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Abstract

Many cellular processes require decision making mechanisms, which must act reliably even in the unavoidable presence of
substantial amounts of noise. However, the multistable genetic switches that underlie most decision-making processes are
dominated by fluctuations that can induce random jumps between alternative cellular states. Here we show, via theoretical
modeling of a population of noise-driven bistable genetic switches, that reliable timing of decision-making processes can
be accomplished for large enough population sizes, as long as cells are globally coupled by chemical means. In the light of
these results, we conjecture that cell proliferation, in the presence of cell-cell communication, could provide a mechanism
for reliable decision making in the presence of noise, by triggering cellular transitions only when the whole cell population
reaches a certain size. In other words , the summation performed by the cell population would average out the noise and
reduce its detrimental impact.
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Introduction

Genetically identical cells may exhibit diverse phenotypic states
even under almo st identical environme ntal conditions. An ext reme
exa mple of this fact is pr ovided by genetic switches, which can
operate in one of two or more sta tes that coexist. Such genetic
switching is the basis of man y cellular decision-makin g processes,
including differentiation , whereby cells cha nge the ir sta te when
dri ven sufliciently beyond a certain thresho ld . A dri ving source for
such processes migh t be in the form of enviro nme ntal signals.
However, switching can also occ ur cell-auto nomously, when
dri ven by stochastic fluctua tions that un avoidably affect cellular
behavior. In fact, noise is ubiquitous in gene expression [1,2,3,4]
and frequently cannot be neglected . Recen t studies have indeed
shown that suflicient amo unts of noise are able to induce frequen t
jumps between coex isting sta tes in genet ic switches [5] _ These
results open up the question of how cells can make decisions
reliably in the presence of noise.

Here we study the possibility that cell-cell co upling can provide
a mechan ism for enha nc ing the reliability of cellular decision
making du e to noise. Such a constructive role of cou pling has
alrea dy been discussed in the context of genet ic oscillatio ns in
multicellular clocks [6,7,8]. In that case, precision enha nce me nt
arises from the synchronization of oscillations ac ross the
popu lation , and is the refore associate d with a homogeneous
behavior of the cells. H ere we discuss, on the othe r hand, a
situation in which heterogeneity is preserved, but the decision
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makin g process is never theless reliab le. A the oretical basis for these
ideas has been established in genera l non linear stochastic models,
whe re noise is known to be tuna ble through the size of the system,
decreasing as the number of cou pled elem en ts increase [9] . T aking
into acco unt that cell popula tion s increase the ir size auto no mo usly
(provided that suflicient nutrients are ava ilable and no growth­
arrest signals are presen t), one can envisage a mechanism thro ugh
which popu lation s of cells self-or ganize into a m inimum system
size above which fluctuations are sufliciently small to allow a
certain cellular beh avior to arise. For pop ula tion sizes below that
critica l value , commitme nt to a given cellular sta te would not ta ke
place du e to the presence of an un acceptab le amo unt of noise.

The mechanism outline d above requires a mean s of cell-cell
communication in the grow ing cellular popu lation . Eukaryotic
cells, specially tho se forming par t of multicellular or ganisms, have
multiple ways to communicate; here we conce nt rate, for the sake
of simplicity, on prokaryo tic cells. Bacteria , for instan ce, have a
mechanism of chem ical communication [10] that relies on the
excha nge of small signaling molecule s. These molecule s, known as
auto inducers (AI), freely diffuse through the cell mem br an e and
are the reby shared by all cells in the popula tion . Bacteria can thus
use the ex ternal ba th of AI molecules as a way of moni toring the
density of cells in the ir sur rounding. Such qu orum sensing
mechanism is used for instance by Vibrio fischeri, a bioluminiscent
symbiotic bacterium that colonizes the light organ s of certa in types
of fish and othe r mari ne species [ I I]. The V.jischeriLuxIR circuit
has been used to build synthetic gene circuits, such as one
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Results

