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Abstract

Phenotypic diversity helps populations persist in changing and often unpredictable environments.
One diversity-generating strategy is for individuals to switch randomly between phenotypic states
such that one subpopulation has high fitness in the present environment, and another
subpopulation has high fitness in an environment that might be encountered in the future. This sort
of biological bet hedging can be found in all domains of life. Here we discuss a recently described
example from the bacterium Escherichia coli. When exposed to both oxygen and trimethylamine
oxide (TMAO), £. coli hedges its bets on the possibility of oxygen loss by generating high cell-to-
cell variability in the expression of the TMAO respiratory system. If oxygen is rapidly depleted
from the environment, only those cells that had been expressing the TMAO respiratory system at
high levels can continue to grow. This particular bet-hedging scheme possesses some unusual
characteristics, most notably the decoupling of gene expression noise from the mean expression
level. This decoupling allows bacteria to sense oxygen and regulate the amount of variability in
TMAO reductase expression (that is, to turn bet hedging on or off) without having to adjust the
mean TMAQO reductase expression level. In this review, we discuss the features of the TMAQO
signaling pathway that permit the decoupling of gene expression noise from mean and the
regulation of bet hedging. We also highlight some open questions regarding the TMAO respiratory
system and its regulatory architecture that may be relevant to many signaling systems.
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Introduction

Survival in an uncertain world requires adaptability and anticipation, the complementary
abilities to respond to and prepare for change. Bacteria, like all organisms, possess these
capabilities. Bacterial adaptation has long been appreciated, and our understanding of how it
occurs has greatly increased over the last several decades with the help of single-cell studies.
The analysis of properties such as gene expression status, physiological state, and protein
localization in individual cells in a population has revealed numerous examples of
phenotypic diversification—the manifestation of more than one phenotype across a
population of genetically identical cells. In many cases such cell-to-cell variability appears
to function as a kind of bacterial “anticipatory behavior” in which a diverse population is
more likely to contain individuals that can survive a sudden change in the environment than
a homogeneous population (Freddolino and Tavazoie 2012; Ackermann 2015). We recently
showed that Escherichia coli cells anticipate a rapid decrease in oxygen availability by
randomly pre-inducing expression of the trimethylamine oxide (TMAO) respiratory system
(Carey et al. 2018). The mechanism through which cell-to-cell variability in TMAO
reductase expression is generated allows the variance in expression to be regulated
independently from the mean and involves the propagation of molecular noise through a
signal transduction pathway.

Playing the Odds

Anticipatory phenotypic diversification is commonly known as bet hedging. A population
that hedges its bets protects itself against unpredictable future events by harboring
individuals that are optimally adapted for life in an environment to which the population
may be exposed in the future rather than the environment to which it is exposed at present
(de Jong et al. 2011; Norman et al. 2015; Martins and Locke 2015). The maladapted
individuals suffer reduced fitness as long as the phenotype/environment mismatch persists.
However, should the population experience a rapid environmental shift, those individuals
that had been preadapted to the new environment can thrive even though the rest of the
population suffers. This strategy allows the population to survive chance events that, because
of their rapidity or severity, would be difficult to contend with by post hoc adaptation. There
are specific quantitative requirements that must be met for a behavior to conform to the
formal mathematical definition of bet hedging, but very few experimental studies in
microbiology have included sufficient analysis to fulfill this definition (Philippi and Seger
1989; de Jong et al. 2011; Simons 2011; Viney and Reece 2013; Grimbergen et al. 2015).
Informally, then, the term “bet hedging” is often used to describe behavior that appears to be
qualitatively consistent with the formal definition even when a complete quantitative
analysis has not been performed.

