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The Staphylococcus aureus cid and lrg operons play significant roles in the control of autolysis and accumulation of extracellular
genomic DNA (eDNA) during biofilm development. Although the molecular mechanisms mediating this control are only begin-
ning to be revealed, it is clear that cell death must be limited to a subfraction of the biofilm population. In the present study, we
tested the hypothesis that cid and lrg expression varies during biofilm development as a function of changes in the availability of
oxygen. To examine cid and lrg promoter activity during biofilm development, fluorescent reporter fusion strains were con-
structed and grown in a BioFlux microfluidic system, generating time-lapse epifluorescence images of biofilm formation, which
allows the spatial and temporal localization of gene expression. Consistent with cid induction under hypoxic conditions, the cid::
gfp fusion strain expressed green fluorescent protein predominantly within the interior of the tower structures, similar to the
pattern of expression observed with a strain carrying a gfp fusion to the hypoxia-induced promoter controlling the expression of
the lactose dehydrogenase gene. The lrg promoter was also expressed within towers but appeared more diffuse throughout the
tower structures, indicating that it was oxygen independent. Unexpectedly, the results also demonstrated the existence of tower
structures with different expression phenotypes and physical characteristics, suggesting that these towers exhibit different meta-
bolic activities. Overall, the findings presented here support a model in which oxygen is important in the spatial and temporal
control of cid expression within a biofilm and that tower structures formed during biofilm development exhibit metabolically
distinct niches.

The existence of pronounced death and lysis during bacterial
biofilm development has led to the proposal that these rela-

tively simple organisms have the capacity to control cell viability
in a process analogous to apoptosis in more complex eukaryotic
organisms (1, 2). A key function of these processes, referred to as
bacterial programmed cell death (PCD), is likely to release
genomic DNA into the biofilm matrix, where it serves as an effec-
tive intercellular adherence molecule. The importance of extracel-
lular DNA (eDNA) as a matrix molecule was originally demon-
strated in Pseudomonas aeruginosa (3) and has since been shown
to be important for biofilms produced by a wide range of bacterial
species (3–9). Although some reports suggest the involvement of
bacteriophage in DNA release during biofilm development (9–
12), the presence of distinct regions of cell death and lysis indicates
that this process is highly regulated (4, 6, 9, 13).

Insight into the molecular mechanisms controlling PCD has
come from studies of the Staphylococcus aureus cidABC and lrgAB
operons, which were originally characterized as mediators of
murein hydrolase activity and lysis (14–16). The mode of action of
their gene products has been hypothesized to involve a mecha-
nism analogous to the holin-antiholin-mediated control of host
cell lysis during bacteriophage infection (1, 17). A role for these
operons during biofilm development was demonstrated by the
observations that cid and lrg mutations affect biofilm formation,
disrupting the normal architecture that is a characteristic of these
multicellular communities (6, 7). Additionally, it was established
that the cid mutant produced biofilm with reduced levels of ma-
trix-associated eDNA, while the lrg mutant exhibited increased

levels of this matrix component (6). Similar effects on biofilm
development were also produced by P. aeruginosa in which homo-
logues of cid and lrg had been disrupted (18). These results suggest
the existence of a careful balance between death effectors and in-
hibitors in normal biofilm, not unlike that proposed to control
normal tissue homeostasis in more complex developmental or-
ganisms (2). Moreover, they support the notion that this mecha-
nism is conserved in other bacterial species.

Recent evidence also suggests that Cid/Lrg-like proteins are
conserved much more broadly than was originally recognized.
Recent studies of a putative Arabidopsis CidAB/LrgAB homolog,
designated AtLrgB, indicated that the gene that encodes it is an
important regulator of cell death in plants (19, 20). Disruption of
the gene encoding AtLrgB produced plants with interveinal chlo-
rotic and premature necrotic leaves, suggesting the involvement of
this protein in leaf senescence. Furthermore, recent studies (21)
also support the model in which the mammalian Bcl-2 family of
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proteins functions in a manner analogous to that of holins and
antiholins. Strikingly, these studies demonstrated that the death
effector and inhibitor components of the Bcl-2 protein family can
induce cell death and lysis in Escherichia coli, similar to holins and
antiholins, respectively. Indeed, replacement of the normal holin
of bacteriophage lambda with derivatives of the human Bax pro-
tein resulted in the formation of functional, plaque-forming viral
particles. These results suggest that the functions of the Cid and
Lrg proteins span at least three biological kingdoms.

It is clear that any model of controlled cell death and lysis
during biofilm development must accommodate the observation
that only a subpopulation of cells undergoes this process. Struc-
tured biofilms exhibit obvious spatial differences in cell viability
and lysis, including localized dead cell and eDNA staining in tow-
ers and more homogeneous live cell populations in the basal bio-
film (4, 6, 9, 13). This has led us to hypothesize that the differential
expression of cell death and lysis within biofilm subpopulations is
dictated by the heterogeneous expression of the cid and lrg oper-
ons within the biofilm (1, 2), possibly as a result of the metabolic
heterogeneity commonly observed in them (22). The combined
effects of metabolism are envisioned to result in an optimal bal-
ance of expression that is essential for normal biofilm develop-
ment (2). Indeed, expression of the S. aureus cidABC and lrgAB
operons has been shown to be tightly coordinated by regulators
that sense and respond to basic metabolic processes. For example,
cidABC expression is induced by the LysR-type transcriptional
regulator (LTTR) CidR under conditions of excess glucose and
oxygen (overflow metabolism) (23–25), while lrgAB expression is
stimulated by changes in membrane potential in a process that is
dependent on the two-component regulatory system LytSR (26).
Although much is known about the regulatory signals important
in cidABC and lrgAB expression, how these signals are integrated
during biofilm development remains unknown.

