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Abstract 

 

In constant environments, cell size control maintains a constant mean cell size with a low variation 

in a process known as size homeostasis. In changing environments, cell size control must also adjust 

the mean cell size to the optimum for the new environment before implementing size homeostasis, 

in a process known as size adaptation. A wealth of data is available on eukaryotic size homeostasis, 

while comparatively little is known about size adaptation. This is partially because investigation of 

cell size control mechanisms requires single-cell information obtained through complex and time-

intensive analysis of time-lapse microscopy data. This image analysis becomes even more complex 

in changing nutrient conditions as it additionally requires complete pedigrees and cell categorization. 

This work uses recent advances in machine-learning-assisted image analysis to characterize size 

adaptation to changing nutrients at the single cell level. Importantly, it reveals that in the eukaryotic 

unicellular fungus Saccharomyces cerevisiae (budding yeast), size regulators that appear redundant 

in size homeostasis serve unique functions in size adaptation.  

 

Three major regulators of size homeostasis in budding yeast are the G1/S transition activator 

proteins Cln3 and Bck2, and the G1/S transition inhibitor, Whi5. Surprisingly, deletions of WHI5, 

BCK2 or CLN3 affect cell size but do not strongly disrupt size homeostasis efficiency. This work finds 

that a double deletion of WHI5 and BCK2 results in a strain that is surprisingly similar to wild-type 

cells in cell size and does not show a loss of size homeostasis efficiency during fermentative growth. 

Thus, there is an unexplained redundancy in size homeostasis, both in the sense that size 

homeostasis is robust to deletions of major size regulators and that regulators like Bck2 and Cln3, 

which are synthetically lethal, serve the same function of G1/S transition activation. Given that Whi5, 

Cln3 and Bck2 have all previously been linked to nutrient sensing or nutrient response, this work 

tested if changing nutrient conditions could reveal a cost of the whi5Δbck2Δ double deletion to size 

homeostasis. Nutrient-switch experiments from glucose to glycerol-ethanol media revealed that 

immediately after a nutrient switch, the whi5Δbck2Δ strain indeed had a worse size homeostasis 

efficiency than wild-type cells. Moreover, size homeostasis efficiency had not been systematically 

studied in changing environments before and this work reported a strong but temporary increase in 

cell size and decrease in size homeostasis efficiency after the nutrient switch.  

 

Live cell microscopy coupled to a nutrient switch and followed by machine learning-assisted image 

analysis allowed tracking and categorization of individual cells as well as their progeny. This complex 

categorization revealed strong heterogeneous phenotypes within the cell population. All cells 

arrested in the ongoing cell cycle stage immediately after the switch. Cells that faced the switch in 

S/G2/M phase of the cell cycle, either as mother or bud, also arrested in the G1 phase of the next 

cell cycle, indicating that a memory of the nutrient switch persists in these cells. Strains that had a 
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BCK2 deletion experienced longer G1 arrests and more cellular overgrowth during those arrests 

than strains with a CLN3 deletion, indicating a more critical role for Bck2 in exit from post-switch G1 

arrests. Cln3 has previously been shown to be depleted upon a nutrient switch from rich to poor 

growth medium. Therefore, this work hypothesizes that a temporary nutrient-dependent depletion of 

Cln3 after the nutrient switch makes Bck2 the only available G1/S activator. Altogether, this work 

demonstrates that mimicking traits of natural environments in the laboratory can help resolve 

redundancies reported in steady-state studies.  
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1. Introduction 

 

1.1. Cell size is tightly regulated  

 

Cell volume can vary drastically across diverse eukaryotes, spanning a range of over 14 orders of 

magnitude2,3. While cell populations of distinct cell types can have very different mean cell masses, 

the variability observed within the mass distribution of a given cell type is surprisingly low, as 

assessed by the coefficient of variation (CV) of cell mass4 (Fig.1). This indicates that cell size is 

tightly regulated around the optimum for each cell type (Fig.1). Cell size is a strong regulator of cell 

function5–8, which could potentially explain why cells evolved such strict size regulation. Cell size 

sets the scale for the abundance of biomolecules and organelles within the cell as well as the scale 

of biosynthesis. Bigger cells have higher total transcript content9,10 and higher total protein 

content11,12. Thus, total transcript and proteome amounts scale with cell size, and their 

concentrations are constant at most sizes within the physiological range. However, at large cell 

volumes near the upper extreme of the physiological range, this scaling breaks down as the genome 

becomes limiting, leading to cytoplasmic dilution11,13. It is therefore no surprise that abnormally large 

cell size has often been correlated with disease states such as cancer and obesity, and with cellular 

senescence and cellular aging14–19. For many years, this correlation was attributed to increased cell 

size potentially being just a phenotypic consequence of the cell’s dysfunction. Exciting new work 

challenges this narrative, showing that increased cell size may even be causative for some cellular 

dysfunction states such as 

senescence and aging20–23. 

These findings not only 

emphasise the role of cell size 

homeostasis in maintenance of 

robust cell function but also 

reiterate a need for 

understanding the size 

homeostasis system that 

affects virtually all intracellular 

processes.  

 

 

 

Figure 1: Cell mass varies drastically between different cell types but CV of cell mass does not. 

Schematic representation adapted from the study by Hatton et al.4. While the average cell mass of certain cell 

types such as myocytes can be many orders of magnitude more than that of other cell types, such as blood 

cells, the CV of cell mass does not vary between the cell types, indicating presence of cell type specific size 

control. Example cell illustrations are not drawn to scale. 
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1.2. The mechanism of cell size homeostasis 

 

If a proliferating cell is born with a deviation in cell size, the deviation can be corrected either by 

modulation of the growth rate or the time until the next division24 (Fig. 2). For example, a cell that is 

born too small can either spend more time in the cell cycle to grow closer to the average population 

size or can achieve the same size in a shorter duration by increasing its growth rate. Thus, cell size 

homeostasis emerges from a coupling of cell growth and cell division to cell size. The coupling of 

cell growth to cell size is well described in mammalian cells, where the absolute cellular growth rate 

has been found to be negatively correlated with cell volume to maintain size homeostasis25,26. 

Perturbations of cell size or cell cycle durations in mammalian cells have been shown to lead to 

compensatory modulations of growth rates25,26. Mechanistically, this coupling of cell growth to cell 

size has been attributed to increased protein degradation via global activation of proteasomes in 

larger cells27. While this coupling between cell growth and cell size is only now beginning to be 

understood, the coupling of cell division or cell cycle progression to cell size has long been reported 

in diverse model organisms and multiple mathematical models have been proposed to explain 

it23,25,28–33.  

 

 

Figure 2: Cell size homeostasis is implemented through a 

coupling of cell growth and cell division to cell size. A cell size 

sensor mechanism allows cell growth and cell division to be regulated 

based on the current size of the cell. Cells born smaller than the target 

size can either increase their growth rate or delay cell division. This 

regulation allows cell size in the following generation to be closer to 

the target cell size. Cells born bigger than the target size shorten the 

time until cell division to minimise growth during the current cell cycle.  

 

 

The main difference between these models coupling cell division to cell size is the parameter that 

controls cell division. In the adder model, for example, cells add a fixed amount of volume in every 

cell cycle, independent of their birth volumes (Fig. 3A). Cell division occurs once the cell has 

increased in volume by this fixed amount. Alternatively, in the sizer model a critical size threshold is 

met before cell division i.e., only cells that attain a certain size go through cell division (Fig. 3A). A 

sizer mechanism requires cells that are born smaller to grow more before division, thereby reducing 

cell size variation at division. Theoretically, a strong, close-to-ideal sizer can correct size deviations 

within a single cell cycle whereas an adder would need multiple cell cycles to do the same32. The 

third model coupling cell division to cell size is the timer, in which cells spend the same duration of 

time in the cell cycle before division (Fig. 3A). As per the timer, cells of all sizes undergo the same 

cell cycle duration. The effect of the timer on cell size therefore depends on whether the cells grow 

linearly or exponentially. Linear growth means that cells of all sizes have the same growth rate, i.e., 

grow in volume at the same speed. In exponential growth, on the other hand, cells that are bigger 
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grow proportionally faster. A timer in linear growth, therefore, leads to all cells growing by the same 

amount in a fixed time period, and is, in effect, the same as an adder. Conversely, in exponentially 

growing cells, a timer leads to a widening of the size distribution (Fig. 3A) and therefore does not 

qualify as a size homeostasis mechanism alone32. It is important to note here that size homeostasis 

mechanisms associated with these models do not always control cell division but can also control 

other cell cycle phase transitions i.e., they can be modular and cell-cycle-phase specific. For 

example, in budding yeast, a weak sizer is observed in G1 and a timer is observed in S/G2/M but an 

adder is observed when the whole cell cycle is considered31,34–36. Moreover, multiple models can 

influence the same cell cycle phase transition. For example, the fission yeast G2/M transition is 

controlled based on cell surface area, cell volume and time information37 and an overall sizer 

emerges over the complete cell cycle28,37. In fact, the fission yeast sizer is one of the strongest known 

size homeostasis systems in eukaryotes and can correct most cell size deviations within a single cell 

cycle38. Proulx-Giraldeau et al.35 used simulations of size homeostasis evolution to find that the 

relative lengths of cell cycle phases contribute to the size homeostasis model that emerges over the 

entire cell cycle. Thus, the size homeostasis model in the longer cell cycle phase is likely to dominate 

the size homeostasis model that is observed over the complete cell cycle. They also found that if a 

sizer occurs earlier in the cell cycle and is followed by a timer, as seen in budding yeast, an overall 

adder is likely to emerge over the complete cell cycle. On the contrary, if a timer precedes the sizer 

in the cell cycle, as seen in fission yeast, an overall sizer is likely to emerge. The overall adder in 

Proulx-Giraldeau et al.’s simulated observation was supported by the experimental budding yeast 

model from Chandler-Brown et al.34  

 

 

Figure 3: Cell size homeostasis models in proliferating cells and the biochemical mechanisms behind 

size-sensing. (A) The relation between cell growth during the cell cycle and cell volume at birth is plotted for 

sizers (green), adders (purple) and timers (blue) in exponentially growing cells. (B) As an example of the 

inhibitor-dilution size-sensing mechanism, the trends in amount (red) and concentration (grey) of a cell cycle 

phase inhibitor are shown as a cell grows in volume. The same is plotted in (C) as an example of activator-

accumulation. Figure adapted from the review by Chadha et al.14.  

 

 

Sizers, adders and timers are facilitated through molecular mechanisms that can sense cell size, cell 

growth and time, respectively. These molecular sensors are typically cell volume- or time-based 

changes in concentrations of reporter proteins that can in turn tune cell cycle progression. For 
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example, the cell-growth based dilution of an inhibitor of a cell cycle phase transition allows the 

likelihood of the transition to increase with an increase in cell size. This mechanism is referred to as 

inhibitor-dilution (Fig. 3B). Typically, the amount of an inhibitor remains constant as the cell grows 

and the concentration decreases with an increase in cell volume, leading to dilution of the inhibitor 

(Fig. 3B). Alternatively, the accumulation of a cell cycle transition activator with cell growth or time 

also leads to a higher likelihood of transition after a threshold amount of cell growth has occurred or 

time has elapsed. This mechanism is referred to as activator-accumulation (Fig. 3C). In this 

mechanism, the amount of the activator superscales with cell volume, leading to higher 

concentrations of the activator in bigger cells (Fig. 3C).  

 

Both inhibitor-dilution and activator-accumulation have now been reported in diverse organisms14. 

For example, in the budding yeast Saccharomyces cerevisiae, cell size-based dilution of the G1/S 

transition inhibitor protein, Whi5, allows size-dependent G1/S transition39. Similarly, size-dependent 

G1/S transition in the shoot apical meristem of the flowering plant Arabidopsis thaliana occurs due 

to the cell growth-based dilution of the indirect G1/S inhibitor protein KRP4 (KIP-related protein 4)40. 

In animal cells, the functional homolog of yeast Whi5, Rb, has been identified as a potential size 

sensor protein. Rb is an inhibitor of the G1/S transition and its concentration decreases as animal 

cells grow in size in G141,42. This decrease in concentration of Rb is implemented through its 

degradation via the E3 ligase UBR543. Alongside size-dependent modulation of G1 duration, animal 

cells have also been shown to modulate their growth rate based upon cell size25,26. In the single-cell 

alga Chlamydomonas reinhardtii, two size sensing mechanisms have been discovered. The first one 

is the size-dependent accumulation of the G1/S activator CDKG1, a cyclin-dependent kinase that 

superscales with cell size during late G1, i.e., increases in concentration as cell size increases44,45. 

The second size-sensing mechanism is a form of inhibitor-dilution, where an RNA-binding protein, 

TNY1, that represses CDKG1 has been found to subscale with cell size during G145. In the fission 

yeast Schizosaccharomyces pombe, activator-accumulation is observed for two G2/M transition 

activators: Cdc25, whose nuclear concentration accumulates with an increase in cell volume, and 

Cdc13, whose nuclear concentration accumulates over time37. A third fission yeast G2/M activator, 

Cdr2, is localised in cortical nodes in a band around the central part of the cell. The density of these 

cortical nodes in the medial cell cortex increases with an increase in cell surface area, thereby 

integrating surface area information into the mitotic-entry decision30,46. These examples illustrate that 

similar size-sensing strategies based on reporter concentrations have evolved across eukaryotes 

and understanding mechanisms of size homeostasis in one organism can provide fundamental 

insights into size homeostasis in other organisms. Improved knowledge of size homeostasis 

mechanisms could prove valuable for diagnosing, treating and possibly even preventing disease 

states that are correlated with disrupted cell sizes.  

 

 



19 
 

1.3. The budding yeast Saccharomyces cerevisiae as a model organism for cell size control 

 

A lot of what is known about size homeostasis today comes from extensive studies performed on 

unicellular organisms such as the fission and budding yeasts. In the 1970s and 1980s, both yeasts 

had successfully been used as model organisms in the discovery and characterisation of cell cycle 

regulators38,47–53- work that earned Leland H. Hartwell, Sir Paul M. Nurse and Tim Hunt the Nobel 

Prize in Physiology in 2001. This early research on cell cycle regulation in budding and fission yeasts 

described the coupling between cell division and cell size and introduced the concept of a ‘critical 

size’ for yeast cell cycle progression50,54. These results were in agreement with the observations 

made by Killander and Zetterberg in mammalian cells in the 1960s33,55, stating that a ‘critical cell 

mass’ seemed to initiate DNA synthesis. Together, these studies laid the foundation of the eukaryotic 

size homeostasis field. It was later discovered that both the budding yeast and the human 

homologues of the fission yeast CDC2 gene, which encodes the cyclin-dependent protein kinase 

Cdk1, could rescue the fission yeast cdc2 mutant 56–58, indicating that cell cycle control machinery 

was largely conserved from yeast to humans. Today, it is known that about 50% of essential budding 

yeast genes can be functionally replaced by their human homologues despite an evolutionary 

separation of 1 billion years between the two organisms59–61. Moreover, around 30% of human genes 

known to be involved in disease have a budding yeast homologue59,62. This high level of conservation 

of basic cellular processes between budding yeast and humans makes budding yeast a powerful 

tool for explorative research in eukaryotic biology. One example where budding yeast research was 

successfully translated into understanding a mammalian mechanism is the inhibitor-dilution size-

sensing mechanism. This mechanism was first described in budding yeast for the size-sensing G1/S 

transition inhibitor, Whi5, which is diluted in concentration by cell growth during G139. The study of 

the mammalian functional homologue of Whi5, Rb, led to the discovery of a similar size-sensing 

strategy in mammalian cells41–43. Rb concentration was also found to decrease during the G1 phase 

and this decrease is now known to be executed by a degradation of Rb via the E3 ligase UBR341–43. 

These similarities indicated that not only mechanisms of cell cycle regulation, but also those of cell 

size regulation may be conserved from yeast to mammals.  

 

Apart from being well-studied in the size homeostasis field (sections 1.4-1.8) and exhibiting strong 

conservation with distant eukaryotes, budding yeast has many other qualities that make it a suitable 

model organism for this project. It was the first eukaryote to have its genome fully sequenced, leading 

to the development of a plethora of tools for its genetic manipulation59,63. The complete budding yeast 

genome is annotated in a publicly accessible online database called the Saccharomyces Genome 

Database (SGD)64. Budding yeast’s high efficiency of homologous recombination coupled with the 

ready availability of genomic information and molecular tools makes it an ideal model organism for 

gene additions, deletions or modifications65. Additionally, budding yeast has very short cell cycles of 

around 90 minutes, making it easy to maintain and propagate in the laboratory65. These short cell 
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cycles also make it a suitable model organism for time-lapse microscopy experiments as they allow 

imaging of multiple generations of cells. Another characteristic of budding yeast that is advantageous 

for time-lapse microscopy is its immotility, which enables easy recognition of the same cell over 

multiple time points of imaging. The simple ovoid or spherical morphology makes it a relatively easy 

cell to segment in downstream image analysis66. Moreover, multiple well-established experimental 

protocols, such as single-molecule fluorescence in-situ hybridisation (smFISH), fluorescent-protein 

tagging and reverse-transcriptase quantitative polymerase chain reactions (RT-qPCRs) are 

available for quantification of RNA and proteins in yeast cells. Together, these qualities make 

budding yeast an ideal model organism for projects requiring genetic manipulation, observation of 

cell cycle phenotypes and RNA and protein visualisation and quantification.  

 

 

1.4. The budding yeast G1/S size homeostasis network 

 

Budding yeast G1 is the initial gap phase of the cell cycle where the cell grows in size but has not 

yet begun to bud or replicate its genome67 (Fig. 4A). The transition from G1 into S phase is a 

commitment to cell division that kicks off the expression of the G1/S regulon, a set of about 200 

genes68,69 (Fig. 4A-B). This point of commitment to the G1/S transition and cell division is called 

Start69 (Fig. 4A). S-phase is marked by DNA replication and bud emergence, and is followed by a 

second gap phase G267, during which the cell prepares for mitosis (Fig. 4A). Most cell growth during 

the S and G2 phases occurs in the bud34. G2 is followed by mitosis, during which the chromosomes 

are separated into the mother and the bud and the cell divides to give rise to two G1 cells67 (Fig. 4A). 

Size homeostasis in budding yeast is most apparent at the Start checkpoint of the G1/S transition34,39, 

supported by studies that have reported longer G1 durations in cells that are smaller at birth50,70. The 

underlying size-sensing at the Start checkpoint is attributed to the inhibitor-dilution model39,71–73. 

Additionally, there is increasing evidence of a second size checkpoint in the G2/M phase that ensures 

sufficient bud growth occurs before cell division36,74,75.  

 

This work is focused on regulators involved in the G1/S size homeostasis network. The protein Whi5 

binds the transcription factor complex SBF and inhibits expression of the G1/S regulon, thereby 

keeping cells in G1 for longer76,77. At the start of G1, all cells have roughly equal amounts of Whi5, 

and Whi5 synthesis during G1 is negligible39 (Fig. 5A). The amount of Whi5 therefore remains largely 

constant as the cell grows in size during G1 and the concentration of Whi5 continually 

decreases39,71,72,78,79 (Fig. 5A). This dilution of the G1/S inhibitor Whi5 with the increase in cell size 

during G1 serves as a size sensing mechanism. Two activators of the G1/S transition, Cln3 and 

Bck2, also bind SBF and promote expression of the G1/S regulon76,77,80,81 (Fig. 4B). The synthesis 

of Cln3 and Bck2, unlike that of Whi5, scales with size and they are maintained at a constant 
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concentration during G139 (Fig 5B). The shifting balance between the constant concentrations of 

G1/S activators and the decreasing concentration of the G1/S inhibitor increases the likelihood of 

 

 

Figure 4: The budding yeast cell cycle and G1/S size homeostasis network. (A) The budding yeast cell 

cycle is divided into G1, S, G2 and M phases. The cell is represented in dark blue, the nucleus in white and 

the genome in light blue. G1 is the initial gap phase during which cell growth occurs. The Start checkpoint is 

located near the end of G1. Once cells attain a threshold size, they pass Start and enter S-phase, committing 

to cell division. The bud emerges at the start of S-phase and grows over the S, G2 and M phases. S-phase is 

also marked by DNA replication. G2 is the second gap phase during which the cell prepares for mitotic division. 

G2 is followed by M phase or mitosis, during which the nucleus divides (nucleokinesis) and enters the bud, 

followed by cell division (cytokinesis). Cell division gives rise to two new G1 cells. (B) The transcription factor 

complex SBF promotes expression of the G1/S regulon which enables the G1/S transition. SBF is inhibited by 

Whi5 and activated by Cln3 and Bck2. Upon expression of the G1/S regulon, the two cyclins Cln1 and Cln2 

are expressed early on. These cyclins in turn inhibit Whi5 to form a positive feedback loop that makes the G1/S 

transition switch-like. Bck2 was found to promote expression of Cln3 at the M/G1 transition. Whether or not 

Bck2 also regulates Whi5 mRNA by activating the cytoplasmic deadenylase Ccr4 is yet to be confirmed. 

Additionally, while Whi5 is the major G1/S inhibitor under normal conditions, Whi7, a paralog of Whi5, is known 

to be the major G1/S inhibitor during conditions of cell wall stress. Whether Whi7 compensates for Whi5 in a 

whi5Δ mutant is not yet known.  

 

 

Figure 5: Trends in amounts and concentrations of Start regulators. (A) The size sensing attributed to 

the budding yeast Start inhibitor Whi5 can be explained by the size dependence of its concentration during 

G1. Since Whi5 synthesis is negligible during G1, its amount remains constant. As cell size increases due to 

G1 growth, the concentration of Whi5 continually decreases. (B) The synthesis of Start activators Cln3 and 

Bck2 scales with cell size, which means that the amount of these proteins increases as cells grow in G1. Their 

concentrations, therefore, remain constant.  
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the cell to pass Start when a threshold cell size is achieved. The expression of cyclins Cln1 and Cln2 

at Start constitutes a positive feedback loop. The cyclins form a complex with the cyclin dependent 

kinase Cdk1, which hyperphosphorylates Whi5 and leads to its export from the nucleus, thereby 

further promoting transcription of the G1/S regulon69,82 (Fig. 4B). Start or the commitment to cell cycle 

progression has been reported to occur when this positive feedback loop is triggered and 50% of 

Whi5 is exported from the nucleus83. This positive feedback loop ensures the switch-like behaviour 

of the G1/S transition. In this manner, the inhibitor-dilution model enables the coupling of cell cycle 

progression to cell size. The major proteins involved in the budding yeast G1/S size homeostasis 

network are discussed in further detail in the following sections.  