The parameters cx , and CX2 determ ine the expression strength of
the toggle switch genes, while CX'! represent s the acti vatio n of u from
prom oter P,. The expression of the lux gene w is measured by
par ameter CX4. T ime has been rescaled by the lifetime of u and v,
assumed equa l. The paramete r E measure s the ra tio between the
lifetimes of the toggle -switch genes and the auto inducer, and is
assume d to be small. T his separates the dyna mic s of the cells into
two very different time scales, with fast dynamics of u, v and We and
slow dynami cs of w. The dynami cs of the auto inducer (investigated
in detail in [15]) in tro duces an additional feedbac k loop into the
togg le switch and can lead to oscillatory behavior even in isolated
cells [15]. The cou pling coefficients d and dedepend mainly on the
diffusion of the AI through the cell membran e. O ne can
biologically manipulate the rele vant par ameters by cont rolling
e.g. the number of plasmids per cell, pr otein decay rate or pH of
the solution etc., which ena bles experime ntal control of the circuits
dynami cs. Stocha sticity in gene expression is in trod uced in the
autoinducer equation by an add itive noise source ~lt), which is a
Gaussian white no ise with zero mean and correlation
given by < ~i( t)~j( 1') > = (J~ (jij (j (t - 1'). Adding the noise source
to u, and Vi lead s to the same results as those shown in what follows
(results no t presen ted her e).

where the subindex i denotes the cell number , with N being the
total number of cells. The activ ity of the pr omoters PI, P2 and P,
described by the H ill functions f(v) , g(u) and h(w), respectively,
defined as:

Controlling cellular decision making via population
growth

First we ana lyze the situa tion in which the circuits operate in a
bistab le regime. This mean s that, in the unrealistic assumption
that noise is no t pr esen t, the conce nt rations of the observed
proteins have one of two possible values. No ise, however, induces
frequent jumps between the two stable conce ntration levels [5] and
preven ts the cell fro m ma king any stable decision between the two
cellular sta tes. Suc h a situation is shown in the upp er left pan el of
Fig. 2 for two cou pled cells.

W e note that co upling in this system does not pr od uce
synchronization of the toggle switch dynamics becau se it act s
inco herently with respect to it (compare the type of regula tion of
promoters PI and P" the former being inhibitory and the la tter
activatory of u expression). This type of co upling is par tially phase
rep ulsive, promoting synchroniza tion between two co upled
eleme nts only if they are close in ph ase space, and repulsion

(I)

Cell 1

v - - - - -
t P2

genev~

T_

perfor ming pro grammed pop ula tion control [12], and has been
proposed as a method to obta in synchronization of genetic
oscillators [7, 13] .

Here we study how the interplay between noise, pop ula tion
growth and cell-cell cou pling co ntrols the dynamical behavior of a
populatio n of coupled genetic relaxators. These genetic circ uits
can exhibit bistab le or oscillatory behavior when in isolation . O ur
results indica te that cell growth leads to reduction of noise (see also
[14]) and appeara nce of clustering of the oscillators in the
population , that can be inte rp rete d as decision makin g. This
mechan ism wor ks both when cells exhibit bistab le or oscillatory
behavior in the absence of noise, which evidences the generality of
the phenom en on repor ted .

Methods

Structure of the model
\ \le conside r a m odel, prop osed in R ef. [15] that describes a

populatio n of syn the tic gene relaxator oscillators coupled via
quoru m sensing. The un derlying gen et ic circu it (Fig. I) contains a
togg le switch com posed of two gen es u an d v that inhibit eac h
other, by repressing tra nscription from the ir respective pr om oters
PI and P2. T his circu it is known to lead to bistab le behavior [16].
Prom oter P2 also dr ives the expression of a thi rd gene w
(corr esponding to the luxI gene in the V. fischeri quoru m sensing
system) that synthesizes a small auto inducer molecule, which is
able to diffuse in and out of the cell. The autoinducer act ivate s
tra nscriptio n of pr om oter P'!. Placing a second copy of the u gene
under the contro l of this pr om oter pro vides both an additional
feedbac k loop to the toggle switch, and a mechanism that co uples
the switch to all cells in the population via quoru m sensing.

