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n natural habitats, bacteria are often
faced with ﬂuctuating stressful conditions. To enhance ﬁtness in such
environments, identical cells in isogenic populations have the capacity to stochastically differentiate into various
phenotypes with special attributes (1–9).
Stochastic fate determination guarantees
variability because it provides each cell with
the freedom to choose its own fate. This
hedge survival strategy allows the population to continuously deploy specialized
cells in anticipation of possible drastic
changes in conditions. Canonical examples
include transitions into competence (2–9)
and transitions into slow-growing persister
cells (7, 10). Interestingly, although each
cell has the freedom to determine its own
fate, the ratio between the phenotypes is
adjusted to ﬁt the encountered and anticipated conditions. These observations imply that stochastic cell differentiations
are carried out with controlled odds to ﬁt
the needs of the population as a whole.
Cellular capacity to manage the odds entails means to program and regulate the
noise level and means to program the effect of the noise on the gene circuit performance (4–9, 11). Several studies show
that circuit architecture can encode distinct noise behaviors critical for circuit
task performance (3–5, 12, 13).
Motivated by the earlier studies of
Cağatay et al. (13) on architecturedependent noise behaviors involved in
competence differentiation, Kittisopikul
and Süel (14), in PNAS, investigated the
general relations between circuit architecture, noise behaviors, and task performance within the context of feed-forward
loops (FFLs) (15–18). They performed
systematic comparison between the
architecture-dependent noise behaviors of
the eight alternative FFL architectures.
What makes their investigations unique
and the results of special interest is that
they associated the computational analysis
with the 858 documented FFLs in
Escherichia coli that are sorted into 39
categories of biological functions. The
analysis revealed that the FFL noise behavior correlates with biological function.
Being of fundamental biological importance, these relationships may have driven
evolutionary selection of gene network
motifs. If so, this study marks the beginning of a new paradigm in which gene
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Fig. 1. (Top) Native circuit and an alternative artiﬁcial circuit SynEx implementing a negative feedback loop on ComK. (Middle) Cartoon explaining
how the correlation between two FFL regulators A
and B inﬂuence the noise level of C. When A and B
are anticorrelated, one regulator is noisy and the
other is not, distributing the noise over the “on” and
“off” state. When A and B are correlated, the noise
depends on the concentration of regulators, being
high in the “off” state and low in the “on” state.
(Bottom) The eight possible architectures of FFLs.

network architecture, stochasticity, and
schemata of task performance coevolve.
Architecture-Dependent Noise
Genetic circuits with different architectures have been shown to generate similar dynamics and function (13–15). This
poses the fundamental question as to why
a gene circuit of particular architecture is
selected to execute a speciﬁc function
when the same function could, in principle, be done by alternative architectures
(13). To understand how apparently similar circuit architectures can show very
different noise levels, consider the following two simple architectures with different orders of consecutive activation and
repression of genes. (i) Gene A is a repressor of B; B is an activator of C. (ii)
Gene A is an activator of B; B is a repressor of C. Although the two cases have
similar function (anticorrelation between

A and C), their noise characteristics are
different. The core of the matter is the
difference in the stochastic behaviors of
the transcription factors’ (TFs) binding
and unbinding events. Whereas binding
reactions depend on the concentration of
transcription factors, the unbinding reactions are concentration independent (6,
11, 13, 14). Therefore, the two circuits give
rise to different noise behaviors in the
“on” and “off” states of A.
A very interesting example of how a genetic network can harness noise to attend
to its needs is the control of competence
and sporulation in Bacillus subtilis (2–9, 11,
13). In some parts of the network, noise is
undesirable, such as in the commitment to
sporulation. Fluctuations leading to a decision to sporulate at inconvenient times
could have devastating consequences to
the colony; therefore, the system has
evolved to integrate stress signals over
time, ﬁltering out transient activations and
guaranteeing a robust response (11). In
other parts of the network, however, noise
can be ampliﬁed by gene circuits with
special architecture, such as the AbrB circuit discussed further below (11).
The transition into competence requires
noise in the expression of its master regulator, ComK. A positive feedback loop
on ComK is activated when ﬂuctuations
lead its concentration to cross a certain
threshold. By interfering with the active
degradation of ComK by MecA, a peptide,
ComS, linked to the quorum sensing response sets the threshold for self-activation
of ComK (Fig. 1). The noise in ComK expression can induce the system to jump
over an effective potential barrier for the
self-activation of ComK (6) in such a way
that, by regulating the height of the barrier
by ComS, the cell is able to control the
probability of entering a competence cycle.
The exit from competence is regulated by
a negative feedback loop in which ComK
indirectly represses the expression of its
activator, ComS (Fig. 1). Hence, noise levels also regulate the mean time that cells
spend in competence and the cell–cell variability in the competence duration.
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COMMENTARY

