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Abstract

The human pathogen Staphylococcus aureus is a gram-positive bacterium that causes difficult-to-treat
infections. One of the reasons why S. aureus is such as successful pathogen is due to the cell-to-cell
physiological variability that exists within microbial communities. Many laboratories around the world study the
genetic mechanisms involved in S. aureus cell heterogeneity to better understand infection mechanism of this
bacterium. It was recently shown that the Agr quorum-sensing system, which antagonistically regulates
biofilm-associated or acute bacteremia infections, is expressed in a subpopulation of specialized cells. In this
review, we discuss the different genetic mechanism for bacterial cell differentiation and the physiological
properties of the distinct cell types that are already described in S. aureus communities, as well as the role that
these cell types play during an infection process.

© 2019 Published by Elsevier Ltd.
Staphylococcus aureus: A Versatile
Pathogen
Staphylococcus aureus is a gram-positive facultative

anaerobic bacterium and one of the most threatening
human pathogens. It is able to infect practically every
host organ [1–6], causing a great variety of infection
patterns, such as acute bacteremia, pneumonia,
endocarditis or chronic biofilm-associated infections in
bone tissue and prosthetic devices [7–17]. S. aureus
causes a wide variety of infections due to a large
number of cytolytic toxins and additional virulence
factors produced during infection [3,5,15,18–27].
These toxins and virulence factors damage the local
tissue where the infection localizes to release the
nutrients that bacteria need to grow and to block the
host immune response. In addition, these toxinsplayan
important role to the dissemination of the infection both
within and between hosts [16,23,28–31].
S. aureus broad toxin arsenal provides this bacte-

rium with a remarkable capacity to establish acute or
chronic, biofilm-associated infection types in distinct
ed by Elsevier Ltd.
infection niches. The adaptation of this pathogen to
define distinct and locally defined infection types
occurs in response to extracellular local signals and
specific host–microbe interactions [32–37]. In partic-
ular, S. aureus can adapt to the different colonization
niches by sensing extracellular signals or host–
microbe interactions by modulating their metabolism
or gene expression [26]. These signals include, but
are not limited to, changes in nutrient availability,
temperature, pH, osmolality or oxygen concentration.
Extracellular signals thatmay cause cell differentiation
of cells can also come from interaction with the host.
Molecular oxygen, glucose or iron concentration is
important for S. aureus growth, and the concentration
of these molecules may vary enormously in the
different tissues [38]. S. aureus can respond collec-
tively to the presence of these cues to adapt its
behavior in a fluctuating environment [39], allowing
staphylococcal communities to generate distinct,
locally defined types of infections [37,40].
The adaptation of microbial communities to the

presence of specific extracellular signals leads to a
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Fig. 1. Antibiotic resistance versus persistence. (1) Antibiotic resistance in microbial communities. A bacterial
population exhibiting allelic variation can respond heterogeneously to the presence of an antibiotic. If any of the genetic
variants gives a bacterium the advantage to grow in the presence of the antibiotic, this subpopulation is selected for growth
and will increase in numbers to recapitulate a new bacterial population. This new bacterial population is genetically
different from the original population. (2) Antibiotic persistence in microbial communities. An isogenic bacterial population
contains a heterogeneous community with extensive phenotypic variation between individuals. Persister cells are usually
the members of the community showing lower metabolic activity, considered to be in a dormant or inactive state, and thus
can sustain antibiotic treatments. Persister cells do not divide as long as the stress conditions endure. As unfavorable
conditions end, persister cells recapitulate growth and generate a new microbial community showing the same antibiotic
susceptibility as the original population.

4700 Review: Cell Heterogeneity in Staphylococcal Communities
heterogeneous gene expression pattern within the
microbial community [37,41]. This causes the
differentiation and coexistence of distinct, special-
ized cell types [42–44] in the bacterial community.
Specialized cell types are genetically identical
bacterial subpopulations that express heteroge-
neously different sets of genes and different cell
physiology and play different biological roles within
the microbial community [32–34,37,45]. It is worth
clarifying at this point that cell heterogeneity can
exist in a microbial community at the genetic level. In
this case, allelic variation occurs within the popula-
tion, which may affect bacterial fitness and provide a
selective advantage to thrive with harsh environ-
mental conditions. Genetic diversity in microbial
communities has important implications in clinic
with acquisition of antibiotic resistance, for instance.
This review, however, focuses on the mechanisms
for bacterial cell differentiation that are not driven by
allelic variation but phenotypic differences due to
stochastic fluctuations that lead to differential gene
expression within the same microbial community.
A classic example of cell differentiation of genet-
ically identical cells is the emergence of persister
cells in cultures of S. aureus that are treated with
antibiotics [46] (see the following paragraph). In the
presence of penicillins, the antibiotics kill most S.
aureus cells of the cultures, but a small subpopulation
of genetically identical but antibiotic persister cells can
survive. This subpopulation of surviving cells can
proliferate and generate a culture that is sensitive to
the presence of the antibiotic, similar to the previous
culture that originates the persister cells. Thus,
persister cells can cause a recurrent infection in a
post-antibiotic period [46,47]. In addition, there are
numerous examples of heterogeneous cell differenti-
ation within microbial communities that contribute to
the spread of infections. Particularly to S. aureus, the
formation of multicellular aggregates or biofilms is
often associated with the coexistence of distinct S.
aureus specialized cell subpopulations [33,48–51]. It
is known as microbial biofilms that constitute an
important virulence mechanism to generate physio-
logical variability in the microbial community. Thus,
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simple antibiotic treatments fail to eliminate all cells
from the biofilm, as not all specialized subpopulations
express the antibiotic target, and thus, they survive the
treatment [52–56].
Cell Differentiation in S. aureus
Communities

Bacterial persistence

The discovery of bacterial persistence is possibly
the most relevant example of cell heterogeneity in
microbial communities of S. aureus [46] (Fig. 1A and
B). The pioneering work of Bigger in 1944 tested the
capacity of the beta-lactam antibiotic penicillin to kill
all bacteria in S. aureus cultures. The author
monitored bacterial survival in cultures with different
total number of cells using different concentration of
antibiotics or different exposure time to antibiotics. In
all cases, he detected a small population of surviving
bacteria that did not show antibiotic resistance and
thus were referred to as persisters. This subpopu-
lation of surviving cells has not genetically acquired
antibiotic resistance because they switched back to a
normal phenotype in the absence of the antibiotic
pressure; thus, they regrow as a new antibiotic-
sensitive population. Thus, persister cells can grow
in the absence of the drug and recapitulate a regular
culture that is sensitive to antibiotics. As Bigger stated
in his work: “If cultures of these organisms are tested,
they will usually be found just as sensitive to the action
of penicillin and just as easily killed by it as it was the
strain isolated before treatment was commenced.
Such organisms are persisters and not resisters” [46].
In this work, Bigger proposed that penicillin does

not injure the staphylococcal cells that are not
dividing. Thus, the subpopulation of non-dividing
cells that is present in the culture can evade the
action of the penicillin. Persister cells may survive a
penicillin treatment because these cells are in a
dormant, non-dividing state. They tested this hy-
pothesis by resuspending bacteria in 1:800 diluted
broth. In these growing conditions, the number of
staphylococci remains practically constant, indicat-
ing that cell division does not occur in these
conditions. When the cell resuspension is supple-
mented with penicillin, only a slight reduction in the
number of living staphylococci is detected. This
suggests that penicillin shows no effect on non-
dividing bacteria. Altogether, this work describing
persister cells provided the first evidence that
cultures of S. aureus are heterogeneous, showing
a small fraction of cells that do not divide and thus
become protected to the bactericidal action of
penicillin.
Since the work of Bigger [46], persistence has

been described in many bacterial species with many
classes of antibiotics [57–59]. Although bacterial
persistence has been observed more than 70 years
ago, it is still unknown what triggers this phenotypic
differentiation or what is the mechanism underlying
the phenomenon of persistence [60]. As it was
proposed by Bigger [46], it is possible that persister
cells are in a dormant, non-dividing state. Other
theories are being considered as well. For instance, it
is possible that bacteria are in some protected part of
the cell cycle at the time of antibiotic exposure [61,62]
or can adapt rapidly to the antibiotic stress [63]. It is
also unclear how important persister subpopulations
are to antibiotic treatment in human patients. There is,
however, clinical evidence for persistence delaying
and possibly preventing infection clearance to antibi-
otics during infection treatment [64,65].

