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Abstract

Growing knowledge of the complexity of the host-pathogen interactions during
the course of an infection revealed an amazing variability of bacterial
pathogens within the same host tissue site. This heterogeneity in bacterial
populations is either the result of a different bacterial response to a slightly
divergent tissue microenvironment or is caused by a genetic circuit in which
small endogenous fluctuations in a small number of transcription factors drive
gene expression in combination with a positive feedback loop. As a result
host-pathogen encounters can have different outcomes in individual cells,
which enables bet-hedging and/or a co-operative behavior that enhance
bacterial fithess and virulence, drive different host responses and promote
resistance of small subpopulations to antibiotic treatment. This has a strong
impact on the progression and control of the infection, which must be

considered for the development of successful antimicrobial therapies.

Keywords: phenotypic heterogeneity, bet-hedging, division and labor,

virulence, pathogenicity
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1. Introduction

Antimicrobial therapeutics of the past were generally designed to target the
whole population of a pathogen assuming that these clonal groups were
equally sensitive to it. Unfortunately, this strategy has not always been
successful. Over the past years it became evident that subpopulations exist
within genetically identical populations, which can have different suscepti-
bilities to antibiotics, as seen with persister cells or cells within biofilms [1, 2].
These are instances of phenotypic heterogeneity where isogenic bacteria in
similar environments display diverse phenotypes allowing new functionality.
Phenotypic heterogeneity appears to play an essential role in fitness [3, 4],
and can be viewed as a virulence strategy and also a novel treatment target.
Therefore, it is essential to understand the development of heterogeneous
subpopulations and their role in pathogenesis in order to develop new and

more powerful therapies.

2. Generation of phenotypic variations

Phenotypic heterogeneity has been experimentally determined to be an
evolutionary selectable trait with a fitness benefit. The heterogeneity itself is
not a genetically based change, but the rate and the amount of heterogeneity
produced is under evolutionary pressure [5]. How can diversity in a population
be beneficial for the species? In case a bacterial population experiences
sudden environmental changes, a heterogeneous population can promote
survival of subpopulations expressing an advantageous phenotype. Bacterial

pathogens encounter drastic changes of their surroundings when they enter
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their host from environmental reservoirs, or when they encounter different
host niches during the course of the infection.

The molecular mechanisms of how bacteria generate phenotypic heteroge-
neity have been studied over the past years and certain schemes have
emerged in the context of an infection:

(i) Bacteria can encounter various different microenvironments in an infected
cell or tissue site, and their response might vary between the individual
bacterial cells in response. Even when the distance between cells of a clonal
population is reduced as much as possible, individual bacterial cells
experience slightly different microenvironments characterized by microscale
differences in substances such as metabolite/defensin concentrations,
immune cell frequencies/activities, and ROS/NOS gradients. This inevitably
leads to differences in their gene expression profile and phenotypic properties
[6]. Prominent examples are Salmonella replicating in macrophages and
Yersinia proliferating within microcolonies surrounded by neutrophils in
lymphatic tissues [7, 8].

(i) Endogenous stochastic events/small fluctuations (noise) are often based
on a small number of molecules combined with a feedback architecture of
genetic networks that can cause cell-to-cell transcriptional and phenotypically
differences between genetically identical individuals in the same micro-
environment. This type of phenotypic variation has been observed in various
bacterial systems in vitro and in infected tissue [5, 9-11]. An important factor
driving this type of heterogeneity is noise [12-14]. It is known that certain
sigma- and transcriptional factors are associated with higher or lower levels of

noise. In addition, certain gene categories are more likely to be selected by
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evolution for noisy expression. Specifically, genes involved in metabolic
adaptation and the stress-response tend to have higher levels of expression
noise, whereas housekeeping genes and evolutionary conserved genes often
have low levels of heterogeneity most likely due to their essential role in
supporting survival [5, 12]. Heterogeneous expression of virulence-relevant
processes can be due to either transcriptional or translational noise (i.e. rate
of mMRNA or protein production) and efficiency, which can be modulated by
regulatory pathways. In particular, genes that are part of complicated, multi-
level regulatory networks or associated with positive feedback mechanisms
tend to have higher amounts of noise compared to genes regulated by
negative feedback loops [5, 12]. Another crucial factor for the generation of
heterogeneity are positive feedback loops acting on intrinsic noise to amplify
it. This can produce a type of heterogeneity known as bistability where two
distinct populations exist within the community. One of the best-studied
examples is the process of sporulation in Bacillus subtilis [15, 16], but recent

work has also discovered bistable systems implicated in virulence control [10].

