been elu-
cidated. In the studies by Cuirolo et al. (16) and Plata et al.
(17), oxacillin (OXA) induced the SOS response in MRSA
and mitomycin C (MMC) induced mecA expression, show-
ing that SOS was important for the resistant phenotype.

The SOS pathway is employed by bacteria to respond
to various bactericidal agents, including B-lactam antibi-
otics (18,19). Governed by the products of lex4 and recA
genes, the SOS pathway coordinates a comprehensive re-
sponse against DNA lesions (20). Under basal conditions,
the transcription of dozens of genes involved in the SOS re-
sponse is repressed (21). When chromosomes are damaged,
persisting regions of single-stranded DNA allow the assem-
bly of activated RecA nucleoprotein filaments called RecA*.
The presence of RecA* activates the transcriptional upreg-
ulation of SOS genes by facilitating the cleavage of the LexA
repressor (22). The SOS response is involved not only in
cell division inhibition, nucleotide excision repair and re-
combination repair (23), but also in horizontal gene trans-
fer (HGT) to neighboring cells (24), such as the transfer of
pathogenicity island-encoded virulence factors in staphy-
lococci (25,26), the transfer of integrating conjugative ele-
ments in Vibrio cholerae (27) and the recombination of chro-
mosomal integrons in many Gram-negative pathogens (28—
30). In this study, we provide evidence that antibiotics trig-
ger the initiation of SCCmec transfer by inducing SOS re-
sponses.

MATERIALS AND METHODS
Bacterial strains, media and culture conditions

The bacterial strains and plasmids used in this study are
listed in Supplementary Table S1. Strain NW19 is an OXA-
susceptible, mecA positive S. haemolyticus with ccrCI al-
lele 2 and 8 in type V(5C2&5) SCCmec (GenBank acces-
sion number, MRUY00000000). MRSA strain Mu50 has
ccrA2B2 genes in its type II SCCmec. E. coli DH5a was
cultured in the Luria—Bertani medium supplemented with
100 mg/L ampicillin at 37°C. S. aureus and S. haemolyti-
cus strains were grown in the trypticase soy broth (TSB) at
37°C with the appropriate antibiotic agents (chlorampheni-
col, 10 mg/L; Zeocin, 25 mg/L). MMC was used at a final
concentration of 0.5 mg/L. The minimum inhibitory con-
centratidfons (MICs) of antibiotics were determined by the
agar dilution method according to Clinical and Laboratory
Standards Institute recommendations (31).

Transcript determinations

One colony of each sample was inoculated in 2 ml of
the TSB medium and incubated at 37°C overnight. The
overnight culture was diluted to ODgyy = 0.05 and grown
with constant aeration at 37°C until being treated with an-
tibiotics at the mid-log phase of growth (ODgyy = 0.6). Af-
ter incubating for an additional 15 min, the cells were har-
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vested by centrifugation at 4°C. Total RNA extraction was
performed using a TaKaRa MiniBEST Universal RNA Ex-
traction kit (Takara, Dalian, China). The cDNA was subse-
quently synthesized by a TransScript One-Step gDNA Re-
moval and cDNA Synthesis SuperMix kit (Takara, Dalian,
China). SYBR Premix Ex Taq II (Takara, Dalian, China)
was used for real-time polymerase chain reaction (RT-PCR)
analyzes. The primers used for RT-PCR are listed in Supple-
mentary Table S2. Each sample was analyzed in triplicate.

Western blot analysis

Total protein was prepared using a ProteoPrep® Total
Extraction Sample kit (Sigma-Aldrich, Zwijndrecht, The
Netherlands). To detect the amount of green fluorescent
protein (GFP), 60 g of total protein was resolved by 8%
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis and transferred to 0.45 pm polyvinylidene fluoride
membranes at 4°C for 1.5 h. A monoclonal anti-GFP
primary antibody (GenScript Co., Nanjing, China) di-
luted by 1/5000 was used to probe the blots according to
the manufacturer’s protocol. The secondary antibody was
horseradish peroxidase-conjugated goat anti-mouse IgG
(GenScript Co., Nanjing, China). The immune complexes
were detected using an ECL western blot detection system
(Pierce, Thermo Fisher Scientific, Waltham, MA, USA).