 

 

 

1.5. Major regulators in the G1/S size homeostasis network 

 

Discovered in a screen for gene deletions leading to smaller cell sizes84 and allegedly named after 

a bet over a bottle of whiskey between two investigators85, the Whi5 protein has been an important 

point of discussion in the budding yeast cell size field in the last decade. After Whi5 was described 

as a potential cell size sensor in 201539, the dilution of the protein during G1 was disputed by studies 

from Litsios et al.86, Dorsey et al.87 and Tollis et al.88. However, reanalysis of the primary data from 

Litsios et al.86 indeed confirmed the dilution of Whi5 during G171, and clarified that the differences in 

conclusions stemmed from differing analytical approaches. The dilution of Whi5 has since been 

reported by independent studies from at least six research groups, and has been observed despite 

differences in strains, techniques and analysis methods71–73,79,89. The observation of similar inhibitor-

dilution strategies in plants and animals, as discussed in section 1.2, further supports the existence 

of such a mechanism in budding yeast.  

 

Whi5 localises to the nucleus in a cell cycle dependent manner, entering it just before cell division 

and staying in the nucleus until the positive feedback loop of the G1/S transition is triggered90. Once 

the expression of the G1/S regulon starts, the cyclin dependent kinase Cdk1, in association with 

cyclins Cln1 and Cln2, hyperphosphorylates Whi5, leading to its export from the nucleus and ending 

its inhibition of SBF76,77,82 (Fig. 4B). The dilution of Whi5 during G1, therefore, occurs while it is 

localised in the nucleus, the size of which is tightly coupled to cell size91. Whi5 re-enters the nucleus 

during telophase in mitosis90 and is partitioned in equal amounts to the mother and daughter at 

division, likely by being bound to chromatin and segregating with the genome78.  

 

Whi5 concentration during G1 can predict the rate at which cells pass Start but only when Bck2, the 

aforementioned activator of the G1/S transition, is deleted39. This implies that while Whi5 may be the 

only identified size-sensor protein, other proteins such as Bck2 also regulate cell size as well as the 

G1/S transition. At the G1/S transition, Bck2 promotes expression of CLN2 by binding to the 
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transcription factors SBF and Mcm180,92 (Fig. 4B). Bck2’s interaction with Mcm1 also allows it to 

promote expression of Swi4, a part of the SBF complex, and of Cln3 at the M/G1 transition80 (Fig. 

4B). As expected, a loss of Bck2 leads to a delayed G1/S transition and an increased cell size77,93. 

Nevertheless, Bck2 is still a poorly understood protein, with one known conserved domain - the 

transcriptional activation domain- and some similarity to an RNA binding domain80,92. It was 

discovered in a screen for suppressors of a C-type kinase (Pkc1) mutation and hence got the name 

Bypass of C-type Kinase (Bck2)94. The Pkc1 kinase is required for yeast cell wall remodelling as the 

cell grows94. Bck2 induces expression of around 20 proteins involved in cell wall structure or 

biosynthesis, which could explain how its overexpression rescues the lethality of the pkc1Δ 

mutation92.  

 

Another reason Bck2 is important in the discussion of the G1/S size homeostasis network is that it 

is synthetically lethal alongside Cln3, another activator of the G1/S transition95 (Fig. 4B). The 

presence of one of the two activators is necessary for G1 exit and cell viability. Cln3 is a G1 cyclin 

that, in a complex with the cyclin-dependent kinase Cdk1, activates the G1/S transition by 

phosphorylating RNA polymerase II to promote expression of SBF target genes81 (Fig. 4B). Thus, 

the mechanisms by which Cln3 and Bck2 activate the G1/S transition are fundamentally different but 

their deletions lead to the similar phenotype of increased cell volume77,93. Unlike Whi5, Cln3 and 

Bck2 are maintained at a constant concentration during G139 (Fig. 5B). 

 

These observations make it abundantly clear that G1/S size homeostasis integrates inputs from 

multiple regulators, of which Whi5 is the only known size sensor. It has been proposed that the 

dilution of Whi5 during G1 may be a form of titration against the constant concentrations of other 

proteins in the size homeostasis network, and that the balance between G1/S inhibitors and 

activators dictates the likelihood of commitment to the G1/S transition73. The fact that other activators 

and inhibitors of the G1/S transition have been identified73,96 and modulations of Whi5 abundance 

only partially disrupt size homeostasis73,78,79 further supports the existence of multiple redundant 

inputs regulating the G1/S transition decision.  

 

 

1.6. The redundancy in budding yeast size homeostasis  

 

An obvious advantage of having multiple regulators of size homeostasis is the robustness it provides 

against loss or malfunction of single regulators. Indeed, we know from previous bulk studies that 

when CLN3, WHI5 and BCK2 are individually deleted, the average cell size of the population shifts, 

but the efficiency of cell size homeostasis, as assessed by the coefficient of variation (CV) of cell 

size, remains largely unchanged73,77,93. The CV is a mean-normalised measure of the standard 

deviation in a population. The normalisation to the mean makes the CV a measure of size 



24 
 

homeostasis efficiency that is comparable between differently sized strains. The higher the CV of 

cell volume, the more variable is the cell volume in the population and the worse is the size 

homeostasis efficiency.  While the whi5Δ mutant is smaller than wild-type (WT) cells and the bck2Δ 

and cln3Δ mutants are bigger than WT, their CVs of cell volume are very similar to that of WT39,73,77,93. 

Interestingly, bulk experiments show that even strains with double deletions of whi5Δbck2Δ or 

whi5Δcln3Δ have mean cell volumes that are very similar to WT77. This evidence indicates that size 

homeostasis is robust to the deletions of important size regulator proteins. While such robustness is 

one explanation for why cells have evolved multiple redundant Start regulators, another possible 

explanation is that the apparently redundant regulators such as Bck2 and Cln3 fulfil unique roles in 

specific conditions that have not yet been identified. In fact, Bck2 and Whi5 have previously been 

proposed to be involved in nutrient sensing and Cln3 has been shown to be extremely sensitive to 

nutrient availability72,80,89,97,98. This raises the question of whether the robustness of size homeostasis 

and the phenotypic redundancy between Cln3 and Bck2 persist under changing nutrient conditions, 

which is addressed in section 1.8. Before that, it is important to consider that the observed 

redundancy in size homeostasis could also stem from the presence of additional size regulating 

proteins that can compensate in the absence of or regulate known size regulators. The next section 

(section 1.7) describes two such potential candidates.  

 

 

1.7. Other potential candidates in the Bck2-Cln3-Whi5 network  

 

To better understand the redundancy in size homeostasis at the G1/S transition, it is imperative to 

also test the potential contribution of two proteins - Whi7 and Ccr4. Whi7 is a paralogue of Whi5 that 

arose from a whole genome duplication event99. Like Whi5, Whi7 is also an inhibitor of Start (Fig. 

4B) but its deletion leads to only a small reduction in cell size at budding100. One study finds that in 

asynchronous cultures, a deletion of WHI7 has no effect on the average cell size of the population99. 

Thus, under normal conditions, Whi5 is the major transcriptional repressor in G1, likely due to the 

instability and low abundance of Whi799,101,102 (Fig. 4B). On the contrary, Whi7 expression is 

upregulated in conditions of cell wall stress and it serves as a cell cycle brake during the cell wall 

stress response101–103. It is, therefore, a possibility that the only partial loss of size homeostasis 

observed in the whi5Δ mutant is due to compensation for the absence of Whi5 by an upregulation of 

Whi7. Thus, testing whether Whi7 compensates in a whi5Δ mutant would be key to obtaining a 

complete picture of the G1/S size homeostasis network.  

 

The second protein of interest is the cytoplasmic deadenylase Ccr4. As part of the Ccr4-Not 

complex, this protein is involved in the global regulation of mRNAs at all stages: production, export 

from the nucleus, translation and degradation104,105. A singular study by Manukyan et al.106 proposes 

that Bck2 stimulates Ccr4 to degrade WHI5 mRNA (Fig. 4B). They observe abnormally large cells in 
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the CCR4 deletion and an increase in the stability of WHI5 mRNA in a GALpr-WHI5 ccr4Δ strain 

after a switch from galactose to glucose medium106. Specifically, they turn off GALpr-WHI5 

expression by switching cells from galactose to glucose medium and then use northern blotting to 

compare WHI5 mRNA amounts at multiple time points after the switch. They find that WHI5 mRNA 

stability is higher in a strain with a CCR4 deletion as compared to one with no CCR4 deletion. Thus, 

they propose that Ccr4 regulates cell size by degrading WHI5 mRNA. However, since this is a bulk 

study on cells carrying WHI5 under the control of a non-endogenous promoter in changing nutrient 

conditions, it begs the question of whether the phenotype can be reproduced at the single-cell level 

in steady-state conditions with the endogenous WHI5 promoter. This remains to be tested and would 

again be crucial for furthering the understanding of the G1/S size homeostasis network.   

 

 

1.8. Size homeostasis in changing nutrients 

 

Most studies on cell size homeostasis have been conducted in steady-state conditions, i.e., on cells 

in the exponential phase of growth in constant environments. However, outside the laboratory, 

microorganisms often encounter rapid changes in the nutritional quality of their environments and 

must adapt their size to the changed environment. As has long been known, the nutrient availability 

in the environment is a major regulator of cell size, with richer nutrients leading to higher cell 

volumes50,72. Studies have shown that changing nutrients can affect cell size through a modulation 

of both cell growth and cell cycle progression. For example, different nutrients lead to different 

cellular growth rates, which has in turn been proposed to lead to different ‘critical’ sizes at which cells 

pass Start107. In theory, such a growth-rate-dependent sizer can facilitate quick size adaptation to 

nutrient changes, so long as they affect the growth rate107. Nutrient availability can also affect cell 

cycle progression, as shown by Irvali et al.108, who followed single live cells through a nutrient change 

and found that starving post-Start cells leads to a re-entry of Whi5 into the nucleus and a reversal of 

Cdk1 activation. This revealed that the commitment to the G1/S transition, which was so far thought 

to be irreversible, is reversible under conditions of starvation. They also discovered that the specific 

cell cycle stage of the cell at the time of nutrient deprivation affects how quickly the cell re-imports 

Whi5 into the nucleus and thereby affects the cell’s response to the nutrient deprivation. Another 

example of nutrients affecting cell cycle progression comes from Leitao et al.74, who used changing 

nutrients to investigate if nutrient modulation of cell size was limited to the G1/S transition or if it also 

occurred at other points in the cell cycle. Indeed, they identified an additional layer of size 

homeostasis in buds during mitosis, which takes into account the nutritional status of the 

environment and accordingly regulates the duration of bud growth before mitotic exit74,75. Cell cycle 

arrests in all stages of the cell cycle have been observed upon acute nutrient deprivation108–110, 

further confirming that nutrients can affect cell cycle progression.  
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Multiple biochemical pathways involved in nutrient sensing have been described in budding 

yeast14,111,112. Nutrient-specific receptors and transceptors (transporter-receptors) detect nutrient 

availability and signal it to the major pathways regulating cell growth and metabolism: the TOR (target 

of rapamycin) and PKA (protein kinase A) pathways111,113–115 (Fig. 6). Thus, the biochemical link 

between nutrient sensing and growth regulation is well-characterised. Relatively lesser is known 

about how nutrient sensing is linked to cell cycle progression. One way that nutrient signals could 

regulate cell cycle progression could be through the regulation of cell growth itself111, with cell growth 

leading to inhibitor-dilution or activator-accumulation (Fig. 6). Additionally, the TOR and PKA 

pathways have been shown to regulate cell cycle regulators such as Whi5 and Swi4 either through 

the Greatwall-Endosulfine-PP2A circuit or directly111,116–118 (Fig. 6). In budding yeast, Greatwall is 

known as Rim15 and Endosulfine refers to two small proteins Igo1 and Igo2118 (Fig. 6). Whether 

nutrient sensing can directly regulate cell cycle progression, or whether other cell cycle regulators 

may be regulated by TOR and PKA or involved in nutrient sensing itself, is not clear. There is a gap 

in the field’s knowledge about how cell size adaptation to changing nutrients works at the single cell 

level, how size homeostasis efficiency is affected by a nutrient change and how size homeostasis is 

reinstated following a nutrient shift. Observing single cells undergoing a nutrient switch could help 

answer many of these questions.  

 

Figure 6: The main pathways 

involved in nutrient signalling 

dependent growth and cell 

cycle modulation. Nutrient 

sensors relay nutrient availability 

to the TOR and PKA pathways. 

These pathways accordingly 

modulate cell growth. The cell 

growth, in turn, can affect cell 

cycle progression by affecting the 

cell size. Additionally, the TOR 

and PKA pathways have also 

been shown to regulate Rim15 

activity, which, via the Igo1-Igo2 

complex and PP2A, can regulate 

the activity of cell cycle regulators. Whether nutrient sensing can directly regulate cell cycle progression, or 

whether major cell cycle regulators can respond to nutrient availability are open questions in the field.  

 

 

Because changing nutrient conditions require dynamic adaptation of cell size, it is possible that size 

regulators that appear redundant in steady-state have unique roles in size adaptation in changing 

environments. In fact, as briefly mentioned in section 1.6, Cln3, Whi5 and Bck2 have all been 

previously implicated in the cellular response to nutrient changes. The high instability of the Cln3 

protein means that for maintenance of its constant concentration during G1, its synthesis must scale 

with cell size. This continued synthesis makes Cln3 a great candidate for a reporter for global protein 
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synthesis89,119, which may vary dramatically with environmental changes. One study has already 

shown that Cln3 is quickly depleted upon a switch from a rich to a poor carbon environment89. Cln3 

mRNA amounts were also found to be nutrient- and growth-phase-dependent98. Whi5 has been 

shown to record environmental information from the previous cell cycle and accordingly adjust the 

G1 length in the current cycle72. Qu et al.72 found that the amount of Whi5 in the current cell cycle is 

proportional to the doubling time of the past cell cycle, allowing it to serve as a memory of the cell’s 

growth rate and therefore its environment from the previous cell cycle. Bck2, which is less studied 

than Whi5 or Cln3, has also been reported to interact with multiple proteins involved in nutrient 

sensing pathways80. For example, Bck2 interacts with Tpd3, the scaffolding subunit of  the protein 

phosphatase PP2A80. PP2A is part of the cascade by which TOR and PKA, two nutrient-sensing 

pathways, regulate cell cycle progression at Start111,118,120 (Fig. 6). Bck2’s interactions with proteins 

involved in nutrient-dependent growth signalling and its ability to regulate the cell cycle indicate that 

it could potentially link the nutrient state of the environment to the cell cycle progression decision80. 

These results indicate unique roles for G1/S regulators under changing nutrient conditions and raise 

the question of whether the redundancies in size homeostasis could be disrupted with nutrient switch 

experiments.  

 

 

1.9. State-of-the-art analysis of microfluidics-based nutrient switch microscopy experiments  

 

To observe the implementation of size homeostasis at the single cell level, cell size and cell cycle 

information over multiple time points is required. This is performed using time-lapse or live-cell 

microscopy, where the same cell is imaged repeatedly as it grows over time. Some of the earliest 

cell size homeostasis observations were made in a time-lapse microscopy set-up using agar plates 

and steel mesh grids for relocation of the same cells over multiple time points50,121. The repeated 

acquisition of the photomicrographs and the downstream image analysis were both performed 

manually50,121. Today, cells can be grown and imaged in microfluidic devices which allow much 

longer imaging and limit colony growth to the focal plane. Microfluidic devices trap cells in transparent 

cavities and allow exchange of medium through or around these cavities at controlled flow rates, 

enabling cell growth by providing fresh growth medium and removing waste. These devices can be 

used under the microscope to automatically image multiple locations of cell growth over several 

hours1. These experiments can generate long videos containing single-cell information of thousands 

of cells. The bottleneck in live-cell time-lapse microscopy in recent years has been the downstream 

analysis of these videos122. The downstream analysis of biological image data requires cell 

segmentation, which is the process of detecting individual cells in the image by identifying all the 

pixels within a cell to create a cellular mask. This is followed by the process of tracking, which 

connects the same cell between time frames. Cell segmentation and tracking are followed by cell 

cycle annotation, which comprises assignment of mother-bud connections and cell cycle stages to 
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allow pedigree generation. Before the development of deep-learning approaches, automated cell 

segmentation, tracking and cell cycle annotations were erroneous and corrections were time and 

labour-intensive, rendering large parts of the automatically annotated videos unusable. With the 

recent advances in deep-learning based algorithms, the accuracy and automation of cell 

segmentation and tracking have greatly improved122,123, drastically reducing the amount of manual 

correction required and making more of the image data usable. A state-of-the-art GUI-framework for 

using deep-learning approaches for image analysis, Cell-ACDC, was developed in the same 

research group as the one where this project was carried out122. Using the YeaZ neural network123 

within the Cell-ACDC framework enabled accelerated segmentation, tracking and cell-cycle 

annotation in time-lapse microscopy videos and the GUI expedited manual correction of errors. This 

image-analysis pipeline maximised the number of cell cycles analysed and facilitated the generation 

of a fully annotated, manually checked dataset of over 13700 complete cell cycles within this doctoral 

project. Moreover, the microfluidics system enabled automated nutrient switching during time-lapse 

imaging, allowing observation of the size adaptation response at the single cell level.  

 

Microfluidics-based live-cell microscopy has been widely used for studying steady-state growth of 

cells in constant growth conditions. However, the use of the technique for investigating cell growth 

during nutrient switches is not as common and is dominated by studies in the transcriptional memory 

field using the GAL induction network108,124–127. Analysis of steady-state growth videos, albeit 

complex, is still less complex than analysis of nutrient switch videos. In steady-state videos, cells 

grow exponentially, and key insights can be obtained by grouping and studying all cell cycles, 

regardless of the time at which they appear in the video. In nutrient switch videos, on the contrary, 

the temporal position of a cell cycle matters because the history of a cell, particularly its cell cycle 

stage at the time of the switch, affects how the cell and its offspring adapt to the new environment108. 

This requires a multi-generational tracking of cells and categorisation based on their cell-cycle stage 

at the time of nutrient switch. The functionalities provided in Cell-ACDC and the embedded neural 

networks are very useful for overcoming the complexity of single-cell categorisation combined with 

multi-generational tracking. Taken together, these developments in image analysis provide new 

opportunities in the study of cell size homeostasis efficiency and how it is affected by changing 

nutrients and mutations at the single-cell level.   

 

 

1.10. Aims of this study  

Cell size homeostasis is the phenomenon of cell populations of a particular cell type having narrow 

distributions of cell size, or in other words, having low variance in cell size. Cell size homeostasis is 

maintained by a coupling of cell growth and cell cycle progression to cell size, indicating that cells 

are capable of sensing their own size. The major size-sensing mechanism in budding yeast is the 
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size-dependent dilution of the G1/S inhibitor Whi5, also known as the inhibitor-dilution model39. Whi5 

concentration during G1 can predict the rate at which cells pass Start but only when accompanied 

by a simultaneous deletion of the Start activator, Bck239. Moreover, perturbation of Whi5 only leads 

to a partial loss in size homeostasis efficiency73,78,79. Together, these two findings indicate that in 

addition to Whi5, there are more factors regulating Start and Bck2 is likely one of them (section 1.5-

1.6). One study proposes that Bck2 may in fact regulate WHI5 mRNA by stimulating Ccr4 to degrade 

it106 (section 1.7). This finding, however, has not yet been reproduced in steady state conditions with 

Whi5 under the control of its endogenous promoter. The first aim of this study, therefore, is to test 

whether Whi5 is downstream of Bck2 or whether they regulate Start independent of each other. This 

aim also encompasses testing whether WHI5 mRNA is degraded by Ccr4.  

While Whi5 is the only budding yeast size-sensor identified so far, multiple other proteins that can 

directly or indirectly regulate Start have been identified, indicating that size homeostasis at the G1/S 

transition potentially integrates inputs from a network of proteins. This is in agreement with the 

observed robustness of the size homeostasis system, as bulk studies have shown that deletions of 

single Start regulators do not affect the efficiency of size homeostasis73 (section 1.6). Moreover, 

mutants with deletions of two Start regulators, particularly whi5Δbck2Δ and whi5Δcln3Δ are 

surprisingly similar to wild-type (WT) cells in size77. The second aim of this study, therefore, is to test 

whether this robustness of size homeostasis to deletions of Start regulators can be reproduced at 

the single-cell level, and how cell cycle properties are affected by these deletions. An important 

aspect of this aim is to test whether the whi5Δbck2Δ double mutant shows loss of size control 

efficiency despite having an average cell size similar to that of WT. A potential candidate that could 

help maintain size homeostasis efficiency in the absence of Whi5 could be its paralogue Whi7, which 

is the major Start inhibitor in conditions of cell wall stress (section 1.7). The third aim of this study, 

therefore, is to test whether Whi7 compensates for Whi5 in the whi5Δ mutant. Together, the three 

aims listed so far would provide insight into roles of specific regulators within the G1/S size 

homeostasis network and help characterise the interactions between them.  

A simultaneous deletion of Bck2 and Cln3 is lethal; one of the two Start activators is required to 

prevent a permanent G1 arrest. This redundancy raises the question of why cells evolved two 

mechanistically different activators for the same transition. Given the proposed links between Bck2 

and Cln3 and nutrient sensing, this study hypothesizes that the two apparently redundant activators 

may play unique roles under specific conditions, for example, in changing nutrients. The fourth aim 

of the study, therefore, is to test whether putting the cells through a nutrient switch can reveal unique 

size phenotypes of the cln3Δ and bck2Δ strains. So far, cell size homeostasis has largely been 

studied under steady-state conditions and while these studies have been indispensable for 

identifying major size regulators, they cannot provide insight into the specific functions these 

regulators potentially serve in conditions other than steady-state. This study is aimed at not only 
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revealing such condition-specific functions, but also at understanding what happens to size 

homeostasis when cells enter the lag phase of growth following a nutrient switch.  

As part of an additional collaborative project, a parallel aim of this study is to utilise the single 

molecule fluorescence in-situ hybridisation (smFISH) method to validate an orthogonal single-cell 

RNA visualisation method: diSpinach tagging1 (section 3.20). 
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2. Materials and Methods 

 

2.1. Chemicals and consumables 

 

Table 1: The chemicals and consumables used in this study are listed alphabetically, alongside their 

source. 

