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Supplementary Fig. 1: Temperature remains stable during all our growth experiments (Related to
Figure 1a). All growth experiments were performed with liquid cultures of cells incubated in compressor-

cooled, high-precision thermostatic incubators (Memmert ICPs). The ICPs had a precise temperature-

recording device whose temperature readings we additionally verified using a separate thermocouple

device and aligned with the temperatures of several other incubators. The temperature was monitored

over the entire course of our experiments. As examples, shown here are the temperatures as recorded

by the incubator’s temperature sensor for 24 hours during six different growth experiments. Starting from

the top, the curves show the temperature of the incubator set at 30.0 ◦C, 20.0 ◦C, 14.0 ◦C, 10.0 ◦C, 5.0
◦C and 1.0 ◦C. Throughout our experiments, the incubators had a typical standard deviation of 0.033
◦C when the incubation temperature was above 10.0 ◦C. The standard deviation was 0.09 ◦C when the

incubation temperature was below 10.0 ◦C. This slightly larger standard deviation was due the incubator

undergoing short thaw-cycles to prevent freezing of its components (deviation measured over several

days).
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Supplementary Fig. 2: Growth curves for widely varying initial population densities and temper-
atures (Related to Figure 1a-b). Population density (number of cells / mL) measured over time with

a flow cytometer. Shown are populations of wild-type yeast with differing initial densities incubated at

4.0 ◦C (a), 4.3 ◦C (b), 4.7 ◦C (c), 5.0 ◦C (d), 6.1 ◦C (e), 7.3 ◦C (f), 8.3 ◦C (g), 9.3 ◦C (h), 10.3 ◦C (i)
and 14.1 ◦C (j). Different colors represent different initial population-densities. The grey dotted lines

show the carrying capacity that we estimated from the final densities of the populations. To construct

the phase diagram (Figure 1b), we used the growth-kinetics data as shown here to determine whether a

population with a given initial population-density should be characterized as growing (”growth” phase) or

non-growing (”no growth” phase). An initial population-density was characterized as being in the growth

phase (Fig. 1b – blue region) if all replicate populations that started with that density exponentially grow

over time and reach the carrying capacity for that temperature. An initial population-density was charac-

terized as being in the no-growth phase (Fig. 1b – red region) if all replicate populations that started with

that density did not grow during several weeks of incubation, except for some initial transient growth that

results from the cells having been transferred from 30.0 ◦C. This transient growth typically lasted a few

days. For example, every population in (c) belongs to the no-growth phase because no population grew

during the ∼6 weeks of incubation at 4.7 ◦C as can be seen by every population density barely increas-

ing over time. As another example, after some lag-time, every population in (g) grew exponentially and

identically over time to reach the carrying capacity at 8.0 ◦C. To draw the phase boundary that separates

the growth phase from the no-growth phase in the phase diagram (Fig. 1b), we connected the maximum

initial density for which a population does not grow for each temperature. This curve almost overlaps with

the minimum initial density that leads to population growth for each temperature because we sampled

the initial densities close to each other for each temperature. Similarly, we drew the boundary curve that

separates the growth phase from the region of the phase diagram where nutrients are lacking by con-

necting the data points that represent, for each temperature, the measured carrying capacity (grey lines

in d-j). Finally, we determined the temperature below which no population growth is possible – and thus

only the no-growth phase exists below this temperature – by identifying the highest temperature (i.e., 4.7
◦C (c)) where populations with different starting densities always reach differing final densities (as op-

posed to the common carrying capacity). In fact, these populations do not grow at all beyond the initial,

transient growths (a-c). All panels show n = 4 replicate populations for each initial population-density

(color).
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Supplementary Fig. 3: Population’s doubling time is independent of its initial density at near-
freezing temperatures (Related to Figure 1b). Summarizing Supplementary Fig. 2. From the growth

curves of populations at various temperatures, we determined each population’s doubling time. To obtain

the doubling time of the populations that grew (i.e., populations in the ”growth” phase of the phase

diagram, Fig. 1b), we excluded the initial transient growth that typically lasted from a few days to one

week. For non-growing populations (e.g., populations in the ”no-growth” phase at 4.0 ◦C) we only took

the growth rates that were positive and excluded the initial transient growth (i.e., transient growth in the

first week of incubation). (a) Population doubling time as a function of initial density and temperature for

growing populations. The doubling time does not depend on initial density. Data shown as mean ± s.e.m.

For each temperature, every data point represents mean from n = 4 biological replicate populations. (b)
Since the doubling time does not depend on initial density, we pooled all observed doubling times for each

temperature. The population doubling time diverges as the temperature decreases. Data are shown as

mean ± s.e.m. for n = 16 biological replicate populations (at 4 ◦C), n = 21 biological replicate populations

(at 5 ◦Cand 7 ◦C), n = 40 biological replicate populations (at 6 ◦Cand 8 ◦C), or n = 24 biological replicate

populations (at 9 ◦C, 10 ◦C, and 14 ◦C).
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Supplementary Fig. 4: Population extinction occurs below 5 ◦C because as the temperature de-
creases, the average doubling time of a cell increases and eventually, just below ∼5 ◦C, becomes
larger than the average cell’s lifespan (Related to Fig. 1b). Left column (a, c, e, g): number of dead

cells (yellow), number of alive cells (purple) and total number of cells (grey) in a population. Right column

(b, d, f, h): percentages of dead (yellow) and alive (purple) cells in a population. For each population, we

took an aliquot of the liquid culture at various times and incubated it with 1 μg / mL of propidium iodide (PI)

for 20 minutes at room temperature. We then flowed this aliquot through a flow cytometer to measure the

total number of cells and the number of cells that were stained (red) and unstained (yellow) by PI. PI does

not stain cells with an intact membrane [1]. In contrast, PI enters cells with a damaged membrane and

stains their DNA. Thus, propidium iodide stains a cell if and only if it’s membrane is permeable. Hence,

alive cells are commonly assumed to be impermeable to PI. Shown here are populations of wild-type

yeast incubated at 8.3 ◦C (a-b), 6.1 ◦C (c-d), 5.0 ◦C (e-f) and 4.0 ◦C (g-h). The curves show the total

population-density and the density of stained and unstained cells over time (a, c, e and f), together with

the percentage of cells that were stained and unstained in the population (b, d, f and h). All populations

had already been incubated for at least 6 days at the respective temperature before the PI staining on

day 0 in each graph (i.e., the populations had already spent ∼6 days at 8.3 ◦C (a-b), ∼10 days at 6.1 ◦C

(c-d), and ∼14 days at 5.0 ◦C (e-f) or 4.0 ◦C (g-h)). Error bars show the mean with s.e.m., with n = 4

replicate populations per data point. (a-b) Alive and dead cells over time at 8.3 ◦C. All populations grow

exponentially over time. Both the density of alive and dead cells increase exponentially over time, with

the density of alive cells increasing faster than the density of dead cells. Specifically, the percentage of

dead cells in the population decreases exponentially over time. Thus, at 8.3 ◦C, alive cells overtake the

population as cell replication occurs more frequently than cell death (purple curve in (b) stays at ∼100%).

(c-d) Alive and dead cells over time at 6.1 ◦C. Similar to the results at 8.3 ◦C. The main difference here

is that the percentage of dead cells in the population remained constant over time (yellow curve in (d)),

whereas the percentage of dead cells decreased over time at 8.3 ◦C (see (a)). Like in 8.3 ◦C, nearly

100% of the population consists of alive cells at 6.1 ◦C. (e-f) Alive and dead cells over time at 5.0 ◦C.

The density of alive cells increases over time. However, the percentage of dead cells in the population

increases while the percentage of alive cells decreases over time. Still, the populations consists of more

alive cells than dead cells after ∼6 weeks of incubation at 5.0 ◦C (see (f)). (g-h) Alive and dead cells over

time at 4.0 ◦C. The population does not grow and the density of alive cells decreases over time (g) (i.e.,

less than one cells divides per cell that dies). The percentage of dead cells increases exponentially over

time while the percentage of alive cells decreases, leading to the population eventually consisting mostly

of dead cells (the population becomes extinct as this trend continues over time) (see (h)). (caption
continues)
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Supplementary Fig. 4 (continued): Together, (a-h) show that as the temperature decreases, the

average population doubling time increases and eventually exceeds the average lifespan of a cell. Having

a doubling time that is larger than the average lifespan means that the average cell does not have time

to replicate before it dies. This leads to a population extinction. In other words, populations grow more

slowly as temperature decreases and eventually, at around 5.0 ◦C, populations cannot exponentially

grow because the average doubling time nearly matches the average lifespan of cells. Finally, at 4.0 ◦C,

the doubling time exceeds the lifespan of cells and thus populations cannot grow.
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Supplementary Fig. 5: Average doubling time of a cell increases and eventually becomes larger
than the average lifespan of a cell as the temperature decreases below 5 ◦C (Related to Figure
1b). Summarizing Supplementary Fig. 4. We used our measurements of the number of alive and dead

cells in populations at each temperature to extract the average doubling time and the average lifespan of

cells. Specifically, we fitted a growth model to the data that gives the expected lifespan and doubling time

of cells at the population level (Supplementary Theory). Shown is the average doubling time (purple)

and average lifespan (orange) at various temperatures. The average doubling time exceeds the average

lifespan when the temperature is below 5.0 ◦C. Consequently, below 5.0 ◦C, the average cell dies before

it has a chance to replicate and hence the population approaches extinction. Data shown as mean ±
s.e.m., for n = 16 biological replicate populations (at 4 ◦C), n = 8 biological replicate populations (at 5
◦C), n = 15 biological replicate populations (at 6 ◦C), n = 16 biological replicate populations (at 8 ◦C), or

n = 12 biological replicate populations (at 9 ◦C).
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Supplementary Fig. 6: Secreted factor in extracellular medium determines whether a population
grows or not at 5 ◦C (Related to Figure 2a). Testing why high-density populations grow whereas low-

density populations do not grow at the same near-freezing temperature (5.0 ◦C). (a) To test whether the

cell’s ability to replicate at 5.0 ◦C is dictated by secreted factor(s) in the extracellular medium, we took

the growth medium of a high-density (growing) population (blue curves, initially ∼6, 250 cells / mL) after

several weeks of growth at 5.0 ◦C. Boxed data points on the blue curves show when the growth medium

was taken. We flowed the high-density culture through a membrane filter with 0.2 μm pores so that growth

medium taken from this culture was free of cells, which we confirmed with a flow cytometer (i.e., no cells

were detected). Next, into this filtered medium, we incubated a fresh, low-density population of cells that

were growing in 30 ◦C (green curves, initially ∼250 cells / mL). As a control, we also incubated the same,

low-density of cells in a fresh growth medium (grey curves, initially ∼250 cells / mL). We incubated the

two low-density cultures at 5.0 ◦C and measured their cell numbers over time. The populations of fresh

cells grew in the filtered growth medium of the high-density population at 5.0 ◦C (green curves). But the

low-density (control) populations in the fresh medium did not grow (grey curves). (caption continues)
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Supplementary Fig. 6 (continued): This experiment shows that cells change their growth medium (e.g.,

through secreted factor(s)) such that they can grow at 5.0 ◦C, and that a sufficiently high density of cells is

required for the change to be sufficient for a population growth. (b) To test whether the ability to replicate

at 5.0 ◦C is determined by intracellular factor(s) (e.g., a heritable trait), we took an aliquot of cells from a

high-density (growing) population at 5.0 ◦C and diluted it by various amounts into fresh, pre-cooled media

at 5.0 ◦C to test whether the resulting low-density population could grow. The high-density population of

wild-type cells (blue curves, initially ∼10, 000 cells / mL) grew at 5.0 ◦C. After ∼35 days of growth, we

took an aliquot of cells from this culture and diluted it by ∼50x (light red curves, initially ∼10, 000 cells

/ mL), ∼250x (red curves) or ∼1250x (dark red curves). Ordinarily, populations that start at these ”low

densities” do not grow at 5.0 ◦C (Fig. 1b). We incubated the diluted, low-density populations in fresh

medium at 5.0 ◦C and measured their density over time (red curves). None of these populations grew at

all during more than one month of incubation at 5.0 ◦C. This experiment shows that a population’s ability

to grow at 5 ◦C is not solely determined by intracellular factor(s). (c) To test whether the extracellular

factors that enable population growth come from dying cells that may be bursting (lysing), we incubated

populations in media with cell lysates. We obtained the cell lysates from a population of wild-type cells

growing in log-phase at 30.0 ◦C (∼5, 000, 000 cells / mL). We added glass beads to this liquid culture

and placed it on a vortex for 20 min to mechanically lyse the cells. After this, we flowed the liquid media

containing the lysed cells with the beads through a 0.45 μm pore filter to remove the glass beads and any

intact cells that remained. We then added the filtered cell lysate to a fresh medium in amounts dictated

by the cell densities before lysis (e.g., fresh medium having 500, 000 lysed cells / mL has a 90% volume

of fresh medium and ∼10% cell lysate that had ∼5, 000, 000 cells / mL before the lysis). Finally, we

incubated fresh cell populations in these growth media at a low density (∼250 cells / mL) and at 5.0 ◦C.

The growth curves show populations with ∼500, 000 lysed cells / mL (dark blue curves), ∼50, 000 lysed

cells / mL (blue curves), ∼5, 000 lysed cells / mL (light blue curves) and, as control, fresh cells in a fresh

medium without any cell lysate (grey curves). None of these populations grew at 5.0 ◦C. This experiment

shows dying cells that may be bursting are not responsible for inducing population growth at 5.0 ◦C. (d)
Trehalose is a common cryoprotectant that is abundant in yeasts at low temperatures and is thought to

protect the cells against freezing [2]. Its precise mechanism is incompletely understood. We reasoned

that yeast populations may be secreting trahalose to help them grow at 5.0 ◦C. To test this idea, we

incubated a low-density population at 5.0 ◦C (initially ∼100 cells / mL) with 1% trehalose (dark purple

curves, percentage in weight per volume), 0.1% trehalose (light purple curves) or without trehalose (grey

curves). None of the populations grew, indicating that trehalose is not one of the extracellular factor(s)

that induce growth at 5.0 ◦C. All panels show at least n = 3 biological replicates per condition (color).
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Supplementary Fig. 7: A non-viable mutant that cannot synthesize glutathione (gsh1 ) is rescued
by medium from high-density populations, which confirms that cells in high-density populations
secrete and extracellularly accumulate glutathione at 5 ◦C (Related to Figure 2a). (a) Schematics

of experiments in (b-d). A mutant that cannot synthesize glutathione (gsh1∆-strain) cannot live without

supplemented GSH even at 30 ◦C, because GSH is essential for life (e.g., GSH is essential for iron

metabolism [3]). The only way for the mutant to survive and grow at any temperature is by supplementing

GSH into its growth medium [4, 5]. To test whether cells at 5.0 ◦C secrete glutathione, we incubated

wild-type yeast populations at 5.0 ◦C at different initial population-densities. After several weeks of

incubation, we isolated the growth medium from the wild-type populations. Specifically, we took aliquots

of the cultures at 5.0 ◦C and removed the cells from the growth media by spinning down the aliquot and

passing the supernatant through a 0.2 μm pore filter to remove all yeasts. (caption continues)
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Supplementary Fig. 7 (continued): We checked that no cells remained in the filtered media by flowing

them through a flow cytometer (no events detected). In the filtered media, we then incubated a population

of gsh1∆ cells that we had starved of glutathione by incubating them overnight in fresh medium without

GSH at 30.0 ◦C (these cells therefore did not grow during the overnight). If the filtered media did not

contain any glutathione, then the starved gsh1∆ cells would not grow. If the filtered media did contain

glutathione, secreted by the wild-type cells, then the gsh1∆ cells would be able to import the glutathione

and grow. (b) As a first part of the experiment described in (a), we incubated wild-type yeast populations

at 5.0 ◦C and took aliquots of their growth media after ∼5 weeks of incubation. Shown is the density of

wild-type populations over time for different starting densities (∼300 cells / mL (red curves), ∼900 cells

/ mL (light blue curves), ∼2, 700 cells / mL (blue curves) and ∼8, 000 cells / mL (dark blue curves)).