Electrophoretic mobility shift assays

The /lexA gene was amplified from the NW19 and
Mu50 genomes using primers (LexAexpF/LexAexpR and
Lex50expF/Lex50expR) and cloned into the pCold IT vec-
tor. The corresponding LexA proteins were overexpressed
and purified in E. coli (Supplementary Data Materials and
Methods for detail). The wild-type ccrCI promoter was
amplified using the primers (ccrCOPF and ccrCOPR) and
cloned into the pEAZY-T vector (GenScript Co., Nanjing,
China). Site-directed mutants of the ccrCI promoter were
constructed using the primers (mutlF/R, mut2F/R and
mut3F/R) by overlap extension PCR. Electrophoretic mo-
bility shift assay (EMSA) probes were obtained by ampli-
fication using the oligonucleotides BIO-ccrCOPF and ccr-
COPR. The ccr4 promoter was amplified using the primers
(BIO-ccrAOPF and ccrAOPR). The EMSA experiments
were performed using the LightShift EMSA Optimization
and Control Kit according to the manufacturer’s instruc-
tions (Pierce, Thermo Fisher Scientific, Waltham, MA,
USA). All samples were loaded in 6% non-denaturing Tris—
glycine polyacrylamide gels. Biotin-labeled DNA-protein
complexes were detected using the Chemiluminescent Nu-
cleic Acid Detection Module Kit (Pierce, Thermo Fisher
Scientific).

Construction of gene overexpressing and reducing reporter
strains

Detailed protocols are described in Supplementary Data
Materials and Methods.

Excision frequency detection

Genomic DNA from staphylococci was extracted using a
Column Bacterial DNAout kit according to the manufac-



3946 Nucleic Acids Research, 2017, Vol. 45, No. 7

turer’s instructions (GenScript, Nanjing, China) and used
as a template for the detection of excision, as previously de-
scribed (32). Primer pairs from the two sides of SCCmec
(Supplementary Table S2) were used to determine the ratio
of the SCC-excised genome. One copy of the housekeeping
gene tpi (triosephosphate isomerase gene) was used as a ref-
erence. Each sample was determined in triplicate. All PCR
products were confirmed by nucleotide sequence determi-
nation.

Gene deletion and complementation in Mu50 strain

Deletions of the recA gene were obtained using the plas-
mid pKZArecA50, which was constructed using pKOR1
with some modifications; a standard protocol (33) allowed
marker-less recA4 replacement in Mu50 and the construction
of Mu50ArecA (for details, see Supplementary Data Mate-
rials and Methods).

UV treatment

Cells grown overnight were inoculated into the TSB
medium and re-suspended in 0.9% NaCl when ODgyy = 0.6.
Cells were treated for 10 min with UV irradiation and kept
in the dark before RNA and DNA preparation. Irradiation
was conducted by placing the plate containing the suspen-
sion 30 cm below a UV germicidal lamp and the UV dose
was ~35 J/m?.

