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Single-cell imaging reveals a key role of Bck2 in yeast
cell size adaptation to nutrient challenges

Yagya Chadha'®, Igor V. Kukhtevich'®, Timon Stegmaier'®, Francesco Padovani'®, Robert Schneider'®, and Kurt M. Schmoller'®

Cell size is tightly controlled to optimize cell function. In Saccharomyces cerevisiae, multiple regulators of cell size in steady-
state conditions have been identified, such as the G1/S activators Cln3 and Bck2 and the inhibitor Whi5. Individual deletions of
these regulators alter the mean cell volumes. However, size homeostasis remains largely intact. Here, we show that although
the roles of Bck2 and Cln3 for cell size regulation appear largely redundant in steady state, a switch from fermentable to
nonfermentable growth media reveals a unique role for Bck2 in cell size adaptation. We use live-cell microscopy and machine
learning-assisted image analysis to track single cells and their progeny through the nutrient switch. We find that after the
switch, bck2A cells experience longer cell cycle arrests and more arrest-associated enlargement than wild-type, whi54, or cln3A
cells, indicating that Bck2 becomes the critical G1/S activator in changing nutrients. Our work demonstrates that studying size
regulation during nutrient shifts can resolve apparent redundancies observed in steady state.

Introduction

The size of a cell is a critical regulator of its function, and mis-
regulation of cell size is associated with various disease states
(Chadha et al., 2024). While the underlying causal relationships
are often unclear, recent studies have revealed that increased
cell size promotes cellular senescence and contributes to aging
(Lengefeld et al., 2021; Manohar and Neurohr, 2024; Neurohr
et al., 2019). It is therefore crucial that cell size is tightly con-
trolled and adapted according to external and internal param-
eters, such as dynamic environments and developmental
changes. Size homeostasis, i.e., the maintenance of narrow cell
size distributions, is attributed to the cell’s ability to measure its
size and coordinate cell cycle progression and cell growth with
cell size (Cadart et al., 2018; Ginzberg et al., 2018; Soifer et al.,
2016). For example, one common size-sensing strategy that has
been reported for budding yeast (Schmoller et al., 2015), plant
(D’Ario et al., 2021), and mammalian cells (Zatulovskiy et al.,
2020; Zhang et al., 2024) is the cell growth-based concentra-
tion decrease of a cell cycle inhibitor.

However, while such specific size control mechanisms have
been identified, there is growing evidence that eukaryotic size
homeostasis is a product of multiple size control strategies
(Garmendia-Torres et al., 2018; Miller et al., 2023). In fission
yeast, for example, diverse mechanisms integrate cell surface
area, cell volume, and time information into cell size control
(Miller et al., 2023). Similarly, in budding yeast, the concen-
tration of the size-sensing protein Whi5 alone accounts for the
size-dependent likelihood of commitment to the G1/S transition

in a bck2A strain (Schmoller et al., 2015), but multiple other ac-
tivators and inhibitors of the same cell cycle transition have been
identified (Chen et al., 2020; Soifer and Barkai, 2014). Accord-
ingly, disruption of the Whi5-based mechanism only leads to a
partial loss of size control (Chen et al., 2020; Barber et al., 2020;
Swaffer et al., 2021).

In budding yeast, size control through size-dependent cell
cycle progression occurs mainly at the G1/S transition, and di-
lution by cell growth of the G1/S inhibitor Whi5 is one of the
major underlying mechanisms (Schmoller et al., 2015; Qu et al.,
2019). The G1/S transition is preceded by the commitment point
Start, which is largely irreversible due to an underlying positive
feedback loop controlling the G1/S transcription factors SBF and
MBEF (Fig. 1 A, Irvali et al., 2023; Skotheim et al., 2008). SBF is
inhibited by Whi5 and activated by Cln3 and Bck2 (Bastajian
et al., 2013; Costanzo et al., 2004; de Bruin et al., 2004;
Kdivomigi et al., 2021). Once the positive feedback loop is trig-
gered, Clnl and Cln2 are expressed and, in complex with Cdkl,
phosphorylate Whi5 to ensure the irreversibility of Start. All
cells are born with roughly equal amounts of Whi5, and it is
diluted by cell growth during Gl (Schmoller et al., 2015;
Schmoller et al., 2022; Swaffer et al., 2021; Qu et al., 2019;
Sommer et al., 2021; Xiao et al., 2024), whereas Cln3 and
Bck2 concentrations remain mostly constant as G1 progresses
(Schmoller et al., 2015; Chen et al., 2020). This widening im-
balance between SBF activator and inhibitor concentrations is
believed to incorporate cell size information into the cell cycle
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Figure 1. Bck2 acts independently of Whi5. whi5Abck2A has WT size and more efficient size homeostasis than whi5A and bck2A in glucose medium.
(A) Schematic illustration of key regulators of cell cycle progression and cell size at the budding yeast G1/S transition. (B) mRNA concentration of WHI5 relative
to ACT1 in cells grown in SCD, as determined from five independent RT-qPCR experiments. (C) WHI5 mRNA count per cell from S-phase cells pooled from two
independent smFISH experiments performed in SCD (nwt = 172, Nypisa = 182, Npean = 211, Neeran = 83). (D) Representative WT smFISH images: phase contrast;
nuclear DNA stained with DAPI; WHI5 mRNA stained with Quasar-570-labeled smFISH probes; the spots were detected using a custom routine in Python in
yellow and cell contours in red. Dashed yellow lines connect mother-bud pairs. Cell cycle stage is annotated in black. Scale bars represent 5 pum. (E) Phase-
contrast images from steady-state live-cell microscopy in SCD. Representative daughter cells (first-generation cells) from different strains are shown just
before division and highlighted with red contours. Scale bars represent 5 um. (F) Cell volume distributions obtained from steady-state live-cell microscopy in
SCD and SCGE. For each strain, all living cells present in the last frame of each imaging position of two independent experiments were pooled. Cell numbers (n)
for SCD: ny = 382, Nyhisa = 370, Npekaa = 376, Nuhisabekaa = 463, Necran = 241, Nupisaceran = 280. Cell numbers for SCGE: nyt = 533, Nyhisa = 370, Npeion = 429,
Nuhisabekza = 409. ccrdd and whi5Accrdd cells growing in SCGE were excluded from analysis due to poor growth and high death rate. (G) Same dataset was used
for calculating the CV of cell volume, as a measure of size homeostasis efficiency. «, W, and x symbols are used to show the CVs of cell volume calculated from
independent experimental replicates. For G, statistical analyses were performed by comparing overlaps between 10,000 bootstrap samples, explained in detail
in the Materials and methods. Statistical comparisons were performed using two-sided Mann-Whitney U tests. Each strain was compared with WT and, where
applicable, with whi5Abck2A. For F and G, comparisons were made across both medium conditions separately (P < 0.001: not indicated for clarity; **: P < 0.01; *:
P < 0.05; ns: not significant, P > 0.05). For boxplots in B, C, and F, box limits show the IQR, whiskers extend to the most extreme data points within 1.5x IQR, the
median is shown as a line, and the mean is shown as a cross. WT, wild type; IQR, interquartile range.

progression decision (Schmoller et al., 2015; Chen et al., 2020)  (Bastajian et al., 2013; Ferrezuelo et al., 2009). Additionally, it
and ultimately trigger the positive feedback loop. promotes the expression of CIn3 and the SBF subunit Swi4 at the

Cln3 and Bck2 are both activators of the G1/S transition. Bck2 ~ M/GI transition, and of the cyclin Clb2 at the G2/M transition
activates the G1/S transition in parallel to Cln3 by binding (Bastajian et al., 2013). Deleting either Bck2 or Cln3 leads to
transcription factors Mcml and SBF at the CLN2 promoter an increased cell volume (Costanzo et al., 2004; Wijnen and
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Futcher, 1999), and the double deletion causes synthetic lethality
(Epstein and Cross, 1994). Despite the changing average cell
volumes, size homeostasis, assessed by the coefficient of varia-
tion (CV) of cell volume of a population, is surprisingly robust to
single deletions of Cln3, Bck2, and Whi5, as well as other Start
regulators (Chen et al., 2020). While such robustness could be an
explanation for why cells evolved multiple redundant Start
regulators, an alternative explanation is that the apparently re-
dundant regulators fulfill unique roles under specific conditions
that have not yet been identified.

Most size control studies so far have been conducted under
steady-state conditions, i.e., during exponential growth in con-
stant environments. Outside laboratory conditions, however,
microorganisms frequently encounter rapid changes in the nu-
tritional quality of the environment, which can lead to imme-
diate effects on cellular decision making at the G1/S transition
(Irvali et al., 2023). Moreover, nutrient availability is known to
be a major regulator of cell size, with richer nutrients leading to
larger cell sizes (Qu et al., 2019; Johnston et al., 1977; Leitao and
Kellogg, 2017; Talavera et al., 2024). Changing nutrient con-
ditions therefore require dynamic adaptation of cell size, and cell
size regulators that appear redundant in constant growth con-
ditions may have specific functions during this size adaptation.
Indeed, previous findings point toward specific roles of CIn3 and
Bck2 during nutrient changes: the Cln3 protein is very unstable
with a half-life on the order of minutes (Tyers et al., 1992), and
has therefore been proposed to act as a reporter for global cel-
lular protein synthesis (Sommer et al., 2021; Tyers et al., 1992).
Consistent with such a role, both the CIn3 protein and mRNA
amounts are sensitive to nutrient availability (Hall, 1998; Parviz
and Heideman, 1998), and a switch from a rich to a poor carbon
environment is followed by an immediate Cln3 depletion
(Sommer et al., 2021). Bck2, on the other hand, is not as well
studied as Whi5 or Cln3, but has been shown to interact with
multiple proteins with known roles in nutrient-sensing path-
ways (Bastajian et al., 2013). It has been proposed to be a link
between the nutrient status of the environment and passage
through the M/GI transition (Bastajian et al., 2013). However,
how Bck2 affects the dynamic adaptation of cell size to changing
nutrient conditions is not clear.