3. Functional consequences and benefits of phenotypic

heterogeneity for bacterial virulence

The advantages of a heterogeneous versus a homogeneous genetically
identical population are not detectable in conventional infection experiments in
which only the overall phenotype and genotype of the group at a certain time
point in the infection are addressed. Immediate and long-term consequences
of phenotypic heterogeneity for the virulence process can only be determined

when certain properties such as colonization, proliferation and/or survival of
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individuals in a population are followed and compared during the course of the
infection. Moreover, other criteria such as variations in the pattern and ratio of
heterogeneous phenotypes between strain variants may affect the biological
functions of the entire population. Although the identification of potential
benefits for virulence is still challenging, functional consequences have been
studied for some virulence properties, e.g. expression of colonization factors
and resistance against antibiotics [17, 5, 4, 10]. Experimental set-up and
established mathematical modeling of the data have led to the identification of
two main beneficial strategies for a population: bet-hedging and division of
labor (Fig. 1).

Bet-hedging (Fig. 1A) is a strategy in which some individuals of a bacterial
population express features that enable them to grow better and/or survive
under conditions which they may experience later during the course of an
infection. This property optimizes the fitness of the overall population at the
expense of certain individuals with the expectation that as the environment
fluctuates one subpopulation will be better adapted and will survive. The
benefit of bet-hedging is most evident in pathogens living in constantly, rapidly
and broadly fluctuating environments that would require a significant amount
of time and energy to maintain genetic elements that allow them to survive in
these various places. Examples of bet-hedging have been reported for enteric
pathogens such as Salmonella and Yersinia, which enter their host from the
environment, transfer from the intestinal tract into deeper tissues, and are
suddenly attacked by the immune system [10, 17, 3]. However, the pay-off for
bet-hedging only occurs after an environmental change happens that suits the

new variant and results in more offspring.
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In contrast, division of labor (Fig. 1B) bolsters the fitness of the population
via co-operativity. Each subpopulation performs a function simultaneously that
the entire population can reap the benefits making the entire population with
divided labor have a higher fitness than the one without [18]. Combinations of
the various functions that promote an infection are often costly for one
individual to perform therefore it is beneficial for the entire population when
they are divided amongst the subpopulations. For this adaptive strategy the
different individual subpopulations need to interact as one or more sub-
populations depending on the other(s), and a change in the environment is
not required to be beneficial. This form of phenotypic heterogeneity is often
pursued when certain virulence traits are not compatible, such as high
energy-consuming secretion processes or toxin-release through bacterial lysis
that results in a substantial growth reduction and/or elimination of the bacterial
cell. In latter case, usually only a minority of the cells (martyrs) in a population
are sacrificed to support the population as a whole. Another example
demonstrating that phenotypic heterogeneity between individual bacterial cells
promotes virulence is the association of pathogens in microcolonies or biofilm
within infected tissues. The multi-cell communities are often composed of
different variants that are specialized for a certain task such as the defense
against surrounding neutrophils or expression of certain metabolic pathways
leading to a collective functionality [7, 19].

Most cases of phenotypic heterogeneity are not strictly one classification or
the other, but rather a combination of both strategies with different con-
sequences. Thus, it is important that both strategies are considered during

vaccine and therapy development, especially since our current strategies are
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often insufficient in the arms race against pathogens. In order to develop a
successful anti-virulence strategy to prevent pathogenesis, one needs to
know and take into account whether the specific targeted virulence factor is
only expressed in a certain fraction of the pathogen population during the
infection. On the other hand, only a certain subset of a population, e.g. toxin-
expressing subset is the culprit for pathogenesis and could be selectively
targeted to avoid detrimental influence on other beneficial bacteria/microbiota.
In the following part of this review, we will explore specific examples of pheno-
typic heterogeneity in terms of bet-hedging and division of labor with respect
to their impact on fithess and virulence, and their importance as targets for

therapeutics.