RESULTS

DNA damage caused by antibiotics promotes the expression
of cerCl

Stress induction by antibiotics is expected to occur un-
der concentrations close to the MIC. Therefore, a ccrCI
promoter-gfp fusion was constructed to evaluate the activity
of the ccrC1 promoter under 1/8 x MIC, 1/4 x MIC, 1/2
x MIC and 1 x MIC concentrations. The MICs of each an-
tibiotic under our experimental conditions for the strain S.
haemolyticus NW19 were first determined (Supplementary
Table S3). The activity of the ccrCI promoter tended to be
higher upon exposure to DNA synthesis-targeting antibi-
otics exposure than those with other antibiotic treatments
(data not shown). The effects of nine antibiotics on the ex-
pression of ccrCI at 1/8 x MIC concentrations were also in-
vestigated by qPCR. The targets of these antibiotics are cell
wall synthesis (OXA, teicoplanin (TEC) and vancomycin
(VAN)), protein synthesis (gentamicin (GEN), kanamycin
(KAN) and tetracycline (TET)) and DNA replication or
repair (sulfamethoxazole (SMX), ciprofloxacin (CIP) and
trimethoprim (TMP)). No significant differences in ccrCI
expression were observed for four antibiotics (TEC, VAN,
KAN and TET) compared to the control (Figure 1). OXA
and GEN showed a light induction of the promoter (Fig-
ure 1), although their effects were much lower than those
observed with DNA-targeting antibiotics. Exposure to the
three DNA synthesis-targeting antibiotics significantly in-
creased the transcription of ccrClI.
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Figure 1. Antibiotics and Ultraviolet (UV) exposure promote ccrCl ex-
pression in Staphylococcushaemolyticus NW19. Transcriptional levels of
cerCl, recA and lexA in NW19 with different antibiotic induction (1/8
MIC) and UV exposure. Gene expression levels were normalized and are
presented relative to the trypticase soy broth (TSB) cultured control.

Agents or Stimuli that cause DNA damage promote the exci-
sion of SCCmec

To identify the CcrCl-mediated excision of SCCmec, ge-
nomic DNA of NW19 was whole-genome sequenced (BGI-
Shenzhen, Shenzhen, China). The SCC composite island in
strain NW19 consists of five recombination sites, identical
to the genome island in another strain (NW19A, GenBank
accession no. KM369884) (34). The elements SCCmec,
WSCC and WSCCcad/ars/cop are flanked by different di-
rect repeats (DR1 and DR2, DR2 and DR3-4, DR3-4 and
DRYS, respectively). There are 83 base pairs between DR3
and DR4. The SCCniec element consists of the ccrCl al-
lele 8 gene complex, the mec gene complex, the ccrCl allele
2 gene complex and the ydhk gene cluster (Supplementary
Figure S2A). The recombinations between different DRs
in the SCC-excised genome were identified by PCR. Three
strong positive occurrences were identified (DR1 + DR2,
DR1 + DR3and DR1 + DR5; Supplementary Figure S2A).
Detailed information on the different DR site sequences in
the variant SCC-excised genome is shown in Supplemen-
tary Figure S2B. To assess the effects of antibiotics on the
excision of SCC, RT-PCR was performed to evaluate the
frequency of excision under 1/8 x MIC antibiotic expo-
sure. The three SCC-excised genomes shown in Supplemen-
tary Figure S2A were detected, and the SCCmec-excised
genome (DR 1 + DR2 shown in Supplementary Figure S2B)
exhibited the highest frequency. Therefore, the detection of
the SCCmec-excised genome was chosen to evaluate the in-
fluence of different antibiotic treatments. The frequency of
SCCmec excision in NW19 was <10~!'! without treatment
(Figure 2). Treatment with SMX, CIP or TMP, three an-
tibiotics targeting DNA replication and repair, led to signif-
icantly higher excision frequencies (3.4 x 1073, 2.3 x 1076
and 1.1 x 107, respectively) than the control. OXA and
GEN showed an ~100-fold increase in excision rates (8.8
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Figure 2. Antibiotics promote SCC excision via ccrCI. Primer pairs corre-
sponding to the two sides of SCCmec (EGRT-F and EGRT-R) were used
to determine the ratio of the SCC-excised genome. The arrowheads indi-
cate values below the limit of detection (<2.5 x 10~'1). One copy of the
gene #pi (triosephosphate isomerase gene) was used as a reference. The
bars represent the averages of three independent measurements in three
different cultures, and the error bars represent the standard error of the
mean. OXA, oxacillin; TEC, teicoplanin; VAN, vancomycin; GEN, gen-
tamicin; KAN, kanamycin; TET, tetracycline; SMX, sulfamethoxazole;
CIP, ciprofloxacin; TMP, trimethoprim.

x 107 and 1.0 x 10~? respectively), which were much less
than those observed with SMX, CIP or TMP, but still sig-
nificant.

