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a  b  s  t  r  a  c  t

Methicillin-resistant  Staphylococcus  aureus  (MRSA)  is  a worldwide  pathogen  that  is  resistant  to  practically
the  entire  class  of �-lactam  antibiotics  due  to  the presence  of  the mecA  gene.  The  mecA  gene is  located
on  a  large  mobile  genetic  element  referred  to as  staphylococcal  cassette  chromosome  mec  (SCCmec),
and  the  excision  and  integration  of SCCmec  are  mediated  by  the  Ccr  recombinase  encoded  by ccrAB
or  ccrC,  which  are  also  located  on SCCmec.  Previous  studies  have  shown  that the ccrAB  genes  are only
expressed  in  a  minority  of  cells  and  that their  expression  levels  can  be affected  by  certain  environmental
stimuli,  but  the molecular  mechanisms  controlling  these  phenotypes  remain  elusive.  Here,  we  found
that  overexpression  of SigB  can  dramatically  enhance  ccrA  transcription  and  SCCmec  excision  in MRSA
crAB expression
CCmec excision

strain  N315,  revealing  an important  role  for  this  alternative  sigma  factor  in  the  lateral  transfer  of  SCCmec.
Further  primer  extension-blot  analysis  and  5′RACE  (Rapid  Amplification  of  cDNA  Ends)  indicated  that  an
unrecognized  SigB-dependent  promoter  region,  which  exists  in  certain  SCCmec  type  II and  IV strains,  is
responsible  for  the  enhancement,  and  the  ccrAB genes  are  in  fact  transcribed  in  a two-promoter  pattern
with  a low  activity  of the  SigB-dependent  promoter  under  normal  growth  conditions.

© 2016  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Acquisition of the mobile genetic element staphylococcal
assette chromosome mec  (SCCmec) has prompted methicillin-
esistant Staphylococcus aureus (MRSA) to become one of the
ost prevalent and threatening pathogens throughout the world

Ayliffe, 1997). The penicillin-binding protein PBP2a encoded by
he mecA gene located on SCCmec  provides MRSA strains with
esistance to nearly all �-lactam antibiotics (Hartman and Tomasz,
984; Ito et al., 1999), and a set of site-specific recombinases
ncoded by ccrAB or ccrC carried by SCCmec can excise SCCmec and
ake it transferable among staphylococcal strains (Ito et al., 2004;

atayama et al., 2000). CcrA, CcrB, and CcrC are three phylogeneti-
ally distinct proteins of the resolvase/invertase family (Katayama

t al., 2000), and the genes ccrA and ccrB have been predicted to be
o-transcribed with a presumptive promoter located immediately
pstream of ccrA (Katayama et al., 2000). Because the ccrAB genes

∗ Corresponding author at: CAS Key Laboratory of Innate Immunity and Chronic
isease, School of Life Sciences and Medical Center, University of Science and Tech-
ology of China, Hefei, Anhui 230027, China.

E-mail address: sunb@ustc.edu.cn (B. Sun).

ttp://dx.doi.org/10.1016/j.ijmm.2016.05.008
438-4221/© 2016 Elsevier GmbH. All rights reserved.
are only expressed in a minority of cells and their expression lev-
els can be affected by some environmental stimuli (Higgins et al.,
2009; Stojanov et al., 2013), it was suspected that ccrAB are strictly
regulated by unknown regulatory networks. We  previously demon-
strated that a conserved inverted repeat element located upstream
of ccrA and the Sar family protein SarS play roles in the modula-
tion of ccrAB expression and SCCmec  excision (Zhang et al., 2015).
Since alternative sigma factor SigH is recruited by the staphylo-
coccal temperate phage for the regulation of int gene transcription
and bacteriophage transfer (Tao et al., 2010), the roles of alternative
sigma factors in ccrAB transcription are of great interest.

In S. aureus,  four types of sigma factors have been identified,
which includes the housekeeping sigma factor SigA, and the alter-
native sigma factors SigB (Wu et al., 1996), SigH (Morikawa et al.,
2003), and SigS (Shaw et al., 2008). SigB is a classic and well-
characterized alternative sigma factor involved in a variety of
cellular processes controlling the general stress response (Kullik
and Giachino, 1997; Pane-Farre et al., 2006) and the resistance to �-
lactam and glycopeptide antibiotics (Morikawa et al., 2001; Singh

et al., 2003). Generally, SigB is kept inactive by the anti-sigma factor
RsbW and can be turned on by the stimulus sensor RsbU through the
anti-anti-sigma factor RsbV (Senn et al., 2005). As for SigH, in addi-
tion to the role it plays in prophage int gene transcription, which

dx.doi.org/10.1016/j.ijmm.2016.05.008
http://www.sciencedirect.com/science/journal/14384221
http://www.elsevier.com/locate/ijmm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijmm.2016.05.008&domain=pdf
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s in control of prophage integration and excision (Tao et al., 2010),
t also participates in the regulation of competence genes that are
esponsible for natural DNA transformation (Morikawa et al., 2003;
orikawa et al., 2012). It has been recognized that SigH can be acti-

ated through chromosomal gene duplication rearrangement and
ost-transcriptional regulation with an inverted repeat sequence
overing the ribosome binding site (Morikawa et al., 2012). SigS is

 newly identified extracytoplasmic function sigma factor (Shaw
t al., 2008), the role of which is still unclear.