Here, we use the budding yeast Saccharomyces cerevisiae as a
model to investigate specific functions of apparently redundant
cell size regulators during dynamic cell size adaptation to
environmental changes. With microfluidics-based live-cell
microscopy and state-of-the-art deep learning-based image
analysis, we follow the fates of single cells and their complete
lineages for multiple generations before and after a nutrient
switch from fermentable to nonfermentable carbon sources. By
following individual cells, we gain insights into the heteroge-
neity of cell size adaptation and find that the cell cycle state of a
cell at the time of the nutrient shift plays a crucial role for the
size adaptation of its offspring. Moreover, through analysis of
deletion mutants, we uncover a unique role for Bck2. We find
that after the nutrient switch, size homeostasis is temporarily
disrupted, and this disruption is stronger in bck2A mutants,
which show longer cell cycle arrests. Based on our findings, we
propose that Bck2 acts as an essential G1/S transition activator
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for the period of time following a nutrient switch when Cln3 is
depleted. More generally, our work suggests that the apparent
redundancy of cell size regulators observed across eukaryotes in
steady-state conditions may point to specific roles during dy-
namic cell size adaptation.

Results

Bck2 acts independently of Whi5

Bck2 is mostly thought to promote the G1/S transition inde-
pendently of Cln3 and Whi5 (Bastajian et al., 2013; Ferrezuelo
et al., 2009). However, Manukyan et al. (2008) proposed that
Bck2 stimulates the cytoplasmic deadenylase Ccr4, promoting
degradation of WHI5 mRNA (Fig. 1 A). Specifically, they found
that WHI5 mRNA was more stable in the absence of Ccr4 in a
GALpr-WHI5 strain after switching from galactose to glucose
medium. Thus, as a first step to better understand the apparent
redundancies of Bck2 and Cln3 for budding yeast G1/S size
control, we decided to test this proposed interaction between
Bck2, Ccr4, and Whi5 under steady-state conditions and for
endogenous Whi5. We used RT-quantitative PCR (qPCR) (Fig. 1
B) and single-molecule fluorescence in situ hybridization
(smFISH) (Fig. 1, C and D; and Fig. S1 A) to measure the effect of
deleting BCK2 or CCR4 on WHI5 transcript abundance for cells
growing on glucose medium (synthetic complete medium with
2% glucose [SCD]), but did not see a significant increase. Next, to
gain further insights into the genetic interaction between CCR4
and WHI5, we performed time-lapse live-cell microscopy ex-
periments (Fig. 1, E-G) and Coulter counter measurements (Fig.
S1, Band C) of cell volume for single and double deletion strains.
We found that whi5A cells were smaller, and ccr4A cells were
much larger than wild-type cells. However, whi5Accr4A did not
rescue the large-cell phenotype of ccr4A. Taken together, our
findings are not consistent with Ccr4 impacting cell size through
destabilizing Whi5 mRNA. Instead, our data show that Whi5 and
Ccr4 affect cell size via independent pathways.

We also performed time-lapse microscopy experiments for
WHI5 and BCK2 single and double mutants growing on glucose
medium (SCD), as well as glycerol-ethanol medium (synthetic
complete medium with 2% glycerol and 1% ethanol [SCGE]).
Consistent with previous studies (Chen et al., 2020; Costanzo
et al., 2004; de Bruin et al., 2004; Di Como et al., 1995), whi5A
and bck2A led to a significant decrease and increase in cell vol-
ume, respectively, and the volume of whi5Abck2A cells was
strikingly similar to that of wild type in both growth media
(Fig. 1 F and Fig. S1, D-G). Thus, the effect of Bck2 and Whi5 on
cell size appears to be additive, indicating that Whi5 is not
downstream of Bck2 and that they affect cell size via indepen-
dent paths.

whi5Abck2A has wild-type size and more efficient size

homeostasis than whi5A and bck2A in glucose medium

After analyzing mean cell volumes, we next asked how size
control is affected in each of the mutants. As a measure for size
homeostasis efficiency, which is comparable between dif-
ferently sized strains, we chose the CV of cell volume, i.e.,
the mean-normalized standard deviation of the cell volume
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distribution. Consistent with their roles in G1/S size control, we
found that deletion of either WHI5 or BCK2 leads to an increased
CV of cell volume, both for cells growing on SCD or SCGE
(Fig. 1 G; and Fig. S1, F and G). We expected that deletion of both
genes would lead to a further reduced size homeostasis effi-
ciency. Surprisingly, the CV of cell volume of whi5Abck2A cells
was not higher than that of the single deletion mutants (Fig.1G).
For cells growing in SCD, whi5Abck2A even showed a signifi-
cantly decreased CV compared with both Awhi5 and Abck2
(Fig. 1 G), similar to wild-type cells. Thus, we found that size
homeostasis as evaluated by the CV of the cell volume across a
steady-state population was surprisingly robust to the double
deletion of WHI5 and BCK2, in particular for cells grown in SCD.
In contrast, deletion of CCR4 led to a dramatically increased CV of
cell volume for cells grown on glucose, which was not rescued by
an additional deletion of WHI5 (Fig. 1 G). This indicates a rare
occasion of a drastically weakened size homeostasis mechanism.
However, given that Accr4 cells grow very poorly, especially in
SCGE, it is unlikely that this lower size homeostasis is a result of
disrupted G1/S size control alone.

The increase in CV of cell volume observed after a nutrient
switch is stronger in whi5Abck2A than wild type

Prompted by the fact that the absence of Whi5 and Bck2, two
major cell size regulators acting at the G1/S transition, does not
have a stronger size homeostasis phenotype, even though dele-
tion of each protein individually leads to altered cell volume and
weakened size control, we speculated that double deletion of
WHI5 and BCK2 may impair cell size adaptation upon changing
nutrient conditions. To investigate this, we performed a bulk
nutrient switch experiment, shifting cells from SCD to SCGE
(Fig. 2 A). Specifically, steady-state populations of cells growing
in SCD were washed and inoculated into SCGE (Fig. 2 A) at a
starting ODgoonm Of 0.01. We then performed a time course of
ODgoonm and Coulter counter measurements of cell volume from
the time of the nutrient switch up until a new steady state in
the glycerol-ethanol medium was reached (Fig. 2, B-D). The
ODgoonm Was maintained between 0.1 and 1 through appropriate
dilutions. For the first 15 h after the nutrient switch, both mean
cell volume (Fig. 2 B) and CV of cell volume (Fig. 2 D) increased.
Considering the direction of the switch was from a rich medium
to a poorer medium, ultimately leading to a smaller mean cell
volume after switch, the initial increase in cell volume was
unexpected.

This initial increase in mean cell volume and CV of cell vol-
ume was not accompanied by notable cell proliferation. Only
about 15 h after the switch, ODgoonm started to increase again,
and at the same time, mean cell volume and CV of cell volume
started to decrease (Fig. 2, B and D). Interestingly, during the
time of maximal cell volume around 10-20 h after switch,
whi5Abck2A cells showed significant differences compared with
wild type. We found that the CV of cell volume of whi5Abck2A
was significantly higher than that of wild type between 10 and
20 h after switch (Fig. 2 D). After 20 h, while the CV of
whi5Abck2A still appeared to be slightly higher than that of wild
type for the remainder of the experiment, the difference was not
statistically significant. Thus, both wild-type and whi5Abck2A
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cells showed an increase in cell volume and CV of cell volume
after switch, but whi5Abck2A had lower size homeostasis effi-
ciency than wild-type cells. This suggests that the simultaneous
loss of both Whi5 and Bck2 does affect size homeostasis, but this
effect is more prominent under changing nutrient conditions.

Analysis strategy for live-cell microscopy coupled to

nutrient switch

To better understand why both strains underwent an increase in
cell volume and CV of cell volume after the switch, and why
whi5Abck2A cells had a higher CV of cell volume, we performed
live single-cell microscopy of cells experiencing the nutrient
switch. We grew steady-state cultures of wild type, whi5A, bck24,
and whi5Abck2A in SCD and transferred them to a custom mi-
crofluidics device (Kukhtevich et al., 2022) in a time-lapse mi-
croscopy setup (Fig. 3 A). We imaged the cells at 3-min intervals
as they grew in SCD for 2 h and then automatically switched the
medium to SCGE for the next 25 h. The videos of cell growth
generated from this experiment were analyzed using the Cell-
ACDC pipeline (Padovani et al., 2022; Padovani et al., 2025) and
YeaZ (Dietler et al., 2020) for cell segmentation (Fig. 3 A). The
cell masks and tracking were then manually corrected, and
pedigrees were assigned in a semiautomated fashion in the Cell-
ACDC GUI. Based on phase-contrast images, cells were classified
as Gl (unbudded) or S/G2/M (budded) cells. This resulted in a
fully annotated and manually corrected dataset of several
thousand complete cell cycles (Fig. 3 A).

