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Summary 

Despite decades of research, it remains unclear how mammalian cell growth varies with cell 

size and across the cell division cycle to maintain size control. Answers to this question have 

been limited by the difficulty of directly measuring growth at the single cell level. Here, using 

a variety of cultured mammalian cell lines, we report direct measurement of single cell 

volumes over a complete cell division cycle. We show that the volume added across the cell 

cycle is independent of cell birth size, a size homeostasis behavior called “adder”. We 

propose a mathematical framework that can be used to characterize the full spectrum of size 

homeostasis mechanisms from bacteria to mammalian cells. This reveals that a near-adder is 

the most common type of size regulation, but shows that it can arise from various types of 

coupling between cell size, cell growth rate and cell cycle progression. 
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Introduction 

Most proliferating cells are able to grow and divide in such a way as to maintain their size within a well-

defined range under defined environmental conditions. Understanding how this is achieved has been 

a long-standing question in biology. Recently, however, spectacular progress has been made to 

understand how a variety of unicellular organisms control their size and shape as they pass through 

the cell cycle (Sauls, Li, and Jun 2016) thanks to live cell imaging, the development of microfluidics 

platforms that can maintain cell number and nutrient conditions, together with quantitative image 

analysis (Wang et al. 2010; Lyer-Biswas et al. 2014). This work has helped to define a small number of 

simple rules for cell size homeostasis in yeast and bacteria (Sauls, Li, and Jun 2016). However, similar 

progress has yet to be made for animal cells, which have a flexible cell shape that complicates the 

analysis. 

As a result, most studies in the field thus far have relied on population level measures to assess 

mammalian cell growth control (Ian Conlon and Raff 2003; Dolznig et al. 2004; Echave, Conlon, and 

Lloyd 2007; Killander and Zetterberg 1965; R. Kafri et al. 2013). These include attempts to extrapolate 

growth dynamics from size measurements at fixed time-points across a population (R. Kafri et al. 2013; 

Sung et al. 2013; Tzur et al. 2009). Recently researchers have returned to the question using a variety 

of parameters as proxies for size at the single cell level. These include cell mass (Park et al. 2010; Sung 

et al. 2013; Mir et al. 2011), buoyant cell mass (Son et al. 2012a) and density (Grover et al. 2011). While 

most of these measurements have been indirect (Popescu et al. 2014), some studies have reported 

single live cell measurement of mass (Mir et al. 2014; Park et al. 2010) or buoyant mass (Son et al. 

2012a) over complete cell cycles. 

Given the difficulties of accurately measuring mammalian cell size over multiple cell cycles, most of 

these studies have focused their attention on the pattern of growth, with the assumption that growth 

control only need be important for cells that have an exponential pattern of growth, i.e. for cells that 

grow faster when they are bigger (as they might do if ribosome density remained constant with cell 

size). This focus on growth dynamics has further complicated matters, since some studies have 

suggested that growth is linear in some mammalian cells (Ian Conlon and Raff 2003), while time 

modulation in G1 has been hypothesized in earlier work (Dolznig et al. 2004; Killander and Zetterberg 

1965). Other researchers have concluded using other cell types that growth, although exponential on 

average, is modulated at specific points across the cell cycle and that changes in growth rate contribute 

to cell size control (Tzur et al. 2009; R. Kafri et al. 2013). Direct evidence supporting this hypothesis 

was provided for lymphoblastoid cells, which display no significant cell cycle time modulation but for 

which a convergence of growth speeds was observed at G1/S transition (Son et al. 2012a). 

There is an additional problem in the study of size control in metazoan cells. These cells indeed evolved 

to respond to growth and proliferation signals (e.g. growth factors or mitogens) determined at the 

tissue, organ or organismal level during development, regeneration or homeostasis at the adult stage 

(Edgar 2006; Saucedo and Edgar 2002). This has led some authors to doubt the existence of intrinsic 

regulatory mechanisms that might work together with extrinsic signals to coordinate growth and cell 

cycle progression at the single cell level (Lloyd 2013; Edgar 2006). Conversely, others have provided 

evidence of size or growth-dependent progression through G1 in cultured cells (Killander and 

Zetterberg 1965; Dolznig et al. 2004) and in the developing fly (Edgar 2006), reminiscent of what has 

been observed in budding yeast (Johnston 1977; Hartwell and Unger 1977). In summary, it remains 
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hotly debated whether or not animals cells possess active mechanisms of cell size control and, if so, 

how they may operate. 

While there is no consensus about the way animal cells control their size, the work in single celled 

yeast and bacteria has led to the development of a better understanding of mechanisms by which cells 

can control their size. In general then, size homeostasis is achieved by cells adapting the amount of 

growth across their entire cell division cycle to their initial size, i.e. large cells should grow less, while 

small cells should grow more. These homeostatic behaviors are usually grouped into three main 

categories: the sizer, the adder and the timer. The classical example of a sizer is the behavior of the 

fission yeast, S. Pombe (Fantes 1977), where a size threshold was proposed to control the passage of 

cells across several key cell cycle transitions. By contrast, the adder mechanism relies on the addition 

of a constant amount of growth at each cell cycle that is independent of initial size (Amir 2014; Voorn 

and Koppes 1998), causing cells to converge on an average size, equal to the mean added volume, 

independently of their starting size. This behavior has been observed in several datasets for bacteria 

and in budding yeast (Campos et al. 2014; Taheri-Araghi et al. 2015; Soifer et al. 2016). This adder-type 

behavior can be achieved by combining linear growth with a constant cell cycle time (a process called 

‘timer’) (Ian Conlon and Raff 2003). But in most cells and conditions studied, growth has been reported 

to be exponential - causing timer mechanisms to fail as bigger cells grow more than small cells in the 

same period. Importantly, while the phenomenological description of the size homeostatic process as 

a sizer, adder or timer defines the rate of size convergence in a population of proliferating cells, several 

distinct molecular mechanisms can achieve the same global behavior. Moreover, these simple 

categories are only extreme cases of correlations between size, duration of the cycle, and growth. 

Thus, entry time into the next stage may depend on both size and time (‘concerted control’ (Osella, 

Nugent, and Cosentino Lagomarsino 2014)), or an “imperfect” adder or sizer may be in place (Jun and 

Taheri-Araghi 2015), and size corrections may correspond to statistical biases rather than clear 

deterministic effects (Osella, Tans, and Cosentino Lagomarsino 2017). Additionally, different cell-cycle 

sub-periods may be subject to different controls (Adiciptaningrum et al. 2015; Wallden et al. 2016; 

Delarue, Weissman, and Hallatschek 2016), so that the overall emergent pattern could become 

complex. These factors make it all the more remarkable that simple patterns, like a near adder, have 

ever been observed. 

While the recent body of literature on cultured mammalian cells homeostasis raised several important 

questions, it remains difficult to compare with what is known on bacteria and yeasts. For example, as 

yet there is no data to test how final volume (at mitosis onset) relates to initial volume (at birth) for 

individual cultured mammalian cycling cells. As a consequence, despite decades of work and 

discussion, it is not known if mammalian cells behave more like adders, sizers or timers. Moreover, it 

is not known if this is likely to vary across cell types. 

To address this question we recently developed two new methods that allow us to precisely measure 

the volume of single live cells over several days, on a large number of cells, independently of their 

shape (Clotilde Cadart et al. 2017; Zlotek-Zlotkiewicz et al. 2015; C. Cadart et al. 2014). In this study, 

we used these tools to measure the size of various mammalian cell lines for up to 50 hours, over two 

complete cell cycles. Our analysis reveals that most cells use an adder type mechanism to maintain 

their size across cycles, which is achieved thanks to a modulation of G1 duration according to initial 

cell size. Building on this we have developed a general framework by which to compare cell size control 

across all the systems thus far studied.   
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Results 

Single cell volume measurement over complete cell division cycles 

Cultured mammalian cells display a broad range of sizes (Ginzberg, Kafri, and Kirschner 2015) (Figure 

S1A), which is due in part to the various cell cycle stages present in a population of cycling cells, and in 

part to the distribution of their size at birth. It is a general belief that proliferating cultured cells double 

their size between two divisions, yet the relation, for single cells, between their size at mitotic entry 

and their size at birth, has never been reported for cultured mammalian cells. 

To establish this relation, it is necessary to track single proliferating cells and measure the volume of 

the same cell at birth and at mitotic entry. We implemented two distinct methods to obtain these 

measures. First, we grew cells inside microchannels of a well-defined cross-sectional area (Figure S1B, 

and (Cadart et al. 2014)). In such a geometry, dividing cells occupied the whole section of the channels 

and we could infer their volume from their length, like for yeasts and bacteria. The second method we 

used was based on fluorescence exclusion (FXm, (Zlotek-Zlotkiewicz et al. 2015; Cadart et al. 2017), 

Figure 1A, Movie S1) and has been optimized for long term recording and automated analysis of 

populations of growing cells ((Cadart et al. 2017), Figure S1C and supplementary information). It is 

more precise than the channels method and also produces complete growth trajectories for single cells 

(Figure 1B-C and S1D). Visual inspection of the movies was used to determine key points in the cell 

division cycle for each single cell tracked. Volume at birth was defined as the volume of a daughter cell 

40 minutes after cytokinesis onset, while volume at mitotic entry was defined as volume of the same 

cell 60 minutes prior to the next cytokinesis onset (Figure 1B). These intervals were chosen to avoid 

the period of volume overshoot corresponding to mitosis (Zlotek-Zlotkiewicz et al. 2015; Son et al. 

2015) (Figure S1E). We verified that the sum of the volumes of the two daughter cells at birth 

corresponded to the volume of the mother cell prior to mitotic entry, when birth and mitotic entry 

volumes were determined this way (Figure S1E-F). Single growth trajectories were also examined 

(Figure S1D), and analysis of growth speed as a function of size, for a large number of single cells and 

cell aggregates showed global exponential growth, as expected (Figure S1G) (Tzur et al. 2009; Mir et 

al. 2011; Sung et al. 2013; Son et al. 2012a). For each experiment performed, the dataset was checked 

for quality: we verified that the distribution of volumes at birth and the average growth speed did not 

change throughout the experiment, and that these values did not change from one experiment to 

another (Figures 1D and S1H). All the experiments in our dataset match these quality criteria (note that 

we kept one dataset which showed a significant, but small, decrease in volume through the course of 

the experiment, because despite optimization, we could not avoid some internalization of dextran by 

these cells, Figure S1H HeLa cells). We were thus able, with these methods, to produce fully validated 

high quality datasets of single cell volume along cycles of growth and division, which can be further 

used to ask elementary questions on volume homeostasis for proliferating cultured mammalian cells. 

The adder behavior is common in cultured mammalian cells 

The first elementary information comes from the relation between the added volume and the volume 

at birth. We thus made that plot, together with the equivalent plot of volume at mitotic onset versus 

volume at birth, for each cell line and condition in our dataset (Figure 2A and S2A). If cells were 

doubling their volume, the added volume would be equal to the volume at birth, thus the two values 

would linearly correlate with a slope of 1, and the final versus initial volume plot would show a slope 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted June 20, 2017. ; https://doi.org/10.1101/152728doi: bioRxiv preprint 

https://doi.org/10.1101/152728


Cadart et al. Draft 

6 
 

of 2. On the other hand, if cells were perfectly correcting for differences in size, added volume would 

be smaller for bigger cells, so the slope would be negative, while the final volume would be identical 

for all cells independently of their initial volume. We studied 4 different cancerous cell lines (HT29, 

HeLa, MDCK and Raji) and found neither of these two extremes. With the exception of Raji cells (human 

B lymphoblast), which showed a large dispersion of added volumes, and for which added volume 

slightly correlated with initial volume (Figure S2A), we instead found that added volume showed no 

correlation with initial volume (Figure 2A, left panel). Consistently, the volume at mitotic entry showed 

a clear linear correlation with volume at birth, with a slope close to 1 (Figure 2A, right, and Figures 2B 

and S2A), suggesting that all cell lines studied, except the Raji cells, grew by the same amount, on 

average, independently of their volume at birth. This observation was also reproduced when analyzing 

previously published results obtained on lymphoblastoid L1210 cells kindly shared by the authors (Son 

et al. 2012). This behavior is known as an adder, and was already described for several bacterial species 

and for the buds of budding yeast cells (Campos et al. 2014; Taheri-Araghi et al. 2015; Soifer et al. 

2016). This weak form of volume homeostasis was shown, theoretically and experimentally for 

bacteria and yeasts, to be able to compensate for asymmetries in sizes during division. A direct 

prediction is that, after an asymmetric division, the difference in size of the two daughter cells would 

be reduced by half in one division cycle, but not completely compensated. We artificially induced 

asymmetric divisions by growing cells inside microchannels (Figure S1B, Movie S2). Confinement 

prevents mitotic rounding, which leads to errors in the mitotic spindle positioning and ultimately 

generates uneven division of the mother cell (Figures 2C and S2B, (Lancaster et al. 2013; Cadart et al. 

2014)). We then compared the asymmetry in volume, at birth and at the next mitosis, between pairs 

of daughter cells that had divided inside these channels. We found that their level of volume 

asymmetry at birth was much higher than in control cells that divided outside of the channels, and that 

it was significantly reduced at entry into the next mitosis, but not completely compensated (Figure 

2D), as predicted with an adder behavior. In conclusion, this first analysis of our dataset revealed that 

most cultured mammalian cell lines display a typical adder behavior. 

