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General mechanism for concentration-based cell size control
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Cells control their size to cope with noise during growth and division. Eukaryotic cells exhibiting “sizer”
control (targeting a specific size before dividing) may rely on molecular concentration thresholds, but simple
implementations of this strategy are not stable. We derive a general criterion for concentration-based sizer control
and demonstrate it with a mechanistic model that resolves the instability by using multistage progression toward
division. We show that if molecular dynamics in one stage satisfy the sizer criterion, then sizer control follows
for the whole progression. We predict that perturbations to the molecular dynamics in nonsizer stages shift the
size statistics without disrupting sizer control, consistent with recent experiments in fission yeast.
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I. INTRODUCTION

Size is an essential variable for cellular function across all
organisms [1–4]. It influences key processes such as nutrient
intake [5,6], gene expression [7], maintaining tissue unifor-
mity [1,8], metabolism [4,9], and more [10,11]. As cells are
affected by intrinsic and extrinsic noise sources that influence
their growth and division, they experience size fluctuations
[12–14]. Thus, they must maintain control over their size by
adjusting the cell cycle in a size-dependent manner [13,14].
Although passive size control is sufficient in linearly growing
cells, active size control is essential for stability in expo-
nentially growing cells [5]. Different size control strategies
have been identified, namely, the sizer, adder, and near-timer
[15–18]. While it is widely reported that bacteria employ the
adder strategy, i.e., adding a constant size before dividing
[15,18–20], fission yeast [5,16,18], smaller daughters of bud-
ding yeast [21], and some mammalian cells [22,23] implement
the sizer strategy, targeting a specific size before dividing. It
remains an open question how the sizer strategy is achieved.

Multiple molecular mechanisms have been proposed for
size control in budding and fission yeast [5,24]. A strong can-
didate mechanism relies on a molecule, or group of molecules,
that accumulates until its concentration reaches a critical
threshold, at which point division is triggered [5,24–26]. Im-
portantly, the production of these molecules must be coupled
to size, otherwise only a timer mechanism is possible, as
previously shown in models of bacterial size control [27–29].
Indeed, for yeast, experiments show that the concentrations
of various proteins scale with size [7,30,31]. Furthermore,
recent experiments in fission yeast have shown that the
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concentrations of key proteins increase throughout the cell cy-
cle in a size-dependent manner, rather than simply correlating
with size [31].

Surprisingly, experiments that altered size-dependent pro-
duction of these proteins [31] or removed key proteins thought
to act as size sensors in fission yeast [32] revealed no impact
on size control. Additionally, models relying on concentration
accumulation to a threshold are unstable in principle, because
division alone does not change concentrations, and therefore
the next generation starts at the threshold immediately. This
leaves the molecular mechanism responsible for yeast size
control, and concentration-based control in general, widely
unresolved.

Here, we introduce a general mechanistic model for
concentration-based size control that relies on molecular con-
centration checkpoints for cell cycle progression. First, we
demonstrate mathematically, without specifying a model, that
to achieve sizer control through a concentration threshold, the
concentration must be a pure function of size. Second, we
show that a concentration-based mechanism for size control
is only stable for multiple cell cycle checkpoints (stages).
Third, we show that our model predicts the robustness of size
control against disturbances in the production of molecules at
an individual stage. Last, we compare this prediction, and the
ensuing effects on the size statistics, to recent experimental
data in fission yeast.

II. CRITERION FOR SIZER CONTROL

We start by deriving the functional form of the concentra-
tion required to achieve sizer control. In the nth generation,
cell size is s(bn, t ), where bn is birth size in that generation
and t is time since birth. In general, the concentration of a
molecule can depend on s, t , and bn. We therefore write the
most general concentration function within a generation as
c(s, bn, t ). The explicit dependence on bn allows for transient
molecular dynamics that depend on the initial size in that gen-
eration. Accounting for this transient dependence is important
when molecular dynamics occur on a timescale comparable

2643-1564/2026/8(3)/033012(8) 033012-1 Published by the American Physical Society

https://orcid.org/0000-0002-1853-7258
https://orcid.org/0000-0001-9367-7026
https://ror.org/01an3r305
https://crossmark.crossref.org/dialog/?doi=10.1103/f7gw-wg5l&domain=pdf&date_stamp=2026-07-06
https://doi.org/10.1103/f7gw-wg5l
https://creativecommons.org/licenses/by/4.0/


ELGAMEL, RIBAUDO, AND MUGLER PHYSICAL REVIEW RESEARCH 8, 033012 (2026)

to size dynamics. Since s is itself a function of bn and t ,
c(s, bn, t ) is more generally written as c(bn, t ). We note that
our choice of the concentration to be a function of size and
time does not exclude more complex dependencies on other
molecular factors that can depend on size, time, or both.