In this study, we found that overexpression of SigB can signif-
cantly increase ccrA transcription and SCCmec excision in MRSA
train N315, and the effect on ccrA transcription greatly resem-
les that of the SigB-activity report gene asp23 (Engelmann, 1999;
nobloch et al., 2004). Further in vitro analysis showed that over-
xpression of SigB induced the emergence of a specific transcript
hat was different from the transcript initiated by the promoter
ocated immediately upstream of ccrA and this uncharacterized
romoter sequence was  revealed by 5′RACE (Rapid Amplification
f cDNA Ends). However, the promoter-LacZ fusion assay showed
hat the activity of the SigB-dependent promoter is limited under
ormal growth conditions when compared to the SigA-dependent
romoter.

. Materials and methods

.1. Bacterial strains and growth conditions

The bacterial strains and plasmids used in this study are listed in
able 1. Escherichia coli strains were grown in Luria-Bertani (LB; BD,
ranklin Lakes, NJ, USA) medium with aeration (220 rpm) at 37 ◦C
upplemented with appropriate antibiotics (ampicillin, 100 �g/ml;
anamycin, 50 �g/ml). S. aureus and its derivative strains were
outinely grown in tryptic soy broth (TSB; BD) medium with aer-
tion (220 rpm) at 37 ◦C and supplemented with chloromycetin
15 �g/ml) when necessary. If required, the media were solidified
ith 1.5% (w/v) agar.

.2. DNA manipulations

Genomic DNA was extracted from S. aureus using the Wiz-
rd Genomic DNA Purification Kit (Promega, San Luis Obispo,
A, USA) according to the manufacturer’s instructions, with
he cells pre-treated with digestion buffer containing 40 U/ml
ysostaphin, 10 mg/ml  lysozyme and 10% (v/v) glycerol for 1 h. Plas-

id  DNA from E. coli was extracted using a Plasmid Purification
it (Promega) according to the manufacturer’s instructions. Plas-
id  DNA from S. aureus was extracted using the same kit, except

hat the cells were pre-incubated with digestion buffer containing
0 U/ml lysostaphin, 10 mg/ml  lysozyme and 10% (v/v) glycerol for
0–60 min. Taq DNA polymerase obtained from TransGen was used
or routine PCR and PrimerSTAR HS DNA polymerase obtained from
aKaRa was used for amplification of cloning inserts. The DNA frag-
ents were purified with a Gel and PCR Clean-up System (Promega)

ccording to the manufacturer’s instructions. Restriction enzymes
ere used following the manufacturer’s instructions (Fermentas,
aryland, USA). Dephosphorylation of vector arms was  performed
ith Antarctica phosphatase (Biolabs, Beverly, MA,  USA) and insert

igation was performed with T4 ligase (TransGen, Beijing, China)
ccording to the manufacturers’ recommendations.

.3. Construction of overexpression plasmids
To construct the inducible sigma factor overexpression plas-
ids pRMCsigB,  pRMCsigH,  and pRMCsigS,  the target genes were

mplified with the primer pairs sigB-f/sigB-r, sigH-f/sigH-r, and sigS-
/sigS-r, and cloned into the shuttle vector pRMC2 (Corrigan and
cal Microbiology 306 (2016) 406–414 407

Foster, 2009). To create the SigB overexpression plasmid pLIsigB,  a
fragment containing sigB was  amplified with the primer pair oe-
sigB-f/oe-sigB-r, and the fragment covering the spa promoter was
amplified with the primer pair pspa-f/pspa-r. The two fragments
were ligated with T4 ligase and cloned into the shuttle vector pLI50
(Lee et al., 1991). The plasmids were first introduced into strain
RN4220 for modification and subsequently transformed into the
strain N315 by electroporation.

2.4. Primer extension-blot assay and 5′RACE

Primer extension analysis was performed with the primer r-
inner. Briefly, total RNA (5 �g each) was prepared and reverse
transcribed with Transcript II RT/RI MIX  (TransGen) according
to the manufacturer’s instructions. The products were sepa-
rated with a 6.0% denatured polyacrylamide–7 M urea gel in
1 × Tris-borate-EDTA (TBE) and transferred onto a nylon mem-
brane in 0.5 × TBE. The products were then immobilized by UV
cross-linking and blotted with the probe pccrA-probe-biotin. DNA
markers were prepared using the primer pairs pccrA-r/PCR233
(271 bp), r-inner/PCR233 (242 bp), r-outer/PCR158 (190 bp), and
r-inner/PCR158 (158 bp). Biotin was  detected with a Chemilumi-
nescent Nucleic Acid Detection Module (Pierce, Rockford, IL, USA)
according to the manufacturer’s instructions. The images were
obtained using ImageQuant LAS 4000 mini (GE, Piscataway, NJ,
USA).

5′RACE was performed using the 5′-Full RACE Kit (TaKaRa,
Kyoto, Japan) according to the manufacturer’s instruction using
primers r-outer and r-inner. The PCR products were segregated in
a 1.5% DNA agarose gel and purified with a Gel and PCR Clean-
up System. The cleanup fragments were cloned into pEASY-blunt
(TransGen) and sequenced.

