fi J. Indian Inst. Sci.

!
il A Multidisciplinary Reviews Journal

- [l - ISSN: 0970-4140 Coden-JIISAD
A
Hmml © Indian Institute of Science 2020.

o~

Check for
updates

Physiological Advantage of Phenotypic
Heterogeneity in a Quorum-Sensing Population

E. Rajeshkannan and Supreet Saini"

Abstract | Quorum sensing, or the ability of a population, to respond to
an environmental cue in a coordinated manner has made fundamental
changes about how we understand bacterial physiology. In this frame-
work, a population, once it exceeds a certain threshold in size, and in the
appropriate environmental conditions, coordinates expression of genes
across individual members of the population in a fashion so that all indi-
vidual members are in sync. This ability allows the population to accom-
plish tasks (like searching for nutrients in the surrounding environment)
that would be difficult to perform, if undertaken by a single cell. In this
context, quorum sensing is a homogenizing force in a population. How-
ever, in recent years, a number of studies have reported that quorum
sensing can also lead to a heterogeneous response in terms of gene
expression across the population. A discussion of the strategies which
explain this heterogeneity in the population at a single-cell resolution is

the focus of this review.

1 Introduction: Coordinated Behavior

of Bacterial Populations
Bacteria, when thought of with regards to their
physiology and life cycle, are often viewed as
single cells which make lifestyle decisions inde-
pendent of their biological neighborhood. The
physiological decisions made by this single cell
are thought of as being driven solely towards the
aim of increasing fitness of that particular indi-
vidual bacterium. Therefore, bacteria were con-
sidered to live asocially with the sole of focus of
maximizing chances of proliferation in a given
environment.

However, numerous ecological isolates reveal
that bacteria rarely reside as a single species'™.
Moreover, multiple species coexist and members
from each are often interacting with each other.
The most well studied niches in this context are
intestines of mammals, biofilms on abiotic sur-
faces, or bacterial communities residing in soil.
A study of physiology of bacteria residing in
these niches suggests that bacteria residing here
cooperate with each other, and this cooperation
ensures maximization of fitness of the collective
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biomass residing in these environments, and not
necessarily maximize the fitness of individual
bacteria®>~’. In the above cases, bacterial species
cooperate with each and the decisions are taken
for the advantage of the community.

Aside from interactions between multiple
species, members of a single species too interact
with each other. Consider a physiological task,
like invading a host. From the perspective of a
bacterium, the challenge of taking on the host
immune system is unlikely to be met successfully
while being undertaken by a single cell by itself®.
On the other hand, the infection is more likely
to be successful if the entire bacterial population
“decides” to express virulence factors in a coordi-
nated manner, and consequently overwhelm the
host’s immune system. Considr another exam-
ple. In iron-poor environments, bacteria release
a complex (siderophore) which tightly sequesters
iron present in the environment and presents it to
any cell it encounters. But this strategy of produc-
ing and releasing siderophores only makes sense
if there are several bacteria of the same species. If
the population density is too small, a siderophore
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released is likely to diffuse away and not see a
host to present its iron molecule to. In this con-
text, production of siderophore only makes sense
when cellular densities are high. Several other
examples of coordinated behavior leading to
enhaced fitness exist’ '!. These examples high-
light the significance of a collective response from
bacterial populations and suggest that mecha-
nisms which enable bacterial species to commu-
nicate within- and between species must exist.
In this context, complexes like siderophores are
called “public goods”, since they are produced by
an individual but contribute towards the fitness
of the entire population'%.

The above example suggests that there are cer-
tain tasks undertaking which only makes sense
when more than a certain number of cells com-
mit to it. If undertaken by a smaller number of
cells, the task is likely to result in a physiological
failure. Hence, there need to be mechanisms
which allow a population to coordinate response
in a density-dependent manner, or respond only
when their number exceeds a certain critical
threshold (Fig. 1). This density-dependent
response is referred to as Quorum Sensing (QS),
since tasks controlled by this phenomenon are
only undertaken if a necessary “quorum” has
been met. Understanding this phenomenon has
significantly enhanced our understanding of bac-
terial physiology in the last three decades. The
exhibition of this density-dependent response
implies that the bacteria must have mechanisms
to “count” the number of individuals of their own
and other species in their immediate neighbor-
hood. Before we discuss the mechanistic details of
the process of “counting” that bacteria employ, we
discuss the historical origins of discovery and our
understanding of quorum sensing.

