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Expression of genes involved in the pathogenesis of Staphylococcus aureus is controlled by

global regulatory loci, including two-component regulatory systems and transcriptional regulators.

The staphylococcal-specific SarA family of transcription regulators control large numbers of target

genes involved in virulence, autolysis, biofilm formation, stress responses and metabolic

processes, and are recognized as potential therapeutic targets. Expression of some of these

important regulators has been examined, mostly in laboratory strains, while the pattern of

expression of these genes in other strains, especially clinical isolates, is largely unknown. In this

report, a comparative analysis of 10 sarA-family genes was conducted in six different S. aureus

strains, including two laboratory (RN6390, SH1000) and four clinical (MW2, Newman, COL and

UAMS-1) strains, by Northern and Western blot analyses. Transcription of most of the sarA-family

genes showed a strong growth phase-dependence in all strains tested. Among these genes, no

difference was observed in expression of the sarA, sarV, sarT and sarU genes, while a major

difference was observed in expression of the sarX gene only in strain RN6390. Expression of

mgrA, rot, sarZ, sarR and sarS was observed in all strains, but the level of expression varied from

strain to strain.

INTRODUCTION

Staphylococcus aureus is an opportunistic commensal
pathogen and among the most common causes of bacterial
infections in the community and the hospital. It can cause
acute food poisoning, pneumonia, meningitis, skin condi-
tions (e.g. acne, boils and cellulitis), arthritis, osteomyelitis,
endocarditis and toxic shock syndrome (Gordon & Lowy,
2008; Klevens et al., 2007; Lowy, 1998). Many S. aureus
strains are resistant to a wide spectrum of antibiotics,
including meticillin and vancomycin, which often makes
treatment of S. aureus infections extremely difficult.
Therefore, there is considerable interest in identifying
novel drug targets based on an analysis and a better
understanding of staphylococcal molecular genetics. Most
S. aureus infections begin as minor colonization of skin or
soft tissue, from which the organism can spread to the
bloodstream and subsequently disseminate into various
tissues (Gordon & Lowy, 2008; Klevens et al., 2007; Lowy,
1998). Once inside the host or tissues, S. aureus produces a
large number of factors that include adhesins, enzymes,
toxins, capsular polysaccharides and other gene products
that facilitate tissue colonization, tissue destruction and
immune evasion. The expression of these factors is
coordinately controlled by regulatory systems, such as
two-component regulatory systems (e.g. agr, arlRS, saeRS,
srrAB) and transcriptional regulatory systems (e.g. sarA

family, sigB, tcaR) (Bronner et al., 2004; Cheung et al.,
2004, 2008; Kornblum et al., 1990; Novick et al., 1993;
Novick, 2003).

Among transcription regulators, the SarA family of
proteins belongs to the winged-helix family of transcrip-
tion factors (Alekshun et al., 2001; Cheung et al., 2008).
The SarA protein family share sequence (22–35 % identity
and 48–65 % similarity) and structural homology with each
other as well as with the MarR (multidrug resistance)
family of proteins in other bacteria (Alekshun et al., 2001;
Bronner et al., 2004; Cheung et al., 2004, 2008; Novick,
2003). Analysis of sequenced staphylococcal genomes
reveals that at least nine major SarA paralogues are present
in most of these genomes (Kuroda et al., 2001). SarA (124
residues) is the first characterized member of the SarA
protein family (Cheung et al., 1992) and others that have
been subsequently characterized are SarR (115 residues;
Manna & Cheung, 2001), SarS (250 residues; Cheung et al.,
2001; Tegmark et al., 2000), Rot (133 residues; McNamara
et al., 2000; Manna & Ray, 2007), SarT (119 residues;
Schmidt et al., 2001), SarU (247 residues; Manna &
Cheung, 2003), SarV (116 residues; Manna et al., 2004),
MgrA (147 residues; Ingavale et al., 2003; Luong et al.,
2003; Truong-Bolduc et al., 2003), SarX (119 residues;
Manna & Cheung, 2006a) and SarZ (148 residues; Ballal
et al., 2009; Kaito et al., 2006). Among these 10 SarA-family
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proteins, SarT and SarU, which are located in a position
adjacent to the genome and transcribed divergently, are
missing in many sequenced clinical S. aureus isolates,
including UAMS-1, MRSA252 and RF122, and in other
Staphylococcus species (Cassat et al., 2005; Lindsay et al.,
2006). The SarA protein family can be divided into two
subgroups based on their length: single-domain proteins
115–148 residues long and two-domain proteins of 247–
250 residues long. The most interesting aspect of the two-
domain proteins SarS and SarU is that each gene encodes a
polypeptide with two homologous domains, where the two
domains have significant homology not only to each other
but also to smaller SarA-family proteins. Structural analysis
of four SarA paralogues suggests that smaller SarA proteins
exist as dimers (e.g. SarA, SarR, MgrA), while the two-
domain proteins are monomers (e.g. SarS) (Chen et al.,
2006; Li et al., 2003; Liu et al., 2001, 2006). Structurally
these proteins have similar folding and DNA recognition
regions (Li et al., 2003; Liu et al., 2001, 2006). In fact,
mutational analysis of SarA, SarR and SarZ proteins
suggest the existence of several conserved residues within
the winged-helix region that are involved in target DNA
recognition (Kaito et al., 2006; Liu et al., 2006; Manna &
Cheung, 2006b). Despite evidence of conserved DNA-
binding regions among the SarA proteins, the DNA-
binding sites mapped by DNase I footprint analysis for four
SarA paralogues, SarA (Chien et al., 1999; Manna et al.,
2004; Manna & Cheung, 2006b; Rechtin et al., 1999), SarR
(Manna & Cheung, 2001), MgrA (Manna et al., 2004) and
SarT (Schmidt et al., 2003), are different.