2.5. Construction of the LacZ reporter plasmids

To construct the SigA-recognition sequence deletion reporter
plasmid pOSccrAB�sigA of ccrAB, an upstream fragment of the 5′

untranslated region (5′UTR) spanning nucleotides −350 to −75
was amplified with the primer pair pccrA-f/up-pccrA-r using N315
genomic DNA as a template, the downstream fragment spanning
nucleotides −24 to +201 was  amplified with the primer pair down-
pccrA-f/ccrA-r, and the junction fragment designed with 20-bp
overlap with the upstream and downstream fragment was  acquired
through primer fusion of jun-sense and jun-antisense. The three
fragments were ligated by SLiCE as previously mentioned (Zhang
et al., 2012). Briefly, the three fragments (50–200 ng) were mixed
at a molar ratio of approximately 1:1:1, and then 1 �l of 10 × SLiCE
buffer (500 mM Tris–HCl, 100 mM MgCl2, 10 mM DTT, pH 7.5), 1 �l
of SLiCE extract, 1 �l of 10 mM ATP, and double-distilled H2O were
added to a final volume of 10 �l. The mixed solution was incu-
bated at 37 ◦C for 1 h and then amplified with the primer pair
pccrA-f/pccrA-r and cloned into plasmid pOS1 (Liu et al., 2011). To
construct the SigB-recognition sequence deletion reporter plasmid
pOSccrAB�sigB of ccrAB, a previously reported PCR method (Xue
et al., 2009) was used. Briefly, a fragment containing the entire
length of the plasmid pOSccrAB except for the SigB-recognition
sequence was amplified with pOSccrAB as the template using
primer pair sigB-del-f/sigB-del-r. The result fragment was digested
with DpnI and SalI and then ligated to generate pOSccrAB�sigB. The
constructed plasmids were first introduced into strain RN4220 for
modification and subsequently transformed into strain N315.
2.6. ˇ-galactosidase activity assays

For �-galactosidase activity assays, stationary-phase cultures
of strain N315 transformed with different promoter-LacZ fusion
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Table 1
Strains and plasmids used in this study.

Strain or plasmid Relevant characteristics Source or reference

S. aureus
RN4220 8325-4, r− , initial recipient for

modification of plasmids
which are introduced into S.
aureus from E. coli

NARSAa

N315 HA-MRSAb, SCCmec  type II NARSA
MRSA252 HA-MRSAb, SCCmec  type II NARSA
MW2  CA-MRSAb, SCCmec type IV NARSA
N315ex SCCmec cured strain of N315 Zhang et al. (2015)
E.  coli
Trans1-T1 Clone host strain, F− j80(lacZ)

�M15  �lacX74 hsdR (rK
− mK

+)
�recA1398 endA1tonA

TransGen

Plasmids
pEASY blunt Commercial TA cloning vector,

Ampr, Kanrc
TransGen

pRMC2 Shuttle vector,
anhydrotetracycline inducible,
Ampr, Cmr c

Corrigan and Foster (2009)

pRMCsigB pRMC2 derivative, with the
coding sequence of sigB from
strain N315, Ampr, Cmr

This study

pRMCsigH  pRMC2 derivative, with the
coding sequence of sigH from
strain N315, Ampr, Cmr

This study

pRMCsigS  pRMC2 derivative, with the
coding sequence of sigS from
strain N315, Ampr, Cmr

This study

pLI50  Shuttle vector, Ampr, Cmr Lee et al. (1991)
pLIsigB pLI50 derivative, harboring the

coding sequence of sigB and
the promoter sequence of spa,
for sigB overexpression; Ampr,
Cmr

This study

pOS1  Shuttle vector, with lacZ coding
sequence lacking the first 6
amino acids, Ampr, Cmr

Liu et al. (2011)

pOSccrAB pOS1 derivative, harboring a
350-bp region of the ccrAB
promoter and 18 bp of the ccrA
coding sequence from strain
N315, Ampr, Cmr

Zhang et al. (2015)

pOSccrAB�sigA pOS1 derivative, harboring the
same sequence as pOSccrAB
except that the putative
SigA-recognition sequence was
deleted, Ampr, Cmr

This study

pOSccrAB�sigB  pOS1 derivative, harboring the
same sequence as pOSccrAB
except that the putative
SigB-recognition sequence was
deleted, Ampr, Cmr

This study
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a NARSA, Network on Antimicrobial Resistance in Staphylococcus aureus.
b MRSA, methicillin-resistant Staphylococcus aureus.
c Kanr, kanamycin-resistant; Ampr, ampicillin-resistant; Cmr, chloramphenicol-r

eporter plasmids were diluted 1:500 into TSB (10 ml)  with
hloromycetin (15 �g/ml), and the cells were collected after incu-
ation at 37 ◦C for 3 h, 5 h, and 7 h. The cells were first washed once
ith 500 �l ABT buffer (60 mM K2HPO4, 40 mM KH2PO4, 100 mM
aCl, 0.1% Triton X-100) and then thoroughly lysed at 37 ◦C with
00 �l ABT LSA buffer (ABT buffer with 50 �g/ml lysostaphin).
hen, 100 �l ABT buffer and 100 �l ONPG (o-nitrophenyl-�-d-
alactopyranoside, 4 mg/ml) were added to initiate the reaction.
he samples were incubated in a 37 ◦C water bath and 1 ml  Na2CO3
1 M)  was added to stop the reaction when a yellow color became
pparent in the samples. The absorbance of each sample at 420 nm
as read using a spectrophotometer (DU 800, Beckman Coulter,
ullerton, California, USA) and �-galactosidase activity units were
alculated as described previously (Xue et al., 2009).
nt.

