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Studies of the Staphylococcus aureus LytSR two-component regulatory system have led to the identification
of the cid and Irg operons, which affect murein hydrolase activity, stationary-phase survival, antibiotic toler-
ance, and biofilm formation. The cid gene products enhance murein hydrolase activity and antibiotic tolerance
whereas the Irg gene products inhibit these processes in a manner believed to be analogous to bacteriophage-
encoded holins and antiholins, respectively. Importantly, these operons have been shown to play significant
roles in biofilm development by controlling the release of genomic DNA, which then becomes an important
structural component of the biofilm matrix. To determine the role of LytSR in biofilm development, a lytS
knockout mutant was generated from a clinical S. aureus isolate (UAMS-1) and the effects on gene expression
and biofilm formation were examined. As observed in laboratory isolates, LytSR was found to be required for
IrgAB expression. Furthermore, the lytS mutant formed a more adherent biofilm than the wild-type and
complemented strains. Consistent with previous findings, the increased adherence of the mutant was attributed
to the increased prevalence of matrix-associated eDNA. Transcription profiling studies indicated that the Irgd B
operon is the primary target of LytSR-mediated regulation but that this regulatory system also impacts
expression of a wide variety of genes involved in basic metabolism. Overall, the results of these studies
demonstrate that the LytSR two-component regulatory system plays an important role in S. aureus biofilm

development, likely as a result of its direct influence on IrgAB expression.

The Staphylococcus aureus lytSR operon was shown more
than a decade ago to encode a novel two-component regula-
tory system that affects murein hydrolase activity and autolysis
(4). Disruption of lytSR caused altered murein hydrolase ac-
tivity produced by the cells and spontaneous cell lysis. Upon
stimulation, the LytS sensor component presumably interacts
with its cognate response regulator, LytR, which then activates
the transcription of genes under its control. One known target
of this system is the Irg4B operon, which along with the related
cidABC operon has been shown to be a regulator in the control
of cell death and lysis (11, 23). The cid4 gene encodes a
putative holin protein that is an effector of murein hydrolase
activity and cell lysis (23), while Irg4 encodes a putative anti-
holin that is an inhibitor of these processes (11).

Recent studies indicate that a biological function of the cid
and /rg operons is to control cell death and lysis during biofilm
development (2, 22, 24), providing a source of extracellular
genomic DNA (eDNA) for use as a biofilm matrix molecule.
Indeed, eDNA has been shown to be an essential matrix mol-
ecule produced by many bacterial species during biofilm de-
velopment (1, 22, 29, 32). The cidA gene product is a positive
effector of cell lysis and DNA release in the biofilm (24), while
the Irg operon is an inhibitor of cell lysis and inhibits the
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release of DNA in the biofilm (18a). Given the critical role of
this system in the control of cell death and lysis, it is not
surprising that the transcription of these genes is subject to
complex regulatory control. Recent studies have demonstrated
the presence of two overlapping regulatory networks involved
in the regulation of the cidABC and lrgAB operons, one in
response to carbohydrate metabolism and the other respond-
ing to changes in membrane potential (Ay) (21, 35). The
former signaling pathway is mediated by the product of the cidR
gene, a LysR-type transcriptional regulator. During logarithmic
growth in the presence of excess glucose and oxygen, S. aureus
secretes high levels of acetic acid, which then induces cid4BC and
IrgAB transcription in a cidR-dependent manner (35). In contrast,
the LytSR two-component system senses decreases in Ay (21)
and presumably initiates the transfer of a phosphoryl group to its
cognate response regulator, LytR. Activated LytR is then hypoth-
esized to induce lrg4AB promoter activity.

To examine the potential role of the LytSR two-component
regulatory system in controlling cell death and lysis during biofilm
development, we disrupted the ytSR operon in a clinical S. aureus
strain, UAMS-1, and examined the effect of this mutation on
biofilm formation and on cid and Irg transcription. Consistent with
previous results (21), this study demonstrates the role of the
LytSR two-component regulatory system in Ay-induced lrg4AB
transcription and reveals its role in the induction of lIrg4B by
glucose. Furthermore, the LytSR regulatory system was found to
be necessary for normal biofilm development.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plasmids
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
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or D e Reference
plasmid escription or source
Strains
S. aureus
RN4220  Highly transformable strain; restriction 16
deficient
UAMS-1 Clinical osteomyelitis isolate 10
KB999 UAMS-1 lytS::Em; Em" This study
KB1050  UAMS-1 cidA::Em; Em* 25
E. coli 13
DH5«a Host strain for construction of
recombinant plasmid
Plasmids
pCR2.1 E. coli subcloning vector; Amp" Invitrogen
pDG647 Source of Em" cassette; Em" Amp" 12
pCL52.2 Temperature-sensitive shuttle vector; 27
Tc" Sp”
pCN51 Shuttle vector carrying P4 promoter; 6
Em" Amp’
pCNS0 Source of Cm" cassette; Cm" Amp* 6
pBK123 Shuttle vector, pCNSIAEm::CAT; Cm" This study

“ Abbreviations: Em', erythromycin resistance; Tc, tetracycline resistance;
Cm’, chloramphenicol resistance; Amp*, ampicillin resistance; Sp", spectinomy-
cin resistance; ORF, open reading frame.

