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Abstract— The vision of synthetic biology is to engineer
complex cellular systems in a modular fashion. Unfortunately,
multiple factors hinder such modular design, thus the scalability
of rationally engineering synthetic gene circuits. One major
barrier emerges due to the limited availability of shared cellular
resources, intertwining the behavior of otherwise disconnected
components. It was recently demonstrated that these unwanted
and pervasive coupling effects can be accurately predicted both
in vitro and in vivo. Here, we not only analyze how these effects
influence the collective behavior of multiple toggle switches,
but we also illustrate how to leverage this predominantly
disadvantageous coupling. In particular, we prove that by
turning on/off a load module, the network of toggle switches
can be switched between monostable and multistable modes.
Importantly, this can be achieved without any direct regulatory
connection among the toggle switches or between the load
module and any of the toggle switches, thus presenting a major
experimental advantage over relying on traditional regulatory
linkages. This idea of exploiting and leveraging resource competition is illustrated through the design of a cellular random
number generator.

I. INTRODUCTION
While the fundamental goal of synthetic biology is to
design and implement complex behaviors at both the cellular
and the population levels, our current ability to create such
systems is severely limited. Instead of rationally engineering
large-scale synthetic gene circuits, today numerous iterative
cycles of designing, building and testing parts are required
for creating systems of modest complexity. This approach
most often relies on the creation of large libraries containing
a vast number of slightly different designs [1], [2]. Instead of
such costly and slow trial-and-error experimental approaches,
computational tools enable the rational design of complex
synthetic gene circuits in a predictable fashion, thus directly
addressing their scalability issue by significantly decreasing
both cost and time of development [3], [4].
Accordingly, the broad topic of context-dependence has
lately become a central theme in synthetic biology [5], [6],
[7], [8], [9]. One fundamental source of context-dependence
is the limited availability of shared cellular resources [9],
[10], [11], [12], [13], causing unwanted coupling among otherwise disconnected modules. We have recently developed
a mathematical model capturing the effects of competition
for shared resources, with model predictions matching experimental data both in vitro and in vivo [12], [13]. As a
result, unwanted coupling effects can be accounted for during
systems-level design, demonstrated in this paper.
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Despite their simplicity, toggle switches provide the basis
of a variety of modules, such as clocks [14] and frequency
multipliers [15]. As a result of their widespread use, it is thus
imperative to understand how the fundamental phenomenon
of resource competition shapes the behavior of this basic
building block of synthetic biology, setting the stage for
the results of this paper. We first prove that if resource
sequestration exceeds a critical threshold, a bistable toggle
switch suddenly becomes monostable. Following this, we
next prove that the collective behavior of a network of
bistable toggle switches can become monostable due to the
limited availability of shared resources. Therefore, scarcity of
common resources acts against both bistability and multistability. Importantly, coupling among components is realized
indirectly, through the common pool of shared resources. As
a result, turning on/off a separate load module can trigger
monostable/multistable transitions in a network of otherwise
disconnected toggle switches. Illustrating this, we design a
random number generator by leveraging resource competition and cellular noise, both inherent to living systems.
Our results provide explicit guidelines for the design of
large-scale systems by characterizing the effects of shared
resources. In addition to this, we demonstrate that these
effects are not necessarily adverse: instead of minimizing/eliminating them, they can be leveraged and incorporated
directly into the design of complex systems as we illustrate
here. This innovative approach together with the availability
of orthogonal resources [16] thus paves the path for novel
ways to control and interact with cellular systems.
This paper is organized as follows. After reviewing the
mathematical model of the toggle switch with scarce resources, we next derive the stability results for both a single
toggle switch and also for a network interconnection of them.
Finally, we demonstrate how to leverage resource competition by designing a cellular random number generator.
II. MATHEMATICAL MODEL AND PROBLEM
FORMULATION
The toggle switch was one of the first synthetic gene
circuits, comprising two proteins (y and z ) repressing each
other’s expression [17], given by the dimensionless model
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In case of a symmetric switch (i.e., αy = αz =.. α > 0), a
simple condition has been derived in [17] ensuring bistability.
Theorem 1 ([17]). The system in (1) is monostable if n = 1.
If n = 2, it is bistable if α > 2 and monostable otherwise.