4. Bet-hedging by important bacterial pathogens

Pathogens living in constantly changing environments are particularly prone to
increased rates of phenotypic heterogeneity. The evolutionary success of this
property can be explained by the fact that recognition and the response by
common signal transduction pathways to sudden environmental changes is
just too slow and may not allow for bacterial cells to adapt in time. Plus, it is
not feasible for a pathogen in a hostile and/or competitive environment to
waste energy in encoding proteins that would allow them to survive in every
potential environment. Mixed populations are suited to a variety of possible
environments and can more readily adapt to changes.

The enteric pathogen Yersinia pseudotuberculosis lives anywhere from
soil, to insects and mammals. As such, the bacterium needs to be able to

adapt to variations in nutrients and the host defense systems. One method Y.
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pseudotuberculosis has employed to help it adapt to changing conditions is
heterogeneity in expression of the global virulence regulator RovA. RovA
regulates the primary host invasion factor, invasin, the PsaA fimbriae, and
several genes associated with metabolism and the stress response [20, 19,
21]. The rovA gene is auto-regulated as well as regulated by a complex
network involving the two-component systems PhoPQ and UvrY/BarY,
catabolite respression (Crp) and the carbon storage system (Csr) [22-24]. It
thus represents a multi-level regulatory network including positive feedback
loops that are associated with noise amplification and are generally more
sensitive to stochastic fluctuations [5,15]. At 25°C RovA is active and
activates its own transcription. An upshift to 37°C induces a conformational
change in RovA that reduces its DNA-binding capacity and renders it more
susceptible to proteolysis by the Lon protease (Fig. 2A). This leads to a
repression of rovA at 37°C in vitro [25]. This temperature regulation allows the
bacteria to express invasin during ingestion, then attach and invade the host
epithelial cells. After uptake, rovA expression (and therefore invasin) is shut
down to prevent inappropriate immune system activation. Strikingly, between
30-34°C in vitro, there exists bistability in the population (invasive and non-
invasive subpopulations) with respect to rovA expression [10]. Cells switch
spontaneously between either state, but these cells tend to inherit the state of
its predecessor, i.e. hysteresis [10]. The temperature range in which bistability
is observed is defined by temperature-sensitive degradation and synthesis
rate of the regulator and can be manipulated by the nutrient availability
through upstream regulator RovM which represses rovA expression by

binding between promoter 1 and 2.
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The heterogeneity of rovA expression is essential for virulence as a mutant
strain expressing a unistable rovA variant was as attenuated as the ArovA
strain in a mouse model of infection [10]. The analysis of infected lymphoid
tissue underlying the gut epithelial demonstrated that a small number of
bacteria are RovA™ whereas the majority of bacterial cells are RovA™. This
points to a bet-hedging strategy in which the thermo-responsive bistable
switch promotes a pre-adaptation of some bacteria to the fluctuating
conditions encountered as they pass through the host's intestinal epithelium at
ingestion and later during the infection, when they re-enter the intestinal tract
after expulsion from damaged intestinal tissue (Fig. 2B) [10]. This allows Y.
pseudotuberculosis to fine tune RovA-controlled invasin expression to avoid
mounting an immune response but also to be prepared for potential
opportunities to re-infect the host.