NZY broth (3% [wt/vol] N-Z Amine A [Sigma Chemical Co., St. Louis, MO], 1%
[wt/vol] yeast extract [Fisher Scientific, Fair Lawn, NJ], pH 7.5), supplemented as
necessary with 1.5% (wt/vol) granulated agar (Difco). Escherichia coli DH5a was
grown in Luria-Bertani medium (Fisher Scientific) supplemented as necessary
with 1.5% (wt/vol) granulated agar (Difco). Unless otherwise stated, liquid cul-
tures were grown in Erlenmeyer flasks at 37°C with shaking at 250 rpm in a
volume not 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 concentrations: ampicillin, 50 pg/ml; erythromycin (Em), 2.0 pg/ml;
chloramphenicol (Cm), 5.0 pg/ml; and tetracycline (Tc), 5.0 pg/ml.

Allele replacement of the lyzS gene in S. aureus UAMS-1. A lytS mutation in S.
aureus UAMS-1 was generated, following the allele replacement strategy de-
scribed previously (21), using the temperature-sensitive shuttle plasmid pCL52.2
(27). Briefly, a 542-bp DNA fragment originating from the 5’ end of lytS was
amplified using the PCR with the upstream primer, 5'lytSR-F-EcoRI, and the
downstream primer, 5'lytSR-R-BamHI, incorporating EcoRI and BamHI re-
striction endonuclease recognition sites near the DNA ends (Table 2). The PCR
products were digested with EcoRI and BamHI and then ligated into the EcoRI
and BamHTI sites of the plasmid pDG647 (12) upstream of the Em cassette. Next,
a 558-bp DNA fragment spanning a region 3’ to IytS was PCR amplified with the
upstream primer, 3'lytSR-F-Clal, and the downstream primer, 3'lytSR-R-Pstl,
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incorporating Clal and Pstl restriction sites (Table 2). These DNA fragments
were digested with Clal and Pstl and then ligated into the Clal and PstI sites of
pDG647 downstream of the Em cassette already containing the 5 lytS fragment.
The 1.3-kb Em cassette, flanked by lytS sequences, was excised from this plasmid
by digestion with EcoRI and PstI and then ligated into pCL52.2 (27) to generate
the final knockout construct, pTP200. This plasmid was then transformed into S.
aureus strain RN4220 by electroporation (28), spread onto tryptic soy agar (TSA)
plates containing Em, and then incubated at 37°C overnight. The plasmid was
then reisolated and transformed into UAMS-1. To obtain the /ytS mutant, the
UAMS-1(pTP200) strain was grown at the nonpermissive temperature (45°C) on
TSA plates containing Em to select for cells in which the plasmid had integrated
into the chromosome via homologous 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 antibiotic-free TSB
each day. After the fifth day, dilutions of the culture were spread on TSA plates
containing Em to yield isolated colonies. PCR and Southern blot analyses were
performed with the Em" and Tc® colonies to verify that the lytS gene had been
deleted in UAMS-1 (data not shown). The confirmed mutant strain was desig-
nated KB999.

Complementation of the lytS mutation in KB999 was achieved by PCR am-
plifying a DNA fragment encompassing the UAMS-1 lytSR operon using the
primers lytSR-F-BamHI and lytSR-R-EcoRI (Table 2). The resulting PCR prod-
ucts were ligated into the BamHI and EcoRI sites of the gram-positive expres-
sion vector, pBK123, which was generated by replacing the Em resistance cas-
sette in the plasmid, pCN51 (6), with the Cm resistance cassette from pCN50 (6).
This placed the expression of lytSR under the control of the cadmium-inducible
promoter derived from the cadC gene (8). This recombinant plasmid was des-
ignated pBKS.

Northern blot analysis. Overnight cultures of S. aureus strains were used to
inoculate NZY broth to an optical density at 600 nm (ODy,) of 0.1. Cells were
harvested 2, 4, and 6 h after inoculation, corresponding to the early exponential,
late exponential, and early stationary phases, respectively. The cells were pel-
leted by centrifugation and resuspended in lysis buffer, and total RNA was
isolated using the RNeasy kit (Qiagen, Valencia, CA) and the Fastprep FP120
instrument (Bio 101, Vista, CA) and analyzed by Northern blotting as described
previously (21). Digoxigenin (DIG)-labeled IrgA, cidA, lytS, and IlytR DNA probes
were synthesized using a PCR-based DIG probe synthesis kit (Roche) using the
primer pairs listed in Table 2 and UAMS-1 genomic DNA as the template.

Microarray analysis. To identify the genes affected by the /ytS mutation, RNA
samples were isolated in triplicate from the parental S. aureus strain UAMS-1
and the /ytS mutant (KB999) grown in NZY broth in the presence of 35 mM
glucose and subjected to transcription profiling as described previously (34). The
genes identified in the microarray analysis were categorized according to the
classification used in the KEGG pathway database (http://www.kegg.com).