After showing that certain antibiotics initiated the ex-
pression of ccrC1 and the excision of SCCmec, the effects
of nine antibiotics on the expression of rec4 and lexA, two
important and essential genes involved in DNA damage re-
pair, were determined. Under antibiotic exposure at a con-
centration of 1/8 x MIC, only three antibiotics (SMX, CIP
and TMP) induced a significant increase in the expression of
recA-lexA compared to the control (Figure 1). In previous
studies, it was shown that OXA could induce SOS response
in MRSA (16,17,26). Thus, we further determined the ex-
pression of recA and ccrCl in strain NW19 with different
concentrations of OXA exposure by RT-PCR. The results
are showed in Supplementary Figure S1. Increased expres-
sion of gene recA and ccrCI was observed, when the con-
centrations of OXA at MIC and 2 MIC were used. The in-
volvement of DNA damage in the effects of these antibiotics
was confirmed by UV exposure. UV exposure promoted the
expression of recA-lexA and SOS initiation. The transcrip-
tion of ccrCl increased by ~17-fold compared to the con-
trol (Figure 1). These results suggest that DNA damage is
responsible for the expression of ccrCl.

An SOS box is highly conserved in the ccrCI promoter

In many bacterial species, DNA damage caused by DNA-
targeting antibiotics triggers the SOS response, which in-
volves induction of expressing SOS response genes, includ-
ing recA and lexA. LexA is the repressor of the SOS re-
sponse for all the genes of the chromosomal SOS regu-
lon, except for some horizontally transferred genes such as
phage lambda (35). Analysis and alignment of the promoter
sequences of ccrCI and several other SOS genes in S. aureus
(Table 1) revealed three putative overlapping LexA-binding
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motifs in the promoter of ccrCI in S. haemolyticus NW19.
A search of ccrCI promoter sequences from seven differ-
ent ccrCl allele types available in the NCBI GenBank indi-
cated that all these allele types harbor the SOS box, which
covers the partial —35 region and partial —10 region (Fig-
ure 3). All LexA-binding sequences are located 79 bp up-
stream of the translation initiation site of ccrCI. To fur-
ther confirm the LexA binding sites, plasmids pCL::ccr-gfp
and pCL::mutccr-gfp (mutB, mutC and mutBC in Figure
4A), which contain mutations in the putative SOS box of
the ccrCI promoter, were constructed. MutA site is in the
—35 region of ccrCI promoter and mutation in this site af-
fects binding of the RNA polymerase to the promoter and
reduces the expression of GFP. Analysis of GFP levels indi-
cated that the substitution of the putative SOS box greatly
increased the expression of the GFP reporter (Figure 4B).
The strain containing the original promoter also had a de-
tectable level of GFP expression, which suggested a weak
activity of the ccrCI promoter in the absence of environ-
mental stress. These results indicate that mutations in the
putative SOS box affect the transcription activity of the
ccrClI promoter.

To confirm binding ability and specificity, purified LexA
protein was used to examine the binding ability to the
ccrCl promoter by an EMSA. The probes were titrated
with increasing concentrations of purified LexA and sub-
jected to gel-shift analysis. LexA specifically retarded the
mobility of the ccrCI promoter in a dose-dependent man-
ner (Figure 4C). The formation of a specific LexA-DNA
complex was preceded by a detectable shift of the free
probe but indistinct complex formation. This observation
reflects the binding of the initial LexA monomer followed
by the stable dimerization of LexA on DNA. Further-
more, the presence of the 100-fold specific competitor (un-
labeled DNA of the /lex4 promoter) and mutations in key
sites of the putative SOS box prevented the interaction be-
tween LexA and the wild-type promoter and mutant pro-
moters, respectively (Figure 4A and D). These results in-
dicate that the putative SOS box on the ccrCI promoter
(5-TGAAACGAAATTATAAATA-3') is the LexA bind-
Ing site.