In the study presented here, we explore the effects of hypoxic
growth on cid and lrg expression and its impact on gene expression
during biofilm development. Notably, planktonic growth under
hypoxic conditions was found to strongly induce the transcription
of the cidABC operon, consistent with the hypothesis that hypoxic
biofilm microenvironments could have a dramatic effect on the
expression of these genes (27). To directly test this, we generated
fluorescent reporter fusion constructs and assessed gene expres-
sion in individual cells during biofilm growth by using a BioFlux
microfluidic system (28). This system allows the serial acquisition
of epifluorescence images of biofilm under more biologically rel-
evant continuous-flow conditions and provides insight into the
temporal and spatial patterns of gene expression. Furthermore,
this system allows the simultaneous comparison of gene expres-
sion and biofilm development within different samples. Thus,
with this system, we demonstrate that the cid and lrg operons are
expressed during biofilm development in response to both spatial
and temporal signals. Importantly, these studies also revealed the
existence of different tower types within the growing biofilm,
likely resulting from variations in the metabolic activity associated
with these towers.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The S. aureus strains used in
this study were derived from osteomyelitis isolate UAMS-1 (29) and are
listed in Table 1. All experiments were initiated with fresh overnight cul-
tures grown at 37°C in tryptic soy broth (TSB; EMD Biosciences,

Gibbstown, NJ). Aerobic cultures were generated by the inoculation of
overnight cultures into TSB medium with or without glucose to an optical
density at 600 nm (OD600) of 0.1 and incubation with shaking at 250 rpm,
37°C, and a 10:1 flask-to-volume ratio. Hypoxic growth was achieved by
growing the cells statically at 37°C in a covered flask at a 5:3 flask-to-
volume ratio. Dissolved oxygen levels were measured with a portable dis-
solved oxygen meter (Accumet) in accordance with the manufacturer’s
instructions. Chloramphenicol (5 �g/ml), erythromycin (2 �g/ml), and
tetracycline (5 �g/ml) were added to the growth medium as needed.

Generation of transcriptional reporter fusions. The S. aureus
cidABC, lrgAB, and ldh1 promoter regions were PCR amplified with oli-
gonucleotide primers flanking these sequences and Thermolace high-fi-
delity DNA polymerase (Invitrogen, Carlsbad, CA). Specifically, a 689-
nucleotide (nt) DNA fragment spanning the promoter region of cidABC
(PcidABC) and a 500-nt DNA fragment spanning the promoter regions of
lrgAB (PlrgAB) and ldh1 (Pldh1) were amplified with the cidA-pro, lrgA-pro,
and ldh1-pro primer sets, respectively, listed in Table 2. Each promoter
fragment was ligated into pCR2.1 with the TA cloning kit (Invitrogen,
Carlsbad, CA), and the recombinant plasmids were transformed into E.
coli DH5� cells (Table 1). After the absence of mutations was confirmed
by nucleotide sequencing, the promoter fragments were excised by diges-
tion with the restriction endonucleases SphI and BamHI and used to
replace the cadmium-inducible promoter in front of the gene encoding
the short half-life GFPaav in plasmid pEM64. Because of the weak fluo-
rescence of GFPaav, the gene for GFPaav was replaced with the gene en-
coding superfolder GFP (sGFP) from pCM11 (Table 1). The resulting
transcriptional fusion plasmids, pEM80 (PlrgAB), pEM81 (PcidABC), and
pEM87 (Pldh1), were then electroporated into S. aureus strain RN4220
(Table 1). Plasmid DNA from the transformants was reisolated and elec-
troporated into S. aureus UAMS-1 and its cidR and lytSR mutant deriva-
tives, KB1090 and KB999 (Table 1).

A dual-reporter plasmid (designated pDM4) containing divergently
transcribed cidABC and lrgAB promoter regions fused to genes encoding
green and red fluorescent proteins, respectively, was constructed as fol-
lows. Primers DsRed-f and DsRed-r (Table 2) were used to amplify the
gene encoding DsRed.T3(DNT) fluorescent protein (33). The 717-bp
DsRed.T3(DNT) PCR product was ligated into the SalI-SphI sites of the
shuttle vector pBK123 (Table 1), producing pDM1. With primers lrgA-r,
cidA-r, cidABC-lrgAB-f, and lrgAB-cidABC-f (Table 2), the promoter

TABLE 1 Strains and plasmids used in this study

Strain or plasmid Description Reference

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

S. aureus
RN4220 Highly transformable strain; restriction

deficient
30

UAMS-1 Clinical isolate 29
KB999 UAMS-1 lytS::ermC 26
KB1090 UAMS-1 cidR::ermC 25

Plasmids
pCR2.1 E. coli PCR cloning vector Invitrogen
pBK123 Shuttle vector, pCN51�EM::CAT; Cmr 31
pEM64 pBK123 derivative containing Cd-inducible

GFPaav; Emr

This study

pEM80 lrgAB promoter::sGFP, Cmr This study
pEM81 cidABC promoter::sGFP, Cmr This study
pEM87 ldh1 promoter::sGFP, Cmr This study
pCM11 Shuttle vector encoding sGFP 32
pDM4 lrgAB promoter::sDsRed, cidABC

promoter::sGFP, Cmr

This study
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regions spanning the 833 and 602 bp upstream of cidABC and lrgAB,
respectively, were amplified from the S. aureus UAMS-1 chromosome and
combined by splicing by overlap extension (34), resulting in a 1,441-bp
DNA fragment containing the cid and lrg promoters in a divergent orien-
tation. After the confirmation of this fragment by nucleotide sequencing,
it was ligated into the EcoRI and BamHI sites of pDM1 to generate pDM2.
Next, a 768-bp DNA fragment encoding sGFP from pEM80 was amplified
with primers sGFP-r and sGFP-f (Table 2) and then ligated into the EcoRI
and AscI sites of pDM2, generating pDM3. Finally, because of the weak
expression of the gene encoding DsRed.T3(DNT), the coding region was
optimized for codon usage in S. aureus and synthesized by GeneArt (In-
vitrogen, Carlsbad, CA). This gene was then used to replace the unopti-
mized DsRed.T3(DNT) gene in pDM3, resulting in the plasmid pDM4.