To trigger division, a concentration threshold, c∗, must be
reached. At division, t = Tn, size and concentration satisfy
the equations s(bn, Tn) = 2bn+1 and c(bn, Tn) = c∗, where the
first equation assumes the cell divides in half. Taking the
derivative of both equations with respect to bn, we find

∂s(bn, Tn)

∂bn
+ ∂s(bn, Tn)

∂Tn

∂Tn

∂bn
= 2 f ′, (1)

∂c(bn, Tn)

∂bn
+ ∂c(bn, Tn)

∂Tn

∂Tn

∂bn
= 0, (2)

where f ′ = ∂bn+1/∂bn. Stability requires | f ′| < 1, with f ′ =
0, 1/2, and 1 indicating sizer, adder, and timer control, respec-
tively [17]. A timer ( f ′ = 1) has perfect birth size correlation
across generations and is unstable due to its lack of robustness
to noise, while a sizer ( f ′ = 0) has no correlation across gen-
erations, a hallmark of sizer control. For −1 < f ′ < 0, size
remains stable but fluctuations are overcorrected around the
mean.

In our formalism, the concentration plays a similar role to a
hazard rate, previously introduced for bacteria [33,34]. In the
case of a sizer, the hazard rate is independent of birth size, and
division is triggered solely based on size [34]. Importantly, our
formalism assigns the hazard rate an explicit molecular origin
through the dynamics of the molecular species controlling
division.

Solving Eq. (1) for ∂Tn/∂bn and substituting in Eq. (2) with
f ′ = 0 yields

∂c(bn, Tn)

∂bn

/
∂c(bn, Tn)

∂Tn
= ∂s(bn, Tn)

∂bn

/
∂s(bn, Tn)

∂Tn
= ρ,

(3)
where ρ is specified by the size growth dynamics (e.g., linear
or exponential). For linear growth, s = αTn + bn, and then

ρ = ∂s
∂bn

/ ∂s
∂Tn

= 1/α, where α is the growth rate. Similarly, for
exponential growth, s = bneαTn , giving ρ = 1/αbn. Assuming
exponential growth, Eq. (3) becomes

∂c(bn, Tn)

∂bn

/
∂c(bn, Tn)

∂Tn
= 1/αbn, (4)

which can be solved using separation of variables (Ap-
pendix A) and yields c(bn, Tn) = a(bneαTn )k = ask , where a
and k are constants. The general solution is the sum of all
possible solutions, c(bn, Tn) = ∑∞

j a jsk j . This implies that
any power series in size will satisfy Eq. (4).

Since any function of size can be expanded as a power
series, we conclude that, to achieve sizer control, the con-
centration must follow a pure function of size, where pure
means that all dependence on bn and Tn must enter via s. This
requires the concentration c(bn, t ) to only depend on the birth
size bn through how it depends on size, c(bn, t ) = F (s(bn, t )).
Intuitively, this means that thresholding c is equivalent to
thresholding s, since at the threshold c∗, size is s∗ = F−1(c∗)
on average.

( )

FIG. 1. (a) Between divisions, the cell cycle consists of multiple
stages (three here). In each stage, one molecule must reach a crit-
ical concentration threshold to progress to the next stage while the
remaining molecules are degraded. The final stage triggers division.
The second stage was chosen as the sizer stage (k = 2, red). Size
grows exponentially. (b) (Left) The best-fit line (black) for the sim-
ulation data of birth sizes shows a slope of f ′ = 0.0149, indicating
sizer control ( f ′ = 0). Sizer control prevails as the dominant strategy
when only one stage functions as a sizer. (Right) The slope of the
bn+1 vs bn map illustrates the size control strategy.