On qualitative inspection of colony growth in the live-cell
microscopy videos obtained during the nutrient switch, we
found that cells roughly doubled in number during the first 2 h
in SCD, as is expected from steady-state cells in glucose (Fig. 3 B).
After the nutrient switch to SCGE, cells arrested for a period of
around 5 h (wild type) but continued to grow in volume. At 5 h
after switch, the cells very slowly resumed cell cycle progres-
sion. At around 10 h after switch, the cell population appeared to
have heterogeneous cell sizes, with large cells that had faced the
arrest and small cells born after the arrest. It is important to note
here that the limited number of cells that can be analyzed in this
assay, in particular at the beginning of the experiment, leads to a
large experimental error in the CV of cell volume (Fig. S2).
Nevertheless, quantitative analysis confirms the general trends
observed in the bulk nutrient switch experiment (Fig. 2 D),
namely, that both cell volume and CV of cell volume initially
increase after the nutrient switch (Fig. S2). Importantly, we
found that the dynamics with which cells resume growth after
the nutrient switch are very similar between wild-type and the
deletion mutant cells (Fig. S3, A-D). This suggests that differ-
ences in the adaptation of cell size are dominated by differences
in cell cycle progression, rather than global differences in
growth rate due to differences in metabolic adaptation (Fig. S3,
A-D). To better understand the postswitch adaptation and its
effect on cell volume, it is necessary to consider the cell cycle
history of each cell. Accordingly, cells were split into multiple
categories (Fig. 3 C), which we then studied separately. All cells
that were growing in SCD and faced the nutrient switch to SCGE
were categorized as “switchers” (Fig. 3 C). At the time of the
nutrient switch, the switchers could have been either unbudded
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Figure 2. Increase in CV of cell volume observed after a nutrient switch is stronger in whi5Abck2A than wild-type cells. (A) lllustration of the ex-
periment design for the bulk nutrient switch experiment. Steady-state cells growing in SCD were washed and inoculated into SCGE, and a time course of
ODgoonm and Coulter counter measurements were performed until cells reached steady state in SCGE. For the measurements taken 48 and 72 h after the
nutrient switch, appropriate dilutions were made when necessary to maintain the ODggonm Of the cultures between 0.1and 1. (B and C) Mean cell volume and
ODgoonm (G, inset) are plotted against time since the nutrient switch. Shaded areas show 95% confidence intervals. Data for each time point are based on at least
two experiments. (D) CV of cell volume is plotted against time since the nutrient switch. Shaded areas show 95% confidence intervals. For statistical analysis in
B and D, the time course was divided into three 10-h windows (orange lines) and the remaining two time points were grouped together and analyzed with a
mixed ANOVA test (see Materials and methods for details) (**: P < 0.01; *: P < 0.05; ns: not significant, P > 0.05).

or budded and were respectively further categorized into “Gl- naturally had a normal steady-state Gl length in SCD and ar-
switchers” or “S/G2/M-switchers.” The specific cell cycle of the rested in S/G2/M after switch (Fig. 4 B, right, yellow). After
switchers during which the nutrient switch occurred was called  completing the switch-cell-cycle, they also exhibited a strongly
the “switch-cell-cycle” (Fig. 3 C, highlighted in yellow). As these prolonged Gl phase in the next cycle (Fig. 4 B, right, green).
switchers overcame the postswitch arrest and finished the switch- However, the duration of the subsequent S/G2/M was close to
cell-cycle, they divided to give rise to the first round of daughters.  that of cells exponentially growing in SCGE (Fig. 4 B, green).
The switchers then entered the cell-cycle-after-switch-cell-cycle  These results showed that all cells that faced the nutrient switch
(Fig. 3 C, highlighted in green), at the end of which they gave rise  immediately arrested in the ongoing cell cycle stage. For S/G2/
to the second round of daughters. The following rounds of daughters =~ M-switchers, the next G1 was also prolonged.

were categorized analogously (Fig. 3 C, highlighted in blue). The For each strain, the immediate G1 arrest of Gl-switchers led to an
rounds of daughters could be further categorized into daughters of  increased cell volume at the end of G1 (Fig. 4 C, left, yellow). The
Gl-switchers or daughters of S/G2/M-switchers. Notably, the first following Gl, although short, slightly increased the cell volume
round of daughters of S/G2/M-switchers was the only category apart ~ further (Fig. 4 C, left, green). Similarly, also for S/G2/M-switchers
from the switchers themselves that faced the nutrient switch—as  of all strains, the G1 arrest in the cell-cycle-after-switch-cell-cycle led
buds of the S/G2/M-switchers. Albeit complex, this careful cate- to cell enlargement compared with cells growing in constant SCD
gorization of cells was key to identifying specific phenotypes in  media (Fig. 4 C, right, green). During these Gl arrests, cells that

response to the nutrient switch in the following analysis. lacked Bck2 grew more than wild-type cells with similar initial cell

volume (Fig. S3, E and F) and therefore exhibited stronger en-
The nutrient switch causes cell cycle arrests in switchers and largement and a bigger drift from their steady-state sizes as
leads to stronger cell enlargement in bck2A cells compared to wild-type and whi5A cells in both categories of

As described in Fig. 4, we analyzed two specific cell cycles of  switchers (Fig. 4 C). These Gl arrests therefore were sufficient to
switchers: the switch-cell-cycle (Fig. 4 A, highlighted in yellow) cause significant differences in cell volume at the end of Gl be-
and the cell-cycle-after-switch-cell-cycle (Fig. 4 A, highlighted in  tween wild-type and whi5Abck2A cells. The Gl arrests also con-
green). Gl-switchers arrested in Gl during the switch-cell-cycle  tribute to the diverging CV and mean cell volume observed after
(Fig. 4 B, left, yellow). The following S/G2/M phase of the switch  switch in the bulk nutrient switch experiment (Fig. 2).

cycle was not strongly affected in length and was similar to that

of cells growing exponentially in SCGE. Also, the phase lengths  Cells that face the nutrient switch as buds arrest in their first
in the next cell cycle of GI-switchers (cell-cycle-after-switch-cell- G, leading to stronger cell enlargement in bck2A cells

cycle, Fig. 4 B, left, green) were similar to those of cells growing  So far, we have shown that deletion of BCK2 leads to more en-
exponentially in SCGE. On the other hand, S/G2/M-switchers larged switchers during their first G1 after the switch. Apart from
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Figure 3. Analysis strategy for live-cell microscopy of the adaptation to the nutrient switch. (A) Live-cell imaging analysis pipeline for steady-state and
nutrient switch experiments. Cell cycle stage is classified as G1 (unbudded cells) or S/G2/M (budded cells). (B) Representative images of WT cells in the nutrient
switch live-cell microscopy experiment. (C) Cell categories of interest in the downstream analysis of the nutrient switch live-cell microscopy dataset. Scale bars

represent 20 um. WT, wild type.

the actual switchers, also the first round of daughters of S/G2/
M-switchers faced the switch because they were present as buds
(Fig. 5 A, highlighted in blue, cell number 1). The first round of
daughters of G1-switchers, on the other hand, first appeared after
the nutrient switch. G1 duration was three- to fourfold longer for
the first round of daughters of S/G2/M-switchers, indicating that
they arrested in G1 (Fig. 5 B). This phenomenon was specific for
this category of cells, as daughter cells born in the following
rounds and those of Gl-switchers showed Gl durations more
similar to steady-state growth on SCGE (Fig. 5 B). Consequently,
the first round of daughters of S/G2/M-switchers was also larger at
G1 end, with bck2A and whi5Abck2A cells again growing more,
even at a given starting cell volume (Fig. S3 G). Thus, they show
significantly stronger enlargement compared with cells in
steady state in SCD media than the other strains (Fig. 5 C). The G1
arrest was also longer for the Bck2 mutant strains as compared to
the others (Fig. 5 B). It appears that the cells that faced the switch

Chadha et al.

Yeast cell size adaptation to nutrient challenges

in S/G2/M, either as mother or bud, carried the memory of the
switch into the next cell cycle, leading to a prolonged Gl phase
in the next cycle. Moreover, the first daughters of S/G2/
M-switchers showed weakened size control (Fig. S4) and lower
survival (Fig. S5 A).

First round of daughters of S/G2/M-switchers arrests mainly in
pre-Start G1

After showing that 5/G2/M-switchers and their first daughters
exhibit a prolonged first G1 following the nutrient switch, we
asked at what point in Gl cells arrest, and whether this arrest
depends on the exact cell cycle stage at the time of the nutrient
switch. To further characterize this multigenerational arrest
phenotype, we employed cell cycle reporters that allowed us to
resolve the cell cycle into more specific cell cycle phases. In
particular, we used a mCitrine-tagged mutant WHI5 allele,
WHI5-WIQ, integrated into the URA3 locus, while the endogenous
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Figure 4. Nutrient switch causes cell cycle arrests in switchers and leads to stronger cell enlargement in bck24 cells. (A) Schematic explanation for cell
categories analyzed in this figure. (B) Phase lengths are plotted for switchers’ switch-cell-cycles (yellow) and cell cycles after switch-cell-cycle (green). The
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volume at the end of S/G2/M is a sum of mother and bud volume at the last frame before division. The number of cells in each box in the steady-state panels is
between 450 and 950. For the nutrient switch panels, cells were pooled from three independent experiments. For G1-switchers” switch-cell-cycle G1 (yellow,
left): nwt = 144, Nypisa = 59, Npekza = 67, Nypisabekaa = 50. For Gl-switchers’ switch-cell-cycle S/G2/M (yellow, left): nyr = 132, Nypisa = 46, Npeian = 56, Nuhisabekaa = 42-

Chadha et al.