During the course of an infection, pathogens could encounter tissue micro-
environments that may promote different proliferation rates (e.g. due to
immune cell attacks, nutrient availability), which could result in bacterial
subsets with different growth rate. The perhaps best-studied example of
bacterial phenotypic heterogeneity is the formation of persister cells. Per-
sisters are cells that are slow growing or dormant cells, which have been
implicated in chronic and hard to treat infections, especially ones involving
biofilms [26-29]. The small colony variant (SCV) of Staphylococcus aureus is
a phenotype associated with persistence and changes in expression of
virulence factors [30]. This phenotype also exists in other bacteria [30, 31], but
has been studied extensively in S. aureus. The SCV phenotype rapidly reverts

to the fully virulent phenotype once the bacterium escapes infected cells to re-
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infect nearby host cells. Tuchscherr et al found that the SCV phenotype is in-
dispensible for chronic infections [32]. They theorized that it was essential for
hiding within the host cell to avoid immune system mediated clearance, and
the SCV’s can act as a reservoir for future infections [32]. A similar mecha-
nism might explain the variation in LPS expression in Haemophilus influenzae
type b strains. Cells that produce the modified LPS are less virulent, but this
variation is spontaneous and has a high frequency of reversion [33]. A
modified and less virulent LPS structure potentially allows the cells to avoid
immune mediated killing.

The rate of persister formation is extremely low (0.1%) in a generally
antibiotic susceptible population [34]. The persister phenotype becomes
favorable during antibiotic treatment as they exhibit a reduced susceptibility to
antibiotics (Fig. 1A). This phenotype can be attribute to the reduced metabolic
activity and growth arrest. After removal of the antibiotic from the media,
persisters can give rise to phenotypically normal growing cells that are still
sensitive to antibiotics (Fig. 1A), further illustrating that this is not an example
of antibiotic resistance that is genetically encoded [17]. However, the rate of
development of heterogeneity is a selectable trait. Therefore, the rate of
persister cell formation is influenced by genetic mutation as is seen in E. coli
strains that have a mutation in the hip locus [35, 36]. HipA is an intracellular
toxin that is part of the hipBA toxin/anti-toxin (TA) system. When a certain
threshold of the toxin is reached, the cell develops into a persister. Since then,
other TA systems have been identified and confirmed as playing a role in
persistence [37, 38]. Moreover, other genes that play a role in a variety of

different processes such as the SOS response, energy metabolism, the
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stringent response, global regulators, and trans-translation have been identi-
fied as playing a role in persistence [39, 40]. Initially, it was thought that
persister cells were a single homogenous group of multi-antibiotic resistant
cells. However, Balaban et al. discovered that these cells were heterogenous
[17]. They described two types of persister cells: type | are non-growing cells
that are generated during stationary phase and type Il are slow-growing cells
which are continuously generated [17]. More evidence has come to light to
support the notion that persisters are not just one subpopulation, but in itself
contain various subpopulations that are formed via different pathways
involving different genes and allow for tolerance to different antibiotics [39,
40]. In addition, differences in the expression of multi-drug efflux pumps
and/or outer membrane porins can lead to transient antibiotic resistance in a
subpopulation of pathogenic bacteria. Consequently, information of the
existence and regulatory strategies to initiate the formation of antibiotic
resistant subpopulations during the course of an infection is crucial in the
development of therapeutics targeting chronic infections since multiple stra-

tegies may need to be taken to eradicate disease.

5. Division of Labor

On the other hand, populations that show a cooperative behavior, i.e. undergo
division of labor, can reap benefits and do not depend on changing environ-
ments. Genes involved in metabolic functions and diversity often exhibit a
greater amount of heterogeneity compared to housekeeping genes [5]. Due to
this, division of labor is often used as a strategy to diversify the repertoire of

substrates a population can utilize and also support other isogenic cells via
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cross-feeding. During this process, one subpopulation will metabolize a
nutrient, and the byproducts of the metabolite will be excreted and used as a
nutrient source for a separate subpopulation. This has been demonstrated
with certain E. coli populations that can use either glucose or acetate as a
primary carbon source [41]. The subpopulation using glucose undergoes glu-
cose overflow metabolism resulting in the production of acetate that is
excreted into the environment. The acetate can then be taken up and utilized
by the second subpopulation [41]. This strategy also allows for a reduction in
competition for nutrients as there are less cells competing for the same
nutrient.

