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Prokaryotes have developed multiple strategies to survive phage attack and invasive DNA. Recently, a novel
genetic program denominated the CRISPR/Cas system was demonstrated to have a role in these biological
processes providing genetic immunity. This defense mechanism is widespread in the Archaea and Bacteria, suggest-
ing an ancient origin. In the last few years, progress has been made regarding the functionality of the CRISPR/Cas
system; however, many basic aspects of the system remain unknown. For instance, there are few studies about the
conditions and regulators involved in its transcriptional control. In this work, we analyzed the transcriptional
organization of the CRISPR/Cas system as well as the positive and negative regulators involved in its genetic
expression in Salmonella enterica serovar Typhi. The results obtained show that in S. Typhi the CRISPR/Cas system
is a LeuO-dependent operon silenced by the global regulator LRP, in addition to the previously known nucleoid-
associated protein H-NS; both LRP and H-NS bind upstream and downstream of the transcriptional start site of
casA. In this study, relevant nucleotides of the casA regulatory region that mediate its LeuO transcriptional
activation were identified. Interestingly, specific growth conditions (N-minimal medium) were found for the LeuO-
independent expression of the CRISPR/Cas system in S. Typhi. Thus, our work provides evidence that there are
multiple modulators involved in the genetic expression of this immune system in S. Typhi IMSS-1.

In nature, bacteria and archaea are exposed to multiple viral
infections; therefore, several strategies have evolved to inhibit
phage predation. The mechanisms to avoid phage infection
include the prevention of phage adsorption and DNA injec-
tion; the abortive infection and modification-restriction sys-
tems are also relevant (20, 37). Recently, a novel genetic pro-
gram designated the CRISPR/Cas system was shown to
provide immunity against virus and exogenous DNAs (7, 9, 42).
In general, this system consists of a cluster of proteins (Cas)
with functional domains of nucleases, helicases, polymerases,
and polynucleotide binding proteins (24, 32, 41); a leader of
A/T-rich noncoding sequences (31) is located immediately up-
stream of a singular cluster of regularly interspaced short pal-
indromic repeats (CRISPR) that are composed of direct re-
peats separated by spacers that, in some cases, resemble viral
or plasmid DNA (8, 49, 51). Accumulating evidence suggests
that the CRISPR sequences are transcribed as a large mRNA
which is cleaved in the repeat sequences by a Cas endonuclease
protein (9, 11, 26), generating small transcripts (crRNAs) that
are used by the Cas proteins to target exogenous genetic ma-
terials, leading to their degradation (9, 21, 25, 43). Thus,
CRISPR/Cas provides immunity against foreign genetic mate-

rial. The incorporation of new spacers into the CRISPR during
a phage challenge has been shown to confer specific resistance
against the invading virus in future events (7). The presence of
a large assortment of short invader sequences in the CRISPR
cluster shows the evolutionary history of multiple viral infec-
tions in the host, providing evidence of the rapid evolution of
this dynamic program (6, 27).

Significant progress has been made regarding the function-
ality of the CRISPR/Cas system (30, 34, 44, 61). However, this
genetic program is not fully characterized; for instance, there
are few studies about its transcriptional organization and ge-
netic control (1, 28, 38, 55, 58, 64). In this regard, we previously
reported that in Salmonella enterica serovar Typhi IMSS-1, the
casA gene (STY3070) is regulated positively by LeuO; foot-
printing experiments demonstrated that LeuO binds upstream
of the casA transcriptional start site, and by use of transcrip-
tional fusions it was shown that casA is induced in an H-NS-
deficient strain (28). This finding was later observed in Esch-
erichia coli K-12, as electrophoretic mobility shift assays
(EMSAs) and Northern blot experiments showed that LeuO
directly and positively regulates the casA (ygcL) gene, and in an
H-NS-deficient strain overexpressing LeuO, the transcriptional
casA levels were higher than in the wild type overexpressing
this regulator (58). Furthermore, Pul et al. (55) determined the
�70-dependent promoters in the 5� region of casA, including a
Pcas promoter and a divergent anti-Pcas promoter as well as
another one identified in the leader region upstream of the
CRISPR I array (Pcrispr1). Interestingly, the three promoters
are repressed by H-NS. Recently, Westra et al. (64) showed
that H-NS-mediated casA repression can be relieved by the
LeuO transcriptional regulator. Together, these data support
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the positive and negative roles of LeuO and H-NS in the
genetic control of the CRISPR/Cas program in E. coli K-12. In
the present work, we determined that in S. Typhi IMSS-1, the
complete CRISPR/Cas system is driven by a single LeuO-
dependent promoter, which is directly repressed by H-NS and
LRP; both proteins bind upstream and downstream of the casA
transcriptional start site. In addition, we have identified nucleo-
tides of the regulatory region of casA that mediate its LeuO-
dependent activation. Specific growth conditions that induce
the CRISPR/Cas program in S. Typhi IMSS-1 in a LeuO-
independent manner are also reported, thus demonstrating
that multiple global regulators and specific conditions modu-
late the transcriptional expression of this genetic program in
Salmonella enterica serovar Typhi.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains and plasmids
used are listed in Table S1 in the supplemental material. S. Typhi IMSS-1 was
grown in LB (10 g tryptone, 5 g yeast extract, and 10 g NaCl per liter), liquid MA
medium (7 g nutrient broth, 1 g yeast extract, 2 g glycerol, 3.75 g K2HPO4, and
1.3 g KH2PO4 per liter) (35), or N-minimal medium [5 mM KCl, 7.5 mM
(NH4)2SO4, 0.5 mM K2SO4, 1 mM KH2PO4, 100 mM Tris-HCl (pH 7.5), 200 �M
MgCl2, 0.5% glycerol, and 0.1% Casamino Acids] (15). When required, the
following antibiotics were added: kanamycin (Km), 30 �g/ml; tetracycline (Tc),
12 �g/ml; and ampicillin (Ap), 100 �g/ml. S. Typhi and E. coli strains were grown
aerobically at 37°C.

DNA manipulations. Plasmid and genomic DNA isolation was performed
according to published protocols (57). Primers for PCR amplifications were
provided by the oligonucleotide synthesis facility at our institute (see Table S2 in
the supplemental material). Restriction enzymes, ligase, nucleotides, and poly-
merases were obtained from New England BioLabs or Gibco BRL. For sequenc-
ing, double-stranded DNA was purified with a High Pure plasmid isolation kit
(Boehringer Mannheim, Germany), and sequencing was performed with an
automatic Perkin Elmer/Applied Biosystems 377-18 system.