DNA replication pattern in biofilms

A more general approach was more recently used
to define spatial patterns of DNA replication, protein
synthesis and oxygen concentration as a proxy for cell
differentiation within staphylococcal biofilms [66].
These locally defined expression patterns demon-
strate that S. aureus communities are constituted by
subpopulations of genetically identical but physiolog-
ically different cells [66]. Stratified patterns of activity in
DNAand protein synthesis are found in reduced areas
of the biofilms, whereas ~70% of the total biomass of
the biofilm is constituted by anabolically inactive but
viable cells. In addition, 10% of the biofilm population
is considered dead cells.

Capsule production

The laboratory of Christiane Wolz has reported
that, at specific culture conditions that resemble a
persistent human carrier, the regulation of the cap
operon responsible for the production of the capsular
polysaccharide (CP) in an S. aureus community
displays a heterogeneous expression pattern [45].
The CP protects S. aureus cells against phagocyto-
sis and also prevents adherence to endothelial cells
and/or matrix proteins. The cap expression is mostly
driven by the activity of the Agr system and most
concretely to the induction of P3 promoter and the
expression of RNAIII, but it does not account for the
heterogeneous expression of cap within the micro-
bial community over time [45]. The heterogeneous
cap expression pattern possibly provides an
adapted fitness to the bacterial population during
infection and colonization [45]. The activation of the
Agr system is necessary to detect cap expression in
S. aureus cells. In the study, the authors suggest that
in vivo or in biofilms, subtle changes in the
microenvironment or variations in the extracellular
signals modulate the Agr activity, which may have a
tremendous effect on the differentiation of a sub-
population of cells specialized in CP production. This



Fig. 2. Flow cytometry facilitates gene expression analyses in a bacterial population. Flow cytometry profiles of S.
aureus cultures expressing different Agr-related promoters [48]. PPSMα and PPSMβ are positively regulated by Agr, whereas
Pica and Pspa are indirectly repressed by Agr. The expression of these promoters is restricted to a subpopulation of
specialized cells, showing a bimodal distribution of the fluorescence peaks in the flow cytometry profiles. Cells were grown
in TSB MgCl2 100 mM (TSBMg). Construction of the strains and growth conditions are published in Ref. [48]. Samples are
collected at different time points during multicellular community development.
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could explain why the temporal expression of cap is
severely repressed at exponential growth phase,
when Agr activity in S. aureus is normally low [45].

Nuclease expression

In S. aureus biofilms, a spatial localization of the
thermonuclease nuc expression is detected [67].
The nuclease expression pattern is restricted to a
subpopulation of cells, and this subpopulation
emerges in late growth stages during biofilm
formation, when cells reorganize to form a mature
biofilm [67]. The differentiation of this specialized
subpopulation is associated with the secretion of
extracellular DNA. Extracellular DNA is a structural
component of the extracellular matrix that contrib-
utes to biofilm organization in staphylococcal com-
munities [68]. Consistently, an S. aureus nuc mutant
is unable to generate mature biofilms and causes an
amorphous proliferation of the microbial community.
The differentiation of specialized cells expressing
nuc gene is positively controlled by the SaeRS two-
component system and does not depend on Agr
activity directly [67].

Natural competence

Natural competence is a physiological state in
which bacteria become capable of uptaking external
DNA and incorporate it into their genome [69–71].
Induction of natural competence in microbial com-
munities promotes genetic variability. Many bacterial
species possess the genetic cascade to induce
competence [72–74], and in most of the cases, the
process is initiated in a specialized subpopulation of
cells [75]. The natural competence protein machin-
ery [76–80] is present in S. aureus [81,82]. Thus, it is
possible to detect the differentiation of a small
subpopulation of competent cells in S. aureus
cultures. The differentiation of this subpopulation is
positively regulated by the sigH alternative sigma
factor (σH) and ComK-like regulator [76–80]. SigH
production occurs in a small subpopulation of cells,
which induces the expression of competent-related
genes and become naturally competent. In addition,
ComK is a mayor competence transcription factor in
closely relative species, such as Bacillus subtilis and
Streptococcus pneumoniae [77,83]. The role of
ComK in inducing S. aureus natural competence
has been studied using an engineered comK-
overexpressing strain, which shows upregulation of
the competence-related genes and thus higher
capability to incorporate extracellular DNA [84,85].

Agr expression pattern in biofilms

A temporal and spatially defined expression of the
Agr quorum-sensing system was described in S.
aureus biofilms by Yarwood and colleagues [50].
They show clustered expression of agr in
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Fig. 3. Fluorescence microscopy to monitor gene expression at single-cell level over time. Fluorescence microscopy
images of S. aureus cells labeled with different Agr-related promoters. PPSMα and PPSMβ are positively regulated by Agr,
whereas Pica and Pspa are indirectly repressed by Agr. The expression of these promoters is restricted to a subpopulation
of specialized cells (right). Fluorescence microscopy images of a time-lapse experiments, in which cultures of labeled S.
aureus (strain Newman) were grown in TSBMg for 48 h. Cells were resuspended in fresh TSBMg medium depleted from
the AIP signal and monitored by fluorescence microscopy over time. The differentiation of subpopulations of specialized
cells is observed during several generations and for more than 2 h, even in the absence of the AIP signal. Scale bar
is 2 μm.
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staphylococcal biofilms and that this agr spatio-
temporal expression pattern is important for biofilm
formation and for cell dispersal. Whereas most of the
biofilm areas do not express agr, the staphylococcal
cells that are released and dispersed from the biofilm
show active agr expression. The locally restricted
agr expression to patches oscillates in its expression
intensity with time and coincides with the loss of
fluorescence with the detachment of cells. This
result suggested to Yarwood and colleagues [50]
that the agr expression plays a role in cells
detachment from the biofilm, indicating that cells
detaching from the biofilm express the agr virulence
regulon and thus are able to cause severe infections
and disseminate to new colonization sites.
Positive Feedback Loops Induce Cell
Differentiation in Microbial Communities

Many tools are nowadays available to facilitate
gene expression studies at the single-cell level to
explore a heterogeneous expression of genes in a
bacterial population [86,87]. For instance, cells
expressing a specific fluorescent reporter can be
monitored using flow cytometry (Fig. 2) or

Image of Fig. 3
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Fig. 4. PFLs determine bacterial cell differentiation.
Schematic overview of genetic circuits that lead to the
activation of a PFL. (A) Mechanism of bistable switch with
a positive autoregulation, in which the regulator induces its
own expression. (B) Double-repression system in which
the regulator inhibits a repressor of the regulator. (C)
Schematic overview of the PFL in the Agr quorum-sensing
system of S. aureus. The agr operon (RNAII) comprises an
autoregulatory system that responds to increased con-
centration of the AIP quorum-sensing signal. AgrA~P is a
transcriptional factor that controls the expression of the agr
operon. Thus, AgrA~P positively controls its own expres-
sion as well as the expression of the effector regulatory
small RNA called RNAIII. The RNAIII molecule controls the
expression of many other genes, including the expression
of exotoxins. (D) Fluorescence microscopy images of S.
aureus cells harboring the PPSMα and Pica agr-related
promoters. PPSMα expression is restricted to the subpop-
ulation of DR-cells, whereas the expression of Pica is
restricted to the subpopulation of BR-cells [48]. The
expression of both promoters is restricted to a subpopu-
lation of specialized cells showing no overlap in the
microbial community. Scale bar is 2 μm.
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fluorescence microscopy (Fig. 3) to evaluate the
distribution of fluorescence within the population.
Using these two approaches, it is likely that the gene
expression shows a uniform Gaussian distribution
when expression is unimodal [88,89]. In other cases,
the distribution of gene expression is bimodal as it
clearly bifurcates into a subpopulation of activated
cells expressing the reporter, which coexists with
another subpopulation of non-activated cells [89–92]
(Figs. 2 and 3). This phenomenon is referred to as
bistability or bimodality, as it generates a dual stable
pattern of gene expression, indicating the coexis-
tence of two physiologically different subpopulations
of bacteria within a single population of genetically
identical cells [34,35,75,93,94].
The induction and coexistence of a bistable gene