The above model, however, neglects the fact that many
resources (RNA polymerase, ribosomes, etc.) are shared
for the production of y and z , and these resources are
only available in limited quantities [10], [11], [12], [13].
In particular, when accounting for the limited availability
of shared transcriptional/translational resources, according to
[12], [13] the de-dimensionalized dynamics of the toggle
switch with repressor proteins y and z become
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where the lumped constants αw and βw for w ∈ {y, z}
depend on measurable and tunable biophysical parameters
(see the Supplementary Material for more details and typical
values). Comparing (1) with (2) we can interpret βy and
βz quantifying how the production of y and z , respectively,
exerts a load on the common pool of shared resources.
Therefore, in what follows we focus on these parameters,
and assume that αy = αz =.. α to simplify our analysis.
In the case of multiple toggle switches all competing for
the same resources, from [12], [13] their dynamics become
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for i = 1, 2, . . . , N , where βy,i and βz,i characterize the
resource usage of the production of yi and zi , respectively,
and similarly, βL (t) captures the resource sequestration of
modules other than the toggle switches (regarded as load).
From (3) it follows that the behaviors of the toggle switches
are now intertwined via the limited availability of the shared
resources through the constants βy,i and βz,i .
In this paper, we seek to answer the following questions.
How does resource competition alter the results of Thm. 1?
Does loading within a single toggle switch promote or hinder
bistability? How does loading external to a single toggle
switch affect its stability profile? What kinds of behaviors
emerge when multiple bistable toggle switches compete for
the same resources? After answering these questions, we
will illustrate that competition for shared resources can
be leveraged in a novel way to control multiple modules
simultaneously without any direct regulatory linkages.
III. RESULTS
After characterizing how resource competition shapes the
stability profile of a single toggle switch (N = 1), we will
extend these results to the case of multiple modules (N =
2, 3, . . . ) when βL (t) ≡ βL ≥ 0, i.e., resource sequestration
of components other than the toggles is constant. Leveraging
time-varying βL (t) is the focus of the next section.

A. Bistability of a Single Toggle Switch
Since we consider first the case of a single toggle switch
(N = 1), we drop the subscript i in (3), thus yielding with
u ..= βy /(1 + z n ) + βz /(1 + y n ) the dynamics
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Proposition 1. The system in (4) is monostable if n = 1.
..
Proof.
$ With ρ%= 2(1+βL )/(1+βy& +βz +βL ) we obtain y =
z = − 1 + 1 + αρ2 /(1 + βL ) /ρ at the unique positive
equilibrium. Stability follows from nullcline analysis.

Therefore, the limited availability of shared resources does
not change the fact that multimerization is necessary for
obtaining bistability (Thm. 1, adopted from [17]), so that for
the remainder of the paper we consider dimerization (n = 2).

Definition 1. The equilibrium x ∈ Rm of the dynamical
system ẋ = f (x) is called specular if x1 = · · · = xm .
Definition 2. The equilibrium x ∈ Rm of the dynamical
system ẋ = f (x) is called hyperbolic if the Jacobian ∂f /∂x
has no eigenvalues with zero real parts at this equilibrium.
Theorem'2. Define β̄w ..= 1 + βw + βL for w ∈ {y, z} and
let β̄ ..= β̄y β̄z . The system in (4) is bistable if α > 2β̄ , and
the two stable non-specular hyperbolic equilibria are given
by (y, z) = (y + , z − ) and (y, z) = (y − , z + ) with
(
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If 2β̄ > α then (4) is monostable such that 0 < y = z < 1
at the unique stable specular hyperbolic equilibrium.

