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The Staphylococcus aureus cidABC and lrgAB operons have been shown to regulate murein hydrolase activity
and affect antibiotic tolerance. The cid operon enhances murein hydrolase activity and antibiotic sensitivity,
whereas the lrg operon inhibits these processes. Based on these findings and the structural similarities of the
cidA and lrgA gene products to the bacteriophage holin family of proteins, we have proposed that the cid and
lrg operons encode holin- and antiholin-like proteins, respectively, that function to control the murein hydro-
lase activity produced by the bacteria. Analysis of cid operon transcription revealed the presence of two
transcripts, one spanning all three cid genes and whose expression is induced by growth in the presence of
acetic acid and the other spanning cidB and cidC only that is produced in a sigma B-dependent manner. The
cidABC operon lies immediately downstream from the cidR gene, encoding a potential LysR-type transcrip-
tional regulator. In this study, we demonstrate that cidR is involved in the regulation of cidABC expression.
Northern blot analyses revealed that the cidR gene product positively regulates cidABC expression by increas-
ing transcription in the presence of acetic acid produced as a result of the metabolism of glucose. As expected
for an operon that encodes a positive effector of murein hydrolase activity, the upregulation of cidABC
expression resulted in increased murein hydrolase activity produced by these cells. Furthermore, it was
demonstrated that antibiotic tolerance and stationary-phase survival of S. aureus are affected by the cidR gene.
Taken together, these results demonstrate that the cidR gene product functions as a transcriptional activator
of cidABC transcription in response to acetic acid accumulation in the growth medium.

Antibiotic tolerance can be defined as the intrinsic ability of
microorganisms to survive the killing effects of antimicrobial
agents. The term was originally used to contrast it with antibi-
otic resistance mechanisms and to describe physiological alter-
ations in bacteria that result in a change in their sensitivities to
antibiotics from a bactericidal response to a bacteriostatic one
(28). Although the changes that affect antibiotic tolerance were
shown to involve the control of murein hydrolase activity, the
molecular basis for these changes is uncertain. Indeed, the
molecular control of murein hydrolase activity is still undefined
and is the subject of considerable research. Moreover, the way
in which the bacterial cell wall is assembled and maintained is
an important problem in bacteriology that remains to be
solved.

Recent studies in our laboratory have demonstrated that the
Staphylococcus aureus cidABC and lrgAB operons encode a
complex regulatory system that affects murein hydrolase activ-
ity and antibiotic tolerance (4, 7, 20–23). It has been proposed
that the cid and lrg gene products function in a manner that
resembles bacteriophage-encoded holins and antiholins, re-
spectively, involved in the control of cell death and lysis during
the lytic cycle of a bacteriophage infection (2, 20, 22). Mu-
tagenesis studies have revealed that a cidA mutation causes
decreased extracellular murein hydrolase activity and in-

creased antibiotic tolerance, whereas a lrgAB mutation causes
increased murein hydrolase activity and decreased tolerance
(7, 21, 22). Although the precise mechanism by which the cid
and lrg gene products affect these processes is unknown, it has
been hypothesized that they not only function to control the
murein hydrolase activity produced by the cell but constitute
the molecular components of a cell death mechanism triggered
in response to stress or other developmental cues (1, 20).

Expression of the lrgAB operon is positively regulated by a
two-component regulatory system encoded by the lytSR operon
located immediately upstream of lrgAB (4). By comparison, the
cidABC operon lies downstream of an open reading frame
(ORF), designated cidR (GenBank accession no. AY581892),
whose gene product is homologous to the LysR-type transcrip-
tional regulator (LTTR) family of proteins (26). A recent tran-
scription analysis of the cid operon revealed the presence of
two overlapping transcripts: one spanning all three cid genes
and the other spanning cidB and cidC only (23). The 2.7-kb
cidBC transcript was shown to be expressed maximally during
exponential growth and in a sigma B (�B)-dependent manner
(23). In contrast, the cidABC transcript was expressed at rela-
tively low levels in the absence of excess glucose and could only
be detected using reverse transcriptase PCR (RT-PCR) (23).
More recent studies in our laboratory have revealed that
cidABC expression is greatly increased by the accumulation of
acetic acid in the culture supernatant of S. aureus cultures
containing high levels of glucose (22). However, the precise
molecular mechanism by which cidABC expression is induced
in the presence of acetic acid was not defined.
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In this study, the role of the cidR gene product in regulating
expression of the cid operon was investigated in detail by cre-
ating an isogenic cidR mutant of the previously characterized
S. aureus clinical isolate UAMS-1. Northern blot analyses of
the cidR mutant indicated that CidR enhances cidABC expres-
sion in the presence of acetic acid generated by the metabolism
of excess glucose. These data also demonstrate that the cidR
gene product affects the control of murein hydrolase activity by
enhancing cidABC expression in the presence of acetic acid.
Finally, the cidR mutation was also shown to affect the survival
of S. aureus in stationary phase. These results demonstrate that
the cidR gene product is a major component of this complex
regulatory system.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this
study are listed in Table 1. All S. aureus strains were grown in either tryptic soy
broth (TSB; Difco Laboratories, Detroit, MI) or filter-sterilized NZY broth (3%
[wt · vol�1] N-Z Amine A [Sigma Chemical Co., St. Louis, MO], 1% [wt · vol�1]
yeast extract [Fisher Scientific, Fair Lawn, NJ], pH 7.5) supplemented as neces-
sary with 1.5% (wt · vol�1) granulated agar (Difco). Escherichia coli DH5� was
grown in Luria-Bertani medium (Fisher Scientific). Liquid cultures were grown
in Erlenmeyer flasks at 37°C with shaking (250 rpm) in a volume that was no
greater than 10% of the flask volume. All antibiotics were purchased from either
Sigma Chemical Co. or Fisher Scientific and were used at the following concen-
trations: ampicillin, 100 �g · ml�1; erythromycin, 3 �g · ml�1; chloramphenicol,
5 �g · ml�1; tetracycline, 5 �g · ml�1.