expression response in a microbial community is
usually due to the activation of a positive autoreg-
ulation of the gene, because the gene product
induces its own expression after reaching a certain
threshold [95–97] (Fig. 4A and B). The production of
a regulatory protein above a threshold results in high
levels of theregulator, and the induction of the genes
whose expression is controlled by that regulator,
including its own gene expression. The induction of its
own gene will produce more regulatory protein that
induce the expression of the gene to higher levels,
resulting in a positive feedback loop (PFL) that causes
hyperactivation of the gene (Fig. 4A and B). In
contrast, induction of the regulatory protein below
the threshold will not produce the concentration of the
regulatory protein necessary to induce the expression
of the genes. As consequence, this does not activate
the positive feedback mechanism; thus, hyperactiva-
tion of the gene does not occur, with the remaining
cells being inactive for the response [32,34].
Another characteristic feature of PFL is that self-

regulated proteins remain induced for a certain time
even in the absence of the inducing signal.
Activation of the PFL is sufficient to induce the
expression of the PFL without the presence of the
activating signal (Fig. 3B). As a result, when
activated cells divide, they have the ability to pass
this activated state to the next generation of cells,
thus leading the fate of the future generations of
bacteria [32,34] (Fig. 3B). This phenomenon is
known as hysteresis; it is usually detected in bistable
regulatory mechanisms and is particularly relevant
for bacterial heterogeneity [98]. Hysteresis is thus
inferred in bistable systems and is defined as the
ability of genetically identical cells to differ in their
phenotypes and to maintain the phenotype for more
than a generation [99,100].
There are numerous examples of regulatory mech-

anisms that involve a PFL in nature, including
prokaryotes. A classic example for positive autoreg-
ulation of gene expression is the case for activation of
natural competence in B. subtilis [69,70,75,101–104].
The activation of the competence state in B. subtilis

Image of Fig. 4


Fig. 5. The Agr autoregulatory network controls toxin
production and biofilm formation. Schematic overview of
the genetic circuitry that antagonistically regulates toxin
secretion and biofilm formation in S. aureus. Arrows
represent positive regulation and T-bars represent repres-
sion. Dashed lines represent indirect regulation. STX
stands for staphyloxantin production and GSG for general
stress genes. The Agr induces the expression of a PFL
trough the AIP signal molecule. Following Agr activation,
AgrA~P triggers the expression of the RNAII and RNAIII
transcripts. The RNAII upregulates the agrBDCA operon
that encodes the entire Agr signal transduction cascade,
inducing its own expression and representing a PFL. The
RNAIII positively regulates the expression of the Agr
regulon, which includes many genes coding for cytotoxic
toxins and virulence factors such as the Hla and the Bsa
and simultaneously, and inhibits the expression of genes
such as the icaADBC operon and rot, which are involved in
cell aggregation during biofilm formation or in the
regulation of the production of attachment proteins such
as Spa.
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cells is induced by the ComK master regulator; thus,
induction of comK expression induces the compe-
tence pathway inB. subtilis. ComK regulator positively
induces its own expression by upregulating the
expression of its own gene comK. When levels of
ComK reach a certain threshold, the expression of
comK increases nonlinearly [77,83,92,105–110],
leading to the activation of natural competence only
in the subpopulation of B. subtilis cells that induced
ComK expression above the threshold.
The Agr Quorum Sensing Is a PFL
that Promotes Cell Differentiation in
Multicellular Communities of S. aureus

S. aureus is a versatile pathogen that can develop
different types of infections. In addition to the
development of chronic, biofilm-associated infec-
tions, S. aureus causes acute bacteremia or general
sepsis. Both infection outcomes are controlled by the
Agr quorum-sensing system (Fig. 5). Agr is the most
relevant genetic cascade controlling the expression
of virulent factors in S. aureus and plays a pivotal
role in the development of acute and chronic
infections. Activation of Agr occurs in response to
the self-produced extracellular S. aureus signal AIP
(autoinducing peptide) [111]. This small secreted-
peptide AIP binds to the membrane-bound histidine
kinase AgrC to phosphorylate and activate the
regulator AgrA. AgrA~P induces the agr gene
regulon responsible for bacterial dispersion in the
host and the production of toxins and virulence
factors that are necessary to develop an acute
bacteremia [112]. For instance, bacterial dispersion
requires upregulation of surfactant phenol-soluble
modulins (psmα and psmβ) whose expression is
induced as part of the Agr regulon (Fig. 5). psmα and
psmβ are amphipathic small peptides that contribute
to bacteria detachment and dispersion [20,113].
Moreover, acute bacteremia requires upregulation
of the hemolytic toxins genes hla, hlb and hlg that
facilitate tissue disruption during septicemia [111]
(Fig. 5). In contrast, Agr activation indirectly down-
regulates the icaADBC operon genes needed to
synthesize the extracellular polysaccharide matrix
that is required for biofilm formation and protects
cells within a biofilm (PNAG or PIA) (Fig. 5), as well
as several adhesion proteins (SpA and other
MSCRAMM proteins) responsible for cell aggrega-
tion/attachment during the process of biofilm forma-
tion [49,111,114]. Overall, the S. aureus Agr
quorum-sensing system antagonistically regulates
the activation of planktonic and biofilm-associated
bacterial lifestyles [49,111,114], which contribute to
the development of acute and chronic infection
outcomes, respectively.
The Agr quorum-sensing system in S. aureus is

also an autoregulatory system that induces the
expression of a PFL [48] (Fig. 4C). Following Agr
activation, AgrA~P directly binds to the two adjacent
and divergently located promoters P2 and P3, which
trigger expression of RNAII and RNAIII transcripts,
respectively [115,116]. The RNAII transcript upregu-
lates the agrBDCA operon that encodes the entire
Agr signal transduction cascade that includes the
agrB and agrD, both genes essential for the
production of the AIP signal; the agrC gene, which
codes for the AgrC membrane-bound sensor kinase
and the agrA gene that codes for its AgrA cognate
regulator. Therefore, AgrA~P binding to the P2
promoter represents a PFL [112,117] (Fig. 4C). In
addition, AgrA-controlled genes include the upregu-
lation of RNAIII via activation of the P3 promoter
[115,118,119], which positively regulates the ex-
pression of the Agr regulon [111,118,120,121] that
causes bacterial dispersion and acute bacteremia,
which includes many genes coding for cytotoxic
toxins and virulence factors that are responsible for
the development of acute infections [115,117,122]
such as the surfactant phenol-soluble modulins
(psmα and psmβ) [20,113] and the hemolytic toxins
genes hla, hlb and hlg that facilitate tissue disruption
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during septicemia [111] (Fig. 5). Simultaneously, the
upregulation of RNAIII indirectly inhibits the expres-
sion of the icaADBC operon that synthesizes the
extracellular polysaccharide matrix of the biofilm and
adhesion proteins (SpA) involved in cell aggregation/
attachment during biofilm formation [49,111,114]
(Fig. 5). Thus, the S. aureus Agr quorum-sensing
system antagonistically regulates the activation of
planktonic and biofilm-associated colonization or
infection patterns in S. aureus communities.
As published recently by our group in Garcia-

Betancur et al. [48], the Agr system of S. aureus
shows bimodal behavior; thus, it generates a
subpopulation of Agr ON cells and a subpopulation
of Agr OFF cells, which coexist in S. aureus
microbial populations. This suggests that two differ-
ent subpopulations of cells types, specialized in
biofilm- (BR-cells, biofilm-related cells) or dispersal-
(DR-cells, dispersal-related cells) associated life-
styles coexist in S. aureus communities (Fig. 4D).
Differentiation of DR- and BR-cell types in S. aureus
communities was explored using transcriptional
fusions of psmα and psmβ genes, whose expression
depends directly on Agr and code for cytolytic toxins
that contribute to bacterial dispersion and acute
staphylococcal infections [20,113]. These reporters
showed bimodal expression in S. aureus cultures,
with the bifurcation of one subpopulation with lower
and another with higher fluorescence levels. The
expression of transcriptional fusions of biofilm-
associated ica/spa genes was also restricted to a
specialized subpopulation, whereas pairwise com-
binations of these reporters showed the bifurcation
of two distinct subpopulations of cells specialized in
expressing ica, spa biofilm-related genes (BRcells)
and another subpopulation of cells expressing psmα
and psmβ genes dispersion-related genes (DR-
cells) (Fig. 4D).
The Agr bimodal behavior is based on a sequential

