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Classically, transcription is regulated so that the average expression per cell changes, often with a distribution that extends
across the population. Roggiani and Goulian (M. Roggiani and M. Goulian, J. Bacteriol. 197:1976 –1987, 2015, doi:http://dx.doi
.org/10.1128/JB.00074-15) have shown that this is what happens when the torCAD operon of Escherichia coli is induced anaero-
bically by the addition of trimethylamine-N-oxide (TMAO). However, when the same inducer is added to aerobically growing
cells, only a subset of the cells respond, although the mean expression per cell is similar to that obtained anaerobically. Thus, in
the presence of oxygen, the variance but not the expression mean is altered. The regulation of gene expression variance appears
to be due to noise in the phosphorelay that governs torCAD transcription.

Bacteria respond to environmental signals by a variety of mech-
anisms, most commonly adjusting the transcriptional output

of appropriate genes in appropriate ways. The classical Escherichia
coli lacZ paradigm made satisfying sense; in response to the pres-
ence of a delicious sugar, the bacteria (all of them in the popula-
tion), transcribe the genes that make the utensils needed for din-
ner. The prescient study by Novick and Weiner (1) alerted us to
interpret ensemble measurements carefully because they can hide
dramatic heterogeneity on the single-cell level, even in the “sim-
ple” lacZ system. It is now widely appreciated that the randomness
of chemical interactions can be harnessed to produce important
cell-to-cell phenotypic divergence, and so, populations of bacte-
ria, like people, live in an Orwellian world in which not all cells are
equal. Phenotypic heterogeneity in clonal populations of bacteria,
when coupled with the appropriate circuitry (notably, positive
feedback) can cause these populations to bifurcate into subpopu-
lations with dramatically different gene expression profiles. The
various developmental states of the Gram-positive model organ-
ism Bacillus subtilis provide several well-studied examples of this
during the development of biofilms, spores, genetic competence,
and the reversible transitions between motile and chained sessile
cells (2, 3). As noted above, the stochastic nature of chemical in-
teractions, e.g., the encounters of promoters with cognate tran-
scription factors, lies at the root of these divergences in gene ex-
pression, and it is intuitively obvious that the importance of this
“noise” is inversely related to the abundance of the interactants. In
other words, when a transcription factor is present in very few
copies per cell, the phenotypic consequences of cell-to-cell varia-
tion in its productive binding to a promoter may become more
important than it would if the factor were abundant.

The divergence of populations into subtypes is likely to be
adaptive. A good example is the occurrence of antibiotic-tolerant
subpopulations, so-called persister cells, which are widely consid-
ered to represent a bet-hedging strategy that prepares clonal pop-
ulations for encounters with toxic chemicals and possibly other
insults. And so, it must be that the mechanisms that produce these
divergent subtypes are subject to selection, leading to the conclu-
sion that the magnitude of gene expression noise must itself
evolve. Such considerations have led to important theoretical in-
vestigations of the selective pressures that adjust the proportions
of, for example, persister cells (for example, see reference 4).

In this issue, Roggiani and Goulian (5) report an unanticipated
wrinkle in all of this. They have discovered that, in response to

oxygen, E. coli adjusts not the average transcription level per cell of
an operon that encodes trimethylamine-N-oxide (TMAO) reduc-
tase but rather the variance of expression. In other words, cell-to-
cell variation is regulated in response to oxygen availability.
TMAO reductase is encoded by the torCAD operon, which is
switched on by the phosphorylated form of TorR, a response reg-
ulator protein. TorR-P is produced by a phosphorelay involving
TorS, a hybrid transmembrane sensor kinase with three phos-
phorylation sites and the periplasmic protein TorT, which binds
to and responds to the presence of TMAO (6, 7). As a result, the
system is off when TMAO is absent and on when it is present, in
which case this molecule can serve as an alternative to oxygen for
respiration. There are other systems in which alternative electron
acceptors are induced when conditions are appropriate, and these
conditions usually involve the absence of a preferred acceptor,
usually oxygen. But not this system, because torCAD is induced by
TMAO even under oxic conditions and to about the same extent
as during anoxia when the population average is measured with a
lacZ reporter (8). However, Roggiani and Goulian have now
found that, on the single-cell level, the heterogeneity of torCAD
transcription was high in the presence of oxygen, while the popu-
lation distribution of gene expression was relatively narrow in its
absence. (The authors measured the standard deviation divided
by the mean of the distributions, a widely used metric of hetero-
geneity.)

When two copies of the torCAD promoter were fused to two
fluorescent protein variants in the same cells, a strong correlation
of their expression levels was observed, indicating that the noise-
generating apparatus was operating in trans. When TorT and TorS
expression levels were increased artificially or when a torR mutant
that did not require phosphorylation was introduced, cell-to-cell
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variation was similar to the level observed in the absence of oxy-
gen. These clever experiments strongly suggest that the source of
variation resides in the phosphorelay. This is reminiscent of the B.
subtilis Spo0A-P phosphorelay, which has been described as a
noise generator (9).

Many questions remain, as usual. How does cell-to-cell varia-
tion in torCAD transcription affect protein levels? How do the cells
sense oxygen, and how does the regulation of heterogeneity work?
Is it via control of TorS and TorT levels? And then the ultimate
question that motivates us as biologists is: what is it for? Why has
the system evolved in this way? What is the advantage of increasing
heterogeneity when oxygen is around? Interestingly, the total cost
of expressing the tor operon is about the same in the presence or
absence of oxygen. But when oxygen is present, only some cells
carry the burden. Is this a bet-hedging strategy, as is often sug-
gested in such cases, or is something else going on here? It makes
sense that under conditions of anoxia and in the presence of
TMAO, all of the cells express torCAD because only in this way can
each cell enjoy the derived benefit. But perhaps under oxic condi-
tions, the reduction of TMAO serves a public function. As Rog-
giano and Goulian point out, it has been suggested (8) that trim-
ethylamine may serve to reduce environmental acidification. The
cost of this mutually enjoyed benefit might be borne by a few
altruistic cells.
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