Transcriptional analysis and physical mapping of various
sar-family genes has been reported (Ballal et al., 2009;
Bayer et al., 1996; Ingavale et al., 2003; Manna & Cheung,
2001, 2003, 2006a; Manna et al., 1998, 2004; Manna & Ray,
2007; Tegmark et al., 2000).

Phenotypic characterization of the sarA family of genes,
mostly in laboratory strains derived from 8325-4, suggests
that many of these genes have distinct phenotypes, which
arise due to regulation of the expression of virulence
factors, regulatory genes, and genes involved in biofilm
formation, oxidative stress and metabolic processes. Several
members of the sarA family are involved in regulation of
the agr locus, a pivotal regulator for virulence factors
expression and a potential drug target in S. aureus;
specifically, SarZ and MgrA are involved in activation,
SarX plays a role in repression, and SarA and SarR are
involved in activation in the early phases of growth (Ballal
et al., 2009; Cheung et al., 2008; Kaito et al., 2006; Manna &
Cheung, 2006a, b; Tamber & Cheung, 2009). A few
members of the sarA family, such as sarU, sarT and sarV,
are either not transcribed or are transcribed at very low
levels under normal conditions of growth (Manna &
Cheung, 2003; Manna et al., 2004; Schmidt et al., 2001). An
undetectable or low level of transcription is attributed to
repression of normally expressed sarA-family genes. For
instance, a very low level of sarV or undetectable sarT
transcription is associated with repression mediated by

MgrA and SarA, while undetectable sarU transcription is
enhanced in a sarT mutant (Manna & Cheung, 2003;
Manna et al., 2004; Schmidt et al., 2001). Transcriptional
profiling studies have shown that individual mutation of
sarA, rot, mgrA and sarZ genes leads to altered expression
of large numbers of genes in S. aureus, thus demonstrating
their important role in gene regulation (Cassat et al., 2006;
Chen et al., 2009; Dunman et al., 2001; Luong et al., 2006;
Said-Salim et al., 2003). In fact, the effects of the selected
sarA-family genes (sarA, rot, sarU, mgrA and sarZ) on
virulence have been examined in several vertebrate and
invertebrate infection models (Bae et al., 2004; Chen et al.,
2006, 2009; Cheung et al., 2004; Kaito et al., 2006;
McNamara & Bayer, 2005; Wang et al., 2008). Overall,
experimental findings have demonstrated that the sarA
family of genes is important and contributes to reductions
in both virulence and bacterial counts in different organs.

Our knowledge of global regulatory systems is predomi-
nantly based on studies with strains derived from the easily
manipulated laboratory strain 8325-4, which has a
mutation in the rsbU gene that results in reduced
production of the stress-responsive alternative SigB factor
(Giachino et al., 2001). Therefore, the gene expression
profiles and regulatory pathways of laboratory strains may
not be the same as those of clinical isolates. It is worth
mentioning that strain-to-strain variation as well as growth
conditions also play an important role in target gene
expression. Although transcriptional analysis and physical
mapping of various sar-family genes have been reported,
comparative expression profiles, both transcriptional and
translational, in different clinical strains have not been
demonstrated. Therefore, to understand the expression
pattern of the sarA-family genes, comparative expression
profiling was performed in both laboratory and clinical
strains.