DNA manipulations. Genomic DNA was isolated from S. aureus using the
method of Dyer and Iandolo (5). Plasmid DNA purification was performed using
Wizard Plus kits from Promega, Inc. (Madison, Wis.). The restriction enzymes
and T4 DNA ligase used in this study were purchased from either New England
Biolabs (Beverly, Mass.) or Invitrogen Life Technologies (Carlsbad, Calif.).
Preparation and transformation of E. coli DH5� were accomplished using the
method described by Inoue et al. (12). Electroporation of DNA into S. aureus
was carried out using the procedures of Schenk and Laddaga (27).

Allele replacement of the cidR gene in UAMS-1. A cidR mutation was gener-
ated in S. aureus UAMS-1 by allele replacement as follows. A 573-bp DNA
fragment spanning a region 5� to cidR (nucleotides [nt] 2626938 to 2627504 of the
S. aureus 8325 genome; http://www.genome.ou.edu/staph.html) was PCR ampli-
fied using primers EmhR1 (5�-GGCCGGATCCTCACTTCTCTAGGGAAATT
GC-3�) and EmhR2 (5�-GCGCCTGCAGACATGCCCATGTTTATATGTCC-
3�) and ligated into the BamHI and PstI sites of plasmid pDG1515 (8) upstream
of a Tcr cassette. This plasmid was designated pRB1. Next, a 458-bp DNA

fragment spanning a region 3� of cidR (nt 2626145 to 2626602 of the S. aureus
8325 genome) was PCR amplified using primers cidR-Kpn (5�-CCCGGTACC
ATCCCTTTCTCGAGATGTCTAAATTG-3�) and cidA-Eco (5�-GGCTTTGT
TCCGAATTCTGTAGCGCA-3�) and ligated into the KpnI and EcoRI sites of
pRB1 downstream of the Tcr cassette. This plasmid, designated pRB2, was then
digested with BamHI and KpnI to liberate a 3.17-kb fragment containing the Tcr

cassette along with the flanking cidR sequences, which was subsequently ligated
into the BamHI and KpnI sites of the temperature-sensitive shuttle vector pCL10
(25) to generate pRB3. This plasmid was then transformed into strain UAMS-1
by electroporation (27), spread onto tryptic soy agar (TSA) plates containing
chloramphenicol, and incubated at 37°C overnight. This was followed by growth
at the nonpermissive temperature (43°C) in the presence of tetracycline to select
for cells in which the plasmid had integrated into the chromosome via homolo-
gous recombination. To promote a second recombination event, a single colony
was inoculated into antibiotic-free TSB and grown at 30°C for 5 days with 1:1,000
dilutions into fresh TSB each day. After the fifth day, the culture was diluted and
spread on TSA plates containing tetracycline to yield isolated colonies. The
colonies were then screened for the Tcr and Cms phenotypes. Verification that
the cidR gene had been deleted was carried out by PCR amplification and
Southern blot analyses (data not shown). The confirmed mutant strain was
designated KB1090 (Table 1).

Complementation of the cidR mutation in KB1090 was achieved by PCR
amplifying the cidR ORF (nt 2626254 to 2627413 of the S. aureus 8325 genome)
using primers cidR-F-BamHI (5�-CCCGGATCCGTAAAAGCTCAATACCTC
ACCTCG-3�) and cidR-R-EcoRI (5�-CCCGAATTCGGAAACGCTCTCTAA
ATTTCAC-3�). The resulting PCR product was ligated into the BamHI and
EcoRI sites of the gram-positive expression vector pRB474 (3). This placed the
expression of cidR under the control of the vegII promoter, a vegetative promoter
from Bacillus subtilis (13). This recombinant plasmid was designated pSJ11.