Proof. Rewrite (4) as ẏ = fy (y, z) and ż = fz (y, z). Setting
fy (y, z) = fz (y, z) = 0 yields y/(1+ y 2 ) = z/(1+ z 2 ), thus
either y = z or y = 1/z at the equilibrium of (4).
When y = z , from fw (w, w) = 0 for w ∈ {y, z} we obtain
that 0 = (1 + βL )w3 + (1 + βy + βz + βL )w − α =.. h(w),
yielding the discriminant ∆ = −27α2 (1 + βL )2 − 4(1 +
βL )(1 + βy + βz + βL )3 < 0. Thus, h(w) = 0 has one
real root and two non-real complex conjugate roots. Since
the number of sign differences between consecutive nonzero
coefficients of h(w) is precisely one, we conclude that the
unique real root w of h(w) = 0 is positive by Descartes’
rule of signs, yielding a specular equilibrium of (4).
When y = 1/z , from fy (y, 1/y) = fz (1/z, z) = 0 we
obtain that ygy (y) = zgz (z) = 0 with gy ..= β̄y y 2 − αy + β̄z
and gz (z) ..= β̄z z 2 − αz + β̄y . Since y = 0 would yield
z → ∞ in this case, we must have gy (y) = gz (z) = 0 at an
equilibrium of (4). The discriminant of both gy (y) = 0 and
gz (z) = 0 is given by α2 − 4β̄ 2 , hence the roots are nonreal complex conjugates if 2β̄ > α, whereas if 2β̄ < α then
both roots are positive (as the coefficient of the first order
term is negative), and are given by w+,− for w ∈ {y, z}
in (11), respectively. In this latter case, of the four possible
combinations (two roots for each quadratic polynomial) only
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set of different toggle switches (βi and βj can be different).
Rewrite the dynamics in (3) for i = 1, 2, . . . , N as

ẏi =
żi =

Fig. 1. Competition for shared resources acts against bistability. Nullclines
of (4) are depicted with thin lines (dotted for fy (y, z) = 0 and dashed for
fz (y, z) = 0), solid thick lines correspond to y = z and y = 1/z . (A) The
toggle switch in (4) is bistable as long as α > 2β̄ ≥ 2. As β̄ increases, the
two stable non-specular equilibria (black full circles) slide along z = 1/y
towards each other, while the unique unstable specular equilibrium (gray
empty circle) slides along z = y towards the origin. (B) Once 2β̄ > α,
the toggle switch in (4) becomes monostable such that the unique stable
specular equilibrium continues to slide along y = z towards the origin.

(y, z) = (y + , z − ) and (y, z) = (y − , z + ) yield yz = 1, thus
only these two are (non-specular) equilibria of (4).
To conclude the stability of the above three equilibria,
consider the nullclines 0 = fy (y, z) and 0 = fz (y, z) in
Fig. 1 (dotted and dashed lines, respectively). First, from (4)
∂f
z
it follows that ∂zy , ∂f
∂y < 0. Second, at the equilibria
denoted by black circles, we have
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∂z < 0, hence ∂y + ∂z < 0,
∂f
∂fy ∂fz
z
together with ∂yy ∂f
∂z − ∂z ∂y > 0. Thus, the trace and
determinant of the Jacobian of (4) are negative and positive,
respectively, about the equilibria denoted by black circles
in Fig. 1. Hence, these equilibria are stable and hyperbolic.
Instability of the equilibrium denoted by the empty circle
can be shown similarly.
All there is left to show is that 0 < y = z < 1 at the unique
stable specular equilibrium in Fig. 1B. To this end, note that
y = z is invariant for (4), and since fy (0, 0), fz (0, 0) > 0
and fy (1, 1), fz (1, 1) < 0 if 2β̄ > α, there is an equilibrium
on the segment connecting the origin with (1, 1). Since there
is only one equilibrium in this case, we have 0 < y = z < 1
at the unique stable and hyperbolic equilibrium.