METHODS

Bacterial strains and growth conditions. The bacterial strains
used in this study are: RN6390 (three-prophage-cured derivative from
the human isolate 8325; Novick et al., 1993), COL (first hospital-
associated MRSA isolate; www.jcvi.org), Newman (a human clinical
isolate; McDevitt et al., 1994), SH1000 (a single-copy rsbU-
complemented derivative of 8325-4; Horsburgh et al., 2002), MW2
(a highly virulent community-associated MRSA human isolate; Baba
et al., 2002) and UAMS-1 (an osteomyelitis isolate; Blevins et al.,
2002). S. aureus strains were routinely grown in tryptic soy broth
(TSB) without antibiotic selection. The cells were grown overnight in
TSB medium and then inoculated at 0.5 % (v/v) (OD600 ~0.05) into
10 ml fresh TSB and grown with vigorous aeration at 230 r.p.m. in a
45 degree angle attached stand in a New Brunswick air shaker at 37 uC
in 18 mm diameter borosilicate glass tubes.

Extraction of RNA and Northern blot hybridization. Total RNA
from various S. aureus strains was prepared using a Trizol isolation kit
(Invitrogen) and a reciprocating shaker, as described previously
(Manna & Cheung, 2001, 2003; Manna et al., 2004; Schmidt et al.,
2001). The cells were allowed to grow to different phases of growth
based on OD600 (measured in a Spectronic 20D+ spectropho-
tometer) prior to RNA extraction. Samples containing the same

Expression of sarA-family genes in S. aureus strains

http://mic.sgmjournals.org 2343



amount of total cellular RNA (10 mg), as determined by measuring

the A260, were analysed by Northern blotting, as described previously

(Manna & Cheung, 2001, 2003; Manna et al., 2004; Schmidt et al.,

2001). Ten sarA-family genes were either amplified by PCR or excised

with restriction endonucleases from plasmids containing the desired

genes. For detection of specific transcripts, gel-purified DNA probes

were radiolabelled with [a-32P]dCTP using the random-primed DNA

labelling kit (Roche Diagnostics), and hybridized under aqueous-

phase conditions at 65 uC. Blots were subsequently washed and

radioactive band(s) detected using a PhosphoImager. The intensity of

the bands was quantified by ImageQuant software (Amersham Life

Sciences). Each experiment was repeated at least three times with

samples isolated on different dates.

Purification of Sar-family proteins and production of anti-Sar-

family polyclonal antibodies. Procedures for the cloning and

purification of 66His-tag fusion SarA, SarR, SarS, SarT, MgrA, SarZ

and SarX proteins have been previously described (Ballal et al., 2009;

Cheung et al., 2001; Chien et al., 1999; Manna & Cheung, 2001,

2006a; Manna et al., 2004; Schmidt et al., 2003). To clone and purify

SarV (116-residue), Rot (133-residue) and SarU (247-residue)

proteins, the 360, 420 and 750 bp DNA fragments containing the

full-length sarV, rot and sarU coding regions, respectively, were

amplified by PCR using chromosomal DNA from S. aureus RN6390

as the template and primers containing flanking restriction sites, NdeI

and BamHI, to facilitate in-frame cloning into the expression vector

pET14b (Novagen). The recombinant plasmids containing the

respective genes were confirmed by restriction digestion and DNA

sequencing and transformed into Escherichia coli BL21 (DE3) pLysS.

The His6–SarV, Rot and SarU protein expression and purification

were done in a manner similar to that described for other Sar-family

proteins (Ballal et al., 2009; Cheung et al., 2001; Chien et al., 1999;

Manna & Cheung, 2001, 2006a; Manna et al., 2004; Schmidt et al.,

2003). Purity of the purified SarV, SarU and Rot proteins was checked

in a 12 % polyacrylamide–SDS gel and they were found to be more

than 98 % pure. The concentration of the purified protein was

determined using the Bio-Rad protein estimation kit (Bio-Rad) and

BSA as the standard.

Antisera against Sar-family proteins were prepared by immunizing

four (BALB/c6SJL/J) F1 mice or two New Zealand rabbits with

100 mg of each protein, as described previously (Manna & Cheung,

2001). Western blotting was performed to monitor the titres of the

immune sera.