Isolation of RNA. For RNA isolation, fresh overnight cultures of S. aureus
strains were used to inoculate NZY broth to an optical density at 600 nm
(OD600) of 0.1. Cells were harvested during exponential growth (2 h), early
stationary phase (6 h), and late stationary phase (12 h). Total RNA was isolated
from the cell pellets by using the RNeasy kit (QIAGEN, Valencia, Calif.) and the
FASTPREP FP120 instrument (Bio 101, Inc., Vista, Calif.) according to the
manufacturer’s recommended protocols.

Primer extension analysis. The transcription start site of cidR was mapped by
primer extension analysis as described by Sambrook et al. (24). Specifically, the
reverse primer cidR-probe (5�-GCCTCCTTGCTTAACGACTTC-3�), comple-
mentary to the 5� end of the cidR gene (nt 2627185 to 2627205 of the S. aureus
8325 genome), was end labeled with [�-32P]ATP (6,000 Ci · mmol�1) and used
in the primer extension reaction. One hundred micrograms of total bacterial
RNA, isolated from an exponential growth phase S. aureus UAMS-1 culture, was
used as the template in the primer extension reaction. A DNA sequencing ladder
of the cidR promoter region was obtained using the cidR-probe primer and a
Sequenase Kit (United States Biochemical Corporation, Cleveland, OH) accord-
ing to the manufacturer’s recommendations for using an end-labeled primer in
the sequencing reaction. Plasmid pSJ10, containing 1,465 bp upstream of the
putative GTG translational start site of cidR, was used as the template in the
sequencing reactions. The sequencing and primer extension products were run
simultaneously through an 8% (wt · vol�1) denaturing polyacrylamide gel, and
the bands were visualized by autoradiography.

Northern blot analysis. Northern blot analyses were performed as described
previously (24), with minor modifications (22, 23). Digoxigenin (DIG)-labeled
DNA probes were synthesized using a PCR-based DIG Probe Synthesis Kit
(Roche) with primers (22) cidA1-F (5�-CCCCATATGCACAAAGTCCAATT
A-3�) and cidA1-R (5�-CCCCTCGAGTTCATAAGCGTCTACACC-3�) to syn-
thesize a cidA-specific probe.

Detection of cidABC expression by RT-PCR. RT-PCR was performed as de-
scribed previously (21), with the following modifications. Briefly, cidABC cDNA
was generated using Moloney murine leukemia virus reverse transcriptase (Fer-
mentas, Hanover, Md.) and the reverse primer cidC1-R (5�-GCCGTTGTCGA
CAATTGTGATAACCTTTCAATC-3�). The cidABC cDNA products were
then detected by PCR using primers cidA1-F (5�-AGACATATTTAGAAAGG
GATCCCGCCATGCACAAAGTCC-3�) and cidC1-R. The RT-PCR primers
used for the detection of the gyrA transcripts were described previously (21).
PCRs for both cidABC and gyrA were carried out in 50-�l aliquots and consisted
of 2 �l of cDNA, 0.2 �M each primer, 10� PCR buffer (Invitrogen Life Tech-
nologies), 3 mM MgCl2, 0.2 �M deoxynucleoside triphosphate, and 0.5 U of Taq
polymerase (Invitrogen Life Technologies). Amplification was performed with
initial denaturation at 94°C for 5 min, followed by 25 cycles of denaturation at
94°C for 30 s, annealing at 52°C for 30 s, and extension at 72°C for 3 min,
followed by a final extension step of 72°C for 5 min. The cidA1-F and cidC1-R

TABLE 1. Strains and plasmids used in this study

Strain or
plasmid Descriptiona Reference

or source

S. aureus
UAMS-1 Clinical osteomyelitis isolate; rsbU� 6
KB1090 UAMS-1 cidR::Tc; Tcr This study
KB1050 UAMS-1 cidA::Em; Emr 22

E. coli DH5� Host strain for construction of
recombinant plasmids

9

Plasmids
pRB474 Shuttle vector carrying B. subtilis

vegII promoter; Cmr
3

pDG1515 Source of Tcr cassette; Tcr Ampr 8
pCR2.1 E. coli plasmid; Ampr Invitrogen
pSJ10 pCR2.1 containing 1,465-bp cidR

promoter region
This study

pSJ11 cidR ORF cloned into BamHI and
EcoRI sites of pRB474

This study

a Abbreviations: Tcr, tetracycline resistance; Emr, erythromycin resistance;
Cmr, chloramphenicol resistance; Ampr, ampicillin resistance.
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primers amplify a 2.9-kb product spanning cidABC, and the gyrA-specific primers
amplify a 100-bp product (GenBank accession no. D10489).