Resource competition thus acts against bistability (Fig. 1)
by increasing the critical threshold for α from 2 to 2β̄ ≥ 2.
The effects of loading within the toggle switch (βy and βz )
and originating outside of it (βL ) are combined in the lumped
parameter β̄ > 1.
B. Multistability of a Network of Toggle Switches
Although different toggle switches do not directly affect
each other, their dynamics are coupled according to (3) due
to competition for shared resources. Here we focus on how
this coupling shapes the collective behavior of the network
when n = 2. For simpler notation, we assume that individual
toggles are symmetric (βy,i = βz,i =.. βi ), but allow for a
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While the single toggle switch in (4) is monotone with
respect to the positive orthant, the networked system in (3)
is not monotone with respect to any orthant [18], [19].
Additionally, we are unable to conclude monotonicity of (3)
with respect to more general positivity cones using the
results in [19] either as the modules in (6) have no nondegenerate input to state (I/S) static characteristic (since
it is not true that for each constant input there exists a
unique globally asymptotically stable equilibrium due to the
bistability discussed in Thm. 2). To overcome this limitation,
we will analyze the stability of the equilibria of (6) based on
stability properties of a planar auxiliary dynamical system.
Lemma 1. Introduce x ..= (y, z)⊤ , together with
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If x0 is an asymptotically stable hyperbolic equilibrium of
both ẋ = f (x, λh(x0 )) and ẋ = f (x, λh(x)), then so is
xi ..= (yi , zi )⊤ = x0 for i = 1, 2, . . . , N of (6).
Proof. Let 1N ∈ RN and IN ∈ RN ×N denote the column
vector with entries 1 and !
the identity matrix, respectively.
N
Rewrite (6) with ui ..= i=1 βi h(xi ) as

ẋi = f (xi , ui )

i = 1, 2, . . . , N.

(9)

Therefore, if f (x0 , λh(x0 )) = 0 then 1N ⊗ x0 is an
equilibrium of (9). Thus, all there is left to show is that
the Jacobian of (9) about 1N ⊗ x0 is Hurwitz.
To prove this, define P ..= 1N ⊗ (β1 . . . βN ) ∈ RN ×N
together with A ..= ∂f (x, u)/∂x, B ..= ∂f (x, u)/∂u, and
C ..= dh(x)/dx, all evaluated at (x, u) = (x0 , λh(x0 )). With
this, the Jacobian of (9), thus of (6) about the equilibrium
1N ⊗ x0 is IN ⊗ A + P ⊗ (BC). Its eigenvalues are
those of A + λk BC where λk is the eigenvalue of P for
k = 1, 2, . . . , N (see Lem. S1 in the Supplementary Material
of [20]).
Since rank(P ) = 1, it has a single non-zero eigenvalue,
given by λ. As the Jacobians of both ẋ = f (x, λh(x0 )) and
ẋ = f (x, λh(x)) about x0 are A and A+λBC , respectively,
they are both Hurwitz by supposition. Therefore, so is the
matrix IN ⊗A+P ⊗(BC), thus 1N ⊗x0 is an asymptotically
stable hyperbolic equilibrium of (6).

Theorem 3. The system in (6) is multistable if
0
2β < α − 2 max
βj
i
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j∕=i

!N
with β ..= 1 + βL + i=1 βi . In particular, in this case there
are 2N asymptotically stable hyperbolic equilibria such that
either (yi , zi ) = (w+ , w− ) or (yi , zi ) = (w− , w+ ) with
(
*
+ ,2
α
2β
)1 ± 1 −
..
w+,− ..=
(11)
2β
α
Conversely, (6) is monostable if

(12)

