
A � Cro-Like Repressor Is Essential for the Induction of Conjugative
Transfer of SXT/R391 Elements in Response to DNA Damage

Dominic Poulin-Laprade, Vincent Burrus

Laboratory of Bacterial Molecular Genetics, Département de Biologie, Faculté des Sciences, Université de Sherbrooke, Sherbrooke, Québec, Canada

ABSTRACT

Integrative and conjugative elements (ICEs) of the SXT/R391 family are the main contributors to acquired multidrug resistance
in the seventh pandemic lineage of Vibrio cholerae, the etiological agent of the diarrheal disease cholera. Conjugative transfer of
SXT/R391 ICEs is triggered by antibiotics and agents promoting DNA damage through RecA-dependent autoproteolysis of SetR,
an ICE-encoded � CI-like repressor. Here, we describe the role of CroS, a distant � Cro homolog, as a key component contribut-
ing to the regulation of expression of the activator SetCD that orchestrates the expression of the conjugative transfer genes. We
show that deletion of croS abolishes the SOS response-dependent induction of SXT despite the presence of a functional setR
gene. Using quantitative reverse transcription-PCR and lacZ reporter assays, we also show that CroS represses setR and setCD
expression by binding to operator sites shared with SetR. Furthermore, we provide evidence of an additional operator site bound
by SetR and CroS. Finally, we show that SetCD expression generates a positive feedback loop due to SXT excision and replication
in a fraction of the cell population. Together, these results refine our understanding of the genetic regulation governing the
propagation of major vectors of multidrug resistance.

IMPORTANCE

Healthcare systems worldwide are challenged by an alarming drug resistance crisis caused by the massive and rapid propagation
of antibiotic resistance genes and the associated emergence of multidrug-resistant pathogenic bacteria. SXT/R391 ICEs contrib-
ute to this phenomenon not only in clinical and environmental vibrios but also in several members of the family Enterobacteria-
ceae. We have identified and characterized here the regulator CroS as a key factor in the stimulation of conjugative transfer of
these ICEs in response to DNA-damaging agents. We have also untangled conflicting evidence regarding autoactivation of trans-
fer by the master activator of SXT/R391 ICEs, SetCD. Discovery of CroS provides a clearer and more complete understanding of
the regulatory network that governs the dissemination of SXT/R391 ICEs in bacterial populations.

Cholera is a severe infectious disease caused by the ingestion of
food or water contaminated by Vibrio cholerae. This disease

remains widespread in regions with limited access to clean water
and where poor sanitation allows easy dissemination of the bacte-
rium in drinking water sources. Cholera is characterized by a pro-
fuse watery diarrhea that rapidly induces massive fluid loss, caus-
ing severe dehydration of the patient, which may lead to death
within 24 h of symptom onset. Although epidemic cholera is usu-
ally caused by V. cholerae O1, the unusual serogroup O139
emerged in the early 1990s as the cause of a cholera outbreak in
India (1). O139 clinical isolates were found to be resistant to sul-
famethoxazole and trimethoprim, two antibiotics commonly
used for the treatment of severe cases of cholera (2). This resis-
tance was found to be transmissible and linked to an integrative
and conjugative element (ICE) named SXT (3). ICEs are self-
transmissible bacterial mobile elements that play a major role in
gene exchange in bacterial populations, as they are horizontally
transferred via conjugation by a process similar to that used by
many conjugative plasmids (4, 5). Unlike plasmids, ICEs do not
remain stably in an episomal form and are rather found integrated
into the chromosome. SXT integrates itself into the chromosome
of V. cholerae in a site-specific manner at the 5= end of prfC, a gene
coding for the peptide release factor RF3 (6). Since the discovery of
SXT, SXT or related ICEs have been found to be prevalent in the
seventh pandemic isolates of V. cholerae and sporadically present
in other Vibrio species (7–9) and other Gammaproteobacteria of
clinical origin or isolated from the aquatic environment, such as

Photobacterium (10), Proteus (11), Alteromonas (12), Marinomo-
nas (13), and Shewanella (9, 14) species. SXT is closely related to
R391, an ICE conferring resistance to kanamycin and mercury,
originally detected in a 1967 South African isolate of Providencia
rettgeri (15, 16). All of the ICEs related to SXT and R391 are
grouped into a single family, namely, the SXT/R391 family, be-
cause they all have the same chromosomal integration site and a
set of conserved genes essential for site-specific integration, con-
jugative transfer, and regulation (6, 8). SXT/R391 ICEs also con-
tain variable DNA insertions conferring adaptive traits, including
resistance to antibiotics, heavy metals, and bacteriophage infec-
tion (8, 17, 18); synthesis of the second messenger c-di-GMP (19);
and homologous recombination and mutagenic repair systems
(20, 21). Beside their own transfer, SXT/R391 ICEs have been
shown to mobilize plasmids, phylogenetically unrelated genomic
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islands (mobilizable genomic islands), and up to 1.5 Mb of
chromosomal DNA by high-frequency recombination transfer
(22, 23).

The most conserved genes (97% identity at the nucleotide
level) shared by SXT/R391 ICEs are s086 and setR, which belong to
the regulatory module located at the rightmost end of the inte-
grated ICE, near the attR attachment site (Fig. 1A) (8). The regu-
latory module contains eight open reading frames (ORFs), seven
of which are in the same orientation (s086, s084, s083, s082, setD,
setC, and eex), while the last gene, setR, is divergently transcribed
(Fig. 1A and B) (24). eex and the convergent gene traG code for the
entry exclusion system of SXT/R391 ICEs (25). The overlapping
genes setC and setD encode the SetCD activator complex. SetCD
was shown to bind upstream of the �35 sequence of 11 promoters
in SXT/R391 ICEs, activating the expression of �40 genes essen-
tial for site-specific and homologous recombination, ICE replica-
tion and partition, and conjugative transfer (26–28). The func-
tions of s082, s083, s084, and s086 remain unknown. In silico
analysis has revealed that s086 codes for a putative small basic
protein of 9.4 kDa with a predicted helix-turn-helix (HTH) DNA-
binding domain. setR codes for the main repressor of SXT/R391
ICEs (24, 29). SetR contains an HTH_XRE (PF01381) motif in its

N-terminal moiety and a C-terminal LexA-like autoproteolysis
domain (PF00717). SetR is related to phage 434 CI and other
lambdoid phage repressors and has been shown to bind to four
operator sites located between s086 and setR (Fig. 1B) (24, 30).
These operators, O1, O2, O3, and OL, are part of PL and PR, two
divergent overlapping promoters located in the intergenic region
between s086 and setR. The relative affinities of SetR for these four
operator sites and their positions suggest an autoregulation of setR
expression from PR (30) and a repression of the operon containing
s086 and setCD driven from PL (29). Repression at PL is alleviated
when the cellular pool of SetR drops, most likely as a result of
autoproteolysis stimulated by DNA damage-induced activation of
RecA (29).