Chemical/Consumable Manufacturer 

10X rCutSmart™ Buffer New England Biolabs, USA 

10% Sodium Dodecyl Sulfate Solution  Thermo Fisher Scientific, USA 

5X Phusion® HF Buffer New England Biolabs, USA 

5X Q5 High GC Enhancer New England Biolabs, USA 

5X Q5 Reaction Buffer New England Biolabs, USA 

Agarose SERVA Wide Range  Serva Electrophoresis, Germany 

Amino acids Sigma-Aldrich, USA 

Ammonium sulfate Sigma-Aldrich, USA 

Ampicillin Roth, Karlsruhe, Germany 

Bacto™ Peptone Gibco, Thermo Fisher Scientific, USA 

Bacto™ Yeast Extract Gibco, Thermo Fisher Scientific, USA 

Coverslips (18 x 18 mm)  VWR International, USA 

Coverslips (24 x 50 mm)  Gerhard Menzel GmbH, Germany 

DAPI stain Lab stock 

Deoxynucleotide (dNTP) solution mix New England Biolabs, USA 

D(+) Glucose Sigma-Aldrich, USA 

DIFCO™ Granulated Agar BD, USA 

DIFCO™ Yeast Nitrogen Base BD, USA 

D-Sorbitol Sigma-Aldrich, USA 

EDTA disodium salt Sigma-Aldrich, USA 

Ethanol, CH3CH2OH Sigma-Aldrich, USA 

Formaldehyde 37% (w/w) in H2O VWR International, USA 

Formamide, Ultrapure VWR International, USA 

Glycerol Sigma-Aldrich, USA 



32 
 

Chemical/Consumable Manufacturer 

DNA sodium salt from herring testes Sigma-Aldrich, USA 

Isoton II Diluent Beckman Coulter, Germany 

LB Agar (Lennox) Sigma-Aldrich, USA 

LB Broth (Lennox) Sigma-Aldrich, USA 

LightCycler 480 Multiwell Plate 96 Roche, Switzerland 

Lithium acetate dihydrate Sigma-Aldrich, USA 

Microscopy slides Gerhard Menzel GmbH, Germany 

Nourseothricin (clonNAT) Jena Bioscience GmbH, Germany 

Nuclease free water Qiagen, Germany 

Phenol/ Chloroform/ Isoamyl alcohol 
(25:24:1)  

Thermo Fisher Scientific, USA 

Phusion polymerase  Lab stock 

Poly(ethylene glycol), (PEG), BioXtra Sigma-Aldrich, USA 

Potassium phosphate dibasic, K2HPO4 Sigma-Aldrich, USA 

ProLongTM Gold Antifade Mountant Thermo Fisher Scientific, USA 

Q5® High-Fidelity DNA Polymerase New England Biolabs, USA 

Sodium hydroxide (pellets) Thermo Fisher Scientific, USA 

SsoAdvanced™ universal SYBR® Green 
supermix  

Bio-Rad, USA 

Stellaris® smFISH probes  LGC Biosearch Technologies, UK  

Stellaris® RNA FISH hybridization buffer LGC Biosearch Technologies, UK  

Stellaris® RNA FISH wash buffer A LGC Biosearch Technologies, UK  

Stellaris® RNA FISH wash buffer B LGC Biosearch Technologies, UK  

StuI restriction enzyme New England Biolabs, USA 

SuperFrost Plus™ Adhesion slides 
(25x75x1mm) 

Epredia, USA 

SYBR™ Safe DNA Gel Stain Invitrogen, Thermo Fisher Scientific, USA 

Tris acetate Sigma-Aldrich, USA 

Tris/HCl solution Thermo Fisher Scientific, USA 

Triton® X 100, Roth, Germany 
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Chemical/Consumable Manufacturer 

TriTrack DNA Loading Dye (6X) Thermo Fisher Scientific, USA 

TURBO™ DNase Invitrogen, Thermo Fisher Scientific, USA 

Vectashield® mounting medium  Vector Laboratories, USA 

Zymolyase Zymo Research, USA 

 

 

2.2. Devices 

 

Table 2: Alphabetical list of devices used for the experiments in this study, alongside their 

manufacturers. 

Device Manufacturer 

Andor iXon Ultra 888 Camera Oxford Instruments, UK 

Bandelin Sonopuls HD 2070 
Ultrasonic-Homogenizer 

Bandelin electronic GmbH, Germany 

Ecotron shaking incubator Infors HT, Switzerland 

Elveflow OB1 Pressure Controller Elveflow, France 

Eppendorf Centrifuge 5910 R Eppendorf SE, Germany 

LightCycler® 96 Roche, Switzerland  

Megafuge™ 8 Centrifuge Thermo Fisher Scientific, USA 

Mupid One Electrophoresis System Nippon Genetics, Germany 

NanoDrop OneC  Thermo Fisher Scientific, USA 

Nikon Eclipse Ti-E Microscope Nikon, Japan 

Pico™ 17 Microcentrifuge Thermo Fisher Scientific, USA 

Proflex PCR system  Applied Biosystems, Thermo Fisher Scientific, USA 

Smart Illuminator (UV) Eurogentec, Belgium 

SPECTRA X Light Engine  Lumencor, USA 

U:Genius3 gel imaging system Syngene, Synoptics Group, UK 

Z2 Coulter Particle Count and Size 
Analyzer 

Beckman Coulter, Germany 

Zeiss Axiocam 506 camera Zeiss, Germany  

Zeiss LSM 800 microscope  Zeiss, Germany  
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2.3. Kits 

 

Table 3: List of the molecular biology kits used in this study alongside their manufacturers. 

Kit Manufacturer 

High-capacity cDNA Reverse Transcription Kit with RNase 
Inhibitor 

Life Technologies, USA 

NucleoSpin Gel and PCR Clean-up  Macherey-Nagel, Germany  

NucleoSpin Plasmid  Macherey-Nagel, Germany  

YeaStar RNA Kit  Zymo Research, USA 

 

 

2.4. Strains 

 

The Saccharomyces cerevisiae strains used in this work are haploid derivatives of W303, except for 

the Y7092 strain which is isogenic with BY4741128 and the IK12 strain, which is based on the Y7092 

strain. The complete genotype of W303 is MATa/MATα {leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 

his3-11,15} [phi+] and of BY4741 is MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0. A detailed genotypic 

description of the strains used in this study is available in Table 4. 

 

Table 4: List of strains used in this study and their genotypic descriptions.  

Name  Genotype Source Description  

MMY116-
2C 

MATα ADE2 Lab stock “WT” in Fig. 7, 8, 10, 11-23, 28-31. 

YCY001-1 MATα ADE2 bck2Δ::CglaTRP1 This study “bck2∆” in Fig. 7, 8, 10, 11-23, 28-

31. 

YCY002-1 MATα ADE2 ccr4Δ::CglaTRP1 This study “ccr4∆” in Fig. 7, 10, 11-13, 15-17. 

YCY004-5 MATα ADE2 whi5Δ::KlacURA3 This study “whi5∆” in Fig. 7, 8, 10, 11-23, 28-
31. 

YCY005-1 MATα ADE2 bck2Δ::CglaTRP1 
whi5Δ::KlacURA3 

This study “whi5∆bck2∆” in Fig. 7, 10, 11, 13-

23, 28, 29, 31. 

YCY006-1 MATα ADE2 ccr4Δ::CglaTRP1 
whi5Δ::KlacURA3 

This study “whi5∆ccr4∆” in Fig. 7, 10, 11, 13, 

15-17. 

YCY024-1 MATα ADE2 
ura3::Act1promoter-WHI5WIQ-
mCitrine-URA3 
htb2::HTB2-mScarlet-I-natMX6 

This study “WT” in Fig. 24-27. 
 
Strain with Whi5-WIQ tagged with 
mCitrine and Htb2 tagged with 
mScarlet-I. 

YCY030-2 MATα ADE2 This study “whi5∆” in Fig. 25-27. 
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Name  Genotype Source Description  

ura3::Act1promoter-WHI5WIQ-
mCitrine-URA3 
htb2::HTB2-mScarlet-I-natMX6 
whi5∆::CglaTRP1 

 
Strain with Whi5-WIQ tagged with 
mCitrine and Htb2 tagged with 
mScarlet-I, plus a WHI5 deletion. 

YCY037-1 MATα ADE2 
ura3::Act1promoter-WHI5WIQ-
mCitrine-URA3 
htb2::HTB2-mScarlet-I-natMX6 
bck2∆::CglaLEU2 

This study “bck2∆” in Fig. 25-27. 

 
Strain with Whi5-WIQ tagged with 
mCitrine and Htb2 tagged with 
mScarlet-I, plus a BCK2 deletion. 

YCY038-1 MATα ADE2 
ura3::Act1promoter-WHI5WIQ-
mCitrine-URA3 
htb2::HTB2-mScarlet-I-natMX6 
whi5∆::CglaTRP1 
bck2∆::CglaLEU2 

This study “whi5∆bck2∆” in Fig. 25-27. 
 
Strain with Whi5-WIQ tagged with 
mCitrine and Htb2 tagged with 
mScarlet-I, plus a WHI5 and a 
BCK2 deletion. 

YCY021-2 MATα ADE2 cln3∆::CglaLEU2 This study “cln3∆” in Fig. 28, 29, 31. 

YCY022-2 MATα ADE2 cln3∆::CglaLEU2 
whi5∆::KlacURA3 

This study “whi5∆cln3∆” in Fig. 28, 29, 31. 

YCY023-1 MATα ADE2 cln3∆::CglaLEU2 
whi5∆::KlacURA3 
bck2∆::CglaTRP1 

This study “whi5∆bck2∆cln3∆” in Fig. 28, 29, 

31. 

MK40 MATa ADE2 cln3::TRP 
ura3::CLN3pr-FLAG-CLN3-
URA3 

Mardo 
Kõivomägi 

“WT” in the “MK40 background” in 

Fig. 30. 
 
Strain with the endogenous CLN3 
deleted and a FLAG-tagged CLN3 

inserted in the URA3 locus. 

YCY027-1 MATa ADE2 cln3::TRP 
ura3::CLN3pr-FLAG-CLN3-
URA3 
bck2∆::CglaLEU2 

This study “bck2∆” in the “MK40 background” 

in Fig. 30. 
 
Strain with the endogenous CLN3 
and BCK2 deleted and a FLAG-
tagged CLN3 inserted in the URA3 

locus. 

YCY031-4 MATa ADE2 cln3::TRP 
ura3::CLN3pr-FLAG-CLN3-
URA3 
whi5∆::natMX6  

This study “whi5∆” in the “MK40 background” 

in Fig. 30. 
 
Strain with the endogenous CLN3 
and WHI5 deleted and a FLAG-
tagged CLN3 inserted in the URA3 
locus. 

JE103 MATa ADE2 Jennifer 
Ewald 

“WT” in the “JE103 background” in  

Fig. 30. 

YCY040-1 MATa ADE2 bck2∆::CglaLEU2 This study “bck2∆” in the “JE103 background” 

in Fig. 30. 
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Name  Genotype Source Description  

 
JE103 with a BCK2 deletion. 

YCY039-3 MATa ADE2 whi5∆::CglaTRP1 This study “whi5∆” in the “JE103 background” 

in Fig. 30. 
 
JE103 with a WHI5 deletion. 

Y7092 MATα can1Δ::STE2pr-Sp_his5 
lyp1Δ  

Boone Lab WT strain without diSpinach 
tagging, used in Fig. 32 B, D, E. 

IK12 MATα pRS406 (2μOri-
SUT509pr-SUT509- 
8xdiSPINACH-CYC1term-URA3) 

Igor 
Kukhtevich 

Strain with plasmid containing 
SUT509-diSpinach, used in Fig. 

32 A, C. 

 

 

2.5. Plasmids 

 

Table 5: List of the plasmids used for yeast transformations in this study. 

Plasmid name Description Source 

pPP2960/pFA6a-CglaTRP1 Knockout template with C. glabrata TRP1 gene Peter Pryciak 

pPP2961/pFA6a-KlacURA3 Knockout template with K. lactis URA3 gene Peter Pryciak 

pPP3129/pFA6a-CglaLEU2 Knockout template with C. glabrata LEU2 gene Peter Pryciak 

pCA13 Plasmid with NATMX6 gene Lab stock 

KSE141 Plasmid with Act1promoter-WHI5WIQ-
mCitrine-URA3  

Kurt Schmoller 

pFA6a-mScarletI-NatMX6 Plasmid with mScarlet-I-NATMX6 Igor Kukhtevich 

 

 

2.6. Oligonucleotides 

 

Table 6: List of primers used for RT-qPCRS in this study. All primers were obtained from Sigma 

Aldrich. 

Gene Direction Sequence (5’-3’) 

WHI5 
forward ACAAGACACTTCCCGAGCTG 

reverse CGCGTCTGCACTATCTGGAA 

WHI7 
forward GGTTTCTCCCACAGCGGTTA 

reverse ACCATTGCGCAGTTGAGTCT 

ACT1 forward AGTTGCCCCAGAAGAACACC 
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Gene Direction Sequence (5’-3’) 

reverse GGACAAAACGGCTTGGATGG 

MDN1 
forward CATCAACAAACCTGACCAACTAATCC 

reverse CATCAAGGTTTTCCAAAGTGGGC 

 

 

2.7. Buffers, growth media and plate compositions 

 

Table 7: The composition of the various buffers, growth media and growth plates used in this study. 

After preparation and autoclaving, all growth media was stored at 4°C.  

Buffer/ Growth Medium Composition 

TE buffer 10 mM Tris-HCl 
1 mM EDTA, (adjust pH to 8.0) 

0.1 M TE/Lithium acetate 0.1 M Lithium acetate  
10 mM Tris-HCl  
1 mM EDTA 

1 M TE/Lithium acetate 1 M Lithium acetate  
10 mM Tris/HCl  
1 mM EDTA 

DNA extraction buffer 2 % (v/v) Triton X 100  
1 % (w/v) SDS  
100 mM NaCl  
10mM Tris-HCl  
1mM EDTA 

smFISH fixation buffer 1.2 M Sorbitol  
0.1 M K2HPO4, (adjust to pH 7.5)  

TAE buffer 40 mM Tris acetate  
1 mM EDTA, (adjust to pH 8.5) 

SCD (Synthetic complete medium with 
2% glucose) 

0.139 % (w/v) Synthetic complete mix  
0.17 % (w/v) Yeast nitrogen base  
0.5 % (w/v) Ammonium sulfate  
 
After autoclaving add: 
2 % (w/v) Glucose (sterile-filtered 20% stock) 
 
For live cell microscopy:  
filter medium after adding glucose 

SCGE (Synthetic complete medium 
with 2% glycerol and 1% ethanol) 

0.139 % (w/v) Synthetic complete mix  
0.17 % (w/v) Yeast nitrogen base  
0.5 % (w/v) Ammonium sulfate  
 
After autoclaving add: 
2 % (v/v) Glycerol (sterile-filtered stock) 



38 
 

Buffer/ Growth Medium Composition 

1 % (v/v) Ethanol (sterile-filtered stock) 
 
For live cell microscopy:  
filter medium after adding glycerol and ethanol 

YPD (Yeast extract peptone medium 
with 2% glucose) 

1 % (w/v) Yeast extract  
2 % (w/v) Peptone  
 
After autoclaving add: 
2 % (w/v) Glucose (sterile-filtered 20% stock) 

LB + Ampicillin 2 % (w/v) LB-powder 
 
After autoclaving add: 
100 μg/mL Ampicillin  

SCD plates x g Synthetic complete/dropout mix as per Table 8. 
0.17 % (w/v) Yeast nitrogen base  
0.5 % (w/v) Ammonium sulfate  
2 % (w/v) Agar 
1 pellet NaOH per litre 
 
After autoclaving add: 
2 % (w/v) Glucose (sterile-filtered 20% stock) 

YPD plates 1 % (w/v) Yeast extract  
2 % (w/v) Peptone  
2 % (w/v) Agar 
1 pellet NaOH per litre 
 
After autoclaving add: 
2 % (w/v) Glucose (sterile-filtered 20% stock) 

LB + Ampicillin plates 3.5 % (w/v) LB agar 
 
After autoclaving add: 
100 μg/mL Ampicillin 

 

 

Table 8: The amount of synthetic complete dropout mixes added to 1 litre of SC medium to create 

selective plates, as described in Table 7.  

Mix Amount per litre of SC medium 

SC complete 1.385 g 

SC-URA 1.365 g 

SC-TRP 1.305 g 

SC-LEU 1.265 g 

SC-HIS 1.365 g 
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Table 9: The composition of the synthetic complete mix in SC medium. Selective plates were made 

by skipping single amino acids or nucleotides in the dropout mixture. All components were obtained 

from Sigma-Aldrich, USA. 

Component Final concentration (w/v) 

Adenine hemisulfate salt 0.004% 

L-Arginine 0.002% 

L-Aspartic acid sodium salt 
monohydrate 

0.01% 

L-Glutamic acid potassium salt 
monohydrate 

0.01% 

L-Histidine monohydrochloride 
monohydrate 

0.002% 

L-Isoleucine 0.003% 

L-Leucine 0.012% 

L-Lysine monohydrochloride 0.003% 

L-Methionine 0.002% 

L-Phenylalanine 0.005% 

L-Serine 0.0375% 

L-Threonine 0.02% 

L-Tryptophan 0.008% 

L-Tyrosine 0.003% 

Uracil 0.002% 

L-Valine 0.015% 

 

 

2.8. Cultivation of Saccharomyces cerevisiae  

 

Yeast strains were stored long-term at -80°C in 15% (v/v) glycerol stocks made with SC medium. 

Before an experiment, the yeast cells from the glycerol stocks were streaked out on YPD plates and 

incubated at 30°C for one or two days to obtain colonies of cells. The thus obtained cells were 

inoculated into liquid YPD, SCD or SCGE medium, depending on the type of experiment and 

incubated at 30°C under shaking conditions (250 rpm). For live-cell microscopy and the bulk nutrient 

switch experiments, cells were first inoculated into YPD medium and allowed to grow at 30°C under 

shaking conditions (250 rpm) for 4-5 hours. They were then washed with and inoculated into the 

target medium (SCD or SCGE). For smFISH experiments, cells were directly inoculated into the 
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target medium from the plates. The specific cell cultivation protocol used for each kind of experiment 

is described in the dedicated methods section for the experiment.  

 

 

2.9. Preparation of transforming DNA 

 

All transforming DNA used in this study was amplified from plasmids synthesized in Escherichia coli 

strains. The E.coli strains expressing the plasmids were stored long term at -80°C in 25% (v/v) 

glycerol stocks made with LB medium. When required, these strains were grown overnight in 3 mL 

LB medium containing 100 μg/mL Ampicillin at 37°C under shaking conditions (250 rpm). The 

saturated culture was used for plasmid isolation using the NucleoSpin Plasmid Kit and the 

accompanying protocol for isolation of high-copy DNA from E.coli. All the plasmids listed in Table 5 

were purified in this manner. For all of the gene deletions performed in this study, the DNA insert 

from the plasmid that would be used to transform yeast was acquired by PCR-amplification. Primers 

that would add 60-80 bp overhangs homologous to the target locus in yeast were used for the 

amplification PCR of the insert. This insert DNA with target-specific homologous ends was used for 

transformation of yeast. For obtaining the yeast strain containing Act1promoter-WHI5WIQ-mCitrine-

URA3, the KSE141 plasmid was digested with the StuI restriction enzyme as per the protocol 

described in Table 10. The restriction digest mixture was incubated at 37°C for one hour and then 

cleaned using the NucleoSpin Gel and PCR Clean-up kit. The complete digested plasmid was then 

inserted into the yeast URA3 locus using the transformation protocol described in section 2.10.  

 

Table 10: The reaction mixture for restriction digestion.  

Component Final Concentration (in Nuclease-free H2O) 

Plasmid DNA  1 μg total 

10X CutSmart Buffer 1X  

StuI 10 units / μg of DNA  

 

 

2.10. Transformation of Saccharomyces cerevisiae  

 

The yeast strain to be transformed was inoculated into 3 mL YPD medium and was allowed to grow 

overnight at 30°C to obtain a saturated culture in the morning. 1 mL of this saturated culture was 

used to inoculate 50 mL of YPD the next morning, which was incubated for 4 to 5 hours at 30°C. 50 

mL of cells were centrifuged for 3 minutes at 4000 rpm and 21°C. The cell pellet was washed with 

20 mL milliQ water and centrifuged again at the same settings. The supernatant was discarded and 

the cell pellet was resuspended in 800 μL of 0.1M LiOAc. The cells were centrifuged for 30 seconds 
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at 6000 rpm at room temperature. The supernatant was discarded again and the cells were 

resuspended in 400 μL 0.1M LiOAc. These cells will now be referred to as competent cells. A 

receiving tube containing 240 μL 50% PEG, 32 μL 1M LiOAc, 25 μL 2 mg/mL herring sperm DNA 

and 13 μL transforming DNA was prepared. After vortexing the tube, 50 μL of competent cells were 

added to it and it was gently vortexed again and incubated at 30°C for 30 minutes. The tubes were 

then placed at 42°C for 20 minutes before being centrifuged at 6000 rpm for 30 seconds at room 

temperature. The supernatant was discarded and the cell pellet was resuspended in 400 μL milliQ 

water by hand vortexing i.e., running the tube across a microtube rack. Up to 300 μL of the resulting 

suspension was plated on selective plates. If the selective plates contained antibiotics for drug-

resistance markers, the cells were first plated on YPD plates and incubated overnight at 30°C. The 

colonies obtained the next day were replica-plated onto plates containing the appropriate antibiotic. 

To ensure that colonies thus obtained contained only a single clone, up to five colonies were 

transferred onto new selective plates using the streak plate method to obtain single colonies again. 

Genomic DNA was extracted from the thus obtained clones and they were genotyped using 

confirmation PCRs and Sanger sequencing to test whether the transformation was successful or not.  

 

 

2.11. Genomic DNA extraction 

 

200 μL of DNA extraction buffer and roughly 0.3 g of acid-washed glass beads were added to a 1.5 

mL Eppendorf tube. A generous scoop of yeast cells was transferred from the plate into the tube. 

Under the fume hood, 200 μL of phenol/chloroform/isoamyl alcohol was added to the tubes and they 

were vortexed. After waiting 5 minutes, 200 μL of 1X TE buffer was added to the tubes. They were 

inverted 8 times to mix them and then centrifuged at 13000 rpm for 5 minutes at room temperature. 

To a new tube, 1 mL of 100% ethanol was added. 300 μL of the aqueous phase from the centrifuged 

tube was transferred to the tube with 100% ethanol. After being inverted 8 times, this tube was 

centrifuged at 13000 rpm for 5 minutes at room temperature. The alcohol was poured out and the 

tube was blotted on a paper towel. 70% ethanol was added to the tube and it was inverted 8 times 

to mix. The tube was centrifuged again at 13000 rpm for 5 minutes at room temperature and the 

alcohol was poured off. The DNA pellet was allowed to air dry until all the ethanol evaporated and 

was then resuspended in 50 μL nuclease-free water. DNA was stored long-term at -20°C.  

 

 

2.12. Polymerase Chain Reaction (PCR) 

 

Amplification of specific DNA segments was performed using the polymerase chain reaction. 