Murein hydrolase assays. Fresh overnight cultures of S. aureus strains were
used to inoculate Erlenmeyer flasks containing 10 ml of NZY broth to an initial
OD600 of 0.1, and they were grown for 16 h at 37°C and 250 rpm. The culture
supernatants were collected by centrifugation and concentrated approximately
sixfold using a Centricon-3 concentrator (Millipore, Bedford, MA). Protein con-
centrations of the extracellular supernatants were determined using the Bradford
assay (Bio-Rad Laboratories, Hercules, CA) according to the manufacturer’s
recommendation. Quantitative cell wall hydrolysis assays were performed essen-
tially as described by Mani et al. (17).

Determination of stationary-phase survival. Overnight cultures of S. aureus
strains were used to inoculate 40 ml of NZY medium to an OD600 of 0.1. Flasks
were capped with bug stoppers (Whatman Inc., Clifton, N.J.), and cultures were
grown for up to 2 weeks at 37°C and 250 rpm. Aliquots (0.3 ml) were taken at
24-h intervals, and the CFU per milliliter were determined by plating serial
dilutions of each sample on TSA plates. Acetate and glucose concentrations were
determined using kits purchased from R-Biopharm, Inc. (Marshall, Mich.) and
used according to the manufacturer’s directions. The pH of the culture super-
natants was determined using a 	300 pH meter (Beckman, Inc., Palo Alto,
Calif.).

RESULTS

Identification of the S. aureus cidR gene. The S. aureus cidABC
operon has been previously shown to enhance murein hydro-
lase activity and cell death (21–23). Its counterpart, the lrgAB
operon, encodes a negative effector of these processes and is
positively regulated by the LytSR two-component regulatory
system. Unlike the lrgAB operon, which lies immediately down-
stream from the lytS and lytR genes (4), the cidABC operon is
located immediately downstream of an ORF, designated cidR,
encoding an LTTR (Fig. 1A). The translation start site of the
cidR gene is predicted to be a GTG codon (GenBank accession
no. AY581892) based on its proximity to a putative ribosome-
binding site (Fig. 1A), as well as the high degree of amino acid
sequence similarity of the resulting N terminus with other
known LTTRs (data not shown). The predicted amino acid
sequence of the cidR gene product (CidR) contains 292 resi-
dues with a deduced molecular mass of 33.4 kDa and a pI of
5.39 (http://us.expasy.org/tools/pi_tool.html). Analysis of the
CidR amino acid sequence revealed that it contains a con-

served N-terminal helix-turn-helix motif that is likely to be
responsible for DNA binding (26) and a putative C-terminal
regulatory domain, to which an inducer may bind (10, 18, 26).
Unlike most LTTRs, which are usually divergently transcribed
from a promoter that overlaps the promoter of the regulated
target gene (26), the cidR gene is transcribed in the same
direction as cidABC.

As shown in Fig. 1A and B, the transcription start site (�1)
for the cidR gene was determined by primer extension analysis
to be an adenine residue located 103 bp upstream of the
predicted cidR start codon. No canonical �10 and �35 ele-
ments (11) (5�-TATAAT-3� and 5�-TTGACA-3�, respectively)
were identified in the sequences preceding the cidR transcrip-
tion start site. However, the sequences 5�-AAGAAT-3� (9 bp
upstream of the cidR �1 site) and 5�-TTGAGG-3� (19 bp
upstream of the putative �10 element) both containing four
out of six matches to the predicted �A-dependent �10 and
�35 consensus sequences, respectively, were identified up-
stream of the �1 site. The suboptimal spacing between the
putative �10 and �35 sequences may partially explain the
low-level expression of the cidR transcript both in the presence
and in the absence of glucose (see Fig. 3).

Positive regulation of cidABC transcription by CidR. Previ-
ous studies of transcription of the S. aureus cid operon revealed
the presence of two major overlapping transcripts: a cidABC
transcript that is expressed at low levels during the early ex-
ponential growth phase and a cidBC transcript that is produced
at relatively high levels during exponential growth and whose
expression is dependent on rsbU-mediated activation of S. au-
reus sigma factor B (�B) (21, 23). Furthermore, it has been
recently demonstrated that cidABC transcription is strongly
upregulated by the acetic acid that accumulates in the culture
medium during growth in the presence of excess glucose (22).
Since the cidR gene is predicted to encode an LTTR, it is
possible that expression of one or both of the cid operon
transcripts is regulated by the cidR gene product. To address
this, a cidR mutant derivative of UAMS-1 (designated
KB1090) was generated by replacing 335 bp from the internal