The relative positions of setR and s086 are reminiscent of cI and
cro carried by bacteriophage �. CI and Cro form a pair that gov-
erns the transition between the lysogenic and lytic pathways of the
� life cycle (31, 32). To date, SXT/R391 ICEs have been known to
be regulated by only two transcriptional regulators, the repressor
SetR and the activator complex SetCD (24). In this study, we iden-
tify S086 as a third regulator, which will be referred to as CroS for
Cro-like repressor of SXT. We demonstrate that CroS is a key
factor in the alleviation of SetR repression and induction of con-

FIG 1 Effects of croS on SXT conjugative transfer. (A) Schematic representation of the regulatory module of SXT. The dotted line indicates the region enlarged
in panel B. (B) The intergenic region between croS, previously referred to as s086, and setR in SXT as represented by Beaber and Waldor (30). The PL and PR

promoters, the OL, O1, O2, and O3 operators, the �10 and �35 elements, the Shine-Dalgarno (SD) sequence of croS, and the start codons of croS and setR are
represented. (C) Effect of the deletion or overexpression of croS on SXT transfer. Conjugation assays were carried out with E. coli BW25113 SXT (VB17, WT) or
its �croS mutant (DPL353, �) as the donor. Overexpression assays were carried out by expressing croS from the arabinose-inducible PBAD promoter in pCroS
(DPL525). E. coli CAG18439 (Tcr) was used as the recipient. Frequencies of exconjugant formation were expressed as the number of exconjugant CFU (Sur Tmr

Tcr) per recipient CFU (Tcr). (D) Effect of croS deletion on the induction of SXT transfer by MC. The donor strains were VB17, DPL353, and DPL263 in which
croS was expressed from its native PL promoter in pSRZ integrated in single copy in tandem with SXT �croS. The recipient strain was CAG18439. The induction
index corresponds to the ratio of the frequencies of exconjugant formation obtained with and without MC treatment prior to transfer. The dashed line indicates
an induction index of 1, i.e., no difference between the induced and noninduced conditions. Each bar represents the mean and standard deviation of values
obtained from at least three independent experiments. Statistical analyses of the logarithms of the mean values were performed with two-tailed unpaired t tests.
Asterisks indicate that P values are �0.05 compared to the wild type (WT). (E) Schematic representation of the insert of the pSR, pSZR, and pSRZ plasmids site
specifically integrated into the 5= end of prfC alone or in tandem with SXT. The plasmid backbone is not represented. In pSZR and pSRZ, lacZ was translationally
fused to the sixth codon of croS and setR, respectively.
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jugative transfer of SXT/R391 ICEs. By binding to five operator
sites shared with SetR, CroS acts as a repressor of PL and PR,
thereby repressing both setCD and setR by a mechanism that is
evocative of � Cro repression on CI and CII (33). We also show
that SetCD increases its own expression not by activating PL but by
indirectly generating a positive feedback loop triggered by activa-
tion of SXT replication, which increases the SXT copy number and
ultimately the level of the setCD mRNA transcript. Finally, we
propose a new model of SXT transfer regulation that includes
CroS as a repressor of PL and PR, thereby promoting the SOS-
dependent induction of SXT/R391 ICE transfer.

MATERIALS AND METHODS
Bacterial strains and media. The bacterial strains used in this study are
described in Table 1. The strains were routinely grown in lysogeny broth
(LB-Miller; EMD) at 37°C in an orbital shaker/incubator and maintained
at �80°C in LB broth containing 15% (vol/vol) glycerol. Antibiotics were
used at the following concentrations: ampicillin, 100 �g ml�1; chloram-
phenicol, 20 �g ml�1; erythromycin, 10 �g ml�1; kanamycin, 50 �g ml�1;

spectinomycin, 50 �g ml�1; sulfamethoxazole (Su), 160 �g ml�1; tetra-
cycline (Tc), 12 �g ml�1; trimethoprim (Tm), 32 �g ml�1. When re-
quired, bacterial cultures were supplemented with 0.1 mM isopropyl-�-
D-thiogalactopyranoside (IPTG), 0.02% L-arabinose, or 100 ng ml�1

mitomycin C (MC).
Bacterial conjugations. Conjugation assays were performed as de-

scribed by Burrus and Waldor (34), with the following modifications.
When induction with MC was performed, overnight cultures of donor
and recipient cells were diluted 1:4 and the donor cultures were supple-
mented or not with MC and incubated for 1 h at 37°C with shaking. The
cells were harvested by centrifugation for 3 min at 1,200 	 g, washed in 1
volume of LB broth, and resuspended in 1/20 volume of LB broth. Mating
mixtures were then deposited on LB agar plates and incubated at 37°C
for 2 h.

Molecular biology methods. Plasmid DNA was prepared with the
EZ-10 Spin Column Plasmid DNA Minipreps kit (Bio Basic) according to
the manufacturer’s instructions. All of the enzymes used in this study were
purchased from New England BioLabs. PCR assays were performed with
the Taq, Q5, or Phusion polymerase according to the manufacturer’s in-
structions. When necessary, PCR products were purified with an EZ-10

TABLE 1 Strains and plasmids used in this study

Strain or plasmid Relevant genotype or description (phenotype)a

Reference(s)
or source

E. coli strains
CAG18439 MG1655 lacZU118 lacI42::Tn10 (Tcr) 76
HW220 CAG18439 prfC::SXT (Sur Tmr) 6
DC147 CAG18439 prfC::SXT �traI::aph (Sur Tmr Knr) This study
BW25113 F� �(araD-araB)567 �lacZ4787(::rrnB-3) �� rph-1 �(rhaD-rhaB)568 hsdR514 37, 77
�2163 (F�) RP4-2-Tc::Mu �dapA::(erm-pir) (Knr Emr) 36
BL21(DE3) F� ompT �hsdS gal dcm �DE3 Novagen
VB17 BW25113 prfC::SXT (Sur Tmr) 28
DPL353 BW25113 prfC::SXT �croS (Sur Tmr) This study
DPL263 BW25113 prfC::[SXT �croS]-pSRZ (Sur Tmr Cmr) This study
DPL525 BW25113 prfC::SXT pCroS (Sur Tmr Apr) This study
DPL297 BW25113 prfC::SXT setD=-=lacZ-aad7 �setC (Sur Tmr Spr) This study
DPL548 BW25113 prfC::[SXT �traI::aph setD=-=lacZ-aad7 �setC] (Sur Tmr Spr Knr) This study
DPL231 BW25113 prfC::pSR (croS-setR) (Sur Tmr) This study
DPL241 BW25113 prfC::pSZR (croS=-=lacZ-setR) (Sur Tmr) This study
DPL246 BW25113 prfC::pSRZ (croS-setR=-=lacZ) (Sur Tmr) This study