Expression of ccrCI and excision of SCCmec are influenced
by recA and lexA in vivo

To confirm the roles of RecA and LexA in the regulation of
cerCl expression in vivo, increased and reduced expression
of recA and lexA were achieved by plasmid-mediated over-
expression and antisense RNA as described previously (36).
Cells were grown in TSB to ODgyp = 0.6 and treated with
MMC (an inducer of DNA damage) at a concentration of
0.5 mg/L for 30 min. In the absence of MMC, overexpres-
sion or reduction of recA had little or no effect on ccrClI
expression (Figure SA). Overexpression of lexA in strain
19lexUp caused reduced transcription of ccrCl, and anti-
sense RNA-mediated reduction of lexA transcripts in strain
19lexDw led to upregulation of ccrC1. We also analyzed the
expression of the GFP reporter in wild and mutant strains
(Figure 5C), and the results were in agreement with the tran-
script detection of ccrCI. Compared to wild-type NW19,
SCC excision frequency was much higher in strain 19lexDw
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allele2 NW19
allele8 NW19
allelel WIS
allele2 TSGH17
allele3 852082
allele4 M
allele5 JCSC1435
allele8 PM1

Homology

Figure 3. Alignment of the promoter regions of ccrC1 genes from Staphylococcus aureus WIS (accession number AB121219), S. aureus TSGH17 (accession
number AB512767), S. aureus 85/2082 (accession number AB037671), S. aureus M (U10927), Staphylococcus haemolyticus JCSC1435 (AP006716), S.
aureus PM1 (AB462393) and Staphylococcus saprophyticus ATCC15305 (AP008934). Type V(5C2&5) SCCmec in S. haemolyticus NW19 contains two
cerC-carrying gene complexes on either side of mec gene complex. The ccrCI allele 8 is located in the region between orfX and mec gene complex, while
cerCl allele 2 is located between mec gene complex and ydhK complex (as showed in Supplementary Figure S2A). Two allele genes were 92.5% identical.
The putative LexA-binding sequences are underlined. Promoter elements (—35 and —10) are framed. The start codon of ccrCI gene is indicated by a black
ArTow.
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Figure 4. (A) Partial sequences of the ccrCI promoter region (wt) and SOS box mutants (mutA, mutB, mutC and mutBC) used in the electrophoretic
mobility shift assays (EMSAs). (B) Western blotting detection of green fluorescent protein (GFP) under the wild-type and mutant promoters of ccrC1. The
plasmids pCL::ccr-gfp and pCL::mutccr-gfp, which encode the wild-type and mutant promoters of ccrC1, respectively, followed by gfp, were transformed
into NW19. Cells were grown until ODgp = 0.6 and total bacterial protein was prepared. (C) EMSA experiments performed with the LexA protein and
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wild-type ccrCI promoter. (D) EMSA of the wild-type or mutant ccrCI promoter and LexA protein.

Table 1. Comparison of LexA binding sites in S. aureus and our isolate

wt wt wt mutA mutB mutC

+ o+ 4+ 4+ +
- + - - -

cad

Strain and Gene SOS box Reference
S. aureus RA1 uvr4 CG AAA GATTT AG AT 37
S. aureus RA1 uvrC CG AAG ATGTT GA TT (37)
S. aureus COL dmpl CG AAC ACGTGTT CT (38)
S. aureus COL ssb2 CG AAC ATATGTT CT (38)
S. aureus COL recA CG AAC AAATATT CG (38)
S. aureus COL lexA CG AAC AAATGTT TG (38)
S. aureus COL 2162 GA AAC ATATTTT CG (38)
S. heamolyticus NW19 ccrCI?* GA AAC GAAAT TA TA This study
S. heamolyticus NW19 cerCI# TG AAA CGAAATT AT This study
S. heamolyticus NW19 ccrCI?* CG AAA TTATA AA TA This study
S. aureus Mu50 ccrA2B2° TG AAA GGAGGAG CC This study