Growth and analysis of biofilm. To grow static biofilm, isolated colonies of S.
aureus strains were inoculated into 3.0 ml of TSB-NaCl-Glc (3% NaCl, 0.5%
glucose) and incubated overnight at 37°C and 250 rpm. These overnight cultures
were diluted to an ODg, of 0.05 in fresh TSB-NaCl-Glc, and 200 pl of each
culture was inoculated into 96-well Costar 3596 plates (Corning Life Sciences,
Acton, MA) and incubated statically for 24 h at 37°C. Prior to the inoculation,
the wells were precoated overnight with 20% human plasma (Sigma Chemical

TABLE 2. Primers used in this study

Primer name

Sequence (5" — 3')

Nucleotide position*

5" IytSR-F-EcoRI
5" lytSR-R-BamHI
3" IytSR-F-Clal

3" lytSR-R-Pstl
lytSR-F-BamHI
IytSR-R-EcoRI

IrgA-F CCCGTTAAATCAAACGTAGGAGG

IrgA-R CCCGGTTAATCATGAGCTTGTGC

cidA-F CCCCGTATTTAGAAAGGGATGGCGCC

cidA-R CCCCAAGGCTTGCACGTAATCATTC

LytS-F TCCAGCAGTTTTTCGCTATGTATAAAAGTC
LytS-R TTCCAATGTTTCTTTTACATTTTCTGCCTC
LytR-F CCCGGATCCGACAAGAGGAG GAATAAATATG
LytR-R CCCGAATTCCGACCATTGCCTCCTACGTTTG

CCCGAATTCTGCAACGGGACAATTGTTAG

CCCGGATCCCAACGTGC TTTCCATGTACG
TCCACATTTTTTCTTCAAATCGATTAACACGATTTCAGC
CCAAAAAGTCTGCAGGCTCGATGTCGATTCAAATTGTAATCG
CCCGGATCCAAACATAATTATAATTCACTGAGGTGCTATCGTGCTATCGC
CCCGAATTCCGACCATTGCCTCCTACGTTTG

299003-299022
299530-299549
300588-300626
301102-301143
299394-299434
302020-302041
302013-302032
302461-302480
2706686-2706708
2706274-2706295
299212-299241
301272-301301
301163-301184
302020-302041

“ Based on the MRSA-252 genome sequence.
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Co., St. Louis, MO) in bicarbonate buffer at 4°C. Biofilm quantification was
performed as described previously (3, 7, 24) by staining with crystal violet and
observing the absorbance at 655 nm of each well with a model 680 microtiter
plate reader (Bio-Rad, Hercules, CA). For biofilms grown in flow-cell chambers,
overnight cultures of S. aureus strains UAMS-1, KB999, and KB999(pBKS5) were
diluted into fresh TSB to an ODg, of 0.002. Using a sterile syringe with a
22-gauge needle, 3.0 ml of diluted culture was inoculated into the injection port
of a medium-filled BST FC 270 flow-cell apparatus containing a polycarbonate
coupon (Biosurface Technologies, Bozeman, MT) and allowed to incubate for
2 h to provide ample time for the bacteria to attach to the surface of the coupon.
After this incubation period, culture medium (0.15% TSB and 0.12% glucose)
was pumped into the flow-cell chamber using a Rainin RP-1 peristaltic pump
(Rainin Instrument LLC, Woburn, MA) with a flow rate of 0.35 ml/min, and the
biofilm was allowed to grow for 72 h. Macroscopic images of the biofilms were
captured using a Canon EOS 350D digital camera.

For confocal laser scanning microscopy (CLSM), the biofilm was stained with
Syto-9 and Toto-3 (Invitrogen) and then imaged using a Zeiss 510 Meta CLSM
with an Achroplan 10X (0.45 numerical aperture) water dipping objective. The
Syto-9 fluorophore was exited with an argon laser at 488 nm, and the emission
band-pass filter used was 515 + 15 nm. Excitation of Toto-3 was achieved using
a HeNe 633-nm laser, and emissions were collected using a 680- + 30-nm filter.
z-stacks were collected at 1.0-wm intervals, and the images were compiled to
generate three-dimensional renderings. All confocal parameters were set using
wild-type biofilm and were used as standard settings for comparison to the
biofilms produced by the mutant and complementation strains. Regions of in-
terest within the biofilms were selected from similar areas within each flow-cell
chamber, and each confocal experiment was repeated a minimum of four times.
CLSM z-stack processing was performed using both the Zeiss ZEN LE software
package (Carl Zeiss, Jena, Germany) and Volocity software (Improvision, Lex-
ington, MA). Measurements of the biofilms produced were performed using the
COMSTAT software package (14), calculating the biomass, maximum thickness,
and colony volume at the substratum.

Purification and quantification of eDNA. eDNA associated with the static
biofilms grown in this study was isolated and quantified as described previously
(24). To account for potential differences in biofilm biomass between samples,
identically inoculated Costar plates were used for calculating the relative ODygy
of each biofilm compared to the ODg, of the untreated UAMS-1 biofilm. For
this purpose, the biofilm from each well was dislodged from the substratum and
the ODy of the cell suspension was determined.