activation of the two adjacent divergent promoters P2
andP3. AgrA~Pbinds P2with greater affinity than the
P3 promoter [115]. The P2 promoter triggers the Agr
PFL at lower AgrA~P concentrations and only in a
given subpopulation of Agr-ON cells. Activation of the
Agr PFL in this subpopulation produces high AgrA~P
levels that trigger the less-sensitive P3 promoter to
induce the Agr regulon [48]. This causes the
differentiation of the Agr-ON cells, to specialize in
dispersion and virulence and thus to become DR-
cells. In contrast, the subpopulation of cells that
expresses P2 below the threshold cannot activate the
Agr PFL and become a subpopulation of Agr-OFF
cells. In this subpopulation, there is not sufficient
AgrA~P to induce P3 promoter expression. As
consequence, this subpopulation shows upregulation
of genes that are typically inhibited by AgrA~P,
including biofilm-related genes. This causes the
differentiation of Agr-OFF cells to specialize as
biofilm-producing cells thus, to become BR-cells.
Any alteration that inhibits Agr activity compro-
mises the bistable expression of the reporters. This
demonstrates that Agr PFL is responsible for the
differentiation of BR-cells and DR-cells. However,
once the Agr bimodal switch is activated and BR-
cells and DR-cells differentiate in microbial commu-
nities, the fluctuations in the concentration of
extracellular cues that regulates the activation of
the Agr bimodal switch only cause variations in the
size of the two subpopulations. Their ratio differed in
the overall bacterial community and that causes a
variation in the infection outcome in in vitro and in
vivo infection assays. For instance, the Agr system is
inhibited by the σB sigma factor [123], which is
induced at early stationary phase in response to
cellular stresses [124] (Fig. 5). In response to stress,
σB downregulates the Agr PFL (Fig. 4). Agr
activation above the threshold becomes more
difficult, which leads to differentiation of a smaller
DR-cell and a larger BR-cell subpopulation, facilitat-
ing biofilm formation and the development of biofilm-
associated chronic infections. Conversely, increas-
ing the concentration of AIP above the threshold
facilitates the activation of the Agr PFL. This causes
the differentiation of a larger subpopulation of DR-
cells and thus a smaller subpopulation of BR-cells,
which in turn facilitates the dispersion of S. aureus
and thus the development of an acute infection.
Overview and Perspectives

Microbial communities exposed to a homoge-
nously distributed signal do not respond to the signal
uniformly but differentiate distinct subpopulations of
specialized cells. The nature of the signal can be
quite diverse, such as quorum-sensing signals,
environmental cues or signals that result from the
interaction with the host [38], in the case of infectious
bacteria. The description of persister cells in cultures
of the human pathogen S. aureus is one of the most
relevant examples of bacterial cell differentiation
with important implications in the treatment of
infections with antibiotics. In addition, more recent
reports have described a number of specialized
subpopulations of cells that contribute to determine
the different infection lifestyles of this pathogen,
which could explain the capacity of S. aureus to
colonize distinct organs and cause different types of
infections. For instance, S. aureus can live as
dispersed community or embedded in the matrix of
a biofilm, defining two different lifestyles and
infection types, acute bacteremia or chronic biofilm-
associated infection, respectively. Communities of
S. aureus differentiate two subpopulations of cells
that specialize into disperse cells (enable to cause
bactermia) or biofilm-associated cells (enable to
cause chronic infections) [48]. Extracellular signals
that are derived from the host influence the numbers



4707Review: Cell Heterogeneity in Staphylococcal Communities
of cells that specialize into one subpopulation or
the other, which collectively influence the choice of
the entire population. This defines the distinct
infection lifestyles depending on which extracellular
signals are sensed during the infection process [48].
It is yet unclear in the field what is the precise
contribution of the presence of extracellular signals
in activating the process of cell differentiation. Thus,
an important challenge to address is determining
the proportion of differentiating cells that results
from stochasticity, from the presence of external
signals or from the autonomous activation of the
phenotypic programs.
Cell sorting methods are now used to separate a

given subpopulation of specialized cells from the
entire community, in order to characterize the
physiology of a specific subpopulation in isolation,
using molecular biology methods. Sorting of bacte-
rial subpopulations in combination with transcrip-
tomic analysis offers interesting possibilities for the
physiological characterization of a given cell type by
studying its overall global gene expression architec-
ture as well as possible variations in gene expres-
sion in comparison to the entire bacterial community
[125]. The recent advances in RNA-seq approaches
also allow the analysis of genome-wide bacterial
gene expression at the single-cell level [126–128] to
obtain information about the physiological state of an
individual cell. Using this technique, it is possible to
explore the variability in gene expression that exists
between all individuals of a bacterial community to
define differences in their gene expression profiles
and cluster expression patterns into different, spe-
cialized subpopulations represented within the com-
munity. Single-cell or single-subpopulation RNA-seq
can certainly help to predict the evolution of the
infections and thus to design better and more
effective antimicrobial therapies. In this line of
work, we anticipate the importance that dual RNA-
Seq will have in determining the contribution of each
subpopulation to the infection outcome [129,130].
The study and characterization of the different
subpopulations of specialized cells relies on their
physical separation followed by their gene expres-
sion analyses. Dual RNA-seq does not require
physical separation of host and pathogen cells;
thus, transcripts of the two organisms are pooled
together and analyzed separately in silico, by
assigning sequencing reads to their respective
reference genomes. This approach will determine
better characterization of microbial heterogeneity
during infections, without any interference of the
technical procedures for bacterial cell separation.
Experimental Details

All experimental details presented in this work are
published in Garcia-Betancur et al. [48].
Strains and growth conditions

For S. aureus aggregates in TSBMg, 4 μl of an
overnight liquid culture was spotted in TSBMg and
dried in a sterile culture cabin. Plates were allowed to
grow for 5 days at 37 °C [131].

Fluorescence microscopy

Microscopy images were taken on a Leica
DMI6000B microscope equipped with a Leica
CRT6000 illumination system (Leica). The micro-
scope was equipped with a HCX PL APO oil
immersion objective with 100 × 1.47 magnification
and a color camera Leica DFC630FX. Linear image
processing was done using Leica Application Suite
Advance Fluorescence Software. For hysteresis
determination, 5-day-old multicellular communities
of S. aureus were disrupted and cells were washed
twice with PBS to eliminate extracellular AIP. Here,
5 μl of washed cell suspensionwas diluted in 495 μl of
pre-warmed in TSB or TSBMg and placed in
microscopy pads containing TSB and 1.5% Low
Melting Point Agarose. This microscopy pad was
placed upside-down over the coverslip of a 35-mm
glass-bottommicrowell culture dish (MatTek) with wet
Whatman paper to avoid dehydration of the thin layer.
The MatTek dish was sealed with parafilm, and
images were taken every 30 min up to 6 h using a
Leica DMI6000 B inverted microscope equipped with
a temperature setting chamber that was set to 37 °C.

Flow cytometry

Cells from the multicellular communities were fixed
with a treatment of 4% paraformaldehyde, washed
and resuspended in PBS buffer. After fixation, a
sonication treatment was required to separate single
cells in the sample. In this case, samples were
subjected to series of 25 pulses (power output 70%
and cycle 0.7 s) and kept on ice. Dilution of samples
1:500was necessary prior to flow cytometry analyses.
Strain list
Species
 Characteristics
 Strain name
 Reference
S. aureus
st. Newman
amy::PicaADBC-yfp
 JCGB-0151 N
 [48]
S. aureus
st. Newman
amy::Pspa-yfp
 JCGB-0203
 [48]
S. aureus
st. Newman
amy::Ppsmα1–4-yfp
 JCGB-0148 N
 [48]
S. aureus
st. Newman
amy::Ppsmβ1–2-yfp
 JCGB-0356
 [48]
S. aureus
st. Newman
amy::Ppsmα1–4-yfp
 JCGB-0470
 [48]

lac::PicaADBC-mars



4708 Review: Cell Heterogeneity in Staphylococcal Communities
Acknowledgments

J.C.G.B. was supported by the Graduate School of
Life Sciences from the University of Würzburg
(Germany).
This work is funded by the Deutsche Forschungs-

gemeinschaft (DFG, Germany; Grant Lo1804 2/2).