4Three putative LexA-binding sequences on the promoter of ccrCI are overlapped and cover 19 bp in total (5-TGAAACGAAATTATAAATA-3').
A putative LexA-binding sequences on the promoter of ccrA2B2 in Mu50 (5-TGAAAGGAGGAGCC-3).
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treatment. (C) Detection of GFP using ccr-gfp reporter strategy. Wild, wild-type NW19; recDw, NW19 with reduced expression of recA; recUp, NW19
with increased expression of recA; lexDw, NW19 with reduced /exA4 expression; lexUp, lexA transcript increased NW19; MMC—, without MMC exposure;
MMC+, with MMC exposure. Arrowhead, below the limit of detection (<2.5 x 10~!'1). The relative expression of ccrCI and the SCC excision frequency
were detected with and without MMC exposure (0.5 mg/L). Each sample was determined in triplicate. The data represent the mean + Standard Error

Mean (SEM).

(Figure 5B). By contrast, in strains NW19, 19recDw, 19re-
cUp and 19lexUp, detection of SCC excision by the RT-
PCR method was limited and frequencies of <2.5 x 107!
were not detectable. In the presence of MMC, the expres-
sion level of ccrCI was upregulated to varying degrees in
all five strains (Figure SA). Compared to wild-type NW19,
recA overexpression and /exA reduction caused a higher in-
duction of c¢crC1 expression. Reduction of rec4 and overex-
pression of lexA led to lower induction of ccrCI expression.
Compared to wild-type NW19, the SCC excision frequency
was higher in strains 19recUp and 19lexDw and lower in
strains 19recDw and 19lexUp (Figure 5B). These results
suggest that LexA is the transcriptional repressor of ccrCI
and that SCC transfer is initiated by the activated SOS re-
sponse.

Expression of ccrAB and excision of SCCmec in Mu50 are
dependent on the SOS pathway

The excision of the type II SCCmec in Mu50 is mediated
by CcrA2B2 recombinases; CcrA2 allotype and CcrB2 al-
lotype are encoded in the same operon. To further deter-
mine whether the expression of ccrAB is also controlled
by the RecA-LexA system, different allotypes of the ccrAB
promoter sequences were aligned. The putative LexA bind-
ing site (5-TGAAAGGAGGAGCC-3') overlapped with
the transcription start sites (Figure 6A). In vitro EMSA
experiments revealed specific retardation of the ccrd pro-
moter (Figure 6B). The expression of ccrd was ~3-fold
higher in the rec4 deletion mutant than in the wild-type
of Mu50 (Figure 6C). Expression of lexA is regulated by
LexA itself. In the rec4 deletion mutant, repressed LexA
led to a lower basal expression of lexA in MuS50ArecA

strain (0.05-fold). Exposure to MMC upregulated the ex-
pression of ccrA, recA and lexA in the wild-type Mu50 and
Mu50ArecA::precA strains. Little effect of MMC on the ex-
pression of ccrA was observed in the in recA deletion strain.
The excision frequency of SCCmec was 6.8 x 107> and in-
creased to 4.7 x 10~ upon MMC treatment (Figure 6D).
No significant difference was observed in the recA-deleted
Mu50 with or without MMC exposure. These results show
that the expression of ccrAB and excision of SCCmec in
Mu50 is dependent on the RecA-LexA mediated SOS path-
way.