Bacteria determine fate by playing dice with
controlled odds

Fig. 2. (Upper Left) Spo0A, AbrB, and Spo0E repress each other in sequence, forming an incoherent
loop. Dotted lines represent transfers of phosphate. This circuit receives stress signals as input and
regulates both competence and sporulation. (Upper Right) The AbrB circuit is coupled with similar circuits in neighboring cells through the secretion of a peptide PhrC, which synchronizes the decision
process throughout the colony (11). (Lower) AbrB circuit can exhibit rich dynamics for implementing
variability in determining cell fate (11).

Cellular processes which are in high demand are regulated by FFLs with high
noise in the ON state, such as anaerobic
respiration. In Fig. 1, we show and explain
the two types of noise behavior for correlated and anticorrelated incoherent
FFL circuits.
To determine whether this oppositenoise behavior among FFLs is of biological
relevance, the authors performed a comprehensive functional analysis of all FFLs
identiﬁed in E. coli. As mentioned previously, the authors provide an explanation of the evolution of network motifs
according to which gene network architecture, stochasticity, and schemata of task
performance coevolve.
It is intriguing to note that the ComK
circuit can be represented as an FFL in
which ComK takes the role of nodes A
and C, whereas node B is ComS in the
native circuit and MecA in the synthetic
one. Thus, the native and the synthetic
circuits correspond to the anticorrelated
and correlated FFLs, respectively, in
agreement with the noise behaviors of the
four circuits.

Architecture, Noise, and Task
Performance
Recently, Cağatay et al. (13) showed that
the architecture of the competence circuit
determined the circuit susceptibility to
noise and its task performance. The authors devised an elegant setup in which the
native negative feedback circuit involving
repression of ComS is replaced with an
engineered synthetic one shown in Fig. 1.
They found that, although the competence
dynamics of the native and “synthetic”
cells were similar, the native population
exhibited higher cell–cell variability in
competence durations, which allows efﬁcient response over a broader range of
environmental conditions. These ﬁndings
support the idea that environmental constraints can select for speciﬁc architectures of gene regulatory circuits, based on
noise requirements for the circuit task
performance.
Intriguingly, the regulatory circuit of the
meiotic master regulator Ime1 is similar
to the synthetic circuit engineered by
Cağatay et al. (13). It is conceivable that

such architecture has been selected to regulate meiosis, to limit cell–cell variability
in meiosis differentiation (19). Like sporulation, the meiosis commitment is not reversible, and thus the decision to enter
meiosis at the wrong time can be harmful.
Circuit Architecture, Noise, and Task
Performance in Feed-Forward
Loops (FFLs)
FFL motifs are abundant in nature, and
examples of all possible architectures have
been identiﬁed and shown to regulate
a multitude of cellular processes in a diverse range of organisms ranging from
bacteria to human cells (16, 17).
The prototypical FFL has three nodes
(genes): input node A, intermediate node
B, and output node C. Analysis of all eight
possible FFL architectures showed that,
despite their topological diversity, FFLs
exhibit only two classes of noise behavior
dependent on the correlation between
nodes A and B. Rare events are regulated
by FFLs with high noise in the OFF state,
such as the transition into persister cells.
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Looking Ahead
Specialized gene circuits have evolved to
coordinate the decision-making between
different individual cells, such as the quorum sensing and the Rap systems which
control sporulation and competence transitions (11). One fascinating example is the
AbrB decision-making circuit shown in
Fig. 2, which has a surprising dual role as
noise ampliﬁer and cell–cell coordinator
(11). The existence of many sophisticated
circuits that incorporate cell–cell communication in the fate decisions of individual
cells might suggest metaevolution of
decision-making and communication circuits architecture, noise, and function.
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