2β > α

such that 0 < y1 = · · · = yN = z1 = · · · = zN < 1 at the
unique stable hyperbolic equilibrium.
Proof. The proof comprises three main parts (additional
details are provided in the Supplementary Material). We first
localize the fixed points and rule out the clearly unstable
ones. Second, we prove that the remaining 2N non-specular
fixed points are asymptotically stable and hyperbolic. Third,
we repeat this for the unique specular equilibrium.
We will leverage Thm. 2 to study the fixed points of (6). To
this end, let!
xi ..= (yi zi )⊤ and with h(·) from (7) introduce
bi ..= βL + j∕=i βj h(xj ), so that (6) becomes
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Furthermore, let b0i denote the value of bi at a given stable
equilibrium, which will play the role of βL in Thm. 2.
a) Location of potentially stable fixed points: Consider
first the case when 2(1+βi +b0i ) < α, so that it follows from
Thm. 2 that the nullclines of (13) in the (yi , zi )-plane have
three intersections (Fig. 1A): an unstable specular solution
and two potentially stable non-specular solutions such that
yi zi = 1. Therefore, if 2(1 + βi + b0i ) < α holds for
i = 1, 2, . . . , N , then the potentially stable solutions are all
non-specular such that yi zi = 1 for all i = 1, 2,
!. . . , N ,
thus h(xi ) = 1, and as a result, b0i = βL + j∕=i βj .
Thus, at the potentially stable (non-specular) solutions we
obtain from Thm. 2 that either (yi , zi ) = (w+ , w− ) or
(yi , zi ) = (w− , w+ ) with w+,− from (11). In part b) of
this proof we show that all 2N such non-specular equilibria
are asymptotically stable and hyperbolic.
Second, if 2(1 + βi + b0i ) > α then it follows from Thm. 2
that the nullclines of (13) in the (yi , zi )-plane have a unique
intersection (Fig. 1B), corresponding to a potentially stable
specular solution such that 0 < yi = zi < 1. Therefore, if
2(1 + βi + b0i ) > α holds for i = 1, 2, . . . , N , then there
is a unique potentially stable (specular) solution such that
0 < yi = zi < 1 for i = 1, 2, !
. . . , N , thus 1 < h(xi ) < 2,
and as a result, b0i < βL + 2 j∕=i βj . Furthermore, since
in this case (13) are identical for i = 1, 2, . . . , N at this

unique equilibrium, so are their unique solutions yi and zi ,
thus 0 < y1 = · · · = yN = z1 = · · · = zN < 1 (see the
Supplementary Material for additional details). In part c) of
this proof we show that this unique specular equilibrium is
asymptotically stable and hyperbolic.
Finally, we have already
a stable
! seen above that at !
equilibrium we have βL + j∕=i βj ≤ b0i < βL + 2 j∕=i βj .
It follows directly from this that (10) and (12) yield the
conditions 2(1 + βi + b0i ) < α and 2(1 + βi + b0i ) > α,
respectively, for i = 1, 2, . . . , N (see the Supplementary
Material for additional details).
b) Stability of the non-specular fixed points: Here, we
prove that the 2N potentially stable non-specular equilibria
identified in part a) of this proof are all asymptotically stable
and hyperbolic. We prove stability of non-specular equilibria
of the form 1N ⊗x0 with x0 ..= (w+ , w− )⊤ , stability of other
non-specular equilibria obtained by w+ ↔ w− swappings
for yi ↔ zi follows due to yi ↔ zi symmetry of (13).
In part a) of this proof we showed that (10) yields 2N
potentially stable non-specular equilibria such that yi zi =
w+ w− = 1. As a result, we have h(x0 ) = 1, thus with λ
from (8) we obtain that

2(1 + βL + λ) < α.