Forward and reverse primers specific for the DNA region of interest were used. The reaction mixture 

was prepared as listed in Table 11. The DNA double strands were first denatured at 98°C for 10 
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seconds. The primers were allowed to anneal to the DNA for 30 seconds at a temperature based on 

the melting temperature of the primers, as obtained from the NEB Tm calculator 

(https://tmcalculator.neb.com/#!/main). Elongation was performed at 72°C and its duration was 

decided based on the length of the amplicon (roughly 1 minute for every 1000 base pairs). This cycle 

was repeated 35 times. Either the Phusion or the Q5 polymerase was used for elongation. Amplified 

DNA was stored at 4°C.  

 

Table 11: Reaction mixture for PCR using Phusion polymerase. 

Component Final Concentration (in milliQ H2O) 

5X High Fidelity Phusion buffer 1X 

dNTPs 0.2 mM 

Forward primer 0.5 μM 

Reverse primer 0.5 μM 

Template DNA  variable 

Phusion polymerase stock (100X) 1X 

 

Table 12: Reaction mixture for PCR using Q5 polymerase. 

Component Final Concentration (in milliQ H2O) 

5X Q5 reaction buffer 1X 

dNTPs 0.2 mM 

Forward primer 0.5 μM 

Reverse primer 0.5 μM 

Template DNA  variable 

Q5 High Fidelity DNA polymerase 0.02 U/µl 

5X Q5 High GC Enhancer 1X 

 

 

2.13. Agarose Gel Electrophoresis  

 

1% w/v agarose was dissolved in 1X TAE buffer by heating. SYBR Safe DNA gel stain was added 

at a final concentration of 0.5X and mixed. The gel was poured into gel trays containing combs and 

allowed to set for 20 minutes at room temperature. The gel was then placed into the gel apparatus 

and submerged in 1X TAE buffer. PCR products were mixed with TriTrack DNA loading dye to 

achieve a final loading dye concentration of 1X. The DNA was then loaded into the gel wells and 

https://tmcalculator.neb.com/#!/main
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allowed to run at 100V for 25 minutes. The separated DNA segments were visualised under a UV 

lamp and imaged with the U:Genius3 gel imaging system. 

 

  

2.14. RNA extraction 

 

Cells were grown in SCD medium for a minimum of 17 hours to ensure that they were in the 

exponential phase of growth and OD600nm was maintained below 1. Total RNA was extracted from 1-

5 x 107 cells per strain using the YeaStar RNA Kit as per the manufacturer’s protocol. Turbo DNase 

enzyme was used to selectively degrade any DNA in the extracted RNA as per the protocol from 

Thermo Fisher Scientific. RNA quality was checked using agarose gel electrophoresis and its 

concentration was measured using the NanoDrop spectrophotometer. The RNA was stored at -80°C.  

 

 

2.15. Reverse transcription quantitative PCR (RT-qPCR) 

 

cDNA was synthesized from 1 μg RNA using random primers and Thermo Fisher Scientific’s high 

capacity cDNA reverse transcription kit. The cDNA was then diluted tenfold using double distilled 

water. 2 μL of this diluted cDNA was used as a template for quantitative PCR (qPCR) to compare 

relative mRNA amounts of genes of interest between strains. For each well containing 2 μL of diluted 

cDNA, specific primers for WHI5, WHI7, MDN1 or ACT1 were added at a final concentration of 0.5 

μM alongside BioRad’s SsoAdvanced Universal SYBR Green Supermix. The total reaction volume 

per well was made up to 10 μL using nuclease free water. The 96-well LightCycler plates were placed 

in the LightCycler 96 device and run as per the qPCR set-up described in Table 13.  

 

Table 13: qPCR set-up. 

Reaction step Temperature (°C) Time (s) Cycles  

Pre-incubation/ 
Polymerase activation 

95 30 
1 

Denaturation 95 10 
40 

Annealing/Extension 60 30 

Melting 95 60 1 

 

Each biological replicate consisted of an independent RNA extraction. For each biological replicate, 

Cq values from at least three and up to six wells were averaged to get a mean Cq value. The mean 

Cq value of the reference gene, which in this case was ACT1, was subtracted from the mean Cq 

value of the gene of interest to obtain the ΔCq value. The ΔCq of WT cells was then subtracted from 
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ΔCq of the various strains to obtain the ΔΔCq value for the strains. The relative mRNA concentration 

for the gene of interest in the strain of interest was calculated using the formula: 

 

relative mRNA concentration = 2-(ΔΔCq) 

 

The relative mRNA concentrations of WHI5 and WHI7 obtained in this manner from five biological 

replicates are plotted as a box plot in Figure. 11 in the Results section. As quality control for the RT-

qPCR experiments, the relative mRNA concentration of the housekeeping gene MDN1 is also plotted 

for the different strains (Fig. 7). Like ACT1, MDN1 expression is also known to scale with cell size78,129 

and is therefore expected to be constant across different strains. This is in agreement with the 

observation of WT-like MDN1 expression levels in all observed strains (Fig. 7). 

 

Figure 7: Constant relative mRNA 

concentrations of MDN1 across 

different strains serves as a quality 

control test for RT-qPCR experiments. 

The expression of the housekeeping gene 

MDN1 relative to ACT1 is plotted for cells 

of different strains growing in SCD. The 

relative mRNA concentration of MDN1 is 

observed to be constant across different 

strains, which is expected as MDN1 

expression scales with cell size, similar to 

ACT178,129. This serves as quality control 

for the RT-qPCR experiments performed in 

this study. Each boxplot is based on data 

from a minimum of four biological 

replicates (independent RNA extractions). 

Independent, two-tailed t-tests assuming unequal variances (Welch’s t-tests) were used for the statistical 

comparison of WT to each deletion strain. All p-values were greater than 0.5, indicating that the differences 

between the deletion strains and WT are non-significant.  

 

 

2.16. Single molecule fluorescence in situ hybridisation (smFISH): 

 

2.16.1. Sample preparation 

 

Single molecule fluorescence in situ hybridisation was performed using sequence-specific Stellaris® 

probes and the accompanying protocol for Saccharomyces cerevisiae 

(www.biosearchtech.com/stellarisprotocols) from Biosearch Technologies. For WHI5 mRNA, the 

Stellaris® probes contained 37 oligonucleotides, each 18 nucleotides in length and tagged with the 

Quasar-570® fluorophore. For SUT509 mRNA, 40 Stellaris® oligos that were 20 nucleotides long and 

labelled with the Quasar-570® fluorophore were used. Stellaris® probes for ENO2 mRNA were 

obtained from our collaborators1 and consisted of 48 oligonucleotides labelled with the Quasar-670® 
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fluorophore. For BCK2 mRNA (Fig. 8), 48 oligonucleotides, each 20 nucleotides in length and tagged 

with the Quasar-670® fluorophore, were used. Cells were inoculated into 5 mL SCD for WHI5 and 

SUT509 smFISH and into 5 mL SCGE for ENO2 smFISH. These cultures were incubated at 30°C 

under shaking conditions (250 rpm) for a minimum of 5 hours. The cells were then diluted into 50 

mL medium at an appropriate OD600nm that would allow them to grow overnight and not exceed 

OD600nm 1 until the next morning. These cultures were incubated overnight at 30°C under shaking 

conditions (250 rpm). For BCK2 smFISH (Fig. 8), the cells were inoculated into YPD and allowed to 

grow at 30°C under shaking conditions (250 rpm) for 4-5 hours before being washed and inoculated 

into 50 mL of SCD or SCGE at an OD600nm that would allow them to grow overnight and not exceed 

OD600nm 1 until the next morning. These 50 mL cultures were incubated overnight at 30°C under 

shaking conditions (250 rpm). The next morning, for all the different smFISH experiments, 45 mL of 

cells in the OD600nm range 0.1-0.4 were fixed with 5 mL 37% formaldehyde to achieve a final 

concentration of 3.7% formaldehyde. This fixation was allowed to progress at room temperature for 

45 minutes. The cells were then centrifuged at 1600 g for a duration of 4 minutes. The supernatant 

was discarded and cells were washed twice with ice-cold smFISH fixation buffer (1.2 M sorbitol, 0.1 

M K2HPO4, pH 7.5). The cells were treated with 1 mL of fixation buffer containing 6.25 μg Zymolyase 

at 30°C for 55 minutes. The cells were washed two more times with ice-cold fixation buffer, but the 

centrifugation was performed at a much lower speed (400 g for 6 minutes) to avoid cell deformation 

and bursting after cell wall digestion with Zymolyase. The cells were resuspended in 70% ethanol 

and stored minimum overnight or for up to one week at 4°C. Depending on the size of the cell pellet 

on the previous day, 300-500 μL of cells in 70% ethanol were centrifuged at 400 g for 5 minutes. 

The cell pellet was resuspended in 100 μL of Stellaris® RNA FISH Hybridisation Buffer which 

contained 10% v/v formamide and Stellaris® FISH probes at a final concentration of 125 nM. To allow 

the cells to hybridise to the probes in the dark, the tubes were covered in aluminium foil and placed 

overnight at 30°C. The next morning, 100 μL of Stellaris® RNA FISH Wash Buffer A containing 10% 

v/v formamide was added to the cells and they were centrifuged at 400 g for 5 minutes. The cell 

pellet was washed again with the Wash Buffer A-formamide solution and incubated at 30°C in the 

dark for 30 minutes. The cells were centrifuged and the cell pellet resuspended in 1 ml of Wash 

Buffer A-formamide solution containing 5 ng/mL DAPI stain. The cells were incubated in the dark at 

30°C for 30 minutes to allow DAPI staining of the nuclei. They were then centrifuged (400 g, 5 

minutes) and resuspended in the Stellaris® RNA FISH Wash Buffer B and washed by shaking at 500 

rpm for 12 minutes. The tubes were centrifuged again (400 g, 5 minutes) and the cell pellet was 

resuspended in 20-50 μL of either Vectashield® or ProLong Gold mounting media, depending on 

availability. 5-10 μL of cells in the mounting medium were pipetted onto clean glass sides and 

covered with a cover slip. A clean tissue was used to gently press down the cover slip and absorb 

excess mounting medium from around its edges. The cover slip was fixed to the slide using small 

strips of tape around all its edges.  
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2.16.2. Imaging 

 

The smFISH slides were imaged either on the day of preparation or stored in the dark at room 

temperature and imaged in the next three to four days. They were imaged using a 63x/1.4 NA oil 

immersion objective and an Axiocam 506 camera on a Zeiss LSM 800 microscope. 20-25 multi-

channel Z-slices were acquired at 240 nm intervals per imaging position using the Zen 2.3 software. 

The cells were imaged in bright field by using a TL LED at an exposure time of 100-140 ms at 6% of 

the maximum intensity. The FISH probes containing the Quasar-570® fluorophore were imaged 

using a 530 nm LED with a 5 second exposure time at 50% of maximum intensity. The FISH probes 

containing the Quasar-670® fluorophore were imaged using a 630 nm LED with a 400 millisecond 

exposure time at 50% of maximum intensity. The DAPI-stained nuclei were imaged using a 385 nm 

LED at an exposure time of 130 milliseconds at 30% of the maximum intensity.  

 

 

2.16.3. Data analysis: 

 

2.16.3.1. SpotMAX development 

 

Some of the smFISH data generated in this work was used for the development and benchmarking 

of SpotMAX130, an AI-driven framework that automates spot detection as well as spot quantification. 

Spot analysis is a commonly performed task in microscopy-based research in cell biology. Despite 

the widespread need for spot-analysis, there was a lack of a gold standard tool that could not only 

detect spots but also quantify spot features such as size or intensity in multidimensional data. This 

lack of a tool that catered to specific biological questions or data types often meant that researchers 

would have to manually annotate spots, which is time-consuming and subjective. SpotMAX was 

developed to fill this niche and serve as a generalist standard framework that can integrate various 

AI workflows while providing a user-friendly interface for in-depth spot characterisation on datasets 

with up to 5 dimensions (x, y, z, time, channels).  

 

Structurally, SpotMAX consists of four modules. The first and second modules perform semantic 

segmentation of the reference channel and the spot channel, respectively. This segmentation can 

either be performed using automatic thresholding or any of the models available in the BioImage.IO 

model zoo (https://bioimage.io/#/about). Additionally, SpotMAX AI, which consists of neural networks 

specifically trained for spot segmentation, can be used in the second module. The 3D smFISH data 

generated in this thesis for the collaboration with Kukhtevich et al.1 was also used in the training of 

SpotMAX AI. The third SpotMAX module performs spot detection using local peak detection in the 

spot masks obtained from the second module, which is also where the software gets its name from: 
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‘spot’ detection by local ‘MAX’ search. The fourth module calculates spot features such as spot size 

and intensity metrics. The spots can also be validated based on user-selected filters.  

 

The benchmarking of SpotMAX against other state-of-the-art tools required a ground truth dataset. 

Since the field lacked a high-quality 3D ground truth dataset for spot detection, the SpotMAX team  

asked expert annotators to annotate spot centres in 3D data. The author of this thesis also 

contributed to the annotation of this ground truth dataset and provided 3D smFISH images for the 

same. Since part of this dataset was used for the training of the SpotMAX AI model, only automatic 

thresholding was used in SpotMAX during benchmarking. Extensive benchmarking revealed that 

SpotMAX performed better than other state-of-the-art tools as well as non-expert human annotators. 

In specific cases, it also outperformed expert human annotators. This high precision and modularity 

of SpotMAX make it a versatile and user-friendly medium for reproducible, standardised spot 

analysis.  

 

 

2.16.3.2. Spot detection and validation settings for smFISH spots of WHI5 mRNA 

 

Cell segmentation masks and cell cycle annotations were generated and corrected in Cell-ACDC 

and imported into SpotMAX. The smFISH fluorescence spots were counted using the spot detection 

module in SpotMAX. Spot detection and filtration settings for WHI5 mRNA spots were adjusted for 

every replicate in every strain but were in the following range of values. A sigma in the range of 0.3 

to 2 voxels was used for the 3D Gaussian filter. Instance segmentation of the spot signal was 

performed using the ‘threshold_triangle’ automatic thresholding algorithm. Peaks were filtered based 

on effect size using the ‘effsize_glass_s’ filter. The effect size lower threshold was in the range of 1 

to 2.1. Valid spots were determined by an additional filter for spot size with the lower limit ranging 

between 1.6 to 2 pixels and the upper limit between 4 to 20 pixels.  

 

 

2.16.3.3. Spot detection and validation settings for smFISH spots of ENO2 and SUT509 mRNA  

 

Like for WHI5 smFISH, cell segmentation and cell cycle annotations were performed in Cell-ACDC 

and the masks and pedigrees were imported into SpotMAX. A 3D Gaussian filter with a sigma of 

0.75 voxels was applied and followed by the application of a ‘Difference of Gaussians’ filter. ENO2 

spots were filtered using the ‘Yen’ thresholding algorithm and SUT509 spots using the ‘Triangle’ 

thresholding algorithm. Overlapping spots and spots with a mean signal lower than that of the cellular 

background were also discarded from the analysis. For SUT509 smFISH, approximately 9% of cells 

were saturated with the signal from smFISH probes and were therefore also excluded from the 

analysis.  
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2.16.3.4. Spot detection and validation settings for smFISH spots of BCK2 mRNA  

 

Cell segmentation and cell cycle annotations were performed in Cell-ACDC and the masks and 

pedigrees were imported into SpotMAX. A 3D Gaussian filter with a sigma of 0.75 voxels was 

applied. The spots were filtered using the ‘Triangle’ thresholding algorithm. Peaks were filtered 

based on effect size using the ‘effsize_glass_s’ filter. The effect size lower threshold was 1.8. Valid 

spots were determined by an additional filter for spot size in the range of 2.10 to 10.5 pixels. The 

settings were constant for all strains and in both growth media.  

 

 

2.16.3.5. Calculation of spot concentrations and further categorisation based on the cell cycle 

stage 

 

The initial cell cycle annotations performed in Cell-ACDC categorised cells into G1 if they were 

unbudded, and S/G2/M if they were budded. After spot detection, S/G2/M cells were further 

categorised into S or G2/M phase based on the ratio of bud volume to mother volume. In the WHI5 

smFISH experiments, if the bud volume-to-mother volume ratio was lower than 0.3, cells were 

categorised into S phase. If it was greater than or equal to 0.3, cells were categorised into G2/M 

phase. In the SUT509 and ENO2 smFISH experiments, this ratio threshold was set at 0.2. Spot 

concentrations were calculated for every cell by dividing the number of spots detected per cell by 

the cell volume (fL). 

 

 

2.16.4. Quality control for smFISH 

 

WHI5 smFISH results from this study reproduced the average of 1-2 WHI5 mRNA per cell previously 

observed in literature72,78. Additionally, WHI5 mRNA expression was found to be size independent 

in WT and bck2Δ cells (Fig. 8), i.e., was constant in cells of different sizes, with the slope of the 

regression line being close to 0. This was also in agreement with previous studies78. As a negative 

control, WHI5 expression in whi5Δ cells was studied and these cells were found to have 0.07-0.09 

WHI5 mRNA spots on average (Fig. 8, Fig. 12). As a positive control for size-dependent expression, 

smFISH was also performed on BCK2 mRNA in two media: SCD and SCGE (Fig. 8). Unlike WHI5, 

BCK2 expression scaled with cell size, i.e., bigger cells had more BCK2 mRNA in both SCD and 

SCGE (Fig. 8). The slopes of the regression lines were around 0.03 in SCD and 0.02 in SCGE. As 

negative controls for BCK2 smFISH, bck2Δ cells showed a negligible number of RNA spots (Fig. 8). 

Taken together, these control experiments and consistencies with literature ensured the quality of 

the smFISH pipeline used in this study.  
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Figure 8: In agreement with previous studies, WHI5 expression is size-independent and BCK2 

expression is size-dependent. The number of mRNA spots per cell, as observed through smFISH, are 

plotted against cell volume (fL) for WHI5 mRNA (purple, top row) and BCK2 mRNA (grey, bottom two rows). 

The three columns show these results for three different strains (L-R): WT, whi5Δ and bck2Δ. Cells in the top 

two rows (yellow shaded area) were grown in SCD and those in the last row were grown in SCGE. The 

equations for the regression lines are printed in each panel. Shaded areas around the regression lines show 

95% confidence intervals. The number of WHI5 spots per cell was constant for cells of varying sizes, indicating 

size-independent expression (top row, WT and bck2Δ). On the contrary, the number of BCK2 spots per cell 

increased with cell size, indicating size-dependent expression (bottom two rows, WT and whi5Δ). Appropriate 

negative controls (whi5Δ for WHI5 smFISH and bck2Δ for BCK2 smFISH) showed an average number of spots 

per cell close to 0. The data for WHI5 smFISH (top row) is pooled from two independent experimental 

replicates. The data for BCK2 smFISH (bottom two rows) consists of one replicate each in two different growth 

media. To maintain consistency and comparability in x-axes limits among all the panels in the figure, the x-

axis in the bck2Δ SCGE panel (bottom right corner) has been cut short to exclude some outlier cells.  
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2.17. Bulk nutrient switch experiments using the Coulter-counter 

 

WT and whi5Δbck2Δ cells were inoculated into 3 mL YPD medium and incubated at 30°C under 

shaking conditions (250 rpm) for a minimum duration of 4 hours. 1 mL of this culture was centrifuged 

at 4000 rpm for 1 minute at room temperature. The supernatant was discarded and cells were 

resuspended in 1 mL SCD medium. The cells were centrifuged once more at the same settings and 

resuspended into 1 mL of SCD medium. The washed cells were inoculated into 50 mL of SCD 

medium at a starting OD600nm of 0.0001. These cultures were allowed to grow overnight at 30°C 

under shaking conditions (250 rpm). After a minimum of 17 hours of growth to ensure that cells were 

growing exponentially in SCD medium, cells were washed with SCGE medium and inoculated into 

50 mL of SCGE medium at a starting OD600nm of 0.01. The cultures were incubated at 30°C under 

shaking conditions (250 rpm). The time point of this inoculation was called the time at which the 

nutrient-switch was performed. Starting from this time point of inoculation and up until 28.5 hours 

later, Coulter-counter and OD600nm measurements were performed at 1-1.5 hour intervals. Two 

additional measurements were performed at 48 and 72 hours after the nutrient switch respectively. 

Because these cultures were started at an OD600nm of 0.01, even as the cells grew, the OD600nm 

remained below 1 for the first 30 hours. For the two measurements at 48 and 72 hours after the 

nutrient switch, the OD600nm was maintained below 1 through appropriate dilutions of the cultures 

after they reached OD600nm 0.1. The complete time course of observations was achieved through 

three independent experiments of two replicates each, which is why some of the overlapping time 

points have four data points while others have only two. The CV was calculated from the Coulter-

counter dataset at every time point using the following formula: 

 

Coefficient of Variation (CV) of cell volume = Standard deviation in cell volume / Mean cell volume 

 

A statistical comparison between the two strains over the various time points was performed using 

the mixed ANOVA test. The time course was divided into three ten-hour intervals and the remaining 

two timepoints were grouped together (Fig. 18). A mixed ANOVA test was performed for each time 

interval with time as the ‘within-subjects’ factor and strain as the ‘between-subjects’ factor. Since 

both the factors did not interact significantly with each other, the effects of each factor could be safely 

interpreted independently. The p-values for the between-subjects factor, the strain, were used for 

statistical annotations in Figure 18.  
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2.18. Live-cell microscopy: 

 

2.18.1. Culture conditions 

 

Yeast cells were grown in 3 mL of YPD medium for a minimum of 5 hours at 30°C under shaking 

conditions (250 rpm). 1 mL of the culture was then centrifuged at 4000 rpm for 1 minute at room 

temperature and resuspended in either SCD or SCGE medium. The cells were centrifuged at the 

same settings again and resuspended in the same growth medium as the last step. These washed 

cells were inoculated into 50 mL of the growth medium that they were washed with at a low starting  

OD600nm. The starting OD600nm was calculated in a manner to allow the cells to grow for at least 16 

hours without crossing OD600nm 1. After a minimum of 16 hours of growth at 30°C under shaking 

conditions (250 rpm), cells were diluted to OD600nm 0.1, sonicated at 10% power for 4 seconds and 

stored on ice before being loaded into the microfluidic device for live cell microscopy.  

 

 

2.18.2. The live-cell microscopy set-up 

 

For live-cell microscopy, a Nikon Eclipse Ti-E microscope was used in combination with a custom 

microfluidic device which is described extensively in the work from Kukhtevich et al.1. A master mould 

for the microfluidic device was created using photolithography and then polydimethylsiloxane 

(PDMS) was poured into the mould along with a curing agent and allowed to crosslink. The resulting 

replica of the master mould in PDMS was separated from the master mould and inlets and outlets 

for tubings were punched into this replica. The replica was then sealed with a coverslip and 

connected via tubings to the flow controller, before being fixed in the microscopy set-up.  