2 Discovery of Quorum Sensing

The process of quorum sensing was first discov-
ered in the marine living bacterium, Vibrio fis-
cheri over 40 years ago'’, although the term was
first introduced in the literature in the 1990s'*. V.
fischeri, a marine bacterium, is found in the light
organ of Euprymna scolopes, commonly known as
the Hawaiian bobtail squid". The symbiotic rela-
tionship between the squid and the bacterium is
mediated through quorum sensing. V. fisheri pro-
duces bioluminescence and therefore, glows in
the dark. However, this property is only exhibited
when the bacteria are present at a density higher
than a critical number. The bacteria were found
to reside in the light organ of the squid, which
is a nocturnal organism. The existence of this
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Figure 1: Characteristic response of a quorum-
sensing controlled phenomenon. For popula-
tion size less than a critical size Nc, the cellular
steady state response is zero. That is, the sys-

tem is present in the OFF state, for population
size below Nc. However, as the population size
increases beyond Nc, the steady state response
changes to the ON state.

relationship (production of light and the bacteria
residing in the squid) was found to be symbiotic
because of the following.

The squid, being nocturnal, comes out in the
water only at night for foraging. However, swim-
ming near the water surface, it casts a shadow,
thereby becoming susceptible to be detected by
potential predators. Hence, counter-illumination
of the body, using the bioluminescence of the
bacteria, to reduce the sillhoute, is used a pri-
mary defence mechanism by squid'®. Hence,
luminescence from the bacterial population helps
the squid mimic the light falling on its back, and
therefore, avoid being detected by the preda-
tor. The bacteria on the other hand are provided
a nutrient-rich environment in the light organ
of the squid, where they flourish and increase
in numbers. Upon daybreak, the squid flushes
the bacteria out from the light organ, and buries
itself in the sand. During this time, the bacteria
remaining in the light organ grow and increase
in numbers till the squid comes out the follow-
ing night. This forms a symbiotic relationship
between shallow water living squid with V. fis-
cheri for the bioluminescence!”. Here, the need
for quorum sensing would be the collective pro-
duction of bioluminescence proteins that give
sufficient bioluminescence from the light organ
of squid. Logically, linking physiological mani-
festations such as bioluminescence to collective
decision-making makes sense. For instance, bio-
luminescence would make little sense if taken up
by a single isolated cell in an ecological niche. We
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Figure 2: Quorum sensing via signaling molecules. All individuals in the population produce small mol-
ecules (called Auto Inducers, Al) into the media (red circles). When cell density is small (Left), these mol-
ecules are likely to diffuse away and not be sensed by other bacteria in the environment. However, at high
densities (Right), the Al molecule released by one individual is likely to be received by another individual,
than diffuse away.

next discuss the mechanistic details of the quo-
rum sensing phenomenon.

3 Mechanistic Details of Quorum Sensing
To communicate presence to members of the
same species, cells need to convey informa-
tion into the environment. This information,
then, needs to be received from members of
the same species, and analyzed. This is accom-
plished via several steps in quorum sensing.
The information regarding one’s presence in
the environment is put out in the environment
via release of a small molecule. This molecule is
synthesized by the cell, and is called the auto-
inducer (AI). Every member of the population
synthesizes and secretes Al in the environment.
When the population density is small, the Al
molecules so released are more likely to diffuse
away than be detected by an individual in the
environment'® 1 (Fig. 2). In this case, the infor-
mation regarding presence of individuals from
the same species (in the form of AI molecules)
is not received by any individual in the environ-
ment. However, when the cell density is high
(beyond a critical number), then the AI mol-
ecule is more likely to be received by another
individual from the population than diffusing
away undetected.

Upon receiving the Al molecule, the tran-
scription of the genes associated with the
appropriate cellular response (biolumines-
cence, nutrition scavenging) gets activated, and
cells commit to the associated phenotype. In
addition, reception of the freely-diffusing Al
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molecule also ensures that the cellular commit-
ment to expression of the quorum sensing is
frozen. This is done with the help of feedback
loops in the QS network, which ensure that
upon detection of Al from the environment,
the AI production rate increases via this feed-
back loop. The positive feedback ensures that
once committed to expression of QS-controlled
genes, an individual cell is locked in the ON
state with respect to expression of the appropri-
ate QS-responsive genes.