Yeast cell size adaptation to nutrient challenges

Journal of Cell Biology
https://doi.org/10.1083/jcb.202410020

920z 4290300 ¢} uo 3senb Aq ypd'0z001¥202 90l/Z65 L ¥02/02001+20Z8/Z L/5ZZ/4Ppd-8jone/qol/Bio sseidn woly papeojumoq

70f 18



Ps

2 JCB
D
L”Q

)

(0]

For S/G2/M-switchers’ switch-cell-cycle G1 (i.e., the G1 phase before the switch, yellow, right): nwr = 239, nyuisa = 107, Npean = 116, Nypisabekaa = 115. For S/G2/
M-switchers’ switch-cell-cycle S/G2/M (yellow, right): Nyt = 197, Nypisa = 66, Npckaa = 66, Nunisabekza = 94. For Gl-switchers’ cell-cycle-after-switch-cell-cycle G1
(green, left): nyr = 120, Nypisa = 34, Nockan = 49, Nuhisabekaa = 34. For G-switchers’ cell-cycle-after-switch-cell-cycle S/G2/M (green, left): nyr = 91, Nypisa = 14, Npekon
= 39, Nyhisabekoa = 26. For S/G2/M-switchers’ cell-cycle-after-switch-cell-cycle G1 (green, right): nwr = 164, Nypisa = 47, Npekan = 51, Nuhisabckoa = 61. For S/G2/
M-switchers’ cell-cycle-after-switch-cell-cycle S/G2/M (green, right): nyr = 138, Nyhisa = 45, Nockan = 29, Numisabckza = 46. Statistical comparisons were performed
using two-sided Mann-Whitney U tests. Each strain was compared with WT and whi5Abck2A (***: P < 0.001; **: P < 0.01; *: P < 0.05; ns: not significant, P >
0.05). For boxplots in B.and C, box limits show the IQR, whiskers extend to the most extreme data points within 1.5x IQR, the median is shown as a line, and the

mean is shown as a cross. WT, wild type; IQR, interquartile range.

WHI5 gene remained unaltered. The Whi5-WIQ protein is a loss-
of-function mutant that does not bind SBF (Travesa et al., 2013)
but retains its ability to localize to the nucleus in a cell cycle-
dependent manner. In addition, we tagged the histone HTB2
with the fluorescent protein mScarlet-I. The deletions of inter-
est—Awhi5, Abck2, and Awhi5Abck2—were then introduced into
this cell cycle reporter strain, and the nutrient switch experi-
ment was repeated. Fluorescently tagged Htb2 allowed us to
segment a nuclear mask for each cell. Using the nuclear mask
along with cellular segmentation, we could quantify fluores-
cence signal in three compartments: the whole cell, the nucleus,
and the cytoplasm. Whi5 has previously been reported to be
nuclear from telophase until Start, while CDK activity is low
(Taberner et al., 2009). For cell categories of interest, we iden-
tified Start as the G1 frame at which 50% of Whi5 had exited the
nucleus (Doncic et al., 2011) (Fig. 6 A). We used the Htb2-
mScarlet-I amount in the bud as a marker for the entry of the
dividing nucleus into the bud, which occurs during anaphase in
mitosis (Bloom, 2001) (Fig. 6 A). Anaphase was presumed to
continue until Whi5-WIQ-mCitrine reentered the nucleus
(Taberner et al., 2009) (Fig. 6 A). The nuclear reentry of Whi5s-
WIQ was annotated as the start of telophase, and subsequent
frames were labeled as post-anaphase (Fig. 6 A). Fig. 6 B shows
the cell cycle phases of the first round of daughters of S/G2/
M-switchers. After splitting G1 into pre- and post-Start, we found
that the G1 arrest observed in the first round of daughters of S/G2/
M-switchers was predominantly in pre-Start Gl (dark green
areas, Fig. 6 B). Upon quantification (Fig. 6 C), we found that
bck2A and whi5Abck2A cells appear to have longer pre-Start G1
durations as compared to wild type (albeit not statistically
significant).

In bck2A cells, the first daughters of mothers that faced the
nutrient switch after anaphase have the strongest

arrest phenotypes

A previous study by Leitao et al. (Leitao and Kellogg, 2017) has
shown that a shift from glucose to glycerol-ethanol media leads
to a long arrest for cells that experience the shift in metaphase,
but not for anaphase cells. We therefore asked whether the
specific cell cycle phase of S/G2/M-switchers at the time of the
nutrient switch also affects the severity of the Gl arrest in their
first round of daughters. Thus, we categorized the first round of
daughters of S/G2/M-switchers by whether the mother was in pre-
anaphase, anaphase, or post-anaphase at the time of nutrient
switch and analyzed the corresponding G1 lengths (Fig. 6 D; and
Fig. S5, Band C). Fig. 6 D shows the durations of the G1 phases of
the first round of daughters of S/G2/M-switchers that completed
G1 during the course of the experiment. The fraction of the first

Chadha et al.
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round of daughters of S/G2/M-switchers that did not complete G1,
i.e., remained arrested in G1 until the end of the experiment, is
shown in Fig. 6 E, and the lower limits of their G1 durations are
plotted in Fig. S5 C. For bck2A and whi5Abck2A cells, the strongest
arrest phenotype, i.e., the longest Gl lengths, was observed for
the group whose mothers were in post-anaphase at the time of
nutrient switch (Fig. 6 D). Especially for bck2A cells, we could not
observe many complete Gl phases for the group of daughters
whose mothers were in post-anaphase at the time of nutrient
switch (Fig. 6 D) as most of these daughters stayed arrested in G1
until the end of the experiment (Fig. S5, B and C; and Fig. 6 E). In
fact, for bck2A and whi5Abck2A cells, the majority of the first
round of daughters of S/G2/M-switchers did not complete G1 until
the end of the experiment (Fig. 6 E). Thus, our data suggest that
Bck2 has a nutrient switch-specific function after anaphase,
which affects Gl exit in the next generation. Such a role for Bck2
had previously been proposed (Bastajian et al., 2013), where
Bck2 was speculated to integrate environmental information
into the cell cycle progression decision at multiple cell cycle
phase transitions, including M/GL.

Additionally, it has previously been shown that Bck2 pro-
motes cell cycle progression through Start by promoting the
expression of CIn3, Swi4, and CIn2 (Bastajian et al., 2013). It was
also shown that Cln3 is a short-lived protein and depleted after a
switch from rich to poor carbon source (Sommer et al., 2021) and
that cIn3Abck2A is inviable due to permanent GI arrest. One ex-
planation for the extended Gl arrests in Bck2 deletion mutants
we identified here could therefore be a postswitch Cln3 deple-
tion, which, coupled with the absence of Bck2, temporarily
mimics a cIn3Abck2A phenotype.

Bck2, but not Cln3, is critical for size adaptation after a
nutrient switch

This led us to ask whether similar to bck24, cln3A also has a
strong arrest phenotype after a nutrient switch, or whether, as
would be expected if Cln3 is depleted, Cln3 is dispensable for cell
size adaptation after the switch. During steady-state growth on
SCD, cIn3A cells are larger than wild-type cells, similar to bck2A
(Fig. 7 A). The large size of bck2A and cln3A can be partially
rescued by an additional deletion of Whi5 (Fig. 7 A). The
whi5Abck2Acin3A triple deletion is similar in size to the bck2A
and cln3A single deletions (Fig. 7 A), which further highlights that
the effects of the Whi5, Bck2, and Cln3 deletions are additive.

In contrast, during adaptation to the nutrient switch, cln3A
cells do not have as strong a phenotype as bck2A cells, in terms of
both the G1 length of the first daughters of S/G2/M-switchers
(Fig. 7 B) and their volume at G1 end (Fig. 7 C). While in steady
state, the whi5Abck2AcIn3A triple deletion resembles the bck2A
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shown. Two-sided Mann-Whitney U tests were used for statistical analyses (***: P < 0.001; **: P < 0.01; ns: not significant, P > 0.05). For boxplots in B and C,
box limits show the IQR, whiskers extend to the most extreme data points within 1.5x IQR, the median is shown as a line, and the mean is shown as a cross. WT,

wild type; IQR, interquartile range.

and cln3A single deletions in size (Fig. 7 A), in the first daughters
of S/G2/M-switchers born after the nutrient switch, its size is
closer to the whi5Abck2A double deletion, not the bck2A single
deletion (Fig. 7 C). This observation is consistent with a nutrient
switch-associated depletion of CIn3, rendering Bck2 critical
during the nutrient switch.

To further test this hypothesis, we then asked whether the
strong bck2A phenotype during the nutrient switch could be
mitigated by induced expression of CLN3. Specifically, we ex-
pressed either CLN3 or the stabilized but less active variant
CLN3-1IA from a MET25 promoter (Schmoller et al., 2015), and
investigated how this affects the phenotype of bck2A and
whi5Abck2A deletions during the nutrient shift. Consistent with
the MET25 promoter leading to CLN3 overexpression, all strains
showed reduced cell volumes during steady-state growth on SCD
(Fig. 7, A and D). Moreover, as predicted by our hypothesis, the
constitutive expression of CLN3 in the bck2A and whi5Abck2A
strains largely prevents the enlargement of the first round of
daughters of S/G2/M-switchers compared with steady-state
growth (Fig. 7, E and F).

Taken together, our results are consistent with the model that
a depletion of CIn3 during the nutrient shift makes Bck2 tem-
porarily essential (Fig. 7 G), leading to longer Gl arrests and
cellular enlargement in bck2A cells. Importantly, this highlights
that unique functions for seemingly redundant proteins can be
uncovered by studying single cells in dynamically changing
environments.

Discussion

In nature, yeast cells regularly face changing environments. Cell
size control therefore comprises two tasks: size homeostasis,
which is the maintenance of narrow size distributions in largely
constant environments, and size adaptation, which is the ad-
justment of cell size to the optimum for a changed environment.
So far, most studies on cell size regulation have focused on
steady-state conditions. While these studies have been useful for
identifying size homeostasis mechanisms and size regulators,
they cannot, by design, provide insights into mechanisms of size
adaptation. This suggests that studying cell size adaptation in
response to nutrient switches may reveal aspects of cell size
regulation that were not accessible through steady-state ex-
periments. In particular, we asked whether nutrient switches
could give insights into specific functions of cell size regulators
that appear redundant in steady-state size control.