Northern analysis. Total RNA was collected from 10 ml of culture by acid-
phenol extraction. RNAs were separated in 1% agarose gels, transferred to nylon
membranes (GE Healthcare), and probed with PCR probes labeled with a
Rediprime kit using [�-32P]dCTP. The membranes were prehybridized and hy-
bridized at 65°C, using Rapid Hyb buffer (GE Healthcare), and were washed with
2� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate) plus 0.1% SDS for
15 min, 1� SSC plus 0.1% SDS for 15 min, 0.5� SSC plus 0.1% SDS for 15 min,
and, finally, 0.1� SSC plus 0.1% SDS at 65°C for 30 min (57). To determine the
molecular weight of the mRNA, a 0.24- to 9.5-kb RNA ladder (Invitrogen) was
used.

Construction of transcriptional reporter fusions. Oligonucleotides (see Table
S2 in the supplemental material) were designed to PCR amplify the complete 5�
intergenic region as well as shorter fragments of different lengths of the casA
regulatory region. PCR fragments were double digested with BamHI-XhoI or
BamHI-KpnI and ligated into pKK232-8 or pKK232-9 (see Table S1 in the
supplemental material), which contains the promoterless cat gene. Fusions were
sequenced to verify the correct DNA sequences of the PCR fragments.

CAT assay. Chloramphenicol acetyltransferase (CAT) assays were performed
as follows (46). S. Typhi strains were grown in MA medium supplemented when
required with Ap or Km, with or without IPTG (isopropyl-�-D-thiogalactopy-
ranoside; 50 �M), to optical densities at 595 nm (OD595) of 0.4, 0.6, 0.8, 1, and
1.3; at these times, 1.5 ml of bacterial culture was collected by centrifugation and
washed with 0.8 ml of TDTT buffer (50 mM Tris-HCl, pH 7.8, 30 �M DL-
dithiothreitol). Bacterial cells were resuspended in 0.6 ml of TDTT and soni-
cated on ice for 10-s intervals with 10-s rest periods until the extract was clear.
The homogenate was centrifuged, and the supernatant was used for activity
measurement. For CAT assays, 5 �l of each extract was added in duplicate to a
96-well enzyme-linked immunosorbent assay (ELISA) plate, followed by the
addition of 0.2 ml of a reaction mixture containing 1 mM DTNB [5,5�-dithio-
bis(2-nitrobenzoic acid)], 0.1 mM acetyl-coenzyme A (acetyl-CoA), and 0.1 mM
chloramphenicol in 0.1 M Tris-HCl, pH 7.8. The absorbance at 412 nm was
measured every 5 s for 5 min, using a Ceres 900 scanning autoreader and
microplate workstation. The protein concentration of the cell extracts was de-
termined using the bicinchoninic acid (BCA) protein assay reagent (Pierce).
Protein values and the mean rate of product formation by CAT were used to

determine CAT specific activity, in �mol/min/mg protein. To determine the
transcriptional activity in N-minimal medium, the bacteria were grown for 16 h,
1 ml was collected, and the CAT protocol described above was used. The results
presented in the figures are the means for three independent experiments per-
formed in duplicate.

Purification of H-NS and LRP proteins. H-NS and LRP proteins were purified
as described previously (16). Briefly, the genes were cloned into the arabinose-
inducible vectors pBAD/Myc-His and pMPM-T6, respectively (Invitrogen) (47).
E. coli BL21(DE3) harboring the cloned gene was grown overnight in LB me-
dium. One milliliter of this preculture was inoculated into 100 ml LB medium
and allowed to grow to an OD600 of 0.4 before being induced for 4 h with
L-arabinose (Sigma-Aldrich) to a final concentration of 1%. Samples were col-
lected and centrifuged at 8,000 rpm (Thermo Scientific CL31R multispeed cen-
trifuge) for 5 min at 4°C. The cell pellet was resuspended in binding buffer (8 M
urea, 100 mM NaH2PO4, 10 mM Tris-HCl, pH 8.0), the cells were sonicated, and
the suspension was centrifuged at 12,000 rpm for 5 min at 4°C and kept at 4°C.

A nickel affinity chromatography column (Ni-nitrilotriacetic acid [Ni-NTA]
agarose; Qiagen) was equilibrated with binding buffer, the solution containing
the protein was loaded onto the column and washed with 10 volumes of urea
buffer at pH 8.0 and urea buffer at pH 6.0, and the bound protein was eluted with
urea buffer, pH 4.5. Fractions containing H-NS-Myc-His6 or Lrp-His6 were
resolved by SDS-PAGE. The selected fractions were loaded into a Slyde-A-Lyzer
10K cassette (Pierce) and gradually dialyzed at 4°C in a buffer containing 50 mM
Tris-HCl, pH 8.0, 10 mM MgCl2, 20% glycerol, 500 mM NaCl, 0.1% Triton
X-100, and 4 M urea. The same buffer containing different amounts of urea (1 M
and 0.2 M) was used to complete the dialysis. The proteins were stored in buffer
containing 30 mM Tris-HCl, pH 8.0, 10 mM MgCl2, 20% glycerol, 500 mM NaCl,
0.1% Triton X-100, and 3 mM EDTA. Protein concentrations were determined
by the Bradford procedure.

Gel EMSA. Nonradioactive EMSAs were performed according to a previously
described protocol (16). The probes were obtained by PCR, using the primers
described in Table S2 in the supplemental material. Each probe (100 ng) was
mixed with increasing concentrations of purified protein in the presence of 10�
H-NS binding buffer (400 mM HEPES, 80 mM MgCl2, 500 mM KCl, 10 mM
DTT, 0.5% NP-40, and 1 mg/ml bovine serum albumin [BSA]) or 5� LRP buffer
(100 mM Tris, pH 8.0, 2 mM EDTA, 250 mM NaCl, 5 mM MgCl2, 62.5%
[vol/vol] glycerol, 500 mg/ml BSA, and 0.5 mM DTT). The mixture was incubated
for 20 min at room temperature and then separated by electrophoresis in 6% or
5% native polyacrylamide gels in 0.5� Tris-borate-EDTA buffer. The DNA
bands were visualized by ethidium bromide staining.

Site-directed mutagenesis. To analyze their role in the regulation of the
CRISPR/Cas system in S. Typhi IMSS-1, LRP-, H-NS- (19), and double H-NS/
LRP-deficient strains were obtained. The corresponding genes were deleted by a
one-step nonpolar gene inactivation procedure and replaced with selectable
antibiotic resistance gene markers (14). Different primer sets were used to verify
the presence of the antibiotic resistance gene cassette. Each mutation was further
characterized by sequencing to verify the authenticity of the deletion and the
presence of the resistance marker.