Cell extract preparation and Western blot analysis. Cell extracts

from the early exponential (OD600 0.7), exponential (OD600 1.1) and

post-exponential (OD600 1.7) phases of growth were prepared from

six tested staphylococcal strains. Cells were grown as described above

in 10 ml TSB medium. After harvesting, the cells were resuspended in

0.5 ml cell lysis buffer (25 mM Tris/HCl, pH 8.0, 5 mM EDTA,

pH 8.0, 100 mM NaCl), and treated with lysostaphin. Lysostaphin-

treated cells were briefly sonicated and centrifuged at 40 000 r.p.m. in

a rotor type 80 Ti (Beckman) for 30 min at 4 uC to remove cell

debris. The concentration of total proteins from clear lysates was

determined using the Bio-Rad protein estimation kit and BSA as the

standard.

Equal amounts of total cellular proteins were separated on 12 %

polyacrylamide-SDS gels and transferred onto nitrocellulose mem-

branes as previously described (Manna & Cheung, 2001). Blots were

incubated at room temperature with an appropriate dilution (1 : 500

or 1 : 1000) of anti-Sar-family protein-specific monoclonal or

polyclonal antibody for 2 h, followed by another 1 h incubation with

a 1 : 10 000 dilution of goat anti-mouse or anti-rabbit horseradish

peroxidase (HRP) conjugate (Pierce). Immunoreactive bands were

detected with an ECL detection kit (Pierce). SeeBlue prestained

protein standards (Invitrogen) were used for molecular mass

estimations. The intensities of the bands were quantified using

ImageQuant software (Amersham Life Sciences). Each experiment

was repeated at least three times with different samples isolated on

different dates.

RESULTS AND DISCUSSION

Expression of SarA, MgrA and Rot in different
strains of S. aureus

Prior to this study, preliminary transcriptional character-
ization of the sarA-family genes had been done mostly in
the strains derived from strain 8325-4. In this study, a
comparative analysis in expression of all 10 sarA-family
genes was performed in both commonly used laboratory
and clinical strains. Transcription of the mgrA gene
originates from two different promoters (P1 and P2), but
the translational product is MgrA (17 kDa). Expression of
the mgrA transcripts was similar in all tested strains of S.
aureus, except RN6390 and Newman (Fig. 1). During post-
exponential phase, the P1 transcript (560 nt) was the major
transcript in RN6390, while the P2 transcript (750 nt) was
the major transcript in Newman. Transcription of mgrA
decreased at the stationary (or overnight) phase in all
strains. Western blot analysis of cell extracts from three
different phases of growth with anti-MgrA monoclonal
antibody clearly showed that MgrA was produced in all
strains, but the level of expression varied between strains
and at different phases of growth (Fig. 1). A substantial
reduction (approximately twofold) in expression of MgrA
was observed in the post-exponential phase of growth (OD
~1.7) as compared with the exponential phase of growth
(OD ~1.1), where maximal expression of MgrA was
observed. The level of MgrA protein observed in strain
RN6390 was two- to threefold higher than those of UAMS-
1 and MW2, and 1.5- to twofold more than those of the
COL and SH1000 strains, whereas the Newman strain
showed slightly lower production than strain RN6390. This
correlates well with the higher transcription of mgrA
observed in RN6390 and Newman strains compared with
other strains. Taken together, Northern and Western
analyses suggest that mgrA expression depends on both
the growth phase and the strain of S. aureus being analysed.

In various strains of S. aureus and Staphylococcus
epidermidis, the sarA gene is the most well-studied gene
of the sarA family. Typically, expression of SarA is derived
from three overlapping sarA transcripts, originating from
two sA (P2, sarB and P1, sarA) and one sB (P3, sarC)
promoters with common 39 ends in a growth-dependent
manner (Bayer et al., 1996; Manna et al., 1998). Northern
and Western analyses of expression of the sarA gene in six
strains of S. aureus are shown in Fig. 2. Expression of the
sarB and sarC transcripts was growth phase-dependent,
sarB transcription decreased, and sarC transcription
increased as cells progressed from the lag to the stationary
phase of growth. Levels of sarC transcripts were consistent
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with the strain background: lower levels of the sarC
transcript were observed in the low SigB-producing strain
RN6390 (Cheung & Manna, 2005) compared with other
higher SigB-producing strains. Analyses of the sarA
transcript suggest that maximal transcription occurs in
RN6390, SH1000 and COL strains in early to exponential
phase, after which a slight decline is observed. In MW2, the
levels of the sarA transcript remained almost unchanged
until post-exponential phase. In all strains, the sarA
transcript was substantially decreased at the overnight or
the stationary phase of growth. To determine the
expression of SarA in different phases of growth in these
strains, Western blot analyses were performed with the cell
extracts using anti-SarA polyclonal antibodies (Fig. 2). In
spite of differential expression of three transcripts, there
was no major growth phase-dependent difference (,1.5-
fold among strains) in production of SarA in a particular
strain, indicating that expression of SarA is constitutive.