(14)

First, from (14) we obtain that α/[1 + λh(x0 ) + βL ] > 2,
thus from Thm. 1 it follows that ẋ = f (x, λh(x0 )) is
bistable, hence its non-specular equilibrium x0 is hyperbolic
and asymptotically stable (to see that it is hyperbolic, invoke
Thm. 2 with βy = βz = βL = 0).
Second, referring to Thm. 2 with βy ..= λ and βz ..= λ, we
have that β̄ = 1+λ+βL , so that (14) is equivalent to α > 2β̄ .
Therefore, from Thm. 2 it follows that ẋ = f (x, λh(x)) is
bistable, thus its non-specular equilibrium x0 is hyperbolic
and asymptotically stable.
Taken together, the above two results yield from Lem. 1
that the non-specular equilibrium 1N ⊗x0 of (6) is hyperbolic
and asymptotically stable in case of (10).
c) Stability of the unique specular fixed point: Here, we
prove that the unique potentially stable specular equilibrium
0 < y1 = · · · = yN = z1 = · · · = zN < 1 identified in
part a) of this proof is asymptotically stable and hyperbolic.
From (12) with λ defined in (8) it follows that

2(1 + βL + λ) > α,

(15)

and since 0 < yi = zi < 1 we now have 1 < h(x0 ) < 2
at the equilibrium with x0 ..= (yi , zi )⊤ . Thus, from (15) we
obtain that α/[1 + βL + λh(x0 )] < 2. The proof concludes
by invoking Thm. 1–2 and Lem. 1 as in part b), see the
Supplementary Material for additional details.
Therefore, the emergent collective behavior of a network
of toggle switches is multistable only if the overall loading is
sufficiently small, captured by (10). Conversely, a collection
of individually bistable toggle switches becomes monostable
due to competition for shared resources if

1 + βL + max βi <
i
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0
α
< 1 + βL +
βi .
2
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IV. APPLICATION EXAMPLE
Next, we focus on the case when loading from the context
of the network of toggle switches is modulated (Fig. 2A)
between βLMULTI and βLMONO such that with λ from (8)
0 &
α $
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where z1 = 2β
1 − 1 − 4β 2 /α2 , z2 = · · · = zN = 1/z1
with β from Thm. 3. The above condition can be written as
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(16)
Therefore, for a 2-bit, 5-bit, and 10-bit scalar random
generator we need β ≤ 0.4α, β ≤ 0.127α, and β ≤ 0.022α,
respectively (Fig. 2D). Decreasing β/α can be realized in
multiple ways, for instance, by decreasing the dissociation
constant of the repressors to the matching promoters (for
details, see section S1 in the Supplementary Material).
V. DISCUSSION
The design of large-scale complex systems relies on the
predictable collective behavior of modules. As a result,
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While in the former case the network is multistable, in the
latter it becomes monostable (Thm. 3), thus the profiles in
the (yi , zi )-planes alternate between those in Fig. 1.
Following a βLMULTI → βLMONO switch the unique stable
equilibrium is such that 0 < y1 = z1 = · · · = yN = zN < 1
(phase ➀ in Fig. 2B). Conversely, after a βLMONO → βLMULTI
switch the system trajectory evolves along the separatrix
in Fig. 1A in all (yi , zi )-planes, approaching the unstable
equilibrium since |żi /ẏi | = 1 if yi = zi (phase ➁ in Fig. 2B).
While on the separatrix, any perturbation (cellular noise) in
the dynamics of yi or zi in (3) would push the trajectory
off the separatrix into either of the two basins of attraction,
eventually converging to the corresponding stable equilibria
in Fig. 1A (phase ➂ in Fig. 2B). Importantly, perturbations in
the j th subsystem do not push trajectories off the separatrix
in the (yi , zi )-plane (as |żi /ẏi | = 1 on this separatrix,
irrespective of yj or zj for j ∕= i). Therefore, toggles are
switched independently from each other (illustrated in the
simulation results of Fig. 2C), thus collectively realizing an
N -bit cellular random number generator.
This N -bit binary random variable can also be converted
to a scalar random number (Fig. 2A). With
!N production rate
constants qi for the N bits we have v̇ = i=1 qi /(1+zi2 )−v ,
!N
thus v = i=1 qi /(1 + zi2 ) at the steady state. By choosing
qi = 2i−1 q1 , we can convert the binary random variable
z1 , z2 , . . . , zN into the scalar v (inverted due to repression).
However, this conversion is “leaky” as 1/(1 + zi2 ) is not
precisely 0 or 1 at the non-specular equilibria, see (11). For
reliable conversion, leakiness from the largest N −1 bits must
not cause a contribution greater than half of the contribution
of the smallest bit, which is ensured if
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Fig. 2. Competition for shared cellular resources can be leveraged to
implement an N -bit cellular random number generator. (A) The modules
shaded in gray compete for shared resources. Other modules use orthogonal
resources [16]. (B) By turning on (purple) and off (green) the load module,
the network in (3) alternates between monostable and multistable modes.
(C) The outputs of the toggle switches are independent Bernoulli random
variables with success probability p = 0.5. Therefore, the output sequence
on each channel is a binomial random variable, confirmed by simulation
MLULTI = 0, β MONO = 25,
results (α = 50, βi = i/10, N = 10, βL
L
T = 25, 1000 sequences (for details, see Tab. S1 in the Supplementary
Material based on [12], [21], [22], [23], [24], [25]). (D) Increasing the ratio
β/α decreases the number of bits that can be reliably converted to the scalar
random variable v , as shown in (A).