2.7. Total RNA extraction, cDNA generation, and real-time
quantitative reverse transcription-PCR (qRT-PCR)

For total RNA isolation from wild-type strain N315 for ccrAB
transcription profile analysis, a stationary-phase culture of strain
N315 was  diluted 1:500 into TSB medium. Growth was  monitored
each hour by measuring the OD600 using a spectrophotome-
ter (DU 800, Beckman Coulter), and cells represent variable
growth phases were collected. For total RNA isolation from the
sigma factor-overexpressing strains containing plasmid pRMC2,
pRMCsigB, pRMCsigH,  or pRMCsigS,  stationary-phase cultures
of S. aureus were diluted 1:100 into TSB medium containing

chloromycetin (15 �g/ml). Following cultivation for 3 h, cells were
treated with anhydrotetracycline (ATC) at a final concentration of
50 or 200 ng/ml for different periods of time and were collected.
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he collected cells were immediately pelleted with 1 ml  RNAiso
lus (TaKaRa) and lysed with 0.1-mm-diameter-silica beads in a
astPrep-24 Automated system (MP  Biomedicals Solon, OH, USA).
he total RNA was isolated following the instructions of RNAiso
lus, and residual DNA was removed with RNase-free DNase I
TaKaRa).

Transcription analysis of ccrAB was performed by reverse tran-
cription PCR using the Reverse Transcriptase M-MLV  (TaKaRa)
ith primer RT-ccrB-r, and the PCR products were analyzed
ith the primer pairs ccrB-f/RT-ccrB-r and RT-ccrA-f/RT-ccrB-r.
everse transcription for qRT-PCR analysis was performed using

 PrimeScript 1st Strand cDNA Synthesis Kit (TaKaRa) with ran-
om primers. Real-time PCR was carried out with SYBR Premix Ex
aq (TaKaRa) using the StepOne Real-Time PCR System (Applied
iosystems, Carlsbad, CA, USA). The quantity of cDNA measured by
eal-time PCR was normalized to the abundance of 16S or hu cDNA
Valihrach and Demnerova, 2012). The primers used in this study
re listed in Table 2 and the real-time PCR assays were repeated at
east three times.

.8. SCCmec  excision and excision frequency determination

The precise excision of SCCmec  was determined as previously
entioned (Katayama et al., 2000). The plasmids pLI50 and pLIsigB
ere transformed into strain N315. After cultivation in brain heart

nfusion (BHI) broth at 37 ◦C for 24 h or 48 h, the cells were collected,
nd the genomic DNA was extracted. Then, four sets of primers
ere used to detect precise excision and the closed circle form of

CCmec. Primers cL1 and cR1 were used to identify attB (274 bp),
rimers mL1  and mR8  were used to identify attSCC (456 bp), and
rimers cL1 and mL1  were used to detect attL (371 bp). Finally,
rimers mA1  and mA2  were used to detect a fragment of mecA gene
286 bp). All the fragments were collected and further confirmed by
equencing.

The precise excision frequency of SCCmec was determined using
 previously described PCR method (Tao et al., 2010; Zhang et al.,
015). The plasmids pLI50 and pLIsigB were transformed into strain
315. After cultivation in BHI broth at 37 ◦C for 48 h, the cells were
ollected, and the genomic DNA was extracted. Then, the primer
air mL1/cL1 from two sides of attL was used to determine the
atio of the SCCmec-retained N315 populations, and the primer pair
L1/cR1 from two sides of attB was used for determination of the
atio of the SCCmec-excised N315 populations.

. Results

.1. Transcriptional analysis of ccrAB

In MRSA strain N315, the ccrAB genes are located between genes
ncoding two hypothetical proteins with uncharacterized func-
ions (Fig. 1A). Upstream of ccrA is a superfamily II helicase-like
rotein that is present in SCCmec type I–IV with high similarity
Lina et al., 2006). A highly conserved AT-enriched sequence located
mmediately upstream of ccrA was postulated to be the promoter
equence of ccrA (Katayama et al., 2000; Zhang et al., 2015). While
o candidates for promoter sequences were identified in the adja-
ent upstream region of the ccrB gene, ccrA and ccrB were believed
o be co-transcribed (Higgins et al., 2009; Katayama et al., 2000;
tojanov et al., 2013). To determine if the ccrAB genes are co-
ranscribed, reverse-transcriptase PCR of ccrB was  performed with
NA extracted from strain N315. Using primer pairs spanning frag-

ents of ccrB and ccrAB (Fig. 1A), and compared to the results with

emplate of genomic DNA or the same amount of RNA only, positive
ignals were detected (Fig. 1B), suggesting that ccrA and ccrB can
ndeed be co-transcribed from the ccrA promoter.
cal Microbiology 306 (2016) 406–414 409

Besides, the transcription profiles of ccrA and ccrB in strain N315
was determined using qRT-PCR. Total RNA was extracted from
strain N315 during different phases of growth in TSB. As shown in
Fig. 1C, the transcription of ccrA and ccrB was  growth-phase depen-
dent with a higher transcription at the early-exponential phase and
a lower transcription at the mid-exponential phase.

3.2. SigB overexpression enhances ccrAB expression and SCCmec
excision

To determine if the transcription of ccrAB is modulated by
alternative sigma factors, we  created three inducible sigma fac-
tor overexpression plasmids, namely pRMCsigB,  pRMCsigS,  and
pRMCsigH (Fig. 2A). The sigma factors were overexpressed under
ATC induction, and the qRT-PCR result showed that overexpression
of SigB significantly increased the transcriptional level of ccrA com-
pared to the wild-type strain, whereas overexpression of SigS and
SigH did not (Fig. 2B).