G1 duration is negatively correlated with volume at birth  

When cells are growing exponentially, smaller cells grow less, in the same amount of time, than large 

cells. A simple way for small cells to add as much volume as big cells, is to grow for a longer time. This 

modulation of cell cycle duration, which is well established for the budding yeast (Hartwell and Unger 

1977; Johnston 1977) was also proposed in the past for mammalian cells (Killander and Zetterberg 

1965; Dolznig et al. 2004) but was not verified in more recent contributions (R. Kafri et al. 2013; Son et 

al. 2012a) opening a controversy on this question, with few direct observation available to clarify this 

point. In our dataset, cells grown in the volume measurement chamber, but not inside micro-channels, 

showed a longer cell division cycle for smaller cells (Figure S2A, middle graphs). To investigate this 

point in more details, we combined cell volume measurements on HT29 cells with a classical marker 

of cell cycle phases, hgeminin-mcherry, which accumulates in the cell nucleus at S-phase entry (Sakaue-

Sawano et al. 2008) (Figures 3A, S3A and Movie S3). This new dataset confirmed that, at the scale of 

the entire cell division cycle, cells added the same amount of volume independently of their volume at 

birth. During G1 phase, small cells at birth added slightly more volume than large ones, while during S-

G2, large cells at G1/S added slightly more volume than small ones (Figure 3B and S3B, left graphs). 

Consistently, the volume at G1/S transition plotted against volume at birth showed a slope below 1 

(a = 0.7 ± 0.01), suggesting a homeostasis mechanism more efficient than an adder, while the slope 
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of the volume at mitosis entry versus volume at the G1/S transition was 1.4 ± 0.02, suggesting a poor 

homeostasis mechanism (Figure S3B, right graphs). Consistent with a regulation occurring mostly in 

G1, the distribution of G1 durations was wide and right-skewed, resembling the distribution of entire 

cell division cycle durations (Figures 3C and S3C, CV=53%), while S-G2 showed a very narrow and 

symmetrical distribution of durations (Figures 3C and  S3C, CV=18%) (Fligner-Kileen test comparing the 

standard deviations, p=2*10^-16). Consistently, the duration of G1 was highly correlated with the total 

duration of the cell cycle, while it was less for S-G2 (Figure S3D). Plotting the time spent for single cells 

in a given phase versus its volume at the beginning of that phase, confirmed that smaller cells at birth 

had a longer G1 phase, while smaller cells at the G1/S transition spent as much time as bigger cells in 

S-G2 (Figures 3D and S3B, middle graphs). This graph also suggested that there was a minimal time 

cells spent in G1, and that dispersion of G1 duration was larger for smaller than for larger cells, which 

tended to spend only a minimal time in G1 (about 4 to 5 hours). This is well illustrated by the cumulative 

distribution function of the time spent in G1 for various ranges of volumes at birth (Figure 3E). We 

could not distinguish between the effective adder observed from birth to mitosis and the alternative 

model currently debated in yeast (Soifer et al. 2016)  and bacteria (Ho and Amir 2015) where the 

constant volume is added between two replication events (see supplementary information, Figures 

S3E-G). These data together suggest that, despite an overall exponential growth, smaller cells can add, 

on average, as much volume as bigger cells, thus achieving an adder behavior, by extending the 

duration of the G1 phase, while S-G2 phase rather resembles a timer, with a duration independent of 

size at the G1/S transition. 

Abnormal large cells display a minimal G1 duration and a modulation of growth rate 

Figures 3D-E show a lower limit on the duration of G1 phase, which implies that, if growth was 

exponential and homeostasis limited to the G1 phase, it would not be possible to have homeostasis 

for larger cells. To produce larger cells at birth, we arrested cells using Roscovitine, an inhibitor of 

major interphase cyclin dependent kinases, like Cdk2 (Meijer and Raymond 2003). For this experiment, 

we used HeLa cells, because HT29 cells, despite long arrest with Roscovitine treatment, only slightly 

increased their volume. After a 48hours block with Roscovitine, the drug was rinsed, and cells were 

injected in the volume measurement chamber. Recording started after the first mitosis following the 

release from Roscovitine. As expected, cells which had been treated with Roscovitine were on average 

1.7 fold larger than the controls (Figure 4A and 4B, top histogram of the graph, Figure S4A). Single cell 

growth curves showed that Roscovitine treated cells behaved similarly to large control cells (Figure 4A, 

Movie S4). As expected, their G1 duration was shorter (Figure 4B right axis) and was on average closer 

to a minimal G1 duration (≈ 4 hours) independently of volume at birth (Figure 4B). Interestingly, this 

duration was the same as the duration displayed by large control cells. But, surprisingly, large 

Roscovitine treated cells still grew, during G1, by nearly the same amount of volume than smaller 

control cells, independently of volume at birth (Figure 4C). In S-G2 however, the duration was longer 

for Roscovitine-treated cells, maybe due to replication defects, and the added volume was thus also 

larger (Figure S4B-C). If G1 duration is not modulated and larger cells grow by the same amount, an 

alternative mechanism is that growth speed is modulated. We thus analyzed single cells growth curves 

in G1 and plotted their growth speed against their volume. It showed that, both for control cells and 

Roscovitin treated cells, and for all the range of sizes, growth speed increased with size, compatible 

with an exponential growth even for the largest cells (Figure 4D for G1, S4D-E for S-G2 and complete 

cell cycle, and S4F relative to G1/S transition). To understand how larger cells at birth could grow by 
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approximately the same amount as smaller cells, in a similar amount of time, and because single 

growth curve trajectories showed complex behaviors (Figure S4G-I), we binned cells by their size at 

birth and plotted, for small, intermediate and large cells at birth, their growth speed versus their 

volume. This showed that although, for all ranges of size at birth, growth was compatible with 

exponential, the slope of growth speed versus volume decreased for larger sizes at birth, suggesting a 

lower exponential growth rate for cells born bigger (Figure 4E). In conclusion, consistent with a minimal 

G1 duration, Roscovitine treated cells, which were as big or larger at birth than large control cells, 

displayed a G1 duration independent of their volume at birth and on average equal to the minimal G1 

duration found for control cells. They still added the same amount of volume as smaller cells, due to a 

modulation of their exponential growth rate, with larger cells at birth showing a smaller growth rate. 

By producing larger cells at birth, we were able to observe the robustness of the adder behavior: 

despite a minimal G1 duration, larger cells still displayed an adder behavior concurrently with a 

modulation of their exponential growth rate as a function of their size at birth. 

A general mathematical framework to compare the homeostatic process from bacteria to 

eukaryotes 

This result prompted us to perform a comparative analysis on our whole dataset, and on other 

published datasets (Kennard et al. 2016; Taheri-Araghi et al. 2015; Kiviet et al. 2014; Soifer, Robert, 

and Amir 2016; Nobs and Maerkl 2014; Wallden et al. 2016), to ask how general was the adder 

behavior and how general were cell cycle timing or growth rate modulation. In order to be able to 

perform this comparison, it was necessary to define a simplified mathematical framework (described 

in supplementary information) applicable to the whole cell cycle or to single cell-cycle stages (for the 

sake of simplicity, we will discuss it hereon for an entire cycle). Our model assumes that cells grow 

exponentially, which corresponds to the most common behavior we observed in our dataset, and 

adopt a rate chosen stochastically from a probability distribution. This rate may depend on volume at 

birth (and hence contribute to size correction). Similarly, the interdivision time may be chosen based 

on volume at birth and has a stochastic component. Correlations between growth rate, interdivision 

time and size at birth are accounted to linear order, motivated by the fact that such linear correlations 

are able to explain most patterns in existing data (at least for bacteria, (Grilli et al. 2017)). The resulting 

model is able to characterize the joint correction of size by timing and growth rate modulation, with a 

small number of parameters. 

A first parameter, λ, describes how the total relative growth depends on volume at birth. If λ = 1, the 

system behaves like a sizer, if it is 0.5, it is an adder and if it is 0, all cells double their initial volume and 

there is no size control at all. This parameter can be described, for each dataset, by performing a linear 

regression on the plot of log(𝑉𝑚𝑖𝑡𝑜𝑠𝑖𝑠/𝑉𝑏𝑖𝑟𝑡ℎ) versus log(𝑉𝑏𝑖𝑟𝑡ℎ) (Figures 5A, S5A and equation 5 in 

supplementary informations). The second parameter, θ, describes how interdivision time depends on 

volume at birth. This parameter can be described, for each dataset, by performing a linear regression 

on the plot of cell cycle duration (𝜏 = ∆𝑇) versus log(𝑉𝑏𝑖𝑟𝑡ℎ) (Figures 5B, S5B and equation 6 in 

supplementary informations). If this correlation is negative (which, by choice, corresponds to a positive 

value of the parameter meant to describe the strength of the correction), it means that larger cells will 

tend to divide in shorter times, hence these cells operate size correction due to a modulation of timing. 

Finally, the third parameter, γ, describes the link between initial size and a variation in growth rate 

with respect to its mean value. This can be obtained by linear regression when the corresponding 

measurements are available (e.g. in data from bacteria, (Wallden et al. 2016; Kennard et al. 2016; Kiviet 
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et al. 2014; Taheri-Araghi et al. 2015) Figures 5C and S5C, equation 4 in supplementary information). 

When growth rate for single-cells was not available (for mammalian cells and yeasts), the parameter γ 

was estimated from the values of λ and θ using an approach based on the covariance between pairs 

of measured variables (Figure S5D-E and supplementary information). The validity of this approach 

was tested on the bacteria datasets where all parameters can be directly measured (Figure S5E and 

supplementary information). 

These three parameters are linked by a balance relation, which describes the fact that the overall size 

correction results from the combination of timing and growth rate corrections (see also supplementary 

information).  

λ =  θ 〈𝛼〉 〈𝜏〉 +  γ  〈𝛼〉 〈𝜏〉  (Eq.1) 

Additional (less relevant here) parameters concern the intrinsic stochasticity of interdivision timing, 

growth rates and net growth (see supplementary information). For eukaryotes where the growth rate 

〈𝛼〉 is not easily accessible, the product 〈𝛼〉 〈𝜏〉 was approximated by 〈𝐺〉 = 〈log (𝑉𝑚𝑖𝑡𝑜𝑠𝑖𝑠)/log (𝑉𝑏𝑖𝑟𝑡ℎ)〉 

(Figure 5D, right, supplementary information). The validity of this normalization was tested with 

bacteria (Figure S5F and supplementary information). 

Using these dimensionless parameters, it was then possible to compare datasets obtained from 

different cell types in different conditions and estimate whether they displayed volume homeostasis 

(λ > 0) with an adder behavior (λ = 0.5) or better (λ = 1). It was also possible to know if homeostasis 

relied more on time modulation (θ > 0) or growth rate modulation (γ > 0). For bacteria, which have 

clearly identifiable exponential growth for single cells, all three parameters can be evaluated directly 

(Figure 5D, left). With this framework (Figures 5E and S5G), all the datasets for both bacteria (Kennard 

et al. 2016; Wallden et al. 2016; Kiviet et al. 2014; Taheri-Araghi et al. 2015) and yeasts (Nobs and 

Maerkl 2014; Soifer, Robert, and Amir 2016) mostly fell around the line of λ = 0.5 indicative of a 

near-adder behavior (note that, as expected, the yeast S. Pombe showed a better than adder behavior, 

but not a perfect sizer, because larger cells still have a minimal growth period). These cells all showed 

a consistent degree of correction via time modulation (θ > 0). A small subset also showed positive 

growth rate modulation (γ > 0, Figure 5E green side), but many also had instead a strong negative 

growth rate modulation (i.e. growth rate modulations contributed to noise in size instead of correcting 

it, Figure 5E blue side).  

The adder behavior emerges from a variety of couplings between growth and time modulations 

Each cell line and condition was characterized by one value for each parameter and thus one point on 

the graph which shows γ versus θ (Figure 5F). Most cells displayed volume homeostasis close to an 

adder behavior (all points fell clustered around the line representing λ = 0.5, Figure 5F), consistent 

with the plot shown in Figure 2B. Data obtained from Son et al (Son et al. 2012a) on L1210 showed 

that these cells were also adders, with mostly growth rate modulation (in accordance with the results 

of that study), but also some level of time modulation, possibly explained by the negative correlation 

between G1 duration and early growth speed observed in these cells (Son et al. 2012a) (Figure 5F, 

yellow star). For both mammalian cells and bacteria, no dataset showed a negative time modulation 

(bigger cells at birth having a longer cell division cycle, meaning that time modulation always 

contribute to homeostasis, although to a lesser extent in mammalian cells than in yeasts and bacteria. 
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Negative growth rate modulation (larger cells with a faster exponential growth rate than smaller cells 

at birth) was rarer in mammalian cells than in bacteria, but nevertheless observed in some cases (for 

Raji cells, Figure 5F, pink circle). This means that in mammalian cells, contrary to yeasts and bacteria, 

growth rate modulation always contributes to homeostasis and does it to a larger extent. Our analysis 

method, by providing a summarized overview of a large dataset comprising various cell types and 

culture conditions, demonstrated the robustness of the adder behavior, and also revealed the diversity 

of underlying homeostatic mechanisms, relying more on growth rate modulation or cell cycle duration 

modulation, even for a given cell line. 
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Discussion  

Size homeostasis in cultured mammalian cells can be described phenomenologically as an adder 

behavior 

Cell size homeostasis, or how cells regulate their size through cycles of growth and division, is one of 

the central questions of cell biology. Due to technical limitations, our understanding of this process in 

mammalian cells derives in large part from indirect evidence (Conlon et al. 2001; Ian Conlon and Raff 

2003; Echave, Conlon, and Lloyd 2007; Tzur et al. 2009; Sung et al. 2013; R. Kafri et al. 2013; Dolznig et 

al. 2004), nurturing controversies which have proven hard to resolve. To make progress in this area, 

we have developed two new methods, microchannels and fluorescence exclusion, to follow the 

volume of single cultured mammalian cells over long periods of time. These data reveal that four out 

of five different cell lines tested, act as adders, meaning that the added volume across a cell cycle was 

independent of the volume at birth (Campos et al. 2014; Taheri-Araghi et al. 2015; Soifer, Robert, and 

Amir 2016). Our analysis also reveals the complexities behind this apparently simple phenomenological 

description of the process of cell size control. 