Received 24 January 2019;
Received in revised form 7 June 2019;

Available online 17 June 2019

Keywords:
Staphylococcus aureus;

cell differentiation;
cell heterogeneity;

bistability;
Agr quorum-sensing system

Abbreviations used:
CP, capsular polysaccharide; PFL, positive feedback

loop; AIP, autoinducing peptide.
References

[1] K.J. Blake, P. Baral, T. Voisin, A. Lubkin, F.A. Pinho-Ribeiro,
K.L. Adams, et al., Staphylococcus aureus produces pain
through pore-forming toxins and neuronal TRPV1 that is
silenced by QX-314, Nat. Commun. 9 (2018) 37.

[2] H.F. Chambers, F.R. Deleo, Waves of resistance: Staphy-
lococcus aureus in the antibiotic era, Nat Rev Microbiol. 7
(2009) 629–641.

[3] S.R. Clarke, Phenol-soluble modulins of Staphylococcus
aureus lure neutrophils into battle, Cell Host Microbe 7
(2010) 423–424.

[4] F.R. DeLeo, B.A. Diep, M. Otto, Host defense and
pathogenesis in Staphylococcus aureus infections, Infect.
Dis. Clin. N. Am. 23 (2009) 17–34.

[5] A.L. DuMont, V.J. Torres, Cell targeting by the Staphylo-
coccus aureus pore-forming toxins: it's not just about lipids,
Trends Microbiol. 22 (2014) 21–27.

[6] A.G. Jensen, Staphylococcus aureus bacteremia, Dan.
Med. Bull. 50 (2003) 423–438.

[7] J.W. Costerton, K.J. Cheng, G.G. Geesey, T.I. Ladd, J.
C. Nickel, M. Dasgupta, et al., Bacterial biofilms in
nature and disease, Annu. Rev. Microbiol. 41 (1987)
435–464.

[8] J.W. Costerton, Overview of microbial biofilms, J. Ind.
Microbiol. 15 (1995) 137–140.

[9] J.W. Costerton, P.S. Stewart, E.P. Greenberg, Bacterial
biofilms: a common cause of persistent infections, Science.
284 (1999) 1318–1322.

[10] A.L. Cheung, S.J. Projan, Cloning and sequencing of sarA
of Staphylococcus aureus, a gene required for the
expression of agr, J. Bacteriol. 176 (1994) 4168–4172.

[11] M. Otto, Quorum-sensing control in staphylococci—a target
for antimicrobial drug therapy? FEMS Microbiol. Lett. 241
(2004) 135–141.
[12] K.F. Kong, C. Vuong, M. Otto, Staphylococcus quorum
sensing in biofilm formation and infection, Int J Med
Microbiol. 296 (2006) 133–139.

[13] B.A. Diep, M. Otto, The role of virulence determinants in
community-associated MRSA pathogenesis, Trends Micro-
biol. 16 (2008) 361–369.

[14] M. Otto, Staphylococcal biofilms, Curr. Top. Microbiol.
Immunol. 322 (2008) 207–228.

[15] M. Otto, Basis of virulence in community-associated
methicillin-resistant Staphylococcus aureus, Annu. Rev.
Microbiol. 64 (2010) 143–162.

[16] F.D. Lowy, Staphylococcus aureus infections, N. Engl. J.
Med. 339 (1998) 520–532.

[17] S. Mandal, A.R. Berendt, S.J. Peacock, Staphylococcus
aureus bone and joint infection, J. Inf. Secur. 44 (2002)
143–151.

[18] B. Loffler, M. Hussain, M. Grundmeier, M. Bruck, D.
Holzinger, G. Varga, et al., Staphylococcus aureus
panton-valentine leukocidin is a very potent cytotoxic factor
for human neutrophils, PLoS Pathog. 6 (2010), e1000715.

[19] M. Otto, MRSA virulence and spread, Cell. Microbiol. 14
(2012) 1513–1521.

[20] A. Peschel, M. Otto, Phenol-soluble modulins and staphy-
lococcal infection, Nat Rev Microbiol. 11 (2013) 667–673.

[21] A. Zecconi, F. Scali, Staphylococcus aureus virulence
factors in evasion from innate immune defenses in human
and animal diseases, Immunol. Lett. 150 (2013) 12–22.

[22] J.M. Patti, T. Bremell, D. Krajewska-Pietrasik, A. Abdelnour,
A. Tarkowski, C. Ryden, et al., The Staphylococcus aureus
collagen adhesin is a virulence determinant in experimental
septic arthritis, Infect. Immun. 62 (1994) 152–161.

[23] T.J. Foster, J.A. Geoghegan, V.K. Ganesh, M. Hook,
Adhesion, invasion and evasion: the many functions of the
surface proteins of Staphylococcus aureus, Nat Rev
Microbiol. 12 (2014) 49–62.

[24] R.J. O'Callaghan, M.C. Callegan, J.M. Moreau, L.C. Green,
T.J. Foster, O.M. Hartford, et al., Specific roles of alpha-
toxin and beta-toxin during Staphylococcus aureus corneal
infection, Infect. Immun. 65 (1997) 1571–1578.

[25] M. Otto, Staphylococcus aureus toxins, Curr. Opin. Micro-
biol. 17 (2014) 32–37.

[26] J.A. Messina, J.T. Thaden, B.K. Sharma-Kuinkel, V.G.
Fowler Jr., Impact of bacterial and human genetic variation
on Staphylococcus aureus infections, PLoS Pathog. 12
(2016), e1005330.

[27] D. Stevens, T. Parimon, A. Bryant, MRSA: Genetics,
Virulence Factors, and Toxin Expression, Informa Health-
care, 2016.

[28] A.S. Lee,H. de Lencastre, J.Garau, J. Kluytmans, S.Malhotra-
Kumar, A. Peschel, et al., Methicillin-resistant Staphylococcus
aureus, Nat Rev Dis Primers. 4 (2018), 18033.

[29] M. McAdow, A.C. DeDent, C. Emolo, A.G. Cheng, B.N.
Kreiswirth, D.M. Missiakas, et al., Coagulases as determi-
nants of protective immune responses against Staphylo-
coccus aureus, Infect. Immun. 80 (2012) 3389–3398.

[30] M. Jusko, J. Potempa, T. Kantyka, E. Bielecka, H.K. Miller, M.
Kalinska, et al., Staphylococcal proteasesaid inevasion of the
human complement system, J Innate Immun. 6 (2014) 31–46.

[31] T. Chavakis, K.T. Preissner, M. Herrmann, The anti-
inflammatory activities of Staphylococcus aureus, Trends
Immunol. 28 (2007) 408–418.

[32] W.K. Smits, O.P. Kuipers, J.W. Veening, Phenotypic
variation in bacteria: the role of feedback regulation, Nat
Rev Microbiol. 4 (2006) 259–271.

http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0005
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0005
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0005
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0005
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0010
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0010
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0010
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0015
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0015
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0015
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0020
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0020
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0020
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0025
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0025
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0025
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0030
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0030
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0035
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0035
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0035
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0035
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0040
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0040
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0045
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0045
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0045
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0050
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0050
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0050
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0055
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0055
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0055
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0060
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0060
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0060
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0065
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0065
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0065
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0070
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0070
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0075
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0075
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0075
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0080
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0080
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0085
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0085
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0085
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0090
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0090
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0090
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0090
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0095
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0095
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0100
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0100
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0105
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0105
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0105
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0110
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0110
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0110
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0110
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0115
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0115
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0115
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0115
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0120
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0120
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0120
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0120
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0125
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0125
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0130
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0130
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0130
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0130
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0135
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0135
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0135
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0140
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0140
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0140
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0145
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0145
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0145
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0145
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0150
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0150
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0150
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0155
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0155
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0155
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0160
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0160
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0160


4709Review: Cell Heterogeneity in Staphylococcal Communities
[33] P.S. Stewart, M.J. Franklin, Physiological heterogeneity in
biofilms, Nat Rev Microbiol. 6 (2008) 199–210.

[34] J.W. Veening, W.K. Smits, O.P. Kuipers, Bistability,
epigenetics, and bet-hedging in bacteria, Annu. Rev.
Microbiol. 62 (2008) 193–210.

[35] D. Dubnau, R. Losick, Bistability in bacteria, Mol. Microbiol.
61 (2006) 564–572.

[36] D. Lopez, H. Vlamakis, R. Kolter, Generation of multiple cell
types in Bacillus subtilis, FEMS Microbiol. Rev. 33 (2009)
152–163.

[37] D. Lopez, R. Kolter, Extracellular signals that define distinct
and coexisting cell fates in Bacillus subtilis, FEMSMicrobiol.
Rev. 34 (2010) 134–149.