The analysis of nutrient switch experiments at the single-cell
level is even more complex than that of steady-state experi-
ments. In steady state, key insights can be gained by analyzing
individual cell cycles, without tracking cells over multiple gen-
erations. In nutrient switch experiments, the history of a cell,
specifically the cell cycle stage at the time of the nutrient
shift, affects how the cell and its offspring adapt to the new

Chadha et al.
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environment (this study and [Irvali et al., 2023]). To understand
cell size adaptation, it is therefore crucial to categorize cells
based on their cell cycle stage at the time of the nutrient switch
before following their progeny over multiple generations. Sev-
eral studies have investigated nutrient switches with live-cell
microscopy in different contexts (Irvali et al., 2023; Bheda
et al., 2020; Schuh et al., 2022; Shabestary et al., 2024;
Stockwell and Rifkin, 2017). However, none of them performed
multigenerational lineage tracking in addition to cell categori-
zation based on the cell cycle stage at the time of the nutrient
switch. Here, we built on recent progress in machine-learning
approaches and performed the required analysis using the image
analysis tools YeaZ and Cell-ACDC (Padovani et al., 2022; Dietler
etal., 2020). This enabled us to track complete cell lineages over
multiple generations throughout the adaptation to a nutrient
switch and create a framework for dealing with the complexity
of single-cell categorization.

From bulk experiments, we found that while the simulta-
neous deletion of two important size regulators, Whi5 and Bck2,
hardly affects cell size or cell size homeostasis during steady-
state growth in glucose media, it disrupts both after a nutrient
switch from glucose to glycerol/ethanol media. Around 10-25 h
following a nutrient switch, both wild-type and whi5Abck2A cells
show a strong increase in the CV of cell volume, indicating
weaker size homeostasis. This disruption of size homeostasis is
stronger in the whi5Abck2A strain. Consistent with our findings,
a similar postswitch increase in the CV of cell volume has also
been observed in a recent study that analyzes budding yeast
adaptation to a nitrogen downshift (Shabestary et al., 2024).
Using the cell history-based categorization explained above, we
followed single cells through the nutrient switch and found that
bck2A mutants show longer cell cycle arrests after the nutrient
switch. Cells that were already budding at the time of the nu-
trient switch, as well as their first daughters born after the nu-
trient switch, exhibit the longest cell cycle arrests, the strongest
cellular enlargement, and the lowest survival after switch. In-
terestingly, this implies that cells that experience the nutrient
shift in their S/G2/M phase carry some sort of “memory” into
their next G1 phase, leading to a delay in cell cycle progression.
While the molecular origin of this memory remains to be iden-
tified, one possibility is that the nutrient shift and the associated
changes in growth rate and cell cycle progression alter the
concentration of regulatory proteins up to the next cell cycle.
This type of mechanism has been proposed to integrate envi-
ronmental inputs in yeast (Qu et al., 2019) and mammalian cells
(Min et al., 2020) to control following cell cycle phase tran-
sitions. In our case, the memory seems to be limited to a single
cell cycle, since the following rounds of daughters closely re-
semble those in exponential growth in terms of cell cycle phase
durations and cell size.

In contrast to steady-state conditions, where deletion of
the G1/S activators BCK2 and CLN3 leads to comparable size
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Figure 6. First round of daughters of S/G2/M-switchers arrests mainly in pre-Start G1. In bck2A mutants, the strongest arrest phenotypes are observed in
first daughters whose mothers faced the nutrient switch after anaphase. (A) Example of cell cycle phase resolution for a steady-state (SCD) WT cell based on
two fluorescent signals: mean nuclear pixel intensity of Whi5-WIQ-mCitrine (yellow trace, a.u.) and bud Htb2-mScarlet-l amount (red trace, a.u.), both plotted
against time relative to bud emergence. 50% Whi5-WIQ-mCitrine nuclear exit was annotated as Start. Entry of Htb2-mScarlet-I into the bud was annotated as
start of anaphase. Reentry of Whi5-WIQ-mCitrine into the nucleus was annotated as end of anaphase. Dotted lines connect example images to the time point at
which they were acquired. Example images show cells in phase contrast (gray), histone Htb2 tagged with mScarlet-I (red), and Whi5-WIQ tagged with mCitrine
(yellow). Cell contours generated with YeaZ in the Cell-ACDC pipeline are shown in white. Scale bars represent 4 um. (B) Cell cycles of first daughters of S/G2/
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were used to statistically analyze each strain compared with WT (**: P < 0.01; not significant [P > 0.05], not shown). (D) The durations of complete G1 phases of
first daughters of S/G2/M-switchers are plotted in D. The first daughters of S/G2/M-switchers are further categorized on the basis of their mothers’ cell cycle phase
at the time of nutrient switch: pre-anaphase or anaphase (purple and blue striped) or post-anaphase (orange). Two-sided Mann-Whitney U tests were used to
statistically compare pre-anaphase or anaphase with post-anaphase mother’s stage for each strain (*: P < 0.05; not significant [P > 0.05], not shown).
(E) Fraction of first daughters of S/G2/M-switchers that complete G1 during the experiment (light gray) and those that stay arrested in G1 until the end of the
experiment (cells with incomplete G1 phases, dark gray) is plotted. Incomplete G1 phases are G1 phases interrupted by the end of the experiment and not by
death or exclusion of cells from the analysis. Chi-square tests of independence of variables were used for statistical analysis, comparing each strain with WT
(***: P < 0.001; ns: not significant, P > 0.05). For boxplots in C and D, box limits show the IQR, whiskers extend to the most extreme data points within 1.5x IQR,
the median is shown as a line, and the mean is shown as a cross. The individual data points are additionally shown in D. WT, wild type; IQR, interquartile range.
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Figure7. bck2A cells have a longer G1 arrest and stronger enlargement than cln3A cells after a nutrient switch. (A) Cell volume at the beginning of Gl is
plotted for daughter (first-generation) and mother (generation > 1st) cells of various strains. For mothers: nyt = 209, Nyhisa = 87, Nbckan = 95, Nwhisabekoa = 95,
Netn3a = 48, Nuwhisactnza = 61, Nukisabckaactnza = 34. For daughtersz Nwr = 164, Nyhisa = 82, Nbckan = 73, Nupisabekza = 77, Neln3a = 44, Nuhisacin3a = 55, Nwhisabckzacnza = 37-
(B and C) G1 lengths (B) and cell volumes at G1 end (C) are plotted for the first daughters of S/G2/M-switchers. The dataset for WT, whi5A, bck24, and whisAbck2A
is the same as in Fig. 5. For cln3A, whi5Acln34A, and whi5Abck2Acln34, cells were pooled from two independent experiments. Ngnza = 16, Nupisacinza = 39,
Nyhisabekzacinza = 11. (D) Cell volume at the beginning of G1 is plotted for daughter (first-generation) and mother (generation > 1st) cells of various strains. For
METpr-CLN3 mothers: nwr = 44, Npckan = 44, Nuhisabckaa = 26. For METpr-CLN3 daughters: nwr = 36, Npekan = 32, Nuhisabekan = 19. For METpr-CLN3-11A mothers: nyr
=30, Npekan = 22, Nyhisabekza = 30. For METpr-CLN3-11A daughters: Nyt = 21, Npekan = 20, Nyhisabekza = 23. (E and F) G1 lengths (E) and cell volumes at G1 end (F) are
plotted for the first daughters of S/G2/M-switchers. Cells were pooled from two independent experiments. For METpr-CLN3: nyr = 18, Npeka = 22, Nypisabekaa = 15.
For METpr-CLN3-11A: nyyr = 10, Npea = 16, Nypisabekan = 16. (G) Schematic illustration of the proposed Bck2 and Cln3 function during steady-state growth and
nutrient shift. Two-sided Mann-Whitney U tests were used to statistically analyze each strain compared with WT (P < 0.001 not indicated for clarity; **: P <
0.0L; *: P < 0.05; ns: not significant, P > 0.05). For boxplots in A-F, box limits show the IQR, whiskers extend to the most extreme data points within 1.5x IQR,
the median is shown as a line, and the mean is shown as a cross. WT, wild type; IQR, interquartile range.

phenotypes, cln3A cells show a much weaker phenotype in re-  suggest that while Cln3 and Bck2 have an apparently redundant
sponse to the nutrient shift. Moreover, an additional deletion of  role in steady-state size control, Bck2 fulfills a specific function
CLN3 in the whi5Abck2A strain does not affect the postswitch —during nutrient adaptation. One intriguing explanation for this
arrest or enlargement phenotype. Taken together, our findings is that Cln3 may be depleted after the nutrient switch, as
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observed by Sommer et al. (2021). Following this lead, we found
that expressing CLN3 from a constitutive MET25 promoter res-
cues the cellular enlargement of bck2A cells during the nutrient
shift. We therefore propose that the shared role for Bck2 and
Cln3 in activating the G1/S transition serves as a potential
“backup plan” for Gl exit when Cln3 is depleted due to changing
nutrient environments (Fig. 7 G).