Plasmids
pVI36 PCR template for one-step chromosomal gene inactivation (Spr) 78
pKD13 PCR template for one-step chromosomal gene inactivation (Knr) 37
pVI42B pVI36 BamHI::Plac-lacZ (Spr) 20
pKD46 �Red recombination arabinose-inducible encoding plasmid (Apr) 37
pSW23T oriTRP4 oriVR6K
 (Cmr) 36
pSR pSW23T croS-setR attPSXT (Cmr) This study
pSZR pSW23T croS=-=lacZ-aad7-setR attPSXT (Spr Cmr) This study
pSRZ pSW23T croS-setR=-=lacZ-aad7 attPSXT (Spr Cmr) This study
pVI68 pAH57 �(xis�-int�)::intSXT (Ts) 20
pBAD-TOPO oripBR322 bla araC PBAD (Apr) Invitrogen
pBAD30 orip15A bla araC PBAD (Apr) 79
pGG2B pBAD30::setDC (Apr) 28
pCroS pBAD-TOPO::croS (5=-3=) (Apr) This study
pCroS-inv pBAD-TOPO::croS (3=-5=) (Apr) This study
pSetR pBAD-TOPO::setR (Apr) This study
pTraI pBAD-TOPO::traI (Apr) 27
pCR2.1-TOPO oripUC (Apr Knr) Invitrogen
pDPL128 pCR2.1-TOPO::PL-PR (Apr Knr) This study
pGEX-croS pGEX-6P-1::croS (Apr) This study
pGEX-setR pGEX-6P-1::setR (Apr) This study

a Apr, ampicillin resistant; Cmr, chloramphenicol resistant; Emr, erythromycin resistant; Knr, kanamycin resistant; Spr, spectinomycin resistant; Sur, sulfamethoxazole resistant; Tcr,
tetracycline resistant; Tmr, trimethoprim resistant; Ts, thermosensitive.
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Spin Column PCR Products Purification kit (Bio Basic) according to the
manufacturer’s instructions. E. coli was transformed by electroporation as
described by Dower et al. (35) in a Bio-Rad Gene Pulser Xcell apparatus
set at 25 �F, 200 �, and 1.8 kV with 1-mm gap electroporation cuvettes.
Sequencing reactions were performed by the Plateforme de Séquençage et
de Génotypage du Centre de Recherche du CHUL (Québec, QC, Canada).

Plasmid and strain constructions. The plasmids and oligonucleotides
used in this study are listed in Table 1 (also see Table S1 in the supplemen-
tal material). Plasmids pCroS and pSetR were constructed by amplifying
croS and setR with primer pair s086pBADf/s086pBADr.s or setRpBADf/
setRpBADr.s and genomic DNA of E. coli HW220 as the template and
cloning into the TA cloning expression vector pBAD-TOPO (Invitrogen)
according to the manufacturer’s instructions. pSR was constructed by
PCR amplification of the croS-setR-attP region resulting from the excision
of SXT in E. coli HW220 with the primer pair PEs086/VISLR3. The
2,022-bp PCR product was first cloned into pCR2.1-TOPO (Invitrogen)
according to the manufacturer’s instructions. The cloned fragment was
then recovered by NotI/BamHI digestion and then ligated to NotI/
BamHI-digested pSW23T, yielding pSR. pSW23T contains the RP4 mo-
bilization locus, the R6K pir-dependent conditional origin of replication,
and a chloramphenicol resistance gene (36). Plasmid pDPL128 was con-
structed by cloning into pCR2.1-TOPO (Invitrogen) the intergenic region
between setR and croS, which was amplified by PCR with primer pair
RRs086-4/RRs086setRr and genomic DNA of E. coli HW220 as the tem-
plate.

�croS and �traI mutant derivatives of SXT were constructed in E. coli
HW220 by the one-step chromosomal gene inactivation technique (37)
with primer pairs delS086F/dels086R and TraIWF2/TraIWR3, respec-
tively, and the pKD13 template. SXT �traI::aph complemented with
pTraI was transferred by conjugation into E. coli BW25113. To construct
E. coli DPL548, the �traI::aph mutation was then transduced into E. coli
DPL297 (BW25113 prfC::SXT �setCD::lacZ-aad7) by P1vir generalized
transduction. Strains containing pSR integrated into the 5= end of prfC
were constructed by mating the RP4� pir� strain E. coli �2163/pSR with
E. coli BW25113 containing pVI68 as the recipient strain. pVI68 expresses
the integrase of SXT, thereby allowing site-specific integration of pSR,
which was verified by amplifying the attL and attR sites by PCR with
primer pairs EattBR/VISRF and EattBF/VISLR3, respectively. The ab-
sence of multiple integrations of pSR in tandem arrays was verified with
primers VISLR3 and VISRF. The resulting strain, E. coli DPL231, contains
a unique copy of the croS-setR region integrated site specifically into prfC.
Translational lacZ fusions setR=-=lacZ, croS=-=lacZ, and setCD=-=lacZ were
constructed by the one-step chromosomal gene inactivation technique
(37) with primer pairs DATsetR-lacZf/DATsetR-lacZr, DATsetQ-lacZf/
DATsetQ-lacZr, and DATsetCD-lacZf/DATsetCD-lacZr, respectively,
and pVI42B as the template. In each construct, the sixth codon of the gene
of interest was fused to the ninth codon of lacZ. The setR=-=lacZ and
croS=-=lacZ mutations targeted BW25113 derivative strains containing
pSR integrated into prfC (DPL231), whereas the setCD=-=lacZ mutation
targeted SXT in E. coli VB17. SXT �croS was transferred into DPL246 by
conjugation to generate DPL263.

RNA isolation and quantitative reverse transcription (qRT)-PCR.
Total RNA was extracted and cDNA were synthesized as described previ-
ously (19, 38). RNA integrity was verified with a 2100 Bioanalyzer (Agi-
lent). Quantitative amplification of setR, croS, setD, and setC was carried
out with primer pairs RTsetR-F/RTsetR-R, RTcroS-F/RTcroS-R, RTsetD-
F/RTsetD-R, and RTsetC-F/RTsetC-R, respectively. For normalization,
rpoZ was amplified with primers RTrpoZcoli-F/RTrpoZcoli-R and the
��CT calculation method. Experiments were repeated three times in trip-
licate and combined. Melting curves were determined with the final reac-
tion products (156 to 165 bp) to confirm that amplification was specific to
targets. All primer pairs exhibited efficiencies between 95 and 97%.

Real-time qPCR assays for relative quantification of attB and attP.
The frequency of excision and copy number of the excised circular form of
SXT were assessed by real-time quantitative PCR (qPCR) as described

elsewhere (39). Genomic DNA was obtained from cultures of E. coli VB17,
DPL297/pGG2B, and DPL548/pGG2B cells grown under conditions de-
scribed for the qRT-PCR assays. Bacterial cultures were grown in LB me-
dium at 37°C to an optical density at 600 nm (OD600) of 0.2 and then for
an additional 2 h at 37°C. prfC, attB, and attP were quantified with primer
pairs prfC.qec.F1/prfC.qec.R1, attB.qec.F2/attB.qec.R2, and attP.qec.F2/
attP.qec.R2, respectively (27) (see Table S1 in the supplemental material).
Three biological replicates of qPCR experiments were performed on the
RNomics platform of the Laboratoire de Génomique Fonctionnelle de
l’Université de Sherbrooke, Sherbrooke, QC, Canada (http://lgfus.ca).
Normalization was performed as described previously (39).