Generality of the adder mechanism 

In recent years, the adder mechanism has been observed in a variety of organisms, from bacteria 

(Soifer et al. 2016; Campos et al. 2014; Taheri-Araghi et al. 2015; Deforet  et al. 2015) to yeast (Soifer 

et al. 2016). However, apparent universality of this simple result is deceiving. For example, theoretical 

work has shown that more data is required to support this conclusion (Grilli et al. 2017). Thus, 

experimental perturbations are required to test the systems robustness before one can conclude that 

an adder is in place. Here, by developing a method to induce asymmetric divisions, we were able to 

show that the size asymmetry was only reduced by half across one division cycle (Figure 2D) (Sauls, Li, 

and Jun 2016) – a key characteristic of the adder we identified through our analysis of unperturbed 

cell cycles. 

Additionally, the use of the term adder has evolved from a simple phenomenological description of a 

behavior common to several organisms (Sauls, Li, and Jun 2016), to a more complex picture. The same 

organism can display a range of effective homeostatic behaviors depending on its growth rate both at 

the population level (Wallden et al. 2016) and at the individual cell level (Kennard et al. 2016). 

Modulation of G1 duration 

How is this adder achieved? Schematically, this could occur in two ways, i) via a change in growth rate 

or ii) via a change in cell cycle time. Moreover, it is important to determine where in the cell cycle it 

operates, and how it is affected by cell size – a pure adder mechanism could also potentially measure 

added size to trigger cell cycle progression independently of size or timing. This led us to test the role 

of cell division cycle timing modulation on the cell size control mechanism. For budding yeast, control 

is known to occur at G1/S, while for fission yeast, it is mostly occurring at G2/M (Turner, Ewald, and 

Skotheim 2012) 

A role for the timing of G1/S transition in cell size control has long been hypothesized in mammalian 

cells as well (Zetterberg and Killander 1965; Dolznig et al. 2004), but a direct measurement that would 

allow a correlation between G1 duration and initial size has never been previously reported. Instead, 
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it was suggested that there is a decrease in the variability of growth speed at the G1/S transition and 

a negative correlation between early growth speed in G1 and G1 duration (Son et al. 2012). Here, we 

observed that the clear negative correlation between total cell cycle length and size at birth (Figures 

S2A central graphs), was mostly due to a negative correlation between G1 duration and volume at 

birth, for both HT29 and HeLa cells (Figures 3D-E, S3B-D and 4B) - reinforcing the notion that G1 

progression and size are coupled. Moreover, in HT29 cells progression through G1 depended on both 

volume and time (Figure 3E) - suggesting that volume is not the sole variable limiting cell cycle 

progression. 

Given the similarities both at the phenomenological and molecular level between S. cerevisiae and 

mammalian cells (Fisher 2016), it is possible to speculate that time modulation in G1 would depend on 

dilution of an inhibitor as was proposed for S. cerevisiae (Schmoller et al. 2015). A potential candidate 

for the minimal period could be the delay that was observed before inactivation of the APC-Cdh1 

complex which has recently been proposed to set a minimal window of time of 4 hours before the 

commitment point to S phase in mammalian cells (Cappell et al. 2016). 

A near timer in S/G2 and a minimal duration for G1 

By contrast, S-G2 duration was less variable in duration and was poorly correlated with the total cycle 

time (Figures 3C and S3C-D). Moreover, there was no correlation between the length of S-G2 and 

volume at the G1/S transition in HT29 cells and control HeLa cells (Figures 3D, S3C-D and S4B), and 

cells with a shorter G1 did not have a longer S/G2 (Figures S5 G-I), suggesting that this phase had little 

impact on cell size homeostasis.  

Both HeLa (Figure 4B) and HT29 cells (Figure 3D) display a minimum G1 duration of about 4-5 hours 

that is independent of cell volume. This is even clearer when HeLa cells are forced to divide at a large 

size, through treatment with Roscovitine (Figure 4B). A similar phenomenon was also reported before 

by Zetterberg and colleagues (Zetterberg and Killander 1965). Together with our study, these results 

suggest that G1 comprises two distinct periods: a first period, whose length might depend on cell size, 

possibly involving pRb-E2F activation (Cappell et al. 2016; Barr et al. 2016), and a second period with a 

constant duration of 4 hours ending with the inactivation of APC-Cdh1 (Cappell et al. 2016). This is 

strongly reminiscent of what was observed for yeast cells, breaking G1 up into a size-dependent pre-

Start period and a timer-like post-Start period (Di Talia et al. 2007; Turner, Ewald, and Skotheim 2012; 

Schmoller et al. 2015). 

Growth rate modulation at large cell sizes 

The exponential character of growth is central to the question of cell size homeostasis (Mitchison 2003; 

Ginzberg et al. 2015). This led us to measure the growth speed of individual cells and for cell 

aggregates. Growth appeared exponential overall in all cases (growth speed increased as a function of 

cell size), even for the larger Roscovitine treated cells (Figures S1G, 4D and S4D-E). Consistently, when 

cells progressed through the cell cycle, and became on average bigger, their growth speed increased. 

Interestingly, when time was registered on the G1/S transition, it became clear that the growth speed 

increased less during S-G2 than in G1 (Figure S4F), although it is not clear whether this would 

contribute to size homeostasis. The picture was more complicated when investigating the growth of 

individual cells. Individual cells could display complex growth behaviors, alternating plateaus and 
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growth phases (Figures S5G-I), not clearly correlated with cell cycle stage events, even if plateaus were 

often seen in early G1. This suggests that growth in volume is on average exponential (when many cells 

are averaged, Figure S1D) but is, at the single cell level, modulated, maybe due to other factors that 

can fluctuate in time at the single cell level, like cell spreading area. 

This result is in agreement with data in several recent studies that evaluated the growth of large cells 

under a condition of cell cycle arrest (Ian Conlon and Raff 2003; Tzur et al. 2009; R. Kafri et al. 2013), 

which suggested growth rates did not increase and/or declined with increasing cell size. Nevertheless, 

for cells born larger (like Roscovitine treated cells), which display on average a minimal G1 duration 

and thus loose the negative correlation between size at birth and G1 duration, it raises a concern: how 

can they still add, on average, the same volume as smaller cells at birth? Our data show that smaller 

cells at birth display a larger exponential growth rate than cells born larger (Figure 4E). Thus, depending 

on their initial size, cells appear to add volume at different rates as they grow. Similarly, in our 

experiments with HeLa and MDCK cells growing inside micro-channels, cells grew by the same amount 

in the same period of time, independently of their initial size (Figure S2A). In this setup, we were not 

able to follows single cells growth trajectories, but similarly to Roscovitin treated cells, they might 

operate in a regime of growth rate modulation rather than cell cycle time modulation. This could be 

due to the lateral confinement, limiting exchanges with the medium to the free ends of cells, which 

are defined by channel cross-sectional area and thus do not scale with volume (note that, since these 

experiments showed a constant average growth speed through time in the experiment, Figure S1H, 

we were confident that this was not due to a progressive depletion of nutrients). This more generally 

raises the question of how cells grow, and of the factors that can limit the exponential growth rate. 

Limitations of protein synthesis (M. Kafri et al. 2016), nonlinear metabolic scaling with cell size 

(Miettinen and Björklund 2017) and physical constraints on volume growth via the addition of surface 

area (Glazier 2014) can all constrain cell growth. Whether any of them apply will depend on specific 

conditions. For example, the rate of protein synthesis slows down when mRNA supplies, which depend 

on the transcription from a finite number of DNA copies, become limiting in larger cells (Hu and Zhu 

2014; M. Kafri et al. 2016). Mitochondrial activity and cell fitness are also maximum at a specific 

optimal size, after which they start decreasing (Miettinen and Bjorklund 2016). Finally, nutrient uptake, 

which depends on the cell surface area, can become limiting as the surface to volume ratio decreases 

in larger cells (Glazier 2014). Although all these factors could change the relation between growth 

speed and cell size, it is not clear how they would modulate the average growth rate as a function of 

size at birth. The mechanism that underlies this modulation of growth rate – a phenomenon essential 

for the robustness of the adder behavior – remains mysterious. 

A simple general framework to summarize and compare homeostatic phenomenology in different 

datasets 

To put these data into context, we developed a general framework by which to compare how growth 

rate and cell cycle time contribute to cell size control in different systems (Figure 5). In this way, it is 

possible to define three main types of coupling observed in our experiments and to compare them to 

data from other systems (and obtained by others). 

First, when cultured in FXm chambers, epithelial HT29 and HeLa cells grow exponentially (Figures S1G, 

4D, S4D-E). In this case, consistent with previous indirect findings on mammalian cells (Zetterberg and 
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Killander 1965; Dolznig et al. 2004), and reminiscent of the size control mechanism occurring in 

S.cerevisiae (Johnston 1977; Hartwell and Unger 1977; Di Talia et al. 2007), G1 duration is negatively 

correlated with cell volume at birth (Figures 3D and 4B).  

Second, large HeLa cells reach a minimum duration of G1 (Figure 4B) and thus do not show modulation 

of G1 duration as a function of initial size. We also observed this behavior for cells grown inside 

confining channels, and it was reported in other articles, such as Son et al. (Son et al. 2012a), for which 

the authors kindly shared their original data with us. In all these cases an adder is still observed. For 

large HeLa cells, we could show that it is made possible by a modulation of the exponential growth 

rate as a function of size at birth (Figure 4E). Alternatively, growth rate could saturate for larger sizes, 

but we did not observe this phenomenon in our dataset. 

Overall, our work reveals that there are at least three main aspects limiting cell growth and cell cycle 

progression: first, G1 progression is lengthened for small cells at birth, consistent with the hypothesis 

of a titration mechanism coupling growth and cell cycle timing (Schmoller et al. 2015; Soifer et al. 2016; 

Ho and Amir 2015). Second, there appears to be a minimum G1 passage time of close to 4-5 hours, 

consistent with recent findings on G1 regulation (Cappell et al. 2016; Zetterberg and Killander 1965). 

Third, exponential growth rate appears to also be modulated as a function of cell size at birth. 

Nevertheless, under all these conditions cells exhibit the same behavior – that of adders. How can this 

behavior arise? Although this seems remarkable, the same behavior under all these conditions could 

be driven by a single underlying mechanism, e.g. via molecular counting, when a fixed numbers of 

molecules must be synthesized or degraded in a way that does not depend on the growth rate before 

cells can undergo passage through G1 (Ho and Amir 2015). How this works remains to be determined, 

not just in mammalian cells but also in E. coli, where Harris and Theriot (Harris and Theriot 2016) 

hypothesized that the adder behavior might be a consequence of the rate-limiting step for division 

being due to septum completion, thus to a universal constraint in terms of surface growth. However, 

Wallden and colleagues recently showed that cells displayed stronger size homeostasis at low growth 

rates, getting close to a sizer (Wallden et al. 2016), complicating the matter. One might speculate that 

the type of adder described here may be a simple mode by which cells are able to grow as fast as 

possible without diverging in size. This could also explain the remarkable convergence between cells 

from different organisms that have very different growth mechanism, but share the fact that they have 

been maintained in rich culture conditions, with constant and unlimited growth factors and nutrients. 

Size homeostasis in tissues 

Our work suggests that mammalian cells possess intrinsic size regulation mechanisms with distinct 

limiting processes that contribute to size homeostasis, which we observed in cultured cells. 

Importantly, our observations are compatible with previous findings that had raised a doubt about 

the existence of size control in mammalian cells such as the fact that growth speed modulation rather 

than time modulation account for size control (Conlon and Raff2003), or that at very fast growth, the 

duration of the cell cycle reaches an intrinsic minimal duration (Edgar 2006). These behaviors could 

also exist within tissues and constitute the cell intrinsic basis on which tissue scale signals act to 

regulate cell size. A recent study on brain development in drosophila showed that a modification of 

cell metabolism during metamorphosis makes some nutrients limiting, leading to a gradual reduction 

of neuronal progenitors size, as they do not grow enough during each cycle and eventually reach a 

minimal size at which they stop dividing (Homem et al. 2014). This might be due to a limit of the 

homeostatic mechanism, at very low growth rates, with an upper limit to cell division cycle duration, 
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and the existence of a minimal cell size to enter the cell division cycle. This study constitutes an 

incentive to explore further the phase diagram of growth behavior in single cultured cells, towards 

limits of slow growth rates and small cell sizes. As the description of single cell size homeostasis 

evolves towards that of a flexible process that involves several types of regulation of growth and cell 

cycle progression depending on the growth conditions, we envision the possibility of unifying the 

understanding of cell size regulation from single cell intrinsic mechanisms to tissues scale signaling. 
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Figure Legends 

Figure 1: Single-cell volume tracking over entire cell division cycles 

A) Principle of the fluorescence exclusion-based volume measurement method (FXm). Left: 

measurement chamber used for 50hrs long time-lapse acquisitions (see SI). Right: principle of the 

measure. Fluorescence intensity at a point 𝐼𝑥,𝑦 of the cell is proportional to the height of the chamber 

minus the height ℎ𝑥,𝑦 of the cell at this point. Fluorescence intensity 𝐼𝑚𝑎𝑥is the intensity under the 

known height of the chamber roof ℎ𝑚𝑎𝑥, where no object excludes the fluorescence. Integration of 

fluorescence intensity over the cell area gives the cell volume 𝑉𝑐𝑒𝑙𝑙 after calibrating the fluorescence 

intensity signal 𝛼 = (𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛) / ℎ𝑚𝑎𝑥 (see SI). 