DISCUSSION

In this study, we propose a model of the regulatory path-
way by which antibiotics promote SCCrmiec transfer (Fig-
ure 7). Bactericidal drugs inducing DNA and protein dam-
age are usually involved in triggering the SOS response
(20,35). LexA is initially bound to its binding sites (SOS
box) on the promoters of ccrCI and ccrAB, thus hinder-
ing the transcription of ccrCI and ccrAB by blocking RNA
polymerase activity. The RecA protein becomes activated
(RecA*) during the SOS response, which in turn facilitates
LexA autocleavage. Inactivation of LexA alleviates the re-
pression of CcrCl and CcrAB expression. The increased
levels of Ccr proteins, which can bind recombination sites
(attL and attR) on both ends of SCCmec, lead to the inte-
gration and excision of SCCmiec on the chromosome. HGT
of the SCCmiec cyclic intermediate may lead to transfer and
spread of B-lactam resistance among staphylococci.

The frequency of SCCmec excision was dependent on the
type and the concentration of antibiotics in this study. Low
levels of the B-lactam antibiotic (OXA at 1/8 MIC and
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1/4 MIC) slightly affected expression of SOS proteins in
S. haemolyticus NW19 (Figure 1 and Supplementary Fig-
ure S1), while OXA at the concentration of 1/100 MIC in-
duced the SOS response in various Gram negative bacte-
ria (39-41). The difference between S. haemolyticus NW19
and Gram-negative bacteria could be due to their different
responses to OXA. S. haemolyticus NW19 became highly
resistant to OXA (OXA MIC > 256 pg/ml) with OXA in-
duction (36), due to increased expression of mecA (Sup-
plementary Figure S1). In E. coli, cell wall stress induced
by B-lactams induces the SOS response through a sensor
protein DpiB and a replication site binding protein DpiA
(18). Putative proteins (Figure 7) responsible for the cell wall
stress response by 3-lactams in staphylococcus remain to be
identified. In our study, Ccr expression and SCCmec exci-
sion were also observed in non-stressed staphylococci, as re-
ported in a previous study (42). This observation can be ex-
plained by the basal expression of ccr genes in the absence of
SOS induction. In Stojanov’s study, the ccr promoter activ-
ity was observed in the absence of antibiotic exposure, even
though only in a small percentage of cell populations (~3
and 1% among logarithmic and stationary growth phases
respectively).

SCCmiec is only part of the composite island in strain
NW19; this island encodes not only methicillin resistance
but also heavy metal resistance for cadmium, arsenic and
copper. Many other composite islands in staphylococci have
been reviewed by Shore and Coleman (43). Some SCCs that
do not contain the mec gene complex are considered non-
mec SCC. Ten non-mec SCC types have been identified, and

four (SCCATCC12228, SCCpbp4, SCCHg and SCC476) carry
additional antibiotic resistance or virulence genes (43). Be-
cause both the SCC composite island and non-mec SCC
have ccr gene complexes, our results suggest that the ex-
cision and transfer of such SCCs could also be induced
by antibiotics through the SOS response. Furthermore, we
observed that the SCCmiec excision frequency mediated by
ccrC1 was much lower than that mediated by ccrA B, even
upon induction by MMC, which might explain why more
SCCs carry the ccrAB gene complex than cerCl.

The overuse and improper use of antibiotics have con-
tributed to the rise of multidrug-resistant MRSA. In our
study, B-lactams and antibiotics targeting DNA were ob-
served to promote the SCCmec excision. Antibiotics were
also reported to be responsible for maintaining antibiotic
resistance in bacteria (44,45). The findings from this study
and other studies may explain why MRS is widely dis-
tributed worldwide. An individual mecA positive staphy-
lococcal bacterium with the SCCmec excised would be-
come methicillin-susceptible and be destroyed under lactam
pressure. It has been suggested that these few individuals
commit this suicide, thus sacrificing themselves to transfer
SCCmec into new recipient strains (42). However, we favor
an alternative model in which the excision of SCCmec is
an active process and is initiated when MRS is exposed to
damage or environmental stress (Figure 7). Excision allows
SCCmiec to hitchhike from a feeble individual or species to a
vigorous one. This ‘hitchhike model’ ensures that SCCmec
is not eliminated in the long-term process of evolution.
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