It is also known that Bck2 interacts with multiple proteins
involved in nutrient sensing and promotes expression of cell
cycle regulators (Bastajian et al., 2013). One of the proteins it
interacts with is Tpd3, which is the scaffolding subunit of the
protein phosphatase PP2A (Bastajian et al., 2013). PP2A is part of
the cascade by which two nutrient-sensing pathways, TOR and
PKA, regulate Start (Ewald, 2018; Garcia-Blanco et al., 2019;
Pedruzzi et al., 2003). This interaction places Bck2 directly at the
link between nutrient-dependent growth signaling and cell cy-
cle progression. Thus, a role of Bck2 in nutrient signaling could
also contribute to the longer cell cycle arrests and stronger cel-
lular enlargement observed in bck2A cells after a nutrient switch
event. Additionally, Bck2 has been shown to contribute to cell
wall maintenance during growth and to the cell wall stress re-
sponse (Ferrezuelo et al., 2009; Kuravi et al., 2011). It has been
shown to induce the expression of nearly 20 proteins involved in
cell wall structure and biosynthesis (Ferrezuelo et al., 2009) and
is associated with the activation of the MAP kinase Mpkl in the
Pkcl-dependent cell wall integrity pathway (Kuravi et al., 2011).
Therefore, it cannot be ruled out that the increased importance
of Bck2 after the nutrient switch stems from its role in the
maintenance of cell wall integrity.

In conclusion, our work here provides new insights into size
adaptation to nutrient challenges. We show that the apparent
redundancy between the roles of Bck2 and Cln3 at the G1/S
transition is specific to steady-state growth and Bck2 becomes
the more crucial G1/S transition activator following a nutrient
switch (Fig. 7 G). More generally, our work suggests that
studying cell size regulation in conditions other than steady state
is key to revealing unique roles for apparently redundant size
regulators. We therefore expect that using similar approaches
for a broader range of mutants and perturbations in yeast and
other organisms will give new mechanistic insights into the
processes underlying size homeostasis and adaptation.

Materials and methods

Yeast strains

AlLS. cerevisiae strains used in this study are haploid derivatives
of W303. They were constructed using standard methods and
sequence information obtained from SGD (Engel et al., 2025).
They were verified by sequencing. A full genotypic description
of the strains is available in Table S1. Yeast strains are available
upon reasonable request.

RNA extraction and RT-qPCR

Cells were grown in 50 ml SCD for at least 17 h and maintained at
ODgoonm <1 before harvest. At ODgponm >0.1, total RNA was ex-
tracted using the RNA extraction protocol of YeaStar RNA Kit
(Zymo Research). The RNA was treated with TURBO DNase

Chadha et al.

Yeast cell size adaptation to nutrient challenges

Ps

2 JCB
D
L”Q

)

(0]

enzyme (Thermo Fisher Scientific) as per the manufacturer’s
protocol. The quality of the RNA was examined in an RNA gel,
and the concentration and purity were checked using the
NanoDrop OneC spectrophotometer from Thermo Fisher Sci-
entific. 1 ug of RNA was reverse-transcribed with random pri-
mers and the high-capacity cDNA reverse transcription kit from
Thermo Fisher Scientific. The resulting cDNA was diluted 1:10
fold using double-distilled water. gPCR was performed using 2 pl
of these dilutions as template. Target-specific primers and
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) were
used for qPCRs in 96-well plates (Roche LightCycler 480 Multi-
well Plate 96). For each biological replicate, mean Cq values of
target genes were calculated by averaging across at least three
technical replicates. The mean Cq value of the reference gene,
ACTI, was subtracted from the mean Cq value of WHI5 to cal-
culate normalized WHI5 Cq values (ACq). The WHI5 ACq value
of wild type was then subtracted from that of the strains of
interest to obtain the WHI5 AACq value for each strain. The
relative WHI5 mRNA concentration was calculated using the
following formula:

relative mRNA concentration = 274469

This process was repeated for five different RNA extractions
(experimental replicates). These were plotted as a boxplot in Fig.
1B. For WHI5, the forward primer used had the 5'-3’ sequence 5'-
ACAAGACACTTCCCGAGCTG-3' and the reverse primer used
had the 5'-3" sequence 5'-CGCGTCTGCACTATCTGGAA-3'. For
ACT], the forward primer used had the 5'-3' sequence 5'-AGT
TGCCCCAGAAGAACACC-3’ and the reverse primer used had the
5'-3" sequence 5'-GGACAAAACGGCTTGGATGG-3' (Claude et
al.,, 2021).

Single-molecule fluorescence in situ hybridization

smFISH was performed using WHI5-mRNA-specific Stellaris
FISH probes from Biosearch Technologies. The targeted
probes consisted of thirty-seven 18-nucleotide-long oligonu-
cleotides, each labeled with the Quasar-570 dye. The smFISH
protocol for S. cerevisiae described on www.biosearchtech.com/
stellarisprotocols was used for sample preparation. Cells were
grown for a minimum of 17 h in 50 ml SCD and maintained at
ODgoonm <1. At an ODggonm between 0.3 and 0.5, 45 ml of these
cultures was fixed by application of 4% formaldehyde (final
concentration) for a period of 45 min. The cells were centrifuged
at 1,600 g for 4 min and washed twice, each time with 1 ml of ice-
cold fixation buffer comprising 1.2 M sorbitol (Sigma-Aldrich)
and 0.1M K,HPO, (Sigma-Aldrich) at pH 7.5. Cells were then
incubated in 1 ml of fixation buffer containing 6.25 pg Zymolyase
(Biomol) for 55 min at 30°C. After two more washes with ice-cold
fixation buffer, the fixed and digested cells were stored over-
night in 70% ethanol at 4°C. On the next day, 300 pl of cells in
70% ethanol was centrifuged (400 g, 5 min) and resuspended in
100 pl of Stellaris RNA FISH hybridization buffer (Biosearch
Technologies) containing 10% vol/vol formamide and 125 mM
smFISH probes. These cells were incubated overnight in the dark
at 30°C to allow for hybridization of smFISH probes to mRNA.
After overnight hybridization, cells were washed with Stellaris
RNA FISH wash buffer A (Biosearch Technologies) containing
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10% vol/vol formamide and resuspended in 1 ml Stellaris RNA
FISH wash buffer A (Biosearch Technologies) containing 10%
vol/vol formamide and 5 ng/ml DAPI stain. Cells were incubated
in the DAPI staining solution for 30 min at 30°C, before being
washed with Stellaris RNA FISH wash buffer B (Biosearch
Technologies). Washed cells were mounted onto glass slides in
Vectashield mounting medium (Vector Laboratories) for the first
replicate and in ProLong Gold mounting medium (Thermo
Fisher Scientific) for the second replicate due to unavailability of
Vectashield. The prepped smFISH samples were imaged on a
Zeiss LSM 800 microscope using a 63x/1.4 NA oil immersion
objective and an Axiocam 506 camera. The Zen 2.3 software was
used to acquire multicolor z-stacks containing 20-25 z-slices at
240-nm intervals. Bright-field images were acquired with the TL
LED using an exposure time of 140 ms at 6% of maximum in-
tensity. For imaging Quasar-570, an exposure time of 5 s to il-
lumination by a 530-nm LED at 50% intensity was used. DAPI
was imaged with an exposure time of 130 ms and illumination at
385 nm and 30% intensity.

Data analysis for smFISH

Cells were segmented in bright field using the YeaZ neural
network (Dietler et al., 2020) in the Cell-ACDC interface
(Padovani et al., 2022). After manual correction of segmentation
masks and annotation of bud-mother relationships in Cell-
ACDC, the smFISH fluorescence spots were counted using an
early version of SpotMAX (Padovani et al., 2026), described in
detail in Chatzitheodoridou et al. (2024); Kukhtevich et al.
(2022). For each strain and experimental replicate, the follow-
ing settings of the custom routine were adjusted to optimize spot
detection. The 3D Gaussian filter was applied with a Sigma in the
range of 0.3-2 voxels. The “threshold_triangle” automatic
thresholding algorithm was used for instance segmentation of
the spot signal. The “effsize_glass_s” filter was used to filter for
valid peaks using an effect size threshold in the range of 1-2.1.
Spots were also filtered for size with the lower limit ranging
from 1.6 to 2 pixels and the upper limit ranging from 4 to 20
pixels.

Spot detection was followed by categorization of cells into one
of three different cell cycle stages: G1, S, and G2/M. Unbudded
cells with a single nucleus were categorized into Gl stage. Bud-
ded cells with a bud volume-to-mother volume ratio of <0.3 were
categorized as S stage. The remaining budded cells were cate-
gorized as G2/M cells. Since Whi5 transcription peaks in the S
phase, Fig. 1 C shows the average number of WHI5 mRNA in
S-phase cells.

Bulk nutrient switch experiments

Yeast cells were inoculated into 3 ml Yeast Peptone Medium
containing 2% glucose (YPD) and incubated at 30°C in a shaking
incubator at 250 rpm (Infors, Ecotron) for at least 4 h. Then, cells
were washed and inoculated into 50 ml SCD at a starting
ODgoonm Of 0.0001 and incubated overnight at 30°C under
shaking conditions (250 rpm). Cells were grown for a minimum
of 17 h in 50 ml SCD and maintained at ODggonm <1. At ODgoonm
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between 0.5 and 0.6, cells were washed with and inoculated in
SCGE at a starting ODgoonm 0f 0.01 and incubated under the same
conditions (30°C, 250 rpm). Starting from the time of inocula-
tion in SCGE, ODgoonm and Coulter counter measurements were
performed at 1- to 1.5-h intervals until 28.5 h had passed since
the nutrient switch. The same measurements were also per-
formed after 48 and 72 h had passed since the nutrient switch.
For the measurements taken before the 30-h time point, culture
ODgoonm Was always below 1. For measurements taken 48 and
72 h after the nutrient switch, once the cultures grew to an
ODgoonm Of 0.1, appropriate dilutions were made to maintain the
ODgoonm between 0.1 and 1. The complete time course of meas-
urements was achieved in sections in three different experi-
ments of two replicates each. Therefore, overlapping time points
in the plot have four data points. The CV was calculated from the
Coulter counter size distribution with the formula:

[*

CV of cell volume = Standard deviation in cell volume /
Mean cell volume

For statistically comparing the two strains, we divided the
time course into three 10-h intervals and grouped the remaining
time points together (Fig. 2, B and D). We used the Shapiro-Wilk
normality tests to confirm that the measurements are normally
distributed within each time interval. For each time interval, we
performed a mixed ANOVA test, with time as the within-
subjects factor and strain as the between-subjects factor for
classification. The interaction between the two factors was not
significant, and therefore, we could interpret the effects of each
factor individually. The P values obtained for each time interval
based on the between-subjects factor, i.e., strain, were repre-
sented in statistical annotations in the figure (Fig. 2, B and D).