Bet-hedging behaviors in bacteria can be roughly placed into two categories, bimodal or
unimodal, by the pattern of phenotypic diversification exhibited by a population. In the
bimodal pattern the population bifurcates into subpopulations with distinct phenotypes,
whereas in the unimodal pattern the population exhibits a broad distribution of phenotypes
that does not resolve into clearly demarcated subpopulations (Garcia-Bernardo and Dunlop
2016). Examples of the bimodal pattern include sporulation (Veening et al. 2008) and
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competence (Maamar and Dubnau 2005; Smits et al. 2005) in Bacillus subtilis, persister cell
formation in E. coli (Balaban et al. 2004; Horak and Tamman 2017), and stringent response
activation in Mycobacterium smegmatus (Sureka et al. 2008). Fewer examples of the
unimodal pattern have been described, but these include transient antibiotic resistance
(Meouche et al. 2016) and antibiotic-induced acid resistance (Mitosch et al. 2017) in £. coli.
It is worth noting that the distinction between these patterns is not always clear, as
categorization depends to some extent on what variables are used to assess phenotype. In
addition, random switching between phenotypes can produce either a bimodal or unimodal
distribution, depending on how long an individual and its offspring occupy each phenotype
before switching to the other; low-frequency switching leads to a bimodal distribution and
high-frequency switching leads to a unimodal distribution (Thomas et al. 2014). Random
switching between phenotypes is a very common feature in bacterial bet-hedging strategies
but is not required. Asymmetric cell division, for instance, can generate subpopulations that
are differently fit in different environments (Ratcliff and Denison 2010).

Several excellent reviews have been published containing much more in-depth treatments of
bet hedging in general (see, for instance, Grimbergen et al. 2015, Simons 2011, de Jong et
al. 2011, Philippi and Seger 1989, and Childs et al. 2010). Here we focus on a specific
system in £. colithat we have shown can allow a population of aerobically growing cells to
hedge its bets on a rapid transition to anoxic conditions (Carey et al. 2018). This system
enables the use of trimethylamine oxide (TMAO) as a terminal electron acceptor for
respiration and is encoded by the forCAD operon (Méjean et al. 1994; McCrindle et al.
2005). TMAO respiration has a much lower energetic yield than aerobic respiration, so the
observation that forCAD is expressed in the presence of oxygen—and at roughly the same
mean level as in the absence of oxygen—was surprising (Ansaldi et al. 2007), especially
considering that no other alternative respiratory system in E. coli is known to be
significantly expressed during aerobic growth. Curiously, although oxygen does not affect
mean forCAD expression, it does affect the variance around the mean (Roggiani and
Goulian 2015). In the absence of oxygen individual cells all express forCAD at
approximately the same level, but in the presence of oxygen torCAD is expressed with
exceptionally high cell-to-cell variability. This variability features a high switching
frequency and follows a broad, unimodal distribution as described above. When an
aerobically growing population is shifted to an anaerobic environment, only those cells with
high torCAD expression at the time of the shift continue to grow anaerobically—a behavior
consistent with bet hedging (Carey et al. 2018).

Sensing and Signaling

TMAO activates transcription of the torCAD operon through a signaling system consisting
of three proteins: TorT senses the presence of TMAO in the periplasm, TorS transmits this
information across the cell membrane and phosphorylates TorR, and phosphorylated TorR
activates transcription from the forCAD promoter (Figure 1) (Simon et al. 1994; Baraquet et
al. 2006). The TorT/TorS/TorR system belongs to a class of regulatory systems called two-
component systems. As with TorT/TorS/TorR, many of these systems have more than two
components, but the name stems from the shared core architecture of a histidine kinase (in
this case, TorS) that phosphorylates a response regulator (TorR), which then goes on to
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effect some physiological change, usually by regulating gene expression. In the TorT/TorS/
TorR system, signal sensing and transduction across the membrane are relegated to different
proteins (TorT and TorS, respectively) that function as a complex. A cell’s responsiveness to
TMAQO depends on the abundance of TorT and TorS such that a cell with an excess of TorT
relative to TorS fully activates forCAD transcription, while a cell with an excess of TorS
relative to TorT responds weakly, if at all, to the presence of TMAO (Roggiani and Goulian
2015). The sensitivity of the system output (forCAD transcription) to the relative amounts of
TorT and TorsS is significantly enhanced by the bifunctionality of TorS: in the absence of
TorT-TMAO stimulation, TorS is not simply inert. Instead, it dephosphorylates TorR,
thereby shutting off forCAD transcription (Figure 1) (Ansaldi et al. 2001). Many histidine
kinases can receive signals from multiple sources, and there is at least one protein other than
TorT that feeds information to TorS and regulates its activity. This secondary signal comes
from TorC, the cytochrome component of TMAQ reductase. TorC requires heme cofactors
(Méjean et al. 1994; Sanders et al. 2010), and if lacking these cofactors it interacts with TorS
and prevents it from phosphorylating TorR, thereby blocking further expression of forCAD
and negatively regulating its own expression (Figure 1) (Ansaldi et al. 1999; Gon et al.
2001).