RNA quantification. Total S. aureus RNA was isolated as previously
described (26) with minor modifications as follows. Briefly, S. aureus cells
were harvested by centrifugation at 4,100 rpm in a Legend tabletop cen-
trifuge (Sorvall, Newtown, CT) and the resulting pellets were resuspended
in 500 �l of TSB. Then 1.0 ml of RNAprotect Bacteria Reagent (Qiagen,
Valencia, CA) was added, and samples were vortexed vigorously for 30 s
and incubated at room temperature for 15 min. Cells were then pelleted
by centrifugation at 5,000 � g for 10 min in a Microfuge 18 centrifuge
(Beckman-Coulter, Brea, CA); supernatants were removed, and pellets
were stored at �80°C. Once all samples had been collected, the cells were
thawed for 10 min and resuspended in 900 �l of RLT buffer, and RNA was
isolated with an RNeasy Mini RNA purification kit (Qiagen, Valencia,
CA) as described previously (26).

Quantitative real-time PCR was performed with the cidA-, lrgA-, and
sigA-specific primers listed in Table 2. Briefly, 500 ng of total RNA was
converted to cDNA with the QuantiTect reverse transcription kit from
Qiagen (Valencia, CA). The samples were then diluted 1:50, and the cidA,
lrgA, and sigA cDNA products were amplified with 5.0 �M cidA-rt, lrgA-
rt, and sigA-rt primers (Table 2), respectively, and the LightCycler DNA
Master SYBR green I kit (Roche Applied Science, Indianapolis, IN) by
following the manufacturer’s instructions. n-Fold changes in cidA and
lrgA transcript levels were calculated by the comparative threshold cycle
method (35), normalizing to the amount of sigA transcripts present in the
RNA samples. Results were recorded in triplicate, representative of three

independent experiments. Data were analyzed with the Wilcoxon rank-
sum test for nonparametric data.

Biofilm assays. To continuously monitor gene expression during bio-
film development, we used a BioFlux 1000 microfluidic system (Fluxion
Biosciences Inc., San Francisco, CA), which allows the acquisition of epi-
fluorescence microscopic images over time. To grow biofilm in the Bio-
Flux system, the channels were first primed for 5 min with 200 �l of TSB
at 5.0 dynes/cm2. After priming, the TSB was aspirated from the output
wells and replaced with 200 �l of fresh overnight cultures diluted to an
OD600 of 0.8. The channels were seeded by pumping from the output wells
to the input wells at 2.0 dynes/cm2 for 5 to 10 s. Cells were then allowed to
attach to the surface of the channels for 1 h at 37°C. Excess inoculums were
carefully aspirated off, and 1.3 ml of 50% TSB plus 0.125% glucose was
added to the input well and pumped at 0.6 dyne/cm2 for 18 h (flow rate, 64
�l/h). Bright-field and epifluorescence (with fluorescein isothiocyanate
[FITC] and tetramethyl rhodamine isothiocyanate [TRITC] filters) im-
ages were taken at �200 magnification at 5-min intervals at a total of 217
time points for each strain tested; the gain and exposure settings were kept
consistent for all images.

To analyze expression in a static biofilm assay, overnight cultures of
each strain were grown and diluted to an OD600 of 0.05 in TSB plus 0.5%
glucose with 1.0 �M Toto-3. Subsequently, 400 �l of each inoculum was
placed in one well of an eight-chamber Lab-Tek chambered number 1.0
borosilicate coverglass system (Nunc, Rochester, NY). Biofilms were
grown for 6 h, at which point they were imaged by confocal laser scanning
microscopy (CLSM) as described in detail below.

Confocal microscopy. Planktonic S. aureus cells expressing fluores-
cent reporter genes were grown and imaged by CLSM as follows. Over-
night cultures were diluted to an OD600 of 0.1 into fresh medium and
incubated under aerobic and hypoxic conditions as described above. Sam-
ples of the cultures were harvested and pelleted by centrifugation at 14,000
rpm for 3 min. The pellets were resuspended in 0.85% NaCl to an OD600

of approximately 5.0. A 2.5-�l volume of each preparation was placed on
a microscope slide, covered with a coverslip, and imaged with an inverted
Zeiss 510 Meta confocal laser scanning microscope fitted with a Plan-
Apochromat 63�/1.40 numerical aperture oil differential interference
contrast (DIC) M27 objective set to a 3.0� digital zoom. In addition to the