Live-cell microscopy

Culture conditions

Yeast cells were inoculated into 3 ml YPD and incubated at 30°C
in a shaking incubator at 250 rpm (Infors, Ecotron) for at least 5
h. After 5 h, cells were washed and inoculated into 50 ml SCD or
2% glycerol and 1% ethanol (SCGE). The cells were allowed to
grow for at least 16 h and maintained at ODgponm <1. They were
then diluted to ODgoonm = 0.1 for microscopy. An analogous
strategy was used for the experiments with constitutive Met-
inducible expression of Cln3 (Fig. 7, D-F), only that cells were
instead immediately inoculated into SCD-Met media.

Microscopy setup

Live-cell time-lapse microscopy was performed using a Nikon
Eclipse Ti-E microscope in combination with a custom micro-
fluidics device, described in detail in Kukhtevich et al. (2022).
The microfluidics device consisted of a polydimethylsiloxane
replica with functional structures bonded to a glass coverslip.
This created a cavity that could trap cells and limit colony
growth to the XY-plane. Growth medium was pumped through
the microfluidics device at a constant rate of 20 ul/min to sustain
the growth of cells in the device during the imaging process. For
steady-state experiments, filtered SCD or SCGE was used for the
entire duration of the experiment. For nutrient switch experi-
ments, cells were grown in SCD (or SCD-Met for experiments

Journal of Cell Biology
https://doi.org/10.1083/jcb.202410020

920z 4290300 ¢} uo 3senb Aq ypd'0z001¥202 90l/Z65 L ¥02/02001+20Z8/Z L/5ZZ/4Ppd-8jone/qol/Bio sseidn woly papeojumoq

14 of 18



with inducible Cln3, Fig. 7, D-F) for the first 2 h of the experi-
ment, and then, the medium was switched to SCGE (SCGE-Met)
for the rest of the experiment. The time taken for the medium to
be completely switched within the device was calculated to be
30 min, and medium switch was therefore annotated at 2.5 h in
the downstream analysis of the live-cell microscopy data. To
maximize the rounds of daughters observed per video before
crowding of the field of view prevented further analysis, the
microscopy experiments were started with only one or 2 cells
per position. This limited the number of cells that could be an-
alyzed at the time of the nutrient switch, which was further
reduced by repeated categorization.

The epifluorescence microscopy setup included the Nikon
Eclipse Ti-E microscope with NIS-Elements software, SPECTRA
X light engine illumination, and the Andor iXon Ultra 888
camera. Phase-contrast and fluorescence images were acquired
at 3-min intervals via a Plan-Apo A 100x/1.45 Na Ph3 oil im-
mersion objective. An additional magnification of 1.5x was ap-
plied at the time of imaging. The phase-contrast images were
acquired using an exposure time of 100 ms. For mCitrine fluo-
rescence imaging, an exposure time of 300 ms was used and the
SPECTRA X light engine was used for illumination at 508 nm and
40% power (24.8 mW). mScarlet-I fluorescence was imaged with
an exposure time of 200 ms and illumination at 555 nm and 10%
power (26 mW). The image acquisition settings were the same
across all live-cell microscopy experiments. The incubation
temperature of the cells during live-cell microscopy was main-
tained at 30°C using the objective heater and a custom heatable
insertion.

Data analysis for live-cell microscopy

Live-cell microscopy data were analyzed with the open-source
Cell-ACDC software (Padovani et al., 2022; Padovani et al., 2025).
In the data preparation step, the images were aligned and
cropped to the region of interest. Automated segmentation and
tracking were performed on the phase-contrast channel using
the YeaZ neural network (Dietler et al., 2020) in the Cell-ACDC
interface. The resulting segmentation masks were manually
corrected, and pedigrees were assigned in the Cell-ACDC GUI.
The annotated and manually corrected dataset could then be
exported for downstream analysis.

Calculation of mean cell volume and CV of cell volume

For the mean cell volume and CV of cell volume plots (Fig. 1, F
and G, respectively), live cells were pooled from the last frames
of all imaging positions per strain, to maximize the number of
cells in the analysis. The mean cell volume and its CV were
calculated from this pooled population. In Fig. 1 G, the bar plot
heights are the CV values obtained from the pooled data and the
-, ®, and x symbols show CV values obtained if the pooled data
are split into the underlying experimental replicates. To statis-
tically compare the CV values between strains, bootstrapping
was used to randomly sample positions from each strain in
10,000 iterations with replacement. For each combination of
positions, live cells in the last frame were pooled and the CV of
cell volume was calculated. To compare the bootstrapped CV
distributions between strains, the vector of the CV distribution
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of one strain was subtracted from the vector of the CV distri-
bution of the other. To estimate P values, the 95, 99, and 99.9%
confidence intervals were calculated for the thereby obtained
difference vector. If the confidence interval of the difference
vector contained 0, it was concluded that the CV distributions
overlapped considerably for the two strains at the given confi-
dence level and their difference was not significant.

(4

[*

Calculation of cell cycle properties

Based on phase-contrast images, cell cycle annotations in Cell-
ACDC categorized unbudded cells into the “G1” phase and all
budded cells into an umbrella category: the “S/G2/M” phase. The
following functions from the Cell-ACDC downstream analysis
Jupyter Notebook were used for calculating cell cycle properties
such as phase lengths, and volume changes per phase and for
retrieving relatives’ data for each cell: cca_functions.calcu-
late_downstream_data, cca_functions.calculate_per_phase_
quantities and cca_functions.calculate_relatives_data. From
the resulting dataset, multigenerational mother-bud rela-
tionships, or pedigrees, could be acquired for cell populations
of interest. Each cell cycle and cell cycle phase was labeled as
complete or incomplete, based on whether the cell died during
that cycle or phase and whether the cycle or phase was in-
terrupted by the start or the end of the experiment. Unless
specified otherwise, only complete cycles or complete phases
were used for further analysis.

Assignment of cell cycle phases using cell cycle reporters

For the cell cycle reporter strain, fluorescently labeled Htb2 al-
lowed us to segment a nuclear mask for each cell. Using this
along with cellular segmentation, we could quantify fluores-
cence signal in three compartments: the whole cell, the nucleus,
and the cytoplasm. Comparing Whi5-WIQ-mCitrine signal and
Htb2-mScarlet-I signal between these compartments allowed us
to further resolve the cell cycle into more specific phases than
just Gl and S/G2/M, as described in the Results section. For
budded cells, mean pixel intensity was calculated by calculating
the sum of the total pixel intensities of mother and bud, and the
combined cell area in pixels for mother and bud, and then di-
viding the total sum pixel intensity by the total area in pixels.
The cytoplasm-adjusted nuclear mean pixel intensity of Whi5-
WIQ-mCitrine (Fig. 6 A) was calculated by subtracting cyto-
plasmic mean pixel intensity of Whi5-WIQ-mCitrine from
nuclear mean pixel intensity of Whi5-WIQ-mCitrine. Htb2-
mScarlet-I amount was background-adjusted using a back-
ground ROI created during the data preparation step of the
Cell-ACDC analysis pipeline (Fig. 6 A).

For assigning the time point at which Start occurs, nuclear
mean pixel intensity of Whi5-WIQ-mCitrine was plotted against
time for each cell of interest. The frame at which nuclear mean
pixel intensity of Whi5-WIQ-mCitrine started to decrease dur-
ing Gl was manually identified (Whi5_export_start_frame).
Similarly, the frame at which nuclear mean pixel intensity of
Whi5-WIQ-mCitrine stopped decreasing was manually identi-
fied (Whi5_export_end_frame). The nuclear mean pixel intensi-
ties of Whi5-WIQ-mCitrine at these two frames were retrieved
(Whis_intensity_export_start, Whi5_intensity_export_end), and
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the difference between the two intensities was calculated. The
difference was divided by 2 and added to Whi5_intensity_export_
end to get nuclear mean pixel intensity of Whi5-WIQ-mCitrine
when half of Whi5 has been exported from the nucleus (Whi5_
intensity_50%_export). Starting from Whi5_export_start_frame
and proceeding frame by frame, the nuclear mean pixel intensity
of Whi5-WIQ-mCitrine was compared with Whi5_intensity_50%_
export. The first frame where frame-specific nuclear mean pixel
intensity of Whi5-WIQ-mCitrine was less than Whi5_intensity_
50%_export was assigned as the first post-Start frame. All fol-
lowing Gl frames were categorized as post-Start GI, and all
previous Gl frames were categorized as pre-Start GI.

Nuclear mean pixel intensity of Whi5-WIQ-mCitrine was also
used for assigning the time point at which cells enter telophase.
The first frame of nuclear reimport of Whi5-WIQ-mCitrine in
S/G2/M cells was manually identified for individual cells in cell
categories of interest. All frames including and after this frame
were categorized as post-anaphase.

Background-adjusted Htb2-mScarlet-I amount in the bud
was used to assign the beginning of anaphase. The first frame
showing increasing Htb2-mScarlet-I amount in the bud was
manually identified for cells of interest. All frames after and
including this frame and before the first telophase frame were
categorized as anaphase.