Each color shows n = 3 replicate populations. (c) To detect extracellular glutathione, we isolated and

filtered the growth media from the wild-type populations in (b). Shown is the population density over

time at 30.0 ◦C of glutathione-starved gsh1∆ cells that received the filtered media (initially ∼13, 000

cells / mL). The colors of the curves here match the colors used for the various densities of wild-type

populations in (b) (e.g., the red populations received the filtered media from the wild-type populations

whose growth curves are shown in red in (b)). As a control, we also incubated gsh1∆ cells in fresh

medium without any glutathione (grey curves). The gsh1∆ cells did not grow in the medium transferred

from low-density (non-growing) populations at 5.0 ◦C. The gsh1∆ cells always grew to the carrying

capacity in the medium from the high-density (growing) populations at 5.0 ◦C. Each color shows n = 3

replicate populations. (d) Summary of the data from (b) and (c). The x-axis shows the population density

of wild-type cells after ∼5 weeks of incubation at 5.0 ◦C. The y-axis shows, after two days of incubation

at 30 ◦C, the number of gsh1∆ cells in transferred media relative to the number of gsh1∆ cells in a fresh

medium without glutathione. Populations of gsh1∆ cells that grew more had more glutathione in their

medium (glutathione is the growth limiting factor in the transferred media, see control in (c)). Error bars

represent the mean with s.e.m., having n = 3 biological replicates per data point. Together, (a-d) show

that the amount of extracellular glutathione increases with population density for growing populations

at 5.0 ◦C, and that barely any extracellular glutathione accumulates for non-growing populations at 5.0
◦C. In summary, cells in growing populations secrete and extracellularly accumulate glutathione at near-

freezing temperatures.
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Supplementary Fig. 8: Cells secrete and accumulate glutathione during growth at near-freezing
temperatures (Related to Figure 2a). With an enzymatic assay kit, we quantified the total glutathione

concentration in the growth media of wild-type yeast populations at two different time points after at

least 2 weeks of incubation at various temperatures (Methods). Shown here is the total extracellular

glutathione concentration as function of population density at ∼5.0 ◦C (red curve, one week between

sampling), ∼6.1 ◦C (light blue curve), ∼8.3 ◦C (dark blue curve) and ∼30.0 ◦C (grey curve). The extra-

cellular glutathione concentration increases during population growth at near-freezing temperatures (i.e.,

5.0 ◦C - 8.3 ◦C), whereas glutathione only accumulates in stationary phase at 30.0 ◦C. Error bars show

the mean with s.e.m., having n = 3 biological replicates per data point.
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Supplementary Fig. 9: Cells of low-density (non-growing) populations at 5 ◦C have more intracel-
lular Reactive Oxygen Species (ROS), including superoxides in their mitochondria, which can be
removed by supplementing extracellular reduced glutathione (GSH) (Related to Figure 2d). (a-b)
Measured intracellular ROS concentrations in single cells. We stained intracellular ROS in live, single

cells with two different dyes. One dye (cellROX) measured the amount of general, cytoplasmic ROS

while another dye (mitoSOX) measured the amount of superoxides in mitochondria. We incubated pop-

ulations of cells at 5.0 ◦C for two weeks and then stained the cells with the ROS dyes (Methods). We

then used fluorescence microscopy to determine the amounts of intracellular ROS in single cells, rep-

resented by the average intracellular fluorescence of the dye in each cell (after subtracting background

fluorescence). (a) Intracellular ROS concentration for general ROS (with cellROX). (b) Superoxide con-

centrations in mitochondria (with mitoSOX). Histograms in (a-b) show cells of low-density (non-growing)

populations (red bars, initially ∼250 cells per ml), growing populations (blue bars, initially ∼6, 250 cells /

mL) and low-density populations that had 250 μM GSH added to their growth media (green bars, initially

∼250 cells per ml). These histograms show that the low-density (non-growing) populations have higher

intracellular ROS concentrations than high-density (growing) populations. Adding extracellular GSH de-

creased the intracellular ROS concentrations of the low-density populations to concentrations similar to

the high-density populations. Each histogram is an average histogram and is representative of n = 3

biological replicate populations.
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Supplementary Fig. 10: Reduced form of glutathione, not the oxidized form of glutathione, en-
ables and accelerates replications at 5 ◦C above threshold concentration of ∼1 μM (Related to
Figure 2d). Unless stated otherwise, our experiments added the reduced form of glutathione (GSH).

But for the experiments in this figure, we used both reduced glutathione (GSH) and oxidized glutathione

(GSSG) to determine that GSSG does not induce growth at 5.0 ◦C. (a) We incubated a low-density

wild-type population (initially ∼260 cells / mL) at 5.0 ◦C with various amounts of added GSH. The GSH

concentration spanned almost four orders of magnitude. Shown here is the fold-change of the population

density after ∼40 days of incubation. Populations expanded when the extracellular GSH concentration

exceeded ∼1 μM, while populations shrank if the extracellular GSH concentration was less than ∼1 μM.

Thus, low-density populations require at least 1 μM of GSH to grow at 5.0 ◦C. This threshold concentra-

tion is high compared to the ∼0.1 μM of GSH that the high-density populations accumulated themselves

(Fig. 2a). This result suggests that there are other extracellular factors that induce population growths at

5.0 ◦C. (caption continues)
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Supplementary Fig. 10 (continued): There are two results that support this: (1) removing extracel-

lular GSH does not completely stop growth of high-density populations (Supplementary Fig. 11); and

(2) the concentration of secreted GSH by high-density (growing) populations is an order of magnitude

below the concentration of the GSH that must be added to cause a low-density population to grow at

5.0 ◦C. Error bars show the mean with s.e.m., having n = 3 replicate populations per data point. (b) So

far, we established that extracellular GSH can induce population growths (a), and it is the antioxidant

action of GSH that induces growth (Supplementary Fig. 11). Next, we wondered whether cells at 5.0
◦C specifically require reduced glutathione to induce growth. The reduced form of glutathione, GSH,

functions as an antioxidant whereas the antioxidant function does not exist in the oxidized form, GSSG

(two oxidized glutathione molecules). We incubated cells at 5.0 ◦C with either oxidized or reduced glu-

tathione in their growth medium. Shown here are the population densities over time for 250 μM reduced

glutathione (GSH, green curves), 250 μM oxidized glutathione (GSSG, yellow curves) and without any

glutathione added to the medium (grey curves, all initially at ∼1, 240 cells / mL). All populations grew

when either GSH or nothing was added to the medium, with populations having added GSH growing

faster. In contrast, the populations that had GSSG (oxidized glutathione) added to their medium did not

grow at all. These results show that populations require GSH (reduced form of glutathione) to grow at 5.0
◦C. This finding is supported by the fact that it is glutathione’s antioxidant action that induces population

growth (Supplementary Fig. 11). Each condition (color) shows n = 3 replicate populations. (c) We next

measured the concentrations of both oxidized and reduced extracellular glutathione that accumulated in

the medium of high-density (growing) populations (Methods). Shown are the total (grey curve), reduced

(green curve) and oxidized (yellow curve) extracellular glutathione concentrations in the same medium

after 28 days at 5.0 ◦C for various population densities. The total extracellular glutathione concentra-

tion increases as the initial population density increases (also see Fig. 2a). Both the concentrations of

reduced and oxidized glutathione increase with density, with the concentration of reduced glutathione in-

creasing faster. Error bars show the mean with s.e.m., having n = 3 biological replicates per density. (d)
Using the data from (c), we plotted the percentage of extracellular GSH (the percentage of all glutathione

that is reduced) as a function of the population density. Grey dotted line shows a linear fit as a visual

guide. The percentage of GSH increases with population density. Extrapolating the linear fit suggests

that all extracellular glutathione would be oxidized in the medium of populations with a density below

∼1, 000 cells / mL (i.e., non-growing populations, Fig. 1a). Together, our data ((c-d) and Fig. 2a) estab-

lish that cells in high-density populations secrete and accumulate a pool of extracellular glutathione, with

higher density populations having higher concentrations of glutathione that are increasingly reduced.

Moreover, these results show that populations cannot grow when the entire pool of extracellular glu-

tathione becomes oxidized (b). Error bars show the mean with s.e.m, having n = 3 biological replicates

per data point.
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Supplementary Fig. 11: Supplementing the growth medium with an extracellular antioxidant
(ascorbic acid or glutathione) is sufficient for inducing growth at 5 ◦C (Related to Figure 2d).
So far, we have shown that an ample extracellular GSH can induce population growths at 5.0 ◦C (Fig.

2c) and that cells secrete and extracellularly accumulate glutathione, with a sufficient amount for growth

being secreted only by sufficiently high-density populations (Fig. 2a, Supplementary Fig. 7). (a) To

show that it is glutathione’s role as an antioxidant, as opposed to its other roles (e.g., regulating iron

metabolism [3]), that causes the population growths, we incubated wild-type yeast populations at 5.0 ◦C

in medium supplemented with ascorbic acid, an antioxidant that yeasts do not synthesize [6]. Shown

here is the population density measured over time for low-density populations (∼100 cells / mL) incu-

bated with 50 μM ascorbic acid (yellow curves), 500 μM ascorbic acid (orange curves), 5 mM ascorbic

acid (red curves) or without any ascorbic acid (grey curves). More than half of the populations that had

extracellular ascorbic acid grew at 5.0 ◦C, whereas the control populations without ascorbic acid did not

grow at all (because the initial population-density was too low for growth according to our phase dia-

gram, Fig. 1b). This result supports the idea that the antioxidant action of glutathione alone is sufficient

to induce population growths since other antioxidants such as ascorbic acid can also induces population

growths. (b) Knowing that glutathione’s antioxidant role is sufficient to induce population growths, we

next tested whether glutathione is absolutely necessary for growth at 5.0 ◦C. We used a masking agent

(1M2VP) that specifically and functionally blocks extracellular glutathione in the growth medium [7, 8].

We incubated wild-type cell populations at 5.0 ◦C (initially ∼6, 250 cells / mL) with 50 μM of masking

agent (beige curves), 350 μM of masking agent (light brown curves) or 750 μM of masking agent (dark

brown curves). We found that the masking agent reduces population growth, with more masking agent

reducing growth further. The masking agent does not fully prevent population growth at any concen-

tration. Extracellular GSH is therefore sufficient for inducing growth and is important for accelerating

duplications at 5.0 ◦C, but does not seem to be absolutely necessary for populations to grow at 5.0 ◦C.

Together, our results suggest that there is (are) likely additional extracellular factor(s) that control popu-

lation growth. (caption continues)
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Supplementary Fig. 11 (continued): This is because we established that secreted factor(s) determine

whether populations grow (Supplementary Fig. 6), high-density populations continue to grow without

extracellular glutathione (b), and low-density populations are not able to grow at 5.0 ◦C (Fig. 1a). Each

color shows n = 3 replicate populations in both panels.
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Supplementary Fig. 12: Glutathione increases the percentage of cells that replicate and de-
creases their doubling time at 5 ◦C (Related to Figure 2e). Comparing the behavior of single cells at

near-freezing temperatures with and without reduced glutathione (”GSH”) added to the growth medium.

(a) We incubated wild-type cell populations at 5.0 ◦C with or without adding GSH to their growth medium.

After two weeks of incubation, we followed whether individual cells replicated, grew without replicating or

died with a microscopy time-lapse (Methods). Shown here are the percentages of cells that replicated

(purple bar), died (orange bar) and grew without replicating (grey bar) during the ∼20 days of imag-

ing. We did these measurements for high-density (growing) populations (initially ∼6, 250 cells / mL),

low-density (non-growing) populations (initially ∼250 cells / mL), and low-density (growing) populations

with 250 μM of added GSH (initially ∼250 cells / mL). Note that 250 μM GSH is higher than the ∼1

μM of glutathione that the high-density populations accumulate by themselves (Fig. 2a). The added

GSH decreases the percentage of cells that die in the low-density population to 9.7 ± 0.7% (compared

to ∼58% in populations of the same density without added GSH). Similarly, the added GSH increases

the percentage of cells that replicates in the low-density population to 72.1 ± 2.7% (compared to ∼17%

in the low-density populations without added GSH). Thus, extracellular GSH decreases cell deaths and

increases cell replications. Bars show the mean with s.e.m., having n = 3 biological replicates per con-

dition. Dots show raw data. (b) Doubling time for single cells in each population. Histogram shows the

percentage of cells with a given doubling time. The average doubling time is 6.5 days for the high-density

populations (n = 451 cells) and 7.1 days for the low-density populations (n = 42 cells). Thus, the doubling

time of replicating cells is similar regardless of population density. (caption continues)
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Supplementary Fig. 12 (continued): In contrast, the average doubling time is 2.9 days for the low-

density populations with added GSH (n = 444 cells). GSH therefore reduces the time it takes to replicate

by more than half. Each histogram is an average histogram and is representative of n = 3 biological repli-

cate populations. Together (a-b) show that both high-density (growing) and low-density (non-growing)

populations contain replicating cells, with nearly identical doubling time distributions. The main differ-

ences between the two populations are the percentage of cells in each population that replicate and the

percentage of cells that die. Adding extracellular GSH increases the percentage of replicating cells (a)

and decreases the doubling time of these cells (b). Data for populations without added GSH is repro-

duced here from Fig. 1c as a comparison.
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Supplementary Fig. 13: Non-sugar components of the yeast growth medium (e.g., vitamins,
amino acids) and oxygen create Reactive Oxygen Species without any cells at 5 ◦C (Related to
Figure 2f). Together, our results suggest that more extracellular factor(s) – besides reduced glutathione

– dictate population growth at near-freezing temperatures (Supplementary Figs. 6 and 11-10). Know-

ing that extracellular factor(s) dictate growth at near-freezing temperatures (Fig. 6), and that cells are

stressed by ROS (Fig. 2a, Supplementary Fig. 9) and that it is the antioxidant action of GSH that induces

population growth (Supplementary Figs. 11-10), we hypothesized that the extracellular environment may

also be a source of ROS. (a) To test whether ROS are present in the extracellular environment, we used

a dye called dihydroethidium (DHE) that becomes fluorescent upon oxidation by ROS (mainly superox-

ides). We grew wild-type yeast populations with various starting densities at 5.0 ◦C, and measured the

oxidation rate of their growth media relative to the oxidation rate of fresh media. Here, the oxidation rate

is given by the rate at which the oxidation-responsive dye becomes fluorescent. To do so, at every time-

point, we took aliquots of our liquid cultures and flowed the aliquot through a 0.2 μm pore filter. We then

measured the oxidation rate in the flow-through – the growth medium without any cells – and compared

with the oxidation rate in fresh medium. (caption continues)
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Supplementary Fig. 13 (continued): Shown is the relative oxidation rate as function of population

density. The oxidation rate decreases when the population density exceeds ∼10, 000 cells / mL. This

result shows that ROS are present in the extracellular environment of cells and that the oxidation rate

of the medium decreases with population density. (b) Given that the oxidation rate decreases with

population density, we further hypothesized that the components of the growth medium – which the cells

consume and deplete – may be a source of ROS. We therefore tested whether the presence of any of

the nutrients in medium affects the ROS production in the cell’s environment. Specifically, without cells,

we measured the oxidation rate of DHE at 5.0 ◦C in growth media having various compositions. We

diluted the growth medium with water by various amounts and then supplemented these diluted media

with 2% glucose (so a ”0.5x-medium” contains 0.5x SC + 0.5x water, supplemented with 2% glucose).

Shown is the oxidation rate in diluted media at 5.0 ◦C (blue curve, in steps of 0.2x non-sugars). We found

that the oxidation rate increased roughly linearly with the amount of non-sugar nutrients in the medium

(i.e., the concentrations of amino acids, vitamins, trace elements, salts and the nitrogen source). (c)
Knowing that the extracellular environment may be a source of ROS through the non-sugar nutrients

in the growth medium, we added chemicals to the growth medium that remove (i.e., have scavenging

activity against) ROS. Specifically, we used scavengers of superoxide (10 mM tiron) or peroxyl radicals

(1 mM trolox) and tested whether the scavenging agents could be beneficial for yeast growth. To do

so, we grew populations of cells at 5.0 ◦C in the presence of ROS scavengers (initially ∼250 cells /

mL). Shown is the population density over time for populations with trolox (pink curves), tiron (purple

curves) or nothing (grey curves) added to the growth medium. Both trolox and tiron increase the growth

rate of populations. Thus, scavenging and removing extracellular ROS (such as superoxide and peroxyl

radicals) is beneficial for population growth at near-freezing temperatures. (d) Finally, we tested the

effect of GSH on the oxidation rate of the growth medium. Shown is the oxidation rate as a function

of the GSH concentration in minimal medium without cells at 5.0 ◦C. Increasing the GSH concentration

above a threshold concentration – at ∼250 μM GSH – decreases the oxidation rate. For all panels the

error bars are mean with s.e.m., with n = 3 replicates per condition.