�-Galactosidase assays. The substrate used to determine LacZ levels
was o-nitrophenyl-�-D-galactopyranoside, and the assays were carried
out as described previously (40) with LB medium and 100 �g ml�1 am-
picillin for maintenance of pCroS and pGG2B. Induction of croS and
setCD expression and of the SOS response was done by supplementing,
respectively, with 0.2% arabinose and/or 100 ng ml�1 MC a refreshed
culture grown to an OD600 of 0.2, followed by a 2-h incubation at 37°C
with shaking prior to cell sampling.

Expression and purification of the SetR and CroS proteins. Over-
night-grown cultures of E. coli BL21(DE3) bearing pGEX-croS or pGEX-
setR were diluted 1/1,000 in fresh 2	 YT broth (80) supplemented with
100 �g ml�1 ampicillin and incubated at 37°C with agitation. Protein
expression was induced at mid-exponential phase (OD600 of 0.6) with 0.1
mM IPTG. The cultures were grown for an additional 3 h at 37°C with
agitation. Cells were collected by centrifugation, resuspended in phos-
phate-buffered saline containing 1% Triton X-100, 1 mM phenylmethyl-
sulfonyl fluoride, and a cocktail of protease inhibitors (Protease Inhibitor
Cocktail; Sigma). Cells were lysed by sonication and centrifuged to pellet
the debris, and CroS and SetR were recovered by affinity chromatography
with the glutathione S-transferase purification module (GE Healthcare)
and the PreScission protease (GE Healthcare) according to the manufac-
turer’s instructions. Protein concentration was estimated with the Brad-
ford protein assay (Bio-Rad), and purity was determined by SDS-PAGE
analysis.

Dimerization assay. Prior to dimerization assay, the purity of CroS
was estimated by SDS-PAGE analysis to be 95%. No contaminant proteins
with a size similar to that of CroS was observed. A 4.7-�g sample of
purified CroS was incubated with 0.625% glutaraldehyde for 30 min at
room temperature. The reaction mixture was then denatured at 100°C for
3 min, loaded onto a 15% SDS-PAGE gel, and run for 75 min at 150 V
(41). The gel was then stained with Coomassie brilliant blue R-250. The
Precision Plus Protein Kaleidoscope Standards ladder (Bio-Rad) was used
as a molecular weight marker.

EMSAs. The probes used in electrophoretic mobility shift assays
(EMSAs) were either annealed oligonucleotides or PCR products. Puri-
fied PCR products and a single oligonucleotide for each annealed pair
were labeled with [
-32P]dATP with the T4 polynucleotide kinase. An
equimolar quantity of the complementary oligonucleotide was added, the
volume was brought to 100 �l in 20 mM Tris-HCl (pH 8.0)–20 mM KCl,
and the mixture was denatured at 95°C for 5 min and then cooled to room
temperature over 1 h. The 
-32P-labeled double-stranded DNA fragments
were separated from unincorporated [
-32P]dATP with Illustra Micro
Spin G-25 columns (GE Healthcare) according to the manufacturer’s in-
structions. Purified CroS and SetR proteins were preincubated in 24 �l of
buffer I (20 mM Tris-HCl [pH 8.0], 20 mM KCl, 1 mM MgCl2, 5% glyc-
erol) for 20 min at 4°C. For PCR probes 1 to 6 (Fig. 4D), nonspecific
competitor DNA was added by supplementing buffer I with sonicated
salmon sperm DNA at 50 ng ml�1. Radiolabeled probes (2,000 cpm) were
added, and samples were incubated for 30 min at 37°C and then for 10 min
at 4°C. Samples were immediately loaded onto a prerun 4% polyacryl-
amide gel containing 0.5	 Tris-borate-EDTA buffer and subjected to
electrophoresis at a constant voltage of 120 V at 4°C for 1 h 15 min. Gels
were dried and exposed to a Phosphor Screen (Kodak), and results were
visualized with a Typhoon FLA 9500 imager (GE Healthcare). The densi-
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tometry values (intensity units per millimeter squared) of each shifted
operator were quantified with the Quantity One software (Bio-Rad). The
background was subtracted, and then percentages of maximal intensity
were calculated by dividing the density of each band by the highest den-
sity, both obtained with 1 �M SetR or CroS.

DNase I protection assays. To analyze the top strand, the probe was
prepared first by digesting pDPL128 with HindIII. The linearized plasmid
was then dephosphorylated with Antarctic phosphatase and subsequently
digested with NsiI. To analyze the bottom strand, the probe was prepared
by digestion of pDPL128 with XhoI, Antarctic phosphatase dephosphor-
ylation, and digestion with KpnI. The probes were then end labeled with
the T4 polynucleotide kinase and [
-32P]ATP at 6,000 Ci mmol�1. Fifty-
microliter binding reaction mixtures containing CroS and the radiola-
beled probe (20,000 cpm) were prepared as described for EMSAs. Fifty
microliters of cofactor solution (10 mM MgCl2, 5 mM CaCl2) and 0.1 U of
DNase I were added, and the mixture was incubated for 2 min at room
temperature. The reaction was terminated by the addition of 100 �l of
stop solution (1% SDS, 200 mM NaCl, 20 mM EDTA [pH 8.0], tRNA at 40
�g ml�1) and extracted with 200 �l of phenol-chloroform-isoamyl alco-
hol (25:24:1). DNA was precipitated with 3 volumes of ethanol, washed
with 70% ethanol, dried, resuspended in sequencing gel loading buffer,
and denatured for 5 min at 95°C. Sequencing reaction mixtures that serve
as a ladder were prepared with the Sequenase 2.0 DNA sequencing kit
(Affymetrix-usb) and primers FP-frag2-HindIII and FP-frag2-XhoI for
the top and bottom strands, respectively. After electrophoresis through a
denaturing 10% polyacrylamide sequencing gel in 0.8	 glycerol-tolerant
gel buffer, the gel was dried and detection was carried out with a Phosphor
Screen (Kodak) and a Typhoon FLA 9500 imager (GE Healthcare).

RESULTS
CroS is important for the DNA damage-induced activation of
SXT transfer. To investigate the role of CroS in the biology of
SXT/R391 ICEs, we first monitored the effect of its deletion or
overexpression on the transfer of SXT under noninduced condi-
tions and in the presence of the DNA-damaging agent MC. First,
we observed that the basal level of SXT transfer remained unaf-
fected by croS deletion under noninduced conditions (Fig. 1C).
However, while transfer of wild-type SXT was induced more than

30-fold by MC, the �croS mutant remained virtually unresponsive
to MC (Fig. 1D). This phenotype could result from a polar effect of
croS deletion on the expression of the downstream genes setCD,
which are part of the same operon. To rule out this possibility, we
carried out a complementation assay by expressing croS from its
native promoter PL from pSRZ inserted as a single copy into the
chromosomal gene prfC in a tandem fashion with SXT �croS (Fig.
1E). pSRZ restored the 30-fold MC-dependent induction to SXT
�croS, thereby confirming that the lack of response to MC ex-
hibited by the �croS mutant was not due to a polar effect on the
expression of setCD (Fig. 1D). Moreover, overexpression of
croS from a PBAD promoter provided by pCroS led to a 10-fold
reduction of SXT transfer (Fig. 1C). Altogether, these results
suggest that CroS is a crucial regulator for stimulation of SXT
transfer in response to DNA damage and suggest the existence
of a �-like SetR-CroS switch in the regulatory network of SXT/
R391 ICEs.