The time evolutio n of the pr oteins involved in the genet ic circu it
represen ted in Fig. I can be described by the following
dim ension less equations:

Figure 1. Simplified scheme of a genetic network in the frame
of one cell. Mutually repressing genes u and v form a toggl e switch.
Membrane diffu sion of an autoi nducer molecule, denot ed as w,
provides intercell coupling.
doi:10.1371/journal.pone.0004872.g001
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whe re N j is the number of j umps above a certain thresho ld (here
set to 1.5) for the i-th oscillator, in a given cell cycle, and N is the
number of cells at that cell division round. A value of this order
par ameter approaching zero mean s that the re exists eithe r one or
several stable clusters. The dependen ce of] on the pop ula tion size
N is shown in the bottom left panel of Fig. 3. The number ofj umps
per cell cycle for small N dep ends on the noise level; in our case the
amplitude s of the fluctuation s are such that each cell jumps more
than twice between steady states every cell cycle. An increase in
the pop ula tion size (and , correspo nding ly, a decrease in the noise
level) lead s to a clearcu t red uction of the occurrence of noise­
ind uced j um ps, reach ing a pla teau at ] - 0.3, in whic h the re is only
approximately one j ump on average in every th ree cell cycles.

of two ini tial cells, which gro ws un til N= 128. The conce nt ration U;

is plotted for every oscillator in color scale, with blu e (red)
represen ting a low (high) pro tein level. Initially the two cells exhibit
noise-indu ced jumps (see also the top left panel in Fig. 2). As the
cell popula tion grow s in size, the no ise levels are reduced and the
frequenc y of jumps also decreases, unt il all cells eve nt ua lly get
stuck in one of the two states. As a result , two approximately
stationary cell clusters appear for a large enough size. This ca n be
explained by the fact that effect ive noise in the system decreases
with the pop ula tion size as 1/"fR.

T o qu an tify how the decision-making dynamics cha nges as the
pop ulation size increases, we define an orde r par ameter , ] , as the
nor malized nu mber of jum ps between the two stable states:

2

2

1000 2000 3000 4000 5000

Figure 2. Time series for different number of cells with fixed
noise intensity (,,-aZ = O.OOZ). The dynamics of U is plotted for different
cells in different colors. From top to bottom, and from left to righ t :
N = 2, 70, 30, 50, 500, 7000. The parameters are chosen so that cells are in
th e bistab le reg ime: (1,= 2, (12 = 4, (13 = 2, (14 = 7, {3 = y = 3, 1) = 7, £= 0.0 7,
d=0.03 and de= 7.
doi:10.1371/journal.pone.0004872.g002
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Figure 3. Top: population growth leads to restoration of
bistability hidden by noise. The cell cycle duration is T= 700 . The
concent ratio n u, of th e corresponding cell (from N = 2 to 728) is color­
coded (see color bar on the righ t). Bottom left: average number of
ju mp s per cell versus popu latio n size. Bottom left : fractio n of cells that
perfor m at least one ju mp between two states versus populatio n size.
Parameters are (1, = 2, (12 = 4, (13 = 2, (14 = 7, £= 0.0 7, d=0.03, de= 7 and
,,-/=0.002.
doi:10.1371/journal.pone.0004872.g003

otherwise. Thus, in ter-cell co upling does not have a dynamical
effect on the bistable regime of the isola ted cells. Its only influen ce
reveals itself in an effecti ve red uction in noise levels, similar to
what has been rep or ted in gene ra l mod els of nonl inear stochastic
systems [9]. Figure 2 shows the effect of inc reasing the size of the
population of co upled cells. As the system size increases, the
amo unt of fluctua tion s in eac h cell is effect ively red uced , whic h
decreases the frequency of noise-ind uced jumps between both
bistabl e sta tes. For a lar ge eno ugh pop ulation size, all cells are
stuck in one of the two states, and two sta tionary clusters of cells
eme rge . Only sm all per cen tage of the cells « 2 %) exhibit rar e
no ise ind uced j umps.

The previous results show that in a pop ula tion of bistabl e
switches under the influ ence of no ise, robu st decisions cannot be
mad e unless the noise levels are red uced suflicien tly so that
fluctua tion s ca nnot induce j umps between both states, whic h ca n
be accomplished by increasing the size of the cell pop ula tion in the
presence of cell-cell coupling . W e can the re fore env ision a
mech an ism in whic h decision s are time d to occ ur only whe n the
population reaches a critica l size, below which noise is too lar ge for
a stable respon se to develop . W e emphasize here that such a
mec ha nism does not require a deterministic tra nsition in the
steady-sta te beh avior of the system (something whic h qu orum
sensing ca n achieve), bu t on ly a cont ro l of the noise level via the
system size. Therefore, the metab olic load in eac h cell wo uld be
compa ra ble befor e and afte r the decision has been mad e.