Furthermore, while the sigB-dependent sarC transcript is
drastically reduced in RN6390, similar levels of SarA
protein are observed in this strain as in others that make
more sarC transcript. This implies that overall production
of SarA is dependent on translation of combined sar
transcripts. These findings are consistent with reported
results demonstrating similar overall production of SarA in
RN6390 and UAMS-1 strains (Blevins et al., 2002).

To investigate expression of rot in different strains of S.
aureus, transcription and translational analyses were
performed. As shown in Fig. 3, in most strains, a distinct
increase in the level of rot transcription was observed from
the lag phase to the exponential or early post-exponential
phase, after which it declined. However, in COL, rot
transcription levels did not decrease during the post-
exponential phase. A diffuse pattern of rot transcription
was observed during the late phases of growth in all strains,

Fig. 1. Expression of the mgrA gene in the
different wild-type strains at the various phases
of growth. (a) Northern blots were hybridized
with 565 bp DNA fragments containing the
coding region of the mgrA gene. A total of
10 mg RNA was loaded in each lane. Lanes 1–
6, total cellular RNA from the growing cultures
at OD600 0.3, 0.7, 1.1, 1.4, 1.7 and overnight
(stationary) (Manna & Ray, 2007). P1
(0.56 knt) and P2 (0.75 knt) indicate the two
transcripts of the mgrA locus (Ingavale et al.,
2003). The region containing the 23S and 16S
rRNA of the ethidium bromide-stained gel
used for blotting is shown as a loading control.
The third and sixth panels from the top
represent the Western blot analyses for MgrA
with anti-MgrA antibody in the different wild-
type strains. Equivalent amounts of extracts
(20 mg) from the different phases of growth
(OD600 ~0.7, early exponential; OD600 ~1.1,
exponential; OD600 ~1.7, post-exponential)
were used to detect MgrA expression. (b)
Growth curves for the wild-type RN6390 and
COL strains. There was no noticeable differ-
ence in growth of other strains. The OD600 of
various cultures was measured in a Spectronic
20D spectrophotometer.
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and appeared to be due to expression of multiple
transcripts, which is mediated by four closely spaced
sA-dependent promoters that give rise to four overlap-
ping transcripts of 550, 620, 660 and 700 nt (Manna &
Ray, 2007). Despite the four different transcripts,
Western results show the production of a single protein
product of 16.5 kDa, Rot protein (Fig. 3). Western
analysis with anti-Rot polyclonal antibodies demon-
strated no difference in Rot expression during the three
phases of growth in UAMS-1 and RN6390 strains,
whereas a significant decrease (two- to 10-fold) in Rot
production was observed in other strains. It should be
noted that Rot expression was observed in all phases of
growth in all strains when blots were exposed to X-ray
film for a longer period of time (data not shown). The
transcription of rot is growth phase-dependent, with
maximal transcription occurring during the exponential
phase of growth, which correlates well with synthesis of
Rot protein in most of the strains, except RN6390 and
UAMS-1. The probable reason for higher expression of
Rot (1.5- to twofold) in UAMS-1 compared with RN6390
could be the decreased production of agr RNAIII
molecules. RNAIII modulates the production of Rot at
the translational level by binding to two complementary
UUGGGA sequences, one of which is located at the
ribosome-binding site (SD) and the other 44 nt upstream
of the SD site on the rot transcript. Base pairing between
RNAIII and these two regions inhibits the translation of
rot mRNA (Geisinger et al., 2006). Transcription of agr,
in particular RNAIII, production is maximal in RN6390
and decreased in MW2, SH1000, Newman, UAMS-1 and

COL (data not shown). Surprisingly, RN6390 produces a
significant amount of Rot compared with COL and other
strains. Therefore, regulation of translation of the rot
transcripts may not depend fully on RNAIII, as proposed
elsewhere (Geisinger et al., 2006). Among other known
regulators, SarA has been shown to repress transcription
of the rot gene in strain RN6390 (Manna & Ray, 2007),
but the effect of SarA on the expression of rot is minimal,
as no substantial difference was observed in SarA
expression in these strains. Overall the results suggest
that expression of SarA, MgrA and Rot is sustained
throughout all phases of growth in all of these strains,
and is consistent in several repeated independent sets of
experiments.