FIG. 1. Analysis of the cidR promoter region. (A) The cidR transcription start site determined by primer extension analysis (B) is indicated by
asterisks, whereas putative �10 and �35 elements are underlined. The putative GTG start codon is in bold, and the predicted ribosome binding
site is double underlined. Transcripts spanning cidABC (3.0 kb) and cidBC (2.7 kb) are indicated above the corresponding genes. (B) Primer
extension analysis of total cellular RNA (100 �g) (lane 1) from UAMS-1 yielded a 155-bp cDNA product, mapping the cidR transcription start
site to an adenine residue located 103 bp upstream of the cidR GTG start codon. The size of the extension product was determined by comparison
with the DNA sequencing ladder of the cidR promoter region. Primer extension and sequencing reactions were prepared using the same primer.
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region of this gene with a Tcr cassette. To determine the effect
of the cidR mutation on expression of the cidR and cidABC
genes, Northern blot analyses were performed on RNA sam-
ples isolated from cultures of either UAMS-1, KB1090 (cidR
mutant), or KB1090(pSJ11) (the cidR mutant containing the
cidR complementation plasmid) grown in NZY broth in either
the presence or the absence of 35 mM glucose. As shown in
Fig. 2A, cidABC transcription was not detected in either
UAMS-1 or the isogenic cidR mutant KB1090 when the cul-
tures were grown in NZY broth in the absence of glucose. In
agreement with previous findings (22), cidABC expression was
dramatically induced during the transition into stationary
phase (6 h growth) when UAMS-1 was grown in the presence
of 35 mM glucose (Fig. 2B). However, under these same
growth conditions the cidR mutant displayed a complete ab-
sence of cidABC transcripts at 6 h of growth, suggesting that
the dramatic increase in cidABC expression observed in the
presence of 35 mM glucose is dependent on the cidR gene

product. The expression of cidABC in strain KB1090(pSJ11)
was detectable at low levels at 6 h in the presence of 35 mM
glucose, suggesting that the cidR mutation could be partially
complemented by expression of cidR from a plasmid. This
low-level complementation is likely due to the fact that cidR
expression is under the control of the vegII promoter that is
maximally active during exponential growth (13). In contrast to
cidABC expression, the expression of cidBC was not affected by
the cidR mutation both in the presence and in the absence of
glucose (data not shown). Also, the CidR-dependent transcrip-
tion of cidABC was not affected by �B (data not shown).

It was also previously found that the effect of high levels of
glucose on cidABC transcription is attributable to the accumu-
lation of acetic acid in the culture medium as a result of
glucose catabolism (22). Therefore, a Northern blot analysis
was also performed on RNA samples from UAMS-1, KB1090,
and KB1090(pSJ11) grown in NZY supplemented with 26 mM
acetic acid to determine whether acetic acid induction of high-
level cidABC expression is mediated via CidR. Consistent with
previously observed results (21), growth of UAMS-1 in NZY
broth supplemented with acetic acid resulted in dramatically
increased expression of cidABC at 2 h and 6 h after inoculation
(Fig. 2C). In contrast, growth of KB1090 in acetic acid-supple-
mented NZY broth showed no detectable cidABC transcripts
at either time point. Furthermore, cidABC expression was re-
stored in KB1090(pSJ11) grown in medium supplemented with
acetic acid, especially at 2 h of growth, when the vegII promoter
is thought to be most active (Fig. 2C). Collectively, these re-
sults indicate that the induction of cidABC expression by acetic
acid previously observed (22) is dependent on an intact cidR
gene.

As shown in Fig. 3, a Northern blot analysis revealed that the
cidR gene is transcribed as a 1.1-kb transcript whose expression
is induced only during early exponential growth (2 h growth) in
wild-type S. aureus UAMS-1 both in the presence and in the
absence of glucose. In the cidR mutant (KB1090), a 2.5-kb
readthrough transcript spanning the 5� end of the cidR ORF
and the Tcr cassette was also detected only during early expo-
nential growth, indicating the readthrough transcript is under
the control of the cidR promoter. Expression of the
readthrough transcript in KB1090 containing the complemen-
tation plasmid pSJ11 was not affected by the complementation

FIG. 2. Northern blot analyses of cidABC transcription. Total cel-
lular RNAs from UAMS-1 (lane 1), KB1090 (lane 2), and
KB1090(pSJ11) (lane 3) cells grown in either NZY broth (A), NZY
broth with 35 mM glucose (B), or NZY broth with 26 mM acetic acid
(C) were isolated at 2 and 6 h postinoculation. Five micrograms of
each RNA sample was separated in a 1% (wt/vol) agarose-formalde-
hyde gel, transferred to a nylon membrane, and hybridized to a cidA-
specific, DIG-labeled probe. The sizes of the transcripts were deter-
mined by comparison to an RNA ladder (Invitrogen) run on the same
gel.

FIG. 3. Northern blot analysis of cidR transcription. Total cellular
RNAs from UAMS-1 (lane 1), KB1090 (lane 2), and KB1090(pSJ11)
(lane 3) cells grown in either NZY broth or NZY broth with 35 mM
glucose were isolated at 2 and 6 h postinoculation. Five micrograms of
each RNA sample was separated in a 1% (wt/vol) agarose-formalde-
hyde gel, transferred to a nylon membrane, and hybridized to a cidR-
specific, DIG-labeled probe.
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of cidR in trans. These data suggest that cidR expression is not
negatively autoregulated.