The precise regulatory network that con-
trols this commitment is as follows (Fig. 3). An
enzyme (synthase) controls production of the
Al molecule in the cell. The AI molecule dif-
fuses out into the environment. At high cellu-
lar density, individuals receive the AI molecule
(secreted from them or others in the popula-
tion), which, upon entry into the cell, binds a
regulator molecule, R. The regulator R, upon
binding the AI molecule, changes into its acti-
vated form and controls transcription of its
target genes. To ensure commitment towards
QS protein expression, one of the targets of the
activated regulator is the synthase enzyme®’.

At a molecular level, for example, In V. fischeri,
the production of luciferase enzymes (which help
exhibit bioluminescence) is regulated by quorum
sensing”!. The lux operon luxICDABEG contains
the gene that encodes for Al synthase protein,
LuxI. LuxI catalyzes the biosynthesis of a diffusi-
ble signaling molecule called acylated homoserine
lactone (AHL) which is the Autoinducer in Lux
QS system*~**, The AHL molecule, once synthe-
sized is secreted out and diffuses in the medium.
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Figure 3: Regulatory network dictating quorum-
sensing controlled traits in gram-negative bacte-
ria. The Al molecule (red circle), when received
by a cell, binds the LuxR transcription factor.
LuxR, when bound to an Al molecule, becomes
active and triggers transcription from its target

promoters. One of the targets of the LuxR tran-
scription factor is the Synthase (encoded by
Luxl) which leads to enhanced production of the
Al molecule, and hence, commits the cell and
the population towards the quorum-sensing con-
trolled trait.

The concentration of AHL molecules increases
as the population density increases. At this high
concentration, the AI molecules diffuse into the
cells and bind with the regulator protein, LuxR
which is encoded by the divergently transcribed
operon luxR to that of luxICDABEG* %, The
complex formed between the regulator and Al
molecule, LuxR-Al, acts as a transcriptional fac-
tor for activation of genes under control of quo-
rum sensing”’. One of the targets of the LuxR-Al
complex is LuxI, which in turn increases the con-
centration of AI molecule in the surrounding
media®®. This positive feedback facilitates transi-
tion from OFF to ON state'® ?*!, In gram-neg-
ative bacteria, homologues of LuxI/R are present
in other QS systems. The Al molecule for a bacte-
rial species is similar to AHL, and varies only in
the length of the acyl carbon chain.

Unlike gram-negative bacteria, in gram-pos-
itive bacteria, the signalling molecule is a short
peptide®”. The secretion of the peptide is through
a ATP-binding cassette (ABC). The extracellular
peptide is then received by a membrane protein.
On interaction with the peptide, the membrane
protein phosphorylates a regulatory protein in
the cell.

Thus, even though the functionary com-
ponents are different in the gram-negative and
gram-positive bacteria, the underlining logic dic-
tating QS is the same.
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4 How Quorum Sensing is Viewed as a
Homogenizing Force

As we discussed in the earlier section, QS is a
communication process which enables the popu-
lation to undertake collective tasks. In this sense,
QS is considered as the homogenizing force that
regulates the synchronized OFF or ON state of
entire population. Therefore, QS facilitates pro-
cessing of information regarding the cell density
of the population, thus, enabling a population
to make a decision about expressing a particular
phenotype. For example, Pseudomonas syringae,
a gram-negative bacterium, colonizes a leaf in
aggregated cell patches. It has been shown that
QS among bacteria in these batches leads to their
higher survival ability. The experimental study by
Quifiones et.al., showed the concentration AHL
molecules increases rapidly after the cell concen-
tration reaches 10° (CFU/ml)*. However, con-
focal microscopic images of in vivo experiment
from recent studies of the same system demon-
strated cell-to-cell variation in the expression
of extracellular polysaccharides® . Similarly,
several recent studies (discussed below) demon-
strate that heterogeneity exists in the QS-depend-
ent response of a bacterial population. These
deviations from the homogeneity questions the
basic assumption of quorum sensing acting as a
homogenizing force in the population. In other
words, it is not clear how much heterogeneity in
the quorum-sensing responding populations can
be tolerated.