Expression of the sarZ and sarX genes in various
S. aureus strains

Characterization of sarX and sarZ has been reported
recently in several S. aureus strains, RN6390, SH1000 and
Newman, and also in S. epidermidis strain 1457 (Ballal et
al., 2009; Chen et al., 2009; Kaito et al., 2006; Tamber &
Cheung, 2009; Wang et al., 2008). To determine expression
profiles of both genes in other backgrounds, Northern and
Western blot analyses were performed. Results from
Northern analysis suggested that the expression of the
sarZ transcripts (0.55 knt and 1.5 knt) depends on growth
phase (Fig. 4). Maximal transcription was observed in the
exponential to early post-exponential phases of growth,
and thereafter a decrease in sarZ transcription was found in
most of the strains, except MW2 and COL, where

Fig. 2. Expression of the sarA gene in the
different wild-type strains at various phases of
growth. Northern blots were hybridized with
450 bp DNA fragments containing the coding
region of the sarA gene. A total of 10 mg
cellular RNA was loaded in each lane. Lanes
1–6, total cellular RNA from the growing
cultures at OD600 0.3, 0.7, 1.1, 1.4, 1.7 and
overnight (stationary) (Fig. 1b). The sarB

(1.15 knt), sarC (0.8 knt) and sarA (0.56 knt)
transcripts originated from the P2, P3 and P1
promoters of the sarA locus (Bayer et al.,
1996). The region containing the 23S and 16S
rRNA of the ethidium bromide-stained gel
used for blotting is shown as a loading control.
The third and sixth panels from the top
represent Western blots of intracellular
extracts from the different wild-type strains
probed with anti-SarA polyclonal antibodies.
Equivalent amounts of extracts (20 mg) from
the different phases of growth (OD600 ~0.7,
early exponential; OD600 ~1.1, exponential;
OD600 ~1.7, post-exponential) were used to
detect SarA expression.
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Fig. 3. Analysis of rot gene expression in the
different wild-type strains at various phases of
growth. Northern blots were hybridized with
450 bp DNA fragments containing the coding
region of the rot gene to detect the ~0.6 knt
rot transcript. Lanes 1–6, 10 mg cellular RNA
per lane from the growing cultures at OD600

0.3, 0.7, 1.1, 1.4, 1.7 and overnight (stationary)
(Fig. 1b). The region containing the 23S and
16S rRNA of the ethidium bromide-stained gel
used for blotting is shown as a loading control.
The third and sixth panels from the top
represent Western blots of intracellular
extracts from the different wild-type strains
probed with anti-Rot polyclonal antibodies.
Equivalent amounts of extracts (20 mg) from
the different phases of growth (OD600 ~0.7,
early exponential; OD600 ~1.1, exponential;
OD600 ~1.7, post-exponential) were used to
detect Rot expression.

Fig. 4. Expression of the sarZ gene in the
different wild-type strains at various phases of
growth. Northern blots were hybridized with
550 bp DNA fragments containing the coding
region of the sarZ gene. A total of 10 mg
cellular RNA was loaded in each lane. Lanes
1–6, total cellular RNA from the growing
cultures at OD600 0.3, 0.7, 1.1, 1.4, 1.7 and
overnight (stationary) (Fig. 1b). P1 and P2
indicate the major (0.55 knt) and minor
(1.5 knt) transcripts of the sarZ locus (Ballal
et al., 2009). The region containing the 23S
and 16S rRNA of the ethidium bromide-
stained gel used for blotting is shown as a
loading control. The third and sixth panels from
the top represent Western blots of intracellular
extracts from the different wild-type strains
probed with anti-SarZ polyclonal antibodies.
Equivalent amounts of extracts (20 mg) from
the different phases of growth (OD600 ~0.7,
early exponential; OD600 ~1.1, exponential;
OD600 ~1.7, post-exponential) were used to
detect SarZ expression.
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substantial levels of transcript were retained in the post-
exponential and stationary phases of growth. Western blot
analysis of cell extracts from different phases of growth
probed with anti-SarZ polyclonal antibodies did not
correlate very well with SarZ expression in many strains,
especially during the early or post-exponential phase of
growth. Newman, SH1000 and UAMS-1 showed reduced
sarZ transcription during post-exponential phase, but SarZ
protein production was not decreased in this phase
compared with exponential phase (Fig. 4). It is plausible
that additional factors are present in these strains that are
responsible for a higher stability of the SarZ protein, in
spite of decreased sarZ transcription. Recently we have
shown that sarZ transcription is partially activated by
MgrA (Ballal et al., 2009). Interestingly, RN6390 shows
increased sarZ transcription and SarZ production (more
than twofold) in the early phase of growth compared with
both later phases of growth and with SH1000. This
correlates well with the higher level of MgrA expression
in this strain compared with SH1000.