In summary (a-d) show that non-sugar nutrients in the growth medium increase the oxidation rate of the

environment by facilitating the generation of ROS. The oxidation rate decreases when these non-sugar

nutrients are removed from the growth medium. Potential sources of ROS in the environment are oxygen

(superoxide) or non-sugar nutrients themselves (peroxyl radicals), as demonstrated by scavenging of

these ROS being beneficial for yeast growth at near-freezing temperatures. Finally, we found that GSH

can decrease the extracellular oxidation rate at high concentrations.
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Supplementary Fig. 14: Population growth is a balance between extracellular GSH and availabil-
ity of non-sugar nutrients at 5 ◦C (Related to Figure 2i). Studying the combined effect of non-sugar

nutrients and extracellular GSH on population growth. We incubated cells in media that had precise

amounts of non-sugar nutrients and added GSH. Specifically, for varying the amount of non-sugar nutri-

ents, we formulated the media to contain 0.05x, 0.1x, 0.25x, 0.5x, 0.75x or 1x non-sugar nutrients. Here,

1x equals the amount of non-sugar nutrients that is in the medium for yeast grown under standard con-

ditions (Methods). Each of these media had 2% glucose. Then, for each of these medium compositions,

we added either 0 μM, 1 μM, 10 μM or 250 μM of GSH. This procedure created 24 different media (6

different amounts of non-sugar nutrients each with 4 different added GSH concentrations). In these me-

dia we incubated low-density populations of cells (initially ∼210 cells / mL) at 5.0 ◦C. These low-density

populations should not grow according to our phase diagram (Fig. 1b). Shown is the fold-change in

population density as function of the amount of non-sugar nutrients after ∼5 weeks of incubation at 5.0
◦C. The curves represent 1 μM (light green curve), 10 μM (green curve), 250 μM (dark green curve) or

without (grey curve) added GSH. The populations in 1x non-sugar nutrients and without added GSH did

not grow at all during the 5 weeks of incubation at 5.0 ◦C, as expected from our phase diagram (Fig. 1b).

Further corroborating our other data we find that at 1x non-sugar nutrients, the fold-change in population

density increased with the concentration of added GSH (also see Fig. 2e) and that without added GSH,

the fold-change in population density increased when the amount of non-sugar nutrients decreased (grey

curve, also see Fig. 2g). Then, starting at 1x non-sugar nutrients, all curves converge to a ∼100-fold

change in population density as the amount of non-sugar nutrients decreased from 1x to 0.25x. Thus,

adding more than 10 μM GSH is only beneficial for population growth when sufficient non-sugar nutri-

ents are available (i.e., more than 0.5x non-sugar nutrients). Finally, populations stop growing when the

amount of non-sugar nutrients decreased below 0.1x. (caption continues)
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Supplementary Fig. 14 (continued): In summary, this growth experiment shows that either sufficient

extracellular GSH (more than 1 μM, Supplementary Fig. 10) or low enough amounts of non-sugar nu-

trients are required for population growth at 5.0 ◦C. Adding glutathione or removing non-sugar nutrients

induces growth by either removing ROS (Supplementary Figs. 9-11) or decreasing the oxidation rate

(Supplementary Fig. 13). Populations having less non-sugar nutrients require less extracellular GSH for

growth, and populations having more extracellular GSH can grow with more non-sugar nutrients. The

media with more than 0.75x non-sugar nutrients and 250 μM added GSH are special because they per-

mit growths that exceed the (∼100-fold) growth that a population can achieve by secreting glutathione by

itself (light green curve; also see Fig. 2a). Error bars show the mean with s.e.m., having n = 3 biological

replicates per condition.
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Supplementary Fig. 15: Oxygen (O2) is required for population growth at 5 ◦C (Related to Figure
2i). Testing whether oxygen (O2) is required or harmful for population growths at 5.0 ◦C. (a) Schematic

of the experiment in (b). We incubated 5 mL of cell populations that were either well aerated or poorly

aerated at 5.0 ◦C. For well-aerated conditions, cells were grown in tubes with a breathable film sealing

the tube tops (Methods). For poorly aerated conditions, the cells were in 5 mL Eppendorf tubes that were

sealed off by a non-breathable cap and parafilm. This created two populations of cells that started with

the same density but one that was well-aereated (oxygen available through the air) and one that was

poorly aerated (limited oxygen). Both populations were incubated at 5.0 ◦C and continuously shaken at

125 rpm. (b) Results of the experiment described in (a). Shown here are the population densities over

time for populations that were well-aerated (blue curves, labelled ”1”) or poorly aerated (brown curves,

labelled ”2”), each condition having different initial densities (∼350 cells / mL or ∼100 cells / mL). All well-

aerated populations grew exponentially over time. Poorly aerated populations barely increased in density

during the experiment. These results show that aeration (sufficient availability of oxygen in the growth

medium) is necessary for population growth at 5.0 ◦C. Thus, oxygen is both beneficial (required for cell

replications) and harmful (as source of ROS, Supplementary Fig. 13) at 5.0 ◦C. This result complements

our findings that non-sugar nutrients the growth medium are sources of ROS (Supplementary Fig. 13).

Each condition (color) shows n = 4 biological replicates.
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Supplementary Fig. 16: Cell size does not correlate with the intracellular ROS concentration at
5 ◦C (Related to Figure 3c). Cell size as a function of intracellular ROS concentration. We incubated

populations of cells for two weeks at 5.0 ◦C (initially ∼6, 250 cells / mL). We then measured the size

and intracellular ROS concentration in single cells (Methods). This result shows that the cell size is

uncorrelated with intracellular ROS concentration. Dots show single-cell data aggregated from n = 3

biological replicates (n = 214 cells).
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Supplementary Fig. 17: Newborn cells in low-density (non-growing) populations are larger than
those in high-density (growing) populations at 5 ◦C (Related to Figure 3c). We incubated popula-

tions of wild-type cells at a low density (initially ∼500 cells / mL) for two weeks at 5.0 ◦C and then imaged

these cells in our wide-field microscope for the next several weeks (Methods). We classified individual

cells in the resulting time-lapse movies as being in one of the following events (Supplementary Fig. 18):

”begins life” (just-born daughter cell), ”starts replicating”, ”grows” (without replicating), or ”dies” (cell just

before death). For every cell in each class, we measured its cell size. Specifically, for cells in the ”be-

gins life” class, we measured the daughter cell’s size just after cytokinesis (when the mother’s bud neck

breaks). For cells in the ”starts replicating” class, we measured the mother cell’s size at the time the bud

appears. For cells in the ”grows” class, we measured their size in the first time point when the movie

begins (i.e., at the first moment that they are growing without replicating). For cells in the ”dies” class,

we measured the size just before they die (i.e., the last time point before death). We binned the cells

according to their sizes. For each bin, we determined the probability that a cell in that size bin would be in

each of the four classes. Dots show average probability in each bin for the different events, shaded area

represents the s.e.m. for n = 3 biological replicates. This graph shows that newborn cells in low-density

(non-growing) populations are likely to have a large size, instead of being smallest cells in the population

(Fig. 3c). Thus, newborn cells in low-density (non-growing) populations are less likely to replicate than

the mother cells in the same population (see Supplementary Fig. 18).
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Supplementary Fig. 18: Cell size monotonically increases from birth to death at 5 ◦C (Related to
Figure 3c). (a) We incubated wild-type cell populations for two weeks at 5.0 ◦C and then measured the

cell sizes with a wide-field microsope. Shown here are the cell sizes of individual cells from high-density

populations without any GSH added (blue dots, initially ∼8, 000 cells / mL) and sizes of individual cells

from low-density populations that were incubated with 250 μM GSH (green dots, initially ∼420 cells / mL).

Grey dots show cells during growth at 30.0 ◦C as a comparison. Surprisingly, we find that cells are, on

average, more than double the size (cross-sectional area) at 5.0 ◦C (44.0 ± 1.7 μm2) compared to 30.0
◦C (19.3 ± 0.2 μm2). Moreover, adding GSH to the growth medium decreases the average cell size at

5.0 ◦C (to 37.3 ± 0.1 μm2). Error bars represent the mean with s.e.m., having n = 3 biological replicates.

Dots show data aggregated from the biological replicates. (caption continues)

29



Supplementary Fig. 18 (continued): (b-d) Next, we incubated populations of wild-type cells for two

weeks at 5.0 ◦C. After two weeks we transferred aliquots of the liquid cultures to microscopy plates that

we kept chilled at 5.0 ◦C before the transfer and took a snapshot of the cells with a microscope every day

(Methods). The resulting snapshots form time-lapse movies at 5.0 ◦C. From these movies, we classified

the cells into one of the following events: ”begins life” (the daughter cell right after the mother cell finishes

cytokinesis), ”start replicating” (the mother cell right after it forms a bud), ”end replicating” (the mother

cell right after the it cell finishes cytokinesis), ”grows” (a cell that grew in size without replicating for the

duration of the time-lapse movies of ∼17 days) and ”dies” (cells that die during the time-lapse movies).

We determined the cell size for all cells in each event. Shown are the cell sizes of individual cells from

populations with high initial density (∼8, 000 cells / mL) (b), low initial density (∼420 cells / mL) with 250

μM added GSH (c), and low initial density (∼420 cells / mL) without any GSH added (d). (b) At high

density, newborn cells are the smallest cells in the population (29.2 ± 0.5 μm2), with cells increasing

in size during cell replication (from 35.8 ± 2.1 μm2 at bud formation to 40.8 ± 2.3 μm2 at cytokinesis).

Growing cells are on average 43.8± 3.1 μm2. Finally, cells that die are the largest cells in the population

(59.1 ± 1.6 μm2). (c) Similarly, in populations that were incubated in growth medium to which we added

250 μM GSH, we found that newborn cells are the smallest cells in the population (at 28.7 ± 2.5 μm2),

with replicating cells increasing in size during replication (starting at 37.6 ± 1.3 μm2 and ending with

38.3 ± 2.0 μm2 at the end of division). Growing cells are on average 40.8 ± 3.7 μm2. Finally, with added

GSH, cell deaths occur at larger sizes (70.1 ± 1.3 μm2) compared to cells without added GSH. (d) In

low-density (non-growing) populations, the newborn cells are on average larger (47.6 ± 5.8 μm2) than

the average size at which the cells start replicating (37.9 ± 1.2 μm2), end replicating (43.7 ± 0.4 μm2), or

are growing (36.8± 1.9 μm2). Finally, cells that die are smaller (55.3± 5.0 μm2) than cells in the growing

populations. For all panels, the error bar shows the mean with s.e.m., having n = 3 biological replicates.

Dots are data aggregated from the biological replicates.

Together, these results show that, in growing populations, newborn cells have on average the smallest

size of the population. In contrast, in low-density (non-growing) populations without added GSH, the

newborn cells are on average larger than the replicating cells in the population. Moreover, these results

show that the cell size monotonically increases from a cell’s birth to its death, since the cell size increases

for consecutive life events (i.e., a newborn cell either eventually replicates or will grow without replicating,

and every cell eventually dies).
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Supplementary Fig. 19: Cell size monotonically increases during all live events at 5 ◦C (Related
to Figure 3c). Our data shows that the cell size monotonically increases at 5.0 ◦C starting with the

smallest cell size at birth and ending with the largest cell size at death (including during cell replications,

Supplementary Fig. 18). We used time-lapse microscopy to measure how the cell size changes over

time in individual cells at 5.0 ◦C. (a-d) We used our time-lapse movies of cells in high-density populations

(initially ∼8, 000 cells / mL) to track the cell size over time in single cells that were present at the start of

the time-lapse movies. (caption continues)
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Supplementary Fig. 19 (continued): To reconstruct cell size growth throughout every stage of a cell’s

life at near-freezing temperatures, we categorized all cells in the first time point of our movies (day

”0”) into one of four classes (Supplementary Fig. 18): ”begins life” (newborn daughter cells just after

cytokinesis), ”replicates” (cells that replicated), ”grows” (cells that grew without replicating for the entire

duration of the time-lapse (∼17 days, ) and ”dies” (cells that died). We assumed that the cells in the first

time point of the movies were representative samples of populations at 5.0 ◦C, because the populations

that we imaged were pre-incubated at 5.0 ◦C for two weeks before the first frame of the time-lapse. As

an exception, since we did not know which cells were newborn cells when the time-lapse began, we

used daughter cells that were newly born within a three-day period of our time-lapse movies. Shown

here is the cell size over time for cells in each event, with newborn cells (a), cells that replicated (i.e.,

when their bud began to grow) (b), cells that grew without replicating (c), and cells that died (almost

always by bursting open (d). Grey curves show the cell size over time for individual cells. Purple and

grey dots in (b) indicate the time points at which bud formation (purple dots) and cytokinesis (grey dots)

occurred respectively. Red dots in (d) indicate the cell size just before death. The dotted curves show

the average size of cells each respective event for n = 3 biological replicates, and the shaded area

represents the s.e.m. of the average cell size of each biological replicate. Together, (a-d) show that

almost all cells continuously increase in size at 5.0 ◦C for the entire duration of the time-lapse movies.

Given that a newborn cell will either eventually replicate or will grow without replicating and that every

cell will eventually die, these data together show that cells continuously increase in their size throughout

their life at 5.0 ◦C. (e-f) From the measurements in (a-d), we determined the time that cells take to double

in size without added GSH (e) and with 250 μM added GSH (f). Shown here is the time taken to double

in size for cells right after cytokinesis (yellow bars), cells that begin to replicate (purple bars), cells that

grow without replicating (grey bars), and cells just before they die (red bars). These measurements show

that, without added GSH, cells take increasingly more time to double in size. This time is the shortest

for a newborn cells (13.8 ± 1.6 days) and increases in the following order: cells that start to replicate

(27.3 ± 3.4 days), cells that are growing without replicating (34.4 ± 1.6 days), and cells that are about to

die (32.6 ± 4.6 days). In contrast, with added GSH, cells take approximately constant time to double in

size for newborn cells (14.8 ± 3.8 days), cells that begin to replicate (16.4 ± 2.6 days), and cells that are

growing without replicating (16.6±2.8 days). Lastly, cells that die take the shortest time to double in size

with 250 μM added GSH (8.9±1.7 days). Dots show the average time for each biological replicate. Error

bars show the mean with s.e.m. of n = 3 biological replicates. Together, (e-f) show that cells double in

size more slowly as they (chronologically) age, and that adding GSH accelerates cell growth.
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Size of daughter cell is independent of mother cell at 5   C
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Supplementary Fig. 20: The size and doubling time of a newborn daughter cell are uncorrelated
with its mother at 5 ◦C (Related to Figure 3d). Measuring how the cell size and doubling time of

newborn cells depend on the size and doubling time of their mother cell. We grew populations of wild-

type cells for two weeks at 5.0 ◦C and then began making time-lapse movies of these cells with our

wide-field microscope (Methods). From these movies, we determined the cell size and doubling time of

each mother-daughter pair. (a-b) Size of newborn daughter cells (directly after cytokinesis) compared

to the cell size of the mother cell at the time she began to give birth to the daughter (i.e., when her bud

started growing). Shown here are cells from populations without added GSH (a) or with 250 μM added

GSH (b). Grey diagonal line indicates locations where the mother and her newborn daughter having the

same size. These graphs (a-b) show that the size of daughter cells poorly correlates with the size of

their mother cells regardless of the presence of extracellular GSH. Moreover, newly born daughter cells

are smaller than their mother cells as seen by the data points mostly lying below the diagonal line. (c-d)
Doubling time of daughter cells as a function of the doubling time of their mothers in populations without

added GSH (c) or with 250 μM of added GSH (d). (caption continues)
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Supplementary Fig. 20 (continued): Heatmaps show doubling times binned into 1-day intervals. Data

from the same time-lapse movies as in (a-b). Grey diagonal line indicates locations where the mother

and daughter cells have the same doubling times. The doubling times of mother and daughter cells are

poorly correlated. Without added GSH the doubling time of the daughter cell varies widely from two

to over ten days, whereas the doubling time of mother and daughter cells are preserved at ∼2.5 days

with 250 μM added GSH. Together, (a-d) show that both the cell size and doubling time of a mother cell

are unrelated to the cell size and doubling time of its daughter cell, with the daughter cell usually being

smaller than the mother cell (also see Supplementary Fig. 18). These results show that the size and

doubling time of the daughter cell does not depend on the traits of her mother. All panels show data

aggregated from n = 3 biological replicates.
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Combining cell size over time from all stages of life reveals life trajectory at 5.0   C
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Supplementary Fig. 21: Continuous cell size growth during all life events reveals ”life trajectory”
of cells at 5 ◦C (Related to Figure 3d). We established that cells continuously increase in size through-

out each life event at 5.0 ◦C (Supplementary Fig. 19). We also found that the cell size increases with

consecutive life events (cells in ”begins life” are smaller than cells in ”replicates”, followed by cells in

”grows” and ”dies”, Supplementary Fig. 18). Moreover, since a newborn cell will either eventually repli-

cate or will grow without replicating, and that every cell will eventually die, there exists a temporal order

to these life events. We therefore used the cell size over time for each event to reconstruct the life of cells

at 5.0 ◦C as function of cell size, by stitching together the cell size curves for each of the consecutive

events based on the order of the average cell size (Supplementary Fig. 18): ”begins life”, ”replicates”,

”grows” and ”dies”. Specifically, we connected each of the curves with its preceding curve at the time

that the cell size at the respective endpoints overlapped most. Shown here are stitched curves for cell

populations incubated (a) without any GSH supplemented (from n = 3 biological replicate populations;

points represent means and shades represent s.e.m.); or (b) with 250 μM of GSH supplemented (from

n = 3 biological replicate populations; points represent means and shades represent s.e.m.). Each curve

overlaps with at least three data points with neighboring curves. The colors of each curve indicates the

separate life events, showing a cell that begins life (yellow curve), replicates (purple curve), grows with-

out replicating (grey curve), and dies (red curve). Large red dot shows average cell size just before cell

death (from n = 3 biological replicate populations, mean with error bar as s.e.m.). With the life trajectories

as described here, we constructed the cell’s timelines. Specifically, the time window for replications (12

days without added GSH, 18 days with added GSH) transitions into the time window for growth without

replicating at the cell size where the probability of replicating decreases below the probability of growing

or dying (Fig. 3c). (caption continues)
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Supplementary Fig. 21 (continued): The average replicative age (2 divisions without added GSH, 6

divisions with added GSH) is the time window for replications divided by the average single-cell doubling

time (Supplementary Fig. 12). The average chronological age (28 days without added GSH, 20 days

with added GSH) was determined from the life trajectory and the average cell size just before death

(Supplementary Fig. 18).