Predicted structure and DNA-binding domain of CroS. Ex-
tensive studies of many members of the Cro-like family have pro-
vided valuable insights for predicting distinctive features of newly
discovered Cro-like repressors, which allowed this family to be
used as a model in evolutionary studies of protein structure and
DNA recognition (42, 43). CroS is predicted to contain a DNA-
binding HTH domain (HTH_XRE, COG4197) (Fig. 2A). HHpred
analyses revealed that CroS is 25% identical to � Cro and 35%
identical to Xfaso 1, a putative regulator encoded by a prophage of
Xylella fastidiosa. Although these two homologous regulators have
similar regulatory functions and are encoded by genes that are
found in similar contexts, � Cro and Xfaso 1 have been shown to
be structurally different. � Cro is a dimeric protein with a mixed
�-sheet/-helix fold, while Xfaso 1 is a monomeric all--helical
fold protein in solution (42). A high-accuracy model of the pre-
dicted structure of CroS based on the crystal structure of Xfaso 1
was obtained with Phyre2 (44) (Fig. 2B and C). This model sug-
gests that CroS exhibits an all- structure and exists in solution

FIG 2 Predicted structure and DNA-binding domain of CroS. (A) Amino acid sequence alignment of Cro-like repressors computed by Clustal Omega (72). The
source ICE or phage is indicated on the left. Sequences are sorted according to phylogenetic proximity. Amino acids are color coded as follows according to their
chemical properties: pink, positively charged; green, negatively charged; gray, no charge, polar, and hydrophilic; red, aromatic; black, hydrophobic; orange,
cysteine; yellow, proline; purple, glycine. DNA recognition helices as described by Hall et al. (43) are indicated by a black box. The Dodd and Egan method
predicted a 71% chance of an HTH motif (73). (B) Three-dimensional ribbon structure of CroS as modeled by Phyre2 with template Protein Data Bank (PDB)
entry 3BD1 (Cro protein from Xfaso 1 in X. fastidiosa strain ann-1) with 99.9% confidence, 76% coverage, and 38% identity (44). The putative DNA recognition
helix is shown in white. (C) Superposition of the modeled monomer of CroS (orange) and a dimer of Xfaso 1 (blue) as crystallized by Roessler et al. (42) with the
predicted DNA recognition helices shown in white. (D) SDS-PAGE analysis of purified CroS protein cross-linked or not with 0.625% glutaraldehyde.
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either as a monomer or as a dimer. Despite extensive similarities,
CroS does not contain the cysteine residues C42 and C55 forming
the intrasubunit cystine bond observed in Xfaso 1 (42).

We carried out an oligomerization assay with glutaraldehyde
cross-linking and observed two bands with sizes compatible to
either monomeric or dimeric forms of CroS in solution (Fig. 2D),
indicating that CroS can form higher-order complexes even in the
absence of target DNA.

CroS acts as a repressor of setR. CroS similarity to other Cro-
like repressors and the relative positions of croS and setR led us to
hypothesize that the inability of a �croS mutant to respond to MC
induction was at least in part due to the lack of repression of the PR

promoter that drives setR expression. To test this hypothesis, we
used qRT-PCR to measure and compare the relative mRNA levels
of setR in wild-type SXT and its �croS mutant, with or without
overexpression of croS and in the presence or absence of MC (Fig.
3A and B, setR). We observed that while setR expression increased
only 3-fold upon MC induction in wild-type SXT, it increased
10-fold in the �croS mutant (Fig. 3A, setR). Complementation
with pSRZ expressing croS from its native promoter restored the
induction of setR expression to nearly the wild-type level. In con-
trast, overexpression of croS abolished the MC-mediated induc-
tion of setR expression (Fig. 3B, setR). This phenotype results from
croS overexpression, as control plasmid pCroS-inv, in which the
ORF of croS is in the reverse orientation, did not lead to abolition
of MC-dependent induction (see Fig. S1 in the supplemental ma-
terial). To isolate the CroS-SetR locus from the rest of the SXT-
encoded functions, we also quantified setR from pSR to mimic
wild-type SXT and from pSZR to mimic SXT �croS. Although the
differences observed were not statistically significant in these sim-
plified genetic contexts, MC-mediated induction of setR expres-

sion followed trends similar to those observed with complete SXT,
suggesting that, besides CroS and SetR, no other ICE-encoded
factor regulates setR expression (Fig. 3A and B, setR). To confirm
the repression of setR expression by CroS, we also measured the
�-galactosidase activity of a setR=-=lacZ fusion (pSRZ) in the pres-
ence or absence of arabinose-induced pCroS (Fig. 3C, setR). Ex-
pression of the setR=-=lacZ fusion was decreased 2-fold when croS
was overexpressed. Similar results were obtained regardless of the
absence or presence of MC, indicating that setR expression is not
altered by MC in the absence of the SetR protein. Together, these
results confirm that CroS represses setR, likely by acting on the PR

promoter.
CroS represses the promoter PL. In �, Cro not only represses

the expression of the associated cI repressor gene but also represses
the expression of lytic genes (33). In SXT, integration/excision and
conjugative-transfer genes are the counterpart of � lytic genes.
Their expression is activated by the class II transcriptional activa-
tor complex SetCD (24, 26). Previously, expression of SetCD was
shown to be driven from PL in the same mRNA transcript that
harbors croS (30). To assess whether CroS can repress PL, we mea-
sured the relative mRNA level of transcripts containing setC and
setD in cells bearing wild-type SXT or its �croS mutant derivative
in the presence or absence of pSRZ, pCroS, and MC (Fig. 3A, setD
and setC). In an MC-induced �croS mutant context, we observed
that the level of mRNA containing setD and setC rose 5-fold com-
pared to that of wild-type SXT. This enhanced expression of setCD
was partially complemented by croS provided from its native pro-
moter in pSRZ. Moreover, overexpression of croS from pCroS
virtually abolished setD and setC expression (Fig. 3A, setD and
setC). The repressive effect of overexpression of CroS was also
observed at the translational level since the croS=-=lacZ and setD=-