5 Quorum Sensing and Heterogeneity

Quorum sensing is considered as a homogeniz-
ing phenomenon where every cell in the popu-
lation behaves in unison. Indeed, the phenotype
controlled by quorum sensing is only effective
when the population reaches a certain thresh-
old population size and/or density’. However, a
number of recent experimental studies using sin-
gle-cell analysis demonstrate heterogeneity in cel-
lular behavior, in response to the QS signal®* =’
For example, in the gram-negative bacterium,
Pseudomonas putida, the production of puti-
solvin, a biosurfactant (which aids cellular move-
ment), is regulated through PpulR QS system.
In response to appropriate environmental cues,
the production of putisolving in the population,
at a single-cell resolution, is heterogeneous. This
heterogeneity clearly demonstrated that across a
population, a fraction was committed to forma-
tion of a biofilm (those that did not produce the
surfactant) and another which was committed
to movement. However, at high cell-density, cell
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Figure 4: Heterogeneity in quorum-sensing response. a Transient heterogeneity. As a population transi-
tions from the OFF (left) to the ON (right) state, cellular transition to ON takes place stochastically. As a
result, at intermediate time points, only a fraction of the population is observed to be in the ON state. In
this case, the cellular heterogeneity is only observed during the OFF to ON transition time. b Steady state
heterogeneity. Cell transition from the OFF (left) to the ON (right) state, where a part of the population
commits to one steady state (red) and another fraction commits to another steady state (blue). As a result,
at steady state, there is heterogeneity in the phenotypes being expressed across the population.

behavior is synchronized and the entire popula-
tion is committed to movement®®. This example
represents transient heterogeneity in a popula-
tion, as cell transition from low Al to high Al con-
centration, in response to cellular density. This
transient heterogeneity is observed in a number
of biological systems, and is often associated with
systems with positive feedbacks. The regulatory
structure of QS in bacteria is also under the con-
trol of positive feedback. This aspect of QS has
been extensively studied earlier””*>*! (Fig. 4a).

In a few cases, however, at the high population
density, even when the system has been allowed
sufficient time to attain a dynamic steady state,
the phenotypic heterogeneity persists. The RpfFC
QS system in Xanthomonas camestrispv.campestris
(Xcc) regulates the production of endoglucanase,
protease, biofilm formation and virulence. At
high density, the fluorescence intensity of gfp-
tagged cells shows a heterogeneous response at
the single-cell resolution, even after the addi-
tion of excess signalling molecules externally™*.
Similarly, the Las QS system in Pseudomonas aer-
uginosa regulates the formation of biofilm and
production of virulence factor displays hetero-
geneity at high population density*”. The clinical
isolates of P. aeruginosa from patients with cystic
fibrosis developed heterogeneous biofilm forma-
tion and maintained the biofilm structure even
after the 6th of inoculation®® (Fig. 4b).

These observations raise questions regard-
ing the presence of phenotypic heterogene-
ity in QS-responding population. For instance,
what is the importance of heterogeneity in QS-
responsive population, and what advantage does
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heterogeneneity in a QS-reponsive population
confer to the individuals and/or population? And
are the benefits to the individual and that to the
population mutually exculsive? How, mecha-
nistically, is the heterogeneity being achieved?
Whether the observed heterogeneity is heritable?
We study explanations for the existence of phe-
notypic heterogeneity in QS-mediated popula-
tions and possible mechanisms facilitating this
exhibition.

6 Physiological Advantages
of Heterogeneity in QS Environments

Phenotypic heterogeneity in an isogenic popula-
tion is observed in a wide variety of bacteria and
is known to confer advantage*’. However, till
recently, heterogeneity in a QS-responsive popu-
lation was not observed. Recently, phenotypic
heterogeneity has been demonstrated in quorum
sensing responsive genes, such as the expression
of the autoinducers of the system or its target
genes®. We discuss the likely advantages that het-
erogeneity in QS environment could confer at a
population level.

6.1 Bulk Response of Appropriate
Strength may lead to Heterogeneous
Response

Phenotypes such as bioluminescence and expres-

sion of virulence factors are quorum sensing con-

trolled because of the need for bulk production of
proteins that serve these functions. This aspect of

a population response is best illustrated through
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the following example of heterogeneity in the
intensity of bioluminescence. Production in bulk
of the QS-responsive product allows the presence
of cells that underperform the task.

