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Phenotypic variability of growing cellular populations
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The dynamics and diversity of proliferating cellular populations are
governed by the interplay between the growth and death rates
among the various phenotypes within a colony. In addition, epige-
netic multistability can cause cells to spontaneously switch from one
phenotype to another. By examining a generalized form of the
relative variance of populations and classifying it into intracolony and
cross-colony contributions, we study the origins and consequences of
cellular population variability. We find that the variability can depend
highly on the initial conditions and the constraints placed on the
population by the growth environment. We construct a two-pheno-
type model system and examine, analytically and numerically, its
time-dependent variability in both unbounded and population-lim-
ited growth environments. We find that in unbounded growth
environments the overall variability is strictly governed by the initial
conditions. In contrast, when the overall population is limited by the
environment, the system eventually relaxes to a unique fixed point
regardless of the initial conditions. However, the transient decay to
the fixed point depends highly on initial conditions, and the time scale
over which the variability decays can be very long, depending on the
intrinsic time scales of the system. These results provide insights into
the origins of population variability and suggest mechanisms in which
variability can arise in commonly used experimental approaches.
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ellular populations are rarely collections of homogeneous cell

types, even when the cells share the same genetic makeup.
Differences in cell size, growth rate, and morphology are common
and greatly contribute to the overall variability of the population.
Often, these variations are due to stochastic fluctuations that can
occur at many different scales (1-4). For instance, noise contributes
to the traversal of start and progression of yeast cells into the cell
cycle (5) and can limit the precision of circadian clocks (6).
Furthermore, noise plays an important role in determining the
phenotype of cells that exhibit epigenetic multistability. In such
cases, the same set of genes can lead to drastically different
phenotypic expression depending on the current state of the genes.
Epigenetic multistability has been found to play a role in many gene
networks including metabolic systems (7-9) and bacterial persis-
tence (10-12). Similarly, noise also appears to underlie the emer-
gence of neural precursor cells from an initially homogeneous
population during the development of Drosophila melanogaster
(13), and random fluctuations influence the fates of cells infected
with HIV (14).

Noise occurring at both the genetic and molecular level has been
intensively studied in the past few years (1-3, 15-18), and multiple
sources can contribute to the observed variability (19). Researchers
have classified noise into two general classes: intrinsic noise, which
stems from the low numbers of reactants involved in gene expres-
sion and regulation, and extrinsic noise, which arises from all other
sources such as environmental fluctuations (20, 21). Noise in gene
expression can be propagated through network cascades, and the
corresponding amplitude of the fluctuation (as measured by a
protein concentration, for instance) is affected by the details of the
network (22-26). However, variability at the molecular level is often
not the sole consequence of stochastic fluctuations. Genetic noise
can lead to macroscopic level fluctuations of entire cellular popu-
lations because different types of cells usually have distinct re-
sponses to various environments and will therefore have different
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growth rates and survival capabilities (20, 21, 27-29). Additionally,
the switching of individual cells from one epigenetic phenotype to
another can lead to dramatic changes in the overall variability of an
entire population (30). Diversity of cellular populations, as mea-
sured by the overall numbers of specific phenotypes (31-33), is
therefore expected to be affected by the stochasticity inherent to
gene regulation.

In this article, we study the effects of epigenetic multistability on
population diversity. We first introduce a generalized form of the
relative variance (the square of the coefficient of variation), which
is closely related to Simpson’s index (34) and takes into account the
variability both within a single colony and between multiple, distinct
populations. Next, using a two-phenotype community as an exam-
ple, we analytically and numerically investigate the propagation of
the relative variance in different environments. We find that the
variation in a population depends highly on its initial state and
corresponding environments: Different initial conditions result in
permanent differences of variation in unbounded growth environ-
ments, whereas variability arising from initial conditions in growth-
limited environments (such as logistic growth or microfluidic
chemostats) eventually decays away. However, this transient decay
of the variability can occur on time scales that are longer than the
typical duration of many experimental procedures. Furthermore,
the type of growth limitation placed on the population can affect the
final steady-state variability. Therefore, our findings suggest that
care must be taken when designing experiments to measure the
variability of multistable cellular populations. If the transients are
not given a sufficient amount of time to decay or the type of growth
limitation is not taken into account, then conclusions drawn from
such experiments may be faulty.

Results

Generalized Relative Variance. To illustrate the effects of stochas-
ticity on cellular population variability, we examined the simple
two-phenotype community shown in Fig. 1a. Each type of cell can
divide, die, and switch to the other type. We assume that the cells
grow in an idealized microfluidic chemostat-like environment (35)
in which there is a maximum possible number of cells (Nmax, say)
but that the growth rates of the cells are not limited by the overall
population. In such an environment, once the population maximum
is reached, subsequent cellular divisions are still possible, but this
population growth begins to push cells out of the chemostat. To
simulate this, we used a modified version of Gillespie’s algorithm
(36). Each time the total population reached Nmax + 1, one cell
(chosen at random) was taken out of the population. The simula-
tions were run for a finite amount of time, representing six doubling
times of the fastest growing phenotype, which is typical for exper-
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