Nucleotide sequence accession numbers. The casA-cas2 and CRISPR se-
quences of S. Typhi IMSS-1 were deposited in the DDBJ database under acces-
sion number HQ655820.

RESULTS

A LeuO-dependent promoter is necessary to transcribe the
complete CRISPR/Cas operon in Salmonella enterica serovar
Typhi IMSS-1. The CRISPR/Cas cluster is found in many
prokaryotic genomes, including those of the Enterobacteria-
ceae. In Salmonella enterica serovar Typhi IMSS-1, a Mexican
clinical strain (52), we detected the presence of a CRISPR/Cas
system that resembles the type E (Cse) system found in S.
Typhi CT18 and S. Typhi Ty2 (22, 24), and in this study we
analyzed its transcriptional expression. The IMSS-1 cluster
contains a 356-bp intergenic 5�-regulatory region and eight cas
genes (STY3071 and STY3070-STY3069-STY3068-STY3067-
STY3066-STY3065-STY3064) that are orthologous to cas3
and casA-casB-casC-casD-casE-cas1-cas2 in E. coli K-12 (9). It
also has an 84-bp leader and the CRISPR I sequences, which
contain seven 29-bp repeats and six 32-bp spacers (Fig. 1A);
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the repeats are identical to those found in S. Typhi CT18 and
E. coli K-12. Analysis of the spacers by use of the Blastn
algorithm (3) against a database of phage and virus sequences
downloaded from the DDBJ data bank (33) showed no signif-
icant similarity with any sequence in the database. In this work,
the S. Typhi cas genes were named according to their orthologs
in E. coli.

Previously, we reported the results of primer extension ex-
periments showing that the S. Typhi casA (STY3070) regula-
tory region contains two LeuO-dependent transcription initia-
tion sites, located 94 and 84 bp upstream of the translational
ATG start codon (28). To confirm the primer extension results,
5� rapid amplification of cDNA ends (5�-RACE) was per-
formed according to the method of Mendoza-Vargas et al.
(48). Briefly, total RNA from the S. Typhi IMSS-1 wild-type

strain harboring the pFMTrcleuO-50 plasmid (pFMTrc12 de-
rivative plasmid carrying leuO behind an IPTG-inducible Ptrc
promoter [see Table S1 in the supplemental material]) (18)
and induced with 50 �M IPTG was randomly amplified, and in
the resulting cDNA, an adapter (homopolynucleotide of A
nucleotides) was incorporated by a terminal transferase. This
cDNA was used with an oligonucleotide of T nucleotides and
specific casA primers in a PCR, and the PCR products were
purified and sequenced. The results showed that a single chro-
mosomal transcriptional site located 94 bp upstream of the
ATG was the only one detected by 5�-RACE (Fig. 1B). Site-
directed mutagenesis was performed to modify the �10 se-
quence (ATA 3 GGG) of the casA initiation site. PCR frag-
ments that contained the entire casA regulatory region as well
as the �10 substitutions were fused to the cat reporter gene,

FIG. 1. Genetic organization of the CRISPR/Cas immune system in S. Typhi IMSS-1 and identification of the transcriptional start site of casA
(STY3070). (A) The CRISPR/Cas system is composed of a 5�-regulatory region (RR) of 356 bp, eight genes (cas3 and casA-casB-casC-casD-
casE-cas1-cas2), a leader of 84 bp, and the CRISPR I array, containing seven repeats and six spacers. The bent arrow indicates the STY3070 (casA)
transcriptional start site. The divergent STY3071 (cas3) gene is also represented. (B) Mapping of the chromosomal transcriptional start site of the
casA gene. A 5�-RACE experiment was performed using total RNA from S. Typhi harboring the pFMTrcleuO-50 plasmid and induced with 50 �M
IPTG. The nucleotide immediately after the polynucleotide tail (T) corresponds to the transcriptional start site (bent arrow), located 94 bp
upstream of the ATG translational start codon of casA. (C) Site-directed mutagenesis of the �10 box of casA was performed by use of a
QuikChange Multi site-directed mutagenesis kit (Stratagene), and the wild-type ATA sequence (underlined) was replaced by a GGG sequence
(asterisks); the mutation was verified by sequencing. The CAT activities of the wild-type plasmid pKK9-casA and the pKK9-casA (�10 ATA 3
GGG) plasmid were determined in the wild-type S. Typhi strain overexpressing the pFMTrcleuO-50 plasmid with 50 �M IPTG as well as in S. Typhi
containing the pFMTrc12 plasmid.
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producing plasmids pKK9-casA and pKK9-casA (�10 ATA3
GGG), respectively, which were introduced into the S. Typhi
IMSS-1 strain containing pFMTrc12 (a pTrc99A[5] derivative
containing the p15A1 origin of replication) or pFMTrcleuO-50
(see Table S1). Experiments with these fusions showed that the
overexpression of LeuO induced the transcriptional activity of
casA, while no CAT activity in the presence of LeuO was
observed with the �10 box substitutions, indicating that a
unique LeuO-dependent promoter controls the genetic expres-
sion of casA in S. Typhi IMSS-1 (Fig. 1C).

These results prompted us to determine whether the com-
plete CRISPR/Cas system is a LeuO-dependent operon. To
resolve this issue, a large DNA fragment harboring the casA
promoter region and the entire casA-to-cas2 gene cluster (6.15
kb) was first fused to the cat reporter gene, creating plasmid
pKK9-RR-casA-cas2. This fusion was evaluated in an S. Typhi
IMSS-1 wild-type strain harboring the control vector
pFMTrc12 or the pFMTrcleuO-50 plasmid. The transcriptional
results with pKK9-RR-casA-cas2 showed minimal activity in
the absence of LeuO, while in the presence of LeuO the tran-
scriptional activity increased notably (Table 1). The fusion
plasmid pKK9-�RR-casA-cas2, which contains the same ge-
netic elements but is devoid of the casA promoter region,
showed null CAT activity in either the absence or presence
of LeuO (Table 1). These data support the notion that
casABCDE12 is a LeuO-dependent operon. To elucidate
whether CRISPR is part of the casABCDE12 LeuO-dependent
operon, the fusion plasmid pKK9-RR-casA-CRISPR (6.7 kb),
containing the casA promoter region, the casA to cas2 genes,
and the CRISPR sequences, was constructed and indepen-
dently introduced into IMSS-1/pFMTrc12 and IMSS-1/
pFMTrcleuO-50. In the absence of LeuO, only residual activity
was observed, which notably contrasted with the transcrip-
tional activity detected with LeuO overexpression (Table 1). A
fusion of the complete 5� intergenic region of the CRISPR was
constructed, and no activity was observed in the presence or
absence of LeuO (data not shown). These results indicate that
the complete CRISPR/Cas system in S. Typhi comprises a
LeuO-dependent operon. The pKK9-casA, pKK9-RR-casA-
cas2, and pKK9-RR-casA-CRISPR reporter fusions showed
507 (Fig. 1), 272 (Table 1), and 136 (Table 1) activity units,
respectively, with LeuO overexpression. Interestingly, a grad-
ual decrease in activity from casA to cas2 was also found in the

presence of LeuO in E. coli K-12 (64). The data presented
above support the notion that in S. Typhi IMSS-1 a single
LeuO-dependent promoter drives CRISPR/Cas expression.