 

Figure 9: Illustration of the microfluidic 

device taken from Kukhtevich et al.1. The 

eight diamond-shaped structures in the 

centre of the microfluidic device in the 

illustration on the left are the cell culture 

chambers. Lines show channels connecting 

each of these chambers to an individual 

media inlet, media outlet, sample inlet and 

sample outlet port. The red square shows a 

magnified image of a single cell culture 

chamber. Yellow arrows show the media 

inlet and outlet channels and green arrows 

show the sample inlet and outlet channels. 

The height in the central region of the cell 

culture chamber is only 3 μm, allowing cells 

to be trapped in this region. The surrounding 

region has a contrasting height of 40 μm.  
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The resulting microfluidic device consisted of eight cell culture chambers which could be used for 

simultaneously imaging cells from eight different strains (Fig. 9). The central region of the chambers 

was only 3 μm in height and could therefore trap yeast cells and force them to grow in the XY focal 

plane of the microscope. The tubing connections to the flow controller allowed entry of fresh medium 

into the chamber at customisable flow rates. The tubing connections also enabled the exit of waste 

medium from the chambers. The channels of medium flow surrounded the chambers of cell growth 

and the actual exchange of medium occurred through diffusion, minimising disturbance to the cells 

and allowing for very stable imaging within the chamber. Incubation temperature of the cells in the 

microfluidic device was maintained at 30°C during the experiment through an objective heater and 

a custom heatable insertion.  

 

The flow controller used in this set-up was connected to filtered SCD or SCGE media during steady 

state experiments and to both media during nutrient switch experiments. The medium was pumped 

at a constant rate of 20 μL/minute through the microfluidic set-up. For steady state experiments, the 

same growth medium was pumped through the device for the entirety of the experiment. For nutrient 

switch experiments, SCD was used for the first two hours of the experiment and SCGE was used for 

the next 25 hours of the experiment. The flow controller could be programmed to automatically switch 

the medium at the planned time point of the nutrient switch. The time taken for a complete change 

of media in the microfluidic system and device after the nutrient switch in the controller was 

calculated to be roughly 30 minutes.  

 

The epifluorescence microscopy set-up that was used for the imaging of live cells in the microfluidic 

device consisted of the Nikon Eclipse Ti-E microscope along with the NIS-Elements software, the 

SPECTRA X light engine for illumination and the Andor iXon Ultra 888 camera. During live cell 

imaging, phase contrast and fluorescence images were acquired at intervals of 3 minutes through a 

plan-apo λ 100×/1.45 Na Ph3 oil immersion objective. An additional magnification of 1.5x was 

applied. For the phase contrast channel, images were acquired with an exposure time of 100 ms. 

For the mScarlet-I fluorescence channel, an exposure time of 200 ms was used to illuminate with 

the SPECTRA X light engine at 555 nm and 10% power (26 mW). For the mCitrine channel, exposure 

time was 300 ms and illumination was performed at 508 nm at 40% power (24.8 mW). These imaging 

settings were consistent across all live-cell imaging experiments in this thesis.  

 

To maximise the number of cell cycles imaged before the cells crowded the field of view, only imaging 

positions with 1 or 2 cells at the start of the experiment were selected. This meant that at the time of 

the nutrient switch, most positions had only undergone one doubling and had 2 to 4 cells. While this 

enabled the collection of data from multiple generations after the nutrient switch, it reduced cell 

numbers in the populations that faced the switch. Repeated categorisation of these populations for 

the downstream analysis of the nutrient switch led to the low numbers of cells observed in some cell 
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categories. Wherever possible, more replicates of the live-cell imaging experiments were performed 

to strengthen the cell numbers.  

 

 

2.18.3. Data analysis for live-cell microscopy 

 

The ‘videos’ of cell growth generated from live-cell microscopy were analysed using the open-source 

image analysis software, Cell-ACDC122. In the data preparation module of Cell-ACDC, the images 

from different frames of a single position were aligned to correct for minor movements in the 

microscopy set-up. They were also cropped to a region of interest to avoid loss of time due to 

unnecessary segmentation. Automated cell segmentation and cell tracking were performed using 

the YeaZ123 neural network within the Cell-ACDC framework. The generated cell masks and bud-

mother annotations were manually corrected in the Cell-ACDC GUI. The most common error in the 

segmentation was a failure of the neural network to detect very small buds, which, if left uncorrected, 

would bias the dataset towards longer G1 and shorter S/G2/M phases. Additionally, manual 

annotation was key for identification and labelling of dead cells. This manually corrected dataset 

could be exported with a wide range of cell-mask- and fluorescence-intensity-associated metrics 

calculated by Cell-ACDC for downstream analysis.   

 

 

2.18.3.1. Calculation of cell volume metrics 

 

For Figure 13 and Figure 15, mean cell volumes and CVs of cell volume were calculated from live-

cell imaging data. To obtain a mean cell volume that was representative of the cell sizes in the 

population, cell numbers were maximised by pooling together all cells in the last frame of every 

imaging position. The mean cell volume and CV of cell volume were calculated from this pooled 

population after the exclusion of dead cells. For the CV of cell volume in Figure 15, the heights of 

the bar plot are the values of CV obtained from the pooled data. The •, ■, and x symbols denote 

values of the CV of cell volume obtained if the pooled data is split based on the two underlying 

experimental replicates. For statistical comparison of the CVs of cell volume between strains, 

bootstrapping was performed for a random resampling of positions from each strain in 10,000 

iterations with replacement. For the combination of positions obtained in every iteration, the CV of 

cell volume was calculated on cells pooled from the last frame of each position. The vector of the 

resulting CV distributions of one strain was subtracted from the vector of the CV distributions of the 

other to generate a difference vector. The 95%, 99% and 99.9% confidence intervals were calculated 

for this difference vector. If a given confidence interval contained 0, the CV distributions of the two 

strains were interpreted to overlap at the given confidence level, indicating that the strains were not 

significantly different.  
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2.18.3.2. Quantification of cell cycle properties 

 

The Cell-ACDC output data already contained cell cycle stage-based categorisation. The cell cycle 

annotations of buds to mothers automatically assigned both buds and mothers to the S/G2/M phase 

and unbudded cells to the G1 phase of the cell cycle. For this thesis, the Cell-ACDC output data was 

analysed in Jupyter Notebook using multiple functions from the Cell-ACDC downstream analysis 

notebook, such as cca_functions.calculate_downstream_data, 

cca_functions.calculate_per_phase_quantities and cca_functions.calculate_relatives_data. These 

functions were useful for calculating cell cycle properties such as phase lengths, volume changes 

per phase and for retrieving relatives’ data for each cell (Fig. 14). Additional properties such as 

growth rates, cell volumes at specific points in the cell cycle and mother-bud pedigrees could then 

be obtained based on these initial calculations. All cell cycles were labelled as complete or 

incomplete. Incomplete cell cycles were cell cycles during which the cell died or which were 

interrupted by the start or the end of the experiment. Unless otherwise specified, only complete cell 

cycles were used for the analyses in this work.  

 

To confirm that cells in the steady state live cell microscopy experiment were indeed growing 

exponentially during the experiment, the average cell cycle durations during the experiment were 

compared with the known exponential phase doubling times obtained from bulk experiments in 

literature131. The cell cycle duration is the time taken for one complete cell cycle from birth until 

division and should be correlated with the doubling time of population. Bulk measurements show  

 

 

Figure 10: Cell cycle durations in live-cell microscopy in SCD and SCGE media are correlated with 

doubling times obtained from bulk experiments in literature. The cell cycle durations (hours) of complete 

cell cycles pooled from two independent experimental replicates each of live cell microscopy in SCD (left) and 

SCGE (right) are plotted as boxplots for the different strains of interest. WT cells and the bck2Δ, whi5Δ and 
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whi5Δbck2Δ appear to be growing with the expected cell cycle duration of roughly 1.5 hours in SCD and 2.5 

hours in SCGE, which indicates exponential growth. Cells belonging to ccr4Δ and whi5Δccr4Δ strains have 

slightly longer cell cycle durations in SCD, but are much more delayed in completing their cell cycles in SCGE. 

Due to this elongated cell cycle duration and increased cell death observed in these strains, ccr4Δ and 

whi5Δccr4Δ cells growing in SCGE were excluded from analysis in this study.  

 

that for cells growing exponentially in SCD, the doubling time is roughly 1.5 hours and for cells 

growing exponentially in SCGE, it is roughly 2.5 hours131. To mimic a bulk measurement, all complete 

cell cycles from the live-cell microscopy experiment were pooled and their cell cycle durations (in 

hours) are plotted in Figure 10. This data represents two independent replicates in each growth 

medium. WT cells appear to be growing with the minimum cell cycle duration during the course of 

the experiment, which is around 1.5 hours for SCD and 2.5 hours for SCGE (Fig. 10). This indicates 

that they are likely in the exponential phase of growth during the experiment. Except for the ccr4Δ 

and whi5Δccr4Δ strains, the deletion strains appear to have cell cycle durations similar to those of 

WT. In SCD, ccr4Δ and whi5Δccr4Δ cells take around half an hour longer than WT, but in SCGE, 

these delays are exaggerated, with these strains needing almost an hour more to complete their cell 

cycles (Fig. 10). Due to this slow growth and an increased frequency of cell deaths, ccr4Δ and 

whi5Δccr4Δ cells in SCGE were excluded from the analysis.  

 

 

2.18.3.3. Further cell cycle categorisation based on fluorescence reporters  

 

As shown in Figure 24 in Results, fluorescent cell cycle markers were used to resolve the specific 

cell cycle stage of a cell. Using Cell-ACDC’s segmentation module, nuclear masks were obtained 

from the fluorescently labelled histone Htb2 signal by using simple thresholding. Upon subtraction of 

these nuclear masks from the cell masks generated by the YeaZ neural network, masks for the 

cytoplasm were obtained, allowing fluorescence analysis to be performed in three separate 

compartments: the whole cell, the nucleus and the cytoplasm. The fluorescence metrics in the Cell-

ACDC output data were obtained for all three kinds of masks for two different cell cycle reporters: 

Whi5-WIQ-mCitrine and Htb2-mScarlet-I. Comparison of the signals from these two reporters 

between cell compartments allowed further resolution of the cell’s current cell cycle stage. 

 

The mean pixel intensity is the sum of all pixel intensities in a mask divided by the mask area in 

pixels. Mothers and buds, however, are classified as individual cells in the Cell-ACDC output. To 

obtain the mean pixel intensity for the combined mother-bud system, pixel intensities of all the pixels 

in the mother and bud masks were summed and divided by the sum of the number of pixels in the 

mother and bud masks. The cytoplasm-adjusted mean pixel intensity, for example for Whi5-WIQ-

mCitrine in Figure 24, was calculated by subtracting the mean pixel intensity of the cytoplasm mask 

from the mean pixel intensity of the nuclear mask. This adjustment helped correct for 
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autofluorescence within the cell. Htb2-mScarlet-I amount was background adjusted within Cell-

ACDC by the manual definition of a ‘background region’ in the data preparation module.  

For identifying the frame at which Start occurs in G1, cytoplasm-adjusted nuclear mean pixel 

intensity of Whi5-WIQ-mCitrine was plotted against time in frames for each cell in the cell category 

of interest. The frame at which the nuclear mean pixel intensity of Whi5-WIQ-mCitrine started 

decreasing in G1 was identified manually and labelled as ‘Whi5_export_start_frame’. Similarly, the 

frame at which nuclear mean pixel intensity of Whi5-WIQ-mCitrine stopped decreasing was identified 

manually as the ‘Whi5_export_end_frame’. For both of these frames, the nuclear mean pixel intensity 

of Whi5-WIQ-mCitrine was acquired (Whi5_intensity_export_start, Whi5_intensity_export_end). The 

difference between the two intensities was calculated and divided by 2. This value was added to the 

Whi5_intensity_export_end to ascertain the nuclear mean pixel intensity when 50% of Whi5 had 

been exported from the nucleus (Whi5_intensity_50%_export). After calculating the 

Whi5_intensity_50%_export, the nuclear mean pixel intensity of Whi5-WIQ-mCitrine at every G1 

frame starting from Whi5_export_start_frame was compared to this value. The earliest frame at 

which the nuclear mean pixel intensity of Whi5-WIQ-mCitrine was lower than that 

Whi5_intensity_50%_export was assigned as the first post-Start frame. All G1 frames after this frame 

were assigned to the post-Start category and all G1 frames before this frame were assigned to the 

pre-Start category.  

 

The nuclear mean pixel intensity of Whi5-WIQ-mCitrine was also used to identify the first frame of 

telophase in mitosis. To do this, the nuclear mean pixel intensity of Whi5-WIQ-mCitrine was plotted 

against time in frames for each cell of interest. The first frame showing nuclear re-import of Whi5 

was manually identified and assigned as the first frame of the cell in telophase. This frame and all 

following frames in the cell cycle were categorised as post-anaphasic.  

 

Lastly, the start of anaphase was assigned by examining the trends in the background-adjusted 

Htb2-mScarlet-I amount in the bud. The amount of Htb2-mScarlet-I when plotted against time in 

frames showed a sudden and strong increase when the dividing nucleus entered the bud. This 

typically occurs during anaphase. Therefore, the frame at which the Htb2-mScarlet-I amount in the 

bud started increasing was manually labelled for each cell as the start of anaphase. All frames 

between this frame and the first post-anaphasic frame were categorised as anaphasic. The 

remaining S/G2/M frames starting from bud emergence and up until anaphase were assigned to the 

pre-anaphasic category which encompassed S-phase, G2-phase, prophase and metaphase.  
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2.19. Statistical analyses 

 

A confidence interval comparison was performed for comparing CVs of cell volume between strains 

in the live-cell microscopy data (Fig. 15) and a mixed ANOVA test was used for comparing mean 

cell volumes and CVs of cell volume between strains in the bulk nutrient switch experiment (Fig. 18). 

Additionally, Wilcoxon rank sum tests were used for the comparison of ENO2 and SUT509 mRNA 

abundance between strains (Fig. 32). All remaining statistical analyses were performed using 

independent two-tailed t-tests with the assumption of unequal variances (Welch’s). P-values below 

0.001 were denoted by ‘***’. p-values below 0.01 and greater than or equal to 0.001 were denoted 

by ‘**’. p-values below 0.05 and greater than or equal to 0.01 were denoted by ‘*’. p-values greater 

than or equal to 0.05 were denoted by ‘ns’ for non-significant. 
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3. Results 

 

3.1. WHI5 mRNA is not degraded by Ccr4.  

 

Multiple regulators of cell size at the G1/S transition have been identified (Fig. 4B). While Bck2 has 

been shown to promote the G1/S transition largely independently of Whi5 and Cln3, work from 

Manukyan et al.106 proposes an interaction between Bck2 and Whi5 via the cytoplasmic deadenylase 

Ccr4. They observed an increase in the stability of WHI5 mRNA in a GALpr-WHI5 ccr4Δ strain after 

a switch from galactose to glucose medium. To better understand the interactions within the G1/S 

regulatory network, this study attempted to reproduce these results in a strain with endogenous 

WHI5 and in steady-state growth conditions. Two orthogonal RNA quantification techniques - RT-

qPCR and single molecule fluorescence in situ hybridisation (smFISH) - were used to measure WHI5 

mRNA abundance in the ccr4Δ and bck2Δ mutants. RT-qPCR revealed that neither a deletion of 

CCR4 nor that of BCK2 leads to a significant increase in WHI5 transcript abundance (Fig. 11A).  

 

Figure 11: ccr4Δ and bck2Δ strains do not show increased WHI5 transcript abundance. The WHI7 

transcript is strongly upregulated in ccr4Δ and whi5Δccr4Δ cells. mRNA concentration of WHI5 (A) and 

WHI7 (B) relative to ACT1 in cells grown in SCD (synthetic complete medium with 2% glucose), as determined 

from five independent RT-qPCR experiments for A and a minimum of four independent RT-qPCR experiments 

for B. x symbol denotes the mean. Independent two-tailed t-tests with the assumption of unequal variances 

(Welch’s t-tests) were used for statistical analysis.   

 

To confirm these RT-qPCR results, smFISH was also performed for WHI5 transcripts (Fig. 12A-B). 

A whi5Δ control was included to ensure that the smFISH probes were not binding WHI7, the 

paralogue of WHI5 (Fig. 12B). Cells were categorised into the G1-phase if they did not have a bud 

and into the S/G2/M-phase if they had a bud. Further cell-cycle categorisation was performed based 

on the ratio of bud volume to mother volume. If this ratio was greater than 0.3, cells were categorised 
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into the G2/M-phase and if it was less than 0.3, they were categorised into the S-phase. In agreement 

with previous studies72,78, WHI5 transcription was observed to peak during late G1 and S-phase, with 

an average of 1-2 transcripts per cell (Fig. 12B). Like the RT-qPCR results, smFISH results also 

showed no significant increase in WHI5 transcript abundance in ccr4Δ and bck2Δ cells (Fig. 12B). 

The negative control (whi5Δ, Fig. 12B) had on average 0.07-0.09 spots in the different cell cycle 

stages, confirming that the smFISH probes used in this study were WHI5-specific.  

 

Given that WHI5 and its paralogue WHI7 share some sequence similarity, it is possible that 

Manukyan et al.106 detected both WHI5 and WHI7 transcripts in their northern blot. If that had been 

the case, an upregulation of WHI7 would be expected in the ccr4Δ deletion to explain the increased 

signal they observed106. The next step, therefore, was to test whether WHI7 is upregulated in the 

ccr4Δ mutant and whether WHI7 is overexpressed in the absence of WHI5 as a form of 

compensation. 

 

Figure 12: WHI5 expression peaks during late G1 and S-phase. No increase in WHI5 mRNA amount is 

observed in ccr4Δ or bck2Δ cells.  (A) Representative WT smFISH images: bright field; nuclear DNA stained 

with DAPI; WHI5 mRNA stained with Quasar-570 labelled smFISH probes; the spots detected using 

Spotmax130 outlined in yellow and cell contours in red. Scale bars represent 5 µm. (B) Mean WHI5 mRNA 

count per cell plotted for cells in different cell cycle phases pooled from two independent smFISH experiments 

performed in SCD. Number of cells in G1-phase: nWT = 98, nwhi5Δ = 121, nbck2Δ = 196, nccr4Δ = 127. Number of 

cells in S-phase: nWT = 172, nwhi5Δ = 182, nbck2Δ = 211, nccr4Δ = 83. Number of cells in G2/M-phase: nWT = 125, 

nwhi5Δ = 143, nbck2Δ = 178, nccr4Δ = 130. x symbol shows the mean. Independent two-tailed t-tests with the 

assumption of unequal variances (Welch’s t-tests) were used for statistical analysis.   

 

 

3.2. Whi7 does not compensate for Whi5.  

 

To ascertain whether the expression of the WHI5 paralogue WHI7 is upregulated in a whi5Δ strain, 

RT-qPCR was performed on WHI7 mRNA. WHI7 transcription was not upregulated in the whi5Δ 
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strain (Fig. 11B), indicating that Whi7 likely does not compensate for Whi5. However, WHI7 

transcripts were strongly upregulated in ccr4Δ and whi5Δccr4Δ cells (Fig. 11B). Whi7 protein levels 

are known to be upregulated during conditions of cell wall stress102, when it becomes the more 

important G1/S inhibitor and serves as a cell-cycle-brake (section 1.7). ccr4Δ and whi5Δccr4Δ cells 

were observed to be slow-growing and overgrown in size, making cell wall stress a possible 

explanation for the increased WHI7 mRNA concentration observed in these cells. This upregulation 

of WHI7 mRNA in the ccr4Δ mutant and the potential off-target binding of WHI5 northern-blot probes 

to WHI7 transcripts could together explain the increased stability of WHI5 that Manukyan et al.106 

detected in the ccr4Δ strain. To further test for a genetic interaction between Ccr4 and Whi5, cell 

volumes of ccr4Δ, whi5Δccr4Δ and WT cells were compared in bulk populations and at the single-

cell level.  

 

 

3.3. Ccr4 acts independently of Whi5. 

 

One way of testing for a genetic interaction between Ccr4 and Whi5 would be to compare the cell 

volume of whi5Δccr4Δ and ccr4Δ cells. If the whi5Δccr4Δ double mutant rescues the large cell size 

of the ccr4Δ single mutant, it would indicate that Whi5 indeed lies downstream of Ccr4 in the size 

control network, as suggested by Manukyan et al.106. To perform such a comparison, cell volumes 

of ccr4Δ and whi5Δccr4Δ cells were recorded at the single-cell level using time-lapse live-cell 

microscopy (Fig. 13A-C) and in bulk using Coulter-counter measurements (Fig. 13D).  

 

For the time-lapse microscopy, which was also used for multiple subsequent experiments in this 

study, steady-state cultures of the strains of interest were grown in two different growth media (SCD 

and SCGE) and transferred to a custom microfluidic device1 (see Methods section 2.18.2.) in a time-

lapse microscopy setup (Fig. 13A). SCD (synthetic complete medium with 2% glucose), is a 

fermentable medium as it contains glucose as a carbon source whereas SCGE (Synthetic complete 

medium with 2% glycerol and 1% ethanol) is a respiratory medium as it contains glycerol and ethanol 

as carbon sources. Traditionally, SCD is referred to as a ‘rich carbon’ medium as it allows shorter 

doubling times or faster cell growth as compared to SCGE, which is traditionally referred to as a 

‘poor carbon’ medium. These ‘rich carbon’ or ‘poor carbon’ labels for growth media can be misleading 

as the two media require very different metabolic states in cells - fermentation vs respiration - and 

the ‘quality’ of their carbon sources therefore is not directly comparable. The author takes this 

opportunity to clarify that while the terms ‘rich carbon’ and ‘poor carbon’ are used often in this study 

to describe growth media in a simpler way, they are only intended to reflect the faster or slower 

growth that these media facilitate.  
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Coming back to the time-lapse microscopy: the steady-state cells grown in either growth medium 

and loaded into the microfluidics device were imaged at three-minute intervals for up to 16 hours. 

The resulting videos of cell growth were analysed using the Cell-ACDC pipeline122. Cells were 

segmented and tracked using YeaZ123 and the cell masks and tracking were manually corrected. 

Mother-bud pedigrees were also assigned in the Cell-ACDC GUI in a semi-automated manner, 

resulting in a fully annotated manually corrected dataset containing over thirteen thousand complete 

cell cycles (Fig. 13A).  

 

 

Figure 13: whi5Δccr4Δ does not rescue the large cell size of the ccr4Δ single deletion. whi5Δbck2Δ is 

strikingly similar to WT in size.  (A) Live-cell imaging analysis pipeline for the data generated in this study. 