Effect of the cidR mutation on murein hydrolase activity.
Recently, it was shown that the cid operon enhances the
murein hydrolase activity produced by the cells (21–23),
whereas the lrgAB operon has a negative regulatory effect on
this activity (7). Therefore, we speculated that the cidR mutant
KB1090, as a positive regulator of cidABC expression, would
exhibit reduced extracellular murein hydrolase activity. In
agreement with previous studies (22), the extracellular murein
hydrolase activity of UAMS-1 was dramatically increased when
cells were grown in the presence of glucose, whereas the ac-
tivity of KB1050 was almost undetectable and unaffected by the
presence of glucose in the growth medium (Fig. 4). In contrast,
the KB1090 strain produced normal levels of extracellular
murein hydrolase activity compared to UAMS-1 when both
strains were grown in the absence of glucose. However, when
grown in the presence of glucose, the KB1090 strain displayed
a moderate decrease in murein hydrolase activity compared to
the activity produced by UAMS-1. KB1090 and UAMS-1 dis-
play similar growth rates in the presence and in the absence of
glucose (unpublished data), ruling out the possibility that the
differences in extracellular murein hydrolase activity observed
are due to growth rate effects. These observations correlated
well with the Northern blot analyses in Fig. 2A and B, in that
cidABC expression is induced only in UAMS-1 in the presence
of glucose, whereas KB1090 showed no induction of cidABC
transcription in the presence of glucose. The decreased extra-
cellular murein hydrolase activity of KB1090 in the presence of
glucose was partially complemented in a strain, KB1090
(pSJ11), that expresses cidR from the plasmid (unpublished
data), consistent with the partial complementation of glucose-
inducible cidABC transcription observed in this strain (Fig. 2B
and C).

It is important to note that despite its inability to induce

cidABC expression, the KB1090 strain still displayed an in-
crease in murein hydrolase activity when grown in the presence
of glucose (Fig. 4). One possible explanation to account for this
is that the cidR gene product is required for high-level expres-
sion of cidABC but that glucose-inducible expression is medi-
ated by some other regulatory protein. To test whether the
low-level expression of cidABC previously observed in the ab-
sence of glucose (21) is affected by the cidR mutation, an
RT-PCR analysis was performed on RNA samples isolated
from UAMS-1, KB1090, and KB1090(pSJ11) grown in the
absence of glucose. As shown in Fig. 5, cidABC expression was
identical in all three strains tested, similar to the presumably
constitutively expressed gyrA gene, indicating that low-level
transcription of cidABC still occurs in the cidR mutant. Control
reactions, lacking RT enzyme, failed to generate RT-PCR
products, indicating the absence of contaminating genomic
DNA (data not shown). Thus, we conclude that the cidR gene
product does not affect the basal level cidABC transcription.

Effect of the cidR mutation on antibiotic sensitivity. It was
previously shown that the cidA mutation resulted in increased
tolerance to antibiotics, including penicillin, vancomycin, and
rifampin (21, 22). Thus, we also compared antibiotic-induced
killing of exponentially growing UAMS-1 and KB1090 cells
grown either in the presence or in the absence of glucose. In
the presence of glucose, both of these strains displayed de-
creased tolerance to rifampin and vancomycin compared to
cells grown in the absence of glucose as previously observed
(22). Surprisingly, the KB1090 strain did not display a differ-
ence in tolerance to rifampin challenge compared to UAMS-1
either in the presence or in the absence of glucose (unpub-
lished data). However, growth in the absence of glucose re-
vealed a slight increase in the tolerance of KB1090 to vanco-
mycin relative to UAMS-1 grown under the same conditions.
Specifically, incubation in the presence of vancomycin reduced
the viable cell counts of the UAMS-1 culture by 90% in 6 h
compared to a reduction of 75% in the KB1090 culture during
this same time. This increased tolerance to vancomycin was not
observed when the cidR mutant was grown in the presence of
glucose. Collectively, these results indicate that tolerance to
the antibiotics vancomycin and rifampin is only moderately
affected by disruption of the cidR gene.

Effect of cidR on stationary-phase survival. Previous studies
also demonstrated that mutations in either the cidA or cidC

FIG. 4. Quantitative murein hydrolase assays. One hundred micro-
grams of extracellular proteins isolated from 16-h cultures of UAMS-1
(wild-type; squares), KB1050 (cidA mutant; circles), and KB1090 (cidR
mutant; triangles) grown either in the presence of 35 mM glucose
(closed symbols) or in the absence of glucose (open symbols) was
added to a 1.0-mg/ml suspension of Micrococcus luteus cells, and the
murein hydrolase activity of each sample was measured as a decrease
in turbidity over a 4-h time course. These data are the average of three
independent experiments. The error bars on the graph correspond to
the standard errors of the means.