FIG 3 CroS represses expression from PL and PR. (A) Effects of croS deletion and overexpression on setR, croS, setD, and setC mRNA levels. setR, croS, setD, and
setC mRNA transcript levels in the presence or absence of MC were measured by qRT-PCR. The strains carried SXT (VB17, WT [wild type]) or its �croS mutant
(DPL353, �) and/or the simplified pSR (DPL231) construct or its pSZR (DPL241) or pSRZ (DPL263, DPL246) derivative. (B) Effects of croS deletion and
overexpression on the SOS-dependent induction of setR and croS expression. The strains used are the same as those in panel A for setR and croS, but the results
are shown as induction ratios obtained by ��CT calculations. The level of expression without MC was subtracted from the level with MC. The dashed line
indicates an MC induction ratio of 1, i.e., no difference between the induced and noninduced conditions. (C) Effect of croS overexpression on the translation of
setR, croS, and setD. Shown are �-galactosidase assays with strains harboring translational lacZ fusions to setR (DPL246) and croS (DPL241) derived from pSR or
to setD derived from SXT (DPL297). Each bar represents the mean and standard deviation of values obtained from at least three independent experiments.
Statistical analyses of the mean values were performed with two-tailed unpaired t tests. Statistical significance is indicated as follows: ns (not significant), P � 0.05;
*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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=lacZ fusions yielded very low �-galactosidase activities even when
the cells were exposed to MC (Fig. 3C, croS and setD). Expression
of croS was similar in the SXT and pSR contexts, while removal of
the setR gene in pSRZ boosted the expression of croS, confirming
the repressive function of SetR on PL (Fig. 3A, croS). Abolition
of the MC responsiveness in pSRZ confirms the pivotal role of
SetR for integration of the SOS signal (RecA*) to the regulatory
network. croS expressed from its native promoter is not sufficient
to completely repress PL upon MC induction. These expression
assays confirm the importance of SetR for the MC-dependent in-
duction of SXT/R391 ICE transfer and that CroS acts as a mild
repressor of the PL promoter, which drives the expression of the
master activator complex SetCD.

DNA-binding motif recognized by SetR. To confirm the mo-
tif bound by SetR (30), the �4.8-kb nucleotide sequence overlap-
ping s084 and attR was submitted to the motif-based sequence
analysis tool Multiple EM for Motif Elicitation (MEME) (45). This
analysis led to the identification of the same operators previously
described for SetR located between croS and setR (OL, O1, O2, and
O3), as well as the remote fifth operator O4 (Fig. 4A) (30). A motif
alignment and search tool (46) analysis revealed that this motif is
not found anywhere else in the SXT sequence.

SetR binding to each independent operator, including O4, was
confirmed by EMSAs with purified SetR and a DNA probe corre-
sponding to the single operator (Fig. 4B and C). We observed
differential affinities of SetR for its operator sites in the following
order: O4 � O1 � O3 � OL � O2. To gain a better understanding
of the SetR DNA-binding pattern, we mixed purified SetR with
permutated radiolabeled probes, i.e., probes identical in size and
partially overlapping each other, containing OL, O1, O2, and O3
(Fig. 4D). SetR binding led to the formation of one predominant
complex for all of the probes tested, suggesting that it binds coop-
eratively to the operators. The variation in the migration distances
of the protein-DNA complexes suggests that SetR binding to its
operator leads to DNA bending, as shown for other CI-like repres-
sors (47, 48). Indeed, the position of the bending angle along the
length of the DNA probe modifies the overall structure of the migrat-
ing protein-DNA complex and hence its migration distance (49).

DNA-binding motif recognized by CroS. It has been reported
for numerous lambdoid bacteriophages that CI-like and cognate
Cro-like repressors have operator sites in common because of
similarity in their HTH DNA-binding domains (50–52). The
HTH domains of CroS and SetR show 26% identity, which is
higher than that of other well-studied �-like repressor pairs such
as � and P22 (Fig. 4E), suggesting that both proteins have the same
operator sites. We tested this hypothesis by carrying out EMSAs
with purified CroS and DNA probes corresponding to individual
SetR operator sites and confirmed that CroS independently binds
to the exact same five operators (Fig. 4C). We observed a differ-
ential affinity of CroS for its operator sites in the following order:
O3 � OL � O4 � O1 � O2. Like SetR, purified CroS specifically
binds PL and PR, as neither protein was able to shift probes con-
taining the promoter Ps089 or Ps003 in the presence of a specific
competitor DNA (annealed oligonucleotides containing either O1
or O2) (see Fig. S2 in the supplemental material). Incubation of
purified CroS with permutated radiolabeled probes containing
OL, O1, O2, and O3 (Fig. 4D) led to the formation of multiple
shifted CroS-DNA complexes, suggesting that, unlike SetR, CroS
binds multiple sites in a noncooperative manner. The large foot-
prints observed following CroS binding to the OL, O1, and O2

operators confirm the concomitant binding of CroS to these sites
(see Fig. S3 in the supplemental material). Altogether, the results
of our SetR and CroS binding assays suggest that both repressors

FIG 4 CroS and SetR binding to the switch locus of SXT. (A) Sequences of the five
SetR and CroS operators and the associated logo computed by the MEME motif-
based sequence analysis tool. The sites previously described by Beaber and Waldor
(30) are in bold letters. (B) Representation of the switch locus and the 32P-labeled
probes used for the gel shift assays in panels C and D. The orientations of the motifs
are indicated above the operators. (C) Binding of 0.6 and 1 �M purified SetR or
CroS to annealed oligonucleotides containing a single operator (length of 31 to 36
bp). The leftmost lane for each operator contains the probe alone. The percent
intensity of each shifted band in relation to the band with maximal intensity
(O4 for SetR and O3 for CroS with 1 �M SetR or CroS) is indicated below
the autoradiograph. (D) Bending assays with 1 �M SetR or CroS and per-
muted PCR probes 1 to 6. The border lanes contain probe 1 with no added
protein. (E) Alignment of the HTH_XRE domains (74) of corepressor pairs
computed by Clustal Omega (72). Amino acids conserved in at least four of
the aligned repressors are in bold. Hash marks (#) above the alignment
indicate the specific residues of SetR involved in DNA binding that have
been annotated in an NCBI-curated HTH_XRE domain (74). The HTH
components are indicated as described elsewhere (51, 75). Percentages of iden-
tity between the represented amino acids of the corepressors are indicated on
the right of the alignment.
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bind the same operators located in the SXT locus that contains the
promoters PL and PR.

SetCD indirectly generates a positive feedback loop by acti-
vating SXT replication. Previously published work suggests that
SetCD regulates its own expression (24). To test this hypothesis,
we quantified the �-galactosidase activity of a setD=-=lacZ fusion in
SXT (DPL297) with or without overexpression of setCD from a
PBAD promoter (pGG2B) (Fig. 5A, setD). Upon overexpression of
setCD, the �-galactosidase activity of the setD=-=lacZ fusion rose
by 75-fold. Although croS and setD are part of the same mRNA
transcript driven by PL (Fig. 5A, croS), this drastic increase was
not observed for the setR=-=lacZ and croS=-=lacZ fusions mea-
sured from pSRZ (DPL246) and pSZR (DPL241), which are

integrated and locked into the chromosome. We also measured
the setR and croS mRNA transcript levels in cells bearing SXT or its
�setCD mutant form in the absence of MC with or without
pGG2B (Fig. 5B). Deletion of setCD did not significantly alter the
expression levels of setR and croS. In contrast, overexpression of
setCD increased both setR and croS mRNA levels, which is seem-
ingly inconsistent with the results obtained by measuring �-galac-
tosidase activities from pSRZ or pSZR (Fig. 5A and B). Altogether,
these results suggested that setCD expression could be driven from
an unidentified alternative SetCD-dependent promoter located
between PL and setD. However, despite several attempts, we failed
to detect any additional promoter between these two loci with 5=
rapid amplification of cDNA ends (RACE) and primer extension
assays (data not shown). Furthermore, genome-wide 5= RACE
and chromatin immunoprecipitation-exonuclease experiments
recently confirmed that no promoter is detectable downstream of
PL and that PL itself is not a SetCD-dependent promoter (26).
Another SXT-encoded factor absent from pSZR and pSRZ
could explain this discrepancy.