[38] D. Balasubramanian, L. Harper, B. Shopsin, V.J. Torres,
Staphylococcus aureus pathogenesis in diverse host
environments, Pathog Dis. 75 (2017).

[39] L. Munzenmayer, T. Geiger, E. Daiber, B. Schulte, S.E.
Autenrieth, M. Fraunholz, et al., Influence of Sae-regulated
and Agr-regulated factors on the escape of Staphylococcus
aureus from human macrophages, Cell. Microbiol. 18
(2016) 1172–1183.

[40] J.W. Veening, E.J. Stewart, T.W. Berngruber, F. Taddei, O.
P. Kuipers, L.W. Hamoen, Bet-hedging and epigenetic
inheritance in bacterial cell development, Proc. Natl. Acad.
Sci. U. S. A. 105 (2008) 4393–4398.

[41] L. Shapiro, N. Agabian-Keshishian, I. Bendis, Bacterial
differentiation, Science. 173 (1971) 884–892.

[42] M. Arnoldini, I.A. Vizcarra, R. Pena-Miller, N. Stocker, M.
Diard, V. Vogel, et al., Bistable expression of virulence
genes in salmonella leads to the formation of an antibiotic-
tolerant subpopulation, PLoS Biol. 12 (2014), e1001928.

[43] D. Lopez, M.A. Fischbach, F. Chu, R. Losick, R. Kolter,
Structurally diverse natural products that cause potassium
leakage trigger multicellularity in Bacillus subtilis, Proc. Natl.
Acad. Sci. U. S. A. 106 (2009) 280–285.

[44] J.W. Veening, L.W. Hamoen, O.P. Kuipers, Phosphatases
modulate the bistable sporulation gene expression pattern
in Bacillus subtilis, Mol. Microbiol. 56 (2005) 1481–1494.

[45] S.E. George, T. Nguyen, T. Geiger, C. Weidenmaier, J.C.
Lee, J. Liese, et al., Phenotypic heterogeneity and
temporal expression of the capsular polysaccharide in
Staphylococcus aureus, Mol. Microbiol. 98 (2015)
1073–1088.

[46] J. Bigger, Treatment of staphylococcal infections with
penicillin by intermittent sterilisation, Lancet. 244 (1944)
497–500.

[47] K. Lewis, Persister cells, dormancy and infectious disease,
Nat Rev Microbiol. 5 (2007) 48–56.

[48] J.C. Garcia-Betancur, A. Goni-Moreno, T. Horger, M.
Schott, M. Sharan, J. Eikmeier, et al., Cell differentiation
defines acute and chronic infection cell types in Staphylo-
coccus aureus, Elife. 6 (2017).

[49] B.R. Boles, A.R. Horswill, Agr-mediated dispersal of
Staphylococcus aureus biofilms, PLoS Pathog. 4 (2008),
e1000052.

[50] J.M. Yarwood, D.J. Bartels, E.M. Volper, E.P. Greenberg,
Quorum sensing in Staphylococcus aureus biofilms, J.
Bacteriol. 186 (2004) 1838–1850.

[51] P.S. Stewart, S.A. Rani, E. Gjersing, S.L. Codd, Z. Zheng,
B. Pitts, Observations of cell cluster hollowing in Staphylo-
coccus epidermidis biofilms, Lett. Appl. Microbiol. 44 (2007)
454–457.

[52] K. Lewis, Multidrug tolerance of biofilms and persister cells,
Curr. Top. Microbiol. Immunol. 322 (2008) 107–131.
[53] D. Lopez, H. Vlamakis, R. Kolter, Biofilms, Cold Spring
Harb. Perspect. Biol. 2 (2010), a000398.

[54] C.D. Nadell, J.B. Xavier, K.R. Foster, The sociobiology of
biofilms, FEMS Microbiol. Rev. 33 (2009) 206–224.

[55] M.R. Parsek, P.K. Singh, Bacterial biofilms: an emerging
link to disease pathogenesis, Annu. Rev. Microbiol. 57
(2003) 677–701.

[56] G.L. Archer, B.C. Armstrong, Alteration of staphylococcal
flora in cardiac surgery patients receiving antibiotic prophy-
laxis, J. Infect. Dis. 147 (1983) 642–649.

[57] A. Harms, E. Maisonneuve, K. Gerdes, Mechanisms of
bacterial persistence during stress and antibiotic exposure,
Science. 354 (2016).

[58] N.Q. Balaban, J. Merrin, R. Chait, L. Kowalik, S. Leibler,
Bacterial persistence as a phenotypic switch, Science. 305
(2004) 1622–1625.

[59] K. Lewis, Persister cells, Annu. Rev. Microbiol. 64 (2010)
357–372.

[60] N.Q. Balaban, K. Gerdes, K. Lewis, J.D. McKinney, A
problem of persistence: still more questions than answers?
Nat Rev Microbiol. 11 (2013) 587–591.

[61] B. Sat, R. Hazan, T. Fisher, H. Khaner, G. Glaser, H.
Engelberg-Kulka, Programmed cell death in Escherichia
coli: some antibiotics can trigger mazEF lethality, J.
Bacteriol. 183 (2001) 2041–2045.

[62] A. Erental, I. Sharon, H. Engelberg-Kulka, Two pro-
grammed cell death systems in Escherichia coli: an
apoptotic-like death is inhibited by the mazEF-mediated
death pathway, PLoS Biol. 10 (2012), e1001281.

[63] R.C. Massey, A. Buckling, S.J. Peacock, Phenotypic
switching of antibiotic resistance circumvents permanent
costs in Staphylococcus aureus, Curr. Biol. 11 (2001)
1810–1814.

[64] M.X. Byndloss, R.M. Tsolis, Chronic bacterial pathogens:
mechanisms of persistence, Microbiol Spectr. 4 (2016).

[65] N.R. Cohen, M.A. Lobritz, J.J. Collins, Microbial persistence
and the road to drug resistance, Cell Host Microbe 13
(2013) 632–642.

[66] S.A. Rani, B. Pitts, H. Beyenal, R.A. Veluchamy, Z.
Lewandowski, W.M. Davison, et al., Spatial patterns of
DNA replication, protein synthesis, and oxygen concentra-
tion within bacterial biofilms reveal diverse physiological
states, J. Bacteriol. 189 (2007) 4223–4233.

[67] D.E. Moormeier, J.L. Bose, A.R. Horswill, K.W. Bayles,
Temporal and stochastic control of Staphylococcus aureus
biofilm development, MBio. 5 (2014) e01341-14.

[68] A.S. DeFrancesco, N. Masloboeva, A.K. Syed, A.
DeLoughery, N. Bradshaw, G.W. Li, et al., Genome-wide
screen for genes involved in eDNA release during biofilm
formation by Staphylococcus aureus, Proc. Natl. Acad. Sci.
U. S. A. 114 (2017) E5969–E5978.

[69] D. Dubnau, Genetic competence in Bacillus subtilis,
Microbiol. Rev. 55 (1991) 395–424.

[70] D. Dubnau, DNA uptake in bacteria, Annu. Rev. Microbiol.
53 (1999) 217–244.

[71] D. Dubnau, R. Provvedi, Internalizing DNA, Res. Microbiol.
151 (2000) 475–480.

[72] J.C. Mell, R.J. Redfield, Natural competence and the
evolution of DNA uptake specificity, J. Bacteriol. 196
(2014) 1471–1483.

[73] M. Blokesch, Natural competence for transformation, Curr.
Biol. 26 (2016) 3255.

[74] C. Johnston, B. Martin, G. Fichant, P. Polard, J.P. Claverys,
Bacterial transformation: distribution, shared mechanisms

http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0165
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0165
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0170
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0170
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0170
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0175
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0175
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0180
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0180
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0180
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0185
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0185
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0185
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0190
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0190
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0190
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0195
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0195
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0195
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0195
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0195
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0200
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0200
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0200
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0200
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0205
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0205
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0210
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0210
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0210
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0210
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0215
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0215
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0215
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0215
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0220
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0220
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0220
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0225
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0225
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0225
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0225
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0225
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0230
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0230
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0230
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0235
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0235
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0240
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0240
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0240
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0240
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0245
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0245
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0245
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0250
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0250
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0250
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0255
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0255
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0255
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0255
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0260
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0260
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0265
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0265
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0270
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0270
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0275
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0275
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0275
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0280
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0280
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0280
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0285
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0285
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0285
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0290
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0290
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0290
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0295
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0295
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0300
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0300
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0300
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0305
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0305
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0305
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0305
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0310
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0310
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0310
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0310
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0315
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0315
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0315
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0315
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0320
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0320
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0325
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0325
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0325
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0330
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0330
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0330
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0330
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0330
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0335
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0335
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0335
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0340
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0340
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0340
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0340
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0340
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0345
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0345
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0350
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0350
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0355
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0355
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0360
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0360
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0360
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0365
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0365
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0370
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0370


4710 Review: Cell Heterogeneity in Staphylococcal Communities
and divergent control, Nat Rev Microbiol. 12 (2014)
181–196.