In orde r to mod el this timing mechan ism, we represen t cell
growth in a simplified wa y: afte r a given time period T all cells
divide and the number of cells is doubled . All dau gh ter cells star t
the ir dynamics with ini tial condit ions for the protein co nce nt ra ­
tio ns equal to the final sta te of the mother cell. The beh avior of
this mod el is visualized in the top panel of Fig. 3 for a pop ula tion
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Figure 5. Top: population growth leads to restoration of
bistability (in the form of oscillation death). The cell cycle
durat ion is here T= 700. The concentration u, of each cell (from N= 8 to
256) is represented in color code (see color bar on Fig. 3). Botto m left:
average number of jumps per cell versus populat ion size. Botto m left:
coefficient of variation of the inte rval between jumps versus noise
inte nsity. Parameters are: «, = 3, Cl2= 5, Cl3= 7, Cl, = 4, fJ = Y= '7= 2,
£ = 0.05, d= 0.3 and de = 7.
doi:l 0.1371/journal.pone.0004872.g00S

0.35

~ .

0.2

2000

2o
a

0.02

1.4,-------,-----,-------,-----,

1000 1500
Time

t f

500

50 100 150 200 250
N

0.8 r---r----r-r--r----n

0.6

o

....
o-.5!!
·0
Ulo

., 0.4

Figure 4. Effect of noise on a population of N= 256 coupled
cells in the oscillation death regime. The concen tration u, is shown
in color code according to the scale of Fig. 3. Time runs horizontally
from left to right , while the different cells are plotted along the vertical
axis,each cell represented by a horizontal line. Simulations were started
with random initial cond itions, and after a transient of arou nd 900 time
units (in which the oscillations are highly synchronous), two stable
clusters emerge. At time t= 7800 noise is switched on with inte nsity
(J/ = 0.4, and th is leads to jumps between clusters. Paramete rs are
Cl , = 3, Cl2 = 5, Cl3 = 7, Cl,= 4, £= 0.05, d= 7 and de =30.
doi:l 0.1371/journal.pone.0004872.g004

Decision making in a population of coupled genetic
oscillators

\Ve will now dem onstrate that the ph en om enon described in the
pr evious par agraphs is a gene ric pr oper ty of the in terplay between
noise and cell-cell comm unicat ion . T o that end, let us conside r the
case in which cells are ori ginally (in the absence of noise) in an
oscillatory regime (the AI, respon sible for the cou pling between the
cells oscillate s as well). U nde r these conditions, it is known [15]
that coupling can suppress the oscillations via the mechanism
known as oscillation death, leading to two clusters of cells with
co nstant protein levels (when OD is achieve d, the level of AI
produced is also constant). Oscillation dea th is visualized in Fig. 4,
where the dynamics of a fixed population of N = 256 cells is
plotted in color code . Each cell is represented by a horizon tal line,
with color cor re sponding to its value of u.; using the same color
scale as in Fig. 3. The plot shows that, in the absence of noise,
oscillations develop from random ini tial conditions, and afte r some
tra nsient the cells get tra pped in one of two possible sta tes
represen ted in eithe r red or blue, forming two cluster s. vVe note
that co upling is here global, and thus these clusters do no t have
spatial order (without eno ugh co upling, the cells under go period ic
oscillations that can be synchronized [15].) . In a realistic situa tion,
however , noise is pr esen t in the system . In the simula tions shown
in Fig. 4, noise is switched on at t = 1800, and this causes all cells to
jump randomly between the two states. Hence the clusters are
destro yed by noise-induced oscillation s.