RESULTS

Generation of lytS mutation in UAMS-1. Previous studies
revealed that a lytS mutation in the laboratory S. aureus isolate,
8325-4, had a dramatic effect on murein hydrolase activity and
cell lysis (4). Since cell lysis is important during biofilm devel-
opment, we generated a lytS mutation in the S. aureus clinical
isolate and well-characterized biofilm-producing strain,
UAMS-1, and examined the ability of this strain (designated
KB999) to form a biofilm. Previous analyses of the /yzS and lytR
genes in 8325-4 revealed that they are cotranscribed under the
control of the lytS promoter (4). Thus, to determine the effect
of the lytS mutation on /S and lytR expression, RNA samples
were isolated from UAMS-1, KB999 (lytS mutant), and
KB999(pBKS5) (IytS mutant containing the lytSR complemen-
tation plasmid) and a Northern blot analysis was performed.
Similar to the case with 8325-4, the lytS mutation in KB999
eliminated expression of both the /yzS and lytR genes, indicat-
ing that these genes form a dicistronic operon and that expres-
sion of these genes could be restored to wild-type levels in
mutant cells containing the lytSR-expressing plasmid (see Fig.
S1 in the supplemental material). Interestingly, several of the
phenotypes associated with the original /ytS mutation in the
8325-4 strain were not observed in KB999 (unpublished re-
sults), including the increased spontaneous and Triton X-100-
induced lysis as was previously observed for strain 8325-4 dur-
ing planktonic growth (4).
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FIG. 1. The effect of /ytS mutation on lrg4AB expression. Total cel-
lular RNAs from S. aureus UAMS-1 (lane 1), KB999 (lane 2),
KB999(pBKS5) (lane 3), or UAMS-1(pBKS5) (lane 4) cells grown in
either NZY broth (-Glc) or NZY broth with 35 mM glucose (+Glc)
were isolated at 2, 4, and 6 h postinoculation. Ten micrograms of each
RNA sample was separated in a 1% (wt/vol) agarose-formaldehyde
gel, transferred to a nylon membrane, and hybridized to an IlrgA4-
specific probe. The ethidium bromide-stained gels of the RNA used in
these experiments are also shown.

LytSR-mediated control of transcription. Despite the obser-
vation that the KB999 strain did not exhibit an altered cell lysis
phenotype during planktonic growth, the /y£S mutation still had
a dramatic effect on Irg4B transcription. As shown in Fig. 1, the
1.2-kb IrgAB transcripts were undetectable in KB999 and were
completely restored in the /ytS mutant strain containing the
ltSR complementation plasmid. Furthermore, the effect of
the ytS mutation was observed at multiple time points in the
growth cycle and in the presence and absence of 35 mM glu-
cose (Fig. 1), indicating that both constitutive and glucose-
inducible expression of IrgAB (25) is abolished by disruption of
the S gene. We also performed Northern blot analyses to
determine the effect of the ytS mutation on cidABC transcrip-
tion, which is known to be induced by growth in the presence
of 35 mM glucose in a cidR-dependent manner (34). These
experiments, however, demonstrated normal cidABC expres-
sion, indicating that the LytSR two-component system is not
involved in the control of this operon under these conditions
(unpublished data).

It has also been demonstrated previously that lrgAB tran-
scription in the laboratory isolate RN6390 is induced by agents
that dissipate the membrane potential (As) associated with the
cytoplasmic membrane (21). To examine the role of LytSR in
sensing Ay changes in UAMS-1, S. aureus cultures were grown
to late exponential phase (4 h) and treated with either 25 wg/ml
gramicidin or 10 wM carbonyl cyanide m-chlorophenylhydra-
zone (CCCP), and RNA was collected and examined using
Northern blot analyses. As demonstrated in Fig. 2, lrgAB tran-
scription was induced by both of these agents in the wild-type
strain but not in the /ytS mutant. Importantly, Ay-mediated
induction of IrgAB expression in the lytS mutant was restored in
cells containing the lyzSR-expressing plasmid (Fig. 2, lane 3).
These results indicate that Ay-inducible lrgAB transcription in
the UAMS-1 strain is dependent on the LytSR two-component
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FIG. 2. Ay induction of lrgAB expression is lytSR dependent. S.
aureus UAMS-1 (lane 1), KB999 (lane 2), KB999(pBK5) (lane 3), and
UAMS-1(pBKY) (lane 4) were incubated for 4 h and then treated with
either gramicidin or CCCP. The cultures were then incubated for an
additional 15 min and harvested by centrifugation, and total cellular
RNA was isolated. Ten micrograms of each RNA sample was sepa-
rated in a 1% (wt/vol) agarose-formaldehyde gel, transferred to a
nylon membrane, and analyzed by Northern blotting using a DIG-
labeled /rgA-specific probe as described in the legend for Fig. 1.

regulatory system, as previously observed for the RN6390
strain (21).

Effect of lytS mutation on biofilm formation. Studies from
our laboratory have demonstrated the importance of S. aureus
cidA in the control of cell lysis and DNA release during biofilm
development (24). A cid4 mutant produced lower levels of
eDNA than the parental strain, resulting in an unstable bio-
film, demonstrating the role of DNA as an important compo-
nent of the S. aureus biofilm matrix. More recent studies have
also shown that an /rg4B mutant produced increased levels of
eDNA in the biofilm matrix, resulting in a more adherent
biofilm (18a). As a positive effector of [rg4B transcription, we
hypothesized, the lytS mutant would also exhibit a biofilm
phenotype, possibly similar to that of the rgAB mutant. As
shown in Fig. 3, the lytS mutant was found to form a thicker,
more adherent biofilm than the parental strain, UAMS-1. Fur-
thermore, the KB999 strain harboring the lytSR expressing
plasmid produced a biofilm whose adherence was similar to

UAMS-1

KB1C50

. KBY99(pBKS5)

0] 0.5 1 15 2
Average Agssnm

FIG. 3. Static biofilm assay. Biofilms of either S. aureus UAMS-1,
KB1050, KB999, or KB999(pBKS5) were grown statically for 24 h in a
plasma-coated 96-well microtiter plate and processed as described in
Materials and Methods. The picture of the processed dry plate (left
image) was taken using a digital camera and is representative of three
independent experiments. The absorbance of the dried plate was read
at 655 nm and plotted. These data are the averages for three indepen-
dent experiments, each performed in triplicate, and the error bars
correspond to the standard errors of means.
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FIG. 4. eDNA quantification in static biofilm. Biofilms of either S.
aureus UAMS-1, KB1050, KB999, or KB999(pBKS5) were grown, and
total eDNA from 24-h unwashed biofilm was isolated as described in
Materials and Methods. The total eDNA present in each biofilm was
quantified by real-time PCR, using primer pairs specific for gyrA4
(gyrase A), leuA (2-isopropylmalate synthase), lys4 (diaminopime-
late decarboxylase A), and fhu (ferrichrome transport ATP-binding
protein A). The values are expressed as nanograms of eDNA per
relative biofilm biomass, as described in Materials and Methods. These
data are the averages for three independent experiments, each per-
formed in triplicate, and the error bars correspond to the standard
errors of the means.