Bifunctionality of histidine kinases is extremely common in two-component systems, with
the histidine kinase dephosphorylating its cognate response regulator in the absence of an
inciting signal (Gao and Stock 2009). Two opposing reactions, the phosphorylation and
dephosphorylation of the response regulator, are thus carried out by a single enzyme, with
the direction of the reaction being dictated by information received (or not received) by the
sensor domain(s) of the enzyme. Because the TorT/TorS/TorR system assigns sensing to one
protein subunit (TorT) and signaling to another (TorS), the ratio of TorT to TorS molecules
in a cell sets the net direction and rate of TorR phosphorylation in a TMAO-replete
environment. While most multiprotein complexes in bacteria are encoded in operons, which
provide transcriptional coordination of the various subunits, TorT and TorS are encoded by
genes independently transcribed from separate promoters (Figure 1). This decoupled
transcription enables transcriptional noise to influence the ratio of TorT to TorS and is
critical for the generation of highly variable expression from the torCAD promoter.

Harnessing Noise

Biological noise can be loosely defined as random variability in a biological process
originating in the intrinsic random behavior of molecules (Balézsi et al. 2011; Bidnenko and
Bidnenko 2018). Our model of the TorT/TorS/TorR system posits that cells harness
transcriptional and partitioning noise in TorT and TorS to generate and regulate the high
cell-to-cell variability in forCAD expression that permits bet hedging (Carey et al. 2018). To
generate variability during aerobic growth, cells express TorT and TorS at exceptionally low
levels so that noise in the ratio of TorT to TorS leads to considerable fluctuations in the
extent of TorR phosphorylation and results in noisy forCAD expression. To generate uniform
torCAD expression when oxygen is absent, cells need only increase the expression of TorT
and TorsS to levels where gene expression noise and random partitioning have a negligible
effect on the TorT-to-TorS ratio. Published reports indicate that the average number of TorT
and TorS proteins per cell is indeed very low, with only a few copies of each present during
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aerobic growth (Taniguchi et al. 2010; Li et al. 2014). We have shown that transcription of
torTand forS increases during anaerobic growth (Carey et al. 2018), which implies a
correlative increase in the number of TorT and TorS proteins. The system appears to be
organized such that increased anaerobic expression sufficiently increases mean TorT and
TorS levels to where transcriptional and/or partitioning noise no longer contribute much to
the output, leading to uniform expression of forCAD.

That noise in MRNA and protein levels decreases as the mean increases is a phenomenon
well supported by theory and experiment (Ozbudak et al. 2002; Elowitz et al. 2002; Paulsson
2004; Bar-Even et al. 2006; Dar et al. 2016). Noise can therefore readily be modulated by
changing mean expression. However, regulating noise independently from the mean requires
more effort, and £. coli appears to have achieved this for forCAD by placing the important
source of noise upstream from torCAD in the signaling pathway. Cells can regulate noise in
TorT and TorS levels by regulating mean for7 and forS transcription, and our model is that
this noise reaches the torCAD promoter via the TorT-to-TorS ratio without direct regulation
of mean torCAD expression being necessary. We were able to show that mean for7and forS
expression is regulated by oxygen through the transcription factor IscR, which binds to a
shared regulatory site between the genes and represses their transcription (Figure 1) (Carey
et al. 2018). IscR levels are oxygen-sensitive, with the concentration of IscR higher in
aerobic conditions than in anaerobic conditions (Giel et al. 2006; Giel et al. 2013; Mettert
and Kiley 2014). When IscR is more abundant, for7and forS are more repressed, which
leads to increased noise in the relative levels of TorT and TorS.

Perspectives

The mechanism we have described can account for a decoupling of the control of variance
from control of the mean, but it does not explain why mean forCAD expression does not
significantly change between aerobic and anaerobic conditions. This phenomenon could
emerge spontaneously from the properties of the known regulators, or there could be
additional layers of regulation that are actively involved in holding the mean steady. This
question has been outstanding since our first description of oxygen-dependent variability in
torCAD transcription (Roggiani and Goulian 2015), but it has been made all the more
intriguing by our observation that the threshold for growth upon a transition to anaerobiosis
aligns very closely with the population mean (Carey et al. 2018). The threshold for growth
also closely matches the mean level of anaerobic forCAD expression, implying that in
anaerobic conditions cells synthesize the minimal amount of TorCAD that they need to carry
out respiratory growth. If this is true, why do aerobic cells transiently express forCAD at
levels much higher than the mean? Perhaps this extremely “bursty” expression pattern
reduces the fitness cost of aerobic forCAD expression in some way we have not yet been
able to detect.