Vibrio fischeri has been the preferred model
organism for studying quorum-sensing and cell-
cell communication in bacteria’. Biolumines-
cence in V. fischeri is regulated by the Lux system,
where, LuxI is the autoinducer synthase and LuxR
is the regulator. Perez et al., carried out an experi-
ment on V. fischeri isolated from the fish Mono-
centris japonicus and studied bioluminescence at
single-cell resolution®®. As part of the experimen-
tal design, Al molecules were supplied along with
the media that flowed into a specially designed
chamber for the study. The concentration of
Al molecule was maintained constant through
the course of the experiment, and images of the
cells were taken for analysis of bioluminescence
intensity at a single-cell resolution. Through this
experimental layout, the authors demonstrates
that, at a single-cell resolution, there is significant
heterogeneity (ranging from 10 to 200 photons/
min/cell) in the intensity of bioluminescence at
higher concentration of autoinducer. The average
intensity and the difference between the individ-
ual cell intensity increases as the concentration of
Al increases from 50 to 1000 nM. Moreover, the
time to reach half the maximum intensity shows
wide spread in the distribution at higher concen-
tration of Al. The increase in the median values
of the intensity of bioluminescence measured
over time for different external Al concentration
shows the transient nature of the biolumines-
cence. These results reveal the heterogeneity in
the intensity of bioluminescence for all Al con-
centrations at single-cell resolution®.

This heterogeneity, in the face of quorum
sensing, is not explained by the conventional
notion of viewing QS as a homogenizing force.
The cellular rationale behind the heterogeneity
must be explained in terms of evolutionary
advantages it confers to the population in its eco-
logical niche. In the present case, the production
of bioluminescence proteins is a collective task.
Since the host only needs enough biolumines-
cence to attract the female, from its point of
interest, a bulk production of bioluminescence
suffices. Therefore, the internal heterogeneity in
the population is likely of little interest to the host
organism. Hence, in large populations, if lumi-
nescence produced by a fraction of the popula-
tion suffices in terms of the host’s requirements, it
makes little evolutionary sense for the rest of the
population to invest cellular resources on lumi-
nescence. This fraction, could conserve resources,
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and facilitate a higher growth rate. This could be
one of the explanations for heterogeneity being
selected for, in an isogenic population. Similarly,
in the case of secretion of virulence factor, to be
able to cause a successful infection, a critical
amount of virulence factor that is sufficient to
invade the host is needed. This indicates that
there is no need for all the cells in a population to
produce virulence factor, provided the threshold
of virulence factor is met by a fraction of the
population®®. Such heterogeneity, even if it results
in the smallest of fractions of the population
freed from production of the public good (biolu-
minescence, in this case) would eventually result
in large energetic savings for the individual and
the population.

6.2 Division of Labour Enabled Through
QS

One of the ways to create phenotypic hetero-
geneity in response to QS, and enhance cellular
fitness is to have heterogeneous fractions in the
population perform different but complment-
ing tasks. Such a strategy is known as division of
labour. In this strategy, to perform a collective
task, a population breaks the entire task into
two or more components. Thereafter, the popu-
lation so divides such that one part of the pop-
ulation perfroms one component of the task,
while another performs the other. This strategy
is observed in bacteria in many contexts, such as
different nutrient utilization in Bacillus subtilis,
infection process by Salmonella enterica in host
cells and metabolic functions in cyanobacteria*®
448 In cases where completion of the task is
essential for survival and growth of the popu-
lation, the different parts of the population
cannot survive without each other. Since QS is
the process in which the bacterial population
density is the key cue, the heterogeneity in QS
response can be used to divide the population
to perform various functions. Here, we discuss a
few examples that explain the fitness advantage
of the bacterial population through the division
of labour strategy using QS.

Vibrio harveyi, a close relative to V. fischeri,
is a marine gram-negative bacterium which
also regulates bioluminescence using quorum
sensing. However, in V. harveyi, there are three
signalling molecules that trigger three paral-
lel signalling pathways. All three converge in
dephosphorylating of LuxO. The qrrl-5 sRNA
is the repressor of the transcription factor, LuxR
and dephosphorylation of LuxO results in ter-
mination of qrrl-5 sRNA. LuxR positively or