KB929(pBKS)

that of UAMS-1 (Fig. 3). These results are in contrast to those
generated using the cid4 mutant (KB1050), which produces a
biofilm that is more easily disrupted (see reference 24) (Fig. 3).
To determine whether the differences in biofilm adherence
correspond with changes in the amount of eDNA in the ma-
trices of these biofilms, we also quantified the levels of eDNA
present in each of the biofilms examined. The total amount of
eDNA present in 24-h static unwashed biofilm of S. aureus
UAMS-1, KB1050, KB999, and KB999(pBKS5) was quantified
by real-time PCR as described previously using four different
primer pairs specific for four randomly selected chromosomal
genes (24). As shown in Fig. 4, the lytS mutant exhibited ele-
vated eDNA levels associated with the biofilm cells compared
to those of the UAMS-1 and complemented strains.

Effect of IytS mutation on biofilm maturation. To determine
the effect of the /y£S mutation on biofilm maturation, we grew
the UAMS-1, KB999, and KB999(pBKS5) strains under flow-
cell conditions. As shown in macro images of the biofilm
formed (Fig. 5A), very little difference in overall structure was
observed between these strains. Thus, we stained the biofilms
with Syto 9 (a viable cell stain) and Toto-3 (stains dead cells
and eDNA) and performed CLSM to examine the biofilm
structures in more detail. Although no differences in staining
patterns were observed, this analysis revealed that the zS
mutant was slightly thicker than the parental and comple-
mented strains (Fig. 5B). COMSTAT analyses supported this
observation, demonstrating that the /y£S mutant biofilm had an
average thickness of 50.1 wm, compared to average thicknesses
of 37.0 wm for the parental strain and 42.4 pm for the com-
plemented strain (Fig. SD). Similar trends were also observed
for total biomass, since the mutant had an average of 32.7
wm?/um? while the parental and complemented strains aver-
aged 20.8 and 25.7 wm®/um?, respectively (Fig. SD). More
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FIG. 5. Effect of lytSR on biofilm maturation. S. aureus UAMS-1
(parent), KB999 (lytS mutant), and KB999(pBKS5) (complemented
strain) biofilms were grown in flow-cell chambers and analyzed after 3
days of growth. (A) Representative biofilm macro images were taken
using a Canon EOS 350D digital camera. (B) The samples were
stained with Syto-9 (green) and Toto-3 (red) to indicate live and dead
cell populations, respectively, and visualized by CLSM equipped with
a Plan-Apochromat 10X objective. The images presented are top-
down views of each biofilm and are accompanied by orthogonal views
(above). (C) Representative z-stack images from each biofilm were
compiled, and the biofilm adjacent to the substratum is visualized as
a bottom-up view. (D) The biofilm images were analyzed using
COMSTAT software, and total biomass (black bars; units = pm®/um?),
average thickness (white bars; units = pm), and average colony vol-
ume at the substratum (gray bars; unit = 10 nm?) for each strain are
presented. The error bars correspond to the standard errors of the
means.

strikingly, visualization of the interface between the biofilms
and the substratum (Fig. 5C, bottom-up images) indicated that
the lytS mutant exhibited a more intimate association with the
substratum than the parental and complemented strains.
Again, this was supported by COMSTAT analysis of multiple
images (Fig. 5D), which indicated that the mutant had an
average colony volume at the substratum of 1,220.5 nm?, com-
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pared to 531.1 nm® and 308.4 nm? for the parental and com-
plemented strains, respectively. The results of these experi-
ments are consistent with those of the static assays (see Fig. 3)
and suggest that the signal transduction events mediated by the
LytSR two-component regulatory system are important for
early events involved in adherence.

Identification of additional LytSR-regulated genes. To iden-
tify additional genes regulated by the LytSR two-component
regulatory system and potentially important for biofilm devel-
opment, RNA samples were isolated from logarithmically
growing UAMS-1 and KB999 grown in NZY broth in the
presence of 35 mM glucose and subjected to microarray anal-
ysis. Unlike the cidR mutation, which affected expression of
only the cidABC, IrgAB, and alsSD operons (34), the lytS mu-
tation affected expression of many genes. The /ytS mutation
had an overwhelmingly negative impact on gene expression by
virtue of the fact that 460 genes were expressed at levels that
were at least twofold lower in the lytS mutant than in UAMS-1
(see Table S1 in the supplemental material), versus only seven
genes that were expressed at levels at least twofold higher in
the mutant (see Table S2 in the supplemental material). Anal-
ysis of the genes which displayed threefold or higher expres-
sion in UAMS-1 than that for the /y£S mutant (Table 3) re-
vealed that most of the genes downregulated by the kytS
mutation were involved in carbohydrate, energy, or nucleotide
metabolism. Other downregulated genes included those in-
volved in replication, transcription, and translation. Only one
locus (SACOL2131), encoding a putative Dps family protein,
was more than threefold upregulated in KB999 compared to
UAMS-1, exhibiting 4.2-fold higher levels of these transcripts
in the /ytS mutant than in UAMS-1. Strikingly, expression of
the lrgAB operon was by far the most dramatically impacted by
the lytS mutation, with the Irg4- and IrgB-specific transcripts
expressed at levels that were 11.3- and 7.4-fold lower in the lytS
mutant than in UAMS-1.