TABLE 2 Primers used in this studya

Primer Sequence

cidA-pro-F 5=-CCCGCATGCAGCAAATTATCAATGATGAAGTAGATA-3=
cidA-pro-R 5=-CCCGGATCCCGCCATCCCTTTCTAAATAC-3=
lrgA-pro-F 5=-CCCGCATGCCGATAAAATTCACATGTTAAAGC-3=
lrgA-pro-R 5=-CCCGGATCCCGTTTGATTTAACTAAAGTATAGATGG-3=
ldh1-pro-F 5=-CCCGCATGCATGGCTTTTAATAAATTTTC-3=
ldh1-pro-R 5=-CCCGGATCCTACAAAAACTCCCTTATGAT-3=
cidA-rt-F 5=-GGGTAGAAGACGGTGCAAAC-3=
cidA-rt-R 5=-TTTAGCGTAATTTCGGAAGCA-3=
lrgA-rt-F 5=-GCATCAAAACCAGCACACTTT-3=
lrgA-rt-R 5=-TGATGCAGGCATAGGAATTG-3=
sigA-rt-F 5=-AACTGAATCCAAGTCATCTTAGTC-3=
sigA-rt-R 5=-TCATCACCTTGTTCAATACGTTTG-3=
DsRed-F 5=-CAGAGTCGACTGATTAACTTTATAAGGAGGAAATACATATGGACAACACCGAGG-3=
DsRed-R 5=-ACATGCATGCTACAGGAACAGGTGGTGGCGG-3=
sGFP-F 5=-CACGAATTCTGATTAACTTTATAAGGAGGAAAAACATATGCCCGGGAGCAAAGGAG-3=
sGFP-R 5=-CCTGGCGCGCCTTCTTATTTGTAGAGCTCATCCATGCC-3=
lrgA-R 5=-GCTGGATCCACGTTTGATTTAACTAAAGTATAGATGGCTCAC-3=
cidA-R 5=-GCCGGAATTCTAAATACGTCTAAATTGTTACAATAACTATTATAAAGATGGCG-3=
cidABC-lrgAB-F 5=-GTTTCCAGTCCATTCAAGCGTTCCGCACATGACCAATACGCAGTACAG-3=
lrgAB-cidABC-F 5=-CTGTACTGCGTATTGGTCATGTGCGGAACGCTTGAATGGACTGGAAAC-3=
sDsRed-F 5=-AGCGGATCCAGATAATCTATAAAAGGAGG-3=
sDsRed-R 5=-TCTTGCATGCTTATAAAAACAAATGATGACGAC-3=
a Recognition sequences for restriction endonucleases used for cloning are underlined.
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acquisition of DIC images, a 488-nm argon laser was used to excite any
GFP present in the cells and the emissions were collected with a 505- to
550-nm band pass filter. For static biofilms, 30 to 40 1-�m sectioned z
stack images were acquired with the same settings as above except with an
EC Plan-Neofluar 40�/1.30 numerical aperture oil DIC M27 objective.
Images collected from static biofilms and planktonic cells were rendered
with the Imaris 7.0.0 software suite (Bitplane, Saint Paul, MN).

RESULTS
Induction of cid and lrg expression during hypoxic growth. Pre-
vious studies of cidABC and lrgAB transcription showed that the
expression of both of these operons was induced during aerobic
overflow metabolism (23), where the high rate of glycolysis inhib-
its aerobic respiration and induces carbon flow through fermen-
tation pathways (27). Since staphylococcal biofilms contain re-
gions of hypoxia (22), we hypothesized that the decrease in oxygen
concentrations, leading to activation of fermentative metabolism,
will also affect cid and lrg expression. To test this, RNA was ex-
tracted from aerobically and hypoxically grown cells at 4 h post-
inoculation and the relative levels of cid and lrg transcripts
were determined by quantitative reverse transcriptase PCR (qRT-
PCR). Measurements of oxygen revealed that hypoxic growth re-
sulted in an oxygen concentration of approximately 1% total sat-
uration, compared to approximately 70% total oxygen saturation
under our standard growth conditions (see Materials and Meth-
ods). As anticipated, the levels of the cid-specific transcripts were
markedly higher (approximately 12-fold) in cells grown under
hypoxic conditions than in cells grown aerobically (Fig. 1A). Con-
sistent with previous studies (25), cid expression was induced un-
der excess glucose conditions in a cidR-dependent but lytSR-inde-
pendent manner, respectively (data not shown). Similarly, the
induction of cid expression under hypoxic conditions was found
to be cidR dependent and lytSR independent (Fig. 1A). In contrast,
lrgAB transcription was found to be slightly decreased under hy-
poxic conditions but remained lytSR dependent (Fig. 1B), as pre-
viously demonstrated (31, 36). Additionally, we found that lrgAB
expression was not influenced by the cidR mutation during
growth under hypoxic conditions (Fig. 1B). Taken together, these
data demonstrate that hypoxic conditions induce cidABC operon
expression in a CidR-dependent manner, similar to its induction
observed during overflow metabolism. However, unlike the in-
duction of lrgAB expression previously observed during overflow
metabolism, hypoxic growth does not affect lrgAB transcription.

Expression of cid and lrg in individual cells. To test the hy-
pothesis that the cid and lrg operons are differentially expressed
within a growing biofilm, we generated cid and lrg transcriptional
reporter fusions to facilitate the assessment of the expression of
these genes in individual cells during different stages of biofilm
development. Promoter regions of both the cid and lrg operons
were amplified and inserted upstream of the gene encoding sGFP,
which was previously shown to be easily detected in S. aureus
cultures (32). The resulting constructs were moved into UAMS-1,
as well as the cidR and lytSR derivatives of this clinical isolate. The
strains were tested to determine if GFP expression during plank-
tonic growth reflects the transcriptional regulation seen by North-
ern blotting analyses (23, 25, 36) and qRT-PCR analyses (Fig. 1).
Indeed, when grown in the presence of excess glucose or under
hypoxic conditions, the cid::gfp reporter construct produced in-
creased levels of GFP fluorescence (Fig. 2), as opposed to aerobi-
cally grown cells in the absence of glucose, and was cidR dependent

(Fig. 2). In contrast, the lrg::gfp promoter construct did not pro-
duce detectable fluorescence under these conditions (Fig. 2).
However, when grown in the presence of carbonyl cyanide m-
chlorophenylhydrazone (CCCP), a membrane potential-dissipat-
ing agent known to induce lrgAB expression, the lrg::gfp promoter
construct fluoresced brightly in a lytSR-dependent manner (see
Fig. S1 in the supplemental material). As a control, we also gener-
ated a gfp fusion to the ldh1 promoter that is specifically expressed
during hypoxic growth (37). In wild-type (WT) cultures contain-
ing the ldh1::gfp promoter fusion grown under hypoxic condi-
tions, GFP fluorescence was seen in the majority of the cells, in
contrast to the absence of fluorescence in cells grown aerobically
in the presence or absence of excess glucose (Fig. 2).