The expression of the LeuO-dependent CRISPR/Cas operon
was also analyzed by chromosomal reverse transcription-PCR
(RT-PCR). Total RNA isolated from the wild-type strain harbor-
ing pFMTrcleuO-50 and induced with IPTG was used with a
specific CRISPR primer (CRISPR–R) located at the end of re-
peat 7 (see Table S2 in the supplemental material) to obtain a
cDNA (6 kb) that included the complete casABCDE12-CRISPR
operon. Using this template, casA-casC- and casC-cas2-specific
primers were used to amplify the corresponding DNA fragments.
The results showed that 2.9-kb and 3.4-kb fragments, containing
the casA-casC and casC-cas2 regions, respectively, were amplified
(Fig. 2A), further supporting the LeuO-dependent operon struc-
ture. Northern experiments were also performed to support the
CRISPR/Cas operon organization. Total RNAs from the bacte-
rial strains IMSS-1/pFMTrc12, IMSS-1/pFMTrcleuO-50, and
IMSS-1�(casA-CRISPR) were obtained. The RNAs were trans-
ferred, and independent membranes were hybridized with an

FIG. 2. The CRISPR/Cas cluster comprises a LeuO-dependent
operon in S. Typhi. (A) The genetic organization of the LeuO-depen-
dent casABCDE12-CRISPR operon was determined by chromosomal
RT-PCR. S. Typhi IMSS-1 containing either the pFMTrcleuO-50 or
pFMTrc12 plasmid was grown in MA medium with and without 50 �M
IPTG, and total RNA was obtained. A 2.9-kb fragment was generated
with casA- and casC-specific primers, and a 3.4-kb fragment was ob-
tained with casC- and cas2-specific primers. PCRs using RNAs ob-
tained from the strains mentioned above as templates and specific
primers for the amplification of the cas2 and 16S rRNA genes were
performed in order to verify the presence of DNA. As expected, no
PCR amplification was observed, indicating the absence of DNA in the
RNA purification. The left lane shows a DNA molecular size marker.
(B) Detection of CRISPR/Cas mRNA by Northern blotting. Chromo-
somal expression patterns of CRISPR/Cas mRNAs from the bacterial
strains IMSS-1/pFMTrc12 (lane 1), IMSS-1/pFMTrcleuO-50 (lane 2),
and IMSS-1�(casA-CRISPR) (lane 3) are shown. Eight micrograms of
total RNA from each sample was loaded and hybridized with an
internal CRISPR probe. Sizes of the RNA molecular marker are
shown on the left.

TABLE 1. The CRISPR/Cas cluster comprises a LeuO-dependent
operon in S. Typhia

Plasmid
CAT sp act (�mol/min/mg protein)

IMSS-1/pFMTrc12 IMSS-1/pFMTrcleuO-50

pKK9-RR-casA-cas2 36 	 3 273 	 5
pKK9-�RR-casA-cas2 0 0
pKK9-RR-casA-CRISPR 8 	 11 137 	 0.6

a Transcriptional values for the LeuO-dependent casABCDE12-CRISPR
operon were determined in MA medium. The plasmids pKK9-RR-casA-cas2,
pKK9-�RR-casA-cas2, and pKK9-RR-casA-CRISPR were introduced into
IMSS-1 harboring plasmid pFMTrc12 and IMSS-1 containing plasmid
pFMTrcleuO-50. The CAT specific activity of each strain was determined using
samples collected at OD595 values of 0.4, 0.6, 0.8, and 1 and at 12 h; the values
presented are the results obtained at 12 h. IPTG (50 �M) was used to induce the
pFMTrcleuO-50 plasmid. Data are means 	 standard deviations for three inde-
pendent experiments performed in duplicate.
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internal fragment of the first gene of the operon, the casA locus,
and with the last part of the operon, the CRISPR sequences. The
results showed a null hybridization signal for the Salmonella
�(casA-CRISPR) strain, which was devoid of the complete
CRISPR/Cas operon; for the IMSS-1/pFMTrc12 strain, a weak
signal was detected. In contrast, for the IMSS-1/pFMTrcleuO-50
strain induced with IPTG, a signal of 7 to 9 kb was detected with
the casA or CRISPR probe. This result demonstrates that the
complete CRISPR/Cas system comprises a LeuO-dependent
operon. In Fig. 2B, we present only the results obtained with the
CRISPR probe, since identical results were obtained with the
casA probe.

In E. coli, the CRISPR/Cas system contains two promoters:
the first is a LeuO-dependent promoter (64) located upstream
of the casA gene, and the second is located in the leader
sequence of the CRISPR (55), suggesting that in E. coli this
system is encoded by two transcriptional units. A comparison
between the leader and CRISPR sequences of E. coli and S.
Typhi shows that the leaders differ in length and share a low
level of conservation. In fact, the �10 promoter sequence
determined for E. coli (55) is missing in S. Typhi IMSS-1. The
low level of conservation in the leader sequences could explain
the lack of a CRISPR promoter in S. Typhi IMSS-1. It is worth
mentioning that in S. Typhi and E. coli the transcriptional
organization of the CRISPR/Cas systems is not conserved,
suggesting that the signals or conditions that activate or repress

this genetic program could be different even in these two
closely related bacteria.