In deriving this general condition, we have not speci-
fied whether size control is implemented through molecular
concentration accumulation (as in fission yeast [24,25]) or di-
lution (as in budding yeast [25,35]) to the threshold. Thus, we
expect this condition to apply in both cases. While simple, the
condition c(bn, t ) = F (s(bn, t )) is hard to implement dynami-
cally, since cells do not directly control c, but ċ. Therefore, for
a growing cell with ċ ∝ F (s(bn, t )), the relaxation timescale
of c must be much faster than the dynamics of s, such that c
quickly reaches an s-dependent quasi-steady state.

III. MULTISTAGE MODEL

Up to this point, we have considered a single molecule that
triggers division when its concentration reaches a fixed thresh-
old. However, this division control mechanism is unstable, as
the concentration is equal before and after division, which
leads to multiple consecutive divisions. To address this issue,
we introduce a model that relies on a multistage progression
toward division. Serial models for cell cycle progression were
previously explored in the context of bacterial size control
[36,37]. Each stage commences when the concentration of a
specific molecule reaches a critical level [Fig. 1(a)]. Here, we
focus on the case of molecular accumulation to a threshold,
and we expect all results to hold in the case of molecular
dilution.
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In our model, the cell cycle can consist of N sequential
stages, during each of which only one molecule is produced
while all other molecules are degraded. Only the final stage
triggers division. This approach allows the concentration of
each molecule to fall below the threshold required in its
respective stage, thereby preventing premature triggering of
subsequent stages, including division. As a result, the stability
of the lineage is maintained. Alternative implementations of a
multistage cell cycle that lead to the same results include al-
lowing all molecules to be produced throughout the cell cycle,
while degradation takes place in the final stage. Throughout
the paper, we assume exponential size growth, and our results
hold for linearly growing cells as well (Appendixes A and B).

The general model, for N stages, is given by

ṡ = αs, (5)

ċ1 = θ (0 < t � T1)(μ1s + ν1) − (α + λ1)c1,

ċ2 = θ (T1 < t � T2)(μ2s + ν2) − (α + λ2)c2,

...

ċN = θ (TN−1 < t � TN )(μN s + νN ) − (α + λN )cN , (6)

where c is molecular concentration, μs accounts for size-
dependent production, ν is a constant rate that accounts for
size-independent production, α is the growth rate, λ is the
degradation rate, θ is the Heaviside step function defined as

θ (Tj−1 < t � Tj ) =
{

1, Tj−1 < t � Tj,

0, otherwise, (7)

and Tj is the time at which the jth threshold is reached. Note
that αc is an extra degradation term resulting from concentra-
tion dilution due to cell growth.

The assumption of multistage progression toward division
is biologically well supported, as the cell cycle transitions in
eukaryotes are controlled by the concentrations of different
molecular factors (such as Wee1 and Cdc25 in fission yeast
[26], Whi5 in budding yeast [38], and RB in mammalian cells
[39,40]). Next, we demonstrate that the presence of a single
molecule achieving sizer control in one stage is sufficient
for the sizer strategy to dominate the entire cell cycle. This
was previously demonstrated and termed the sizer theorem in
Ref. [36].

The slope of the discrete map of bn+1 and bn indicates the
size control strategy [17], illustrated in Fig. 1(b). The model
allows us to derive a general expression for the slope, given
by

f ′ = ∂bn+1

∂bn
= 1

2

(
∂s

∂b
− ∂s

∂t

∂c1

∂b

/
∂c1

∂t

)∣∣∣∣
b=b1,t=T1

×
(

∂s

∂b
− ∂s

∂t

∂c2

∂b

/
∂c2

∂t

)∣∣∣∣
b=b2,t=T2

· · ·
(

∂s

∂b
− ∂s

∂t

∂cN

∂b

/
∂cN

∂t

)∣∣∣∣
b=bN ,t=TN

. (8)

Equation (8) is a general version of Eqs. (1) and (2) for a
multistage model and is independent of size and concentra-
tion dynamics (Appendix B). It only assumes the existence
of stage-specific concentration thresholds. From Eq. (8), it

FIG. 2. Each point indicates the slope of the best-fit line in the
scatter plot of birth sizes, bn+1 vs bn. Each shape represents the
number of stages before division, while the color represents the stage
for which we track the degradation to growth rate ratio, λk/α, on the
x axis. In all simulations, only μk , νk , and α were fixed. All other
parameters were uniformly sampled in log space. When λk/α � 1,
at least one sizer stage exists and the simulation points collapse to
f ′ = 0.

becomes clear that if any molecule in any stage achieves
sizer control, then, using Eq. (3), f ′ = 0 and sizer control
dominates the control strategy.