,,,,,, J. Indian Inst. Sci. VOL 100:31485-496 July 2020ljournal.iisc.ernet.in



negatively controls expression from multiple
genes like those controlling bioluminescence,
siderophores production and an extracellular
protease. This regulatory design splits the popu-
lation into two groups and allows the bacterial
population to perform tasks collectively with
one part performed by the fraction of cells in
the QS OFF state and the other part by the frac-
tion of population in the QS ON state. To this
effect, analysis at a single-cell resolution carried
out by Anetzberger et al., demonstrated het-
erogeneity in the intensity of bioluminescence
in a wild-type population. The cells are dif-
ferentiated based on the intensity of light and
categorized as bright and dark cells. The dead
cells are counted using fluorescence images with
appropriate filters. The phenotypic heterogene-
ity is observed in this experimental study shows
25% of dark and 69% of the bright colony
of V.harveyi in which dark colony is QS OFF
state and the bright colony is QS ON state. The
bright colony is the one which is in QS ON state
and produce bioluminescence. However, on the
addition of external AI-2 molecules increases
the fraction of bright cells to about 83%. This
shows that the Al concentration is maintained
below saturation concentration. To find the
difference between bright and dark colonies, a
constitutive QS-active mutant is used. When
compared to the mutant, wildtype shows more
aggregated cells and analysis of aggregated
cell colony reveals low bioluminescence. This
shows that the dark colonies are engaged with
the production of biofilm. Therefore, there are
two subpopulations in which one of the sub-
populations producing protein for biolumines-
cence and other producing extracellular protein
for biofilm. This strategy can be considered as
the division of labour to effectivity utilize the

resources49.

6.3 Quorum-Sensing Heterogeneity
Facilitates Bet-Hedging Strategy
In a fluctuating environment, bacteria need to
adapt rapidly in response to the environment to
survive. One such survival strategy is bet-hedg-
ing, which is adopted from trade investments,
where instead of putting all the resources (and
risk) in one trade, investment of resources is
spread over a number of avenues (thus, spreading
risk). Similarly, in biology, a species with pheno-
typic heterogeneity in a population has the prob-
ability of surviving a fluctuating environment,
since under given physical environment, there is
a chance that some of the individuals (exhibiting
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a particular phenotype) are able to survive and
reproduce. This is compared against a population
where no heterogeneity is exhibited.

Exhibition of this phenotypic heteroge-
neity decreases the overall growth rate of the
population in certain, favorable environments.
Nevertheless, favorable conditions conducive for
growth are likely only a laboratory artifact, and
are unlikely to be present in ecological niches
for any length of time. Hence, maintainence of
phenotypic heterogeneity is likely an impor-
tant property being selected for in ecological
niches. Developmental choice between sporula-
tion and competence in B. subtilis and persister
cells which confer resistance to antibiotics are
two well-known examples of bet-hedging strat-
egy observed in the bacterial population®®, A
few examples where observed heterogeneity in
quorum-sensing population is explained as a bet-
hedging strategy are discussed below.

In an isogenic population, phenotypic het-
erogeneity may provide a bet-hedging strategy for
the population in adverse environmental condi-
tions. To reason out the presence of heterogeneity
in QS bacterial population, Pradhan et al., carried
out an experimental study on Pseudomonas syrin-
gae pv.syringae (Pss) wildtype and QS-deficient
mutants. The single-cell analysis with FACS is car-
ried out on the gfp (Green Fluorescence Protein)-
tagged cells. Depends on the fluorescence intensity,
two subpopulations named GFP* (bright) and
GFP™ (dark) are classified. FACS analysis shows
heterogeneity in Pss wildtype population. Moreo-
ver, the progeny of either of the colony also shows
heterogeneity in the population with a similar
fraction of dark and bright fraction of popula-
tion, indicating that the heterogeneity is heritable.
AhII/R is the quorum-sensing system in Pss which
positively regulates the production of extracellular
polysaccharides and negatively regulates motility.
The extra-cellular polysaccharide forms an exter-
nal matrix which leads to biofilm formation. The
experimental work carried out in the swarm plates
to investigate the effect QS on motility shows GFP*
dendrites and dark patches of cell colonies. Unlike
in V. harveyi where the heterogeneity facilitates the
division of labour, in Pss the heterogeneity provides
different lifestyle such as planktonic and biofilm,
for the bacteria. Thus the heterogeneous popula-
tion which consists of two subpopulations with
either motility or aggregation gives an evolutionary
advantage during dynamic environmental condi-
tions as a bet-hedging strategy™*.