B) Sequential images of a HT29 cell acquired for FXm. Mitosis and birth are defined as the time-points 

60 min before and 40 min after cytokinesis respectively. The white dashed circle indicates the cell 
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measured in C), the colored lines indicate the time-points highlighted by circles of the same color in 

C). Time is in hours:minutes. Scale bar is 20 µm. 

C) Single HT29 cell growth trajectory (volume as a function of time) and key measurement points (see 

SI). ∆Ttot is the total duration of the cell division cycle from birth to mitosis and ∆Vtot is the total added 

volume. 

D) Average growth speed for three independent experiments with HT29 wild-type cells. n= 39 (exp. 1), 

n=46 (exp. 2), n=47 (exp. 3). The hinges show the 25th and 75th percentiles and the bars extends from 

the hinge to the highest value that is within 1.5 * IQR (Inter Quantile Range) of the hinge. The p values 

are the result of a pairwise t test. 

See also Figure S1 and Movie S1 

Figure 2: Adder-like behavior in cultured mammalian cells 

A) Left: total volume gained during one cell division cycle ∆Vtot versus volume at birth V_birth for HT29 

expressing hgeminin-mcherry cells. The dashed grey line shows median added volume. Right: volume 

at mitotic entry Vmitosis versus volume at birth  Vbirth. Dashed grey lines show an horizontal line at 

average volume at mitosis (sizer), and a line of slope 2 with intercept at zero (timer) and slope 1 with 

intercept at mean volume at birth (adder). a is the slope of a linear fit on the binned data weighted by 

the number of observations in each bin (see SI), with 95% confidence interval and R2 is the coefficient 

of determination.  

B) Left graph: comparison of rescaled volume at mitotic entry versus rescaled volume at birth for 

various cultured mammalian cell lines. Ideal curves for stereotypical homeostatic behaviors are shown 

as black lines. Right table: a, b, CI a (95% confidence interval for a) from linear regressions on binned 

data for Vmitosis =  a. Vbirth + b. HT29 are human colon cancer epithelial cells (wild-type (HT29-wt) or 

expressing hgeminin-mcherry (HT29-hgem)), HeLa are human cervix epithelial cancer cells (either 

stably expressing MyrPalm-GFP and Histon2B-mcherry (HeLa-MP) or hgeminin-GFP (HeLa-hgem)), 

MDCK expressing MyrPalm-GFP (MDCK-MP) are dog kidney epithelial cells, Raji are human B 

lymphoblastoid cells, L1210 are mouse lymphoblastoid cells from data kindly sent by Son and 

colleagues (Son et al. 2012). Apart from the L1210 cells buoyant mass, data are volumes  acquired with 

either the FXm or the micro-channel methods (See C)). 

C) Top: scheme of a cell confined in a micro-channel (nucleus in red). Bottom: sequential images of an 

asymmetrically dividing HeLa cells expressing MyrPalm-GFP (plasma membrane, green) and Histon2B-

mcherry (nucleus, red) growing inside a micro-channel. The outlines of the cell of interest and its 

daughters (white bars) are shown with white dotted lines. Scale bar is 20 µm. Time is hours:minutes. 

D) Ratio of volume in pairs of sister cells at birth and mitosis for MDCK cells expressing MyrPalm-GFP 

(MDCK-MP) and HeLa cells expressing MyPalm-GFP and Histon2B-mcherry growing inside micro-

channels (HeLa-MP). Control, in non-confined condition, corresponds to HeLa expressing hgeminin-

GFP (HeLa-hgem) cells measured with FXm. A Wilcoxon signed rank test was performed to test that 

median was lower from birth to mitosis in each condition. The upper and lower hinges of the boxplot 

represent the 25th and 75th percentile, the bars extend from the hinge to the highest (lowest) value 

within 1.5*IQR (Inter Quantile Range) of the hinge. Data beyond the whiskers are shown as outliers. 
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See also Figure S2 and Movie S2 

 

Figure 3: For HT29 cells, G1 duration is anticorrelated to V_birth 

A) Sequential images of HT29 cells expressing hgeminin-mcherry (top) and FXm on the same cells 

(bottom). The graph on the right shows the quantification of hgeminin-mcherry in the cell as a function 

of time. Time zero corresponds to cytokinesis (see SI). The vertical white line and arrows indicate the 

time at which hgeminin-mcherry becomes detectable. G1 phase (red line) spans from birth to 

appearance of hgeminin (G1/S transition) and S-G2 phases (green line) from G1/S to next entry in 

mitosis (see SI). Scale bar is 20µm. Time is in hours:minutes. 

B) Total added volume ∆V as a function of initial volume for total cycle (blue), G1 (red) and S-G2 phases 

(green). Dashed blue line indicates the median volume added. Boxes show medians of bins with 

standard deviation. Pearson’s correlation coefficient (P), for the entire cell division cycle: P=0.13, 

p=0.12, n=141;  G1: P=-0.30, p=9*10^-7, n=241; S-G2: P=0.34, p=1*10^-5, n=144; linear regression on 

the median bins weighted by the number of observations in each bin, G1: a= -0.30+/-0.009, p=1*10^-

91, R2=0.83; S-G2: a=0.3+/-0.01, p=3*10^-53, R2=0.83. 

C) Histogram of ∆TG1 (red) and ∆TS−G2 (green). CV: coefficient of variation. Standard deviations are 

significantly different (Fligner-Killeen test, p=2*10^-16). 

D) Duration of G1 phase, ∆TG1, and S-G2 phase, ∆TS−G2 versus size at birth, V_birt Vbirthh. Pearson’s 

correlation coefficient, G1: P=-0.33, p=7*10^-10 (n= 310); S-G2: P=-0.12, p=0.07. (n=220); linear 

regression on the median bins weighted by the number of observations in each bin, G1: a=-0.008+/-

0.0001, p=1*10^-160, R2=0.92; S-G2: a=-0.004+/-0.0001, p=9*10^-4, R2=0.07. Red dashed line and 

grey area are a visual guide for minimum G1 duration around 4-5 hours. 

E) Cumulative frequency graph of ∆TG1 binned for three ranges of volumes at birth Vbirth. Red dashed 

line and grey area are a visual guide for minimum G1 duration around 4-5 hours. 

All data in the figure are from HT29 cells expressing hgeminin-mcherry (N=4). 

See also Figure S3 and Movie S3 

 

Figure 4: Larger cells obtained after Roscovitine treatment still display an adder behavior 

A) Examples of single-cell growth trajectories for HeLa cells expressing hgeminin-GFP, either control, 

or after washout from Roscovitine treatment (darker color) as a function of time from birth; G1 is in 

red and S-G2 in green.  

B) G1 duration, ∆TG1, as a function of volume at birth for control (light red, light grey) and Roscovitine-

treated cells (darker red, darker grey). Individual cell measures (dots) as well as median of bins 

(squares) and standard deviation (bars) are shown. Red lines shows linear regression on median bins 

weighted by the number of event in each bin (control cells: a=-0.00188+/0.00008, R2=0.76, p=5*10-
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61; rosco: a=-0.0002±0.0001, R2=0.05, p=1*10-42; Pearson’s correlation coefficient, control: P=-0.4, 

p=3*10^-8, n=199, N=2; Roscovitine: P= -0.03, p=0.8., n=120, N=3). Note that control HeLa cells are 

already very close to the minimum G1 duration compared to the HT29 cells shown in Figure 3. 

Distributions on the top are the distribution of volume at birth V_birVbirthth; control: mean volume at 

birth=1600µm3, n=231; rosco: mean volume at birth=2600µm3, n=136; Welch t test comparing the 

means: p=2.2*10^-16. Distributions on the right are G1 duration: control: mean G1 duration=7.0 hrs, 

n=201; rosco; mean G1 duration=6.1 hrs, n=124; Welch t test comparing the means: p=6.5*10^-7. Red 

dashed line and grey area are a visual guide for minimum G1 duration around 4-5 hours. 

C) Added volume in G1 (∆VG1) versus volume at birth for control (light red, light grey) and Roscovitine-

treated cells (darker red, darker grey). Individual cell measures (dots) as well as median of bins 

(squares) and standard deviation are shown. Pearson‘s correlation coefficient, control: P=-0.06, p=0.4, 

n=178, N=2; rosco: P=-0.07, p=0.8, n=108, N=3. Dashed lines represent the mean added volume in each 

condition, control: mean added volume in G1=350 µm3; rosco: mean added volume in G1=390 µm3; 

Welch’s t.test comparing the means, p=0.2423. 

D) Instantaneous growth speed ∂v/∂t in G1 as a function of volume, for control (light red squares, n 

cells=119) and Roscovitine treated cells (dark red triangles, n cells=49). Growth speed was estimated 

on sliding windows of 90 min (see SI). Red lines shows linear regression on average bins weighted by 

the number of event in each bin (control: a=0.0489+/-0.0005, p≈0, R2=0.78; rosco: a=0.047+/-0.002, 

p=2*10^-137, R2=0.49). Grey lines represent bivariate kernel densities. 

E) Top: kernel density of volume at birth for control and Roscovitine treated cells together. The 20% 

and 80% percentiles are represented (the x axis is common to both plots). Bottom: Same data as D) 

but cells are grouped by their initial volume at birth (cells within the 0 to 20% percentile (blue), 20 to 

80% percentile (orange) and 80 to 100% percentile of the distribution (green). The dots represent the 

averaged bins which contain measurements on at least 5 different cells, the lines are robust linear fits 

on the bins (0-20%: a=0.13+/-0.05, p=0.0219, R2=0.95; 20%-80%: a=0.084+/-0.02, p=0.000751, 

R2=0.68; 80%-100%: a=0.081+/-0.009 p=8*10^-7, R2=0.92).  

All data are from HeLa cells expressing hgeminin-GFP (control: N=2, Roscovitine: N=3).  

See also Figure S4 and Movie S4 

 

Figure 5: Contribution of growth and time modulation in overall size control 

A) Doubling rate, log(Vmitosis/Vbirth) versus logarithm of initial volume log(Vbirth) for HT29 wild-type 

cells. The linear regression (performed on the median bins, blue squares, and weighted by the number 

of observations in each bin) gives the overall strength of control, λ (-λ =0.5±0.002, R2=0.85, n=132, 

N=3). Error bars represent standard deviation. 

B) Cell cycle duration τ versus initial volume log(Vbirth) for HT29 wild-type cells. The linear regression 

(performed on the median bins, blue squares, and weighted by the number of observations in each 

bin) gives the strength of control by time, θ, such that a positive value corresponds to a positive effect 

on size control (-θ =7±0.2, R2=0.88, n=163, N=3). Error bars represent standard deviation. 
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 C) Growth rate α versus initial size log(Vbirth), for datasets on bacteria, from (Wallden et al. 2016). 

The linear regression (performed on the median bins, orange squares, and weighted by the number of 

observations in each bin) gives the control due to growth rate modulations, γ, such that a positive value 

corresponds to a positive effect on size control (-γ =0.0005±0.0002, R2=0.06, n=2107). 

D) Left: plot of θ multiplied by the average time and the average growth rate, versus – γ multiplied by 

by the average time and the average growth rate (such that a positive value corresponds to a positive 

effect on size control) for the dataset shown in C for bacteria. Right: plot of θ multiplied by the average 

growth, versus γ multiplied by average growth for HT29 cells (right). The dashed lines indicate the 

threshold above which time modulation (horizontal line) and growth modulation (vertical line) have a 

positive effect on size control. 

E) Comparison of datasets for bacteria (data from (Wallden et al. 2016; Kennard et al. 2016; Taheri-

Araghi et al. 2015; Kiviet et al. 2014)) and yeasts (data from (Soifer et al. 2016; Nobs and Maerkl 2014)), 

plotted as in D. The dashed lines indicate the threshold above which time modulation (horizontal line) 

and growth modulation (vertical line) have a positive effect on size control. 

F) Comparison of datasets for eukaryotes (our results and data from (Son et al. 2012)), plotted as in D. 

The dashed lines indicate the threshold above which time modulation (horizontal line) and growth 

modulation (vertical line) have a positive effect on size control. 

See also Figure S5 
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Supplemental information 

Material and methods 

Cell culture & reagents 

Cells were cultured in media supplemented with 10% FBS and 1% penicillin-streptomycin. Media, 

EDTA, trypsin, penicillin-streptomycin and glutamax were purchased from ThermoFisher. For HeLa, 

MDCK, HT29, cell culture medium was DMEM-GlutaMAX (HeLa, MDCK, HT29) and medium for 

microscopy imaging was DMEM with no phenol red (#31053044) supplemented with Glutamax 

(#35050061). For Raji cells, medium used was RPMI supplemented with GutaMAX #35050061. Zeocin 

(#10072492) was purchased from Life Technologies and Puromycin (#BML-GR312-0050) from Enzo life 

sciences. Dextran (#D-22910, #D-22914) and roscovitine (#R7772-1G) were purchased from Sigma 

Alrich. The stock solution of dextran was 10mg/mL in PBS, the stock solution of Roscovitine was 50mM 

in DMSO. 