As we have seen, oscillatio n death would allow decision makin g
to occ ur even when the in trin sic dynami cs of the cells is oscillatory.
No ise, however , destroys this effect. On the othe r hand, in the ligh t
of the results pr esen ted in the pr evious section, we can expect
inter-cell coupling to reduce the detrimen tal effect of noise and
lead to robust decision makin g. In order to show this effect , we
model aga in popula tion growth by doubling the number of cells
after a fixed cell cycle time T. The results are shown in Fig. 5, for a
cell population starting with 8 oscillators operating in the
oscillatio n death regime, and a noise int ensity (J/ = 0.7 that for
small population size leads to disord ered jumps between clusters.
As the pop ulation grow s in size, the noise-induced oscillations
becom e less frequen t and event ua lly two clusters clearl y develop
for lar ge enough number of cells (see Fig. 5, top). Again, the
eme rgence of robu st decision makin g as a result of popula tion
growth can be explained by the effective reduction of noise
intensity as the system size increases. We no te here that in the
deterministic case for N cells, the re are N-1 possible stable differen t
distribution s of the oscillator s between the two clusters [17]. Thus,
the percen tage of cells populating the upper or the lower cluster
depends only on the environme ntal conditions (initial values,
coupling coefIicients etc .) and the system has no pr eference
towa rds choosing 'u'-(or 'v' ) rich cells. This statement holds true in
both case, when the synthe tic circu its operate in the bistable
reg ime , as well as in the case where oscillation death is pr esen t in
the system due to the global coupling pr esen t. Furthermore, we
have investigated the stability of the achieved states by mean s of

These results clearl y show that cell growth lead s to the restora tion
of bistabili ty.

W e can also compute the fraction ofcells tha t jump at least on ce
in eac h cell division round considere d. This is depicted in the
bottom right panel of Fig. 3, which shows tha t starting from a
situation whe re two (out of two) cells jump from one sta te to the
other , population growth redu ces substantially the fraction of cells
that jump up to a value around 25% for N= 128 cells. No pla teau
is observed in this case; this shows that more and more cells get
tra pped in clusters of stable states for increasing N.

...~.: PLoS ONE I www.plosone.org 4 March 2009 I Volume 4 I Issue 3 I e4872



bifurca tion and exte nded numeri cal ana lysis and shown that once
a stable cluster distribution is achieved, the situa tion rem ain s
un chan ged in latter time s as long as the enviro nme ntal conditions
rema in relatively stable (charts no t shown her e). Alth ough both of
the cases pr esen ted her e lead to a stable decision makin g pr ocess
by inc rease of the popula tion size, it is importan t to men tion that
the noise levels tolerated by an oscillatory popula tion are
significantly higher tha n tho se of a system in a bistabl e regime.
This contribute s to the fact that increased connectivity in the
network is acco mpa nied by a more robust decision makin g
mechanism .

Moreover , we qu an tify once aga in the restora tion of bistabil ity
by computing the average number ofjumps per cell and cell cycle.
This is shown in the bottom left pan el of Fig. 5. In this case, the
par ameters chosen are such that almo st one jump occ urs per cell
and cell cycle (] - 0.8) for a small pop ula tion , while that fraction is
red uced to aro und 2 jumps for every hundred cells a-0.02) for
lar ge enough population sizes (here on the order of 28 = 256). This
result clearl y indi ca tes that noise-induced oscillations are pr even t­
ed by an inc rease of the pop ula tion size.

In terestingly, the top panel of Fig. 5 shows that for intermedia te
population sizes (here for N= 64] the cells undergo synchronous
oscillations. In order to understand this effect, we note that these
cells have a well defin ed unde rlying time scale, determined by the ir
oscillatory dynamics in the absence of coupling (also revealed in
the tra nsient dynamics of the noiseless system before clustering, see
Fig. 4). The reduction of noise for increasing system size un veils
the hidden clustering regime, bu t as a precursor of this a temporal
synchronous behavior appears. This effect is a fingerprint of a
ph enomenon known as cohe rence resonan ce [18], or auto no mo us
stochastic reson an ce, in which an optima l amo unt of noise
enha nce s an in trinsic periodic behavior in stochastic nonlinear
systems . In the presen t case the noise in ten sity, cont ro lled by the
system size, passes through this opt ima l value as the cell
population grow s, leading to synchronous j umps for an interme­
diate pop ula tion size. T o qu an tify this effect, we have estimated
the regulari ty of the cellular dynami cs by computing the coefficient
of varia tion (nor malized standard deviation) of the residence time s
in the two stable sta tes, tp:

where ( .. ) denotes time average. The bottom righ t panel of Fig. 5
shows how this quan tity depends on the noise intensity for a fixed
population of N= 8 cells. The figure shows that the regularity of
the dynamics is maximum (the coefficient of variation is minimum)
for an in termediate noise level.