DISCUSSION

The results of this study provide additional insight into the S.
aureus LytSR two-component regulatory system and reveal the
impact of this system on biofilm development. Initial studies of
this system in the laboratory isolate 8325-4 demonstrated its
role in the control of murein hydrolase activity and autolysis
during planktonic growth (4) and ultimately led to the identi-
fication of the Cid/Lrg regulatory system involved in bacterial
programmed cell death (2, 22). In contrast to 8325-4, however,
the lytS mutant derivative of UAMS-1 generated in this study
did not show a lysis defect under planktonic growth conditions.
Indeed, spontaneous lysis of the mutant or that induced by
Triton X-100 was similar to that of UAMS-1 (unpublished
results). In addition, murein hydrolase activity produced by
UAMS-1 and that of its /ytS mutant derivative were compara-
ble. These similarities were observed despite the fact that the
UAMS-1 lytS mutant exhibited defective regulatory control of
IrgAB transcription, as had been previously demonstrated with
laboratory isolates (5, 21). Why the two strains exhibit different
phenotypes during planktonic growth remains unknown; how-
ever, it has been speculated that high-passage isolates, such as
8325-4, accumulate defects in the regulation of cell death and
lysis due to selection for mutations that enhance stationary-
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TABLE 3. Summary of genes downregulated by /ytS mutation?
Gene category (1) OREF no. C(I)lzlnr:l:n Description downfeogll(ljlation
Metabolism (249)

Carbohydrate metabolism (16) SACOL1741 icd Isocitrate dehydrogenase 34
SACOL1449  sucA 2-Oxoglutarate dehydrogenase, E1 component 3.1

SACOL1448 sucB  Dihydrolipoamide acetyltransferase 3.0

SACOL1262 sucC  Succinyl-CoA synthase, beta subunit 35

SACOL1782  fhs Formate-tetrahydrofolate ligase 3.7

SACOL2198 alsD Alpha-acetolactate decarboxylase 3.0

SACOL2199  alsS Acetolactate synthase, catabolic 34

SACOL2553  cidC Pyruvate oxidase 3.1

SACOL2146 PTS system, mannitol-specific IIBC components 33

SACOL2149 mtID  Mannitol-1-phosphate 5-dehydrogenase 3.0

SACOLO0175 PTS system, IIABC components 3.5

SACOLO0543 gimU  UDP-N-acetylglucosamine pyrophosphorylase 33

Energy metabolism (12) SACOL1124  ctaA Cytochrome oxidase assembly protein 33
SACOL2097 atpA  ATP synthase F1, alpha subunit 34

SACOL2101 atpB  ATP synthase FO, A subunit 3.0

SACOL2094 atpC  ATP synthase F1, epsilon subunit 3.5

SACOL2095 atpD  ATP synthase F1, beta subunit 3.6

SACOL2100 atpE  ATP synthase F0O, C subunit 3.5

SACOL2099 atpF  ATP synthase FO, B subunit 3.9

SACOL2096 atpG  ATP synthase F1, gamma subunit 3.5

SACOL2098 atpH  ATP synthase F1, delta subunit 3.2

SACOL0944 NADH dehydrogenase, putative 3.0

SACOL2102 Putative ATP synthase protein I 4.0

Nucleotide metabolism (19) SACOL1078 purL ~ Phosphoribosylformylglycinamidine synthase II 4.1
SACOL1080 purM  Phosphoribosylaminoimidazole synthetase 4.7

SACOL1081 purN  Phosphoribosylglycinamide formyltransferase 4.4

SACOL1077 purQ  Phosphoribosylformylglycinamidine synthase I 44

SACOL1076 purS Phosphoribosylformylglycinamidine synthase 42

SACOL1075 purC  Phosphoribosylaminoimidazole-succinocarboxamide synthase 44

SACOL1083 purD  Phosphoribosylamine-glycine ligase 5.8

SACOL1073 purE  Phosphoribosylaminoimidazole carboxylase, catalytic subunit 5.5

SACOL1079 purF Amidophosphoribosyltransferase 4.5

SACOL2130 deoD2 Purine nucleoside phosphorylase 3.1

SA0925 purH  Bifunctional purine biosynthesis protein (N315) 4.7

SACOL2130 deoD2 Purine nucleoside phosphorylase 3.1

Amino acid metabolism (11) SACOL2047 leuB 3-Isopropylmalate dehydrogenase 3.4
SACOL0671 Hydrolase, alpha/beta hydrolase fold family 43

SACOL2280 wureA  Urease, gamma subunit 32

SACOL2281 ureB Urease, beta subunit 33

SACOL2282 wureC  Urease, alpha subunit 3.3

SACOL2327 hutG ~ Formiminoglutamase 3.1

Metabolism of cofactors and SACOL2265 mobB  Molybdopterin-guanine dinucleotide biosynthesis protein B 33
vitamins (7) SACOL2266 moeA Molybdopterin biosynthesis MoeA protein, putative 3.1
Lipid metabolism (4) SACOL1243 plsX Fatty acid/phospholipid synthesis protein PlsX 3.0
SACOL0637 mvaD Mevalonate diphosphate decarboxylase 34