Within the model of Eq. (6), sizer control is achieved in a
given stage k if the degradation rate of the produced molecule
in that stage is much larger than the growth rate, λk � α. In
this case, ck reaches quasi-steady state very quickly (ċk = 0),
and from Eq. (6) we find ck ≈ (μks + νk )/(α + λk ) ≈ (μks +
νk )/λk . We see that the concentration is a pure function of size
s, and therefore satisfies the general criterion for achieving
sizer control in Eq. (3). In Fig. 1, we simulated Eq. (6) for
N = 3 (Appendix C), with the second stage, k = 2, chosen as
the sizer stage [Fig. 1(a)]; we find the slope of the map con-
sistent with the sizer value f ′ = 0 [Fig. 1(b)]. This approach
does not depend on the number of stages, the placement of
the sizer stage within the cell cycle, or the specifics of the
molecular dynamics within each stage, provided that the stage
concentration threshold is reached and that at least one stage
implements the sizer strategy.

We demonstrate the model’s robustness for different num-
bers of stages, allowing different stages to assume the role of
the sizer (Fig. 2). The parameters μ, ν, and λ are uniformly
sampled in log space. On the x axis, we plot the ratio λk/α

for stage k while keeping μk and νk fixed. Our findings show
a large cloud that spans many control strategies, depending
on the sampled parameters. We expect that if only one stage
serves as a sizer (λk/α � 1), it dominates the control re-
gardless of the strategy utilized in other stages. Indeed, we
see the collapse of the simulation points to f ′ = 0 as λk/α

increases. A similar plot is obtained for linear cell growth
(Appendix B). Biologically, this suggests that cells do not
need to maintain stringent size control throughout the entire
cell cycle to achieve sizer control overall. Rather, strong con-
trol over just one stage suffices, regardless of its order in the
cell cycle. Figure 2 also implies that size control is robust to
perturbations to nonsizer stages. However, such perturbations
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FIG. 3. Altering the size-dependent production of nonsizer stages does not affect size control. (a) A simple cell cycle model consists of only
two stages. μ and μs indicate the size-dependent production of nonsizer and sizer molecules, respectively. The sizer stage takes up the majority
of the cell cycle. The color indicates altered stages in the next panel. (b) Altering the size-dependent production of different stages does not
halt size control, but affects size statistics. Sizer control is still achieved. Note the mean rescaled size (b̄/bmin) and noise (CV) increase with
decreased size dependence in molecular production (increased 1/μ) during the nonsizer stage. Results are shown for different concentration
thresholds of the nonsizer molecules, c∗. The sizer molecule threshold is c∗ = 10, selected to ensure a longer sizer stage. (c) Experimental
data, from Ref. [31], show that decreasing the size-dependent production of proposed size control proteins increases both the mean size and
CV at septation.

could in principle affect cell size statistics, such as the mean
and variance of size.

IV. EFFECT OF PERTURBATIONS

To investigate the effect of molecular perturbations on cell
size statistics, we use a simple version of our model with only
two stages, a sizer stage and a nonsizer stage [Fig. 3(a)]. Then,
we perturb the production of molecules by lowering their size-
dependent production rate, μ (shifting toward timer). Finally,
we plot the effects on size control, as well as mean size and
noise (standard deviation over the mean, or coefficient of vari-
ation, CV). We find that size control is robust to perturbations
as expected; f ′ values are at or near zero [Fig. 3(b)]. However,
mean size and CV are affected significantly by perturbations,
with both mean size and CV increasing with lower size-
dependent production. Intuitively, this is because lowering
size-dependent production makes reaching the threshold more
time consuming, resulting in larger sizes overall. Additionally,
it turns molecules into timers, which is known to have strong
size noise [13,15]. This indicates that control mechanisms in
different stages can still have major implications either by
producing very large cells or by introducing strong size noise
in the population.