Streptococcus pneumoniae employs a division of labor strategy in regards
to production of the toxin PezT encoded in the pezAT TA system.
Heterogeneity occurs only in the bacterial cells that are sensitive to the toxin
[42]. PezT inhibits cell wall synthesis by binding to and phosphorylating the 3’-
hydroxl group of uridine diphosphate N-acetylglucosamine (UNAG). The
phosphorylated UNAG then inhibits the MurA enzyme that catalyzes
peptidoglycan synthesis. Under normal growth conditions, the PezA anti-toxin
binds and neutralizes PezT, but under nutrient limitation, the labile PezA is
more readily degraded leading to the activation of PezT. The result of
exposure of cells to PezT varies depending on the dose and exposure time,
resulting in a heterogenous population [42]. PezT exposure can result in the
formation of persister cells, but it results in the lysing of rapidly growing cells.
The lysed cells act as a source for pneumolysin release, which is one of the
main virulence factors of S. pneumonia. In addition, the partial lysis of cells in

the population results in conditions favorable to biofilm formation. The PezT
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toxin plays an important role in virulence since it was shown to accelerate the
development of infection and ApezT strains are attenuated in mouse models
of infection.

Division of labor is also an explanation behind the heterogeneity of Shiga
toxin production by enterohemorrhagic Escherichia coli (EHEC). EHEC
0O157:H7 causes gastrointestinal infections that can lead to a complication
characterized by thrombocytopenia, hemolytic anemia, and acute renal
failure, and known as hemolytic uremic syndrome (HUS) in 5-7% of patients.
The development of HUS is a result of production of the Shiga toxin, which
induces endothelial cell death. The toxin is encoded on a lambdoid prophage
and is only expressed during the lytic phase of the phage and not the
lysogenic [43]. This mechanism of phage-encoded toxins is a common
virulence factor seen in other notable examples such as the cholera toxin,
diphtheria toxin and also botulism toxin. Multiple environmental cues (e.g.
antibiotic treatment, temperature, and reactive oxygen species) can result in
the triggering of the lytic phase and therefore production and release of the
Shiga toxin [44-46]. But during the stress response, not all lysogenized
bacteria trigger the lytic cycle of the phage [47] (Fig. 3). Only a subpopulation
induces the phase response, therefore preventing the extinction of the total
population, but also reaping the benefits of the toxin production [47]. The
heterogeneous expression of the phage and therefore the toxin was not just
restricted to E. coli, but also other bacteria harboring phages as well. Ex-
pression of Shiga toxin enhances the survival of E. coli against the predatory
protozoa Tetrahymena pyriformis in cattle [48], and it impairs neutrophil

phagocytosis by the host [49]. The importance of the toxin for virulence of
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EHEC has resulted in its being targeted for vaccine and therapeutics develop-
ment. Humanized monoclonal antibodies against Shiga toxin was used by
Mukherjee et al and resulted in 90% neutralization and increased survival of
mice [50].

Cell “age” has also been linked to heterogeneity in regards to antibiotic
resistance. Asymmetrical cell division from budding results in two cells of
different ages as defined by the age of their cell pole, which gives rise to a cell
population with heterogeneous ages. In Mycobacterium, the age of the cell
has been correlated to its survival in response to antibiotic treatment [5, 51].

Biofilms also are comprised of heterogeneous populations, promote divi-
sion of labor and are implicated in many acute (Vibrio cholerae) and chronic
infections (Pseudomonas aeruginosa). They protect against environmental
stresses and limit penetration of antimicrobial making it robust to antibiotic
treatment [28, 52, 53]. In addition, when growing within the structured
community, the metabolic burden of making various toxins or metabolites can
be spread across the whole population therefore increasing the fitness of the
individual cell. Chao and Levin previously demonstrated that in mixed, non-
structured environments, “cheaters” develop that are resistant to the anti-
competitor toxin colicin produced by E. coli but don’t pay the metabolic cost of
producing it [54]. In these types of environments, the cheaters can prosper but
this runs the risk of the extinction of cooperators and the entire population. In
contrast, the different populations of cheaters and cooperators could coexist
in structured environments [54]. This is likely due to the inability of any
cheaters to grow separately from the cooperative environment. If a molecule

is costly to produce, certain cells may cheat by halting production of the
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molecule and instead hijacking the community pot, i.e. the tragedy of the
commons. But, if all cells are cheaters or are living separately from co-
operators, then the fitness of the cheaters dramatically decreases. Therefore
the structured community of biofiims allows for the development of different
clonal subpopulations playing different roles in order to adapt to variation with
nutrients, pH and oxygen within the biofilm.