Cell lines and plasmids 

HeLa cells are human cancerous epithelial cells from adenocarcinoma. HeLa expressing hgeminin-GFP 

(HeLa-hgem) were a kind gift from Buzz Baum’s lab (UCL, London, United Kingdom). HeLa Kyoto 

expressing MyrPalm-mEGFP-H2B-mRFP (HeLa-MP) are a kind gift from Daniel Gerlich’s lab (ETH, 

Zurich, Switzerland). HT29 cells are human cancerous cells coming from colorectal adenocarcinoma. 

HT29 wild type cells (HT29-wt) were HT29 HTB-38 were bought from ATCC. A stable HT29 cell line 

expressing hgem-mcherry (HT29-hgem) was established using the lentiviral vector mCherry-

hGeminin(1/60) / pCSII-EF (Sakaue-Sawano et al. 2013): electroporation was used to transfect the 

cells, the cells were then selected with zeomycin 200µg/mL and FACS-sorted for mCherry 

fluorescence. The resulting polyclonal population showed a good homogeneity in fluorescence 

intensity. MDCK cells are dog epithelial cells from an apparently normal kidney. They are however 

hyperdiploid with a modal chromosome number ranging from 77 to 80 or 87 to 90 (instead of 78 for 

this specie). MDCK cells were obtained from Buzz Baum lab (UCL, London, United Kingdom). Similarly 

to the protocol used for HT29 expressing hgem-mcherry, a stable MDCK cell line expressing MyPalm-

GFP (MDCK-MP) was established by electroporating cells with the plasmid pMyrPalm-mEGFP-

IRES_puro2b offered by Daniel Gerlich’s lab. Selection was made with Puromycin 2µg/mL prior to FACS 

sorting. For all the transfected cell lines, antibiotic were removed from the culture media after FACS 

sorting. Raji cells are human B lymphoblastoid cells coming from a lymphoma. Raji were obtained from 

Claire Hivroz’s lab (Institut Curie, Paris, France).  

Roscovitine experiment 

For the roscovitine experiments, HeLa cells were seeded in six-well plates at 1.9*10^4 (control) and 

8.3*10^4 (treated) cells per cm2 52 hours before the experiment. 4 hours later (48 hours before the 

experiment), when cells were spread, media was changed to 2 mL +/- 20µM roscovitine. Roscovitine 

stock solution was 50mM in DMSO. 

Live-cell imaging 

Phenol red-free media was used for FXm experiments. Acquisitions were performed on a Ti inverted 

(Nikon) or Axio Ob-server microscope (Carl Zeiss)  at 37°C with 5% C02 atmosphere, a 10× dry objective 
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(NA 0.30 phase) for FXm experiments or  a 20× dry objective (NA 0.45 phase)  for micro-channels 

experiments. Images were acquired using MetaMorph (Molecular Devices) or Axio Vision (Carl Zeiss) 

software. The excitation source was systematically a LED for FXm experiments to obtain the best 

possible homogeneity of field illumination (Lumencor or Zeiss Colibri); or a mercury arc lamp for some 

of the microchannel experiments. Images were acquired with a CoolSnap HQ2 camera (Photometrics) 

or an ORCA-Flash4.0 camera (Hammamatsu). 

For timelapse experiment, images were acquired every 5min (microchannel experiments), 10min (FXm 

measurements:  fluorescence-exclusion channel and phase channel) and 30min (fluorescent geminin 

channel) for up to 50hours in order to obtain 1 to 2 full cell cycles per lineage. 

Volume measurement with FXm 

The FXm method was initially described in (Zlotek-Zlotkiewicz et al. 2015) and a detailed protocol is 

available in (Cadart et al. 2017). We only describe here specifications from this protocol.  

Except for Raji experiments, the design of the volume measurement chamber (Figure 1A) included 

two side reservoirs that diffused nutrients to cells in the middle of the chamber. Side reservoirs were 

400µm high and diffusion to the observation part was achieved through a grid of channels (w=100µm, 

l=300µm and h=5µm). The height of the chambers was around 20-24µm (depending on the chambers) 

for HT29 and HeLa cells and 15.5 or 18.2µm for the Raji cells.  

The chambers were coated with fibronectin 50µg/mL, and then incubated overnight with the 

appropriate phenol-red-free media. During the acquisition, the chambers were covered with media to 

prevent desiccation of the PDMS and subsequent changes of the osmolarity of the media in the 

chamber. To prevent dextran leakage outside the chambers, the height of the inlets was risen by 

sticking 3-4 mm high PDMS cubes on top of each inlet, then 2mm diameter punches were made for 

every inlets. 

To prevent potential sources of variability in the growth rate or doubling rate caused by different 

proliferative states in the population,  cells were seeded at constant concentration two days before 

the experiment (1*10^5/cm² for HT29 cells  and 1.9*10^4/cm²  for HeLa). Cells were detached using 

trypLE (thermofisher #12605036) (HT29) or EDTA (Life Technologies #15040-033) (HeLa), to avoid cell 

aggregates and optimize adhesion time to the glass-bottom, fibronectin-coated chamber. Cells were 

injected in the middle part of the chamber (Figure 1A) at a concentration ranging from 1.5 to 2*10^5 

cells /mL in order to obtain the appropriate density in the chambers. For adherent cells (HT29 and 

HeLa), 4 hours after seeding, media was changed with equilibrated media containing 1mg/mL of 

10kDa-Dextran. Raji cells were injected together with the Dextran at the same concentration. 10kDa 

Dextran could be coupled either to Alexa-645 (HeLa-hgem experiments) or Alexa-488 (all other 

experiments). Imaging started 2 to 4 hours after changing the media to give time to for media to 

equilibrate in the chamber and avoid possible inhomogeneity of dextran just after injection. 

We checked that cell cycle time was similar inside and outside the measurement device (Figure S1C) 

and that, for each experiment, volume at birth and the average growth speed was constant 

throughout the experiment (Figure S1H). For one dataset, HeLa-hgem, a small decrease of volume due 

to dextran uptake was observed. This decrease remains however small (10% after 33 hrs). 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted June 20, 2017. ; https://doi.org/10.1101/152728doi: bioRxiv preprint 

https://doi.org/10.1101/152728


For the analysis of the relationships between volume at birth, volume at mitosis and volume at G1/S 

and the duration or volume gained between two of these time-points, cells were manually tracked. 

Mitosis was defined as the point occurring 60 minutes prior to cytokinesis and birth as the point 

occurring 40 minutes after cytokinesis (Figure 1B and S1E). To check that volume at mitosis was 

measured before the mitotic volume overshoot, we compared the volume measured 100 minutes and 

60 minutes before cytokinesis and verified that they were not significantly different (Welch’s t test 

comparing the means: p=0.8229) (Figure S1F). We also checked that the manual segmentation of 

daughter cells just after division was correct despite the cells being still close to each other’s. To do 

so, we compared the sum of the volumes of the two daughter cells measured separately (Figure S1F, 

green) with the value obtained when measuring the two cells at once (Figure S1F, orange). These two 

measurements were not significantly different (Welch’ t test comparing the means p=0.8028). G1/S 

was identified as the first time-point where hgeminin-GFP (HeLa) or hgeminin-mcherry (HT29) was 

observed (Figure 3A). This point was visually assessed and we checked that this method was correct 

compared with an assessment from the fluorescence expression profile (Figure S3A). We compared 

10 curves and show here the most imprecise evaluation (Figure S3A left), the average type of error 

observed (Figure S3A middle) and the best evaluation (Figure S3A right). This empirical check shows 

that on average the error was small. 

 

Micro-channel experiments 

Microchannels molds were made with classical lithography technics and then replicated in epoxy 

molds. Microchannels had a 104µm2 cross-section area (13µm width by 8µm height) (Figure S1B). 

They were crossed perpendicularly by two large distributing channels (5mm width by 50µm height). 

The micro-channels chips were replicated in PDMS, plasma-treated, bound to glass-bottom 

fluorodishes, coated with fibronectin 50µg/mL and incubated over night with the culture media. The 

large distributing channels were used both to inject the cells and as reservoirs of media. Cells were 

injected at a concentration of 3.8*10^6/mL, in the upper distributing channel; the dishes were then 

tilted with the large distributing channels axis parallel to the bench plane. This helped deposing a thin 

layer of cells at the entry of the micro-channels while minimizing the number of cells injected for 

nutrient amount economy and appropriate density’s sake.  The opposing distributing branch 

contained only media and thus diffused nutrients to the channels. This was indeed important to 

guarantee enough nutrient stock and good growth conditions throughout the 50hrs of the acquisition 

in this confined design. Cells were then let to migrate in the microchannels over-night and experiments 

were started the morning after. Upon mitotic entry, cells round-up and adopt a cylinder shape because 

of the confinement. The contours of the cells are visualized by imaging of the protein MyrPalm tagged 

with GFP that labels cell membrane. Volume was calculated by measuring the length (ℓ) of the cell 

and multiplying it by the channel cross section area (𝐶𝑆): 𝑉≈ ℓ.CS.  (Figure S1B). For the analysis, 

mitosis was defined as the first time-point where the cell rounds-up and displays a cylinder shape and 

birth was the last time-point after cytokinesis where the cell is still in the shape of a cylinder (Figure 

2B). In the channels, cells cycled slower (their average cell cycle duration was, for HeLa-MP: 

mean=24.9hrs and for MDCK-MP: mean=19.5hrs, by comparison, HeLa-hgem have an average cell 

cycle duration of 15.2hrs in the FXm device). However, we checked that volume at birth and average 

growth speed were constant through time in the experiment (Figure S1H), thus meaning that these 

experiments are a valid data-set for our study. 
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Image analysis 

For FXm experiments, image analysis was performed using a home-made Matlab program described 

in (Zlotek-Zlotkiewicz et al. 2015). The growth curves were analyzed with an updated version of this 

program written in collaboration with the company QuantaCell (Cadart et al. 2017). Rapidly, 

fluorescent signal was calibrated for every time points using the fluorescence intensity of the pillars 

and around the cell of interest to obtain the linear relationship between height and fluorescence. After 

background cleaning, the fluorescence intensity was integrated for the whole cell and its surroundings 

to obtain the cell volume. 

For the micro-channels experiments, image analysis was performed on ImageJ.  

Data filtering and analysis 

For the data on the animal cells obtained by us (or analyzed from (Son et al. 2012)), only clear outliers 

that were higher or lower than the mean+/-3*SD were removed. This corresponded on average to 0 

to 5 points maximum per dataset (each dataset being n>87). These outliers were removed for visual 

purposes (scale of the plot adapted to the range of the data) and analytical robustness.  

For the bacteria and yeast data obtained from previous studies (Kennard et al. 2016a; Kiviet et al. 

2014a; Taheri-Araghi et al. 2015; Soifer et al. 2016; Nobs and Maerkl 2014; Wallden et al. 2016), a 

filter based on the IQR (interquantile range) was performed: cells which log(Vi) and log (Vf) where 

higher or lower than 1.5*IQR+/-median of log(Vi) and log(Vf) respectively were removed. 

The growth curves were obtained from automated tracking of the movies and analyzed as follow. First, 

all the tracks were visualized to identify the phases in the cell cycle (birth was automatically detected 

because the tracks split when the newborn cells separated, mitotic volume overshoot indicating the 

end of the cell cycle was visually assessed from the volume growth curve (see Figure 1C) and G1/S 

transition was visually assessed as the transition point in the nuclear-hgeminin fluorescence 

expression curve as shown in Figure S3A). Both complete cell cycle trajectories and uncomplete 

trajectories that were longer than 5 hours and contained at least one identified cell cycle event (birth, 

G1/S or mitosis) were kept. Second, clear outliers caused by errors of segmentation were removed 

using the following filter: for each volume measurement 𝑥𝑖, if 
𝑥𝑖

𝑚𝑒𝑑𝑖𝑎𝑛 (𝑋𝑖)
− 1 < 0.004 ×

𝑆𝐷 (𝑋𝑖)

𝑚𝑒𝑑𝑖𝑎𝑛 (𝑋𝑖)
, 

the measurement 𝑥𝑖 was removed (here, 𝑚𝑒𝑑𝑖𝑎𝑛 (𝑋𝑖) and 𝑆𝐷 (𝑋𝑖) are local median and local 

standard deviation values estimated on a window of 11 frames centered on 𝑥𝑖). This filter was a good 

enough to remove only clear outliers (Figure S1G, left). Third, for the local growth speed 

measurement, the curves were smoothed by performing sliding average on widows of 7 frames 

(70min). Then the growth speed at each point was the slope of a robust linear fit performed on 

windows of 9 frames centered on this point (Figure S1G, middle). 

Statistical analysis 

All the figures and statistical analysis were performed in R. Packages used were: “robust”, 

“robustbase”,“ggplot2”,”grid”,”gridExtra”,”xtable”,”stringr”,”RColorBrewer”.  

For the boxplots, the upper and lower hinges correspond to the first and third quartiles, the upper and 

lower whiskers extend from the hinge to the highest (lowest) value within 1.5*IQR (Inter Quantile 

Range) of the hinge. Data beyond the whiskers are shown as outliers. 
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For the comparison of the variances in Figure 3C, the test was a Fligner-Killeen test because 

distribution of the variables were non normal and the median were not always equal. 