V. COMPARISON TO EXPERIMENTS

Recent experiments in fission yeast have investigated how
cell size is affected by perturbations of key cell cycle proteins
Pom1 [24], Cdc13 [31], and Cdc25 [31]. All are proposed to
be responsible for size sensing and control, with Cdc13 and
Cdc25 shown explicitly to have size-dependent production
[31]. When the expression of these proteins was changed from
size dependent to size independent [31], or removed [24], size
control was found to be unaffected, which was surprising and
raised the question of whether they are truly responsible for
size control. Our results provide a potential explanation: They
may be involved in size control, but a different molecule takes
the role of the sizer. Furthermore, when Cdc13 and Cdc25
were perturbed [31], both the mean and CV of cell size at
septation increased compared to the wild type [Fig. 3(c)],
consistent with the predictions of our model [Fig. 3(b)].

VI. DISCUSSION

In this work, we established the general requirements
for sizer control based on molecular concentration thresh-
olds, which are utilized by eukaryotic cells, particularly yeast
[5,16]. We have demonstrated that, to achieve sizer control,
the concentration must be a pure function of size. This require-
ment is generic, irrespective of the mechanism. Moreover,
we address the instability of concentration-based models by
proposing that cells must follow a multistage progression
toward division, in which a molecule in each stage reaches a
concentration threshold. Interestingly, to achieve sizer control,
only one stage is required to function as a sizer, previously
termed the sizer theorem [36].

Our multistage model suggests that eukaryotes (with cell
cycles stages) are more compatible with sizerlike control. This
could explain why sizer control has only been reported in
systems like fission yeast and is rarely observed in bacteria.
It is important to point out that the most widely reported eu-
karyotic sizer is in fission yeast, Schizosaccharomyces pombe
In other eukaryotes, such as budding yeast, distinct control
strategies, particularly adder, have been reported [41,42]. Us-
ing simulations, we have shown that perturbations to nonsizer
stages do not affect size control; however, size statistics are
impacted. Our predictions for these impacts are consistent
with recent experimental data. A limitation of our study is
that we test the model predictions against only one exper-
imental dataset. More experimental studies in known sizers
are required to demonstrate the general applicability of the
multistage model.

Our results suggest that cells have compensatory mecha-
nisms for maintaining size control. It may be that size control
is redundant and includes multiple size checkpoints through-
out the cell cycle to protect size control against perturbations.
Alternatively, the perturbed molecular factors may not be
responsible for size control, despite being produced in a size-
dependent manner. Therefore, size-dependent production is
not sufficient alone to yield a sizer control mechanism. We
predict that the sizer molecule acts through a separation of
timescales in which the molecular degradation timescale is
much faster than the size growth timescale. Experimentally,
this can be tested by perturbing the degradation of known cell

033012-4



GENERAL MECHANISM FOR CONCENTRATION-BASED … PHYSICAL REVIEW RESEARCH 8, 033012 (2026)

cycle control molecules, as has been done to investigate adder
control in bacteria [20]. If size-dependent production and
strong degradation are indeed the mechanisms by which cells
sense and control size, confining size control to one cell cycle
stage may be energetically more efficient, as strong degrada-
tion can be energetically costly [43]. Our simple model coarse
grains many of the complexities of the size-control system,
which is not entirely based on molecular concentrations [44].
Nevertheless, we chose the simplest possible implementa-
tion of a sizer, motivated by experimental observations that
molecular regulators that scale with size can contribute to size
control [26,30].

The molecular mechanism behind size control in eukary-
otes that exhibit sizer correlations, particularly fission yeast,
remains an open question. We outline an experimental pro-
cedure based on our multistage model that can aid in the
search for sizer molecules. Since our model assumes symmet-
ric division, this procedure is only applicable to symmetrically
dividing fission yeast, as division asymmetry affects division
control in systems like budding yeast [45]. Our model predicts
that birth size is forgotten abruptly at a particular cell cycle
stage, not gradually throughout the cell cycle. This prediction
can be tested by measuring the cross-correlation between the
cell sizes at different time points during the cell cycle (i.e.,
measuring the correlation between s(t1) and s(t2), where t1
and t2 are different time points in the cell cycle). Correlation
would be lost if the sizer molecule was activated between t1
and t2. This would confirm our prediction, identify the relevant
cell cycle stage, and potentially identify the sizer molecule.