36



10-2 10-1 100 101 102 103

[GSH] in μM

20

25

30

35

40

Li
fe

sp
an

 (d
ay

s)

Increasing extracellular [GSH] decreases
average chronological lifespan at 5   Co

Supplementary Fig. 22: Average chronological lifespan decreases as the added GSH concentra-
tion increases at 5 ◦C (Related to Figure 3d). Cell’s average chronological lifespan (average chrono-

logical age at death) as a function of added extracellular GSH concentration. We incubated wild-type cell

populations at 5.0 ◦C with various amounts of GSH added to the growth medium (all initially at ∼5, 680

cells / mL). We took an aliquot of each liquid culture every week and measured the number of alive and

dead cells using propidium iodide (Methods). We then fitted these measurements to the same growth

model as before to determine the average chronological lifespan of cells (Supplementary Fig. 5; Supple-

mentary Theory). The average chronological lifespan of cells at 5.0 ◦C decreases from ∼37 days without

added GSH to ∼30 days with 100 μM added extracellular GSH. Extracellular GSH therefore decreases

the chronological lifespan of cells at near-freezing temperatures. Error bars represent the mean with

s.e.m., having n = 4 biological replicates per data point.
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Supplementary Fig. 23: Time-lapse microscopy on engineered cells with fluorescent reporters
for DNA replication (H2B histone fused to GFP) and G1-to-S transition (Whi5 protein fused to
mCherry) reveals cell-cycle phases at 5 ◦C (Related to Figure 4). (a) Schematic of the engineered

strain used for identifying when key cell-cycle phases occur in single cells at 5.0 ◦C. We engineered

yeast to have the G1 transcriptional repressor Whi5 protein fused to mCherry protein (Whi5-mCherry),

and the histone protein, H2B (Htb2), fused to GFP (H2B-GFP) (Methods). Both Whi5 and H2B are

well-known cell-cycle markers that indicate G1 phase (Whi5 translocates to the nucleus [9, 10, 11, 12,

13, 14]) and the S-G2-M phases (the amount of H2B is proportional to the amount of DNA [13, 15, 16])

respectively. We used this engineered strain to track the cell cycle at 5.0 ◦C. (b) Microscopy snapshots

of the engineered strain. Fluorescence of Whi5-mCherry (red, left image) and H2B-GFP (green, middle)

are shown for two representative cells at 5.0 ◦C. Also shown is the composite image that includes the

brightfield image (right). Here, one cell is replicating which we can tell, aside from the brightfield image,

by finding almost all of the Whi5-mCherry in the cytoplasm and a bright nucleus with H2B-GFP (contains

2n DNA, labelled ”1” in the top row). In the same picture, we see that the other cell is not dividing, which

we can also tell by finding almost all the Whi5-mCherry to be localized in the nucleus and a dim nucleus

with H2B-GFP (contains 1n DNA, labelled cell ”2” in the bottom row). The dividing cell has a bud. Scale

bar is 3 μm. Images are representative of n = 3 biological replicate populations. The exact numbers of

cells that we analyzed for each population and condition are provided in the caption for Supplementary

Figures 24 and 25. (caption continues)
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Supplementary Fig. 23 (continued): (c) Nuclear Whi5-mCherry and H2B-GFP over time shown for

a replicating cell at 5.0 ◦C. This cell is from a population that was pre-incubated for two weeks at 5.0
◦C before starting the time-lapse, after which we tracked cells in these populations with a microscope

(initially at ∼6, 250 cells / mL). We took aliquots of our liquid cultures that we transferred to an imaging

plate. We then kept this plate at 5.0 ◦C and imaged the cells every ∼12 hours (Methods). Finally,

we used this microscopy time-lapse to quantify the amount of nuclear Whi5-mCherry (left y-axis, red)

and H2B-GFP (righ y-axis, green) over time. The grey area indicates a full cell-cycle, starting in G1

(Whi5-mCherry located in the nucleus). Specifically, we used the fluorescence of H2B-GFP to locate the

nucleus and quantify the amount of DNA in the cells. We first located the nucleus by segmenting the

GFP fluorescence of each cell using a threshold GFP fluorescence that we kept fixed for all cells and

all time points when analysing this engineered strain. The nucleus was then the group of pixels whose

fluorescences exceeded this threshold. To determine the copy number of DNA in a cell, we determined

the total GFP fluorescence within the cell’s nucleus. We subsequently rescaled the nuclear GFP between

the average minimum and maximum GFP fluorescence that we observed for replicating cells. Thus, the

amount of nuclear H2B was rescaled to a scale between ”1n DNA” (average GFP fluorescence in the

nucleus of replicating cells in G1) and ”2n DNA” (average GFP fluorescence in the nucleus of replicating

cells in G2). Finally, we used the fluorescence of Whi5-mCherry to quantify the relative amount of nuclear

Whi5. To do so, we determined the average mCherry fluorescence in the nucleus and cytoplasm of each

cell. The amount of nuclear Whi5 was then given by the ratio of measured nuclear and cytoplasmic

mCherry fluorescence. (d) Nuclear Whi5 and H2B mark the cell-cycle phases of replicating cells. Shown

is a cell during one cell cycle (from the grey box of the replicating cell in (c)). Dotted arrows indicate the

end of G1 (Whi5-mCherry exits the nucleus), the S phase (the amount of H2B-GFP increases during

replication of DNA), the M phase (H2B-GFP decreases during chromosome segregation) and the start

of G1 (Whi5-mCherry begins to enter the nucleus).
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Supplementary Fig. 24: Growing cells that never replicate until dying are arrested in G1 phase at
5 ◦C (Related to Figure 4c). (a-b) Nuclear Whi5-mCherry and H2B-GFP over time in cells that grow

without replicating and in dying cells at 5.0 ◦C (also see Supplementary Fig. 23). Shown are cells that

did not replicate and stayed in G1 or G2 phase (a), and cells just before they die (b). The amount of

nuclear Whi5-mCherry and the amount of DNA remained constant during many days of incubation in the

cells that did not replicate. In the top graph of (a), the red and green curves terminate after ∼ 7 days

not because these cells die but because these cells became obscured by other cells that came into the

same field of view in our time-lapse imaging. (c) Cells that grow without replicating and cells that die

often have Whi5 located in the nucleus. Shown is the average amount of nuclear Whi5-mCherry in cells

that grew without replicating (grey bar), in cells that died (orange bar) and for cells that replicated (purple

box) when in G1 phase (left purple bar) or during cell division (S-G2-M phases, right purple bar). The

data suggests that most cells that grow without replicating stay in G1 (their Whi5-mCherry always stays

in the nucleus, in contrast to the cells in G1 that do replicate). (caption continues)
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Supplementary Fig. 24 (continued):
The average amount of nuclear Whi5-mCherry in cells that grew without replicating was determined by

averaging the amount of nuclear Whi5-mCherry for the entire duration of the time-lapse. The average

amount of nuclear Whi5-mCherry in cells that died represents the amount of nuclear Whi5-mCherry

averaged over the last three frames (∼36 hours) before the cell dies. The average amount of nuclear

Whi5-mCherry for cells that replicated and were in G1 and for cells that were dividing, were determined

as follows: we determined when Whi5-mCherry was located in the cytoplasm or the nucleus. We then

averaged the amount of nuclear Whi5-mCherry for each cell while the cell is either in G1 or S-G2-M. Dots

show raw data (n = 14 replicating cells, n = 15 growing, non-replicating cells, and n = 28 dying cells).

Bars show the mean with s.e.m. of all cells. Note that the two purple bars represent the same population

of duplicating cells. The left purple bar shows the average nuclear whi5 for duplicating cells when these

cells are in G1. The right purple bar shows the average nuclear whi5 for duplicating cells when these

cells are in S/M phase. (d) Cells that grow without replicating and cells that die mostly remain in G1.

Shown here are the percentages of cells in G1 phase in growing populations of high-density (blue bars)

and low-density populations supplemented with 250 μM GSH (green bars). This plot shows that at least

60% of non-replicating cells remained in G1 until they die. Extracellular GSH decreased the percentage

of cells that remained in G1. Whether a cell is in G1 or not was determined with the average amount

of nuclear Whi5-mCherry (in (c)) and the amount of DNA in the cell (a cell was in G1 when the amount

of nuclear Whi5-mCherry was above 1.66 and when the amount of DNA was below 2n). Bars show the

mean with s.e.m., having n = 3 biological replicates per condition. Dots show average percentage in

each replicate.

41



Glutathione does not change duration
of cell-cycle phases
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Supplementary Fig. 25: Glutathione shortens duration of G1 phase, but not S-G2-M phases, at
5 ◦C (Related to Figure 4c-d). (a) Nuclear Whi5-mCherry and H2B-GFP over time in replicating cells

that were incubated at 5.0 ◦C (Supplementary Fig. 23). Red shaded areas indicate examples of the

duration of Whi5-mCherry exiting or entering the nucleus. Green shaded areas indicate examples of the

duration of DNA replication or chromosome segregation. (b) Using time-lapse movies that examined the

amounts of Whi5-mCherry and H2B-GFP in single cells, we determined the duration of cell-cycle events

in replicating cells from high-density, growing populations (following the methodology in (a)). Shown

here are the durations of Whi5-mCherry exiting the nucleus (15.2 ± 1.1 hours, red bar), DNA replication

(26.1±2.2 hours, green bar), chromosome segregation (20.8±2.1 hours, green bar), and Whi5-mCherry

entering the nucleus (14.1±0.8 hours, red bar). Since the time-lapse movies consists of snapshots taken

every ∼12 hours, this ∼12 hours is a lower bound on the true duration of each event. Dots show raw

data pooled from n = 3 biological replicate populations, having 28 cells for the location of Whi5-mCherry,

23 cells with DNA replication and 24 cells with DNA segregation. Bars show the mean with s.e.m. of

all cells. (c) Duration of cell-cycle events in cells from low-density populations that were incubated with

250 μM of GSH (green bars). Blue bars show the same data as in (b) as a comparison. Shown here

are, all with the added GSH, Whi5-mCherry exiting the nucleus (16.0 ± 1.4 hours), DNA replication

(24.7±2.5 hours), chromosome segregation (22.3±2.9 hours), and Whi5-mCherry entering the nucleus

(13.7± 0.9 hours). There is no reason to assume that the duration of any cell-cycle event changes upon

addition of extracellular GSH (p-values are: p = 0.69 for Whi5-mCherry exiting the nucleus; p = 0.69

for DNA replication; p = 0.66 for chromosome segregation; and p = 0.72 for Whi5-mCherry entering the

nucleus; ’n.s.’ means ’not significant in these bar plots). We determined these p-values with the two-sides

Student’s t-test with unequal variances and at a 95%-confidence level. Multiple testing/comparison was

not applicable here. Green dots show raw data from n = 3 biological replicate populations, having the

following sample sizes: 16 cells for Whi5-mCherry entry; 20 cells for Whi5-mCherry exit of the nucleus;17

cells with DNA replication; and 16 cells with DNA segregation. Blue dots are as in (b). Bars represent

the mean of all cells and error bars show s.e.m. of all cells. (d) Histograms showing the durations

of G1 phase in replicating cells from populations without added GSH (blue) and with 250 μM added

GSH (green). The average duration of G1 was 32 ± 3.0 hours without added GSH, and 15.0 ± 1.5

hours with added GSH (median ∼24 hours without added GSH and ∼9 hours with added GSH). Thus,

GSH shortens the duration of G1 in replicating cells at near-freezing temperatures. With added GSH,

the majority of G1 phases in replicating cells take 12 hours or less. In contrast, without added GSH,

the G1 phase in replicating cells takes up to 6 days. Each histogram is an average histogram and is

representative of n = 3 biological replicate populations. (e) Summarizing (b-d). Shown are the durations

of the cell-cycle phases in replicating cells from populations without added GSH (left) and with added

GSH (right). (caption continues)
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Supplementary Fig. 25 (continued): The length of the arrows is proportional to the duration of each

phase. Red arrows represent Whi5 (indicating events associated to G1), green arrows represent H2B

(indicating events associated to S-G2-M). Together, (b-d) show that adding GSH to the growth medium

shortens the duration of G1 in replicating cells, while the duration of other cell-cycle remains unchanged

upon addition of GSH.
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Supplementary Fig. 26: Consecutive divisions in individual cells slow down at 5 ◦C (Related to
Figure 4d). We used single-cell time-lapse movies at 5.0 ◦C (Supplementary Fig. 12) to measure

the doubling time of cells that replicated multiple times. Heatmaps show the durations of consecutive

replications of individual cells at 5.0 ◦C without added GSH (blue heatmap, left) and with 250 μM added

GSH (green heatmap, right). Shown is the number of days taken for a cell replication (y-axis) as function

of the number of days taken for the preceding cell replication (x-axis) of each cell. Grey dotted diagonal

indicates location where consecutive replications in the same cell have equal doubling times. Data

is aggregated from n = 3 biological replicates. These measurements show that the doubling time of

individual cells increases over time in populations without added GSH: the duration of a cell replication

is on average larger (above the diagonal) than the duration of a preceding cell replication. With added

GSH, the doubling time remains approximately constant for consecutive replications.
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Supplementary Fig. 27: Glutathione-induced growth at near-freezing temperatures depends on
Msn2,4-mediate cold-stress response (Related to Figure 4e). We constructed a mutant strain that

lacks the major stress-response transcriptional activators, Msn2,4 (msn2,4∆ strain) [21, 22, 23]. Shown

here is the population density over time for the msn2,4∆ strain at 5.0 ◦C with 250 μM added GSH (orange

curves, initially ∼250 cells / mL). Grey curves show the wild-type strain for comparison (initially ∼250

cells / mL with 250 μM added GSH). The msn2,4∆ strain stops growing after two weeks of incubation

with added GSH at 5.0 ◦C, whereas the wild-type strain grows exponentially over time. We already

established that GSH removes intracellular ROS and thereby induces the wild-type population to grow

(Fig. 2c). However, the msn2,4∆ population stops growing at 5.0 ◦C even with the added GSH. This

means that yeasts incubated with extracellular GSH still experience a low-temperature stress, despite

the added GSH reducing the intracellular ROS that inhibits cell replications. Together, our results suggest

that glutathione-induced population growth at 5.0 ◦C depends on the Msn2,4 cold-stress response. All

colors show n = 3 biological replicates.
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Supplementary Fig. 28: Glutathione induces population growth at 5 ◦C independent of ROS-
defense genes (Related to Figure 4e). All at 5.0 ◦C. (a-c) We constructed mutants that are each lacking

a gene (”ROS defense” gene) which protects the cells from oxidative stress, maintains redox state, and

work with glutathione [17, 18, 19, 20]. Specifically, one strain lacks GPX1 which encodes a glutathione

peroxidase (gpx1∆ strain). Another strain lacks GTT2 which encodes a glutathione s-transferase (gtt2∆

strain). Another strain lacks GRX2 which encodes a glutaredoxin (grx2∆ strain). Shown here are the

population densities over time for the gpx1∆ strain (a), the gtt2∆ strain (b), and the grx2∆ strain (c).
Populations of each strain started with high density (∼6, 250 cells / mL, red curves), low density (∼250

cells / mL, grey curves), or low density with 250 μM added GSH (∼250 cells / mL, green curves). Every

mutant population with the added extracellular GSH grew. Surprisingly, the high-density populations of

the gtt2∆ and grx2∆ strains did not sustain growth at 5.0 ◦C beyond an initial, transient growth of ∼10

that was due to the cells being transferred from 30 ◦C. In contrast, at the same high density, populations

of the wild type (Fig. 1) and the gpx1∆ strain grew to the carrying capacity. Hence, GTT2 and GRX2

are necessary for sustaining population growth at 5.0 ◦C, while GPX1 is not required. Finally, both GTT2

and GRX2 can be substituted with reduced extracellular GSH at 5.0 ◦C because every population with

the added extracellular GSH grew. All colors for each strain show n = 3 biological replicates.
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Supplementary Fig. 29: Msn2,4-regulated heat-shock proteins are not necessary for growth at
5 ◦C (Related to Figure 4e). All at 5.0 ◦C. (a-c) We constructed mutants that were lacking genes

(”heat shock” genes) which are regulated by the Msn2,4 stress-response and highly expressed at low

temperatures [2, 24, 25, 20, 17]. Specifically, one mutant strain lacks HSP12 which encodes a membrane

protein that helps in maintaining membrane organization (hsp12∆ strain). Another strain lacks HSP26

which encodes a chaperone protein that suppresses aggregation of unfolded proteins (hsp26∆ strain).