resource competition and the resulting coupling phenomenon
play a central role in the progress of synthetic biology.
Therefore, in this paper we focused on the collective
behavior of a network of toggle switches in the presence of
scarce resources, intertwining the behavior of otherwise disconnected modules. To account for this effect, we considered
a model that accurately describes and predicts experimental
data obtained both in vitro and in vivo [12], [13].
Resource sequestration plays a role similar to repression as
resources used by one gene become unavailable for others.
Thus, it would be tempting to think that it facilitates the
bistability of the toggle switch, a module based on the strong
mutual repression of two genes. Surprisingly, the opposite
is true: a single toggle switch is bistable only if resource
competition is sufficiently low (Thm. 2), and this result
naturally extends to the case when multiple toggle switches
compete for the same pool of resources (Thm. 3). This can
be understood by realizing that in addition to repressing the
expression of other genes, competition for shared resources
introduces self-repression (negative feedback) as well.
Our results also reveal that the collective behavior of
multiple modules (in this case, a network of toggle switches)
can be shaped without any direct regulatory linkages, solely
relying on indirect effects due to resource competition. In
particular, we demonstrated that (1) bistable toggle switches
can become collectively monostable, and (2) the network of
toggles can be switched between monostable and multistable
modes by turning on/off a load module.
This idea emphasizes one of the key novelties of this
paper. While the effects of resource competition are often
considered detrimental [26], here we highlight how they can
be leveraged instead to engage with complex systems. Rather
than minimizing its effects, we can embrace the scarcity of
resources and take advantage of this phenomenon ubiquitous
in living systems, for instance, to implement an N -bit cellular
random generator. In addition to being fundamental in both
cryptography and cybersecurity, thus potentially having a
central role in biosecurity, random number generators could
also be employed to improve circuit performance. For instance, (biased) random walks based on the module presented
in this paper could be used to implement hill climbing
optimization methods without the knowledge of the gradient.
Our current ongoing work is targeted at characterizing the
stability profile in the gap between (10) and (12), as well as
extending the results to the case when αy ∕= αz . Additionally,
complementing the results presented here, future research
directions involve exploring how the limited availability of
shared resources can be leveraged (1) to synchronize the
collective behavior of multiple modules and (2) to facilitate/inhibit the emergence of spatiotemporal patterns.
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Y. Qian, H.-H. Huang, J. I. Jiménez, and D. Del Vecchio, “Resource
Competition Shapes the Response of Genetic Circuits,” ACS Synthetic
Biology, vol. 6, no. 7, pp. 1263–1272, 2017.