Expression of cid and lrg operons during biofilm develop-
ment. To study cid and lrg expression within a biofilm, we first
examined the fluorescent reporter constructs in biofilm grown
under static conditions. As shown in Fig. S2a and c in the supple-
mental material, GFP fluorescence was observed in biofilm
formed by the WT strain containing the cid fusion but not in the

FIG 1 Hypoxic induction of cidABC and lrgAB transcription. Total RNAs
were collected from S. aureus WT (UAMS-1), cidR mutant, and lytSR mutant
cells at 4 h of growth under aerobic and hypoxic conditions. The cidABC (A)
and lrgAB (B) transcripts present in the RNA were detected by qRT-PCR with
cidA- and lrgA-specific primers, normalized to the levels of sigA-specific tran-
scripts detected, and then plotted as n-fold changes relative to the cidABC and
lrgAB transcript levels in WT cells grown under aerobic conditions. Error bars
represent standard deviations generated from three independent experiments.
In panel A, significant differences (P � 0.05 for all) between aerobic and
hypoxic treatments are denoted as follows: *, WT; **, �lytSR. In panel B,
significant differences (P � 0.05 for all) between aerobic and hypoxic treat-
ments are denoted as follows: *, WT; **, �cidR.
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cidR mutant, similar to growth under planktonic conditions (Fig.
1). Also similar to planktonic growth (Fig. 2), the lrgAB promoter
was not expressed in a static biofilm (see Fig. S2d). As anticipated
on the basis of previously published results demonstrating the
hypoxic nature of static biofilms (22), the ldh promoter fusion
construct also expressed GFP fluorescence in our static biofilm
assays (see Fig. S2b).

To examine the pattern of cid and lrg expression during biofilm
development under flow cell conditions, we took advantage of
BioFlux technology (28) to acquire sequential bright-field and
epifluorescence images of a developing biofilm. The BioFlux sys-
tem is a microfluidic device that precisely controls the flow of
growth medium between two interconnected wells of a microtiter
plate. By positioning the channel connecting the two wells over a
window accessible for viewing by epifluorescence microscopy,
biofilm growth can be monitored in a time course assay in which
images are collected at 5-min intervals. In addition, the microtiter
plate is positioned on a motorized stage, allowing the analysis of

the development of multiple biofilms simultaneously. As shown
in the video compilations of the collected images (see Videos S1 to
S4 in the supplemental material), the growth of the fusion strains
in this system was initially rapid, resulting in a confluent “lawn” of
cells that was followed by a period of dispersal. After this initial
phase, distinct foci of robust biofilm growth were observed, result-
ing in the formation of tower structures (Fig. 3, 4, and 5).

Analysis of the epifluorescent images revealed distinct patterns
of cid and lrg expression during the development of these biofilms.
With the UAMS-1 cid::gfp fusion strain (Fig. 3; see Video S1 in the
supplemental material), distinct clusters of cells or “towers”
emerged and gradually turned green as they increased in size, sim-
ilar to the pattern of expression observed with the ldh::gfp fusion
strain (see Fig. S3 and Video S2), consistent with the hypothesis
that hypoxic regions of the biofilm (within the interior of the large
towers) induce cid expression. Unexpectedly, the cid::gfp fusion
strain also produced smaller towers with constitutively high levels
of fluorescence (Fig. 4), clearly distinct from the larger towers.

FIG 2 Expression of fluorescent reporters during planktonic growth. S. aureus UAMS-1 (WT), the cidR mutant (�cidR) strain, and the lytSR mutant (�lytSR)
strain containing the cid::gfp, lrg::gfp, and ldh::gfp transcriptional reporter plasmids were grown to exponential phase in the presence or absence of 35 mM glucose
and under aerobic and hypoxic conditions as indicated. GFP-positive cells were visualized by CLSM at �630 magnification as described in Materials and
Methods. The scale bar represents 5 �m.
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These smaller towers appeared to emerge from a single highly
fluorescent cell that divided (although with a seemingly lower
growth rate than the other clusters) and remained exclusively
associated with its siblings until a large, intensely fluorescent
tower was formed. In addition, these towers appeared to be less
adherent, as demonstrated by their propensity to release
smaller cell clusters (Fig. 4). Importantly, similar highly fluo-
rescent towers were observed in the ldh::gfp fusion strain (un-
published results), suggesting that overlapping metabolic cues
may be responsible for the high-level cid and ldh expression
observed in these small towers. Also, no cid::gfp-mediated flu-
orescence in either tower type was observed in a strain in which
the cidR gene had been disrupted (unpublished results), sug-
gesting that the signals responsible for cid expression in the two
tower types were similar.

The UAMS-1 lrg::gfp fusion strain exhibited a different pattern
of expression during biofilm development (Fig. 5; see Video S3 in
the supplemental material). Similar to the cid and ldh promoter
fusion constructs, the lrg::gfp fusion strain produced fluorescence
in what appeared to be the large towers that exhibited inducible cid
and ldh expression as the towers matured. However, unlike what
was observed with the cid and ldh promoter fusion constructs, the
lrg::gfp fusion strain produced constitutive fluorescence without

FIG 4 High-level cid expression in small towers. S. aureus cells containing the
cid::gfp reporter plasmid were inoculated into a BioFlux microfluidic system
and allowed to form a biofilm as described in the legend to Fig. 3. The image
shown (at �200 magnification) represents a typical constitutive highly fluo-
rescent “small” tower that is formed by this strain, distinct from the delayed
fluorescence produced by the “large” towers depicted in Fig. 3. Note the pres-
ence of detached, highly fluorescent cells “downstream” (to the right) of the
tower. The scale bar represents 50 �m.