Another strain lacks HSP104 which encodes a disaggregase (hsp104∆ strain). Shown here are the

population densities over time for the hsp12∆ strain (a), the hsp26∆ strain (b), and the hsp104∆ strain

(c). Populations of each strain started with either a high density (∼6, 250 cells / mL, red curves), low

density (∼250 cells / mL, grey curves), or a low density with 250 μM added GSH (green curves). Every

high-density population grew for all heat shock mutants. Similarly, all populations with added extracellular

GSH grew, with the hsp104∆ strain growing fastest and the hsp26∆ strain growing slowest. These

growth experiments show that not all Msn2,4-regulated genes are necessary for growth, even though the

Msn2,4 stress-response is required for cell replications at near-freezing temperatures (Supplementary

Fig. 27). Each condition in all panels shows n = 3 biological replicates.
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Supplementary Fig. 30: G1-to-S transition delays cell replication at 5 ◦C (Related to Figure 4e).
(a) We constructed a mutant strain (whi5∆ strain) whose WHI5 was knocked out and therefore has

an accelerated G1-to-S transition at 30 ◦C [10]. Shown here are the population densities over time for

the whi5∆ strain that was incubated at 5.0 ◦C either without added GSH (initially ∼6, 250 cells / mL,

pink curves) or with 250 μM added GSH (initially ∼250 cells / mL, green curves). Both conditions are

compared with the wild-type strain (grey curves). The whi5∆ strain grows faster than the wild type at 5.0
◦C (resulting in a 3.4±0.1-fold difference in density after two weeks without added GSH, and a 5.7±0.3-

fold difference in density with added GSH after the same period of time). Thus, knocking out WHI5

accelerates population growth, suggesting that the G1-to-S transition delays cell replications. Each color

and initial density show n = 3 biological replicate populations. (b) Cell size of the whi5∆ strain. Shown

here are the cell sizes of the whi5∆ strain in populations without added GSH (each pink dot represents

one cell) or with 250 added μM GSH (each green dot represents one cell). Wild-type strain without added

GSH is shown as a comparison (each grey dot represents one cell). Cell sizes were measured after two

weeks of incubation at 5.0 ◦C. (caption continues)
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Supplementary Fig. 30 (continued): The whi5∆ strain has a smaller average cell size compared to the

wild type, with adding extracellular GSH reducing the cell size further. This suggests that accelerating the

G1-to-S transition decreases the cell size at 5.0 ◦C (cells spend less time in the G1 (growth) phase). For

all three conditions, black data point represents mean with error bars showing s.e.m.; n = 3 biological

replicate populations for each condition. (c) Intracellular ROS concentration in the whi5∆ strain after

two weeks of incubation at 5.0 ◦C (Methods). Shown here are populations that were incubated either

without added GSH (each pink dot represents one cell) or with 250 μM added GSH (each green dot

represents one cell). Each grey dot represents one cell of the wild-type population without any added

GSH, as a comparison. The whi5∆ strain does not have less intracellular ROS compared to the wild-

type strain. For all three conditions, a black data point represents the mean with error bars showing

s.e.m.; n = 3 biological replicate populations for each condition. Together, (a-c) show that accelerating

the G1-to-S transition at 5.0 ◦C accelerates cell replication and decreases cell size. Researchers found

similar effects at 30.0 ◦C [10, 26]. Simultaneously, accelerating the G1-to-S transition does not decrease

intracellular ROS abundance. This suggests that enabling the G1-to-S transition (G1 exit) with abundant

ROS enables cell replication. Moreover, these measurements suggest that cells do not accumulate

intracellular ROS during G1, since shortening the G1 duration does not decrease the intracellular ROS

concentration.
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Supplementary Fig. 31: Cells are arrested in G1 and less than 2% of cells proceeds to replicate
during a 51-day time-lapse at 1 ◦C (Related to Figure 5a). We incubated populations of the engineered

strain with fluorescent cell-cycle markers (also see Supplementary Fig. 23) at 1.0 ◦C. After 10 days of

incubation at 1.0 ◦C, we proceeded with tracking single cells with a microscope (initially ∼30, 000 cells

per ml). In short, we took aliquots of the liquid cultures and transferred these to an imaging plate. We kept

the plate at 1.0 ◦C and imaged the cells every ∼4 days (Methods). (a) Percentage of cells that replicates,

grows and dies during the 51 day microscope time-lapse at 1.0 ◦C. Bars show populations without added

GSH (blue bars) and with 250 μM added GSH (green bars). Less than 2% of cells replicated once (no

cell replicated more than once). Bars represent mean with error bars showing s.e.m.; n = 3 biological

replicate populations for each condition. (b) Percentages of cells that grow without replicating and cells

that die while in G1 for the duration of the time-lapse. Almost all of the non-replicating cells are in G1.

Similar to our measurements at 5.0 ◦C, we found that adding GSH decreases the percentage of cells that

are in G1 (Supplementary Fig. 24). Bars represent mean with error bars showing s.e.m.; n = 3 biological

replicate populations for each condition.
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Supplementary Fig. 32: Cell size continuously increases at 1 ◦C, but slower than at 5 ◦C (Related
to Figure 5a). (a) Cell size as function of temperature. We incubated wild-type cell populations for two

weeks at 1.0 ◦C and then measured the cell sizes with a wide-field microscope. Shown here are the cell

sizes (cross-sectional area) of individual cells from high-density populations without any added GSH at

1.0 ◦C (orange dots, initially ∼30, 000 cells / mL) and at 5.0 ◦C (blue dots; Supplementary Fig. 18). Grey

dots show cells in a log-phase growth at 30.0 ◦C as a comparison. We find that cells at 1.0 ◦C are smaller

in size compared to cells at 5.0 ◦C, but still larger in size than cells at 30.0 ◦C. (b) We also measured the

cell sizes of individual cells with 250 μM added GSH after two weeks of incubation at 1.0 ◦C. Shown are

the cell sizes of individual cells at 1.0 ◦C from high-density populations without any added GSH (orange

dots, see (a)) and of cells from high-density populations with 250 μM added GSH (green dots). Data from

30 ◦C is as in (a). Here we find that cells are on average the same size with and without added GSH.

This is in contrast with 5.0 ◦C where adding GSH decreases the average cell size. In (a-b), the error bars

represent the mean with s.e.m., having n = 3 biological replicates. Dots show data aggregated from the

biological replicates. (caption continues)
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Supplementary Fig. 32 (continued): (c) We used our time-lapse movies of cells in 1.0 ◦C to track the

cell size over time for individual cells that were present at the start of the time-lapse movies (also see

Supplementary Fig. 19). Shown here is the cell size over time for cells that did not replicate for the entire

duration of the time-lapse (∼50 days). Cells were from populations that were incubated without added

GSH (orange curve) or with 250 μM added GSH (green curve). All populations that we imaged were

pre-incubated for two weeks at 1.0 ◦Cbefore the first frame of the time-lapse movies. The cell size con-

tinuously increases during the entire ∼50 day time-lapse. Dots show the mean with shades representing

the s.e.m., having n = 3 biological replicate populations per condition. (d) From the measurements in

(c), we determined the time that cells take to double in size. Shown here are the time taken to double in

size for cells that grow without replicating at 1.0 ◦C, either without added GSH (orange bar) or with 250

μM added GSH (green bar). Grey bar shows the time taken to double in size for cells that grow without

replicating at 5.0 ◦C without added GSH as a comparison (data from Supplementary Fig. 19). At 1.0
◦C, cells take more time to double in size with added GSH (51.8 ± 3.4 days) compared to without added

GSH (41.9±1.9 days). Together, (a-d) show that cells continuously grow in size at 1 ◦C, but do so slower

compared to 5 ◦C. Moreover, in contrast to 5 ◦C, GSH does not decrease the average cell size at 1 ◦C

(also see Supplementary Figs. 18-19). Bars represent means with error bars showing s.e.m. for n = 3

biological replicate populations.
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Supplementary Fig. 33: Glutathione still accumulates but does not remove intracellular ROS at 1
◦C (Related to Figure 5). (a-c) Measuring population behavior of wild-type yeast at 1 ◦C. (a) Population-

density over time for populations that were incubated with 250 μM added GSH at 1.0 ◦C. Colors show

different initial population densities (highest density ∼52, 000 cells / mL, with 5-fold dilutions to lower

densities). None of the populations increase appreciable in density (e.g., 10-fold) during the month long

incubation. Thus, populations do not grow at 1.0 ◦C even with GSH added to the growth medium (also

compare with Fig. 2c). Each color has n = 4 replicate populations. (b) We quantified the extracellular

glutathione concentration for wild-type populations with an enzymatic assay kit (Methods). Shown are the

concentrations of total extracellular glutathione as function of population-density after 1, 3 and 5 weeks

of incubation at 1.0 ◦C (also see Fig. 2a). No glutathione was added to the growth medium (highest

initial density ∼156, 000 cells / mL, with 5-fold serial dilutions for lower density populations). Green

arrow indicates direction of time. The extracellular glutathione concentration increases over time for all

populations. These measurements show that cells secrete and accumulate extracellular glutathione at

1.0 ◦C despite cell populations not growing (see (a)). (caption continues)
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Supplementary Fig. 33 (continued): Error bars are mean with s.e.m., having n = 3 biological replicates

per data point. (c) Intracellular ROS concentration of individual cells as quantified by fluorescence of a

oxidation-responsive dye for superoxides in mitochondria (Methods, also see Fig. 2b). Cells were stained

after two weeks of incubation at 1.0 ◦C. Shown are intracellular ROS concentrations for individual cells

from high-density populations (blue dots, initially ∼30, 000 cells / mL) and populations incubated with

250 μM GSH (green dots, initially 2, 000 cells / mL). Grey dotted line indicates the average intracellular

ROS concentration in growing populations at 5.0 ◦C (from Fig. 2b). In contrast to 5.0 ◦C, the intracellular

ROS concentrations at 1.0 ◦C are identical between populations with and without added GSH (also

compare with Fig. 2b-d). Thus, adding extracellular GSH does not remove intracellular ROS at 1.0 ◦C.

Error bars show the mean with s.e.m. of the average ROS level of each biological replicate (n = 3).

Together, (a-c) show that cells still secrete glutathione to their extracellular environment at near-freezing

temperatures. However, populations do not grow at 1.0 ◦C even with large amounts of GSH added to the

growth medium. Moreover, extracellular GSH also does not remove intracellular ROS. These results are

in contrast to yeast populations incubated at 5.0 ◦C, where extracellular GSH does remove intracellular

ROS and induces population growth. (d) To test whether populations do not grow at 1.0 ◦C because the

cells were dead, we determined the percentage of alive and dead cells over time in yeast populations

incubated at 1.0 ◦C through a PI staining (Supplementary Fig. 4). Shown is the percentage of alive cells

(purple points) and percentage of dead cells (orange points) for populations with a high density (initially

∼156, 000 cells / mL). The percentage of dead cells in the population increases over time, reaching ∼10

% after 4 weeks of incubation at 1 ◦C. These measurements show that populations remain alive during

months-long incubation at 1.0 ◦C. This result suggests that the reason populations do not grow at 1.0 ◦C

is not because the cells were dead. Error bars show mean with s.e.m., with n = 4 replicate populations

per data point.
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Supplementary Fig. 34: Measuring the genome-wide transcription dynamics at near-freezing tem-
peratures (Related to Figure 5b). (a) Schematic demonstrating the experimental procedure for perform-

ing 4tU-sequencing on newly-made transcripts in populations of S. cerevisiae [27, 28, 29]. A synthetic

uracil analog (4-thiouracil, 4tU) is added to the growth medium of cells. Cells incorporate the 4tU into their

newly synthesized RNA. We collect cells after the desired time of incubation with 4tU and extract the total

RNA. The newly synthesized RNA is linked to biotin by specifically biotinylating the 4tU (”4tU-labelled”

RNA). Simultaneously, the pre-existing RNA that does not contain 4tU is not biotinylated. Finally, the

4tU-labelled RNA is separated from the pre-existing RNA without 4tU through a pull-down with magnetic

beads containing streptavidin, after which the purified 4tU-labelled RNA is sequenced (see Methods for

experimental details). (b) Schematic illustrating the experimental procedure for measuring the genome-

wide transcription dynamics at near-freezing temperatures. We incubated liquid cultures with populations

of wild-type yeasts at the desired temperature (e.g., 5.0 ◦C). After two weeks of incubation, we first col-

lected two aliquots of our cultures (as ”time 0” hours of the time-lapse). (caption continues)
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Supplementary Fig. 34 (continued): Directly after, we supplemented the growth medium of the cultures

with 4tU at a final 5 mM concentration, and collected aliquots from our cultures at the desired time-points

(see for experimental details). After collecting the time-lapse samples, we added a fixed amount of

4tU-labelled S. pombe (Schizosaccharomyces pombe) cells to all 4tU time-lapse samples as a spike-in

and proceeded with RNA-extraction. Finally, we used the extra ”time 0” hours aliquots to quantify the

steady-state transcript levels (grey box, RNA-seq and RNA FISH). (c) The S. pombe spike-in that was

added to all 4tU time-lapse samples enabled us to normalize the amount of 4tU-labelled transcripts from

different time-points. Initially, all 4tU-labelled RNA in the sample is from the S. pombe spike-in since

the cold-incubated S. cerevisiae cells have not initially synthesized 4tU-labelled RNA. Over time, the

cold-incubated cells synthesize new 4tU-labelled RNA and degrade old (unlabelled) RNA, increasing the

percentage of 4tU-labelled RNA that is from the cold-incubated cells. Normalizing with the amount of

spike-in transcripts therefore ensures that the relative differences between samples in a time-lapse are

conserved (since the amount of 4tU-labelled RNA from S. pombe cell was the same in every sample).