Determination of the nucleotides involved in LeuO activa-
tion of the CRISPR/Cas genetic system in S. Typhi IMSS-1. As
mentioned above, LeuO is a positive activator of the CRISPR/
Cas operon in S. Typhi; by footprinting experiments, we
showed previously that LeuO binds to nucleotides �56 to �96
(LeuO binding site I [LBS I]) and �102 to �131 (LBS II) with
respect to the transcriptional start site of casA (STY3070) (28).
To determine which nucleotides mediate LeuO activation, a
collection of substitutions (A, B, C, D, E, and F) were con-
structed in LBS I and LBS II (Fig. 3A). Several regions in LBS
I and LBS II with high A
T content were replaced by G
C
nucleotides, considering that LeuO binds preferentially to sites
with high A
T content (12). Reporter gene fusions containing
three or four substitutions were introduced into the S. Typhi
IMSS-1 wild-type strain harboring the pFMTrcleuO-50 plas-
mid. The transcriptional results showed that in the presence of
LeuO, the A and F substitutions (nucleotides �115 to �117
and �62 to �60, respectively) gave similar expression levels to
those with the wild-type fusion (Fig. 3B). However, a gradual
decrease in activity was detected with the B and C substitutions
(nucleotides �114 to �117 and �103 to �105, respectively)
(Fig. 3B). Interestingly, a decrease of 76% was observed with
the E substitution (nucleotides �77 to �79), and only 3% of
wild-type activity remained with the D substitution (nucleo-

FIG. 3. Mapping of the LeuO recognition sequences in the regulatory region of casA. (A) Schematic representation of LBS I and LBS II in
the promoter region of casA. The entire regulatory region of casA was used as a template to obtain mutants in LBS II (A, B, and C) and LBS I
(D, E, and F). The substitutions (in bold) were sequenced to verify the correct mutations. The wild-type sequences are underlined. (B) Tran-
scriptional analysis of casA promoter fusions with mutations in LBS I and LBS II. S. Typhi strain IMSS-1, containing each of the mutations
individually as well as the pFMTrcleuO-50 plasmid and induced with 50 �M IPTG, was evaluated for CAT activity. The assays were performed
in MA medium at different OD595 values, and the activities at 12 h are presented. As a positive control, we used the complete wild-type casA
promoter region. The data are means 	 standard deviations for three independent experiments performed in duplicate.
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tides �88 to �90) (Fig. 3B). The same constructs were intro-
duced into the S. Typhi �leuO strain harboring pFMTrcleuO-
50, and CAT activity was determined. The results of a single
experiment (data not shown) gave the same level of expression
for each mutation as that obtained with the wild-type S. Typhi
strain, indicating that the chromosomal leuO gene did not
affect the expression of the fusions evaluated. These data in-
dicate that substitutions B, C, D, and E affected the transcrip-
tional casA induction mediated by LeuO, suggesting that both
LBS I and LBS II are relevant for casA LeuO-dependent
induction. It will certainly be interesting to determine the im-
pact of base changes on binding of the LeuO protein to eluci-
date whether the decrease in activity is because the protein is
effectively unable to bind to the DNA or binds it in an inef-
fective manner.

H-NS partially represses transcriptional expression of the
CRISPR/Cas genetic program in S. Typhi IMSS-1. H-NS is a
master regulator of the S. Typhi genome, and significant evi-
dence has been compiled about the role of this protein in the
expression of several genes belonging to the LeuO regulon (13,
16, 28, 59, 60). Previously, we used transcriptional fusions to
show basal expression of the casA (STY3070) promoter region
in the wild-type strain. However, transcriptional activity of this
fusion was induced in the presence of LeuO as well as in an
H-NS-deficient strain, supporting the notion that H-NS nega-
tively regulates the expression of casA (STY3070) in S. Typhi
IMSS-1 (28). To further characterize the casA regulatory re-

gion, a series of promoter fragments harboring progressively
shorter upstream sequences of the entire promoter region
were generated by PCR, and each of these DNA fragments was
fused to the cat reporter gene in plasmid pKK232-8 (Fig. 4).
The expression levels of these derivatives were examined by
CAT activity assay of the wild-type S. Typhi IMSS-1 strain as
well as the STYhns99 H-NS-deficient strain (19) (Fig. 4). The
CAT activity levels of all of the single fusions analyzed (from
pKK-375, which contains the entire casA 5� intergenic regula-
tory region, to pKK-231, pKK-158, pKK-111, pKK-91, pKK-73,
and pKK-51) were higher in the H-NS-deficient strain than in
the wild-type strain. These results are consistent with the neg-
ative role of H-NS in the genetic expression of casA (Fig. 4).

Interestingly, the CAT activity values for the H-NS-deficient
strain with the pKK-375, pKK-231, pKK-158, and pKK-111
fusions were between 1,900 and 2,200 activity units, but the
values with the pKK-91, pKK-73, and pKK-51 fusions were
higher (2,800 to 3,300 activity units), indicating that in these
three fusions regions of negative regulation were eliminated
(Fig. 4). An increased activity in the wild-type strain was also
observed with fusions pKK-91, pKK-73, and pKK-51 compared
with the longer fusions pKK-375, pKK-231, pKK-158, and
pKK-111, supporting the notion that nucleotides in the region
from positions �111 to �51 are recognized by negative regu-
latory elements, in addition to H-NS, repressing casA expres-
sion (Fig. 4).

Additional fusions deleting downstream sequences relative

FIG. 4. Promoter fusions harboring different lengths of the casA regulatory region. The bent arrow represents the transcriptional start site,
located 94 bp upstream of the translational start codon of casA; the numbers in italics represent the localization of the casA and cas3 ATG initiation
codons relative to the casA mRNA start site. Below the diagram of the regulatory region of casA, transcriptional fusions are shown. The fusions
(in bold) were named according to the transcription initiation site; the numbers below each fusion represent the distances upstream and
downstream of the mRNA start site. The right columns represent the expression of the casA fusions evaluated in the wild-type S. Typhi IMSS-1
strain, the single H-NS (STYhns99) and LRP (�lrp) mutants, and the double �lrp/hns mutant strain. The activities were determined at different
ODs in rich medium (MA); the data presented correspond to the values obtained at an OD595 of 1.3. The values are the means 	 standard
deviations for at least three independent experiments performed in duplicate.
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to the transcriptional start site (pKK-51/
11 and pKK-51/
49)
showed between 5,000 and 5,200 activity units for the wild type
as well as the H-NS mutant strain. However, with the pKK-51/

99 fusion, 1,700 to 1,900 activity units were detected for the
wild type and the H-NS mutant, indicating that between nu-
cleotides 
49 and 
99 with respect to the transcriptional start
site, negative regulatory elements repress casA expression (Fig.
4). In summary, systematic deletions upstream and down-
stream of the transcriptional start site of casA resulted in
increased CAT activity when they were evaluated in an H-NS-
deficient strain, indicating that this nucleoid-associated protein
partially represses casA expression and that other genetic ele-
ments in addition to H-NS are involved in the silencing of casA
in S. Typhi IMSS-1.