FIG. 5. RT-PCR analysis of cidABC expression. RNA samples
were isolated from early exponential growth phase cultures of
UAMS-1 (lane 1), KB1090 (lane 2), and KB1090(pSJ11) (lane 3)
grown in NZY broth and subjected to RT-PCR (see Materials and
Methods) to detect transcription of cidABC and gyrA. The correspond-
ing gels are labeled cidABC and gyrA, respectively.
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gene had a dramatic impact on the stationary-phase survival,
lysis, and acetate metabolism of cells grown in the presence of
excess glucose (19). To determine the effects of cidR on sta-
tionary-phase survival, the UAMS-1 and KB1090 strains were
incubated for 240 h either in the presence or in the absence of
35 mM glucose, and aliquots of these cultures were taken at
24-h intervals to determine the pH, acetate concentration,
OD600, and CFU per milliliter. As shown in Fig. 6A, when the
cultures were grown in the absence of glucose, both UAMS-1
and KB1090 retained similar levels of cell viabilities through-
out the experiment. However, in the presence of 35 mM glu-
cose, KB1090 consistently displayed approximately 1-log-lower
viable cell counts relative to UAMS-1 at time points measured
after 125 h of growth. In this experiment, the number of viable
cells present in the KB1090 culture had dropped to undetect-
able levels by 240 h, whereas the viability of the UAMS-1
culture remained at approximately 103 CFU/ml. It should be
noted that we chose to present representative data in Fig. 6
since the rates of killing in stationary phase varied slightly from
experiment to experiment. Despite this variation, the differ-
ences in cell viability between the KB1090 and UAMS-1 cul-
tures were consistently observed in four independent experi-
ments. UAMS-1 and KB1090 grown in the absence of glucose
displayed similar rates of lysis during the time course of this
assay, as measured by OD600 (Fig. 6C). The OD600 was also
similar for both strains grown in the presence of glucose, but
these cultures displayed increased rates of lysis compared to

the no-glucose cultures, as previously observed (19). These
results indicate that the cidR mutation has a moderate effect on
stationary-phase viability but not lysis.

As observed in previous studies (22), growth in the presence
of 35 mM glucose resulted in the accumulation of high levels of
acetate (Fig. 6B) and acidification of the culture medium to pH
5.3 (Fig. 6D). The cidC gene, which encodes a pyruvate oxidase
that converts pyruvate to acetate, was shown to affect acetate
metabolism and, ultimately, the viability of the cells (19). As
shown in Fig. 6C and D, the cidR mutation had no effect on the
ability of the cells to secrete acetate into the culture medium
and thus also did not affect the pH. As the cidR mutation has
been shown to be involved in the expression of cidABC (see
above), the lack of effect on acetate accumulation and pH is
likely due to the constitutive, high-level, sigma B-dependent
expression of the cidBC transcripts.

DISCUSSION

LTTRs, first described by Henikoff et al., make up one of the
largest families of prokaryotic regulatory proteins (10, 16, 18).
Despite this, no S. aureus LTTRs have been characterized to
date. In the present study, we have demonstrated that the
previously reported effect of acetic acid (produced as a conse-
quence of aerobic glucose metabolism) on cidABC transcrip-
tion (22) is dependent on the product of the cidR gene, a
homologue of the LTTRs (Fig. 2B and C). The products of the

FIG. 6. Effect of cidR on survival in stationary phase. At 24-h intervals, aliquots of UAMS-1 (wild-type; squares) or KB1090 (cidR mutant;
triangles) cultures grown either in the presence (closed symbols) or in the absence (open symbols) of 35 mM glucose were removed and the CFU
per milliliter (A), acetate concentration (B), OD600 (C), and pH of the culture supernatants (D) were measured over a 240-h time course. The
number of CFU per milliliter of each culture (A) was determined by dilution plating on TSA in triplicate, and the error bars in panel A represent
standard errors of the means from a single experiment. All these data are from a single representative experiment that was repeated four times.
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cidABC operon have been proposed to be involved in the
regulation of murein hydrolase activity and, ultimately, bacte-
rial programmed cell death (20). Therefore, it is concluded
that the cidR gene product also comprises part of the murein
hydrolase regulatory system by regulating cidABC expression
at the transcriptional level in the presence of its as yet uniden-
tified coinducer molecule. In contrast to the cidABC transcript,
expression of the 2.7-kb cidBC transcript, whose expression is
dependent on the stress sigma factor �B (23), was not affected
by the cidR mutation either in the presence or in the absence
of glucose (unpublished data). Therefore, it appears that the
two overlapping transcripts of the cid locus each respond to
different regulatory signals.