Moreover, this procedure eliminates experimental differences between samples due processing of RNA

and sequencing.
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Supplementary Fig. 35: Procedure for rescaling the 4tU transcript levels using the steady-state
transcript levels (Related to Figure 5b). First, the 4tU time-lapse samples were normalized by the

transcript level of spike-in RNA and the number of alive cells in the population that we had also measured,

giving the relative 4tU transcript level per cell over time (the amount of 4tU-labelled RNA normalized by

the 4tU spike-in RNA). Next, these relative values are rescaled to obtain the ”# of new RNA / cell”. To

do so, the samples are rescaled such that steady-state transcript level per cell that is estimated by the

4tU time-lapse is equal to the measured steady-state transcript level per cell that we measured through

RNA-seq (Supplementary Fig. 34). To obtain the estimated steady-state transcript level per cell, we

fitted a mathematical model to the relative 4tU transcript levels per cell over time. The conventional

model to describe RNA synthesis assumes that RNA is synthesized at a constant rate and degraded at

a rate that is dependent on the concentration [30, 29]. Thus, the kinetics of 4tU-labelled RNA are given

by dN
dt = µ

λ

(
1 − exp(−λt)

)
with a RNA synthesis rate µ (in ”# of RNA / cell / hour”), a RNA degradation

rate λ (in ”per hour”) and time t . Over time, the relative 4tU transcript level per cell converges to a

steady-state µ/λ (in ”RNA / cell”) by degradation of old RNA and synthesis of new (4tU-labelled) RNA

[30, 29]. To obtain the measured steady-state transcript levels per cell we had also sequenced the

steady-state transcript level (total RNA, not 4tU purified RNA) of each time-lapse together with a S.

pombe spike-in to normalize our time-lapses across temperatures (the steady-state transcript levels can

differ per temperature, and the same spike-in RNA was used for all steady-state samples). Thus, we

rescaled all 4tU-samples such that the estimated steady-state transcript levels of the model matched

the experimentally measured steady-state transcript levels. Shown is a representative example of such

a rescaling from a 4tU time-lapse without added extracellular GSH at 5.0 ◦C. Note that this rescaling

conserves the relative differences between all time points within each time-lapse. (caption continues)
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Supplementary Fig. 35 (continued): By applying this methodology to all time-lapses from each con-

dition, we obtained the relative level of new transcripts (4tU-labelled RNA) over time between replicates

and across temperatures. Moreover, the estimated steady-state of each time-lapse is equal to the exper-

imentally measured steady-state of that time-lapse. As a last step, the relative levels of new transcripts

per cell will be rescaled to integer number of RNA per cell using the steady-state samples and RNA FISH

(Supplementary Fig. 36). Dots show raw (normalized) data for one replicate. Blue dotted lines shows

model fit for that replicate. Grey dotted lines shows measured steady-state values.
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Supplementary Fig. 36: Quantifying the genome-wide number of RNA per cell from the relations
between RNA-seq and RNA FISH data in steady-state (Related to Figure 5b). (a) Steady-state

transcript levels were quantified in two ways. In one way, we performed regular RNA-seq on the steady-

state RNA (normalized across temperatures by a spike-in of total RNA from S. pombe). In the other way,

we quantified the number of RNA per cell for endogenous yeast genes via single-molecule RNA FISH

with cells from the same aliquots on which we performed RNA-seq (Methods). These measurements

were then combined to re-scale the relative transcript levels per cell (from RNA-seq) to the ”# of RNA /

cell” as measured by RNA FISH (Supplementary Figs. 34-35). (b) The single-cell number of transcripts

for several endogenous yeast genes were quantified through RNA FISH at 30 ◦C, 5.0 ◦C and 1.0 ◦C.

Shown is the average number of RNA per cell as function of temperature for RPL3 (red curve), RPS3

(green curve), RPO21 (blue curve) and RPB1 (yellow curve). The average number of mRNA per cell

decreases with temperature. (caption continues)
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Supplementary Fig. 36 (continued): Each data point shows an average of n = 3 biological replicate

populations with error bars representing s.e.m. Images show representative examples of labelled RNA

in single-cells at 1.0 ◦C (left), 5.0 ◦C (middle) and 30 ◦C (right). Dots are labelled RNA of RPL3 (red

fluorescence, top) or RPS3 (green fluorescence, bottom). Brightfield images are shown as a comparison.

Scale bar is 2 μm. (c) The average number of RNA per cell from RNA FISH as a function of the relative

steady-state transcript levels per cell from RNA-seq at 1.0 ◦C (left panel), 5.0 ◦C (middle panel) and

30 ◦C (right panel). Shown are the steady-state transcript levels for RPB1 (yellow dots), RPO21 (blue

dots), RPS3 (green dots) and RPL3 (red dots). Black solid line shows a linear fit without intercept, dotted

lines show 95% confidence interval of the fit. Since both RNA FISH and RNA-seq measurements were

performed on the same cell populations, these linear fits yield scaling factors β that converts the relative

transcript levels per cell to the ”# of RNA / cell” for each temperature (β = 15.8 at 1.0 ◦C (Pearson-

correlation coefficient ρ = 0.94), β = 18.8 at 5.0 ◦C (ρ = 0.87) and β = 71.2 at 30 ◦C (ρ = 0.79)). We

used these scaling factors to rescale the relative level of 4tU-labelled transcripts per cell (from 4tU-seq;

Supplementary Figs. 34-35) to integer numbers of RNA per cell for all temperatures. All colors show 6

dots, having n = 3 biological replicates each for 250 μM added GSH and without added GSH.
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Supplementary Fig. 37: Single-gene RNA synthesis rates and RNA half-lives at near-freezing
temperatures (Related to Figure 5b). (a-b) Using the data of freshly synthesized RNA per cell over

time for the whole genome (as determined by 4tU-seq; Supplementary Figs. 35-36), we fitted the model

for the kinetics of RNA synthesis for every individual yeast gene. Histograms show the mRNA half-lives

(a) and mRNA synthesis rates (b) for 4, 955 genes in the S. cerevisiae genome at 1.0 ◦C without added

GSH (yellow bars), at 5.0 ◦C without added GSH (blue bars) and at 5.0 ◦C with 250 μM added GSH (green

bars). The RNA half-lives and RNA synthesis rates at 30 ◦C are included as a comparison (n = 2, 135

genes, grey bars). Grey dotted lines show the median mRNA half-lives (8.57, 3.95 and 4.13 hours) and

the median mRNA synthesis rates (0.10, 0.29 and 0.29 RNA / cell / hour) for each condition (at 1.0 ◦C,

and at 5.0 ◦C without added GSH and with added glutathione respectively). The median RNA half-life

at 30 ◦C is 14.3 minutes and the median RNA synthesis rate is 4.1 RNA / cell / hour. The distribution of

RNA synthesis rates and RNA half-lives remains almost unchanged upon addition of extracellular GSH,

suggesting that ROS does not change the transcriptional dynamics at near-freezing temperatures.
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Supplementary Fig. 38: Transcriptional dynamics differ between gene groups at freezing temper-
atures (Related to Figure 5b. (a-b) Using the data of freshly synthesized RNA per cell over time (as

determined by 4tU-seq; Supplementary Figs. 35-36), we also fitted the model for the kinetics of RNA

synthesis to the amount of 4tU-labelled RNA in groups of related genes (as defined by Gene Ontol-

ogy). (a) Number of mRNA per cell over time at 5.0 ◦C for genes belonging to Ribosome biogenesis

(GO:0042254, 341 genes) or response to oxidative stress (GO:0006979, 101 genes). Genes associ-

ated to ribosome biogenesis have fast transcriptional dynamics compared to genes associated to the

response to oxidative stress. Dots show measured data with the lines showing model fitted to the mean

from n = 3 biological replicate populations for each condition. Shaded bands represent s.e.m. (b) Av-

erage mRNA synthesis rate (number of mRNA per gene per hour) and average mRNA half-life for all

genes within each group of genes at various temperatures. Shown are each group at 1.0 ◦C without

added GSH (yellow bars), at 5.0 ◦C without added GSH (blue bars) and at 5.0 ◦C with 250 μM added

GSH (green bars). The included groups are ribosome biogenesis (GO:0042254; 341 genes), response

to oxidative stress (GO:0006979; 101 genes), oxidative phosphorylation (GO:0006119; 27 genes) and

glycolysis (GO:0006096; 19 genes). (caption continues)
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Supplementary Fig. 38 (continued): The whole transcriptome (4955 genes) is included as a com-

parison. Bars represent mean with error bars showing s.e.m.; n = 3 biological replicate populations for

each condition. These rates show that the transcriptional dynamics vary widely between genes that are

associated with different processes. Strikingly, at 5 ◦C, the gene groups associated with oxidative pro-

cesses have both a slower mRNA synthesis rate and a longer mRNA half-life – more stable RNA – when

ROS is less abundant (with added GSH). For example, the RNA of genes associated to the response to

oxidative stress have a half-life of 13.1 ± 3 hours without added GSH compared to 22.2 ± 4.0 hours with

added GSH. Thus, the turn-over of mRNA associated to oxidative processes seems slower in cells with

less abundant ROS at near-freezing temperatures.
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Single-gene RNA half-lives and RNA synthesis rates are correlated across conditions:
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Supplementary Fig. 39: Single-gene mRNA half-lives and mRNA synthesis rates are correlated
across temperatures and ROS abundance (Related to Figure 5b). Comparing single-gene transcrip-

tion dynamics across near-freezing temperatures and with various ROS abundances using the single-

gene transcriptional rates determined in Supplementary Fig. 37). (a-b) Single-gene transcription rates

compared between 5.0 ◦C (x-axis) and 1.0 ◦C (y-axis) without added GSH. Shown are the single-gene

mRNA half-lives (Pearson-correlation coefficient ρ = 0.62) (a) and the RNA synthesis rates (Pearson-

correlation coefficient ρ = 0.75) (b). (c-d) Single-gene transcriptional rates at 5.0 ◦C compared without

added GSH (x-axis) and with 250 μM added GSH (y-axis). Shown are the single-gene mRNA half-lives

(Pearson-correlation coefficient ρ = 0.92) (c) and RNA synthesis rates (Pearson-correlation coefficient

ρ = 0.97) (d). The half-lives and synthesis rates of RNA remain almost unchanged upon addition of

GSH to the growth media, supporting the fact that ROS does not change the transcriptional dynamics at

near-freezing temperatures. Each dot in all panels shows the rate for a single gene averaged over n = 3

biological replicates.
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Supplementary Fig. 40: Single-gene transcription dynamics at near-freezing temperatures (Re-
lated to Figure 5b). We used a mCherry-inducible strain to measure the transcription dynamics for a

single gene at near-freezing temperatures. (a) Schematic showing an experiment to measure single-

gene transcription (Methods). Liquid cultures with populations of the mCherry-inducible strain were

incubated at the desired temperature with 2% raffinose as the carbon source. After two weeks of in-

cubation, we took aliquots of these liquid cultures (as a control without mCherry). Directly after, we

supplemented the growth media with 2% galactose to induce the expression of mCherry, and continued

to collect aliquots of these cultures at the desired time points. We then performed RNA FISH on the

mCherry RNA for each aliquot, and quantified the average number of RNA per cell over time. (b) Single-

gene transcription dynamics at near-freezing temperatures. Shown is the number of mCherry RNA per

cell as function of time at 5.0 ◦C (blue curve) and at 1.0 ◦C (orange curve). Dotted line shows a model for

the kinetics of RNA synthesis fitted to the average number of RNA per cell (Supplementary Fig. 35). The

fitted model yields a RNA synthesis rate of 0.03 RNA / cell / hour and a RNA half-life of 26.0 hours at 1.0
◦C, and a RNA synthesis rate of 0.07 RNA / cell / hour and a RNA half-life of 10.6 hours at 5.0 ◦C. These

measurements show that the time-scale of transcription for mCherry (reaching half the steady-state in

∼10 hours) is considerably slower than the time-scale of protein synthesis at near-freezing temperatures

(no appreciable increase in fluorescence within the first day of mCherry induction, Fig. 5c). Dots show

the average of the mean number of RNA per cell in each replicate, shaded area represents the s.e.m.,

having n = 3 (at 1 ◦C) biological replicate populations.
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Supplementary Fig. 41: The protein-synthesis rate collapses as water freezes (0 ◦C) (Related to
Figure 5c). Using a mCherry-inducible strain to the measure protein-synthesis rate across tempera-

tures (Supplementary Fig. 44). (a) For each curve in Fig. 5c we determined the maximum rate of

mCherry synthesis (maximum slope m of each fluorescence curve; Supplementary Theory). Shown are

the protein-synthesis rates as function of temperature (the synthesis rate of general proteins can be at

least as fast as the synthesis rate of mCherry measured here). (b) Protein-synthesis dynamics across

temperatures. Left : Schematics of relevant parameters. At each temperature, we used a characteristic

time γ and characteristic fluorescence ϕ at which the population reaches its maximum rate of protein syn-

thesis to rescale protein-synthesis dynamics. Right : Normalized mCherry fluorescence over time (Fig.

5c). The fluorescence was normalized with the characteristic fluorescence ϕ and time was rescaled with

the characteristic time γ at each temperature. The normalized curves approximately collapse onto a

single master curve. These normalized curves suggest that one only needs to know the characteristic

fluorescence-scale ϕ and time-scale γ for each temperature to describe expression of mCherry at that

temperature. In both panels the error bars and shaded areas show the mean with s.e.m., having n = 3

replicate populations.

67



a b

0

20

40

320
Time (days)

[m
C

he
rr

y]
Fl

uo
re

sc
en

ce
 (a

rb
. u

ni
ts

)

41

Add CHX &
transfer to 30   Co

Maturation of 
mCherry at 30   C }

0

20

30

3002000
% increase in fluorescence

(after adding CHX and transfer to 30   C)

%
 o

f c
el

ls

100

10

o

Avg.
~74%

Cells contain a pool of unmatured proteins
at near-freezing temperatures

o

Maturation affects synthesis of functional
proteins at near-freezing temperatures

Add galactose
at 5   C       o

Supplementary Fig. 42: Time to synthesize a functional protein is affected by maturation (e.g.,
folding) time at 5 ◦C (Related to Figure 5c). Using a mCherry-inducible strain to quantify the time to

synthesize functional proteins at near-freezing temperatures (also see Supplementary Figs. 44 and 41).

(a) We incubated cells of the inducible mCherry strain for two weeks at 5.0 ◦C. We then added galactose

to the growth media and followed the expression of mcherry at 5 ◦C in single cells over time with a

microscope (Methods). After three days of incubation with galactose, we added cycloheximide (CHX)

to the growth medium at a final 100 μg / mL concentration to instantly stop the translation machinery in

the cells. We then transferred the cells to 30 ◦C and continued to measure the mCherry fluorescence

of cells to quantify the maturation of unmatured mCherry. Shown is the fluorescence of mCherry over

time at 5 ◦C (grey curve), and the increase in fluorescence at 30 ◦C after addition of CHX (red curve).

The average fluorescence considerably increases after addition of CHX. Cells therefore contain a pool of

unmatured mCherry at 5 ◦C when synthesis is induced with galactose. Dots show average fluorescence,

and shaded area shows s.e.m. of the average fluorescence in n = 5 populations. (b) Histogram shows

the increase in fluorescence of single cells from (a) after addition of CHX and transfer to 30 ◦C. The

average fluorescence increases by 74% after addition of CHX, showing that roughly half of mCherry

was not yet mature (fluorescent) at the time of adding CHX. Synthesis of functional proteins is therefore

affected by the time required for maturation at near-freezing temperatures (see Supplementary Notes).

Histogram contains n = 108 cells. Each histogram is an average histogram and is representative of n = 5

biological replicate populations.
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Supplementary Fig. 43: ROS does not change genome-wide transcription dynamics or protein
synthesis dynamics at near-freezing temperatures (Related to Figure 5d). (a-c) ROS does not

change rates of genome-wide transcription. (a) We used the measured number of synthesized RNA

over time to fit a model for the kinetics of RNA synthesis in cells (Supplementary Figs. 35-36). Shown

are the number of newly synthesized RNA per cell over time at 5.0 ◦C for populations without added

GSH (blue curve) or with 250 μM added GSH (green curve). Dots show measured data. Dotted lines

represent fitted kinetics model using average parameter estimates, with n = 3 biological replicates per

condition. Shaded area represents the s.e.m. for fitted model parameters. From the fitted model we

obtain the RNA synthesis rates (b) and RNA half-lives (c) at 1.0 ◦C and 5.0 ◦C. Included are the rates

for populations without added GSH (blue bars) and with 250 μM added GSH (green bars). Rates at 30
◦C are shown as a comparison (grey bars). The RNA half-lives and RNA synthesis rates decrease with

temperature. Without added GSH, the steady-state transcript levels (in # of RNA / cell) are 12, 900±900

(1.0 ◦C), 18, 300 ± 800 (5.0 ◦C) and 27, 300 (30 ◦C), the RNA synthesis-rates (in # of RNA per cell per

hour) are 690±160 (1.0 ◦C), 2, 020±370 (5.0 ◦C) and 58, 100 (30 ◦C), and the RNA half-lives (in hours)

are 14.4 ± 3.9 (1.0 ◦C), 6.7 ± 1.8 (5.0 ◦C) and 20 (30 ◦C, in minutes). (caption continues)
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Supplementary Fig. 43 (continued): There is no reason to assume that the RNA synthesis rates are

different upon addition of GSH (p-values are as follows: p = 0.82 at 5.0 ◦C and p = 0.89 at 1.0 ◦C; ’n.s.’

means ’not significant’ in the bar plots). We determined these p-values with the two-sides Student’s t-test

with unequal variances and at a 95%-confidence level. Multiple testing/comparison was not applicable

here. These are based on n = 3 biological replicate populations per condition (at 1.0◦C and 5.0 ◦C); bars

represent the means with error bars representing s.e.m. For 30 ◦C, bar represents average and data

for each biological replicate is shown (n = 2 biological replicates for each condition at this temperature).