LRP is a negative regulator of the CRISPR/Cas operon in S.
Typhi IMSS-1. To further characterize the genetic expression
of casA in S. Typhi IMSS-1 and to identify other putative
genetic elements involved in the control of casA, a bioinfor-
matic analysis was performed. A set of casA-orthologous pro-
teins was constructed using the Blastp algorithm (3, 4); the
highest E value and an upper threshold of 10�5 were consid-
ered to select the orthologous proteins. With this method, we
detected a set of 21 casA-orthologous proteins, which are pres-
ent in archaea and in alpha-, delta-, and gammaproteobacteria.
The 400-bp sequences upstream of the putative translational
start sites of the 21 casA-orthologous polypeptides were
aligned to eliminate redundant sequences. The resulting 18
upstream sequences were analyzed using the Oligo-Analysis
program (62). A search on both strands for motifs with a
maximum length of 6 nucleotides was performed. After assem-
bling the patterns discovered by the algorithm, we found di-
verse motifs. A conserved LRP motif (TAATAAA) was pres-
ent in 10 of the sequences analyzed, and this motif was
compared using the TOM TOM algorithm (23) with those
reported in the DPINTERACT (56) and REGTRANSDB v4
(36) databases. The results showed that the TAATAAA pat-
tern was preserved in close conservation with an LRP binding
site of E. coli in both databases (P � 0.0080). Interestingly,
LRP motifs were located 221 bp upstream and 66 nucleotides
downstream of the casA transcriptional start site of S. Typhi
IMSS-1. We also identified that the LRP pattern in S. Typhi
Ty2 has the same distribution as that in S. Typhi IMSS-1.
These findings suggest that the LRP protein is perhaps a casA
negative regulator, especially considering the site found down-
stream of the transcriptional start site. In Methanospirillum
hungatei, two LRP sites are present, 38 and 351 bp upstream of
the casA ATG translational start codon. In the case of Granu-
libacter bethendens, an LRP motif was located 50 bp upstream
of the casA translational start site. In E. coli K-12 and E. coli
W3110, two LRP motifs were identified whose positions varied
significantly, but all were located upstream of the transcrip-
tional start site. In Desulfovibrio desulfuricans, Desulfococcus
oleovorans, and Marinomonas MWYL1, an LRP motif was
detected �400 bp upstream of the ATG translational start site.
The presence of LRP motifs in the regulatory region of casA
orthologs belonging to alpha-, delta-, and gammaproteobac-
teria and to archaea suggested that the LRP protein could be
involved in the transcriptional regulation of the CRISPR/Cas
system.

To evaluate the role of LRP in the genetic expression of the

casA gene, we constructed an S. Typhi IMSS-1 strain deficient
in lrp by using the method of Datsenko and Wanner (14).
Transcriptional fusions of different lengths (Fig. 4) were intro-
duced into the lrp-deficient strain, and CAT activity assays
were performed. The results showed an increased CAT activity
in the LRP-deficient strain relative to that in the wild-type
strain for most of the fusions evaluated. The effect was most
evident with the pKK-91, pKK-73, and pKK-51 fusions (Fig. 4),
suggesting a negative role for LRP in the expression of casA.

The activities for the pKK-51/
11 and pKK-51/
49 fusions
were 5,232 and 5,284 activity units, respectively, with the wild
type, whereas with the LRP-deficient strain, the values ob-
tained were 5,767 and 6,376 activity units, respectively. For the
pKK-51/
99 fusion, around 1,900 and 2,900 activity units were
observed with the wild type and the LRP mutant, respectively
(see Fig. 4 for standard deviation values), again supporting the
conclusion that negative regulatory elements between nucleo-
tides 
49 and 
99 contribute to casA repression (Fig. 4).
Thus, both LRP and H-NS repress the genetic expression of
CRISPR/Cas. To evaluate the roles of both proteins, a double
hns/lrp mutant was constructed, and transcriptional experi-
ments were performed with the wild type, the single hns and lrp
mutants, and the hns/lrp double mutant.

The longer transcriptional fusion pKK-375, which contains
the complete 5� intergenic regulatory region of casA, and the
pKK-51 and pKK-51/
49 fusions were introduced into the
strains described above. The pKK-375 fusion in the wild-type
strain showed a value of 34 activity units; in the single H-NS
mutant, an activity of 1,907 activity units was observed; in the
lrp single mutant, a value of 78 activity units was detected; and
the double hns/lrp mutant showed 5,002 activity units, hence
demonstrating the role of both LRP and H-NS in the repres-
sion of casA (see Fig. 4 for standard deviation values). Inter-
estingly, the pKK-51 fusion had values of around 1,600, 2,800,
2,200, and 4,800 activity units in the wild type, the hns and lrp
single mutants, and the double hns/lrp mutant, respectively.
The activity values obtained with pKK-51/
49 were 5,200 for
the wild type, 5,000 for the hns mutant, 6,300 for the lrp-
deficient strain, and 5,400 for the double hns/lrp mutant strain
(Fig. 4). This indicates that the sequence from nucleotides �51
to 
49 contains the complete promoter region, without any
negative regulatory elements, since with the wild-type strain we
obtained the same activity as that observed with the double
H-NS/LRP mutant strain. These data also confirm that the
casA regulatory region contains two main zones of negative
regulation, from nucleotides �51 to �375 and from nucleo-
tides 
49 to 
99, and that H-NS and LRP are the genetic
elements that repress casA expression. With the data men-
tioned above, we also showed that in the presence of H-NS,
LRP has a minor effect; nevertheless, in the absence of H-NS,
LRP mainly represses casA expression (Fig. 4), suggesting
that LRP could compensate for the absence of H-NS.

It is interesting that previous studies by Pul et al. (55) indi-
cated that in E. coli K-12 the LRP protein did not have a
significant effect on the expression of the casA gene. Thus, in
E. coli and S. Typhi, the negative control of casA expression is
exerted differently, indicating that the environmental condi-
tions or proteins that control CRISPR/Cas genetic expression
in these two related bacteria could be different.
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H-NS and LRP directly repress the expression of the casA
promoter. The data presented above showed that sequences
upstream and downstream of the transcription initiation site of
casA are involved in its silencing and that the genetic regula-
tors involved in this repression are LRP and H-NS. To deter-
mine whether these proteins bind upstream and downstream
of the initiation site, EMSAs were performed with the corre-
sponding purified proteins and with various fragments of the
casA promoter region. EMSA using the complete regulatory
region of casA and the H-NS protein showed that H-NS inter-
acted directly with this fragment, since a single complex was
observed (Fig. 5A). In the case of EMSA with LRP and the
entire casA regulatory region, a predominant complex was
observed, supporting the direct interaction of LRP with the
casA promoter region. A second transient band was also visi-
ble; however, it disappeared with increased LRP amounts, and
only the predominant complex remained in the retardation gel
(Fig. 5B). Further EMSAs showed that H-NS and LRP bound
to the 5� casA region (nucleotides �51 to �375); interestingly,
these proteins also interacted with the 3� casA region (nucleo-
tides 
49 to 
191), since we detected two complexes, the
highest corresponding to the 5� region and the lowest to the 3�

fragment’s interactions with the respective proteins (Fig. 5C
and D). That is, EMSAs with H-NS or LRP in the presence of
only the 5� casA fragment or the 3� casA fragment rendered the
complexes mentioned above (not shown). It is noteworthy that
no strong binding was observed with LRP and the 3� casA
fragment in the presence of the 5� casA fragment (Fig. 5D),
suggesting that the latter has a higher affinity for LRP. The 3�
casA fragment did bind to LRP at 0.6 �M in the absence of the
5� casA fragment (data not shown). As a negative control, in
these assays we used a 242-bp coding region of the 16S rRNA
gene of S. Typhi IMSS-1. These results support the hypothesis
that H-NS and LRP bind independently to the 5� and 3�
casA regulatory regions. However, in order to elucidate if the
two regulators are able to interact simultaneously with the
casA regulatory sequence, EMSAs with both proteins were
performed, showing that the H-NS–casA complex in the pres-
ence of increasing amounts of LRP was modified, with a new
band visualized. This novel complex was of a higher mass
than those obtained with the H-NS and LRP proteins inde-
pendently, indicating that both regulators bound simultane-
ously to the same fragment of DNA (Fig. 5E). It is relevant
to mention that although the two proteins interacted with

FIG. 5. H-NS and LRP interact with the casA regulatory region. EMSAs were performed with the LRP and H-NS purified proteins and with
various DNA fragments of the casA regulatory region to determine the H-NS and LRP recognition sites. The complete 5� intergenic regulatory
region of casA (RR) was incubated independently with H-NS (A) or with LRP (B). The casA 5� (nucleotides �375 to �52) and 3� (nucleotides

50 to 
191) regions were incubated with H-NS (C) or LRP (D), and the casA RR was incubated with both proteins (E). Increasing
concentrations of purified H-NS-Myc-His6 or LRP-His6 protein were incubated with the PCR-generated DNA fragments. The EMSA experiments
were performed in 5% or 6% polyacrylamide gels, and gels were stained with ethidium bromide. 16S rRNA gene structural fragments of 242 bp
were used as a negative control for the EMSAs. Arrows indicate DNA-protein complexes.
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the same fragment, they did not appear to displace each
other, thus demonstrating the simultaneous involvement of
H-NS and LRP in the repression of the CRISPRS/Cas sys-
tem in S. Typhi.

The CRISPR/Cas genetic system is induced in S. Typhi
IMSS-1 grown in N-minimal medium. The CRISPR/Cas im-
mune system is widely distributed in prokaryotes; however, few
studies point out the natural conditions that induce its expres-
sion. Therefore, it is of interest to investigate the signals or
conditions that activate this genetic system. For S. Typhi, the
selective capture of genes expressed in macrophages showed
that the third component of the CRISPR/Cas system, STY3068
(casC ortholog), is induced under these conditions (17), and
according to Deiwick et al. (15), a minimal medium deficient in
magnesium and phosphate simulates the environmental niche
encountered by Salmonella in the eukaryotic cell, since several
genes of Salmonella pathogenicity island 2 that are relevant to
the survival of this pathogen inside macrophages are induced
in this medium (10).

To elucidate whether the S. Typhi CRISPR/Cas program is
induced under conditions that simulate the environment inside
the macrophage, the expression of the casA regulatory region
was evaluated in N-minimal medium. The results showed that
in N-minimal medium, the pKK-375 fusion gave 1,800 activity
units in the wild-type strain, while its activity was only 34
activity units in rich MA medium (Fig. 4 and 6). Interestingly,
in N-minimal medium, we observed that the expression values
for the pKK-375 fusion in the hns and lrp single null and
double hns/lrp null strains were 8,000, 2,400, and 14,000 activity
units, respectively, supporting the negative role of H-NS and
LRP in the transcriptional expression of casA in N-minimal
medium (Fig. 6). In the wild type and the hns, lrp, and double
hns/lrp mutants, the activity values for the pKK-51/
49 fusion
(which contains the promoter region without cis-acting nega-
tive elements) were around 14,000 to 15,000 (Fig. 6), support-
ing the conclusion that H-NS and LRP are the main repressors
of casA expression.

To determine the promoter that activates the expression of
casA in N-minimal medium, 5�-RACE experiments were per-
formed. RNA from the wild-type strain grown in N-minimal
medium was obtained, and a specific primer (casA 5�-RACE)

located 83 bp downstream of the ATG initiation codon of casA
was used for the determination of the transcription initiation
site (see Table S2 in the supplemental material). The experi-
ment showed that for cells grown in N-minimal medium, a
transcriptional start site was located 94 bp upstream of the
ATG translational codon. Interestingly, this initiation site co-
incides with the LeuO-dependent transcriptional site observed
in rich medium (MA medium). These data indicate that tran-
scriptional expression in MA medium in the presence of over-
expressed LeuO, as well as that in N-minimal medium in the
absence of overexpressed LeuO, is driven by the same pro-
moter. Additional experiments validated this assertion, since
with a fusion that harbors a mutation in the Pribnow box
[pKK9-casA (�10 ATA 3 GGG)] of the transcriptional start
site of casA, null CAT activity was detected in the presence of
LeuO in either MA medium or N-minimal medium (data not
shown). Furthermore, a fusion of 62 bp (nucleotides �51 to

11), which contained 51 and 11 bp upstream and down-
stream, respectively, of the transcription initiation site of casA,
showed activity values of 5,232 (Fig. 4) and 16,470 (data not
shown) in rich and minimal medium, respectively, supporting
the idea that a common promoter drives casA expression in
both media. To determine whether LeuO is the casA activa-
tor in N-minimal medium, the pKK-375 fusion was intro-
duced into the IMSS-1 �leuO strain: we found that LeuO
does not induce casA expression in N-minimal medium,
since the activity values in the leuO-deficient strain were the
same as those in the wild-type strain (data not shown).
However, LeuO could increase transcriptional activity in
N-minimal medium, as overexpression of the leuO gene
resulted in a 2-fold induction of casA transcription com-
pared to an absence of overexpression in the wild-type Sal-
monella strain (data not shown). These data support the role
of LeuO in N-minimal medium and MA rich medium as an
inducer of casA expression. However, casA can also be ex-
pressed in a LeuO-independent mode in N-minimal me-
dium, which reveals that additional regulators are needed to
fully activate casA under these conditions. Future research
is needed to identify the full repertoire of genetic elements
that control casA activation in both N-minimal medium and
MA medium.