For the plots where a linear relationship was tested, Pearson’s coefficient of correlation is indicated 

together with its p value.  When this coefficient was significantly higher than 0.3 (meaning that the 

relationship tested explained more than 30% of the correlation between the two variables), a linear 

fit on the median bins, weighted by the number of observed variables in each bins was performed. In 

this case, the slope coefficient a is indicated, together with its 95% confidence interval (CI), p value 

and R2. Linear fits were performed using the “robust” package in R. For all the plots except the ones 

analyzing growth speed as a function of time or size, the bins are median bins along the x axis of the 

plot, and the bars represent the standard deviation. Bins that contained less than a minimum number 

of events were removed. The bin number and the minimum size of the bin was adapted to the size of 

the datasets as follows: 

Cell type n number of events 

observed 

Bin number Minimum number of 

events per bin 

Animal cells 80-300 8 8 

Bacteria cells <100 8 8 

 <1000 10 15 

 <5000 13 60 

 >5000 15 150 

 

For the plots testing the relationship between growth speed and volume or time (Figure 4D-E and S4D-

F), the bins are average bins and bins that contained measurements on less than 5 different cells were 

removed to avoid low-sampling effects.  

 

Supplementary figures Legends 

Figure S1, related to Figure 1 

A) Volume distribution for all the cell types analyzed in this study measured with either the FXm or 

the micro-channels devices (see SI) (kernel density estimation). Cells types are described in SI. 

B) Design of the micro-channels: the micro-channels have a cross section of 102 µm2, (h: height, w: 

width, L: cell length, V: cell volume, CS: cross section, blue: cell membrane, magenta: DNA, green: 

microtubules, grey bars: microchannels) (see SI, microchannels experiments).  

C) Duration of cell cycle length (ΔTtot ) inside (n=132, N1) and outside (n=88, N=1) the FXm 

measurement device for HT29-hgem cells. Cells were plated at approximately the same density. Cell 

cycle duration is slightly higher outside the device (Welch t test comparing the means: p<2*10^-16), 

probably due to a faster equilibration of the media in the small volume of the measurement device. 

This control shows that cells cycle on expected durations in the measurement device. 

D) Examples of complete growth curves of single HT29 wild-type cells obtained with the FXm method. 

The curves start at birth and end at mitosis. 
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E) Boxplot of the average volumes centered on cytokinesis shows the mitotic volume overshoot 

(Zlotek-Zlotkiewicz et al. 2015) in HT29 expressing hgeminin-mcherry cells (HT29-hgem n=22, N=1). 

The coloured time-points correspond to the time-points 100 minutes before (red), 60 minutes before 

(blue, time-point where mitosis was defined) and 40 minutes after (orange, time-point where birth 

was defined) cytokinesis. They are compared in Figure S1F.  

F) Average volume measured 100 mins before, 60 minutes before and 40 minutes after cytokinesis. 

For the time-point 40 minutes after cytokinesis, the volume measured when integrating fluorescence 

intensity under the two daughter cells at once (orange) or under each daughter cell separately (green) 

is compared (p values are p values from Welch’s t test comparing the means). 

G) Instantaneous growth speed (δ𝑣/δ𝑡) as a function of volume of individual or groups of HT29-hgem 

cells show that growth is superlinear. The instantaneous growth speed is estimated by a linear robust 

fit of volume vs. time on sliding windows of 5 frames (50 minutes). Red line: linear fit on the median 

bins weighted by the number of observation in each bin (a=0.0261+/-0.0002, n=3259, p=2*10^-41, 

R2=0.9). 

H) Controls for the quality of growth made for all the experiments described in Figure 2, 3 and 4 

performed either with the microchannels (channels) or the volume measurement device (FXm). Plots 

of volume at birth vs. time at birth and growth speed (volume gained in one cell cycle divided by the 

cell cycle duration DV/DT) vs. time at birth in the experiment (time = 0min corresponds to the 

beginning of the image acquisition). The number of observations corresponds to the number of 

observations for the graph of DV/DT vs. Tbirth where the minimum number of observations were 

made (e.g. sometimes, volume could not be measured because the cells were too close to each other 

but cell cycle duration could still be quantified).  Pearson’s correlation coefficient (P) and p value (p) 

are indicated. For HeLa-hgem, a significant decrease is observed (linear robust fit: a=-0.15+/-0.02 

R2=0.194, p=2*10^-13). 

 

Figure S2, related to Figure 2 

A) Plots for each individual cell type analyzed either with the FXm or with the channels devices. The 

plots show volume at mitosis (Vmitosis), total added volume in the cell cycle (∆Vtot) and total cell cycle 

duration (∆Ttot)  vs. volume at birth (Vbirth). For the Vmitosis vs   Vbirth plot, the dashed line indicates 

the slopes of timer, adder and sizer as in Figure 2B and the slope coefficient a is indicated together 

with its p value, R2 and the number of observations. For the plot of cell cycle duration vs. volume at 

birth, the pearson’s correlation coefficient P is indicated together with its p value. For the plot of total 

added volume vs. volume at birth, the dashed line indicates the median added volume ∆Vtot and the 

pearson’s coefficient P is indicated together with its p value. The squares represent the median bins 

and the error bars the standard deviation. The blue lines represent a linear regression on the bins 

weighted by the number of observation in each bin. For the HT29-hgem cells (first row, also shown in 

Figure 2A), a small population of cells gained more volume than the average (more than 2000µm3, 

orange points, n=26, 18% of the cells). A possible explanation is that these cells represent a sub-clone 

(from this polyclonal population stably expressing hgeminin-mCherry) which had a longer G1 (mean 

G1 duration, outliers: m=13.2, mean G1 duration, other cells: m=8.7, Welch t.test comparing the 

means: p=9.5*10^-5; mean S-G2 duration, outliers: m=11.5, mean S-G2 duration, other cells: m=10.1, 
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Welch t test comparing the means: p=3.2*10^-5). The conclusion form the analysis performed on all 

the points (Figure 2A) or population after removal of the outliers (Figure S2A, first row) however yields 

similar results.   (p<0.01:**, p<0.001: ***). 

B) Volume distribution of HeLa cells confined (HeLa expressing MyrPalm-GFP H2B-mcherry in the 

microchannels) and unconfined (HeLa expressing hgeminin-GFP with the FXm) at birth and at mitosis. 

CV indicates coefficient of variation. 

 

Figure S3, related to Figure 3 

All the results in this figures S3A to S3H are from experiments in HT29 expressing hgeminin-mcherry 

(HT29-hgem) (N=4).  

A) 3 examples of fluorescence intensity profile of hgeminin-mcherry in HT29 cells over time (from cell 

birth to cell mitosis). Comparison of the identification of the G1/S transition visually (red line) or from 

the fluorescence intensity curves (blue). 

B) Trends in each phase (G1, S-G2) and total cell cycle (tot) for HT29-hgem experiments for volume 

added (ΔV), phase duration (ΔT) and volume at the end of the phase vs. volume at the beginning of 

the phase. Linear fit on the bins weighted by the number of observations. Bars represent the standard 

deviation. The legend indicates the slope coefficient a +/- the 95% confidence interval, the p value of 

the slope coefficient and the R2 of the fit, the pearson’s correlation coefficient (P) and its p value (n.s. 

p>0.5, * p<0.5, ** p<0.01, *** p<0.001). For the trend of added volume as a function of volume at 

entry in the phase, the dashed line indicates the median volume gained in the phase, for the plot of 

final volume vs. initial volume in the period, the dashed lines indicates the timer (𝑉𝑓 𝑝ℎ𝑎𝑠𝑒 =

2 𝑉𝑖 𝑝ℎ𝑎𝑠𝑒 ), the adder (𝑉𝑓 𝑝ℎ𝑎𝑠𝑒 = 𝑉𝑖 𝑝ℎ𝑎𝑠𝑒 + 〈∆𝑉𝑝ℎ𝑎𝑠𝑒〉) and the sizer (𝑉𝑓 𝑝ℎ𝑎𝑠𝑒 = 〈𝑉𝑖 𝑝ℎ𝑎𝑠𝑒〉)  as in 

figure 2B). 

C) Histogram of G1, S-G2 and total cell cycle durations (ΔT). CV: coefficient of variation. 

D) Duration of G1 or S-G2 phases (ΔT phase) with respect to total cell cycle duration (ΔT total cell cycle 

duration) (n=228). G1 duration correlates strongly with total cell cycle duration (Pearson’s correlation 

coefficient P=0.93 p=2*10^-103) while S-G2 duration does less (P=0.51 p=7*10^-17). (Lines represent 

robust linear fit on the points). 

E)- G) Correlations as in figure S3 of (Soifer et al. 2016) to test the existence of a constant volume 

increment between two G1/S transitions: E) Volume added during S-G2 (mother cell) is positively 

correlated with volume at birth of the daughter cell and F) volume added during G1 (daughter cell) is 

negatively correlated with volume at birth (daughter cell).  G) We lack sufficient observations of 

consecutive cell cycles in HT29 to test the correlation of added volume between two G1/S transitions 

and volume at birth. (Linear fit on the bins weighted by the number of observation in each bin. Bars 

represent the standard deviation. The legend indicates the slope coefficient a +/- the 95% confidence 

interval, the p value of the slope coefficient and the R2 of the fit, the pearson’s correlation coefficient 

(P) and its p value (n.s. p>0.5, * p<0.5, ** p<0.01, *** p<0.001)). 
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Figure S4, related to Figure 4 

A) Control of the quality of growth for experiments with Roscovitine-treated HeLa expressing 

hgeminin-GFP (HeLa-hgem) cells as in Figure S1H: plots of volume at birth (Vbirth) and average growth 

speed (volume gained in one cell cycle divided by the cell cycle duration ∆V /∆T) as a function of time 

at birth (Tbirth) in the experiment (time = 0 min corresponds to the beginning of the image acquisition). 

The pearson’s correlation coefficient is indicated together with the p value. 

B) S-G2 duration (∆TS−G2) as a function of volume at G1/S (V𝐺1/𝑆) transition in control HeLa-hgem 

cells and Roscovitine treated cells (Pearson’s correlation coefficient, control: P=-0.53, p=2*10^-14, 

n=172, N=2; Roscovitine: P=-0.15, p=0.102, n=107, N=3; linear fit on median bins weighted by the 

number of observations: control: a=-0.002+/-0.0009 p<0.0001, not calculated for Roscovitine 

condition where the correlation is null). Squares represent the median bins and bars the standard 

deviation.  Right histograms: S-G2 duration is longer for Roscovitine treated cells (Roscovitine: 

mean=10 hrs; control: mean=8 hrs, Welch t test comparing the mean: p=3*10^-14). 

C) Added volume in S-G2 (∆VS−G2) as a function of volume at G1/S transition (V𝐺1/𝑆) in control and 

Roscovitine treated HeLa-hgem cells (Pearson’s correlation coefficient, control: P=-0.10,p=0.19, 

n=160, N=2; Roscovitine: P=0.12, p=0.22 n=99, N=3;). The median volume added (dashed lines) in 

Roscovitine treated cells is significantly higher than in control cells (control: mean=900; Roscovitine: 

mean=1600; Welch t test comparing the means: p=2*10^-16). 

D) Instantaneous growth speed ∂v/ ∂t in S-G2 as a function of volume, for control (light green squares, 

n cells=119) and Roscovitine treated cells (dark green triangles, n cells=49). Growth speed was 

estimated on sliding windows of 90 min (see SI). Green lines show linear regression on average bins 

weighted by the number of event in each bin (control: a=0.0478+/-0.0003, p≈0, R2=0.86; rosco: 

a=0.0400+/-0.0010, p=3*10^-256, R2=0.49). Grey lines represent bivariate kernel densities. 

E) Instantaneous growth speed ∂v/ ∂t during the cell cycle as a function of volume, for control (light 

blue squares, n cells=119) and Roscovitine treated cells (dark blue triangles, n cells=49). Growth speed 

was estimated on sliding windows of 90 min (see SI). Blue lines show linear regression on average bins 

weighted by the number of event in each bin (control: a=0.0559+/-0.000, p≈0, R2=0.92; rosco: 

a=0.0457+/-0.0006, p≈0, R2=0.69). Grey lines represent bivariate kernel densities. 

F) Instantaneous growth speed ∂v/ ∂t during the cell cycle as a function of time from G1/S transition 

in control (left, n cells=1198) and Roscovitine treated cells (right, ncells=49). Growth speed was 

estimated on sliding windows of 90 min (see SI). Red and Green lines show linear regression on 

average bins weighted by the number of event in each bin for G1 and S-G2 phases respectively 

(control, G1: a=8.83+/-0.05, p≈0, R2=0.92; control, S-G2: a=5.26+/-0.05, p≈0, R2=0.66; rosco, G1: 

a=14.5+/-0.3, p≈0, R2=0.77; rosco, S-G2: a=4.15+/-0.09, p≈0, R2=0.55). 

G) Examples showing how single-cell vollume curves were smoothed and growth speed was calculated 

for one control (top) and one Roscovitine treated cell (bottom). Left: first, outliers (orange points) 

corresponding to errors in the automated segmentation of the cell were removed from the data (blue 

points) (see SI for the protocol). Middle: calculation of the instantaneous growth speed. The dark 

points are the data kept after filtering out the outliers, the small segments indicate the local robust 

linear fit performed on sliding windows of 1h30 (each window contains 9 points) (see SI). The 
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segments are colored as a function of the slope of the local fit which indicates the value of the 

instantaneous growth speed and ranges from 0 to 300µm3/hrs (scale-bar). Right: growth speed as a 

function of time. Points are colored as a function of growth speed (scale-bar). 