(d-e) ROS does not change rate of protein synthesis. (d) The synthesis of mCherry over time at 5.0 ◦C

compared for populations without added GSH (blue curve) and with 250 μM added GSH (green curve)

(also see Fig. 5c and Supplementary Fig. 41). The dots show the average fluorescence, with shaded

area representing the s.e.m. of n = 3 biological replicate populations for each condition. (e) Protein

synthesis rates at 5.0 ◦C and 1.0 ◦C for populations that were incubated without added GSH (blue bars)

or with 250 μM added GSH (green bars). Grey bar shows synthesis rate of mCherry at 30 ◦C as a

comparison. The protein synthesis rate decreases with temperature. Without added GSH, the protein

synthesis rates (in mCherry fluorescence per day (fluorescence in arb. units)) are 1.7 ± 0.2 (1.0 ◦C),

11.2 ± 0.2 (5.0 ◦C) and 2314 ± 10 (30 ◦C). There is no reason to assume that the protein synthesis

rates are different upon addition of GSH (p-values are: p = 0.66 at 5.0 ◦C and p = 0.69 at 1.0 ◦C; ’n.s.’

means ’not significant’ in the bar plots). We determined these p-values with the two-sides Student’s t-test

with unequal variances and at a 95%-confidence level. Multiple testing/comparison was not applicable

here. These are based on n = 3 biological replicate populations per condition (at 1.0◦C and 5.0 ◦C); bars

represent the means with error bars representing s.e.m.
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Supplementary Fig. 44: Non-replicating cells can express genes and the general machineries
of gene expression (RNA polymerases and ribosomes) properly function at 5 ◦C (Related Figure
5d). (a) We build a synthetic gene-circuit in our wild-type yeast that makes the cells produce a red

fluorescent protein, mCherry, upon induction by galactose. Expression of mCherry is controlled by an

inducible promoter, pGAL10, which is activated by galactose. We first grow the yeast in raffinose and

then add galactose to the raffinose-medium to activate the expression of mCherry. (b) Schematics of

an example experiment to test if the engineered cells can express genes (such as mCherry) at near-

freezing temperatures. We prepared cultures of the engineered strain in minimal medium that contained

2% raffinose as the carbon source (Methods). These populations were then incubated at 5 ◦C for two

weeks, after which we induced the expression of mCherry by adding 2% galactose to the growth medium

and then incubating the cells at 5 ◦C for the duration of the time-lapse. The expression of mCherry

was then measured through either microscopy or by flowing aliquots of the populations through a flow

cytometer (Methods). (c) Protocol for gating cells in our FACS analyzer for measuring their mCherry

protein levels. We selected yeast cells that were inside the black rectangle shown in the FSC-SSC plot

(left graph). Only their mCherry levels were measured and recorded (shown as colored dots in the FSC-

mCherry plot (right graph)). (d) Time-lapse microscopy movie shows mCherry fluorescence measured

in a single-cell over time. Each snapshot shown in the filmstrip is a composite of brightfield and mCherry

channels. Shown are the cells on day 0 (i.e., directly after adding galactose) and after 1.5, 2.5, 4 and 6

days. Scale bar is 5 μm. Graph shows mCherry fluorescence in single cells over time from a microscopy

time-lapse of a population kept at 5 ◦C (day 0 is the time of addition of 2% galactose). Black dotted line

shows population average (n = 44 cells). All cells express mCherry within four days of induction with

galactose. (e) From our microscopy time-lapses we also determined the average mCherry fluorescence

over time for cells that duplicated (blue), cells that died (red) and cells that grew without duplicating

(grey). Non-replicating cells and dying cells also express mCherry, at levels that are similar to that of

replicating cells. Error bars show the mean with s.e.m. of the average fluorescence of each biological

replicate (n = 3). With mCherry as a model gene, this experiment shows that the general machineries

of transcription and translation (e.g., RNA polymerases and ribosomes) properly function to yield gene

expression at 5.0 ◦C. Thus, the replicative abilities of cells is not dependent on the ability of cells to

express genes at near-freezing temperatures.
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Supplementary Fig. 45: Gene-expressing ability is independent of cell size (Related to Figure
5d). Populations of the mCherry-inducible strain were incubated at 5.0 ◦C for two weeks with raffinose

as the carbon source (i.e., without galactose). After two weeks, we added 2% galactose to their growth

medium and started making microscopy time-lapse movies that followed the expression of mCherry in

single cells at 5.0 ◦C. Shown is the expression of mCherry as function of cell size 4 days after adding

galactose for high-density populations (∼8, 000 cells / mL) (a), and for low-density populations (∼420

cells / mL) that were incubated with 250 μM GSH (b). The mCherry protein level in a cell is uncorrelated

with the cell’s size for both populations. This result supports the conclusion that gene-expressing ability

does not depend on cell size at 5.0 ◦C.
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Supplementary Fig. 46: Transcription slows down with the protein synthesis rate (Related to Fig-
ure 5d). Using the transcription rate (# of synthesized RNA / cell / hour) and protein synthesis rate

(mCherry fluorescence / day, (arb. units)) across temperatures for the populations incubated without

added GSH (Supplementary Fig. 43). Log-log plot shows how the transcription rate scales with the

protein synthesis rate across temperatures (also see Fig. 5d). The red dotted line shows a power-law

fit (exponent 0.62 ± 0.01, Pearson correlation-coefficient β = 0.9998). This power-law scaling confirmed

that protein synthesis slows down faster than transcription as temperature decreases (exponent below

1; Supplementary Theory), such that transcription becomes more limiting for cell replications than pro-

tein synthesis as temperature continues to decrease (i.e., the fold-change in the protein synthesis rate

is always larger than the fold-change in the transcription rate as temperature decreases, so that protein

synthesis becomes more limiting than transcription upon a decrease in temperature). Dots show experi-

mentally measured average values (Supplementary Fig. 43), error bars show s.e.m. of n = 3 biological

replicates.
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Supplementary Fig. 47: Stochastic model for the duration of single-cell replication at near-
freezing temperatures (Related to Figure 6). (a) Estimating the parameter a for the model for single-

cell doubling times at near-freezing temperatures (Supplementary Theory). To do so, we fitted a linear

model to the protein synthesis rate rg(T ) as function of temperature T using an Arrhenius-type equation

(ln rg(T ) ∝ −a/(T − Tm), see equation S13 and Supplementary Theory for derivation). This model as-

sumes a minimum temperature Tm = −10 ◦C below which protein synthesis does not occur. Fitting this

linear model to the experimental data (Supplementary Fig. 43) yields a ≈ 120.72. (b-c) Using the model

to simulate the doubling time of individual cells and G1 phase durations (Supplementary Theory). (b)
Simulation of the ROS-dependent G1 duration of the cell cycle at 5.0 ◦C (equal to the additional time

∆t in the model, compare with Fig. 4c). The only free parameter (i.e., the average intracellular ROS

concentration R of cells in the population) was chosen such that the average additional time ∆t equals

the average measured G1 duration for each condition respectively (Fig. 4c, the parameter R in equation

S20 of Supplementary Theory). This yielded R = 2.4 for high-density (growing) populations (blue dots)

and R = 1.55 for low-density populations with added GSH (green dots). Error bars show the mean with

s.e.m. of n = 3 replicate simulations that each have n = 50 cells. Dots show the simulated additional

time ∆t for individual cells. (caption continues)
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Supplementary Fig. 47 (continued): (c) Simulation of the ROS-dependent doubling times of individual

cells at 5.0 ◦C without added GSH (blue dots) and with added GSH (green dots). Initially, for relatively

low ROS concentrations, the ROS-dependent additional time ∆t is negligible compared to the shortest

doubling time t that is set by the protein synthesis rate. Thus, at low ROS concentrations (green dots),

the doubling time τ is approximated by the shortest doubling time t with noise (Supplementary Theory,

equation S18). For relatively high ROS concentrations, the ROS-dependent additional time ∆t becomes

of the same size as the shortest doubling time t , such that the doubling time τ becomes dictated by ROS

abundance. Each condition shows a simulation of n = 250 cells. The free parameter of the model was

chosen to be equal to the values used to simulate the single-cell doubling times (see Fig. 6c; R = 3.2

without added GSH, R = 0.35 with added GSH).
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Supplementary Notes

Density effect emerges from the percentage of replicating and dying cells (related to Fig. 1).
Here we establish that the density-dependent growth at 5.0 ◦C does not emerge from the density-

independent single-cell doubling times at 5.0 ◦C but instead from the percentage of cells in the pop-

ulation that dies and the percentage of cells that replicates (Supplementary Fig. 12). This is illustrated

through only considering the initial population of cells in the time-lapse. For example, in high-density

(growing) populations, 29% of the population at the start of the time-lapse replicates with a doubling time

of ∼6.5 days. These 29% of cells can therefore replicate at least 3x during the ∼20 day time-lapse,

thereby expanding the initial population by 88% with newborn cells. During the same ∼20 days, 36% of

the population at the start of the time-lapse dies. Thus, the cells within the initial high-density population

that die are more than replenished by the newborn cells during the time-lapse. This leads to the high-

density populations growing over time. In contrast, in low-density (non-growing) populations, 17% of the

population at the start of the time-lapse replicates with a doubling time of ∼7.1 days. The replicating

cells in non-growing populations can therefore replicate less than 3x during the ∼20 day time-lapse. The

replicating cells then expand the initial population with at most 52% newborn cells, while during the same

time 58% of the initial population dies. Then, the number of cells within the initial low-density population

that die exceeds the number of newborn cells from this population during the time-lapse. As a conse-

quence, more cells die than there are newborns per unit time, leading to the low-density population to go

extinct. In summary, the density effect at 5.0 ◦C emerges from the percentage of cells that die and the

percentage of cells that replicate that depend on the initial population density.

Growth model for expected lifespan and doubling time (related to Fig. 1). Here we derive a simple

growth model that describes the expected lifespan and doubling time of cells at near-freezing tempera-

tures. Assume that the number of cells in the population is given by N(t) at time t . Of these N(t) cells,

A(t) are alive and D(t) are dead, such that N(t) = A(t) + D(t). The number of alive cells changes over

time through cell replications and cell deaths. The rate at which cells replicate is given by µ and the rate

at which cells die is given by λ. Then, the number of alive cells changes over time according to,

dA
dt

= A(t) · (µ− λ). (S1)

Similarly, the total number of cells changes according to,

dN
dt

= µA(t), (S2)

since we add freshly born cells to the total number of cells and dead cells are not removed from the total

number of cells in the population. Solving the differential equation S1 yields,

A(t + dt) = A(t) · exp
(

(µ− λ) · dt
)

. (S3)
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Using equation S3 to solve equation S2 we obtain,

N(t + dt) = N(t) +
∫ dt

0
µA(τ )dτ

= N(t) + µA(t)
∫ dt

0
exp

(
(µ− λ)τ

)
= N(t) +

µ

µ− λ
A(t)

[
exp

(
(µ− λ)τ

)]dt

0

= N(t) +
µ

µ− λ

(
A(t + dt) − A(t)

)
(S4)

In our experiments we can measure the number of alive cells and the number of dead cells and the total

number of cells over time. We therefore have A(t) and N(t) available to fit the growth rate µ and death

rate λ with our model. Taking the logarithm of equation S3 describing the number of alive cells in the

population and rewriting yields,

r1 :=
1
dt

(
ln A(t + dt) − ln A(t)

)
= µ− λ (S5)

Similarly, we can rewrite equation S4 describing the total number of cells in the population as,

r2 :=
N(t + dt) − N(t)
A(t + dt) − A(t)

=
µ

µ− λ
. (S6)

Finally, we use the numbers r1 (from equation S5) and r2 (from equation S6) to find the rates µ and λ,

µ = r1 · r2, (S7)

λ = r1 · (r2 − 1).

We used equations S5-S7 to estimate the growth rate µ and death rate λ from the total number of cells

and the number of alive cells in a population. The expected lifespan of cells in the population is then

given by 1/λ (cells die at a rate λ).

Model for protein synthesis rate (Related to Fig. 5). Here we describe a simple kinetics model for the

synthesis of mCherry that we measured experimentally by following the mCherry fluorescence in cells

over time. Assume that mCherry is synthesized by first being translated into an unfolded polypeptide

chain, followed by folding into a fluorescent protein (Supplementary Fig. 42). We let u denote the

amount of unfolded mCherry and f denote the amount of folded mCherry in a cell. We further assume

that unfolded mCherry is synthesized at a constant rate m (arb. units per day), and that the unfolded

mCherry is folded at a rate γ (day−1). Then the amounts of unfolded and folded mCherry over time t are

described by,

du
dt

= m − γ · u, (S8)

df
dt

= γ · u. (S9)
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Solving equation S8 yields u(t) = m
γ ·

(
1 − exp(−γ · t)

)
, and substitution of u(t) into equation S9 yields,

f (t) =
m
γ

·
(

exp(−γ · t) − 1
)

+ m · t . (S10)

Equation S10 describes the amount of folded mCherry over time and provides a model for the experi-

mentally measured mCherry fluorescence in cells. Initially, synthesis of mCherry has not occurred, such

that a cell does not have unfolded mCherry and no folded mCherry is being produced. At time t = 0 the

cell starts synthesizing unfolded mCherry, whose concentration is described by u(t) = m
γ ·(1−exp(−γ · t)).

Thus, the amount of unfolded mCherry initially increases and eventually reaches a steady-state that is

determined by an inflow from synthesis and an outflow to folded mCherry (u(t) → m
γ as t → ∞). At this

steady-state, the equation S8 for unfolded mCherry satisfies du
dt = 0, such that γ ·u = m and df

dt = m (from

equation S9). Thus, this derivation shows that the slope of mCherry fluorescence over time converges

to the synthesis rate m (df
dt ≈ m for sufficiently large t). In practice, we measured the synthesis rate m(T )

for each temperature T by taking the maximum slope of the increase of mCherry fluorescence over time,

and then used these m(T ) to further fit the model in equations S8-S9 to the data.
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0.1 Stochastic model for speed limits of cellular life in frigid environments

Here we derive a stochastic model with one free parameter for single-cell doubling times at near-freezing

temperatures. The model is derived using our experimental observations. First, we motivate a description

of the doubling time in terms of a ROS-independent lower limit. This lower limit is set by the protein-

synthesis rate, while the doubling time increases above this minimum through an additional time that

is ROS-dependent. Using our measurements, we show a power-law type scaling between the shortest

doubling time and the protein-synthesis rate. Next, we describe the protein-synthesis rate as function

of temperature, such that also the shortest doubling time is a function of temperature. We further use

our experimental data to derive the stochastic, ROS-dependent time in addition to the shortest doubling

time. Combining the ROS-independent shortest time and the ROS-dependent additional time then yields

the complete stochastic model. Finally, we fit all parts of the model to our experimental data to find the

value of all model parameters.

Doubling time is dictated by the protein-synthesis rate and intracellular ROS abundance. Exper-

imentally we have found that removing ROS with GSH shortens the doubling time at a given temperature

(Supplementary Fig. 12), and that the durations of the S-G2-M phases of the cell cycle are independent

of ROS (durations of S-G2-M do not change upon addition of GSH, Supplementary Fig. 25). These ob-

servations suggest that removing ROS by adding GSH decreases the doubling time to a minimum value

for a given temperature (compare Fig. 2e with Fig. 4c-d). We therefore assume that there is a ROS-

independent, shortest doubling time t for each temperature, and that cells having minimal ROS replicate

almost as fast as that shortest doubling time. Additionally, we have found that removing ROS by adding

GSH shortens G1 duration (Fig. 4c). Furthermore, cells with high intracellular ROS concentrations are

unlikely to replicate (Fig. 3b) and are often arrested in G1 (Supplementary Fig. 24). These results sug-

gest that G1 duration is ROS-dependent, which yields an additional time ∆t that increases the doubling

time above the ROS-independent minimum. Together, these experimental observations suggest that

the single-cell doubling time τ is the sum of a ROS-independent shortest time t and a ROS-dependent

additional time ∆t at each temperature T , such that,

τ (T , R) = t(T ) + ∆t(R, T ). (S11)

where R is some environmental parameter that depends on, for example, ROS and GSH. Here, we

assume that ∆t > 0 such that the doubling time is at least the shortest time for a given temperature

(τ (T , R) > t(T )).