The weakness in division of labor is that it can promote the formation of
“‘cheater” cells. For example, for P. aeruginosa, some cells will stop producing
siderophores, instead relying on siderophores produced by sibling cells [55].
Iron is a limiting factor within the host, so many bacteria rely on the use of
siderophores to scavenge iron from host iron-binding proteins, but its
production is costly. Cheater cells cannot live independent of cooperative
cells, but when living in a community with cooperators, cheaters can grow
quickly because they can avoid the heavily cost of producing whatever
communal good they are scavenging.

Why then does the population not become overwhelmed with cheater cells,
even to the point of population collapse? Several theories exist to explain the
altruistic behavior. It's been noted that cooperation between cheaters and
altruistic cells is higher when the degree of relatedness is high. This theory is
known as kin selection. Cells that undergo phenotypic heterogeneity are
clonal; therefore a greater degree of cooperation can occur since its beneficial
to “self’ preservation. The development of heterogeneity also depends on
competition in the local environment. These two factors result in a cap on the
number of cheaters that can be tolerated; otherwise the entire population

would be overcome with cheaters.
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6. A combined bet-hedging and division of labor strategy

As mentioned previously, not all examples of phenotypic heterogeneity can be
evenly divided between the categories of division of labor or bet-hedging.
Some examples seem to perform both functions, for example the expression
of virulence factors in Salmonella Typhimurium, specifically the type Il secre-
tion system | (T3SS-1) and the fliC gene encoding the flagellar filament pro-
tein (Fig. 4). This results in three different populations: T3SS-1"/flagella’,
T3SS-17/flagella® and T3SS-17/flagella’, with each population having its own
unique advantages and disadvantages [56, 57, 4]. Notably, the flagellar class
Il gene fliZ regulates T3SS-1 gene expression, so there are no T3SS-
1*/flagella” cells. Cells expressing the flagella are able to quickly migrate as
nutrient availability shifts, and bacteria expressing T3SS-1 are able to invade
host cells and induce inflammation (Fig. 4). The latter is necessary for
Salmonella to outcompete the natural microbiome, obtain nutrients, and to
corral macrophages for a ride to deeper tissues such as the spleen or liver.
Moreover, induced inflammation results in an increase in tetrathionate, which
can be used by Salmonella as an electron receptor to allow it to grow on
ethanolamine [58, 59].

This gives the pathogen the ability to utilize an alternative metabolite to
support growth and outcompete in a competitive and highly populated
environment such as the gut. However, expression of the flagella and the
T3SS-1 exposes bacterial cells expressing them to recognition by the host
immune system via various pattern recognition receptors (PRR’s), such as

Toll-like receptors and Nod-like receptors. Because of this, these cells are
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more readily targeted for phagocytosis and destruction. In addition, ex-
pression of virulence factors, such as large nanomolecules like the flagellum
or the needle complex of T3SS can be extremely metabolically costly to cells
resulting in reduced growth rate in these cells (self-destructing cooperation)
[14]. Consequently, faster-growing T3SS-negative variants (‘cheaters') take
over and allow fast proliferation in tissue sites. On the other hand, bacteria
that are slow growing are more resistant to the effect of antibiotic treatment,
and therefore hedging their bets on the chance that the environment will
change to that of one exposed to antibiotics. The feature that a small slow-
growing virulence factor-expressing subpopulation facilitates replication of a
fast-growing less or avirulent subpopulation in host tissues by a cooperative
behavior enables a pathogen to grow optimally during infection. This strategy
further ensures maintenance of virulence factors with a great fithess cost in
case avirulent variants are outcompeted when the virulence factors are
essential for later stages of the infection [56]. As mentioned above, patho-
genic bacteria that are slow growing are also more resistant to the effect of
antibiotic treatment, and therefore hedging their bets on the chance that the
environment will change to that of one exposed to antibiotics [4].