A bet-hedging strategy has also been observed
in Dinoroseobacter shibae, a gram-negative bac-
terium. Patzelt et al., carried out an experiment

f ]
IS¢

491



492

E. Rajeshkannan and S. Saini

with D.shibae wild-type and QS-mutant to study
the effect of quorum sensing. In this work, a bio-
sensor E. coli is used to monitor the production of
AHL molecule. The cell count and the fluorescence
are obtained using flow cytometry. The results
from this work show the growth advantage of QS-
mutant cells with minimum production of AHL
molecule. Moreover, the authors demonstrate that
two different modes of cell division are observed
at high concentrations of AHL in the wildtype.
The time-lapse microscopic images show cell divi-
sion via both budding (where the buds bulging
out from the parent) and binary fission (where the
parent cell divided into two daughter cells). The
images of the cell division process show there is a
mix of unequal size division due to budding and
almost equal division due to binary division. These
results demonstrate a heterogeneous cell division in
an isogenic wildtype population. Moreover, a QS
mutant was able to divide only through binary fis-
sion. The QS mutant also exhibited a higher growth
rate, when compared to wildtype. Even though the
cost of QS reduces the growth rate, the presence of
heterogeneity in cell division gives survival advan-
tage for wildtype during fluctuating environment
when size-selective pressure is imposed on the

population®’.

6.4 A Subpopulation Provides Education

About the Environmental Fluctuation
In the works discussed above, the definition
of quorum sensing is consistent with sensing
of Al concentration for a particular threshold,
beyond which the system switches to the ON
state. However, there are two scenarios through
which quorum sensing can be manipulated.
First, if the cells are in a closed environment
and leakage of Al molecule to the external envi-
ronment is minimum, then even with the low
cell-density, Al molecule concentration will
reach the threshold level®®. Second, if the dif-
fusivity of the medium is very high, then even
at high population there may not be enough
accumulation of Al concentration to trigger the
QS ON state. These scenarios lead to two dif-
ferent manifestations of quorum sensing: Cell
Density (CD) sensing and Diffusion (DF) sens-
ing. However, both these scenarios could not
explain the response observed in the experi-
mental study by Chu et al. In this study, using
microfluidics, the size of the 720 microcham-
bers remains constant, however, the number of
connecting tubes are varied which in turn var-
ies the nutrient supplies and diffusivity among
the chambers. In such a setting, response to
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QS was studied using a genetically engineered
E.coli strain which carries the Lux QS system.
Phase contrast and fluorescence images from
the experimental geometry revealed that the QS
response varies between the microchambers,
despite them having the same cell density. The
authors speculated if this manifestation could
be because of the variation in the supply of
nutrients or the diffusion of the AI molecules
through the connecting tubes. However, the
relation between the fluorescence (proxy of QS
responsiveness) and mean growth rate exhibited
a biphasic nature which suggested that avail-
ability of nutrients or diffusivity may not be the
only factor that holds control over QS response.
Moreover, the addition of exogenous Al which
would be expected to induce homogenous QS
behaviour had no effect on the biphasic nature.
These results suggest that the interpretation of
QS as CD and DF is not sufficient to explain
this behaviour®.

The authors argue that integration of quo-
rum sensing with dilution rates (with are a proxy
for growth rates and protein degradation) allows
for a much more complicated processing of
environmental signals than merely the thresh-
old mechanism as thought by quorum sensing.
More specifically, the integration of the QS net-
work with cellular growth rates allowed the cells
to respond to stimulus such as space, transient
signals, and couple that with the population size
and density. This, the authors argue, allows the
population to respond better to a fluctuating
environment.

7 Further Examples

In addition to the above examples, other evidence
for heterogeneity in quorum-sensing systems
exists. However, the physiological role in these
manifestations remains unknown. For example,
in Streptococcus mutans, ComX, which controls
cellular commitment to competence, is quorum
sensing regulated®. In addition, comCDE, which
are responsible for production of antibacterial
peptides, bacteriocins, are also regulated through
quorum sensing. CSP (competence stimulating
peptide) is an autoinducer for ComDE quorum-
sensing system. In this system, the two feedback
loops exist to each other. However, the exact
mechanism(s) of this feedback are not known.
An experimental and simulation study on S.
mutans shows the heterogeneous phenotype of
competence behaviour. In this study, the authors
proposed two configurations for the activation
of comX. First, the extracellular feedback loop
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through which the XIP, autoinducer molecule
for comRS QS system which regulates comX, is
imported. To import the extracellular XIP, Opp,
an oligopeptide permease, is needed. Thereafter,
XIP binds ComR to form transcriptional factor
for comX gene. XIP molecules are synthesized
by ComS. The second mechanism proposed for
activation of comX involved an intracellular feed-
back loop in which ComRS forms transcription
factor for comX gene. In this work, XIP and CSP
were supplied externally and the system exhibited
heterogeneity only when CSP was supplied exter-
nally. The authors explain this manifestation via
the intrinsic noise in ComS production®.