H) and I) Examples of 8 complete single-cell volume curves for HeLa expressing hgeminin-GFP control 

cells (H) and roscovitine treated cells (I). For each cell, the dark points represent the raw measurement 

and the vertical line the time of G1/S transition. The segments represent the local robust linear fit 

performed to estimate the instantaneous growth speed and are colored as a function of the slope of 

this fit to indicate the local value of growth speed (scale bar). 

 

Figure S5, related to Figure 5 

A) Example of the size-growth plot for one mammalian cell type (HT29 wild type) and one dataset 

from a study in bacteria (Wallden et al. 2016). The slope -λ indicates the strength of effective size 

control. Linear fit on the median bins weighted by the number of observations in the bins. Bars 

represent the standard deviation. 

B) Example of the plot testing the control by time modulation in one of our dataset (HT29 wild type)  

and one dataset from a study in bacteria (Wallden et al. 2016). The slope -θ indicates the part of size 

control that is due to modulations of time. Linear fit on the median bins weighted by the number of 

observations in the bins. Bars represent the standard deviation. 

C) Example of a plot testing the control by growth rate modulation in one of the dataset from a study 

in bacteria (Wallden et al. 2016). The slope –y indicates the part of size control that is due to 

modulations of growth rate. Linear fit on the median bins weighted by the number of observations in 

the bins. Bars represent the standard deviation. For animal cells and data in yeasts, y is indirectly 

calculated from the values of λ, θ and <G>, the average size doubling. 

D) Comparison of the estimation of the values of λ and θ using a calculation of the covariance (see SI) 

or a linear fit on the binned data (see SI and above Figures S5A-B). Top: datasets from bacteria and 

yeasts studies (Wallden et al. 2016; Kennard et al. 2016; Taheri-Araghi et al. 2015; Kiviet et al. 2014; 

Nobs and Maerkl 2014; Soifer et al. 2016), bottom: datasets from our experiments and on L1210 

(kindly sent by (Son et al. 2012).  

E) Validation of the model using bacteria: comparison of γ as predicted by the model (see SI) with γ 

calculated from a fit on the bins (as in Figure 5C). The line represents the relation y=x. 

F) Same results as in Figure 5E for bacteria datasets but with the normalization of γ and θ with average 

doubling 〈G〉 instead of the product of average growth rate 〈α〉 and average cell cycle duration 〈τ〉 as 

was used for mammalian cells and yeasts results (where the average growth rate 〈α〉 is not available) 

(see SI).  

G) Results as in Figure 5E with the detail of the growth condition for each dataset analyzed for yeasts 

and bacteria. For more precisions about the experimental conditions, please refer to the 

corresponding publications (Kiviet et al. 2014; Nobs and Maerkl 2014; Kennard et al. 2016; Soifer et 

al. 2016; Taheri-Araghi et al. 2015; Wallden et al. 2016). It is worth noting that S. pombe, although it 
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is long known to display a strong size control through the existence of a size-checkpoint that delays 

mitotic entry (Turner, Ewald, and Skotheim 2012) shows an effective size control slightly less efficient 

than a pure sizer. This is in fact explained by the fact that the negative correlation between cell cycle 

duration and size at birth reaches a plateau for very large sizes, an observation long reported for this 

cell type (Fantes 1977) and reproduced with the dataset analyzed here (Figure 6 of (Nobs and Maerkl 

2014)). In other words, in S. pombe similarly to our observation in large Roscovitine treated cells, the 

existence of a minimal cell cycle duration limits the time-dependent size correction mechanism for 

very large cells and the effective size homeostasis behavior is not strictly an adder. 

  

H-J) Correlation between the duration of S-G2 (∆TS−G2) and the duration of G1 phase (∆TG1) in: G) 

HT29 wild-type, H) HeLa-hgem control and I) HeLa-hgem Roscovitine treated. Linear fit on the median 

bins weighted by the number of observation in each bin, bars represent the standard deviations, 

squares the median bins. 
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Suplementary movies  

Movie S1, related to Figures 1A-B 

Long time-lapse acquisition in the FXm device of HT29 expressing hgeminin-mcherry, HeLa expressing 

hgeminin-GFP and Raji cells. The images show a full field acquired in 10X, dark pillars or area are the 

pillars that sustain the roof of the chamber at a constant height (see Figure 1A), the culture medium 

contains a fluorescent dye (Dextran 10kDa coupled to Alexa488 or Alexa 647). Time is in hrs:min. frame 

rate is 10min, total acquisition length are 50hrs (HT29-hgem), 19h50 (HeLa-hgem), 39h30 (Raji), scale 

bar is 100µm. 

Movie S2, related to Figure 2C 

Long time-lapse acquisition of HeLa expressing MyrPalm-GFP (membrane) and H2B-mcherry (DNA) in 

micro-channels of cross section 102µm2. Time is in hrs:min. frame rate is 5min, total acquisition length 

is 43h15min, scale bar is 20µm. 

Movie S3, related to Figure 3A 

One complete cell cycle of a HT29 cell expressing hgeminin-mcherry in FXM device. Left field shows 

images obtained with FXm, right field shows hgeminin-mcherry signal. Time is hrs:min, frame rate is 

10min, total length of the movie is 18h40, scale bar is 20µm. 

Movie S4, related to Figure 4 

Control (top) and Roscovitine-treated (bottom) HeLa cells expressing hgeminin-GFP in FXm device. For 

each cell, the movie starts 1 time-point (10min) before cytokinesis of the mother cell and stops 4 time-

points (40min) after cytokinesis of the two daughter cells. Time is hrs:min, frame rate is 10min, scale 

bar is 20µm. 
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Supplementary Note on the mathematical framework for

comparing size homeostasis mechanisms in various

organisms

I. BRIEF INTRODUCTION

The correlation pattern of measured variables such as cell sizes, growth rate or growth
speed across well-defined cell-cycle intervals and duration of such intervals contains a
wealth of information (arguably all the accessible information) about the underlying home-
ostatic mechanisms (Osella et al., 2017).

The general patterns of such correlations, as well as the links to the molecular mecha-
nisms are still incompletely understood. A commonly accepted hypothesis in both bacteria
and yeasts is that size control relies on an adaptation of cell cycle duration to growth,
typically through either a critical size threshold (“sizer”) or a critical added size threshold
(“adder”) (reviewed in (Jorgensen and Tyers, 2004; Jun and Taheri-Araghi, 2015; Mitchi-
son, 2003; Turner et al., 2012)). Indirect evidence supporting this hypothesis has been
provided in mammalian cells (Dolznig et al., 2004; Jorgensen and Tyers, 2004; Killander
and Zetterberg, 1965) and is further reinforced by our direct observation of a negative
correlation between G1 duration and volume at birth (Figures 3D and 4C in Main Text).

The alternative hypothesis that growth is coordinated to cell cycle (Goranov and Amon,
2010) and can be actively modulated to maintain size control (Ginzberg et al., 2015) was
long neglected. This is probably due to the fact that growth has in many cases been
shown to be well described by a mono-exponential curve, in E. coli (Godin et al., 2010;
Iyer-Biswas et al., 2014; Osella et al., 2014; Wang et al., 2010), and S. cerevisiae (Di Talia
et al., 2007; Godin et al., 2010; Soifer et al., 2016) single cells, and also in mammalian
cells (Godin et al., 2010; Park et al., 2010; Sung et al., 2013; Tzur et al., 2009). However,
recent studies of mammalian cells also argued in favor of a control of cell-cycle progression
relying on modulations of growth speed, either based on direct measurements (Son et al.,
2012) or indirectly (Kafri et al., 2013; Tzur et al., 2009). Consistent with these studies,
we also report that the positive trend between growth speed and volume is smaller for
cells that are larger at birth, and large for those that are born smaller (see Figure 4E in
the Main Text, and the discussion of our experiments on Roscovitine-treated HeLa-hgem
cells).

To investigate the interplay between these two distinct mechanisms, it is useful to
develop a simple data-analysis approach able to quantify their relative contributions to
cell size control. The following sections define a simple mathematical modeling framework
that addresses this issue, and is in principle applicable to both the whole cell cycle and
to specific cell-cycle stages.

II. MODEL INGREDIENTS

Motivated by the fact that linear correlations are able to explain most patterns in
existing data we follow the framework of refs. (Amir, 2014; Grilli et al., 2017), where size
homeostasis is represented as a linear correction to perturbations in logarithmic size and
exponential growth rate. Each cell is born with a certain size. Its interdivision time or
cell-cycle stage duration has an intrinsic stochasticity and may be chosen based on initial
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size. Its growth is represented as an exponential growth rate α and a cell-cycle (or cell-
cycle subperiod) timing τ , which may be coupled to size. Under these assumptions, the
final volume (in a cell cycle or subperiod) is represented as the result of a size-dependent
growth and timing

Vf = V0 exp [α(V0)τ(V0, α)] , (1)

where Vx is volume (see also Table I for variable definitions. Here, α and τ quantify the
growth rate and duration in the period (or cell cycle) and they are both random variables.
For convenience, we define qx = log(Vx) and consider the fluctuations of logarithmic size.
The overall multiplicative growth of a cell in one cycle is quantified by G = qf − q0 =

log
Vf
V0

=: ατ .
Note that this framework does not formally require the hypothesis of exponential

growth, but just states that growth during a period or a cell cycle is represented as a
product of the time interval and an effective (exponential) rate. However, for cells that
grow sub-exponentially, the variable α carries a natural dependency on τ which makes in-
terpretation more complex. In brief, for non-exponential growth rate, the contribution of
growth rate to size-homeostasis may be a sum of two components, (i) an active size-based
compensation of the speed of growth, for example smaler cells at a certain checkpoint
decide to accelerate, etc. and (ii) a passive basal mode of growth, e.g. linear growth (see
section V below, which explicitly addresses this question within the model framework).

Variable Description Definition

t time

V0 volume at birth

V (t) volume at time t

Vf volume at division

τ time at division

α growth rate see Eq. 1

〈α〉 average growth rate

δα growth rate fluctuations δα = α− 〈α〉
q0 logarithm of the initial volume q0 = log(V0)

〈q0〉 average of q0

σ2q variance of q0

qf logarithm of the volume at division qf = log(Vf )

δq initial volume log fluctuations δq = q0 − 〈q0〉
G overall multiplicative growth G = qf − q0 := ατ

ϕτ relative contribution of δq to fluctuations of the divison time see Eq. 2

Tτ relative contribution of δα to fluctuations of the divison time see Eq. 2

ϕG relative contribution of δq to fluctuations of G see Eq. 3

TG relative contribution of δα to fluctuations of the divison time see Eq. 3

γ contribution of δq to fluctuations of the growth rate see Eq. 4

λ slope of the size-growth plot see Eq. 5

θ contribution of δq to fluctuations of the division time see Eq. 6

β exponent of polynomial growth see Eq. 8

TABLE I Table of the main variables
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III. RELATIVE ROLES OF TIMING AND GROWTH IN SIZE HOMEOSTASIS

This section shows how the homeostatic control strength on overall growth G is a
balance of size-based correction by timing (i.e., on τ) and correction by growth-rate mod-
ulation (i.e., on α).

Introducing the notation δq = q0 − 〈q0〉 to represent the initial size fluctuations of a
given cell, and δα = α − 〈α〉 , which represents the fluctuations in growth rate, we can
write the overall timing as a function of these two fluctuations,

τ − 〈τ〉 = −〈τ〉 (ϕτδq + Tτδα) + ντ , (2)

stating that the time interval could be modulated and. Positive values of the coupling
constants ϕτ and Tτ indicate a homeostatic correction (e.g. a cell born smaller growing
for a longer time), while negative ones stand for noise-increasing ones. These variables
quantify the size- and growth-rate based modulation of overall period timing; they are
measurable from conditional averages or correlations, similarly to the slope of the size-
growth plot. Finally, ντ represents the residual noise on the period timing, when the
dependencies on the other variables are removed.

Equally,
G− 〈G〉 = −(ϕGδq + TGδα) + νG , (3)

where analogous varibles and coupling constants have been defined (see Table I). Since
G = ατ and α = 〈α〉 + δα, the two conditions on timing and overall growth have to be
related. We can write the overall growth as

G = 〈α〉τ + τδα = 〈ατ〉 − 〈α〉〈τ〉ϕτδq + 〈τ〉(1− 〈α〉Tτ )δα + ... ,

where we have neglected nonlinear terms and implied noise terms. The above equation
gives an equivalence between the coupling parameters for G and for τ , in absence of any
control on the growth rate α.

ϕG = 〈α〉〈τ〉ϕτ
and

TG = −〈τ〉(1− 〈α〉Tτ ) .

We now deal with the fact that the growth rate fluctuations can also be linked to size
fluctuations (figure S5C), i.e.,

α− 〈α〉 = −〈α〉 (γδq) + να . (4)

For exponentially growing cells, this equation expresses the fact that for positive values of
γ cells that are born (or enter a cell-cycle stage) larger than average can correct their sizes
by growing with a slower rate, and cells that are born (or enter a cell-cycle stage) with a
smaller size than average can correct by growing at a faster rate. Conversely, for negative
values of γ, growth rate variability increases systematically size variability. For sub-
exponential growth, these correlated fluctuations can be homeostatic, but they cannot
be interpreted as an active size-based correction. The well-known case is that linearly
growing cells without any timing correction (i.e., a timer), perform size correction and
add an average constant size at every cycle (Conlon and Raff, 2003) A more general case
interpolating parametrically linear and exponential growth is discussed in the following
section. Nevertheless, our formalism remains valid, and gives a decomposition of size
correction into separate contributions due to modulation of timing and of growth rate.