To examine the effect of SigB overexpression on SCCmec  exci-
sion, genomic DNA extracted from the control strain N315ex
and strain N315 transformed with plasmid pLI50 (N315 + pLI50)
or pLIsigB (N315 + pLIsigB) was  examined with different sets of
primers that amplify fragments of attB, attL, mecA, or attSCC
(Fig. 3A). As shown in Fig. 3B, a fragment of attB, which would
theoretically be amplified in SCCmec-excised cells, was detected
in strain N315 carrying plasmid pLIsigB following 48 h cultivation,
as well as in the control strain N315ex, indicating that overexpres-
sion of sigB can induce the excision of SCCmec. A fragment of attL
and mecA, which would be amplified in SCCmec-retained cells, was
detected in all the strains except for the strain N315ex (Fig. 3B).
However, a fragment of attSCC,  which represents a circular and
extrachromosomal form of SCCmec, was not detectable in strain
N315 carrying plasmid pLIsigB following 48 h cultivation (Fig. 3B).
Since the overexpression of ccrAB in strains SE5 and SE63 also dis-
played no attSCC bands (Noto and Archer, 2006), we believe that
this may  be a result of low content of circular SCCmec  template.

Moreover, we also determined the SCCmec  excision efficiency
of strains carrying plasmids pLI50 and pLIsigB following 48 h
cultivation. The fragment of attL was used to determine the
SCCmec-retained populations and the fragment of attB was used
to determine the SCCmec-excised populations. The results showed
that the strain N315 transformed with plasmid pLIsigB showed a
significant increase in SCCmec excision frequency compared to that
of the wild-type strain N315 (N315 + pLI50) (Fig. 3C), revealing an
important role of the SigB-dependent promoter in SCCmec  excision
and transfer.

3.3. SigB recognizes the ccrAB promoter and initiates ccrAB
transcription

To determine if SigB modulates ccrA through a specific pro-
moter or some intermediate regulators, total RNA from the SigB
overexpression strain (N315 + pRMCsigB)  after induction with ATC
for different periods of time was analyzed using qRT-PCR. The
results indicated that ccrA upregulated immediately after SigB
was induced and overexpression of SigB displayed a similar effect
on the transcription of ccrA and the SigB-dependent gene asp23
(Fig. 4A), suggesting that SigB may be responsible for the tran-
scription of ccrA through a SigB-dependent promoter. To confirm
this, RNA extracted from strain N315 carrying plasmid pRMC2 or
pRMCsigB was  analyzed with a primer extension assay combined
with nucleotide blotting. Reverse transcription of ccrAB with a

primer located near the translation initiation site was performed
and fragments of different sizes within the ccrAB promoter were
used as markers. The bands were separated by electrophoresis,
transferred to a charged nylon membrane, and blotted with a
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Table 2
Primers used in this study.

Primer Sequence (5′−3′)a Application or reference

RT-ccrA-f GCACAGTTATTAGAAGAAGATA qRT-PCR
RT-ccrA-r GCCATATTGATTGTTGACA qRT-PCR
RT-ccrB-f  CAATACCACGAATACACTT qRT-PCR
RT-ccrB-r  CATCACATAATCTTCAATCAC qRT-PCR
RT-asp23-f  CAAGCATACGACAATCAA qRT-PCR
RT-asp23-r  TATCAGTTAAGCCACCTT qRT-PCR
RT-hu-f  AAAAAGAAGCTGGTTCAGCAGTAG qRT-PCR
RT-hu-r TTTACGTGCAGCACGTTCAC qRT-PCR
RT-16S-f CGTGGAGGGTCATTGGA qRT-PCR
RT-16S-r  CGTTTACGGCGTGGACTA qRT-PCR
ccrB-f  CGACGGACAAATCAATCAAA PCR analysis
sigB-f  GCGggtaccGGGAGGTTTTAAACATGGCGAAAGAGTCGAAATCAGCT pRMCsigB
sigB-r  GCGgaattcATTGAAAATGACACACCATC pRMCsigB
sigH-f GCGggtaccGGGAGGCCGTTTCATGAAATATGATTTGAC pRMCsigH
sigH-r  GCGgaattcCAAGCTTCACAATTTAAAGG pRMCsigH
sigS-f  GCGggtaccGGGAGGCCGTTTCATGAAATTTAATGACGTATACA pRMCsigS
sigS-r  GCGgaattcGGAACTTTAAGAATGTAATCGC pRMCsigS
pspa-f. GCGgaattcATAATGAACAACTTTCTA pLIsigB
pspa-r  GCGtctagaTACCCCCTGTATGTATTTGT pLIsigB
oe-sigB-f  TAtctagaATGGCGAAAGAGTCGAAATC pLIsigB
oe-sigB-r  GCGaagcttCTATTTATGTGCTGCTTCTTGT pLIsigB
cL1  ATTTAATGTCCACCATTTAACA Katayama et al. (2000)
cR1 AAGAATTGAACCAACGCATGA Katayama et al. (2000)
mL1 GAATCTTCAGCATGTGATTTA Katayama et al. (2000)
mR8 ATGAAAGACTGCGGAGGCTAACT Katayama et al. (2000)
mA1 TGCTATCCACCCTCAAACAGG Katayama et al. (2000)
mA2 AACGTTGTAACCACCCCAAGA Katayama et al. (2000)
r-outer CTTTGACGTAAATAGCCTAT 5′RACE
r-inner ATCGGCTCCTCCTTTCACAG 5′RACE
PCR158 TAAGTTCATCCATGTTTTTC Markers prepare
PCR233. GCGgaattcTTGTCTTTATCATACAACCG Markers prepare
pccrA-probe-biotin GTTGGGCTTATATATCAATTCATCCATAAATATATATTATTACTGTGAAAGGAGGAGCC 5′cDNA blot
pccrA-f  GCGgaattcAAAGATAAGTCGTTAATTCA Zhang et al. (2015)
pccrA-r GCGggatccGGGCCTATGACTTGTTTCATAT Zhang et al. (2015)
ccrA-r GTCACATTGCCCTTGTTGAA pOSccrAB�sigA
up-pccrA-r  TTGGGCGTTCATATTAGTCA pOSccrAB�sigA
down-pccrA-f ATTACTGTGAAAGGAGGAGC pOSccrAB�sigA
jun-sense GCTCCTCCTTTCACAGTAATGCCCAACATCAATAAGATGTTGGGCGTTCATATTAGTCA pOSccrAB�sigA
jun-antisense TGACTAATATGAACGCCCAACATCTTATTGATGTTGGGCATTACTGTGAAAGGAGGAGC pOSccrAB �sigA
sigB-del-f ACGCgtcgacAGGCCCTTCAGGAGTTCACGAAGA pOSccrAB �sigB
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sigB-del-r ACGCgtcgacAGTTCTTTCGCAGCTTTGTTAT