SACOL0636 mvk Mevalonate kinase 4.1

SACOL0638 Phosphomevalonate kinase 33

Genetic information processing (46)

Replication and repair (1) SACOL0438  ssb2 Single-stranded DNA-binding protein 34
Transcription (5) SACOLO0589 rmoC  DNA-directed RNA polymerase, beta subunit 3.1
SACOLO0588 moB  DNA-directed RNA polymerase, beta subunit 32

SACOL2113  rho Transcription termination factor Rho 3.0

SACOL2147 Transcriptional antiterminator, BglG family/DNA-binding protein 3.6

SACOL2517 Transcriptional regulator, MerR family 3.0

Translation (36) SACOL2236 mplB Ribosomal protein L2 35
SACOL2238 mplD Ribosomal protein L4 34

Continued on following page
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TABLE 3—Continued

Gene category (1) OREF no. C(I)lzlnr:l:n Description downfeogll(ljlation
SACOL2227 rplE Ribosomal protein L5 3.8
SACOL2224  rplF Ribosomal protein L6 31
SACOLO0585  rpl] Ribosomal protein L10 32
SACOL2207 mpIM  Ribosomal protein L13 3.0
SACOL2229 rpIN  Ribosomal protein L14 35
SACOL2220 mplO  Ribosomal protein L15 34
SACOL2232  rplP Ribosomal protein L16 35
SACOL2223 IR Ribosomal protein L18 35
SACOL1725 T  Ribosomal protein L.20 33
SACOL1702 mplU  Ribosomal protein L21 3.4
SACOL2234 rplV  Ribosomal protein 122 4.2
SACOL2237 mplW  Ribosomal protein L.23 33
SACOL2228 rplX  Ribosomal protein 1.24 3.6
SACOL2231 rmpmC Ribosomal protein L.29 4.1
SACOL2221 rpmD Ribosomal protein L30p/L7¢e 31
SACOL1726 mpml  Ribosomal protein L35 4.4
SACOL1274 rpsB  Ribosomal protein S2 3.6
SACOL2233 mpsC  Ribosomal protein S3 42
SACOL2222 rmpsE  Ribosomal protein S5 3.6
SACOL0592 mpsG  Ribosomal protein S7 39
SACOL2240  rpsJ Ribosomal protein S10 3.1
SACOL2214 rmpsK  Ribosomal protein S11 3.0
SACOL0591 rpsL  Ribosomal protein S12 3.7
SACOL2226 mpsN  Ribosomal protein S14 3.8
SACOL1292 rmpsO  Ribosomal protein S15 3.1
SACOL2230 rmpsQ  Ribosomal protein S17 33
SACOL2235 1psS Ribosomal protein S19 39
SACOL1642 mpsT  Ribosomal protein S20 3.0
SA0352 rpsF - 30S ribosomal protein S6 (N315) 3.1
SACOL2225 1psH  Ribosomal protein S8 3.7
SACOL0590 30S ribosomal protein L7 3.6
SACOLO0593 fusA  Translation elongation factor G 3.7
SACOL1727 infC  Translation initiation factor IF-3 4.5
SACOL0958 General stress protein 13 3.4
Folding, sorting, and degradation SACOL0205 pfi4 Pyruvate formate-lyase-activating enzyme 33
4) SACOL2283 ureE  Urease accessory protein UreE 3.6
SACOL2284 wureF  Urease accessory protein UreF 33
SACOL2563 ATP-dependent Clp protease, putative 32
Membrane transport (5) SACOL0247  IrgA Holin-like protein LrgA 11.3
SACOL0248 IrgB Holin-like protein LrgB 7.4
SACOL2554 cidB  Putative membrane protein 31
SACOLO0175 PTS system, IIABC components 35
SACOL2146 PTS system, mannitol-specific IIBC components 33
Others (10)
Conserved hypothetical SACOLO0218 Conserved hypothetical protein 3.0
proteins (5) SACOLI1136 Conserved hypothetical protein 31
SACOL1802 Conserved hypothetical protein 35
SACOL2518 Conserved hypothetical protein 3.0
SA1472 Conserved hypothetical protein (N315) 35
Others not well characterized (5) SACOL2534  fip NAD(P)H-flavin oxidoreductase 33
SACOL0220 Flavohemoprotein, putative 32
SACOLO0778 Sulfatase family protein; similar to anion binding protein S. 32
aureus Mu50
SACOL1305 HD/HDIG/KH domain protein; unclassified protein 31
SACOL2072 ATP-dependent RNA helicase, DEAD box family 3.0

Intergenic region (10)

“ The ORF number prefix SACOL indicates the S. aureus COL genome, and SA indicates the S. aureus N315 genome. CoA, coenzyme A; PTS, phosphotransferase system.
® n, number of genes involved in that pathway, as suggested by the KEGG pathway.
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phase survival during repeated rounds of planktonic growth
(26). Indeed, one such mutation may involve the rsbU gene,
which spontaneously arose in the 8325-4 background (17) and
was subsequently found to be important in the control of cid
and Irg expression (26). Thus, the differences observed between
these two strains may be a result of rsbU or other undefined
regulatory mutations.