Transcription of the sarX gene was found to be strongly
growth phase-dependent in RN6390, where maximal
transcription was observed at the post-exponential phase
of growth (Fig. 5). Surprisingly, transcriptional analysis of
SH1000, which belongs to the same lineage as RN6390 with
an intact rsbU gene (Horsburgh et al., 2002), showed that
only a low level of the sarX transcript was detectable.
Similarly, low or undetectable levels of sarX transcripts
were observed in clinical strains, MW2, Newman, COL and

UAMS-1 (Fig. 5). Western analysis with anti-SarX poly-
clonal antibodies demonstrated SarX expression only in
RN6390, with maximal expression in the post-exponential
phase of growth. The expression of sarX is significantly
increased (.12-fold) in strain RN6390 compared with
other strains. A low level of SarX expression was also
observed in strain Newman in the early phases of growth.
Overall, the results demonstrated drastically reduced sarX
expression in the relatively high SigB-producing strains,
which suggests that SigB responsive factor(s) are involved
in modulation of sarX transcription in S. aureus, although
the promoter structure of the major sarX transcript is sA-
dependent (Manna & Cheung, 2006a). MgrA is a positive
regulator of sarX transcription, and MgrA expression is
clearly observed in all strains tested, indicating that lack of
SarX expression is not due to absence of MgrA.

Expression of the sarS and sarR genes

The sarS locus has been previously shown to produce either
three [two minor (P2, 1500 nt and P3, 3000 nt) and one
major P1 (~952 nt) sarS transcripts (Tegmark et al., 2000)]

or a major sarS transcript (Cheung et al., 2001), depending
on the Northern hybridization conditions used. Among
these three transcripts, the highly transcribed P1 and the
weakly transcribed P2 are sA- and sB-dependent, respect-
ively, whereas the nature of the weakly transcribed largest
transcript (P3) is unknown (Tegmark et al., 2000).
Northern analysis showed increased sarS transcription in
the early phases of growth in all strains, after which it

Fig. 5. Expression of the sarX gene in the
different wild-type strains at various phases of
growth. Northern blots were hybridized with
550 bp DNA fragments containing the coding
region of the sarX gene. A total of 10 mg
cellular RNA was loaded in each lane. Lanes
1–6, total cellular RNA from the growing
cultures at OD600 0.3, 0.7, 1.1, 1.4, 1.7 and
overnight (stationary) (Fig. 1b). P1 and P2
indicate the major (0.5 knt) and minor (1.5 knt)
transcripts of the sarX locus (Manna &
Cheung, 2006a). The region containing 23S
and 16S rRNA of the ethidium bromide-
stained gel used for blotting is shown as a
loading control. The third and sixth panels from
the top represent Western blots of intracellular
extracts from the different wild-type strains
probed with anti-SarX polyclonal antibodies.
Equivalent amounts of extracts (20 mg) from
the different phases of growth (OD600 ~0.7,
early exponential; OD600 ~1.1, exponential;
OD600 ~1.7, post-exponential) were used to
detect SarX expression.
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declined (Fig. 6). In spite of detection of several transcripts
of the sarS locus, the major gene product of the sarS locus
was a 29.9 kDa SarS protein. Western analysis of the cell
extracts showed that SarS production decreased in the later
phases of growth, particularly in the clinical isolates MW2,
Newman, COL and UAMS-1. Both of the laboratory strains
(RN6390 and SH1000) retained more SarS expression in
the later phases of growth, which was consistently observed
in several repeated experiments. SarS is an activator for
expression of its adjacent spa (protein A) gene and is
repressed by mgrA, sarA and sarZ inactivation (Ballal et al.,
2009; Cheung et al., 2001; Tegmark et al., 2000), while
activated by sarT and rot inactivation (Said-Salim et al.,
2003; Schmidt et al., 2003). SarS expression is marginally
lower in some of the strains, which may correlate with the
higher expression of some of the sarS-repressive SarA
paralogues. For example, transcription of sarS is lower
(1.5- to twofold) in RN6390 compared with SH1000,
which correlates well with higher expression of the SarS-
repressive paralogues MgrA (1.5- to twofold) and SarZ
(1.5- to threefold) in RN6390 as compared with SH1000.