Modeling the temperature dependence of the protein-synthesis rate. Recall that the protein-

synthesis rate decreases as function of temperature (Supplementary Fig. 41). To describe protein
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synthesis as function of temperature with a model, we assume that there exists a lower temperature

limit Tm below which the yeast protein machinery fails. Then we can describe the rate as function of

temperature with a common Arrhenius-type model rg(T ) = c · exp(−a/(T − Tm)) for some parameters a

and c, such that rg(T ) → 0 as the temperature decreases to Tm. Note that the Arrhenius equation would

have Tm = −273 ◦C. We can rewrite this model using the experimentally measured protein-synthesis

rate at a known temperature T0,

rg(T ) = rg(T0) · exp
[
− a

( 1
T − Tm

− 1
T0 − Tm

)]
, (S12)

providing a simple equation that describes the protein-synthesis rate as function of temperature. Taking

the logarithm of equation S12 we find that,

ln rg(T ) ∝ −a · 1
T − Tm

, (S13)

which is a model that is linear in 1/(T − Tm) and that we fit to the experimentally measured protein-

synthesis rates at various temperatures to find the parameter a (47).

Model for the protein-synthesis rate setting the shortest possible doubling time. We have exper-

imentally measured the shortest doubling time t(T ) by taking away ROS with GSH (Supplementary Fig.

12). We have also experimentally measured the ROS-independent protein-synthesis rate rg(T ) (Fig. 5d,

Supplementary Fig. 43). Then both the shortest doubling time and protein-synthesis rate are indepen-

dent of ROS, and we assume without loss of generality that the shortest doubling time t(T ) is limited

by the protein-synthesis rate rg(T ) at each temperature T (i.e., a cell requires a certain time to build a

daughter at each temperature, regardless of ROS abundance). Here, we seek to describe the relation

between the shortest doubling time and the protein-synthesis rate.

Experimentally, we have found that the observed doubling time slows down with the protein-synthesis

rate via a power-law type scaling (Fig. 6b). One reason why the relation may be of power-law type is the

following. We assume that the rate of each process depends on temperature according to an Arrhenius-

type equation rp(T ) = Ap exp
(
− Ep

RT

)
, where rp(T ) is the rate of each process (i.e., protein synthesis or

cell division) and constants Ep, R and Ap. Isolating the reciprocal temperature rewrites the Arrhenius

equation to 1
T = − R

Ep

(
ln(rp) − ln(Ap)

)
. Denoting the rate of cell division as rd (T ) and the rate of protein

synthesis with rg(T ), we can express the rate of cell division in terms of the rate of protein synthesis

(omitting the temperature dependence of each rate for readability),

ln(rd ) = −Ed

R

( 1
T

)
+ ln(Ad )

= −Ed

R

(
− R

Eg
(ln(rg) − ln(Ag))

)
+ ln(Ad )

=
Ed

Eg
ln(rg) + c1, (S14)
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where c1 is a constant of aggregated rest terms. Let k = Ed/Eg be some factor such that by taking the

exponent of equation S14 we obtain, rd = c2 · r k
g . Then, by substituting the shortest doubling time t(T )

for the growth rate rd (T ) via t(T ) = ln(2)/rd (T ) we obtain,

t(T ) = c · rg(T )−k , (S15)

for some constant c and exponent k . Note that the above derivation is not restricted to any choice of a

temperature scale. Taking the logarithm of equation S15 we find that,

ln t(T ) ∝ −k · ln rg(T ), (S16)

giving a linear model that we fit to the experimentally measured shortest doubling times and protein-

synthesis rates at various temperatures to find the value of the exponent k . The power law with exponent

k in equation S15 illustrates how the doubling time changes with protein synthesis. For example, if

the protein-synthesis rate changes by two-fold, then the doubling time changes by 2−k -fold, such that

fold-change in the doubling time is smaller than the fold-change in protein synthesis for exponents

k < 1. Of note, with such power law, it is only the fold-change of the protein-synthesis rate that sets how

the doubling time changes, irrespective of the actual values (i.e., the doubling time and protein-synthesis

rate change proportionally).

In summary, with an Arrhenius-type equation describing rates as function of temperature, we can

derive that cell division and protein synthesis may follow a power-law relation. We have therefore now

experimentally measured and theoretically motivated a power-law type scaling of the shortest doubling

time and the protein-synthesis rate. Finally, using equation S15, we rewrite the shortest doubling time

t(T ) using some observed shortest doubling time t(T0) at a known temperature T0,

t(T ) = t(T0) ·
( rg(T )

rg(T0)

)−k
. (S17)

We know from our single-cell data that the experimentally measured shortest doubling time is stochastic

and approximately normally distributed (e.g., the single-cell doubling times of the wild type at 5.0 ◦C with

added GSH; Supplementary Fig. 12). We therefore assume that t(T0) is stochastic and equal to the

experimentally measured shortest doubling time with normally distributed noise ϵm ∼ N(0, 1), such that,

t(T ) ∼
(

t(T0) + ϵm

)
·
( rg(T )

rg(T0)

)−k
, ϵm ∼ N(0, 1). (S18)

We use t(T ) with ϵm = 0 as the deterministic shortest doubling time tmin(T ) from the model. The shortest

doubling time at a given temeperature thus changes proportionally to the protein-synthesis rate as tem-

perature changes. Cell-to-cell variability due to other factors is simulated with the normally distributed

noise.
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Stochastic model for the ROS-dependent duration of the doubling time. Having derived the ROS-

independent shortest doubling time (equation S18), we here seek to describe the ROS-dependent ad-

ditional time ∆t(R, T ) that increases the doubling time above this shortest time. To describe this ROS-

dependence, we assume that ∆t(R, T ) is described by the time it takes a cell to remove sufficient intra-

cellular ROS and repair enough damages to divide. For example, we have experimentally measured that

cells with low intracellular ROS concentrations are likely to replicate whereas cells with high intracellular

ROS concentrations are unlikely to replicate (Fig. 3b). We therefore assume that a cell has some amount

of doubling time delaying tasks to perform before it can replicate and that this amount of time is propor-

tional to the abundance of intracellular ROS. We further assume that these tasks can be performed in a

time that is proportional to how fast a cell can express genes, for example to synthesize ROS-reducing

enzymes and to replace damaged components. Thus, we assume that ∆t(R, T ) ∝ [ROS]/rg(T ) (a

cell synthesizes proteins at a rate rg(T ) (arb. units per time) and has an ROS abundance of [ROS]

(arb. units)). Moreover, we have experimentally measured the intracellular ROS concentrations in cells,

which is approximately normally distributed on a log-scale (Supplementary Fig. 9). Finally, our mea-

surements suggest that there is some threshold concentration of ROS above which replications become

very unlikely (Fig. 3b). We therefore assume that we can describe the distribution of intracellular ROS

concentrations according to ln[ROS] ∼ N(R, 1), where R is some parameter describing the average ROS

abundance in cells (see Fig. 2a,c). Thus, ∆t(R, T ) is stochastic and described by,

∆t(R, T ) ∼ 1
rg(T )

· exp
(
ϵd (R)

)
, ϵd (R) ∼ N(R, 1). (S19)

The additional time that increases the doubling time above its minimum thus varies between cells be-

cause of some ROS-dependent parameter that is log-normally distributed.

Stochastic model for ROS and temperature setting the doubling time. Using the ROS-independent

shortest doubling time (equation S18) and the ROS-dependent addition to the doubling time (equation

S19), we obtain the single-cell doubling time τ as a function of the temperature T and average ROS

abundance R,

τ (T , R) = tmin(T ) + ∆t(R, T )

=
(

t(T0) + ϵm

)
·
( rg(T )

rg(T0)

)−k
+

1
rg(T )

· exp
(
ϵd (R)

)
. (S20)

Here, t(T0) and rg(T0) are the experimentally observed shortest doubling time and protein-synthesis

rate at a temperature T0 respectively, k is the exponent that describes the scaling between the shortest
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doubling time and the protein-synthesis rate, and (from equation S12),

rg(T ) = rg(T0) · exp
[
− a ·

( 1
T − Tm

− 1
T0 − Tm

)]
, (S21)

ϵm ∼ N(0, 1),

ϵd (R) ∼ N(R, 1).

The parameter a describes the protein-synthesis rate as function of temperature, and Tm represents the

temperature below which protein synthesis stops for yeast. With log-normally distributed ROS, we find

that the single-cell doubling times are a trade-off between the speed at which a cell replicates and the

likelihood of such a cell occurring. In practice, there exists a longest possible doubling time τmax due to

an experimentally observed threshold ROS concentration beyond which cells are unable to duplicate and

die. The parameter R is the only free variable in the model, and all other parameters will be constrained

next.

Model parameters. We choose the known temperature T0 to be 5.0 ◦C, where we have experimentally

measured rg(T0) ≈ 11.23 arb. units per day (Supplementary Fig. 41) and the experimentally measured

shortest doubling time τ (T0) ≈ 2.5 days (with added GSH: ∼25 hours DNA replication, ∼22 hours DNA

segregation, ∼4 hours in G2, and a median G1 duration of ∼9 hours; Supplementary Fig. 25). Here,

we used the median G1 duration due to the shape of the distribution to more accurately estimate the

shortest time spent in G1 with added GSH. We fitted the power-law type scaling (equation S15) of the

shortest doubling time as function of the protein-synthesis rate to obtain an exponent k ≈ 0.77 (Fig. 6b,

Pearson correlation-coefficient β = 0.998). Only single-cell data was used as the experimental minimum

doubling times (the average single-cell doubling time at 30 ◦C, the average single-cell doubling time with

added GSH at 5.0 ◦C, and the minimum single-cell doubling times at 1.0 ◦C that exclude the duration

of G1). As a lower temperature limit Tm for protein synthesis in yeast we took Tm = −10 ◦C, motivated

by the fact that the yeast growth medium freezes at −2 ◦C (and thus limits protein synthesis by for

example restricting access to nutrients, leading to deprivation of oxygen and limiting movement of (say)

ribosomes), because important enzymes such as Catalase stop functioning at −6 ◦C [31], and other

essential enzymes inactivate at 0 ◦C [32, 33]. It is therefore safe to assume that the temperature below

which yeast’s protein synthesis stops lies above −10 ◦C. Having fixed Tm, we fitted the temperature

dependence of the protein-synthesis rate using equation S13 from which we find that a ≈ 120.72 (Fig.

41, Pearson correlation-coefficient β = 0.995). Substituting the values of all known parameters into
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equations S20-S21 yields the model that was used for all simulations,

τ (T , R) ∼ (2.5 + ϵm) · exp
( 93

T + 10
− 6.2

)
+ 0.09 · exp

( 121
T + 10

− 8 + ϵd (R)
)

, (S22)

ϵm ∼ N(0, 1),

ϵ(R) ∼ N(R, 1).

This model describes the doubling time for single cells as a function of temperature T , with R repre-

senting the average abundance of ROS in cells, the only free parameter in the model. Knowing the

measured (average) doubling time at a given temperature thereby constrains R through the model’s pre-

dicted average doubling time. We thus constrained R as follows. We measured the average single-cell

doubling time with and without added GSH at 5.0 ◦C (Supplementary Fig. 12). We then chose R such

that the predicted doubling time of each population was equal to its measured, experimental doubling

time. At 5.0 ◦C, this yielded R = 3.2 for populations without added GSH, and R = 0.35 for populations

with added GSH (yielding Fig. 6c). We simulated R for different temperatures by taking R = 3.2 (without

added GSH) and by decreasing R with 1.5% for every 0.1 ◦C increase in temperature (yielding Fig. 6d).

Finally, we note that cells are extremely unlikely to replicate for sufficiently abundant ROS (Fig. 3b). We

therefore assume that simulated cells beyond the 99-th percentile of ROS concentrations ([ROS]threshold)

are unable to replicate, yielding the slowest possible doubling times of the model.
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Supplementary Discussion

Distinctions between yeast’s behavior at frigid temperatures and at high temperatures. In an

earlier work (Laman Trip and Youk, Nature Microbiology (2020)), we reported that yeast secretes glu-

tathione at high temperatures (temperatures above ∼36 oC). Although GSH secretion - and cooperative

growth - is only a minor focus of our current work, our discovery of yeast secreting glutathione at temper-

atures below ∼8 oC raises the question of how yeast grows differently at frigid temperatures compared

to at high temperatures. Below we list the main differences between the two:

1. GSH is sufficient but not necessary to induce population growth at frigid temperatures whereas GSH

alone is both sufficient and necessary to induce population growth at high temperatures. We established

this difference by, for example, using a masking agent to block extracellular GSH (Supplementary Fig.

11). This observation is further supported by the fact that removing non-sugar nutrients from the growth

medium also induces population growth at frigid temperatures (Fig. 2g), but not at high temperatures.

Hence, extracellular GSH is not necessary - it is only sufficient - for the cooperative growth of yeast at 5
oC.

2. At high temperatures, the doubling time of a low-density population that grows with supplemented

GSH is very similar to that of a high-density population that grows without a supplemented GSH. In

contrast, at frigid temperatures, adding GSH not only enables low-density populations to grow, increasing

its concentration can shorten the population’s doubling time by several folds (Fig. 2e).

3. At high temperatures, GSH’s growth-promoting actions are solely extracellular since GSH export is

essential for populations to grow while GSH import is not necessary for population growths. In contrast,

at frigid temperatures, GSH seems to have at least some special intracellular roles for growth given that

mutants that lack certain ROS-reducing enzymes - enzymes that use GSH as a co-factor - have severely

limited growth (Fig. 4e).

4. As GSH is not necessary at frigid temperatures for population growth, there are other mechanisms

that, by affecting cell’s ROS level, induce population growth at frigid temperatures. For example, we found

that removing non-sugar nutrients also induces population growth, and we found that adding scavengers

of extracellular ROS can also accelerate population growth (Supplementary Fig. 13). Import of GSH

is thus not relevant as we have other means of enabling cell duplications at frigid temperatures (i.e.,

glutathione import is irrelevant).

86



5. At high temperatures, high-density populations accumulate extracellular GSH up to the amounts that

we must add to the medium of a low-density population to induce growth of that low-density population.

In contrast, at frigid temperatures, high-density populations cannot accumulate extracellular GSH to the

amounts that we must add to a low-density population to induce growth of that low-density population.

This is because, besides GSH, other factors such as non-sugar nutrients (Figs. 2f-2i) and intracellular

processes play a role in determining whether a population grows at frigid temperatures

6. Knocking out some of the major heat-shock proteins - known to be important for combatting heat-

induced damages at high temperatures - does not severely affect population growth in frigid temperatures

(Supplementary Fig. 29).

7. At 1 oC, adding a saturating level (250 µM) of GSH cannot induce population growths and does not

decrease intracellular ROS levels whereas doing so can achieve both at 5 oC. At high temperatures,

however, we found that adding sufficiently high amounts of GSH is sufficient to cause population growths

and extends the range of habitable temperatures to higher values.

ROS and gene-expression speed as the two primary determinants of cell’s ability to duplicate and
cell’s doubling time at frigid temperatures. Note that ”ROS is the primary determinant of X” does

not mean that ”ROS is the only determinant of X”. We have shown that intracellular factors - such as the

levels of ROS-reducing enzymes that we knocked out (Fig. 4e) - and extracellular factors - such as the

amounts of ROS-generating nutrients (Figs. 2f-2i) - affect the intracellular ROS concentration. In fact,

many processes that we have not considered in this work may affect the intracellular ROS concentration.

Regardless of which processes and how many processes affect the ROS level in a cell, we found that the

ROS concentration - determined by multiple processes - is the only information that we need to predict

the cell’s ability to duplicate, ability to increase in size, and probability of dying (Fig. 3). This is what we

mean by ”ROS is the primary determinant of X”. Furthermore, this work has established that a yeast cell’s

doubling time and the speed limits for replicative life of yeast at each frigid temperature is determined

by two factors: intracellular ROS concentration and the cell’s gene-expression speed (protein-synthesis

rate, in particular).
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