Notably, the strain-dependent effects of the lytS mutation
are similar to the effects of the /rg4B mutation in laboratory
and clinical isolates. Previous studies demonstrated that an
IrgAB mutation in the laboratory isolate and 8325-4 derivative,
RN6390, also resulted in defects in murein hydrolase activity
and lysis during planktonic growth (11). However, recent stud-
ies of an lrgAB mutant derivative of UAMS-1 revealed that it
did not produce a murein hydrolase or lysis phenotype during
planktonic growth (unpublished results). In both cases, the lytS
and lrgAB mutations produced a pronounced phenotype dur-
ing biofilm growth. As demonstrated in this study, the IytS
mutation resulted in a thicker, more adherent biofilm in the
static assay (Fig. 3) and a thicker biofilm that exhibited more-
intimate contact with the substratum in the flow-cell assay (Fig.
5). Analysis of the matrix produced in the static assay revealed
that it contained increased levels of eDNA compared to those
of the parental and complemented strains (Fig. 4). Consistent
with LytSR being a positive effector of /rg4B transcription, the
lrgAB mutant exhibited a phenotype similar to that of the lyS
mutant under flow-cell conditions (18a). On the other hand,
the cidA mutation caused a lysis defect during both planktonic
and sessile growth. Overall, these results indicate that the
UAMS-1 ltSR and IrgAB operons have biofilm-specific func-
tions.

Recent studies have suggested the presence of two overlap-
ping regulatory networks that control cidABC and lrigAB ex-
pression, one involving induction of expression as a conse-
quence of carbohydrate metabolism (25) and the other being
dependent on changes in Ay (21). The CidR regulator is re-
quired for induction of cidABC and IrgAB expression in re-
sponse to acetic acid accumulation in the culture supernatant
resulting from the metabolism of excess glucose (35). In con-
trast, the LytSR two-component regulatory system is required
for lrgAB expression under a variety of conditions, including
the presence of glucose, gramicidin, and CCCP, as well as the
constitutive expression of [rg4B during early exponential phase
(see Fig. 1 and 2). In most two-component systems, external
stimulation triggers a phosphorylation cascade that results in
the phosphorylation and activation of the response regulator
component of the system, which then induces transcription of
genes under its control. In some cases, however, response
regulators can be directly phosphorylated by small-molecule
phospho donors, including acetyl phosphate and carbamoyl
phosphate (18, 20, 33). The results of the current study leave
open the possibility that two mechanisms of LytSR-mediated
control of lrgAB transcription exist, one involving sensing of
membrane potential and the other mediated by direct phos-
phorylation by acetyl phosphate as a result of the accumulation
of acetate. However, how these signals are coordinated to
induce lrgAB expression during biofilm formation remains un-
known and is an important focus of our laboratory.

Another aspect of this study was to determine the impact of
lytSR on global gene expression using transcription profiling
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studies. As indicated by comparison of the transcriptomes of
the UAMS-1 and /y£S mutant strains, the /y£S mutation resulted
in the downregulation of 460 genes and the upregulation of
seven genes. Most of the genes downregulated in the IytS
mutant included those involved in metabolism, particularly
carbohydrate, energy, and nucleotide metabolism (Table 3; see
also Tables S1 and S2 in the supplemental material). These
results are in contrast to the cidR mutation, which affected
transcription of only the cidABC, IrgAB, and alsSD operons
(34), although the effect of the lytS mutation on transcription
of most genes was much more subtle (between two- and four-
fold changes in transcript levels) than that of the cidR mutation
(ranging from 13.0- to 43.9-fold changes in gene expression).
The most dramatic effect of the /y£S mutation on transcription
was on the lrgAB operon itself, causing an 11.3-fold decrease in
transcript levels. Other genes downregulated by the lytS muta-
tion included those involved in genetic information processing,
such as replication, transcription, and translation (Table 3; see
also Tables S1 and S2 in the supplemental material). Although
one might predict that these changes would affect the growth
rate of the /rS mutant, the growth rate of this strain was
comparable to that of the wild type (data not shown). The
many genes downregulated in the /ytS mutant include the
alsSD operon, which was previously shown to be regulated in a
CidR-dependent manner (31, 34). In addition, levels of the
cidB and cidC genes were shown to be moderately decreased in
the /ytS mutant compared to those in the parental strain, indi-
cating that cidBC expression is affected by the lytS mutation
and is independent of cid4. Indeed, previous studies demon-
strate that the cid operon is transcribed by two transcripts, one
spanning the cidA, cidB, and cidC genes (25) and the other
spanning cidB and cidC only (26). Thus, only expression of the
cidBC transcript appears to be affected by the ytS mutation.
Based on the results of these microarray experiments, we pro-
pose that the LytSR two-component regulatory system directly
affects IrgAB transcription and that the impact of the /y£tS mu-
tation on other genes is indirect.

In conclusion, the results generated by this study demon-
strate that the lytSR regulatory locus plays a significant role
in the control of cell lysis during biofilm development, likely
by controlling lrgAB expression and the regulation of eDNA
release. Given the complex nature of biofilms, including the
varied metabolic microenvironments that exist within these
structures, continued studies of the LytSR regulatory system
will be important for achieving a better understanding of the
roles that carbohydrate metabolism and membrane poten-
tial play in the development of a maturing biofilm. One
possibility is that the transition into anaerobic metabolism
during biofilm maturation (9, 15, 19, 30) could play a key
signaling role in the LytSR-mediated control of IrgAB ex-
pression. This and other possibilities are the focus of our
current investigations.
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