In contrast to Salmonella, enteropathogenic Escherichia coli (EPEC)
growth in activating conditions, such as growth in DMEM or within the host,
results in the uni-modal activation of virulence genes such T3SS; however, a
shift to de-activating conditions, such as LB broth, results in bimodal popu-
lation of cells with regards to bistability in the perABC operon, leading to
planktonic per-OFF and aggregative per-ON subpopulations with different

infection and invasion capacities [11]. Similar to rovA of Yersinia, the perABC
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operon is regulated by PerA, which is autoactivated and subject to hysteresis.
In contrast to rovA, switching from the ON to the OFF state is extremely low,
with the virulence genes being locked into an ON state for days [11]. The per-
ON population expresses the bundle-forming pili (BFP) in addition to the
T3SS resulting in rapid attachment to host cells and defense against the host
immune system due to effector delivery. The per-ON state maintains high
T3SS expression, which may be used to overcome the transition between
host niches with non-activating conditions without loss of the virulence
capacities. The expression of virulence factors in the per-ON state makes it
more infective, but at the cost of activation of the immune system. These
different states can be examples of both division of labor and bet-hedging. For
bet-hedging, the stability in expression of the “activated” profile might allow
the pathogen to maintain expression of essential virulence factors during
passage through the intestine and to a new host or a new niche within the
same host. The same can be said for division of labor, as one state is more
suited for chronic infections that may be undetected within the host, while the

other can cause re-current infections due to its increase in infectivity.

7. Conclusion

Heterogeneity in gene expression appears to be a conserved feature across
different bacteria species. The fact that phenotypic heterogeneity can be
selected for heavily suggests that for many pathogens it might be an essential
and under-appreciated virulence strategy.

Treatments of the past, i.e. the use of broad-based antibiotics, have proven

to be less and less effective against recent bacterial outbreaks. Although
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many of these uncontrolled infections are due to the acquisition of resistant
cassettes, this is not always the case. Phenotypic heterogeneity, especially
during biofilm growth, also plays a significant role in chronic and resistant
infections. In addition, small local differences in host tissue environments
could enhance pathogen heterogeneity and can have a major impact on
antibacterial therapies. This problem is amplified by variable drug distribution
and activity in the tissue, different drug sensitivities by the pathogens and
selection of drug resistant mutant variants. Modern medicine has been
focused on personalized medicine of the patient as the future of medicine, but
personalized therapeutics not only based on specific bacterial species and
serotypes but also the specific population dynamics are also essential.

As technology progresses, our ability to track and study the single cell as
well as the entire population dynamic becomes increasingly more accurate.
Recent advances with microfluidics, immunohistochemistry and fluorescent
microcopy at the single cell level, flow cytometry and single cell RNA-
sequencing have given insights about population heterogeneity that was
otherwise unknown only a few years ago [6,8].

One notable example of the importance of technology in uncovering
phenotypic heterogeneity includes the previously described RovA bistability.
The existence of the bistable expression of RovA was theorized mathe-
matically, but was could only be confirmed via the use fluorescence micro-
scopy at the single cell level and flow cytometry [10]. Whole population
analysis of RovA either through qRT-PCR or Western blotting at the bistable
temperatures (30-34°C) would have failed to confirm this heterogeneity.

Furthermore, this heterogeneity was shown to be essential for infection since
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genetic modifications that resulted in a change of the ratio of RovA-ON and
RovA-OFF of the Y. pseudotuberculosis showed that the bacteria which have
a higher RovA-ON population is strongly attenuated in virulence in an
established mouse infection model, very similar to a rovA mutant with only
Rov-OFF cells [10]. This clearly demonstrated that bistability and an optimal
evolved ratio of RovA-ON and RovA-OFF cells is important for an efficient
infection.