Understanding why different organisms employ one con-
trol mechanism over another is still a subject of ongo-
ing research. While much has been explored regarding
why systems like bacteria utilize the adder mechanism
[20,27,46], it remains underinvestigated why systems like
fission yeast exhibit sizer control. Researching the effects
of both mechanisms on population growth, function, evolu-
tion, and cell physiology is a compelling avenue of future
inquiry [25,46–50].

ACKNOWLEDGMENTS

We thank Farshid Jafarpour for helpful suggestions. This
work was supported by the National Institutes of Health
(Grant No. R35GM156451), the National Science Foundation
(Grants No. PHY-2118561 and No. DMS-2245816), the Emil
Sanielevici Scholarship from the Department of Physics and
Astronomy at the University of Pittsburgh, and the Andrew
Mellon Predoctoral Fellowship from the University of Pitts-
burgh.

DATA AVAILABILITY

The code that supports the findings of this article is openly
available [51].

APPENDIX A: CONCENTRATION DYNAMICS

Here, we solve Eq. (3) for both exponential and linear size
growth. We focus first on the exponential size growth case

(s = bneαTn , ρ = 1/αbn), where

∂c(bn, Tn)

∂bn

/
∂c(bn, Tn)

∂Tn
= 1/αbn. (A1)

Assuming the solution takes the form c(bn, Tn) = A(bn)B(Tn),
where the bn and Tn dependence can be separated. We find

bn

A

dA

dbn
= 1

αB

dB

dTn
= k, (A2)

where k is a constant. A and B are solutions of bn
A

dA
dbn

= k and
1

αB
dB
dTn

= k, respectively; solving them we find

A = c1bk
n, (A3)

B = c2(eαTn )k; (A4)

therefore, the solution is

c(bn, Tn) = a(bneαTn )k = as(bn, Tn)k, (A5)

where a is a constant and c1 and c2 were absorbed into a. We
have identified bneαTn as size, evaluated at the division time Tn.
Since a and k are arbitrary constants, the full solution is the
sum of all possible values of a and k. Thus, the full solution is
given by

c(bn, Tn) =
∞∑
j=0

a js
k j . (A6)

For linear size growth (s = bn + αTn, ρ = 1/α), we have

∂c(bn, Tn)

∂bn

/
∂c(bn, Tn)

∂Tn
= 1/α, (A7)

which leads to

1

A

dA

dbn
= 1

αB

dB

dTn
= k, (A8)

which have the solutions

A = c1ekbn , (A9)

B = c2ekαTn . (A10)

The solution is

c(bn, Tn) = aek(bn+αTn ) = aeks. (A11)

The full solution is the sum of all possible solutions,

c(bn, Tn) =
∞∑
j=0

a je
k j s. (A12)

We can expand the summand as a power series in k js and find

c(bn, Tn) = d0 + d1s + d2s2 + d3s3 + · · · =
∞∑

i=0

dis
i, (A13)

where di = ∑∞
j=0

1
i! a j (k j )i. In both the exponential and linear

size growth cases, the final solution is a power series in size.
This implies that the solution is any pure function of size,
because it can be written as a power series in size. Therefore,
the concentration has to be a pure function of size to achieve
sizer control.
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APPENDIX B: MULTISTAGE MODEL

Assuming a general model with N cell cycle stages, the
concentrations of the N cell cycle molecules at their thresh-
olds are given by

c∗
1 = c1(b1, T1),

c∗
2 = c2(b2, T2),

...

c∗
N = cN (bN , TN ), (B1)

where c∗
N , bN , and TN are the concentration threshold, initial

size, and end time of the N th stage, respectively. Differentiat-
ing Eq. (B1) with respect to the birth size bn gives

∂c1

∂b1
+ ∂c1

∂T1

∂T1

∂bn
= 0,

∂c2

∂b2

∂b2

∂bn
+ ∂c2

∂T2

∂T2

∂bn
= 0,

...

∂cN

∂bN

∂bN

∂bn
+ ∂cN

∂TN

∂TN

∂bn
= 0, (B2)

where the derivatives of the concentration thresholds are zero
because they are constant, and b1 = bn. The initial sizes are
defined by

b2 = s(bn, T1),

b3 = s(b2, T2),

...