We presume that there must be a fitness cost associated with aerobic forCAD expression or
else its expression would be unregulated. However, none of our efforts have revealed such a
cost. Fitness is a measure of reproductive success, and in laboratory studies of bacteria
growth rate is a convenient measure of fitness. Neither direct measurements of growth rate
nor co-culture competition experiments revealed convincing evidence that growth rate is
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negatively affected by aerobic torCAD expression—even if we force the expression of
torCAD in the absence of TMAO. However, there are two major limitations of laboratory
fitness experiments. First, the sensitivity to small fitness differences is poor. Small
differences that are very important over long, evolutionary time scales may be undetectable
over the short duration of laboratory experiments. Executing long-term fitness experiments
in the lab also presents its own set of challenges, both practically in terms of the time
required and, more significantly, as bacteria readily evolve to adapt to growth in the lab
setting (Wiser et al. 2013), easily obscuring the phenotype that was originally under study.
Second, we can never know what environmental pressures shaped the evolution of the
regulatory system that generates variable torCAD expression, and we can only guess at what
laboratory conditions would most closely approximate the conditions in which such
behavior occurs in nature. In short, lack of laboratory evidence of a fitness cost is not
evidence against the existence of a fitness cost.

Furthermore, bet hedging and its associated fitness costs may only be part of the story.
Phenotypic diversity in microbial populations is associated with a kaleidoscope of social
behaviors (West et al. 2006). It may be the case, for instance, that aerobic TMAQ reduction
is altruistic, meaning that it exerts a toll on the individual cell performing the reaction but
benefits the population as a whole. It has been reported that aerobic TMAQ reduction can
protect a growing population against acidification of the growth medium (Bordi et al. 2003;
Ansaldi et al. 2007). This phenomenon is consistent with altruistic behavior, wherein some
cells in the population transiently take on the burden of producing trimethylamine (the
product of TMAQ respiration) and, by doing so, help the entire population by counteracting
acidification.

As illustrated by these comments, there are still many specific aspects of TMAO respiration
and its regulation that are open for exploration. Taking a wider view, the mechanism in this
system that allows cells to regulate gene expression noise independently from the mean may
well be a general scheme found in signaling network architectures. Only a few features seem
to be required for producing this behavior: the system output should depend on the relative,
not absolute, abundance of two proteins, and the mean expression levels of those two
proteins should be regulated such that the low end of the range is in the high-noise domain.
This architecture as it occurs in the TorT/TorS/TorR system appears to enable a bet-hedging
strategy, but it could be useful in many other systems in which regulating phenotypic
diversity is desirable. With genetic tools becoming increasingly sophisticated and single-cell
studies becoming increasingly common, we expect we will soon be learning of other
fascinating contexts in which biology has employed this mechanism.
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Fig. 1.

Regulation of the trimethylamine oxide (TMAQ) respiratory system in £. coli. TorT detects
TMAO in the periplasm and causes TorS to phosphorylate TorR. Phosphorylation of TorR
requires a three-step intermolecular phosphorelay (not pictured) between the subunits of the
TorS dimer before the final phosphotransfer to TorR (Jourlin et al. 1997; Ansaldi et al.
2001). Phosphorylated TorR activates transcription of the torCAD operon, which encodes
the TMAO reductase complex TorCA. TorD is a chaperone for TorA maturation and export
to the periplasm (Pommier et al. 1998; llbert et al. 2003; Jack et al. 2004). TorCA catalyzes
the terminal reduction step of TMAO respiration, converting TMAO into trimethylamine
(TMA). TorS dephosphorylates TorR-P when not interacting with TorT-TMAO, thereby
deactivating forCAD transcription. Expression of forR is negatively autoregulated by both
phosphorylated and unphosphorylated TorR (Ansaldi et al. 2000). TorC also participates in
negative autoregulation, with apoTorC (the immature form lacking its heme cofactors)
inhibiting TorS and preventing TorR phosphorylation. Transcription of forSand forTis
repressed by the transcription factor IscR, which is more abundant in aerobic conditions
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