[75] S.V. Avery, Cell individuality: the bistability of competence
development, Trends Microbiol. 13 (2005) 459–462.

[76] K. Morikawa, A.J. Takemura, Y. Inose, M. Tsai, L.T. Nguyen
Thi, T. Ohta, et al., Expression of a cryptic secondary sigma
factor gene unveils natural competence for DNA transfor-
mation in Staphylococcus aureus, PLoS Pathog. 8 (2012),
e1003003.

[77] J. Hahn, A. Luttinger, D. Dubnau, Regulatory inputs for the
synthesis of ComK, the competence transcription factor of
Bacillus subtilis, Mol. Microbiol. 21 (1996) 763–775.

[78] T.N. Thi le, V.M. Romero, K. Morikawa, Cell wall-affecting
antibiotics modulate natural transformation in SigH-
expressing Staphylococcus aureus, J Antibiot (Tokyo). 69
(2016) 464–466.

[79] F. Cafini, N. Thi Le Thuy, F. Roman, J. Prieto, S. Dubrac, T.
Msadek, et al., Methodology for the study of horizontal
gene transfer in Staphylococcus aureus, J. Vis. Exp. (121)
(2017) e55087, https://doi.org/10.3791/55087.

[80] L.T.T. Nguyen, A.J. Takemura, R.L. Ohniwa, S. Saito, K.
Morikawa, Sodium Polyanethol sulfonate modulates natural
transformation of SigH-expressing Staphylococcus aureus,
Curr. Microbiol. 75 (2018) 499–504.

[81] I. Chen, D. Dubnau, DNA uptake during bacterial transfor-
mation, Nat Rev Microbiol. 2 (2004) 241–249.

[82] K. Morikawa, Y. Inose, H. Okamura, A. Maruyama, H.
Hayashi, K. Takeyasu, et al., A new staphylococcal sigma
factor in the conserved gene cassette: functional signifi-
cance and implication for the evolutionary processes,
Genes Cells 8 (2003) 699–712.

[83] D. vanSinderen,G.Venema, comKacts asanautoregulatory
control switch in the signal transduction route to competence
in Bacillus subtilis, J. Bacteriol. 176 (1994) 5762–5770.

[84] A. Fagerlund, P.E. Granum, L.S. Havarstein, Staphylococ-
cus aureus competence genes: mapping of the SigH,
ComK1 and ComK2 regulons by transcriptome sequencing,
Mol. Microbiol. 94 (2014) 557–579.

[85] L. Rudin, J.E. Sjostrom, M. Lindberg, L. Philipson, Factors
affecting competence for transformation in Staphylococcus
aureus, J. Bacteriol. 118 (1974) 155–164.

[86] B.F. Brehm-Stecher, E.A. Johnson, Single-cell microbiolo-
gy: tools, technologies, and applications, Microbiol. Mol.
Biol. Rev. 68 (2004) 538–559.

[87] J.W. Veening, W.K. Smits, L.W. Hamoen, J.D. Jongbloed,
O.P. Kuipers, Visualization of differential gene expression
by improved cyan fluorescent protein and yellow fluorescent
protein production in Bacillus subtilis, Appl. Environ.
Microbiol. 70 (2004) 6809–6815.

[88] Y. Dublanche, K. Michalodimitrakis, N. Kummerer, M.
Foglierini, L. Serrano, Noise in transcription negative
feedback loops: simulation and experimental analysis,
Mol. Syst. Biol. 2 (2006) 41.

[89] A. Eldar, M.B. Elowitz, Functional roles for noise in genetic
circuits, Nature. 467 (2010) 167–173.

[90] G. Balazsi, A. van Oudenaarden, J.J. Collins, Cellular
decision making and biological noise: from microbes to
mammals, Cell. 144 (2011) 910–925.

[91] J.C. Locke, J.W. Young, M. Fontes, M.J. Hernandez
Jimenez, M.B. Elowitz, Stochastic pulse regulation in
bacterial stress response, Science. 334 (2011) 366–369.

[92] H. Maamar, A. Raj, D. Dubnau, Noise in gene expression
determines cell fate in Bacillus subtilis, Science. 317 (2007)
526–529.
[93] Y. Chai, F. Chu, R. Kolter, R. Losick, Bistability and biofilm
formation in Bacillus subtilis, Mol. Microbiol. 67 (2008)
254–263.

[94] E.M. Ozbudak, M. Thattai, H.N. Lim, B.I. Shraiman, A. Van
Oudenaarden, Multistability in the lactose utilization network
of Escherichia coli, Nature. 427 (2004) 737–740.

[95] A.Y. Mitrophanov, E.A. Groisman, Positive feedback in
cellular control systems, Bioessays. 30 (2008) 542–555.

[96] E.V. Stabb, Could positive feedback enable bacterial
pheromone signaling to coordinate behaviors in response
to heterogeneous environmental cues? MBio. 9 (2018).

[97] T. Miyashiro, M. Goulian, High stimulus unmasks positive
feedback in an autoregulated bacterial signaling circuit,
Proc. Natl. Acad. Sci. U. S. A. 105 (2008) 17457–17462.

[98] D. Angeli, J.E. Ferrell Jr., E.D. Sontag, Detection of
multistability, bifurcations, and hysteresis in a large class
of biological positive-feedback systems, Proc. Natl. Acad.
Sci. U. S. A. 101 (2004) 1822–1827.

[99] K. Sneppen, S. Krishna, S. Semsey, Simplified models of
biological networks, Annu. Rev. Biophys. 39 (2010) 43–59.

[100] K. Sneppen, A. Trusina, M.H. Jensen, S. Bornholdt, A
minimal model for multiple epidemics and immunity
spreading, PLoS One 5 (2010), e13326.

[101] K. Turgay, J. Hahn, J. Burghoorn, D. Dubnau, Competence
in Bacillus subtilis is controlled by regulated proteolysis of a
transcription factor, EMBO J. 17 (1998) 6730–6738.

[102] P. Tortosa, D. Dubnau, Competence for transformation: a
matter of taste, Curr. Opin. Microbiol. 2 (1999) 588–592.

[103] M. Lindberg, J.E. Sjostrom, T. Johansson, Transformation
of chromosomal and plasmid characters in Staphylococcus
aureus, J. Bacteriol. 109 (1972) 844–847.

[104] R. Magnuson, J. Solomon, A.D. Grossman, Biochemical
and genetic characterization of a competence pheromone
from B. subtilis, Cell. 77 (1994) 207–216.

[105] H. Maamar, D. Dubnau, Bistability in the Bacillus subtilis K-
state (competence) system requires a positive feedback
loop, Mol. Microbiol. 56 (2005) 615–624.

[106] A.D. Grossman, Genetic networks controlling the initiation
of sporulation and the development of genetic competence
in Bacillus subtilis, Annu. Rev. Genet. 29 (1995) 477–508.

[107] M. Ogura, Y. Ohshiro, S. Hirao, T. Tanaka, A new Bacillus
subtilis gene, med, encodes a positive regulator of comK, J.
Bacteriol. 179 (1997) 6244–6253.

[108] W.K. Smits, C.C. Eschevins, K.A. Susanna, S. Bron, O.P.
Kuipers, L.W. Hamoen, Stripping Bacillus: ComK auto-
stimulation is responsible for the bistable response in
competence development, Mol. Microbiol. 56 (2005)
604–614.

[109] K.A. Susanna, F. Fusetti, A.M. Thunnissen, L.W. Hamoen,
O.P. Kuipers, Functional analysis of the competence
transcription factor ComK of Bacillus subtilis by character-
ization of truncation variants, Microbiology. 152 (2006)
473–483.