a The sequences in lower-case letters refer to the restriction endonuclease recog
or  SLiCE.

iotin-labeled probe. The results showed that SigB overexpression
nduced the appearance of a specific band compared to the wild
ype strain (Fig. 4B). To determine the transcription start site of the
igB-dependent promoter, we performed 5′RACE using total RNA
xtracted from the SigB overexpression strain (N315 + pRMCsigB).
he results showed that the transcription start site was  located
55-bp upstream of the translation initiation site of ccrA. The
igB-recognition sequence P2 (tTTTAA-12-GGGgAT) (Fig. 5A) that
e identified displays great similarity to the consensus SigB-

ecognition sequence of Bacillus subtilis (GTTTAA-12/14-GGGTAT)
Petersohn et al., 1999).

.4. CcrAB operon is transcribed in a two-promoter pattern

Together with the previously predicted promoter of ccrA
Katayama et al., 2000), two promoter regions were identified:
romoter P1 with a sequence similar to the SigA-dependent
romoter and P2 with a sequence resembling the consensus
igB-dependent promoter (Fig. 5A). To verify the function of the
utative SigA and SigB promoter sequences, we constructed the
ollowing three promoter-LacZ fusion reporter plasmids: pOSccrAB

ith the promoter region containing both the putative SigA- and

igB-dependent sequences, pOSccrAB�sigA with the putative SigA-
ecognition sequence precisely deleted, and pOSccrABs�sigB with
he putative SigB-recognition sequence substituted with the 6-bp
pOSccrAB �sigB

 sites, and the sequences underlined represent overlap sequences that are suitable

linker sequence (“GTCGAC”, SalI linker). Then, the �-galactosidase
activity of those strains was  detected and compared. As shown
in Fig. 5B, the absence of the SigA-recognition sequence signifi-
cantly decreased ccrA promoter activity and the absence of the
SigB-recognition sequence only showed a slight decrease in ccrA
promoter activity, revealing a lower activity of the SigB-dependent
promoter at common condition.

3.5. Sequence alignment and transcriptional analysis of the
SigB-recognition region in SCCmec  type II and IV MRSA strains

To further determine if the SigB-dependent promoter exists in
other SCCmec type II or IV strains, in which ccrAB genes belong to
the same ccr alleles, we analyzed the potential SigB-recognition
sequences in these strains. As shown in Fig. 6A, there exists a
homologous sequence located on the same site in these strains. To
determine if the homologous region can be recognized by SigB, we
chose strains MRSA252 (SCCmec type II, tTTTAA-12-aGGTAT) and
MW2  (SCCmec type IV, tTTTAA-12-aGGgAT) for further analysis.
The qRT-PCR result indicated that overexpression of SigB can signif-

icantly increase the transcriptional levels of ccrA and asp23 in strain
MRSA252 (Fig. 6B). However, overexpression of SigB had no effect
on ccrA transcription in strain MW2,  despite that it can dramatically
increase the transcriptional level of gene asp23 (Fig. 6C).
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Fig. 1. Transcriptional analysis of ccrAB. (A) Genetic organization of the ccrAB gene complex and the location of primers used in the reverse-transcription PCR assay.
Transcription start site of the putative promoter region is indicated by the bent arrow. (B) Gel electrophoresis analysis of PCR products amplified with primers spanning
fragments of ccrB and ccrAB. Genomic DNA, reverse-transcription cDNA with primer RT-ccrB-r, and the same amount of total RNA from strain N315 were used as template.
(C)  Transcription of ccrA and ccrB is growth-phase dependent. The growth curve was monitored each hour by measuring the OD600 using a spectrophotometer (DU 800,
Beckman Coulter), and cells grown to different time points were collected. The profiles of ccrA and ccrB transcription were analyzed using qRT-PCR. Signals were normalized
to  the abundance of hu cDNA. Error bars represent standard deviations (SD) (n = 3).