FIG 3 Temporal analysis cidABC expression during biofilm development. S. aureus cells containing the cid::gfp reporter plasmid were inoculated into a
BioFlux microfluidic system and allowed to form a biofilm within a flow shear environment at a flow rate of 64 �l/h for a total of 18 h. Bright-field and
epifluorescence microscopic images were collected at 5-min intervals. The images presented were taken from the complete set of 217 images (see Video
S1 in the supplemental material for a video compilation of these images) taken at �200 magnification, spanning 9 to 14.5 h, and illustrate typical tower
development and GFP expression observed in multiple experiments. For a complete video compilation of this experiment, see Video S1. The scale bar
represents 50 �m.
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increasing expression within growing towers, consistent with re-
sults indicating that this promoter is not inducible under hypoxic
conditions. Importantly, it should be noted that despite the fact
that the lrg::gfp fusion strain did not produce detectable fluores-
cence in planktonic culture or static biofilm assays, this strain
produced robust fluorescence within towers formed in this flow
cell system, suggesting that this operon is controlled by develop-
mental signals associated with biofilm formation. As expected, the
fluorescence produced by the lrg::gfp construct was abolished in
the lytSR mutant background (unpublished data).

To clearly distinguish the coincidence of cid and lrg expression
within the tower structures, a cid-lrg dual-reporter strain was also
generated. The cid promoter was fused to the gene encoding
sGFP, and the lrg promoter was fused to the gene encoding
DsRed.T3(DNT). WT UAMS-1 containing this construct was
grown with the BioFlux system and observed during biofilm de-
velopment. As shown in Fig. 6 (see also Video S4 in the supple-
mental material), lrg expression (red fluorescence) was detected
early in the development of the towers (12 h), followed by the
emergence of cid expression (green fluorescence) as the towers
increased in size (starting at 16 h). Distinct small towers express-
ing high levels of cid were also observed (Fig. 6, arrows), similar to
those produced by the cid::gfp fusion strain (Fig. 4). As shown in
Fig. 7, which illustrates the fluorescence detected with the differ-

ent filter sets, the small towers (arrows) clearly express a high level
of cid-associated sGFP fluorescence and nearly undetectable levels
of lrg-associated DsRed fluorescence, while the large towers
express both promoters, albeit with different temporal pat-
terns. These data confirm the existence of two distinct tower
types, one that is characterized by rapid cell division, constitu-
tive lrg expression, and gradual cid expression induced presum-
ably as the tower enlarges and becomes hypoxic and another
that exhibits relatively slow cell division and high constitutive
levels of cid expression.

Correlation of lrg expression with cell death and lysis. Previ-
ous studies using CLSM demonstrated that tower structures con-
tain a high number of dead cells and/or eDNA, as indicated by
viability staining techniques (6). Subsequent lysis of the dead cells
resulted in clear, cell-free voids that likely contain cell debris, in-
cluding released genomic DNA. This pattern of death and lysis
causing a “hollowing out” of tower structures appears to be con-
served in other bacterial species (18, 38), including a positive role
for P. aeruginosa cid and a negative role for lrg orthologs in this
process (18). To determine if cid and/or lrg expression correlates
with cell death and lysis under these flow cell conditions, we grew
our cid::gfp and lrg::gfp fusion constructs in the BioFlux system
and stained the biofilm with propidium iodide (PI) to visualize
dead cells and eDNA. As shown in Fig. 8, the large towers express-

FIG 5 Temporal analysis of lrgAB expression during biofilm development. S. aureus cells containing the lrg::gfp reporter plasmid were inoculated into a BioFlux
microfluidic system and allowed to form a biofilm within a flow shear environment at a flow rate of 64 �l/h for a total of 18 h. Bright-field and epifluorescence
microscopic images were collected at 5-min intervals at �200 magnification. The images presented were taken from the complete set of 217 images spanning 9
to 14.5 h and illustrate typical tower development and GFP expression observed in multiple experiments. See Video S3 in the supplemental material for a video
compilation of these images. The scale bar represents 50 �m.
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ing both cid and lrg were readily stained with PI, exhibiting a
relatively uniform fluorescence intensity throughout their struc-
tures (see top and bottom panels), similar to the uniform GFP-
mediated fluorescence produced by the lrg::gfp fusion construct
(see Video S3 in the supplemental material). Analysis of the tem-
poral pattern of PI staining revealed that it also overlapped with lrg
expression, with staining of the tower occurring early in develop-
ment and continuing as they grew in size. This is in contrast to the
cid::gfp reporter construct, which is expressed in the center of the
tower structures only after they have reached a certain size, pre-
sumably corresponding to the hypoxic regions of the towers (see
above). Interestingly, the smaller, intensely fluorescent green tow-
ers that constitutively express the cid promoter (Fig. 8, middle
panels) did not retain the PI stain, also similar to the absence of lrg
expression observed in these structures (Fig. 6 and 7). Overall, the
results of these studies suggest that the pattern of lrg expression
within a developing biofilm correlates with the presence of dead
cells and/or eDNA in tower structures.