Finally, all S/G2/M frames starting from and including bud
emergence and going until the first anaphase frame were as-
signed to the bud emergence to anaphase category, spanning S,
G2, prophase, and metaphase.

Statistical analysis
Statistical analysis, except for bootstrapping, was performed
using the SciPy package (Virtanen et al., 2020) written in Py-
thon. The code is available online in our GitHub repository.
Normality tests were performed using the Shapiro-Wilk test.
In most cases, the tests showed that the microscopy data are not
normally distributed. For consistency, except for data shown in
Fig. 2, we therefore do not assume normality throughout the
paper and chose statistical tests accordingly.

Online supplemental material

Fig. S1 shows extended analyses of the steady-state experi-
ments. Fig. S2 shows an analysis of population-level behavior
of cell volume and its variability during the nutrient shift
based on single-cell measurements. Fig. S3 shows that the
enlargement phenotype of bck2A cells is not explained by
different durations of metabolic reprogramming or different
starting cell volumes. Fig. S4 shows an analysis of cell size
homeostasis at the G1/S transition during the nutrient shift.
Fig. S5 shows an analysis of cells dying during the nutrient
shift and of how the arrest phenotypes depend on mother cell
cycle stage. Table S1 shows a list of the budding yeast strains
used in this study.

Data availability
Data are available in a permanent Biolmage Archive (Hartley
et al., 2022) repository: https://doi.org/10.6019/S-BIAD4064.
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The code used for the analysis is available on the GitHub page
https://github.com/SchmollerLab/Nutrient-switch-analysis.
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Figure S1. Analysis of steady-state experiments. (A) WHI5 mRNA count per cell for cells in different cell cycle stages. Data are pooled from two independent
smFISH experiments performed in SCD. G1 phase: nyr = 98, Nyhisp = 121, Npekan = 196, Neeran = 127. S phase: nwr = 172, Nypisp = 182, Npekaa = 211, Neeran = 83. G2/M
phase: nwr = 125, Nypisa = 143, Npekan = 178, Neeran = 130. Box limits show the IQR, whiskers extend to the most extreme data points within 1.5x IQR, the median is
shown as a line, and the mean is shown as a cross. Outliers are additionally shown as diamonds. (B and C) Coulter counter measurements of cell volume (B) and
CV of cell volume (C) are plotted for cells growing in SCD. Data are pooled from two independent experiments (+ and x symbols). (D and E) Cell volume at birth,
bud emergence, and division is plotted for daughter cells and mother cells growing in SCD (D) and SCGE (E). Two-sided Mann-Whitney U tests were used to
statistically analyze each strain compared with WT (P < 0.001 not shown; **: P < 0.01; *: P < 0.05; ns: not significant, P >0.05). (F and G) CV of cell volume at
birth, bud emergence, and division is plotted for daughter and mother cells growing in SCD (F) and SCGE (G). Statistical analyses were performed by comparing
overlaps between 10,000 bootstrap samples, explained in detail in the Materials and methods. Error bars show 95th percentile confidence intervals. Signif-
icance was tested as explained in the Materials and methods, comparing each strain with WT (***: P < 0.001; **: P < 0.01; *: P < 0.05; not significant [P = 0.05],
not shown). WT, wild type; IQR, interquartile range.
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Figure S2. Average behavior of a cell population, as calculated from single-cell measurements during the nutrient switch, is robust to outliers.
However, measures of variability are sensitive to them. (A and B) Mean cell volume (fL) and (B) CV of cell volume are plotted against time relative to the
nutrient switch (hours). Bootstrapping with 1,000 iterations and replacement was used to obtain the standard error represented by shaded areas. The dataset
for A and B includes all positions from three independent microscopy experiments. (C and D) In C and D, one outlier position with one very large cell at the
beginning of the experiment is excluded from the dataset and the mean cell volume and CV of cell volume are recalculated. (E) Total number of pooled cells per
frame is plotted against the time since the nutrient switch. (F) First frame of the outlier position excluded from the analysis in C and D is shown with black lines

showing cell contours.
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Figure S3. Enlargement phenotype of bck2A cells is not explained by different durations of metabolic reprogramming or different starting cell
volumes. (A-D) Specific instantaneous growth rate after the nutrient shift is similar for wild-type and deletion mutants. The specific instantaneous growth rate
per frame (1/3 min) is the change in volume between two frames normalized to cell volume. The moving average of the specific instantaneous growth rate over
10 frame (30-min) intervals is plotted against time relative to the nutrient switch. (A) All living cells from the nutrient switch experiment are pooled. (B) Only the
switch cycles of G1-switchers are plotted. (C) Only the switch cycles of S/G2/M-switchers are plotted. (D) Only the first cell cycles of the first daughters of S/
G2/M-switchers are plotted. (E-G) Change in cell volume during G1is plotted for the switch-cycle of G1-switchers (E), the cell-cycle-after-switch-cell-cycle of S/G2/
M-switchers (F), and the first G1 of the first round of daughters of S/G2/M-switchers (G). The x axis is the binned cell volume at the start of G1. Data shown
correspond to Figs. 4 and 5. Significance was tested with two-sided Mann-Whitney U tests comparing the strains for each bin (***: P < 0.001; **: P < 0.03; *: P <
0.05; ns: not significant, P > 0.05). No statistics are shown in case of a too low sample size. For boxplots in E-G, box limits show the IQR, whiskers extend to the
most extreme data points within 1.5x IQR, the median is shown as a line, and the mean is shown as a cross. Outliers are shown as diamonds. IQR,

interquartile range.
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Figure S4. Cell size homeostasis at the G1/S transition is weaker in the daughters of S/G2/M-switchers. This figure shows the strength of size ho-
meostasis at the G1/S transition in different cell categories assessed as per the method described in Di Talia et al. (2007). The growth rate for exponentially
growing cells, , is the slope of the natural logarithm (in fL) of cell volume plotted against time. For each cell, G1 length is multiplied by a to obtain a growth rate-
adjusted G1-duration, aGl. aGlis plotted against the natural logarithm of birth volume, and a linear regression is performed. A negative slope of the resulting
regression line indicates strong cell size homeostasis, whereas a slope closer to 0 indicates weaker cell size homeostasis. Shaded areas show 95% confidence
intervals. While steady-state WT daughters (outermost left and outermost right panels) show a steeper negative slope and therefore stronger size homeostasis,
the first round of daughters of S/G2/M-switchers (WT, second panel) exhibits much weaker size homeostasis. The following rounds of WT daughters show slight
recovery in size homeostasis strength. In contrast, the first round of daughters of whi5A and bck2A S/G2/M-switchers, but not those of whi5Abck2A S/G2/
M-switchers, shows stronger size homeostasis. In steady state, whi5A and whi5Abck2A daughters have the lowest G1/S size control efficiency. WT, wild type.
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Figure S5. Analysis of dying cells and arrest phenotypes based on mother cell cycle stage. (A) For cells pooled from a minimum of two independent
nutrient switch experiments, all complete cell cycles and cell cycles during which the cells died were identified. Of this total, the fraction of cell cycles during
which cells died (fatal cell cycles, dark gray) and the fraction of cell cycles that were completed (complete cell cycle, light gray) are plotted in a stacked bar plot.
The first two panels show the fraction of fatal cycles in steady state in SCD and SCGE. The third panel shows the fraction of fatal cycles during or after the
nutrient switch. In the nutrient switch, the single deletions, whi54, cln3A, and bck24, and the triple deletion, whi5Abck2Acln34, had increased fractions of fatal cell
cycles as compared to WT. The double deletions, whi5Abck2A and whi5Acln34, rescued survival. This may be linked to the double deletions being closer to WT
size than the single deletions. Panels four, five, and six show the fraction of fatal cycles if only cell populations of interest are considered: G1-switchers, S/G2/
M-switchers, and first daughters of S/G2/M-switchers. In the last panel, all fatal cycles during and after the nutrient switch are pooled. The fraction of dead cells
coming from different cell categories is plotted. S/G2/M-switchers and their first daughters make up the majority of dying cells. (B and C) In bck2A cells, the first
daughters of mothers which faced the nutrient switch after anaphase have the strongest arrest phenotypes. We categorized the first round of daughters of S/
G2/M-switchers by whether the mother was in pre-anaphase (purple), anaphase (blue), or post-anaphase (orange) at the time of the nutrient switch and
analyzed the corresponding G1 lengths. The durations of complete and incomplete G1 phases of the first daughters of S/G2/M-switchers are plotted in B and C,
respectively. Incomplete G1 phases are G1 phases interrupted by the end of the experiment and not by death or exclusion of cells from the analysis. The y axis of
C therefore is a lower limit of G1 duration. For whi5Abck2A cells, the strongest arrest phenotype, i.e., the longest G1 lengths, was observed for the group whose
mothers were in post-anaphase at the time of nutrient switch (B). This was also reflected in the lower limit of G1 durations that we inferred for incomplete G1
phases (C). For bck24, we did not observe any complete G1 phases for the group of daughters whose mothers were in post-anaphase at the time of nutrient
switch (B) as all of these daughters stayed arrested in G1 until the end of the experiment (C). Significance was tested with two-sided Mann-Whitney U tests
comparing each category (***: P < 0.001; **: P < 0.01; *: P < 0.05; ns: not significant, P > 0.05). No statistics are shown in case of a too low sample size. Box
limits show the IQR, whiskers extend to the most extreme data points within 1.5x IQR, the median is shown as a line, and the mean is shown as a cross. The
individual data points are shown additionally. WT, wild type; IQR, interquartile range.
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Provided online is Table S1. Table S1 shows the strains used in this study.
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