Fig. 2. SigB promotes the transcription of ccrA. (A) A diagram showing construction of the inducible sigma factors overexpression plasmids, consensus ribosomal binding
s 315 c
w abund
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equence were inserted for proper translation. (B) qRT-PCR analysis of ccrA in strain N
ith  ATC (200 ng/ml) and cells were collected at 1 h. Signals were normalized to the 

alculated by the unpaired two-tailed Student’s t-test are indicated: NS, not signific

. Discussion

Mobile genetic elements (MGEs), which are important means
n the transferring of genetic information, play a central role in the
daptation of bacteria to selective pressure. In S. aureus,  many MGEs
ave been identified, including insertion sequences, transposons,
acteriophages, plasmids, pathogenicity islands, and staphylococ-
al cassette chromosomes (Malachowa and DeLeo, 2010). The
crAB recombinases, which play a key role in the site-specific exci-
ion and integration of SCCmec  (Katayama et al., 2000), belong

o the large serine family of site-specific DNA recombinases that
ncludes many bacteriophage integrases and transposases (Peacock
nd Paterson, 2015). Under some conditions, prophage genomes
an be excised from bacterial chromosomes and reintegrated later
arrying plasmid pRMC2, pRMCsigB,  pRMCsigH,  or pRMCsigS. Cultures were induced
ance of 16S cDNA. Error bars represent SD (n = 3). Statistically significant differences

 > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.

by the int-xis system (Nash, 1981). In S. aureus,  spontaneous SCCmec
excision has also been observed at a low frequency (Ito et al., 1999).
Besides, conserved inverted repeat sequences have been discov-
ered in the promoter sequences of both ccrAB and int genes, and
fulfill important regulatory roles (Iandolo JJ et al., 2002; Zhang
et al., 2015). These findings indicated that the two different mobile
genetic elements may  be regulated by similar mechanisms.

Since SigH has been shown to modulate int gene expression and
prophage integration and excision in S. aureus (Tao et al., 2010),
alternative sigma factors may also be involved in the regulation

of ccrAB expression and SCCmec excision. Through overexpres-
sion of alternative sigma factors that have been identified in S.
aureus,  we found that SigB is involved in the modulation of ccrAB
transcription in MRSA strain N315. Then, SCCmec  excision was
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Fig. 3. Determination of the sigB-mediated SCCmec excision. (A) A schematic represent the SCCmec excision in strain N315. The primer pair cL1/cR1 from two  sides of attB
was  used for determination of the ratio of the SCCmec-excised N315 genomic DNA, and the primer pair mL1/cL1 from two sides of attL was used to determine the ratio of the
SCCmec-retained N315 genomic DNA. (B) PCR detection of SCCmec excision. Genomic DNA was  extracted from N315 strains cultivated in BHI broth at 37 ◦C for 24 h or 48 h.
Primer  pairs cL1/cR1, mL1/mR8, cL1/mL1, and mA1/mA2 were used to detect attB (274 bp), attSCC (456 bp), attL (371 bp), and a part of the mecA gene (286 bp), respectively.
Lanes  1 and 7: DNA marker; lane 2: strain N315 carrying plasmid pLI50 (24 h); lane 3: strain N315 carrying plasmid pLIsigB (24 h); lane 4: strain N315 carrying plasmid pLI50
(48  h); lane 5: strain N315 carrying plasmid pLIsigB (48 h); lane 6: strain N315ex. The molecular weight marker is a 100-bp DNA marker (TransGen) and some of the relevant
bands  are indicated. (C) SCCmec excision frequencies mediated by sigB overexpression. Genomic DNA was extracted from N315 strains cultivated in BHI broth at 37 ◦C for 48 h.
Error  bars represent SD (n = 6). Statistically significant differences calculated by the unpaired two-tailed Student’s t-test are indicated: NS, not significant, P > 0.05; *P < 0.05;
**P  < 0.01; ***P < 0.001.

Fig. 4. SigB enhances ccrA transcription through an unreported SigB-dependent promoter. (A) Overexpression of SigB has a similar effect on the transcription of ccrA and the
SigB-dependent gene asp23.  Cultures were induced with ATC (50 ng/ml) and cells were collected at 0 min, 0.5 min, 1 min, 2 min, 3 min, and 5 min. Signals were normalized to
the  abundance of hu cDNA. Error bars represent SD (n = 3). (B) Primer extension analysis shows a specific band in strain N315 overexpressing SigB (N315 + pRMCsigB). Lane 1:
DNA  fragments containing different partial regions of the ccrAB promoter, which were used as molecular weight markers; lane 2: primer extension with total RNA extracted
from  the strain carrying pRMC2 (N315 + pRMC2) after induction with ATC (200 ng/ml) for 30 min; lane 3: primer extension with total RNA extracted from the strain carrying
pRMCsigB  (N315 + pRMCsigB)  after induction with ATC (200 ng/ml) for 30 min.

Fig. 5. CcrAB operon is transcribed in a two-promoter pattern. (A) Nucleotide sequence of the region upstream of ccrA. The putative SigA-dependent promoter P1 and the
SigB-dependent promoter P2 are underlined and marked. The sequence of the P1 was  predicted using the online software BPROM (http://linux1.softberry.com/berry.phtml)
and  the transcription start site (TSS) of the P2 was defined with 5′RACE. The putative ribosome-binding site is underlined and labeled with RBS, the start codon of ccrA
is  underlined and marked with Start, and the SA0059 stop codon is indicated by an asterisk. (B) The �-galactosidase activities of plasmids pOSccrAB, pOSccrAB�sigA, and
pOSccrAB�sigB  in strain N315. Cells were collected after 3, 5, and 7 h of growth in TSB containing chloromycetin (15 �g/ml) and the �-galactosidase activity was detected with
ONPG  (4 mg/ml). Error bars represent SD (n = 3). Statistically significant differences calculated by the unpaired two-tailed Student’s t-test are indicated: NS, not significant,
P  > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.