DISCUSSION

Previous studies in our laboratory have suggested a role for S.
aureus cid- and lrg-mediated cell death and lysis during biofilm
development (6, 7). Implicit in this model is that there is hetero-
geneity in the expression of these operons such that only subpopu-
lations of the biofilm cells will die and lyse. Indeed, viability stain-
ing clearly revealed marked heterogeneity in the distribution of
dead cells within the basal biofilm layers and more pronounced
cell death and lysis associated with tower structures (6). Although
these observations suggest that variations in cid and lrg expression
may exist within different regions of a biofilm, our current under-
standing of cid and lrg regulation has been limited to studies in
which the expression of these operons was assessed during plank-
tonic growth, where the results generated represent an average
level of expression throughout the population. For example, glu-
cose metabolism in planktonic cultures was shown to induce
cidABC expression via the LTTR encoded by the cidR gene (23–
25). Additionally, the two-component regulatory system LytSR

FIG 6 Simultaneous temporal analyses of cidABC and lrgAB expression during biofilm development. S. aureus cells containing the cid::gfp lrg::sDsRed dual-
reporter plasmid were inoculated into a BioFlux microfluidic system and allowed to form a biofilm within a flow shear environment at a flow rate of 64 �l/h for
a total of 18 h. Bright-field and epifluorescence microscopic images were collected at 5-min intervals at �200 magnification. The images presented were taken
from the complete set of 217 images spanning 12 to 17.5 h and illustrate the typical tower development and GFP and DsRed.T3(DNT) expression observed in
multiple experiments. See Video S4 in the supplemental material for a compilation of these images. The scale bar represents 50 �m. The arrows indicate the small,
highly fluorescent cid-expressing towers.
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was shown to induce lrgAB transcription in response to changes in
membrane potential (26, 31). Although both of these studies pro-
vided an appreciation of the metabolic signals important in the
control of cid and lrg expression, neither afforded any insight into

the heterogeneity of gene expression within the population or how
the expression of these operons might be affected by growth in the
context of a multicellular biofilm. Thus, a key focus of our labo-
ratory is to gain a better understanding of how these and/or re-
lated metabolic signals are involved in the coordination of cid and
lrg expression during biofilm development.

In the first part of this study, we demonstrated that in addition
to being induced by growth in the presence of excess glucose, cid
expression is also induced during growth in a hypoxic environ-
ment (Fig. 1), conditions known to predominate within a biofilm.
In fact, aerobic growth in the presence of excess glucose is well
known to induce a physiological change in cells that results in a
shift from oxidative phosphorylation to substrate level phosphor-
ylation, in which less oxygen is consumed (39). This so-called
“Crabtree effect” may thus produce metabolic intermediates dur-
ing aerobic growth that stimulate CidR-dependent expression of
the cid operon that would normally be produced during hypoxic
growth. In agreement with the notion that similar metabolic sig-
nals are sensed under these seemingly disparate conditions is the
observation that cid expression under hypoxic conditions was
cidR dependent, similar to the induction of this operon during
growth in the presence of excess glucose (Fig. 1). As cidR encodes
a member of the LTTR family of proteins, whose members are
activated by the binding of specific small effector molecules, the
effector interacting with CidR likely reflects the metabolic similar-
ities that form the basis of the Crabtree effect. Although the iden-
tity of this molecule remains to be determined, it was recently
speculated that pyruvate or an intermediate of pyruvate metabo-
lism could serve this purpose on the basis of the observations that

FIG 7 Differential expression of cid and lrg within different towers. The indi-
vidual images collected at 17 h from Fig. 6 are presented to better illustrate the
green and red fluorescence produced by the S. aureus cid::gfp lrg::sDsRed dual-
reporter strain (at �200 magnification). The panels include images collected
by bright-field microscopy only (A), a bright-field microscopy and FITC over-
lay (B), a bright-field microscopy and TRITC overlay (C), and a bright-field
microscopy, FITC, and TRITC overlay (D). The scale bar represents 50 �m.
The arrows indicate the small, highly fluorescent cid-expressing towers.

FIG 8 Correlation of eDNA/cell death with cidABC and lrgAB expression within a biofilm. S. aureus WT cells carrying the cid::gfp and lrg::gfp reporter plasmids
were inoculated into a BioFlux microfluidic system and grown into biofilms as described in the legend to Fig. 3. The biofilm was grown in 50% TSB medium
containing 0.125 �M PI stain (red) to stain dead cells and eDNA. Individual images captured at 17 h demonstrate an overlap of lrg expression (green) and dead
cells/eDNA (red) in large towers (top and bottom panels) and the absence of lrg expression and dead cells/eDNA in small towers (middle panels). The scale bar
represents 50 �m.
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CidR-mediated control occurs under conditions favoring fermen-
tative metabolism, as well as the fact that the CidR regulon in-
cludes two operons, both of which encode enzymes involved in
pyruvate metabolism (27). Interestingly, recent studies indicate
that pyruvate plays a key role in the formation of microcolonies in
P. aeruginosa (40).