The Tral/R and NgrL/R quorum-sensing sys-
tem in Sinorhizobium fredii regulates about 186
genes that include flagellar biosynthesis genes
and exopolysaccharide (EPS) biosynthesis®. To
quantify the gene expression of tra and ngr genes,
a promoter fusion with rfp (Red Fluorescence
Protein) is used. The phase contrast and fluores-
cence images of the promoter fusion strain show
heterogeneity in fluorescence intensity. However,
the experimental studies show that the plant-
derived molecule octopine drives to homog-
enous response to have a symbiotic relationship.
Moreover, in addition to external AHL molecule
also decrease the heterogeneity observed in S.
fredii wildtype population. However, in both of
the above examples, the evolutionary context in
which these mechanisms could evolve and pro-

vide a fitness advantate are yet unknown®’.

8 Understanding Heterogeneity in QS
Systems

A number of attempts have been made to quan-
titatively represent QS systems in bacteria®®
[reviewed in reference®]. However, these
attempts have largely modeled the effects of QS
as a homogenizing force in a population. How,
given the mechanistic details of the regulatory
interactions in and between cells, could quorum
sensing lead to heterogeneity in a population
has been largely ignored. The heterogeneity dis-
cussed in QS systems can be understood in two
different contexts. The first, where a population
with a QS system, depending on the biochemi-
cal parameters defining the interactions in the
network exhibits heterogeneity. That is, at any
given time, a fraction of the population is in QS
ON state, while the remaining remain in the QS
OFF state. This state between the two groups of
populations is maintained in the given regime,
such that the number of cells transitioning from
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OFF to ON is the same as the cells transitioning
from ON to OFFE. This dynamics equilibrium is
maintained at the steady state of the system.

A number of bacterial species have more than
one QS systems (see reference®). The multiplic-
ity of the QS systems in a single cell could lead
to a number of fallouts. First, the two (or more)
QS systems could be used to encode hierarchical
activation of QS-responsive systems. Second, the
two QS systems could have antagonistic interac-
tions, where activation of one leads to the other
one switched OFFE. Such a scenario could eas-
ily have so evolved such that in a given environ-
ment, a part of the population switches on one
QS system, and another switches on the other QS
system. Each system could activate target pro-
teins which either encode a bet-hedging or a divi-
sion of labor strategy as discussed earlier in the
article®.

Mechanistically, one of the important vari-
ables largely not looked at in QS studies is how
does the space interact with the cells to lead to QS
response. A recent work analyzed this in the con-
text of multiple antagonistic QS systems in a cell,
and demonstrated that given the precise geom-
etry of the space and its interplay with diffusiv-
ity of the Al molecule, the most likely outcome of
the QS controlled system was heterogeneous acti-
vation of the QS systems, and consequently the
genes controlled by these QS systems. However,
experimental manifestations of this phenomenon
need to explored in further studies.

9 Conclusions

At a larger level, the question remains: why do
cells exhibit heterogeneity (Fig. 5). Recent stud-
ies in cell—cell variability among individuals of an
isogenic population indicate that phenotypic het-
erogeneity is a trait which is observed much more
widely than thought previously. This evidence has
forced us to review the context in which we view
heterogeneity, and the underlying noise in cel-
lular processes which leads to these manifesta-
tions. While a number of studies focus on analysis
of noise from a variety of contexts: its relation
with cell-cycle, expression levels, effects on fitness;
there has been little emphasis on experimental
design where enhanced noise in expression levels
of a gene has been selected for®> . Till we design
experiments which help us explore this aspect of
cellular physiology, our understanding of noise
and its implications in dictating fate of popula-
tions (and their evolutionary trajectories) remains
poorly understood and merely empirical. Recent
evidence suggests that phenotypic heterogeneity is
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Figure 5: Heterogeneity in quorum-sensing population helps accomplish one/more of a number of cel-

lular strategies.

ubiquituous in biological systems®”. The underly-
ing logic in all these cases seems to be an increase in
phenotypic heterogeneity in the population. From
a Darwinian context, this heterogeneity is impor-
tant for driving forward all evolutionary processes.
Heterogeneity in quorum sensing in bacteria is
likely only one such manifestation of this process.
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