FIG. 6. Transcriptional profile of the casA promoter region in N-minimal medium. The expression profiles of the pKK-375 and pKK-51/
49
fusions were evaluated in the wild-type S. Typhi IMSS-1, STYhns99, IMSS-1 �lrp, and IMSS-1 �lrp/hns strains. The activities were determined at
16 h in N-minimal medium. The values are the means and standard deviations for at least three independent experiments performed in duplicate.
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DISCUSSION

Three distinct stages are involved in CRISPR/Cas function-
ality: integration of the spacers, expression of CRISPR/Cas,
and interference with the foreign DNA. In this study, we an-
alyzed the transcriptional expression of the CRISPR/Cas sys-
tem in S. Typhi IMSS-1. Previously, we reported that two
putative promoters control casA expression in S. Typhi IMSS-1
and that the initiation sites are located 94 and 84 bp upstream
of the ATG translational start codon (28). In this work, we
performed 5�-RACE experiments that showed a single chro-
mosomal transcription initiation site (Fig. 1B). By site-directed
mutagenesis of the �10 box, we demonstrated that a unique

1 mRNA is located 94 bp upstream of the ATG translational
start codon of casA (Fig. 1C). The promoter region reported in
this work is induced in the presence of the global regulator
LeuO. Site-directed mutagenesis of the LeuO binding sites
supports the positive role of this protein in the expression of
casA, and we showed that both LBS I and LBS II are deter-
minants of LeuO induction. Interestingly, the ATA bases lo-
cated at positions �88 to �90 (LBS I) are key for LeuO
activation (Fig. 3B). Previously, we demonstrated that a
TATgTcATAT region located at positions �125 to �134 with
respect to the transcriptional start site was necessary for the
LeuO induction of the ompS1 gene (16). These data provide
evidence that this regulator does not necessarily recognize a
consensus sequence (28). Additional efforts are needed to elu-
cidate the rules that LeuO follows for DNA recognition and
transcriptional activation.

Using transcriptional fusions, RT-PCR, and Northern ex-
periments, we demonstrated that the entire CRISPR/Cas sys-
tem is induced as a large polycistronic mRNA in rich medium
in the presence of LeuO, supporting an operon organization
(Table 1; Fig. 2) that forms part of the LeuO regulon in S.
Typhi. Interestingly, Northern blot experiments with E. coli
showed that the casA-casB-casC-casD-casE-cas1-cas2 genes
are part of one transcriptional unit (58). It has also been
reported by Pul et al. (55) that the CRISPR sequences contain
their own promoter in E. coli. Thus, in contrast to the
CRISPR/Cas operon organization in S. Typhi, E. coli has two
transcriptional units, one driving the genetic expression of
casABCDE12 and the other inducing CRISPR transcription.
This result provides evidence that the genetic control of the
CRISPR/Cas program is highly regulated in the Enterobac-
teriaceae and that even in two closely related bacteria, such as
S. Typhi and E. coli, the functional transcriptional organization is
different, raising the possibility that the CRISPR/Cas system can
be fine-tuned in response to multiple environmental inputs.

Various studies have shown that genes upregulated by LeuO
are downregulated by H-NS (28, 29, 39, 40, 58, 64). A recent
report showed that casA and CRISPR expression is repressed
independently by H-NS in E. coli (55). In contrast, in the case
of S. Typhi IMSS-1, a fusion containing the leader and the
CRISPR locus showed no effect in an H-NS-deficient strain
(data not shown), while H-NS repression was observed in the
transcriptional expression of casA. These data again point out
the differences in CRISPR/Cas transcriptional control in E.
coli versus S. Typhi. Another notable difference is the finding
that the global regulatory protein LRP is a negative repressor
of casA in S. Typhi (Fig. 4), while Pul et al. (55) reported that

LRP did not have a significant effect on the expression of the
cas genes in E. coli.

The involvement of H-NS, LRP, and a LysR-type regulator
in the control of other Salmonella genes has been documented.
For instance, the spv virulence genes are positively regulated
by the LysR-type regulator SpvR and repressed by H-NS and
LRP (45, 50). A negative role of H-NS and LRP is also re-
ported for the 16S rRNA genes, where it is postulated that
these proteins bind upstream and downstream of the transcrip-
tion initiation site and work together in a synergic fashion to
repress the expression of the 16S rRNA genes (53, 54). Similar
to these studies, we found that H-NS and LRP bind upstream
and downstream of the transcription initiation site to repress
casA (Fig. 5C and D). Interestingly, both proteins appear to
simultaneously bind the casA regulatory region (Fig. 5E), and
it is possible that a nucleosome structure formed between
H-NS, LRP, and the target promoter is needed to exert re-
pression of CRISPR/Cas, as suggested for the 16S rRNA re-
pression mediated by H-NS and LRP (53, 54).

Future research is needed to elucidate the fine-tuning mech-
anism of casA repression mediated by H-NS and LRP, and it
would also be interesting to determine how LeuO in the pres-
ence of these proteins induces casA activity. The transcrip-
tional results in the absence of H-NS and LRP showed casA
activity values of around 5,000 in MA medium (Fig. 4), while
the expression value obtained in the presence of LeuO was
only 500 (Fig. 1C), indicating that LeuO moderately induces
casA transcriptional expression and that some additional pos-
itive regulatory elements or signals are needed to obtain its
complete induction. We also found that the casA promoter
region is highly induced in N-minimal medium, in a LeuO-
independent manner (Fig. 6). Nevertheless, LeuO can also
enhance casA activity in N-minimal medium if it is overex-
pressed from a synthetic promoter.

The participation of global regulatory proteins such as
LeuO, H-NS, and LRP, which have been implicated in viru-
lence metabolism and other biological processes, suggests that
the CRISPR/Cas system responds to a wide variety of environ-
mental cues. It was reported that the CRISPR/Cas program is
involved in sporulation in Myxococcus xanthus (63) and in
biofilm formation in Pseudomonas aeruginosa (65) and also
that housekeeping genes can be targets of CRISPR interfer-
ence (2). The fact that the CRISPR/Cas system is induced
under stress conditions such as growth in N-minimal medium
suggests that it could have a role in pathogenesis. Further
studies of mutants inactivated in the cas genes are needed to
evaluate their role in infection and virulence in Salmonella.
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