Recent work has established that under inducing conditions,
SXT/R391 ICEs replicates by a rolling-circle mechanism initiated
by the relaxase TraI. This replication step is important for conju-
gative transfer, as well as the stability of the ICE in the cell and in
the bacterial population (27). To test whether activation of traI
expression by SetCD (26) is responsible for the increased setCD
expression in an SXT background, we measured the �-galactosi-
dase activity of the setD=-=lacZ fusion in a strain carrying SXT
�traI (DPL548) and pGG2B. We observed that deletion of traI
abolished the pGG2B-induced increase in setR, croS, and setD ex-
pression (Fig. 5A and B). To confirm that traI deletion has an
effect on the copy number of SXT, we measured the mean copy
number of extrachromosomal circular forms of SXT per cell by
establishing the ratio of the amount of attP recombination sites
resulting from SXT excision to the amount of unoccupied chro-
mosomal attB sites by real-time qPCR. In theory, each SXT exci-
sion event yields one unoccupied attB site on the chromosome
and one attP site on the circular excised SXT if it does not replicate
(attP/attB ratio of 1). Consistent with previous reports (27, 39),
the attP/attB ratio was 5 for wild-type SXT. While this ratio was
similar at 4 for SXT �setD=-=lacZ/pGG2B, it decreased to 0.7 for
SXT �traI setD=-=lacZ/pGG2B, confirming the importance of TraI
in SXT replication (Fig. 5D). Altogether, these results demonstrate
that the apparent involvement of SetCD in the expression of genes
in the regulatory region is not due to direct activation of PL and PR

by SetCD. Instead, SetCD triggers int, xis, and traI expression,
thereby driving SXT excision and replication, which increases the
copy number of SXT molecules in a larger fraction of the cell
population, leading to increased setR and croS-setCD mRNA
levels.

DISCUSSION

SXT/R391 ICEs are major vectors of multidrug resistance dissem-
ination across a plethora of bacterial genera encountered in clin-
ical and environmental settings (7–9). Their highly conserved reg-
ulatory region governs the transition between the ICE quiescent
and conjugative states (24, 29, 30). Here, we report several new
levels of genetic regulation controlling SXT/R391 ICE behavior.
Using SXT as a prototypical member of the family, we have iden-
tified and characterized the function of CroS, an ICE-encoded
Cro-like repressor that serves as a key component of this genetic

FIG 5 Overexpression of setCD leads to an indirect positive feedback loop
boosting the expression from PL and PR. (A) Effect of SetCD on the expression
of setR, croS, and setD translationally fused to lacZ measured by �-galactosi-
dase assay in the presence or absence of MC. The strains contain pSRZ
(DPL246), pSZR (DPL241), SXT setD=-=lacZ �setC (DPL297), or SXT �traI
setD=-=lacZ �setC (DPL548). Overexpression assays were carried out by ex-
pressing setCD from the arabinose-inducible PBAD promoter in pGG2B. (B)
Effects of setCD deletion and overexpression on setR and croS mRNA levels.
qRT-PCR assays were carried out with E. coli BW25113 carrying SXT (VB17,
WT [wild type]) or its �setCD or �traI �setCD (DPL297 and DPL548) deriv-
ative without MC induction. Overexpression assays were carried out by ex-
pressing setCD from pGG2B. (C) Representation of integration/excision and
replication of SXT. (D) Measurement of SXT copy number by qRT-PCR (per-
cent attP/percent attB with prfC as a reference) in SXT derivatives (identical to
those in panels A and B) with or without overexpression of setCD. Each bar
represents the mean and standard deviation of values from three independent
experiments. Statistical analyses of the mean values were performed with two-
tailed unpaired t tests, with the exception of the setD results in panel A, for
which the logarithms of the mean values were used. Statistical significance is
indicated as follows: ns (not significant), P � 0.05; *, P � 0.05; **, P � 0.01;
***, P � 0.001; ****, P � 0.0001.
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switch together with SetR, the main repressor of SXT/R391 ICEs
(24). We also show that SetR and CroS are able to bind the O4
operator, likely consolidating the repressed state of these ICEs.
Finally, expression of SetCD results in a positive feedback mech-
anism that is dependent on traI, which encodes the presumed
relaxase of SXT/R391 ICEs. Given the high conservation of the
core genes, especially those of the regulatory region of SXT/R391
ICEs (8), our findings are most likely applicable to all of the mem-
bers of the family.

The SetR-CroS switch. In � genetic regulation, the nature of
the patterns of CI and Cro binding to the OR1, OR2, and OR3
operators leads either to the activation or repression of cI expres-
sion from PRM or to the repression or derepression of cro from PR

(52). The relative affinities of both repressors for each operator
and their respective cell abundance, combined with intrinsic cel-
lular stochasticity, determine the fate of the switch. The closest
structural relative of SetR is the CI repressor encoded by lambdoid
bacteriophage 434. The N-terminal dimer interface of phage 434
CI was shown to drive the central base preference, which defines
the specific affinity of the repressor for each operator indepen-
dently (53). Even though extensive thermodynamic studies are
mandatory to infer quantitative relative affinities, the conditions
used in binding reactions allowed us to observe variations in com-
plex formation between the independent operators. With these as
an indicators of affinity, the inferred relative affinities of SetR for
the five operator sites are O4 � O1 � O3 � OL � O2, which are
consistent with what was observed by DNase I footprinting (30).
The relative affinities of CroS for the same operators were O3 �
OL � O4 � O1 � O2. This binding pattern is consistent with �
Cro, which binds more tightly to OR3 that to OR1 and OR2.

In SXT, the center-to-center O1-O2 and O2-O3 spacings are
24 and 23 bp (Fig. 1B), the ideal distances for cooperative binding,
given that two adjacent bound repressor dimers are located on the
same side of the DNA helix (54). The OL-O1 spacing of 30 bp
suggests that binding of SetR to O1 cannot yield cooperative bind-
ing to OL, the orientation of the adjacent repressors being inade-
quate. Given the observed affinity of SetR, and in agreement with
� regulation, the likely preferred pattern of SetR binding is to
O1-O2. The organization of operator sites and promoters of the
regulatory locus of SXT (Fig. 1B) suggests that SetR activates its
own expression from PR when cooperatively bound to O1-O2,
likely by contacting the �70 subunit of the RNA polymerase
(RNAP) (30, 55–57). Binding of SetR to O1-O2 not only triggers
its own expression from PR but also blocks access of the RNAP to
PL, which drives the expression of setCD and the subsequent acti-
vation of conjugative genes of SXT (26, 29, 30, 58). By analogy
with � cI regulation, SetR would repress its own expression by
further binding to O3 in addition to O1-O2 when its intracellular
level increases (30, 55, 56).