http://linux1.softberry.com/berry.phtml
http://linux1.softberry.com/berry.phtml
http://linux1.softberry.com/berry.phtml
http://linux1.softberry.com/berry.phtml
http://linux1.softberry.com/berry.phtml
http://linux1.softberry.com/berry.phtml
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Fig. 6. Pervasive analysis of the SigB-recognition sequence in SCCmec type II and IV MRSA strains. (A) Multiple-sequence alignment of the potential SigB-recognition sequence.
The  putative −35 and −10 regions are marked, and the TSS (*) is indicated. Dark blue indicates identical bases, and light blue indicates the conservative nucleotide. (B) qRT-PCR
analysis  of ccrA and asp23 in strain MRSA252 carrying plasmid pRMC2 or pRMCsigB.  Cultures were induced with ATC (200 ng/ml) and cells were collected at 15 min. (C)
qRT-PCR analysis of ccrA and asp23 in strain MW2  carrying plasmid pRMC2 or pRMCsigB.  Cultures were induced with ATC (200 ng/ml) and cells were collected at 15 min.
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-test  are indicated: NS, not significant, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001. (Fo
he  web version of this article).

etermined in the SigB overexpression strain, and a dramatic
ncrease in SCCmec excision was exhibited. These results indi-
ate that SigB plays an important role in ccrAB expression and
CCmec excision. The qRT-PCR results of ccrA and asp23 revealed
hat SigB may  be responsible for ccrA transcription directly, and
urther in vitro experiments revealed that a SigB-recognition pro-

oter region of ccrA is located within the coding region of the
pstream gene. The SigB-recognition sequence in S. aureus has
een reported to resemble the SigB consensus promoter sequence
f B. subtilis (Bischoff et al., 2004), and different SigB-recognition
equences have been identified with similar sequences in S. aureus
Homerova et al., 2004). The SigB-dependent promoter region
hat we identified was  a heretofore unrecognized sequence, but
t also shares high similarity with the conserved sequence of B.
ubtilis. Through multiple-sequence alignment of the potential
igB-recognition region in strains that carry type II or IV SCCmec,
e found that a homologous region is located on the same site.

train MRSA252, which also carries the type II SCCmec, displayed a
ignificant upregulation in ccrA transcription when SigB was over-
xpressed. However, strain MW2,  which carries the type IV SCCmec,
xhibited no difference in ccrA transcription even though the tran-
criptional level of asp23 was dramatically increased. Notably, there
re plenty of SCCmec type II and IV strains share the same sequences

o strain N315 or MRSA252, implying that the SigB-dependent ccrA
ranscription may  exists in certain SCCmec  type II and IV strians.
owever, a systematic analysis is needed to explain the difference
nd evolution of these strains.
tatistically significant differences calculated by the unpaired two-tailed Student’s
rpretation of the references to colour in this figure legend, the reader is referred to

Together with the previously postulated promoter (Katayama
et al., 2000; Zhang et al., 2015), ccrA was identified to be transcribed
in a two-promoter pattern. However, the SigB-dependent pro-
moter that we identified was  not included in the reporter plasmids
designed by Higgins et al. (Higgins et al., 2009) and Stojanov et al.
(Stojanov et al., 2013), and there is no sequence similar to the SigB-
consensus promoter sequence within the sequence selected by the
previous studies, so the environmental sensing identified in the
previous studies may  be the function of other regulators. Notably,
the promoter sequences of ccrA that we uncovered shows high sim-
ilarity to previous reports in which the genes sarS and esxA were
identified as also harboring a remote SigB-recognition sequence in
addition to the nearby SigA-dependent promoter, and were sig-
nificantly regulated by the SigB-associated regulators (Schulthess
et al., 2012; Tegmark et al., 2000). Moreover, the promoter-LacZ
fusion assay showed that the activity of the SigB-dependent pro-
moter is limited under normal growth conditions compared to the
SigA-dependent promoter, which displays beneficial effects for the
steady existence of SCCmec in MRSA strains. While SigB plays a
significant role in sensing environmental stimuli and cell stresses,
some environmental factors may  induce a high activity of SigB
and subsequent ccrAB expression, which should result in a high
efficiency of SCCmec  excision and transfer. Considering that the

SigB-induced loss of SCCmec only happened in a low fraction of
cells, the association of SigB expression with methicillin resistance
in Staphylococcus epidermidis and S. aureus is perhaps modulated
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y other regulatory mechanisms (Knobloch et al., 2005; Morikawa
t al., 2001).

Antibiotic-resistant S. aureus emerged in a series of waves
Chambers and Deleo, 2009), and the emergence of MRSA strains
osed serious challenges for the treatment of infections. Since
oagulase-negative staphylococci are believed to be a potential
eservoir of mecA for S. aureus (Hiramatsu et al., 2001) and SigH-
ssociated competency provides S. aureus with the ability to acquire
xogenous genes (Morikawa et al., 2012), the mechanisms by which
GEs are excised and transferred in environmental conditions have

ttracted much interest. In this study, we present a different under-
tanding of ccrAB gene structure. Since SigB is a sensor of different
nvironmental stimuli and cell stresses, we also provide a novel
xplanation regarding the relationship of environmental stimuli
nd SCCmec  excision. Further investigation of the molecular mecha-
ism of environmental stimuli associated with the effect of sigB and

ts downstream regulators on ccrAB expression, as well as subse-
uent SCCmec  excision and transfer among different staphylococcal
trains, should provide new targets and strategies for the treatment
f MRSA infections.

. Conclusions

In summary, this study revealed that an unrecognized
igB-dependent promoter is involved in the control of ccrAB tran-
cription and SCCmec  excision, and the ccrAB genes are in fact
ranscribed in a two-promoter pattern in MRSA strain N315.
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