Therefore, the eme rgence of synchronous oscillatio ns in a
population of cou pled genetic circ uits [7] can also be time d by the
size of the pop ula tion . In this way one can envision pr ogramming
the start of a genetic clock only whe n a pr edefined population size
is achieved.

Discussion

The seeming parad ox of how cells can operate reliabl y in
pr esence of noise is bein g increasingly recognized recently. Spec ific
gene-reg ulatory networks have been proposed to filter tra nscrip­
tiona l noise so as to allow, e.g., coordinated develop men tal
decisions to take place [19]. In this cont ribution we have prop osed
a mechanism that does not rely on any intrinsic pr oper ty of single
cells, but that eme rges from the interaction amo ng the cells (via

Decision Making Under Noise

small signaling mo lecules) in a grow ing pop ula tion . The
mechanism relies on an effective red uction of noise that occ urs
as the population increases in size. In such a way, a collection of
bistable togg le switches that are cont inuou sly triggered by noise for
small popula tion sizes, wou ld separa te in to clusters of cells stuck in
one of the two coexisting states of the toggle switch for lar ge
eno ugh pop ula tion sizes, when the noise level is no longer
sufficient to induce jumps between the two sta tes. One cou ld thus
envision a mechanism for pr ogramming a decision to occ ur when
the cell population becom es lar ge eno ugh: for smaller pop ulation
sizes the cells would be undec ided and jump randoml y between
two alternative states, whereas when the pop ula tion grow s to a
sufficiently lar ge size the cells wou ld divide into two separa te
clusters, eac h one following an alter nate fate .

Here we have assume d that the signaling auto inducer molecules
diffuse very fast in the ext racellular medium. Hence, co upling is
global thro ugho ut the cell pop ula tion and the result ing clusters do
not reflect any spatial distribution . On the othe r hand, a limi ted
diffusion ran ge of the autoinducer would lead to a shor t-range,
local co upling between the cells, which wou ld in turn provide a
patterning mechanism dri ven by the form ation of spatial clusters.
Programmed pattern formation driven by finite autoinduce r
diffusion has alrea dy been dem onstrated in a synthetic gene­
regulatory circ uit in E. coli [20]. That mechanism, however , did
not rely on a decision-makin g circ uit.

Ce ll-cell comm unication has alrea dy been used to pr ogram a
par ticular cellular process, namely cell death , in E. coli [12]. In that
case, quorum sensing induces a tra nsition between differen t
dynami cal regimes. The mechan ism proposed here, on the othe r
hand, does not rely on the occ urrence of dynamical bifurca tion s,
bu t only on the cont rol of the in trin sic noise that is un avoidabl e in
gene-reg ulatory networ ks. Noise reduction due to cou pling has
alrea dy been pr oposed as a mechanism of pr ecision enha nce me nt
in multicellular genet ic clocks [6,7,8]. That situation, however ,
rel ies on a hom ogeneous response of the system . The mechanism
reported here, on the othe r hand, main tain s the possibility that the
system beh aves in an heterogeneous way (something which is
necessary in developmen tal pr ocesses, for instan ce), bu t never the­
less it is still able to benefit from the cou pling-induced noise
reduction .

A second effect of the inte rce ll co upling discussed above, is the
possibility that cou pled genetic oscillators exhibit a ph enom en on
known as oscillation death. The pr esence of noise undermines the
operation of the coupling-induced switch, in the same way that it
preven ts reliable decisions fro m taking place when the cells are
in trin sically bistable but noisy. Again , decision making should in
prin ciple be possible for lar ge eno ugh population sizes.

No ise-reduct ion du e to cou pling has already been discussed in a
biological context, mainl y in the framework of neuronal dynamics.
In that context, noise du e to eithe r (i) the random opening of ion
cha nnels [21,22], (ii) fluctua tion s in the neurons' inp ut current s
[23,24], and (iii) the inciden ce of a lar ge number of stochastic
synaptic inputs in to a neuronal network [25] has been shown to be
decreased with the system size. H ere we pr opose, for the first time
to our knowledge, a fun ctional role for this effect at the level of
gene regula tion . As a pr ospect, it would be specially in teresting to
study how the grow ing diversity du e to mutations wou ld compete
with the co upling-induced red uction of noise as the pop ulation
grow s.
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