(B) Cell volume distributions of the different strains obtained from steady-state live-cell microscopy in SCD and 

SCGE are shown as boxplots. For each strain, all living cells in the last frame of each imaging position of two 

independent experiments were pooled. x symbol shows the mean cell volume of the distribution. Cell numbers 

(n) for SCD: nWT = 382, nwhi5Δ = 370, nbck2Δ = 376, nwhi5Δbck2Δ = 463, nccr4Δ = 241, nwhi5Δccr4Δ = 280. Cell numbers 

for SCGE: nWT = 533, nwhi5Δ = 370, nbck2Δ = 429, nwhi5Δbck2Δ = 409. ccr4Δ and whi5Δccr4Δ data in SCGE was 

excluded from analysis due to poor growth and high death rate. (C) Phase-contrast images from steady-state 

live-cell microscopy in SCD. Representative daughter cells (generation = 1) from different strains are shown 

just before division. Scale bars represent 5 µm. (D) Coulter-counter measurements of cell volume are plotted 

for cells growing in steady state in SCD. Data is pooled from two replicates. Independent two-tailed t-tests with 

the assumption of unequal variances (Welch’s t-tests) were used for statistical analyses.   
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The data obtained from this time-lapse live-cell microscopy (Fig. 13B) and coulter-counter 

measurements (Fig. 13D) was used to compare cell volumes between WT, whi5Δ, ccr4Δ and 

whi5Δccr4Δ cells. Deletion of the G1/S transition inhibitor Whi5 is expected to result in a quicker 

transition from G1 into S phase and consequently a smaller cell size due to the shorter G1 growth 

period 39,73,77. In agreement with this, live-cell microscopy data showed that whi5Δ cells are smaller 

than wild type cells in both growth media (Fig. 13B). Both live-cell microscopy and coulter-counter 

data revealed that ccr4Δ cells are significantly larger than WT cells (Fig. 13B-D). The double deletion 

in the whi5Δccr4Δ mutant does not rescue the large cell size of the ccr4Δ single mutant (Fig. 13B-

D), indicating that the large cell size phenotype of the ccr4Δ mutant does not stem solely from a 

modulation of Whi5. This data indicates that Ccr4 affects cell size through pathways other than those 

involving Whi5. These results, together with the results on WHI5 transcript abundance (Fig. 11, Fig. 

12), are not consistent with WHI5 transcripts being destabilised by Ccr4, as proposed by Manukyan 

et al.106. Instead, the results from this study strongly indicate that Whi5 is not downstream of Ccr4 

and the two proteins affect cell size via independent pathways.   

 

 

3.4. Bck2 acts independently of Whi5 

 

The time-lapse microscopy experiments described in Fig. 13A also provided insight into whether 

there is a genetic interaction between WHI5 and BCK2. They allowed comparison between cell 

volumes of WHI5 and BCK2 single and double mutants growing in SCD and SCGE (Fig. 13B). Based 

on what was known from literature, whi5Δ cells were expected to be smaller than WT cells whereas 

bck2Δ cells were expected to be bigger73,76,77,132. This was because the deletion of the G1/S transition 

inhibitor Whi5 shortens G1 duration and thereby reduces the amount the cell grows during G1. On 

the contrary, deletion of a G1/S transition activator such as Bck2 keeps the cell longer in G1, allowing 

more time for growth and a larger cell size. Indeed, results from this work showed that whi5Δ and 

bck2Δ cells are respectively smaller and bigger than wild type cells (Fig. 13B). Interestingly, the 

volume of whi5Δbck2Δ cells is strikingly similar to that of wild type cells (Fig. 13B), which had also 

previously been observed in bulk populations77. These cell volume phenotypes of the different 

mutants are consistent between both growth media (Fig. 13B). Judging from just the cell volume 

comparison, it appears that an additional deletion of WHI5 partially rescues the large size of bck2Δ 

cells, indicating that Whi5 may act downstream of Bck2 in cell size homeostasis. However, the next 

analysis, which was a comparison of cell cycle properties including cell volume changes, clarified 

that the effects of Whi5 and Bck2 are additive and that Whi5 and Bck2 likely affect cell size 

homeostasis independently of each other.  
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Figure 14: Since cell cycle phenotypes of whi5Δ and bck2Δ are additive in whi5Δbck2Δ, Bck2 must act 

independently of Whi5. (A) An example of cell cycle property comparison between strains. Here, the G1 

length (minutes) is compared between daughter cells (generation = 1) of different strains. Cells with complete 

G1 phases were pooled from a minimum of two independent experiments and were binned by their cell 

volumes at birth. The bin size is 12 fL (x-axis values ± 6 fL). Only bins that contained at least three cells were 
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included in the analysis. The mean G1 length for each strain in each bin is plotted. Only size bins containing 

both WT and the strain of interest were included in the analysis. Error bars show standard error. Independent 

two-tailed t-tests assuming unequal variances (Welch’s t-tests) were used for statistical analyses. Such 

individual plots were made for multiple cell cycle properties of both mother (generation >1) and daughter cells 

growing in two different media: SCD and SCGE. Whether or not a significant difference in each cell cycle 

property was observed between WT and the strain of interest in the majority of size bins is recorded in (B). In 

(B), the two columns of tables refer to the two growth media tested and the two rows of tables refer to daughter 

and mother cell populations. ‘Δvol’ refers to the change in cell volume during a given cell cycle phase. ‘Total 

Δvol’ represents the change in cell volume over the course of the entire cell cycle. Bud emergence marks the 

start of S/G2/M phase and cell division marks the start of G1 phase.  

 

 

The cell volume similarity between whi5Δbck2Δ and WT cells raised the question of whether the 

underlying cell cycle properties, such as the cell cycle phase durations and phase-specific volume 

changes, were also similar between the double mutant and WT. The time-lapse imaging set-up 

enabled resolution and comparison of cell cycle properties between different strains. Figure 14A 

shows how this analysis was performed for one example cell cycle property: G1 length. Daughter 

cells, i.e, cells which were in their first cell cycle, were divided into various size bins based upon their 

cell volume at birth. The G1-lengths were then compared between different strains in each size bin. 

Whether or not a strain showed a significant difference in the cell cycle property with respect to wild 

type in the majority of size bins was recorded in the tabular form shown in Figure 14B. This analysis 

was repeated for multiple cell cycle properties for both daughter and mother cells (generation > 1) in 

the two different growth media (Fig. 14B). The cell cycle properties included cell cycle phase lengths 

(‘G1 length’, ‘S/G2/M length’), phase-specific changes in cell volumes (‘G1 Δvol’, ‘S/G2/M Δvol’) and 

the change in cell volume over the entire cell cycle, i.e., from birth to division (‘Total Δvol’). WHI5 

and BCK2 single deletions affected multiple cell cycle properties (Fig. 14B). For example, whi5Δ 

daughters indeed had shorter G1 lengths, as is expected from the deletion of a G1/S inhibitor. 

However, since this reduction in G1 length was only observed in whi5Δ daughters, it appears that 

Whi5’s regulation of G1 length is much stronger in daughter cells than mother cells. This differential 

effect of the whi5Δ deletion on daughter G1 lengths could also stem from the much longer G1s 

observed in daughter cells as compared to mother cells133, which might make it easier to resolve 

differences between strains. The deletion of BCK2 led to an increase in G1 length, as is expected 

from the deletion of a G1/S activator. This effect, however, was only observable in SCGE medium, 

likely also due to the longer G1 lengths in SCGE allowing for better resolution of differences between 

strains. These observations emphasized that the effects of the deletions on cell cycle properties 

were dependent on the growth medium and cell type (mother vs daughter).  

 

The single deletions of whi5Δ and bck2Δ also led to an altered ‘Total Δvol’ property, explaining why 

cells of these strains ended up smaller and bigger than wild type, respectively (Fig. 14B). In the 

whi5Δbck2Δ double mutant, the opposing size-phenotypes of the two deletions appeared to cancel 

each other out to result in cells that resemble wild type cells in size. In ‘Total Δvol’ as well as in other 
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cell cycle properties, the effects of both single deletions appeared to be additive in the double 

deletion, indicating that Whi5 and Bck2 act in independent pathways. These results further disputed 

Manukyan et al.106’s proposal that Whi5 acts downstream of Bck2 and Ccr4. Moreover, the surprising 

similarity between the cell volumes of whi5Δbck2Δ and WT cells indicated that two important size 

regulators may be dispensable in the maintenance of WT-like size. Another explanation for this 

similarity in cell size between whi5Δbck2Δ and WT cells was that it was merely the cumulative effect 

of two deletions with contradictory phenotypes, resulting in a net-zero cell volume phenotype. If this 

were the case, the loss of the two size regulators should still lead to a loss of size homeostasis 

efficiency, as assessed by the coefficient of variation of cell volume.  

 

 

3.5. whi5Δbck2Δ has more efficient size homeostasis than whi5Δ and bck2Δ in glucose 

medium 

 

The coefficient of variation (CV) of cell volume is the mean-normalised standard deviation of the cell 

volume distribution, making it a measure of size homeostasis efficiency which is comparable 

between differently sized strains. The similarity between the cell volumes of whi5Δbck2Δ cells and 

WT raised the question of how efficient size homeostasis is in the whi5Δbck2Δ double mutant. The 

CVs of cell volume were calculated from time-lapse live cell microscopy data (Fig. 15A) and from 

coulter-counter measurements (Fig. 15B). As was expected given their roles in G1/S size control, 

whi5Δ and bck2Δ had an increased CV of cell volume, both for cells growing on SCD and on SCGE 

medium (Fig. 15A). This indicated that a deletion of WHI5 or BCK2 reduced the efficiency of size 

homeostasis. By that logic, a double deletion of both WHI5 and BCK2 was expected to lead to an 

even stronger disruption of cell size homeostasis. Surprisingly, the CV of cell volume of whi5Δbck2Δ 

cells was not higher than the CVs of whi5Δ and bck2Δ cells (Fig. 15A). In fact, in SCD, whi5Δbck2Δ 

cells even showed a significantly lower CV than both Δwhi5 and Δbck2 (Fig. 15A), similar to wild-

type cells. Thus, cell size homeostasis, as evaluated by the CV of cell volume across a steady-state 

population, was found to be surprisingly robust to the double deletion of WHI5 and BCK2, in particular 

for cells grown in SCD.  

 

In contrast, deleting CCR4 resulted in a dramatically increased CV of cell volume for cells grown in 

SCD, which was not rescued by an additional WHI5 deletion (Fig. 15A-B). This indicated the rare 

occurrence of a drastically impaired size-homeostasis mechanism. However, since ccr4Δ cells grow 

very poorly, especially in SCGE, it is unlikely that this reduced size homeostasis is a result of 

disrupted G1/S size control alone. To gain insight into how G1/S size homeostasis efficiency is 

affected by deletions of different G1/S size homeostasis proteins, the relationship between G1 length 

and cell volume at birth was studied next.  
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Figure 15: whi5Δbck2Δ has more efficient size homeostasis than whi5Δ and bck2Δ in glucose medium. 

(A)  The live cell microscopy dataset described in Figure. 13B was used for calculating the coefficient of 

variation (CV) of cell volume, as a measure of size homeostasis efficiency. For each strain, all living cells in 

the last frame of each imaging position of two independent experiments were pooled and the resulting CV of 

cell volume is represented by the bar heights. •, ■, and x symbols are used to show the CVs of cell volume 

calculated from only the cells of independent experimental replicates. In A, statistical comparison between the 

strains was performed by comparing overlaps between 10000 bootstrap samples (details in Methods section 

2.18.3.1). (B) The coulter-counter dataset used in Fig. 13D was also used to calculate the CV of cell volume 

for WT, ccr4Δ and whi5Δccr4Δ cells. Cells were pooled from two replicates, shown here by • and x symbols.  

 

 

3.6. ccr4Δ and whi5Δccr4Δ cells show disrupted size homeostasis at the G1/S transition. 

 

The principle underlying G1/S cell size homeostasis is that G1 duration is dependent on the cell 

volume at the beginning of G1. Cells born bigger undergo shorter G1 phases and cells born smaller 

undergo longer G1 phases to reduce cell size variation in the population at the end of G150,134. Thus, 

one way of observing G1/S size homeostasis is by plotting G1 duration against cell volume at birth 

(Fig. 16A). A more negative slope of the resulting regression line means longer G1 durations for cells 

that were born smaller and therefore indicates stronger size homeostasis. Alternatively, a slope close 

to 0 indicates a birth-volume-independent G1 duration and therefore an absence of size 

homeostasis. While WT, whi5Δ, bck2Δ and whi5Δbck2Δ daughter cells have strongly negative 

slopes and therefore, intact size homeostasis, ccr4Δ and whi5Δccr4Δ cells show a strong disruption 

in size homeostasis (Fig. 16A). This is also reflected in the weaker correlation between G1 duration 

and birth volume in ccr4Δ and whi5Δccr4Δ cells, represented by the Pearson correlation coefficient 

(r). In fact, the G1 duration in ccr4Δ and whi5Δccr4Δ cells appears to be largely cell-volume-

independent. This is in agreement with the dramatically lower size homeostasis efficiency observed 

in these strains when the CV of cell volume was analysed (Fig. 15). 
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Another standard method used in the field to assess the strength of size homeostasis is a slight 

modification of the G1-length-birth-volume comparison performed in Figure. 16A. This method, 

described by Di Talia et al.70, calculates the dependence of a growth-rate-adjusted G1 duration on 

cell volume at birth via linear regression. According to this method, the growth rate, α, of 

exponentially growing daughter cells was calculated as the slope of the natural logarithm of cell 

volume (in [fL]) plotted against time. For each cell that underwent a complete cell cycle, αG1, the 

growth-rate adjusted G1 duration, was calculated by multiplying G1 duration and α. This growth-rate-

adjusted G1 duration (αG1) was then plotted against the natural logarithm of birth volume and a 

linear regression was performed (Fig. 16B). Similar to Fig. 16A, a negative slope of the resulting 

regression line indicated that G1 duration was indeed strongly dependent on birth volume, and 

indicated strong G1/S cell size homeostasis. Conversely, a slope closer to 0 indicated a birth size-

independent G1 duration and therefore weaker G1/S cell size homeostasis. Surprisingly, using this 

method to assess G1/S size homeostasis strength revealed a very different result for ccr4Δ and 

whi5Δccr4Δ cells (Fig. 16B). If just G1 duration was considered, these strains showed disrupted size 

homeostasis (Fig. 16A). However, if growth-rate adjusted G1 duration was considered (Fig. 16B), 

these strains appeared to have intact size homeostasis, but much lower correlation between αG1 

and birth volume than the other strains. This indicated that for the ccr4Δ and whi5Δccr4Δ strains, the 

difference between G1 duration and αG1 was coming from differences in α, the growth rate.  

 

To test whether the divergence between G1 duration and αG1 for the ccr4Δ and whi5Δccr4Δ strains 

was α-dependent, αG1 was plotted against G1 duration and the growth rate (α) of each cell was 

represented through the color of the data points (Fig. 16C). For WT, bck2Δ and whi5Δbck2Δ 

daughter cells, αG1 and G1 duration were found to be strongly correlated, as is expected if both 

growth rate and G1 duration are cell-volume-dependent (Fig. 16C). For the ccr4Δ and whi5Δccr4Δ 

strains, however, the correlation between αG1 and G1 duration appeared weaker as many cells 

showed a much lower αG1:G1 duration ratio than expected (Fig. 16C). The color of these data points 

confirmed that their lower αG1 values stemmed from lower α values (Fig. 16C). As a part of the Ccr4-

Not complex, Ccr4 is known to regulate the production, nuclear export, translation and degradation 

of many mRNAs104,105 and its deletion therefore can have widespread effects on cell function. It is 

possible that the absence of Ccr4 leads to sick cells with reduced growth rates, which may give a 

false impression of intact size homeostasis (Fig. 16B). The very large cell size (Fig. 13), very low 

size homeostasis efficiency (CV of cell volume analysis, Fig. 15) and the size-independent G1 

duration of ccr4Δ and whi5Δccr4Δ cells (Fig. 16A), however, still indicate a strong disruption of size 

homeostasis in these strains. Since cell size homeostasis efficiency is very robust to deletions of 

size regulators73, the ccr4Δ and whi5Δccr4Δ mutants serve as rare examples of inefficient size 

homeostasis systems.  
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Figure 16: ccr4Δ and whi5Δccr4Δ cells show disrupted size homeostasis at the G1/S transition. (A)  The 

live cell microscopy dataset used in Fig. 13B is used for plotting G1 duration (minutes) against volume at birth 
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(fL) for daughter cells growing in steady-state conditions in SCD. Daughter cells from two independent 

experimental replicates that went through a complete G1 phase during the course of the experiment were 

pooled. Linear regression was performed on the resulting scatter plot and the equation for the resulting line is 

provided on each panel. Shaded areas show 95% confidence intervals. Pearson correlation coefficient (r) and 

p-value for testing non-correlation (p) are also displayed on each panel. Note: the axes are different for ccr4Δ 

and whi5Δccr4Δ panels. The x-axes have been cut short in the bck2Δ and whi5Δccr4Δ panels to exclude 

outliers and maintain uniformity. (B)  The strength of size homeostasis at the G1/S transition in different cell 

categories is assessed here as per the method described by Di Talia et al.70. The growth rate for exponentially 

growing cells, α, is the slope of the natural logarithm (in [fL]) of cell volume plotted against time. It is calculated 

for all complete cell cycles of daughter cells collected from two independent experimental replicates. For each 

cell, G1 length is multiplied by α to obtain a growth rate adjusted G1-duration, αG1. Here, αG1 is plotted against 

the natural logarithm of birth volume and a linear regression is performed. The equation for the resulting 

regression line is printed on each panel. Shaded areas show 95% confidence intervals. Pearson correlation 

coefficient (r) and p-value for testing non-correlation (p) are also displayed on each panel. (C) αG1 is plotted 

against G1 duration (minutes). The data points are color-coded to represent the value of α (see legend), with 

a lighter color representing a lower value of α and a darker color representing a higher value of α. Pearson 

correlation coefficient (r) and p-value for testing non-correlation (p) are also displayed on each panel. 

 

 

3.7. Population-level similarities in cell volume and CV of cell volume between WT and 

whi5Δbck2Δ cells in SCD can be reproduced when individual cell populations or cell cycle 

transitions are studied. 

 

In the cell volume and CV of cell volume analyses in figures 13B and 15A, all living cells in the last 

frames of all positions of a strain were pooled to maximise cell number. This masked the effects of 

cell cycle stage and cell generation number on cell volume and its variability. It is well known from 

literature that both cell volume and CV of cell volume differ significantly between daughter cells 

(generation = 1) and mother cells (generation >1) and between different cell cycle stages36,135,136. To 

disentangle the effects of cell cycle stage and generation number on cell volume and its variability, 

cell volume and its CV were now plotted separately for daughters and mothers at three different cell 

cycle stages: birth, bud emergence and division (Fig. 17A-B). As expected, cell volume continued to 

increase as the cell cycle progressed for all strains in both growth media (Fig. 17A-B). The CV of cell 

volume largely decreased as the cell cycle progressed (Fig. 17C-D). This decrease in CV of cell 

volume over the course of the cell cycle was also anticipated, as size homeostasis mechanisms 

reduce variability in cell volume36.  Within each strain, mother cells were clearly larger than daughter 

cells at birth (Fig. 17A-B). whi5Δ and bck2Δ cells were respectively smaller and larger than wild type 

cells in all conditions and ccr4Δ and whi5Δccr4Δ cells were bigger than wild type in all conditions 

(Fig. 17A-B). In SCGE, both whi5Δbck2Δ mothers and daughters were slightly but significantly larger 

than their wild type counterparts (Fig. 17B). The CVs of cell volume of whi5Δbck2Δ mothers and 

daughters also appeared to be higher than those of wild type mothers and daughters in SCGE (Fig. 

17D). In SCD, however, the cell volumes and CVs of cell volume were largely similar between WT 

cells and whi5Δbck2Δ cells, across cell cycle stages and for both daughters and mothers. This 

confirmed that the similarity in cell volume and CV of cell volume observed between WT and 



70 
 

whi5Δbck2Δ cells in SCD was not an artefact of pooling cells of all cell cycle stages and ages 

together but was also observable in individual cell populations.  

 

 

Figure 17: Population-level similarities in cell volume and CV of cell volume between WT and 

whi5Δbck2Δ cells in SCD can be reproduced when individual cell populations or cell cycle stages are 

studied. Data from a minimum of two independent experiments of live-cell microscopy was pooled and cell 

volume (fL) at birth, bud emergence and division was plotted for daughter (generation = 1) cells and mothers 

(generation >1) growing in SCD (A) or SCGE (B). The CV of cell volume at birth, bud emergence and division 

was also plotted for daughters and mothers growing in SCD (C) and SCGE (D). Error bars show standard 

error. Independent two-tailed t-tests with the assumption of unequal variances (Welch’s t-tests) were used for 

statistical comparisons.  

 

 

3.8. Following a nutrient switch, whi5Δbck2Δ shows a stronger disruption of size 

homeostasis efficiency than wild type.  

 

Live-cell microscopy data had so far allowed the surprising observation that while individual deletions 

of WHI5 and BCK2, two major G1/S cell size regulators, led to altered cell volumes and weaker size 

homeostasis, the absence of both proteins together did not have a stronger size homeostasis 
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phenotype in SCD medium. Since this observation was made in steady-state experiments, and since 

both Whi5 and Bck2 had previously been connected with nutrient-sensing, there was the possibility 

that the double deletion of WHI5 and BCK2 showed a loss of size homeostasis efficiency in changing 

nutrient conditions, i.e., after a nutrient switch. To test this, a bulk nutrient switch experiment was 

performed where exponentially growing cells were shifted from SCD (rich carbon) to SCGE (poor 

carbon) medium (Fig. 18A). Steady-state populations of cells growing in SCD were washed with and 

inoculated into SCGE (Fig. 18A) at a starting OD600nm of 0.01. A time course of OD600nm and coulter-

counter measurements of cell volume was performed from the time of the nutrient switch up until a 

new steady-state in the glycerol-ethanol medium was attained (Fig 18B-D). Up until the 30-hour time 

point, the OD600nm of the cultures was below 1.0. For the two remaining time points after this one, 

cells were appropriately diluted to maintain their OD600nm below 1.0. The results showed a surprising 

peak in both cell volume and CV of cell volume between 10 and 20 hours after the nutrient switch 

(Fig. 18B, D). This initial increase in cell volume was surprising because the medium was switched 

from rich to poor, ultimately leading to smaller cell volumes after the switch. The sharp increase in 

CV was surprising because the CV of cell volume is known to be very tightly regulated in steady- 

 

 

Figure 18: The increase in CV of cell volume observed after a nutrient switch is stronger in whi5Δbck2Δ 

than wild-type cells. (A) Experiment design for the bulk nutrient switch experiment. Cells growing 

exponentially in SCD were washed with and inoculated into SCGE. A time course of OD600nm and coulter-

counter measurements was performed until cells reached steady-state in SCGE. For the measurements taken 

48 and 72 hours after the nutrient switch, appropriate dilutions were made when necessary to maintain the 

OD600nm of the cultures between 0.1 and 1 (see Methods section 2.17. for more details) (B) Mean cell volume 

and OD600nm (C, inset) are plotted against time since the nutrient switch (hours). Shaded areas show 95% 

confidence intervals. Each time point shows data from at least two experiments. (D) The CV of cell volume is 

plotted against time since the nutrient switch (hours). Shaded areas show 95% confidence intervals. Statistical 

analysis in B and D was performed by dividing the time course into three ten-hour windows (orange lines). The 

remaining two time points were grouped together. A mixed ANOVA test was performed for every time interval 

(see Methods section 2.17. for more details). 
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state conditions73. Moreover, there was no prior knowledge about how the CV of cell volume looks 

after a nutrient switch. Both mean cell volume (Fig. 18B) and CV of cell volume (Fig. 18D) increased 

for the first 15 hours after the nutrient switch and this increase was not accompanied by notable cell 

proliferation (Fig. 18C). Around 15 hours after the switch, OD600nm started to increase (Fig. 18C), and 

at the same time mean cell volume and CV of cell volume started to decrease (Fig. 18B, D). 