2bn+1 = s(bN , TN ), (B3)

where we used the fact that b1 = bn and bN+1 = 2bn+1. Equa-
tion (B3) can be differentiated with respect to bn and gives

∂s

∂bn
+ ∂s

∂T1

∂T1

∂bn
= ∂b2

∂bn
,

∂s

∂b2

∂b2

∂bn
+ ∂s

∂T2

∂T2

∂bn
= ∂b3

∂bn
,

...

∂s

∂bN

∂bN

∂bn
+ ∂s

∂TN

∂TN

∂bn
= 2 f ′, (B4)

where f ′ = ∂bn+1

∂bn
. Solving for ∂T1

∂bn
, ∂T2

∂bn
, . . . , and ∂TN

∂bn
using

Eq. (B2) and substituting into Eq. (B4) yields

∂s

∂bn
− ∂s

∂T1

(
∂c1

∂b1

/
∂c1

∂T1

)
= ∂b2

∂bn
,

∂s

∂b2

∂b2

∂bn
− ∂s

∂T2

(
∂c2

∂b2

∂b2

∂bn

/
∂c2

∂T2

)
= ∂b3

∂bn
,

...

∂s

∂bN

∂bN

∂bn
− ∂s

∂TN

(
∂cN

∂bN

∂bN

∂bn

/
∂cN

∂TN

)
= 2 f ′. (B5)

We substitute ∂b2
∂bn

into the second equation, then ∂b3
∂bn

into the
third equation, and so on until the final equation in the chain.

FIG. 4. Collapse plot with linear size growth. Each point indi-
cates the slope of the best-fit line in the scatter plot of birth sizes, bn+1

vs bn. Each shape represents the number of stages before division,
while the color represents the stage for which we track the degra-
dation to growth rate ratio, λk/α, on the x axis. In all simulations,
only μk , νk , and α were fixed. All other parameters were uniformly
sampled in log space. When λk/α � 1, at least one sizer stage exists
and the simulation points collapse to f ′ = 0.

Eventually, we obtain

f ′ = 1

2

(
∂s

∂bn
− ∂s

∂T1

∂c1

∂b1

/
∂c1

∂T1

)(
∂s

∂b2
− ∂s

∂T2

∂c2

∂b2

/
∂c2

∂T2

)

· · ·
(

∂s

∂bN
− ∂s

∂TN

∂cN

∂bN

/
∂cN

∂TN

)
. (B6)

Throughout the derivation, we did not specify the size growth
dynamics. Thus, regardless of the growth dynamics, we expect
sizer control to dominate the control strategy if one stage
achieves sizer control. Indeed, we obtain a collapse plot of the
control strategy for linear growth, similar to the one shown
for exponential growth in the main text (Fig. 4). Note the
decreased range of f ′ in Fig. 4. This is due to the fact that
timer control is equivalent to adder control for linearly grow-
ing cells.

APPENDIX C: STOCHASTIC SIMULATIONS

To simulate the concentration dynamics, we used the
stochastic simulation (Gillespie) algorithm. We first need
to derive the equivalent molecule number, x, dynamics
using

ẋ = d (cs)

dt
= s

dc

dt
+ c

ds

dt
= sċ + cṡ. (C1)

We get

ẋ1 = μ1s2 + ν1s − λ1x1,

ẋ2 = μ2s2 + ν2s − λ2x2,

...

ẋN = μN s2 + νN s − λN xN . (C2)

Then, we use Eq. (C2) to simulate molecule number dynam-
ics. The molecule number dynamics are independent of size
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growth dynamics (linear or exponential). The transition rates
of the reactions are

T +
x1→x1+1 = μ1s2, T +

x1→x1+1 = ν1s, T −
x1→x1−1 = λ1x1,

T +
x2→x2+1 = μ2s2, T +

x2→x2+1 = ν2s, T −
x2→x2−1 = λ2x2,

...

T +
xN →xN +1 = μN s2, T +

xN →xN +1 = νN s, T −
xN →xN −1 = λN xN .

(C3)

Then, concentrations are easily obtained by dividing by vol-
ume after each reaction. The parameters change in each stage
to specify which molecule is produced while the others are
degraded. The sizer stage is determined by strong degradation.
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