In addition, the recent the development of Persister-FACSeq has allowed
for massive and parallel detection and analysis of persister cells within a
population of non-persisters [60]. This allows for identification of the numbers
of persisters in a population, the different mechanisms of persister develop-
ment, and the changes in metabolism and gene expression associated with
this state. In addition, fluorescent reporters for growth combined with
proteomic analysis of different subpopulations have revealed the dynamics of
the persister cell populations for Salmonella residing in macrophages [61].
This technique was also used in order to examine differences in subpopu-
lations of Salmonella in response to ROS stress during infection [62].
Moreover, a single-cell RNA-Seq approach has been established to analyze
the transcriptome of Salmonella and its host when infected with different
numbers and types (growing/non-growing) of bacteria [63, 64].

For more information about different techniques and their uses, Davis and
Isberg offer a more in-depth overview in their review [65]. Several more
examples are also given in to how the advancements in technology have
allowed for new discoveries about heterogeneity and its potential on com-

bating infections. With increases in technology and knowledge about bacterial
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populations, combinations of therapeutics can then be developed to target

these different subpopulations.
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Figure Legends

Fig. 1: Schematic of different forms of phenotypic heterogeneity.

A. Bet-hedging is a strategy in which the benefit of the heterogeneity is not
immediately apparent but depends on the fluctuations in the environment. In
this schematic, the red cell is a slow-growing persister cell while the green
cells are normal growing cells. When antibiotic is added to the population, the
green cells are killed while the red persister cell survives until the antibiotic is
removed. After antibiotic treatment, the red cells can resume normal growth to
re-establish the population consisting once again of both persisters and
normal-growing cells. B. Division of labor occurs when the different sub-
populations perform separate tasks that are either too costly or too inefficient
for the entire population to perform. As an example, cells growing within a
biofilm use division of labor in order to utilize different nutrients. The green
cells, but not the red cells, are able to utilize nutrient A, which produces a
waste product. This waste product can be used by the red cells as a nutrient

source (nutrient B).

Fig. 2: Bistable RovA expression in Yersinia pseudotuberculosis.

The bistable expression of RovA is an example of bet-hedging. A. The
thermo-responsive transcriptional activator RovA positively regulates ex-
pression of its own gene and the primary epithelial invasion factor, invasin, at
25 C. RovA binds cooperatively with high affinity to an AT rich region

upstream of the rovA promoters P1 and P2. At 37°C, RovA undergoes a
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conformational change that leads to a drastic reduction of its ability to bind DN
and renders the protein more susceptible to proteolysis by the Lon protease.

B. When the pathogen is ingested, i.e. early in infection, many RovA" cells
(green) still exist, which bind to and invade M-cells. During the course of the
infection at 37°C, RovA and invasin are downregulated (red cells). Due to the
bistable nature of rovA expression, RovA is synthesized by a small population
of cells, which prepares these cells for the ongoing infection phase, where
open lesions caused by damage to the subepithelial lymphatic tissue of the
ileum allow the bacteria to escape into the lumen leading to re-infection via

invasin.

Fig. 3: Schematic of Shiga toxin production by Escherichia coli.

E. coli cells infected by the Shiga-toxin (Stx) encoding phage are only able to
produce the Stx toxin when the phage is triggered to enter into the lytic phase
(red cells). Under normal conditions, the phage resides in the bacteria in the
lysogenic phase (green cells) until a stress event triggers the lytic phase in a

sub-population of cells.

Fig. 4: Schematic of flagella and Type Three Secretion System 1 (T3SS-1)
expression by Salmonella enterica during infection.

Three different populations of cells exist during a Salmonella enterica infec-
tion: T3SS-1%/flagella”, T3SS-17/flagella® and T3SS-1/flagella. Cells ex-
pressing flagella (green) are able to move to nutrient sources, pass through
the mucus and reach intestinal epithelial cells. In addition, some of these cells

express the T3SS-1 machinery (red), which is used to inject effector proteins
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into the host cell to induce membrane ruffling and uptake of the bacteria. Both
nano-machines are metabolically costly to support and can also trigger the
immune response making these cells more susceptible to being out-competed
or killed by immune cells. However, Salmonella-triggered inflammation bene-
fits the whole population by providing a nutrient, i.e. tetrathionate that allows
the pathogen to outcompete the resident microbiome. The Salmonella can
also use the invading macrophages as a mechanism of transport into deeper

tissues.
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