Interestingly, during the time of maximal cell volume around 10-20 hours post-switch, the CV of cell 

volume of whi5Δbck2Δ cells was significantly higher than that of wild type (Fig. 18D). After the 20 

hours post-switch mark, the CV of whi5Δbck2Δ appeared to be slightly higher than that of wild type 

for the remainder of the experiment but the difference was not statistically significant. Thus, while 

both wild-type and whi5Δbck2Δ cells exhibited an increase in cell volume and CV of cell volume 

post-switch, whi5Δbck2Δ had lower size homeostasis efficiency. This suggested that the 

simultaneous loss of Whi5 and Bck2 has a more prominent effect on size adaptation in changing 

nutrients as compared to size homeostasis in steady state conditions. These observations raised 

the questions of what caused the spikes in cell volume and CV of cell volume after a nutrient switch 

and what led to the higher disruption of size homeostasis efficiency in whi5Δbck2Δ. To answer these 

questions, it was important to obtain single-cell information during the nutrient switch. 

 

 

3.9. Cell categorisation system for analysis of live-cell imaging coupled to a nutrient switch 

 

In order to understand the spike in cell volume and CV of cell volume observed after the nutrient 

switch, single-cell information was obtained by performing live-cell microscopy in combination with 

the nutrient switch. The same custom microfluidic device as used in Figure. 13 and described in 

detail in section 2.18.2 was loaded with exponential SCD cultures of WT, whi5Δ, bck2Δ and 

whi5Δbck2Δ cells imaged in the time-lapse microscopy setup at three-minute intervals. For the first 

two hours, the cells were grown in SCD medium (Fig. 19A). At the two-hour time point, the medium 

in the microfluidic device was automatically switched to SCGE using the microfluidic flow controller. 

The cells were then allowed to grow in SCGE for the next 25 hours (Fig. 19A). The videos of cell 

growth generated in this experiment were analysed using the image analysis pipeline as described 

in Figure. 13A.  

 

A preliminary qualitative inspection of the nutrient switch videos revealed that while growing in SCD 

for the first two hours of the experiment, most cells completed at least one cell cycle, resulting in an 

approximate doubling of cell number. One representative imaging position with WT cells is depicted 

in Figure 19A. The nutrient switch to SCGE led to a roughly five-hour long cell cycle arrest (WT) 

during which cells continued to grow in cell volume (Fig. 19A). As cells resumed cell cycle 

progression after roughly five hours (WT), the cell volume distribution appeared to become 

increasingly heterogeneous, as it contained both overgrown cells that had faced the cell cycle arrest 
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Figure 19: Analysis strategy for live-cell microscopy of the adaptation to the nutrient switch.  (A) 

Representative images of WT cells at different time points in the nutrient switch live-cell microscopy 

experiment. Scale bars represent 20 µm. (B) Schematic explanation of cell categories used in the downstream 

analysis of the nutrient switch live-cell microscopy dataset.  

 

 

and smaller cells that were born after the arrest (Fig. 19A). Indeed, the cell volume distributions 

widened and became strikingly bimodal around 7.5 hours after the switch for all strains studied (Fig. 

20). This increased heterogeneity in the cell volume distribution was in agreement with the increasing 

CV of cell volume previously observed in the bulk experiment between 5 and 15 hours after the 

nutrient switch (Fig. 18D).  Thus, it was evident that the cell cycle arrest after the nutrient switch was 

leading to the increases in cell volume and CV of cell volume observed in the bulk nutrient switch 

experiment. However, to quantify arrest durations and volume changes after the nutrient switch and 

to compare them between strains, cells needed to be categorised based on their cell-cycle stages 

at the time of the nutrient switch or, if they were born after the switch, their generational distance 

from the time of the switch.  

 

The categorisation of cells based on their history at the time of the nutrient switch was performed in 

the following manner. Cells that were growing in SCD and faced the nutrient switch to SCGE were 

categorised as ‘switchers’ (Fig. 19B). If switchers were budded at the time of the nutrient switch, they 

were further categorised as ‘S/G2/M-switchers’ and if not, they were categorised as ‘G1-switchers’. 

The ongoing cell cycle of the switchers at the time of the nutrient switch was called the ‘switch-cell-

cycle’ (Fig. 19B, highlighted in yellow). Immediately after the switch, the switchers arrested in the 

‘switch-cell-cycle’. The switchers overcame the arrest and divided at the end of the switch-cell-cycle 

to give rise to the first round of daughters (Fig. 19B, highlighted in blue). The switchers then entered 



74 
 

 

Figure 20: The cell volume distributions become bimodal and heterogeneous around 7.5 hours after 

the nutrient switch. Kernel density estimation of cell volume distributions was used to compare the shapes 

of the distributions between different time points after the nutrient switch. Kernel density estimation represents 

the data using a continuous probability density curve. This probability density is plotted on the y-axis (density) 

for different time points following the nutrient switch (shown in shades of blue). The x-axis represents cell 

volume in fL. The kernel density estimates were clipped after 400 fL to exclude very large outliers. Data is 

normalised in a way that the total area under each curve sums up to 1.  

 

the next cell cycle, labelled as the cell-cycle-after-switch-cell-cycle (Fig. 19B, highlighted in green), 

at the end of which they gave rise to the second round of daughters (Fig. 19B, highlighted in blue). 

The subsequent rounds of daughters were categorised analogously (Fig. 19B, highlighted in blue). 

Based upon their history, the rounds of daughters were further categorised as daughters of G1-

switchers or daughters of S/G2/M switchers. Importantly, the first round of daughters of S/G2/M-

switchers was the only cell category apart from the switchers themselves that had faced the nutrient 

switch – as buds of the S/G2/M-switchers. Albeit complex, this careful categorisation of cells was 

crucial for identifying unique phenotypes in response to the nutrient switch in the subsequent 

analyses. After this cell categorisation, cell cycle phase lengths and cell volume changes could be 

quantified and compared between the strains within each category of cells.  

 

 

3.10. The nutrient switch leads to cell cycle arrests in switchers and causes stronger cell 

enlargement in bck2Δ cells. 

 

The first category of cells to be analysed were the G1- and S/G2/M-switchers. Cell cycle phase 

lengths and cell volumes at the end of those cell cycle phases were plotted for two cell cycles of the  
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Figure 21: The nutrient switch leads to cell cycle arrests in switchers and leads to stronger cell 

enlargement in bck2Δ cells.  (A) Schematic explanation for cell categories analysed in this figure. (B) Phase 

lengths are plotted for switchers’ switch cell cycles (yellow) and cell cycles after switch-cell-cycle (green). x 

symbol represents the mean phase length of the population. The outermost left and right panels show steady-

state phase lengths for SCD and SCGE, respectively. Complete cell cycles were pooled from two independent 

steady-state experiments for each growth medium. The number of cells in each box in the steady-state panels 

is between 450 and 950. For the nutrient switch panels (yellow and green), cells were pooled from three 

independent experiments. For G1-switchers' switch cell cycle G1 phase (yellow, left), nWT = 144, nwhi5Δ = 59, 

nbck2Δ = 67, nwhi5Δbck2Δ = 50.  For G1-switchers' switch cell cycle S/G2/M phase (yellow, left), nWT = 132, nwhi5Δ 

= 46, nbck2Δ = 56, nwhi5Δbck2Δ = 42. For S/G2/M-switchers' switch cell cycle G1 phase (yellow, right), nWT = 239, 

nwhi5Δ = 107, nbck2Δ = 116, nwhi5Δbck2Δ = 115. For S/G2/M-switchers' switch cell cycle S/G2/M phase (yellow, 

right), nWT = 197, nwhi5Δ = 66, nbck2Δ = 66, nwhi5Δbck2Δ = 94. For G1-switchers' cell cycle after switch-cell-cycle G1 

phase (green, left), nWT = 120, nwhi5Δ = 34, nbck2Δ = 49, nwhi5Δbck2Δ = 34.  For G1-switchers' cell cycle after switch-

cell-cycle S/G2/M phase (green, left), nWT = 91, nwhi5Δ = 14, nbck2Δ = 39, nwhi5Δbck2Δ = 26. For S/G2/M-switchers' 

cell cycle after switch-cell-cycle G1 phase (green, right), nWT = 164, nwhi5Δ = 47, nbck2Δ = 51, nwhi5Δbck2Δ = 61. For 

S/G2/M-switchers' cell cycle after switch-cell-cycle S/G2/M phase (green, right), nWT = 138, nwhi5Δ = 45, nbck2Δ 

= 29, nwhi5Δbck2Δ = 46. Strain order in each panel (L-R): WT, whi5Δ, bck2Δ, whi5Δbck2Δ. (C) This dataset is 

also used to plot cell volume at the end of the respective cell cycle phases (fL). Cell volume at the end of G1 

is the cell volume at the last frame before bud emergence. Cell volume at the end of S/G2/M is a sum of mother 

and bud volume at the last frame before division. Strain order in each panel (L-R): WT, whi5Δ, bck2Δ, 

whi5Δbck2Δ.  Independent two-tailed t-tests with the assumption of unequal variances (Welch’s t-tests) were 

used for statistical analyses.  

 

switchers: the switch-cell-cycle (Fig. 21A, highlighted in yellow) and the cell-cycle-after-switch-cell-

cycle (Fig. 21A, highlighted in green). For comparison of cell cycle properties during the lag phase 

after the nutrient switch to those from the log phase in steady-state, the same cell cycle properties 

from the steady-state dataset were plotted on the left and right of the nutrient switch data (Fig. 21B-

C). Both the G1-switchers and the S/G2/M-switchers arrested in the cell cycle phase that was 

ongoing at the time of the nutrient switch. This is evident from the elongated G1 phase of the G1-

switchers and the elongated S/G2/M-phase of the S/G2/M-switchers in the switch cycle (Fig. 21B, 

yellow). For the G1-switchers, the next phase after the arrest, which was the S/G2/M-phase of the 

switch cycle (Fig. 21B, yellow) was not very different in length from the S/G2/M-phases observed in 

exponential growth in SCGE (Fig. 21B, extreme right panel). Similarly, the phase lengths in the next 

cell cycle of G1-switchers (cell-cycle-after-switch-cell-cycle, Fig. 21B, left green) largely resembled 

exponential growth in SCGE. Conversely, S/G2/M-switchers experienced another arrest in the 

strongly elongated G1 phase of their next cell cycles before undergoing a relatively unperturbed 

S/G2/M-phase (Fig. 21B, cell-cycle-after-switch-cell-cycle, right green). This observation indicated 

that while G1-switchers only underwent the single G1-arrest in the switch-cycle, S/G2/M-switchers 

arrested twice: once in the S/G2/M-phase of the switch cycle and then again in the G1-phase of the 

cell-cycle-after-switch-cell-cycle. Thus, the S/G2/M-switchers exhibited memory of the nutrient-

switch in the cell cycle following the switch-cell-cycle. Moreover, of the four strains studied, two 

strains appeared to have longer G1-arrests than others: bck2Δ and whi5Δbck2Δ (Fig. 21B), 

indicating that Bck2 is involved in exit from these G1-arrests.  
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A consequential question was how these cell cycle arrests affected cell volume. To address this 

question, cell volume at the end of these cell cycle phases was plotted in Figure 21C. In G1-

switchers, the G1 arrest immediately after the nutrient switch led to an increased cell volume at the 

end of G1 in all the strains (Fig. 21C, left yellow). Despite being relatively short, the following G1 

slightly increased cell volume further (Fig. 21C, left green). At the end of the G1 arrest of the G1-

switchers, strains with BCK2 deletions exhibited stronger cellular enlargement as compared to WT 

and whi5Δ (Fig. 21C, left yellow). This could be a result of the longer G1 arrests that these strains 

experienced (Fig. 21B, left yellow). Moreover, this single G1 arrest was sufficient to lead to a cell 

volume difference between WT G1-switchers and whi5Δbck2Δ G1-switchers, which had in steady 

state looked very similar in cell volume at G1 end (Fig. 21B, extreme left panel). For S/G2/M-

switchers, the S/G2/M arrest in the switch-cell-cycle led to increased cell volumes for all strains (Fig. 

21C, right yellow) which were further increased by the G1 arrest in the cell-cycle-after-switch-cell- 

cycle (Fig. 21C, right green). Also for the S/G2/M-switchers, the G1-arrest in the cell-cycle-after-

switch-cell-cycle led to a prominent cell volume difference between WT and whi5Δbck2Δ cells (Fig. 

21C, right green). whi5Δbck2Δ cells resembled bck2Δ cells rather than WT cells after the G1-arrests. 

Like bck2Δ cells, they underwent longer G1 arrests and ended up with bigger cell volumes, which 

indicates an increased importance of Bck2 in G1 exit after a nutrient switch. The post-switch cell 

cycle arrests and consequential increase in cell volumes for WT and whi5Δbck2Δ cells were also 

consistent with the increase in mean cell volume and the arrests observed in the bulk nutrient switch 

experiments (Fig. 18).  

 

 

3.11. Nutrient switch-facing buds also arrest in their first G1 and bck2Δ mutants undergo 

stronger cell enlargement during these arrests. 

 

So far, it was evident that among the switchers, strains that had a BCK2 deletion underwent longer 

G1 arrests and more cellular overgrowth after the nutrient switch. Apart from the switchers, there 

was one other category of cells that also faced the nutrient-switch: the first round of daughters of 

S/G2/M-switchers (Fig. 22A, highlighted in blue, cell number 1) that were present as buds of S/G2/M-

switchers at the time of the nutrient switch. The first round of daughters of G1-switchers, on the other 

hand, only started budding after the nutrient switch. It was therefore important to check whether the 

first round of daughters of S/G2/M-switchers also experienced cell cycle arrests after the nutrient 

switch and if so, whether the arrest and overgrowth phenotypes for this category of cells were also 

stronger in strains with BCK2 deletions.  
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Figure 22: Nutrient-switch-facing buds arrest in their first G1, leading to stronger enlargement in bck2Δ 

cells. (A) A schematic explanation for cell populations analysed in this figure. (B) G1 lengths are plotted for 

the rounds of daughters (blue) of G1-switchers and S/G2/M-switchers. x symbol represents the mean phase 

length of the population. The outermost left and right panels show steady-state phase lengths for SCD and 

SCGE, respectively. Complete cell cycles of daughter cells were pooled from two independent steady-state 

experiments for each growth medium. The number of cells in each box in the steady-state panels is between 

198 and 330. For the nutrient switch panels (blue), cells were pooled from three independent experiments. For 

the first round of daughters of G1-switchers, nWT = 103, nwhi5Δ = 21, nbck2Δ = 48, nwhi5Δbck2Δ = 33. For the first 

round of daughters of S/G2/M-switchers, nWT = 123, nwhi5Δ = 40, nbck2Δ = 34, nwhi5Δbck2Δ = 50. The following 

rounds of daughters had fewer cells than the first round. For categories that include less than 5 cells, the 

individual data points are shown as a scatter. Strain order in each panel (L-R): WT, whi5Δ, bck2Δ, whi5Δbck2Δ. 

(C) The same dataset was also used to determine cell volume at the end of the G1 (fL). Strain order in each 

panel (L-R): WT, whi5Δ, bck2Δ, whi5Δbck2Δ. Independent two-tailed t-tests with the assumption of unequal 

variances (Welch’s t-tests) were used for statistical analyses.  

 

Indeed, the first round of daughters of S/G2/M-switchers experienced an arrest during their first G1, 

which is evident from the 3- to 4-fold longer G1 duration (Fig. 22B). Conversely, daughters born in 

the next rounds and those of G1-switchers showed G1 durations more similar to steady-state growth 

on SCGE (Fig. 22B), indicating that this G1 arrest was unique to the cells that were present at the 

time of the nutrient switch, i.e., the first round of daughters of S/G2/M-switchers. Like for the 

switchers, the duration of the G1 arrest in the first round of daughters of S/G2/M-switchers was 

longer in bck2Δ mutant strains as compared to the others (Fig. 22B). Consequently, cells of all strains 

in this category were bigger at G1 end but significantly stronger enlargement was observed in bck2Δ 

and whi5Δbck2Δ cells as compared to the other strains (Fig. 22C). Taken together with the results 

from Figure 21, this data indicated that cells that faced the switch in S/G2/M, either as mother or 

bud, carried the memory of the switch into the next cell cycle and the next G1 was prolonged. To 

better understand the effect of these arrests on size homeostasis efficiency and to overcome the 

hurdle of cell numbers being too low for a robust CV calculation, the dependence of G1 duration on 

birth volume was assessed for the various rounds of daughters of S/G2/M-switchers.  

 

 

3.12. The first daughters of S/G2/M-switchers have disrupted cell size homeostasis at the 

G1/S transition (WT). 

 

To assess the strength of size homeostasis at the G1/S transition in the rounds of daughters of 

S/G2/M switchers, the dependence of the growth-rate adjusted G1 duration on cell volume at birth 

was calculated through linear regression (Fig. 23), as described in detail in section 3.670. As a 

reference, this linear regression was also performed for daughter cells from steady state data in SCD 

and SCGE (Fig. 23). The slopes were obtained from the equations for the resulting regression lines. 

Steady-state daughters of all strains had negative slopes and therefore intact size homeostasis in 

both growth media (Fig. 23). For WT and whi5Δbck2Δ cells, the first round of daughters of S/G2/M 

switchers, which was known to arrest during G1 (Fig. 22), exhibited a slope close to 0, indicating 
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disrupted G1/S size homeostasis. This strong disruption of G1/S size homeostasis was only 

observed in the first round of daughters and the following rounds of daughters showed a more 

recovered homeostasis strength. In contrast, for whi5Δ and bck2Δ cells, G1/S size homeostasis got 

stronger in the first round of daughters of S/G2/M-switchers, before returning to slopes closer to 

steady-state slopes over the following rounds of daughters. These increases in the size homeostasis 

strengths of first daughters of whi5Δ and bck2Δ strains are difficult to confirm or interpret given the 

low cell numbers in each category. However, at least for WT cells, it was clear that the G1 arrest 

observed in the first round of daughters of S/G2/M switchers led to a disruption of G1/S size 

homeostasis. This disrupted G1/S size homeostasis supports the increased CV of cell volume that 

was observed after the nutrient switch in the bulk experiment (Fig.18).  

 

Figure 23: WT first daughters of S/G2/M switchers have weaker cell size homeostasis at the G1/S 

transition. The strength of size homeostasis at the G1/S transition in different cell categories is assessed as 

per the method described by Di Talia et al.70. The growth rate for exponentially growing cells, α, is the slope 

of the natural logarithm (in [fL]) of cell volume plotted against time. For each cell, G1 length is multiplied by α 

to obtain a growth rate adjusted G1-duration, αG1. αG1 is plotted against the natural logarithm of birth volume 

and a linear regression is performed. A more negative slope of the resulting regression line indicates stronger 

cell size homeostasis, whereas a slope closer to 0 indicates weaker cell size homeostasis. Shaded areas show 

95% confidence intervals. The outermost left and outermost right panels show steady-state daughters growing 

in SCD and SCGE respectively and the three panels in the middle show the rounds of daughters of S/G2/M 
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switchers. The first daughters of S/G2/M switchers were pooled from three independent nutrient switch 

experiments. Steady-state daughters were pooled from two independent experiments.  

 

 

3.13.  First daughters of S/G2/M switchers arrest in pre-start G1 

 

To further characterise the G1 arrest observed in the first daughters of S/G2/M switchers, and in 

particular to ascertain at what point in G1 these cells arrest, a cell cycle reporter strain was 

constructed that allowed the resolution of the cell cycle into more specific cell cycle phases than just 

G1 and S/G2/M. An mCitrine-tagged mutant WHI5 allele, WHI5-WIQ, was integrated into the URA3 

locus while the endogenous WHI5 gene remained unmodified. The Whi5-WIQ protein is a loss-of-

function mutant that does not bind SBF137 i.e., it cannot inhibit the G1/S transition. However, it retains 

its ability to localise to the nucleus in a cell-cycle-dependent manner, which could be visualised with 

the mCitrine tag (Fig. 24). Additionally, the histone Htb2 was tagged with the fluorescent protein 

mScarlet-I in the same strain (Fig. 24). The deletions of interest (Δwhi5, Δbck2, and Δwhi5Δbck2) 

were introduced into this cell cycle-reporter strain and the live-cell microscopy experiment with the 

nutrient switch was performed. Having a fluorescently tagged histone (Htb2) signal allowed 

visualisation of the nucleus and thereby enabled the segmentation of a nuclear mask. Subtracting 

the nuclear mask from the cellular mask resulted in a cytoplasmic mask. Thus, Whi5-WIQ-mCitrine 

and Htb2-mScarlet-I fluorescence could be quantified in three compartments: the nucleus, the 

cytoplasm and the whole cell. This compartmentalisation of the two fluorescence signals was then 

used to identify the specific cell cycle phase of the cell.  

 

Whi5 is known to localise in the nucleus between telophase and Start, while CDK activity is low90. If 

the nuclear concentration of Whi5-WIQ-mCitrine is plotted against time relative to bud emergence 

for one example cell (Fig. 24, yellow trace), Whi5-WIQ indeed appears to be nuclear at the beginning 

of G1. At Start, Whi5-WIQ is rapidly exported from the nucleus. Thus, Start was annotated as the 

frame at which 50% of Whi5-WIQ was exported from the nucleus83 (Fig. 24). The annotation of Start 

split G1 into pre-Start and post-Start G1. The trace of the Htb2-mScarlet-I amount in the bud (Fig. 