It seems clear that the expression and/or function of the cid and
lrg operons must be a population-dependent phenomenon, given
the observation that there is a mixture of live and dead cells within
biofilms. Because cell death and lysis are particularly predominant
within tower structures (6), we hypothesized that the level of cid
expression relative to lrg is higher in tower structures than in the
surrounding basal layer of cells (1). The differences in expression
may be a function of localized microenvironments in which oxy-
gen is depleted. Indeed, oxygen and nutrient gradients have been
shown to exist in biofilm and have been implicated in signaling
heterogeneity within the biofilm (22, 41, 42). Furthermore, P.
aeruginosa (43, 44) and B. subtilis (45–47) demonstrate heteroge-
neous expression of genes within the biofilms they produce. On
the basis of the impact of hypoxic growth on cid and lrg expres-
sion, we reasoned that variations in oxygen levels within a biofilm
play an important role in the differential control of cid and lrg
expression and subsequent cell death and lysis within these meta-
bolically diverse communities. Thus, to examine the differential
control of cid and lrg expression during biofilm development,
transcriptional fusions of cid and lrg promoter regions with a gfp
reporter gene were generated and introduced into S. aureus WT
and cidR and lytSR mutant strains. We took advantage of newly
developed BioFlux technology (28) that allowed us to simultane-
ously monitor biofilm growth and reporter gene expression under
flow cell conditions over an extended time course experiment,
mimicking a more physiologically relevant environment. Strik-
ingly, growth of the cid and lrg reporter strains revealed clear tem-
poral and spatial control of these genes. For the cid::gfp strain,
fluorescence increased over time in large tower structures (Fig. 3
and 6; also see Videos S1 and S4 in the supplemental material),
similar to the ldh::gfp fusion strain (see Fig. S3 and Video S2) and
consistent with the hypothesis that reduced oxygen levels within
these structures were responsible for the upregulation of these
genes. In addition, a second highly fluorescent subpopulation of
cells was observed in the cid::gfp fusion strain that was clearly
distinct from those associated with large tower structures (Fig. 4,
6, and 7). In contrast to the latter, the highly fluorescent subpop-
ulation appeared to emerge from single cells that multiplied and
formed distinct tower structures that appeared less adherent, as
evidenced by the observation that they tended to release small cell
clusters, likely as a result of shear forces in this flow cell environ-
ment (Fig. 4). Thus, the differences in gene expression observed
between the two tower types identified in this study appear to be
associated with fundamentally distinct physical characteristics,
such as matrix composition, although this remains to be investi-
gated. Importantly, the lack of a genetically stable, highly fluores-
cent population of cells within the effluent (unpublished results)
suggests that these highly fluorescent towers are not a result of a
regulatory mutation (e.g., within the cidR gene).

The lrgAB::gfp strain also generated a fluorescent signal that
was associated with tower structures (Fig. 5; see Video S3 in the
supplemental material). Although the kinetics of this induction
were clearly distinct from the delayed, gradual emergence of flu-
orescence observed in the large towers produced by the cid::gfp

and ldh::gfp fusion strains, it was similar in some respects to the
small towers expressing high levels of GFP fluorescence. However,
a dual-reporter construct allowed us to determine the relationship
between cid and lrg expression within individual towers and
clearly demonstrated that towers exhibiting a gradual increase in
cid expression were also constitutively expressing lrg. In contrast,
towers constitutively expressing high cid levels were expressing
low-to-undetectable levels of lrg. Interestingly, similar results
were observed with a USA300 JE2 strain containing these reporter
plasmids (unpublished results), suggesting that the temporal and
spatial controls of cid and lrg expression are common to multiple
S. aureus strains. Together, these data suggest that the differences
in cid and lrg expression undoubtedly reflect the fact that the ex-
pression of these operons is controlled by distinct regulatory sys-
tems that respond to different metabolic signals. Thus, gaining a
better appreciation for the metabolic cues sensed by the CidR and
LytSR regulatory systems, as well as the metabolic differences be-
tween these tower types, will be essential for understanding the
basis of the expression differences observed.

Given the proposed functions of the cid and lrg operons, we
next wanted to examine the correlation between the expression of
these genes in a biofilm and the death and lysis that occur in these
structures. As shown in Fig. 8, analyses of the cid reporter con-
struct revealed that the GFP signal produced by the cid::gfp strain
overlapped the PI staining, which was previously shown to be
particularly evident in these structures (6). However, it is clear
that this overlap is incomplete, as evidenced by the observation
that the high-level expression observed in the smaller towers
was not associated with PI staining. In contrast, fluorescence
produced by the lrg::gfp strain showed a better correlation with
the PI-stained structures exhibiting homogeneous fluores-
cence throughout the large towers and no fluorescence in the
small towers. Since the cidA and lrgA gene products are proposed
effectors of cell death and lysis, one might predict that the disrup-
tion of these genes would affect the death and/or lysis observed by
PI staining. However, similar experiments with cidA and lrgA mu-
tants harboring the cid and lrg GFP reporter constructs revealed
no obvious effect on the pattern of cell death, lysis or tower for-
mation (as indicated by PI staining; unpublished results), suggest-
ing that the roles of these genes are not readily detectable under
these conditions. Specifically, the biofilm conditions in our micro-
fluidic system are quite different from static assays previously de-
scribed. In fact, the lack of pronounced phenotypes is most likely
a function of the continuous supply of medium in the former,
which has a major effect on access to nutrients and oxygen, as well
as disposal of waste products such as weak acids (e.g., acetic and
lactic acids). Furthermore, another possibility is that the Cid and
Lrg proteins encoded by these operons simply potentiate cell
death and under biofilm conditions make this process more effi-
cient. In fact, holin proteins function much like this, as they are
expressed and inserted into the membrane in an inactive form and
can be induced by lethal agents that dissipate the membrane po-
tential (48). Similarly, altered expression of members of the Bcl-2
family of proteins, critical in the control of apoptosis, does not
directly affect cell viability but instead potentiates cell death or
survival, depending on the relative levels of death effectors or in-
hibitors present in the cell (49).

Given the apparent fundamental differences in gene expres-
sion and physical properties between large and small towers, a
better understanding of the relative physiological differences be-
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tween these tower types should provide valuable information
about the control of cell death during biofilm development. Fur-
thermore, insight into the potential functional differences that are
associated with spatially and temporally regulated genes within
the biofilm, as has been observed in Bacillus subtilis (50), could be
particularly enlightening. Thus, current studies with BioFlux
technology are aimed at using fluorescent metabolic probes that
will allow us to correlate the temporal and spatial aspects of cid
and lrg expression with defined physiological states within biofilm
microenvironments, providing more mechanistic and functional
insights into the heterogeneous control of cell death and lysis ob-
served within a developing biofilm.
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