In our assays, the level of SetR translation appeared to be
higher than that of CroS translation, suggesting that SetR protein
levels are higher than CroS levels (Fig. 3C). In fact, under nonin-
duced conditions, only 1 cell out of 11,500, on average, acts as a
donor cell (frequency of exconjugant formation � 8.65 	 10�5 �
9.88 	 10�6 exconjugant CFU/donor CFU, n � 3), suggesting that
the quantity of croS mRNA transcripts per cell is lower than the
quantity of SetR mRNA transcripts in most cells of the population.
The primer efficiency bias in qRT-PCR precludes us from directly
comparing the amounts of mRNA containing setR and croS (Fig.
3A). CroS is presumably dominant in only 1 out of 11,500 cells

transitioning from the quiescent to the transfer-proficient state of
SXT. We have established that CroS is mandatory for SOS induc-
tion of SXT transfer, which is consistent with � regulation (33).
CroS represses PL and PR when SetR repression is alleviated. This
double repression likely delays the recovery of the SetR pool and
displaces the balance toward PL expression long enough for acti-
vation of conjugative transfer to occur properly. In our assays, PL

repression by CroS was observed only upon the overexpression of
croS, not when croS was expressed from its native promoter (Fig.
3A, croS). This observation suggests that CroS is a weak repressor
of PL. In wild-type induced SXT, conditional replication mediated
by TraI (27) increases the croS mRNA level (Fig. 5B), which could
allow partial repression of PL. CroS would then act at PL to miti-
gate the expression of setCD, which has been shown to be toxic
when overexpressed (24, 59).

The closest structural relative of CroS is Xfaso 1, a Cro-like
repressor whose structure has been determined (42). To our
knowledge, experimental data supporting the functionality of
Xfaso 1 remain limited (60). Secondary-structure predictions sug-
gest that Xfaso 1 and CroS have an all--helix structure, as does
the well-studied Cro protein encoded by lambdoid bacteriophage
P22 isolated from Salmonella (Fig. 2B) (61). The genetic regula-
tion network of P22 is more complex than that of �, as P22 codes
for additional repressors to maintain lysogeny (62). Despite their
structural differences (all- versus -� folds), Cro proteins likely
have highly similar interactions with the PR and PRM promoters in
P22 and � (63, 64). Indeed, opposite affinities of Cro-like (OR3 �
OR1 � OR2) and CI-like (OR1 � OR2 � OR3) repressors for each
operator were observed in both phages. Consistent with our re-
sults, the affinity of the Cro-like repressors for each operator ex-
hibits less variation than the affinity of CI-like repressors (63).
Study of many natural and synthetic versions of the � genetic
network led to the conclusion that while most components are not
essential, altogether they contribute to the overall efficiency and
stability of the system (65). We showed that the role of CroS is
particularly important in SXT regulation, as SXT lacks two com-
ponents that are important for noise reduction and stabilization of
the � system, the activator CII and two additional operators in the
OL region.

Pleiotropic effect of SetCD overexpression. In � and in SXT,
the cro genes are cotranscribed with genes coding for transcrip-
tional activators, cII in � and setCD in SXT. These activators are
not related. Instead, SetCD is related to FlhCD and AcaCD, the
master activators of flagellum synthesis in Gram-negative bacteria
(66) and of conjugative transfer functions of IncA/C plasmids
(67), respectively. One role of CII is the activation of cI by acting at
the promoter PRE (52). The intracellular level of CII ultimately
makes the decision between lysis and lysogeny. Similarly, our re-
sults show that setR mRNA levels rise upon setCD overexpression
(Fig. 5B, setR). However, our results revealed that this is not due to
direct activation of PR by SetCD. Instead, expression of setCD
markedly enhances int, xis, and traI mRNA levels, presumably
leading to ICE excision and conjugation-associated replication in
a greater portion of the cell population (26, 27). The elevated setR
and croS mRNA levels observed in SetCD-induced bacterial cul-
tures (Fig. 5B) also support this scenario. Paradoxically, overex-
pression of setCD lowered the �-galactosidase activity of the setR-
lacZ and croS-lacZ fusions constructed in the minimal pSR
construct (without the SXT backbone) (Fig. 5A). This collateral
repressive effect of SetCD overexpression could be caused by ille-
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gitimate SetCD DNA binding. In addition to being overexpressed,
none of the SetCD target promoters was present in such cells to
titrate SetCD excess. Alternatively, overexpression of SetCD
might reduce lacZ expression levels through nonspecific effects on
cellular growth rates.

The level of translation was higher for setD than for croS (Fig.
3C). This difference could be attributable to the spacing between
their respective Shine-Dalgarno sequences and start codons,
which is closer to the optimum for setD than for croS (68).

A revised model of SXT early regulation. Since the preferred
substrate for RecA*-activated self-cleavage of phage 434 CI is the
DNA-bound dimer (69), one could argue that, upon DNA dam-
age, the cooperatively bound SetR-DNA complex becomes the
substrate of RecA*, unleashing SetR’s latent autoproteolysis activ-
ity (29). Release of the operators alleviates the repression exerted
by SetR on PL, allowing croS and setCD expression (Fig. 6B). CroS,
the first translated protein, would bind to O3 to prevent prema-
ture resurgence of the SetR pool (Fig. 6C). CroS would then bind
in a noncooperative fashion to OL, O1, O2, and O4, thereby pre-
venting adverse overexpression of setCD (Fig. 6D). This repres-
sion by CroS would allow exclusion of SetR’s strong binding to the
intergenic region between croS and setR long enough to observe
the SOS-mediated induction of transfer. At some point, CroS
would vacate OL, O1, O2, and O3, allowing SetR to take over the
intergenic region and reset the quiescent state (Fig. 6E). Our re-
sults show that both CroS and SetR are able to bind to O4. Their
binding could generate a roadblock that compromises the tran-
scription of the whole croS-eex operon driven from PL beyond O4.
Alternatively, because SetR is able to bind cooperatively, its bind-
ing could lead to the formation of a long-range loop between a

SetR-bound O4 and the intergenic region between croS and setR.
Such a role is unlikely for CroS, which lacks the C-terminal do-
main mediating self-assembly, cooperative DNA binding, and
concomitant loop formation ability (70, 71). This long-range loop
or roadblock at O4 mediated by SetR could stabilize the SetR-
dominant state. Additional experiments are required to decipher
the regulatory mechanism(s) involving the O4 operator site.

The genetic network of SXT/R391 ICEs elegantly sets at play
regulatory components reminiscent of lambdoid phages (SetR-
CroS epigenetic switch) and bacterial motility (SetCD activation)
to rule the propagation of DNA material. The diversity of bacterial
hosts in which SXT/R391 ICEs dwell suggests that the regulation
system they encode was selected for minimal interactions with
host genetic networks apart from their induction stimulated by
RecA*. SXT/R391 ICEs take advantage of a host regulatory stress
response that can be caused by DNA-targeting antibiotics and UV
light to trigger the dissemination of multidrug resistance and
other adaptive functions through Gammaproteobacteria popula-
tions.
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