Based on previous reports from our laboratory, we proposed
a model in which the cidA and lrgA gene products regulate
murein hydrolase activity in a manner similar to those of holins
and antiholins, respectively (2, 20, 22). In agreement with pre-
viously published findings (22), the cidA mutant (KB1050)
displayed a nearly complete loss of extracellular murein hydro-
lase activity in the presence or in the absence of glucose (Fig.
4). In contrast, KB1090 (the cidR mutant) displayed murein
hydrolase activity that was at an intermediate level compared
to UAMS-1 and KB1050 when grown in the presence of glu-
cose. This “intermediate” phenotype observed in KB1090 may
be explained by the fact that low-level cidABC expression oc-
curs in the cidR mutant (Fig. 5). Interestingly, despite the lack
of glucose-inducible cidABC expression in the absence of cidR,
murein hydrolase activity was still induced by growth in the
presence of glucose, albeit not to the same extent as the wild-
type strain (Fig. 4). This increase could be a result of either the
activities of other glucose-induced and/or CidR-regulated
genes or an increase in the activity of the low levels of CidA
protein that are present in the cidR mutant strain. The obser-
vation that the murein hydrolase activity produced by the cidA
mutant (KB1050) was not induced by glucose seems to support
the latter model. Furthermore, the low-level expression of
cidABC observed in KB1090 may account for the fact that,
unlike the cidA mutant KB1050, which displays a clumping
phenotype (22), the cidR mutant appears to divide and sepa-
rate normally (unpublished data). This indicates that the
murein hydrolase activity produced by the KB1090 strain is
biologically relevant, being sufficient to mediate daughter cell
separation. Collectively, these results reinforce an important
role for CidA in regulating murein hydrolase activity and sug-
gest that, in addition to upregulating transcription of cidABC,
growth of S. aureus in the presence of glucose may also influ-
ence the activity of the CidA protein.

Previous studies in our laboratory have also suggested that
the cidA gene product contributes to the sensitivity of the cells
to several different antibiotics (21, 22). Surprisingly, the anti-
biotic tolerance of the cidR mutant was virtually identical to
that of the wild-type S. aureus UAMS-1 strain, with the excep-
tion that a slight increase in tolerance to vancomycin was
observed when KB1090 was grown in the absence of glucose
(unpublished data). It is possible that the low-level expression
of cidABC in KB1090 is physiologically sufficient to induce cell
death in response to antibiotics to levels comparable to those
observed in UAMS-1. Another possibility stems from the fact
that some of LTTRs form a regulon by controlling a group of
unlinked genes (14, 15, 26). In addition to the cidABC upregu-

lation, the cidR gene product may regulate the expression of
other genes that affect cell death in opposition to the cidA gene
product.

Recently, our laboratory has shown that the cidC gene en-
codes a pyruvate oxidase that affects acetate metabolism under
excess glucose conditions and, consequently, cell viability in
stationary phase (19). This study also demonstrated that acetic
acid-induced cell death in stationary phase is mediated, at least
in part, by the product of the cidA gene. In the study presented
here, the effect of the cidR gene on stationary-phase survival of
S. aureus was also investigated. As shown in Fig. 6, growth of
the bacteria in the presence of 35 mM glucose dramatically
increased cell death in stationary phase. The cidR mutant re-
producibly exhibited decreased viability compared to the wild-
type strain despite the lack of differences in acetate accumu-
lation and the pH of the culture medium. In contrast, both the
strains maintained similar high levels of viability (
107 CFU/
ml) throughout the survival assay in the absence of glucose.
The observation that the cidR mutant culture lacking high-
level expression of cidABC displayed a dramatic decrease in
cell viability and increased cell lysis in the presence of glucose
relative to growth in the absence of glucose (Fig. 6A and C)
indicates that the cidA gene is not the only factor that affects
cell death and lysis in stationary phase.

In the present study, the cidR gene product was shown to
positively regulate cid operon expression by increasing tran-
scription of cidABC in the presence of acetic acid produced by
glucose catabolism. Since most LTTRs activate transcription of
target promoters only in the presence of a small signal mole-
cule (coinducer), identification of the coinducer molecule re-
quired for acetic acid-dependent, CidR-mediated cidABC ex-
pression is currently in progress. It is also envisioned that the
effect of the cidR gene product on murein hydrolase activity in
the presence of glucose occurs via a cidABC-mediated mech-
anism. As the cidR gene was shown to have only moderate
effects on the antibiotic tolerance and stationary-phase survival
of S. aureus, the simultaneous regulation of multiple pathways
that control tolerance to antibiotics and stationary-phase cell
death may also occur. Indeed, recent studies in our laboratory
have revealed the presence of additional CidR-regulated genes
that alter murein hydrolase activity by affecting the expression
of both the cid and lrg operons. A more detailed understanding
of molecular mechanisms employed by a cidR regulon should
provide important insight into the regulation of murein hydro-
lase activity, as well as the programmed cell death pathway of
S. aureus.
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