Results from Northern analysis of the sarR gene (Fig. 7)
showed that maximal transcription occurred in the early to
mid exponential phases of growth in most of the strains. In
UAMS-1, relative to other strains, lower levels of the sarR
transcript (~500 nt) were observed in all phases of growth.
Western analysis with anti-SarR polyclonal antibodies also
showed SarR production to be preferentially increased
during the exponential phase of growth as compared with

other phases of growth in all strains analysed (data not
shown).

Undetectable or low levels of transcription of
sarU, sarT and sarV genes in different S. aureus
strains

Prior to this analysis, it had been shown that transcription
of sarU and sarT genes is undetectable in several other
strains of S. aureus, including RN6390, whereas transcrip-
tion of sarV is very low in RN6390 (Manna & Cheung,
2003; Manna et al., 2004; Schmidt et al., 2001). Northern
analyses for the sarT and sarU genes with the total RNA
from all six strains from various phases of growth failed to
detect any 0.8 knt sarT or 1.2 knt sarU transcripts for these
two genes (data not shown). Similarly, Northern analysis of
the sarV gene showed a very low level of expression of the
sarV transcript (~500 nt) in all these strains (Fig. 7).
Western analysis with cell extracts from different strains
and anti-SarV polyclonal antibodies revealed no detectable
expression of SarV protein (data not shown). Therefore,
these results suggest that sarT and sarU are not expressed in
any strains, while sarV is weakly transcribed in both
laboratory and clinical strains. In RN6390, it has been
demonstrated that transcription of the sarV and sarT genes
is repressed by SarA and MgrA, whereas SarT represses
sarU transcription (Manna & Cheung, 2003; Manna et al.,
2004; Schmidt et al., 2001). It is possible that in clinical
isolates these genes are not expressed due to the repressive
effects of other SarA paralogues and the growth conditions

Fig. 6. Analysis of expression of the sarS

gene in the different wild-type strains at
various phases of growth. Northern blots were
hybridized with 800 bp DNA fragments con-
taining the coding region of the sarS gene to
detect the 0.95 knt sarS major transcript.
Lanes 1–6, 10 mg cellular RNA per lane from
the growing cultures at OD600 0.3, 0.7, 1.1,
1.4, 1.7 and overnight (stationary) (Fig. 1b).
The region containing the 23S and 16S rRNA
of the ethidium bromide-stained gel used for
blotting is shown as a loading control. The
third and sixth panels from the top represent
Western blots of intracellular extracts from the
different wild-type strains probed with anti-
SarS polyclonal antibodies. Equivalent
amounts of extracts (20 mg) from the different
phases of growth (OD600 ~0.7, early expo-
nential; OD600 ~1.1, exponential; OD600 ~1.7,
post-exponential) were used to detect SarS
expression.
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used. It is likely that under different sets of environmental
conditions, some of these would be expressed. Indeed, a
detectable level of sarT transcription is observed when
SH1000 and MW2 are grown in media with a low pH (our
unpublished observation). It should be noted that UAMS-1
does not carry the sarT or sarU gene (Cassat et al., 2006).
Overall, the experimental results presented in this report
are consistent across several repeated sets of experiments.

Overall, the comparative results presented in this report
clearly suggest that most of the sarA paralogue genes show
a similar pattern of expression in both laboratory and
clinical strains, with the notable exception of the sarX gene.
Results from numerous studies have clearly established the
role of SarA paralogues in the regulation of a large number
of target genes involved in virulence and other important
processes. However, not much is known about the roles
that these genes play in modulating staphylococcal
virulence in vivo, the precise mechanisms by which the
sarA family of genes are regulated (i.e. internal and external
signals), or how they regulate their target genes at the
molecular level. This study characterized the expression of
these paralogues in different strains of S. aureus in an
attempt to define a role for these regulatory pathways, in
particular, those mediated by the SarA protein family.
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