[110] M. Leisner, K. Stingl, J.O. Radler, B. Maier, Basal
expression rate of comK sets a ‘switching-window’ into
the K-state of Bacillus subtilis, Mol. Microbiol. 63 (2007)
1806–1816.

[111] P. Recsei, B. Kreiswirth, M. O'Reilly, P. Schlievert, A. Gruss,
R.P. Novick, Regulation of exoprotein gene expression in
Staphylococcus aureus by agr, Mol. Gen. Genet. 202
(1986) 58–61.

[112] M. Thoendel, J.S. Kavanaugh, C.E. Flack, A.R. Horswill,
Peptide signaling in the staphylococci, Chem. Rev. 111
(2011) 117–151.

http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0370
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0370
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0375
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0375
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0380
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0380
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0380
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0380
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0380
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0385
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0385
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0385
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0390
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0390
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0390
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0390
https://doi.org/10.3791/55087
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0400
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0400
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0400
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0400
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0405
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0405
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0410
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0410
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0410
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0410
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0410
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0415
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0415
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0415
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0420
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0420
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0420
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0420
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0425
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0425
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0425
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0430
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0430
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0430
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0435
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0435
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0435
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0435
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0435
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0440
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0440
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0440
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0440
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0445
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0445
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0450
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0450
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0450
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0455
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0455
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0455
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0460
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0460
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0460
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0465
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0465
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0465
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0470
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0470
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0470
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0475
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0475
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0480
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0480
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0480
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0485
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0485
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0485
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0490
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0490
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0490
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0490
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0495
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0495
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0500
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0500
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0500
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0505
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0505
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0505
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0510
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0510
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0515
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0515
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0515
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0520
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0520
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0520
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0525
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0525
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0525
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0530
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0530
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0530
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0535
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0535
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0535
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0540
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0540
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0540
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0540
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0540
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0545
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0545
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0545
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0545
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0545
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0550
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0550
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0550
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0550
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0555
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0555
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0555
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0555
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0560
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0560
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0560


4711Review: Cell Heterogeneity in Staphylococcal Communities
[113] M. Li, B.A. Diep, A.E. Villaruz, K.R. Braughton, X. Jiang, F.
R. DeLeo, et al., Evolution of virulence in epidemic
community-associated methicillin-resistant Staphylococcus
aureus, Proc. Natl. Acad. Sci. U. S. A. 106 (2009)
5883–5888.

[114] H.L. Peng, R.P. Novick, B. Kreiswirth, J. Kornblum, P.
Schlievert, Cloning, characterization, and sequencing of an
accessory gene regulator (agr) in Staphylococcus aureus,
J. Bacteriol. 170 (1988) 4365–4372.

[115] R.L. Koenig, J.L. Ray, S.J. Maleki, M.S. Smeltzer, B.K.
Hurlburt, Staphylococcus aureus AgrA binding to the
RNAIII-agr regulatory region, J. Bacteriol. 186 (2004)
7549–7555.

[116] G. Ji, R.C. Beavis, R.P. Novick, Cell density control of
staphylococcal virulence mediated by an octapeptide
pheromone, Proc. Natl. Acad. Sci. U. S. A. 92 (1995)
12055–12059.

[117] S.Y. Queck, M. Jameson-Lee, A.E. Villaruz, T.-H.L. Bach,
B.A. Khan, D.E. Sturdevant, et al., RNAIII-independent
target gene control by the agr quorum-sensing system:
insight into the evolution of virulence regulation in Staph-
ylococcus aureus, Mol. Cell 32 (2008) 150–158.

[118] K. Tegmark, E. Morfeldt, S. Arvidson, Regulation of agr-
dependent virulence genes in Staphylococcus aureus by
RNAIII from coagulase-negative staphylococci, J. Bacteriol.
180 (1998) 3181–3186.

[119] E. Morfeldt, K. Tegmark, S. Arvidson, Transcriptional
control of the agr-dependent virulence gene regulator,
RNAIII, in Staphylococcus aureus, Mol. Microbiol. 21
(1996) 1227–1237.

[120] A.F. Gillaspy, S.G. Hickmon, R.A. Skinner, J.R. Thomas, C.
L. Nelson, M.S. Smeltzer, Role of the accessory gene
regulator (agr) in pathogenesis of staphylococcal osteomy-
elitis, Infect. Immun. 63 (1995) 3373–3380.

[121] A. Abdelnour, S. Arvidson, T. Bremell, C. Ryden, A.
Tarkowski, The accessory gene regulator (agr) controls
Staphylococcus aureus virulence in a murine arthritis
model, Infect. Immun. 61 (1993) 3879–3885.
[122] E. Morfeldt, D. Taylor, A. von Gabain, S. Arvidson,
Activation of alpha-toxin translation in Staphylococcus
aureus by the trans-encoded antisense RNA, RNAIII,
EMBO J. 14 (1995) 4569–4577.

[123] M. Bischoff, J.M. Entenza, P. Giachino, Influence of a
functional sigB operon on the global regulators sar and agr
in Staphylococcus aureus, J. Bacteriol. 183 (2001)
5171–5179.

[124] M.M. Senn, P. Giachino, D. Homerova, A. Steinhuber, J.
Strassner, J. Kormanec, et al., Molecular analysis and
organization of the sigmaB operon in Staphylococcus
aureus, J. Bacteriol. 187 (2005) 8006–8019.

[125] R. Freiherr von Boeselager, E. Pfeifer, J. Frunzke,
Cytometry meets next-generation sequencing—RNA-Seq
of sorted subpopulations reveals regional replication and
iron-triggered prophage induction in Corynebacterium
glutamicum, Sci. Rep. 8 (2018), 14856.

[126] J. Wang, L. Chen, Z. Chen, W. Zhang, RNA-seq based
transcriptomic analysis of single bacterial cells, Integr Biol
(Camb). 7 (2015) 1466–1476.

[127] R. Avraham, N. Haseley, D. Brown, C. Penaranda, H.B.
Jijon, J.J. Trombetta, et al., Pathogen cell-to-cell variability
drives heterogeneity in host immune responses, Cell. 162
(2015) 1309–1321.

[128] A.E. Saliba, C.S. S, J. Vogel, New RNA-seq approaches for
the study of bacterial pathogens, Curr. Opin. Microbiol. 35
(2017) 78–87.

[129] Cloney R. Microbial genetics, Dual RNA-seq for host–
pathogen transcriptomics, Nat Rev Genet. 17 (2016)
126–127.

[130] A.J. Westermann, J. Vogel, Host–pathogen transcriptomics
by dual RNA-Seq, Methods Mol. Biol. 1737 (2018) 59–75.

[131] G. Koch, A. Yepes, K.U. Forstner, C. Wermser, S.T.
Stengel, J. Modamio, et al., Evolution of resistance to a
last-resort antibiotic in Staphylococcus aureus via bacterial
competition, Cell. 158 (2014) 1060–1071.

http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0565
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0565
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0565
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0565
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0565
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0570
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0570
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0570
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0570
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0575
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0575
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0575
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0575
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0580
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0580
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0580
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0580
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0585
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0585
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0585
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0585
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0585
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0590
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0590
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0590
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0590
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0595
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0595
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0595
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0595
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0600
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0600
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0600
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0600
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0605
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0605
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0605
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0605
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0610
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0610
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0610
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0610
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0615
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0615
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0615
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0615
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0620
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0620
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0620
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0620
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0625
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0625
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0625
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0625
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0625
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0630
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0630
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0630
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0635
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0635
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0635
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0635
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0640
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0640
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0640
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0645
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0645
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0645
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0650
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0650
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0655
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0655
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0655
http://refhub.elsevier.com/S0022-2836(19)30375-4/rf0655

	Cell Heterogeneity in Staphylococcal Communities
	Staphylococcus aureus: A Versatile Pathogen
	Cell Differentiation in S. aureus Communities
	Bacterial persistence
	DNA replication pattern in biofilms
	Capsule production
	Nuclease expression
	Natural competence
	Agr expression pattern in biofilms

	Positive Feedback Loops Induce Cell Differentiation in Microbial Communities
	The Agr Quorum Sensing Is a PFL that�Promotes Cell Differentiation in Multicellular Communities of S. aureus
	Overview and Perspectives
	Experimental Details
	Strains and growth conditions
	Fluorescence microscopy
	Flow cytometry

	Strain list
	Acknowledgments
	References