The slope λ of the size-growth plot is computed considering the conditional average of
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G over logarithmic size q (Figure S5A),

〈G〉q = 〈G〉 − λδq (5)

Computation of this average gives

〈G〉q = 〈G〉 − ϕGδq − TG〈δα〉q = 〈G〉 − (ϕG − γ〈α〉TG) δq

leading to the relationship
λ = ϕG − γ〈α〉TG

In a similar way, if we define the control parameter θ as the slope of the plot of τ vs
logarithmic initial size (Figure S5B), i.e.,

〈τ〉q = 〈τ〉 − 〈τ〉θδq (6)

we have that:

〈τ〉q = 〈τ〉 − 〈τ〉ϕτδq − 〈τ〉Tτ 〈δα〉q = 〈τ〉 − 〈τ〉 (ϕτ − γ〈α〉Tτ ) δq ,

leading to the relationship
θ = ϕτ − γ〈α〉Tτ

Using ϕG = 〈α〉〈τ〉ϕτ and TG = −〈τ〉(1− 〈α〉Tτ ), we obtain

λ = 〈α〉〈τ〉ϕτ + γ〈α〉〈τ〉(1− 〈α〉Tτ )

And therefore we obtain:

λ

〈α〉〈τ〉
= ϕτ + γ(1− 〈α〉Tτ ) = ϕτ − γ〈α〉Tτ + γ .

Hence, from the measurements of θ and λ, we obtain Equation 1 in the main text:

θ〈α〉〈τ〉 = λ− γ〈α〉〈τ〉 . (7)

Quite simply, Eq. (7) states that the overall correction to size over a cell cycle has to be
the sum of a correction due to modulation of timing and a correction due to growth rate.
The same approach can be readily generalized to a cell-cycle stage.

For the bacteria datasets, both 〈α〉 and 〈τ〉 are accessible, therefore this relationship
can be directly tested (Figures 5 and S5A-C). Another (equivalent) consistency test is
discussed in the following section. For mammalian cells, since α cannot be measured
directly, we use the approximation 〈α〉〈τ〉 ≈ 〈G〉 (Figures 5D and S5C). To verify that this
approximation was correct, we repeated the analysis shown in Figure 5E in bacteria with
this approximate normalization, using 〈G〉 (Figure S5F). The results were very similar
with the two normalizations, except for two datasets coming from (Kennard et al., 2016).
A possible explanation for the lack of consistency of these datasets is that they were
acquired on agar pads, with more intersected lineages and less steady conditions for
growth-division.
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IV. TEST OF THE BALANCE EQUATION ON BACTERIA

Both λ and θ can be determined directly from the covariance between measured vari-
ables. Since, by definition

〈G〉q = 〈G〉 − λδq
and

cov(G, q) := 〈〈G〉qδq〉 ,

we have that
cov(G, q) := −λσ2

q ,

where σ2
q is the variance of q. Analogously, we have that

cov(τ, q) := −〈τ〉θσ2
q .

Using the above relationships, we can obtain λ and θ using

λ = −cov(G, q)

σ2
q

,

and:

θ = −cov(τ, q)

〈τ〉σ2
q

.

Figure S5D shows a comparison of the values obtained for λ and θ from either the
covariances or a linear fit testing the relationships (equations 5 and 6 respectively). The
two methods are in excellent agreement for all data sets (Figure S5D), except HT29-hgem,
probably because there of the noise added by the small outlier population (highlighted in
orange, Figure S2A). For this cell type, θ was better inferred by a fit on the median bins
and this value was thus used for the model in Figure 5F.

Eq. (7) predicts a value of γ using the measured values of λ and θ

γpred =
1

σ2
q

(
cov(G, q)

cov(τ,q)
〈τ〉 − 〈τ〉〈α〉

)

If individual growth rates are available, as with the bacteria datasets, γ can also be
estimated directly as

γmeas = −cov(α, q)

σ2
q〈α〉

.

Supplementary Figure S5E shows that the measured value γmeas and the predicted value
γpred are in very good agreement, as expected from our theoretical considerations.

V. NON-EXPONENTIAL GROWTH

As discussed above, for cells that do not grow exponentially the control parameter γ
in Eq. (4) should not necessarily be interpreted as an active modulation of growth rate.
This section quantifies the predicted correlations in the case of sub-exponential growth.
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A. Linear growth

We start revieweing the case of linear growht. If cells grow linearly, we have that

V (t) = V0 + Vcgt ,

where g has dimension of the inverse of time and Vc dimension of size. At division we
obtain

Vf = V0 + Vcgτ .

Note therefore that for cells that grow linearly and devide according to a timer (θ = 0)

Vf = V0 + ∆V ,

which correspond to an adder (i.e., λ = 1/2). Applying equation 7 to this case, one would
obtain a value of γ diffenrent from zero, so that the control appears to operate fully
through growth-rate modulation (which is correct, as there is no timing modulation for a
timer). However, the size correction is not active, since there are also strong correlations
between α and τ , since α is defined as 1/τ log(Vf/V0) and linear growth (Vf = V0 +Vcgτ)
makes it a function of τ . In other words, in this case one has to be careful not to mistake
the intrinsic properties of a timer for a linearly growing cells with an active mechanism
of growth modulation.

B. Polynomial growth

We now derive the predicted correlation pattern in the case of more general sub-
exponential growth, and in particular for cells whose volume follows the equation

dV

dt
= gV 1−βV β

c . (8)

This model reduces to linear growth in the case of β = 1 and to exponential growth in
the case β = 0, for intermediate cases, growth is polynomial. This growth model depends
only on the parameter β and another one effective parameter gV β

c . We separate the
contribution of g (with dimension of the inverse of time) and Vc (with dimension of size).
We will show that γ > 0 (size-restoring growth-based homeostasis) emerges in the case of
β > 0. Hence, sublinear growth may carry some homeostatic control on size.

Defining q := log(V/Vc) one obtains

dq

dt
= geβq ,

whose solution is

q(t) =
1

β
log
(
eβq0 + βgt

)
.

We have therefore that final logarithmic size qf of a cell with initial size q0 and division
time τ is equal to

qf =
1

β
log
(
eβq0 + βgτ

)
.

As above, we define G = qf − q0 and, the exponential growth rate α as G/τ . In the
case of β = 0, g = α. Our goal is to show that, for β > 0 a homeostatic control on α
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emerges, i.e.,

α :=
G

τ
=
qf − q0
τ

= 〈α〉(1− γδq) ,

with γ 6= 0 for β > 0.
Here we assume no direct control on g (i.e., it is a constant independent of the initial

size) and no dependence of τ on δα (Tτ = 0). We have therefore

τ = 〈τ〉 (1− ϕτδq) + ντ .

Using the definition of G = qf − q0 and q0 = 〈q0〉+ δq, we have

G = qf − q0 =
1

β
log
(
eβ〈q0〉+βδq + βg〈τ〉(1− ϕτδq) + gντ

)
− 〈q0〉 − δq ,

which, by expanding around δq = 0, simplifies to

G =
1

β
log
(
eβ〈q0〉 + βg〈τ〉+ β(1− g〈τ〉ϕτ )δq + gντ

)
− 〈q0〉 − δq ,

and then

G =
1

β
log
(
eβ〈q0〉 + βg〈τ〉

)
− 〈q0〉+

(
1− g〈τ〉ϕτ
eβ〈q0〉 + βg〈τ〉

− 1

)
δq + noise .

Since the single-cell growth dynamics is specified by the parameter gV 1−β
c , we are free to

choose Vc arbitrarely. Vc enters in the definition of q0 = log(V0/Vc) and sets the value
of 〈q0〉. The simplest choice is to consider 〈q0〉 = 0. Note that this can be done in full
generality, as it only affects the definition of g in the case β > 0. We obtain therefore

G =
1

β
log (1 + βg〈τ〉) +

(
1− g〈τ〉ϕτ
1 + βg〈τ〉

− 1

)
δq + noise =: 〈G〉 − ϕGδq + νG .

We obtain then

〈G〉 =
1

β
log (1 + βg〈τ〉) .

Assuming stationarity, we have that 〈G〉 = log 2, and therefore

g〈τ〉 =
2β − 1

β
,

from which we obtain

G = 〈G〉 −
(

1− 2−β

β
ϕτ + 1− 2−β

)
δq + noise .

In the case β = 0 we obtain ϕG = ϕτ log 2. Note that if β = 0, the factor log 2 is equal
to g〈τ〉 = 〈α〉〈τ〉 and we recover ϕG = 〈α〉〈τ〉ϕτ , obtained for exponential growth. For
linear growth (β = 1) we have instead ϕG = (ϕτ + 1)/2. As expected, a timer (ϕτ = 0)
corresponds to an adder (ϕG = λ = 0.5) for linear growth. This expresses the well-known
fact that, for linear growth, a timer coincides with an adder and is able to perform size
correction (Conlon and Raff, 2003), see also section V.A
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The exponential growth rate is defined as

α =
G

τ
.

By expanding for small δq, we obtain an equation giving the fluctuation pattern of α,

α = 〈α〉(1−γδq)+noise =
〈G〉 − ϕGδq + νG
〈τ〉(1− ϕτδq) + ντ

=
〈G〉
〈τ〉

(1 + ϕτδq)−
ϕG
〈τ〉

δq+subleading terms .

By imposing stationarity (〈G〉 = log 2) and neglecting subleading terms, we finally obtain

γ =
ϕG
〈α〉〈τ〉

− ϕτ =

(
1− 2−β

β〈α〉〈τ〉
− 1

)
ϕτ +

1− 2−β

〈α〉〈τ〉
, (9)

which is equal to zero if β = 0 (exponential growth, for which 〈α〉〈τ〉 = log 2) and always
positive if β > 0. The limit case ϕτ = 0, β = 1 (timer, linear growth) corresponds to an
adder (λ = 1/2) where all the control is exterted by the growth mode (γ〈α〉〈τ〉 = 1/2).
Note that a positive γ corresponds to homeostatic correction (larger cells grow slower).
For intermediate values of β, Eq. (9). gives the expected contribution of the growth mode
to size correction, which should be disentangled from size based growth-rate changes at
key checkpoints. In order to distinguish such an active modulation of growth rate from
passive correction due to sublinear growth (a very subtle question), one needs to access
many high-resolution time tracks of growing cells, beyond the currently available statistics.

VI. TESTING THE ADDER BETWEEN TWO REPLICATION INITIATIONS

In both bacteria and daughter cells of budding yeast, where an effective adder for the
whole cycle has been reported (Campos et al., 2014; Soifer et al., 2016; Taheri-Araghi
et al., 2015), we can distinguish two points of view on the underlying mechanism are
currently debated. The first one assumes that the adder is the result of a combination
of strong size control in the first period of the cell cycle (B period for E. coli and G1 for
S. cerevisiae) and a weaker near-timer in the second part of the cell cycle (C+D period
for E. coli and S-G2 for S. cerevisiae) (Adiciptaningrum et al., 2015; Delarue et al., 2016;
Di Talia et al., 2007; Wallden et al., 2016). An alternative explanation is that a constant
volume is added between two replication initiation events, thus overlapping two cell cycles
(e.g. the added volume is the sum of volume added during S-G2 of the first cell cycle
and the added volume during G1 phase of the subsequent cell cycle) (Amir, 2017; Ho
and Amir, 2015; Si et al., 2016; Soifer et al., 2016; Zheng et al., 2016). In daughter cells
of budding yeast, the latter model predicts: (i) a positive correlation between volume
added during S-G2 (cell generation n) and volume at birth (cell generation n + 1); (ii)
a negative correlation between volume at birth and volume added during G1 phase and
finally (iii) an absence of correlation between volume added between two G1/S transitions
and volume at birth (Soifer et al., 2016). Additionally (iv) determining whether added
volume is less variable from two G1/S transitions or from birth to mitosis would help
distinguishing between the two models.

The debate between the two models is unresolved for both budding yeast and bacteria.
We sought to test these different correlations with HT29-hgem cells (Figures S3E-G). We
could observe a negative correlation between added volume during S-G2 of the mother cell
and volume at birth of the daughter (point (i)) and a negative correlation between added
volume in G1 and volume at birth (point (ii)). Unfortunately, we lack a sufficient number
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of observations of overlapping cell cycles to test predictions (iii) and (iv). To date, our
data are not sufficient to point to one of the two pictures for tha case of mammalian cells.
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SUPPLEMENTARY FIGURE 2 (part 2)
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B) HT29-hgem: trends for each phase
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SUPPLEMENTARY FIGURE 3 (part 2)
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SUPPLEMENTARY FIGURE 4
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SUPPLEMENTARY FIGURE 4 part 2

H) Example of single volume curves - HeLa control cells

I) Example of single volume curves - HeLa rosco cells
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D) Validation of the method of trends estimation using the covariance in bacteria and yeast data sets

SUPPLEMENTARY FIGURE 5 (part 1)
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E) Validation of the model F) Normalization using <G> in bacteria

SUPPLEMENTARY FIGURE 5 (part 2)
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