24, red trace) was used to determine when the dividing nucleus entered the bud, which occurs during 

anaphase in mitosis138. The time of entry of the dividing nucleus into the bud was labelled as the 

start of anaphase. The time between bud emergence and the start of anaphase was labelled as pre-

anaphasic (Fig. 24). The end of anaphase was annotated by using the nuclear Whi5-WIQ-mCitrine 

concentration. The frame at which the nuclear concentration of Whi5-WIQ-mCitrine began to 

increase towards the end of the cell-cycle indicated the nuclear re-import of Whi5-WIQ and was 

annotated as the start of telophase90. (Fig. 24, yellow trace). This frame and all subsequent frames 

were labelled as post-anaphasic (Fig. 24). More details on the method used for cell cycle phase 

categorisation are available in section 2.18.3.3. 
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This cell cycle phase classification was applied to the G1 phases of the first round of daughters of 

S/G2/M-switchers as these cells had previously been shown to undergo long G1 arrests in their first 

cell cycles (Fig. 22). The first cell cycles of these cells were aligned at bud emergence and the pre- 

 

Figure 24: Cell cycle categorisation using a cell cycle reporter strain. (A) An example of cell cycle phase 

resolution for a steady-state (SCD) wild type cell based on two fluorescent signals: mean nuclear pixel intensity 

of Whi5-WIQ-mCitrine (yellow trace, a.u.) and bud Htb2-mScarlet-I amount (red trace, a.u.), both plotted 

against time relative to bud emergence. Black dots indicate events that were used for cell cycle categorisation. 

50% Whi5-WIQ-mCitrine nuclear exit is annotated as Start. Entry of Htb2-mScarlet-I into the bud is labelled as 

the start of anaphase. Re-import of Whi5-WIQ-mCitrine into the nucleus marks the end of anaphase. Dotted 

lines connect example images to the time-point at which they were acquired. Example images show cells in 

phase contrast (grey), 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 µm.  
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Start G1, post-Start G1 and S/G2/M phases were plotted (Fig. 25A). The G1 arrest observed in the 

first round of daughters of S/G2/M-switchers was found to occur predominantly in pre-Start G1 (Fig 

25A, dark green areas, Fig. 25B), whereas post-Start G1 durations appeared much shorter (Fig 25A, 

light green areas, Fig. 25B). Quantification of pre- and post-Start durations revealed that pre-Start 

G1 durations were longer for bck2Δ and whi5Δbck2Δ cells as compared to wild type and whi5Δ cells 

(Fig. 25B). These longer pre-Start arrests in the bck2Δ and whi5Δbck2Δ strains emphasize the 

importance of Bck2 in Start induction after a change in nutrient conditions. Furthermore, the 

fluorescent cell cycle reporters could be used to study whether the duration of the G1 arrest of the 

first daughters of S/G2/M-switchers depended on the specific cell cycle stage of their mothers, the 

S/G2/M-switchers, at the time of the nutrient switch. 

 
Figure 25: First daughters of S/G2/M-switchers arrest mainly in pre-Start G1. (A) Cell cycles of first 

daughters of S/G2/M-switchers with complete G1 phases were resolved into pre-Start G1 (dark green), post-

Start G1 (light green) and S/G2/M (grey). A categorical heatmap shows cell cycle phases of single cells plotted 

against time relative to bud emergence. Each row represents a single cell.  Incomplete S/G2/M phases are 

capped with red ends. Black horizontal lines separate cells of different strains. (B) A quantification of pre-Start 

and post-Start G1 durations is shown here as a box-plot. x symbol shows the mean phase duration of the 
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population. Data was pooled from two independent experiments of live-cell microscopy coupled to a nutrient 

switch. nWT = 38, nwhi5Δ = 27, nbck2Δ = 11, nwhi5Δbck2Δ = 23.  

 

 

3.14. Among the first daughters of S/G2/M switchers, the strongest arrest phenotypes were 

observed for bck2Δ cells whose mothers were post-anaphasic at the time of the nutrient 

switch. 

 

The long G1 arrests observed in the first round of daughters of S/G2/M-switchers raised the question 

of whether the severity of these arrests was dependent on the specific cell cycle phase of the mother 

S/G2/M-switcher at the time of the nutrient switch. To address this question, the first round of 

daughters of S/G2/M-switchers were categorised based on whether the mother was pre-anaphasic, 

anaphasic or post-anaphasic at the time of nutrient switch. The specific cell cycle categorisation 

needed for this analysis was performed manually for one cell category of interest - the first round of 

daughters of S/G2/M-switchers. However, data from the cell cycle reporter strains is available for 

cell cycle categorisation of other cell categories in the future. The corresponding G1-lengths for the 

first round of daughters of S/G2/M-switchers categorised based on the mother’s cell cycle stage at 

the time of nutrient switch are plotted in Figure 26A. Calculation of the length of a cell cycle phase 

requires that the phase ends during the course of the experiment. Therefore, Figure 26A only shows 

the G1 lengths of first daughters of S/G2/M-switchers that completed G1 before the end of the 

experiment. A significant portion of the first daughters of S/G2/M-switchers did not complete G1 

during the experiment i.e., remained arrested in G1 until the end of the experiment (Fig. 26B). This 

dramatic arrest phenotype was observed in the majority of bck2Δ and whi5Δbck2Δ first daughters 

(Fig. 26B). Of the portion that did complete G1 (Fig. 26A), the longest G1 lengths and therefore the 

strongest arrests were observed for the whi5Δbck2Δ cells whose mothers were post-anaphasic at 

the time of nutrient switch (Fig. 26A). Strikingly, none of the bck2Δ cells whose mothers were post-

anaphasic at the time of nutrient switch completed G1 during the experiment (Fig. 26A). All of these 

daughters stayed arrested in G1 until the end of the experiment (Fig. 26A-B). Additionally, it was 

checked that these differences in the fractions of cells that complete G1 during the experiment are 

not an artefact of differences in the duration of experiments analysed for each strain. Altogether, this 

data suggests that Bck2 has a nutrient switch-specific function after anaphase which affects the 

induction of Start in the next generation. Bastajian et al.80 have previously proposed such a role for 

Bck2, where it may be involved in integrating environmental information into the cell cycle 

progression decision at multiple cell cycle-phase transitions, including M/G1. They showed that Bck2 

promotes cell cycle progression through Start by promoting the expression of Cln3, Swi4 and Cln280. 

The G1/S activator Cln3 is a short-lived protein and known to be depleted after a switch from a rich 

to a poor carbon source89. Moreover, a double deletion of cln3Δ and bck2Δ is lethal due to permanent 

G1 arrest95. Given this information, one possible explanation for the extended G1 arrests observed 
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in Bck2 deletion mutants could be a post-switch Cln3 depletion, which, coupled with the absence of 

Bck2, temporarily mimics a cln3Δbck2Δ phenotype. 

 

 

Figure 26: In bck2Δ mutants, the strongest arrest phenotypes are observed in first daughters whose 

mothers faced the nutrient switch after anaphase. (A) The first daughters of S/G2/M-switchers are further 

categorised based on their mothers’ cell cycle phase at the time of nutrient switch: pre-anaphasic or anaphasic 

(purple and blue striped) or post-anaphasic (orange). The x symbol shows the mean phase duration of the 

population. (B) The fraction of first daughters of S/G2/M-switchers that complete G1 during the experiment 

(light-grey) and those that stay arrested in G1 until the end of the experiment (cells with incomplete G1 phases, 

dark-grey) are plotted. Incomplete G1 phases are G1 phases interrupted by the end of imaging in the 

experiment and not by death or exclusion of cells from the analysis. 

 

 

3.15. Whi5 is reimported into the nucleus upon nutrient switch 

 

An advantage of having the mCitrine tagged Whi5-WIQ protein was the ability to visualise if the 

nutrient switch affected Whi5 cellular localisation. Irvali et al.108 have shown that unfavourable 

nutrient conditions can cause post-Start cells to re-import Whi5 into the nucleus, indicating that cells 

prefer to be in a pre-Start like state during depleted nutrient conditions. In agreement with this, our 

results show that the first round of daughters of S/G2/M-switchers also arrest in pre-Start G1 (Fig. 

25A-B). However, since the first round of daughters of S/G2/M-switchers do not face the nutrient 

switch during their first G1, it is important to study the switch-cell-cycles of the switchers to observe 

the effect of the nutrient switch on Whi5-WIQ localisation. Hence, the nuclear Whi5-WIQ-mCitrine 

concentration during the switch-cell-cycles of both populations of switchers is depicted as a heatmap 

(Fig. 27). Each row in the heatmap is a unique complete cell cycle during which the nutrient switch 

occurred. The time points in the cell cycles have been recalculated relative to the time of the nutrient 

switch (time point 0) and have been scaled between -1 and 1. Since the pre-switch and post-switch 

durations of the experiment were very different, the density of time points after the switch is much 

higher than that of the time points before the switch. Moreover, since cell cycle durations varied 

between cells but were scaled between -1 and 1, the resolution on the x-axis varies from cell to cell. 
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For the G1-switchers, varying concentrations of Whi5-WIQ were observed in the nucleus before the 

switch for most cells, indicating that the cells had progressed to different extents through G1. Most 

cells showed some amount of Whi5-WIQ signal in the nucleus and were therefore likely pre-Start at 

the time of the switch. Some cells showed almost no Whi5-WIQ in the nucleus at the time of the 

switch and were likely post-Start. Regardless of the specific G1 phase at the time of the nutrient 

switch, all G1-switchers re-imported Whi5-WIQ into the nucleus immediately after the switch. After 

the switch they eventually passed Start when Whi5-WIQ almost entirely exited the nucleus. Whi5-

WIQ re-entered the nucleus just before the end of the cell-cycle in telophase, as expected. bck2Δ 

G1-switchers appeared to have delayed G1 exit and S-phase entry as compared to the other strains,  

 

Figure 27: Switchers re-import Whi5-WIQ-mCitrine into the nucleus after the nutrient switch. Whi5-WIQ-

mCitrine mean pixel intensity in the nucleus was scaled between 0 and 1 for every switcher that completed its 

switch cell cycle. For each of these cells, the time spent in the cell cycle relative to the nutrient switch was 
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calculated and scaled between -1and 1, with 0 being the time of the nutrient switch. The scaled nuclear Whi5-

WIQ-mCitrine mean pixel intensity was plotted against the scaled time relative to the nutrient switch for G1-

switchers (top) and S/G2/M-switchers (bottom). Each row represents a unique cell. Coloured bars on the left 

indicate which strain the cells belong to.  

 

 

supporting the theory that Bck2’s role in Start induction becomes more important after the nutrient 

switch. S/G2/M-switchers showed presence of nuclear Whi5-WIQ during early G1 and a complete 

Whi5-WIQ nuclear exit before the nutrient switch, indicating that the cells were past the G1/S 

transition at the time of the switch. Similar to G1-switchers, they also partially re-imported Whi5-WIQ 

into the nucleus immediately after the switch. Like G1-switchers, S/G2/M-switchers showed a peak 

in nuclear Whi5-WIQ concentration at the end of the switch-cell-cycle, likely corresponding to Whi5-

WIQ re-entry into the nucleus during telophase. Altogether, these data suggest that the nuclear 

localisation of Whi5 is indeed nutrient dependent, and the regulation of this localisation is likely 

downstream of nutrient sensing machinery. These results confirm that a shift from rich to poor growth 

media leads to a re-entry of Whi5 into the nucleus in most cells. 

 

 

3.16. The size phenotypes of whi5Δ, bck2Δ and cln3Δ are additive. 

 

Given that Bck2 and Cln3 both activate the G1/S transition, and that one hypothesis for the strong 

post-switch G1 arrests in bck2Δ cells is the depletion of Cln3, understanding Bck2’s post-switch role 

required a characterisation of the CLN3 deletion in steady-state and changing nutrients. It is known 

from bulk studies that the bck2Δ and cln3Δ deletions lead to increased cell volumes in steady-state  

 

Figure 28: The size phenotypes of whi5Δ, bck2Δ 

and cln3Δ are additive. Cell volume at the first frame 

of G1 is plotted for daughter (generation = 1) and 

mother (generation>1) cells of different strains 

growing exponentially before the nutrient switch. 

Steady-state pre-switch cells are pooled from at least 

two independent experiments of live cell microscopy 

coupled to the nutrient switch. x symbol represents 

the mean cell volume (fL) at the beginning of G1. For 

daughters, nWT = 164, nwhi5Δ = 82, nbck2Δ = 73, 

nwhi5Δbck2Δ = 77, ncln3Δ = 44, nwhi5Δcln3Δ = 55, 

nwhi5Δbck2Δcln3Δ = 37. For mothers, nWT = 209, nwhi5Δ = 

87, nbck2Δ = 95, nwhi5Δbck2Δ = 95, ncln3Δ = 48, nwhi5Δcln3Δ = 

61, nwhi5Δbck2Δcln3Δ = 34. Strain order (L-R): WT, whi5Δ, 

bck2Δ, whi5Δbck2Δ, cln3Δ, whi5Δcln3Δ, 

whi5Δbck2Δcln3Δ. 
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conditions77. This study’s live-cell microscopy experiments could reproduce these results at the 

single-cell level. During steady-state growth in SCD, cln3Δ cells were indeed larger than wild-type 

cells, similar to bck2Δ (Fig. 28). As expected77, an additional deletion of WHI5 partially rescued the 

large cell phenotypes of both bck2Δ and cln3Δ (Fig. 28). While the bck2Δcln3Δ double deletion is 

inviable, an additional deletion of WHI5 is known to rescue this lethality77. The hence viable 

whi5Δbck2Δcln3Δ triple deletion is similar to the bck2Δ and cln3Δ single deletions in size (Fig. 28), 

highlighting that the effects of the Whi5, Bck2 and Cln3 deletions are additive. The next task was the 

characterisation of the cln3Δ, whi5Δcln3Δ and whi5Δbck2Δcln3Δ phenotypes after a nutrient switch. 

If the nutrient switch indeed leads to a Cln3 depletion as described by Sommer et al.89, Cln3 would 

be expected to be dispensable for cell size adaptation after the switch. By that logic, a CLN3 deletion 

would not be expected to cause as strong an arrest phenotype as bck2Δ. 

 

 

3.17. Bck2 plays a more important role than Cln3 in cell size adaptation following a nutrient 

switch. 

 

A nutrient switch experiment with cln3Δ, whi5Δcln3Δ and whi5Δbck2Δcln3Δ strains revealed that 

during the adaptation to the nutrient switch, cln3Δ cells did not have as strong a phenotype as bck2Δ 

cells. The G1 duration of the first daughters of cln3Δ S/G2/M switchers was not as elongated as that  

 

Figure 29: bck2Δ cells undergo a longer G1 arrest and stronger enlargement than cln3Δ cells after a 

nutrient switch. (A) G1 lengths and (B) cell volumes at the end of G1 are plotted for the rounds of daughters 

of S/G2/M-switchers. The x symbol shows the mean. Pre-switch daughters are daughter cells born during 

steady-state growth in SCD before the switch. The dataset for wild type, whi5Δ, bck2Δ, and whi5Δbck2Δ is the 
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same as in Figure 22. For cln3Δ, whi5Δcln3Δ and whi5Δ bck2Δcln3Δ, cells were pooled from two independent 

experiments. For the first round of daughters of S/G2/M-switchers, ncln3Δ = 16, nwhi5Δcln3Δ = 39, nwhi5Δbck2Δcln3Δ = 

11. The following rounds of daughters had fewer cells than the first round. For cell categories containing less 

than 5 cells, individual data points are plotted as a scatter. Strain order in each panel (L-R): WT, whi5Δ, bck2Δ, 

whi5Δbck2Δ, cln3Δ, whi5Δcln3Δ, whi5Δbck2Δcln3Δ. 

 

of the bck2Δ first daughters (Fig. 29A). Additionally, at the end of G1, the first daughters of cln3Δ 

S/G2/M switchers were not as overgrown as their bck2Δ counterparts (Fig. 29B). While in steady-

state, the cell size of the whi5Δbck2Δcln3Δ triple deletion resembled that of the bck2Δ and cln3Δ 

single deletions (Fig. 28), in the first daughters of S/G2/M switchers born after the nutrient switch, 

cell size of the triple deletion was closer to whi5Δbck2Δ instead of bck2Δ (Fig. 29B). This observation 

was in agreement with a potential nutrient switch-associated depletion of Cln3, which would make 

Bck2 the more critical G1/S transition activator following the nutrient switch. Thus, while Bck2 and 

Cln3 seemed functionally redundant in steady-state, the dynamic environments used in this 

experiment revealed a unique nutrient-switch-specific function for Bck2. To test if a depletion of Cln3 

indeed leads to the increased importance of Bck2 after the nutrient-switch, a stabilisation of Cln3 

was performed next to test whether it could rescue the long post-switch G1 arrests of bck2Δ cells. 

 

 

3.18. FLAG-tag or locus affects the role of Cln3 after a nutrient switch.  

 

Cln3 is a very unstable protein with a half-life on the order of minutes119. It is expected to be depleted 

immediately following a switch from nutrient-rich to nutrient-poor conditions89. To test if stabilised 

Cln3 can rescue the arrest phenotype of Bck2 mutant cells in a nutrient-switch, the Cln3-11A strain 

used by Schmoller et al.39 was obtained from Mardo Kõivomägi, NIH, USA. This strain has the 

endogenous CLN3 gene deleted and a stabilised FLAG-tagged CLN3-11A inserted into the URA3 

locus39. The Cln3-11A gene has ten of its degradation-inducing phosphosites mutated, which 

stabilises the protein, and an additional alanine substitution (R108A), which makes the protein less 

active39,139,140. MK40, the control strain for this experiment, also has the endogenous CLN3 deleted 

and a FLAG-tagged CLN3 inserted into the URA3 locus. For this study, the whi5Δ and bck2Δ 

deletions were introduced into the MK40 and the Cln3-11A strains. Since MK40 had a non-stabilised, 

WT CLN3 in the URA3 locus, the expected phenotypes of whi5Δ and bck2Δ deletions in the MK40 

background were expected to resemble those of the whi5Δ and bck2Δ strains in the MMY116-2C 

background which was otherwise used for this study. This was indeed the case in steady-state 

growth, where the whi5Δ deletion led to smaller cells and the bck2Δ deletion led to bigger cells than 

MK40, as observed in steady state Coulter-counter measurements (Fig. 30C) and in the pre-switch 

daughters growing in SCD (Fig. 30A-B). Surprisingly, after the nutrient-switch, the phenotypes of 

whi5Δ and bck2Δ were flipped in the MK40 background, with whi5Δ cells showing a stronger arrest 

and overgrowth phenotype in the nutrient switch as compared to bck2Δ cells (Fig. 30A-B). This 

contradictory phenotype in the control MK40-derived strains after the nutrient switch was difficult to 
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interpret and was either stemming from the different background of these strains or from the 

modifications made to the CLN3 gene. The FLAG-tag or the changed CLN3 locus in these strains 

could be affecting the stability of Cln3 or its interactions with other proteins after the nutrient switch.  

 

 

Figure 30: FLAG-tag or locus affects the role of Cln3 after a nutrient switch. (A) G1 lengths and (B) cell 

volume at G1 end are plotted for the rounds of daughters of S/G2/M-switchers originating from three different 

strains: MMY116-2C (left), MK40 (centre) and JE103 (right). For MMY116-2C- and MK40-derived strains, cells 

are pooled from a minimum of two independent live-cell microscopy experiments. For JE103-derived strains, 

data from only one experimental replicate is available. For the first round of daughters of S/G2/M-switchers of 

the MMY116-2C background:  nWT = 123, nwhi5Δ = 40, nbck2Δ = 34. For the first round of daughters of S/G2/M-

switchers of the MK_40 background:  nWT = 53, nwhi5Δ = 5, nbck2Δ = 24. For the first round of daughters of 

S/G2/M-switchers of the JE103 background:  nWT = 27, nwhi5Δ = 14, nbck2Δ = 11. X denotes the mean. Strain 

order in each panel (L-R): WT, bck2Δ, whi5Δ. (C) Coulter-counter measurements of cell volume are plotted for 

cells growing in steady state in SCD. Data is pooled from two experimental replicates. Dot symbol represents 

the mean cell volume from each individual experimental replicate.  
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Alternatively, there was the possibility that the strong post-switch arrest phenotype observed in 

bck2Δ cells was specific to the strain used in this study. To test this, the wild type strain from which 

MK40 was derived, JE103, was obtained. JE103 was the background strain with endogenous CLN3. 

Indeed, upon the introduction of the whi5Δ and bck2Δ deletions into JE103 and a repetition of the 

nutrient switch experiment, the phenotypes observed in the strains originating from this study’s 

background strain, MMY116-2C, could be reproduced (Fig. 30A-C). In the JE103 background, the 

nutrient-switch associated arrest and overgrowth phenotype was indeed stronger in bck2Δ cells than 

whi5Δ cells. These results confirmed that the main message of this work was not background-

dependent and that the FLAG-tag and locus modifications made to CLN3 in the MK40 strain 

somehow affect its role in the nutrient switch. Whether or not the stabilisation of Cln3 can rescue the 

bck2Δ phenotype in a nutrient switch is an exciting question and remains unanswered at the 

moment. To answer it, the stabilisation of Cln3 must be performed in the endogenous CLN3 locus 

without the FLAG-tag. However, these results raise the other important question of how a FLAG-tag 

or a locus modification might affect Cln3’s role. It could either be altering crucial post-switch protein-

protein interactions or affecting the post-switch degradation of Cln3. Figuring out the effect of the 

FLAG-tag or the locus modification on Cln3 could be key to elucidating its role in size adaptation. 

Given how widely FLAG-tags are used in the field, this would also provide valuable insight into how 

much they can contribute to observed phenotypes. 

 

 

3.19. Additional phenotypes of S/G2/M-switchers and their first daughters: these populations 

make up the majority of cells that die following a nutrient switch. 

 

To compare cell survival between strains, complete cell cycles and cell cycles during which cells 

died (‘fatal cell cycles’) were identified. The fraction of fatal cell cycles for steady-state cells as well 

as cells from the nutrient switch experiments was plotted (Fig. 31). While the fraction of fatal cell 

cycles was negligible during steady-state experiments (Fig. 31, first two panels), the nutrient switch 

led to increased cell death (Fig. 31, third panel). In the nutrient switch, the single deletions, whi5Δ, 

cln3Δ and bck2Δ, and the triple deletion, whi5Δbck2Δcln3Δ, had increased fractions of fatal cell 

cycles as compared to wild type cells (Fig. 31, third panel). On the contrary, the double deletions 

(whi5Δbck2Δ and whi5Δcln3Δ) rescued survival. One potential explanation for this is that the double 

deletions are closer to wild type in size than the single deletions. Panels four, five and six show the 

fraction of fatal cycles if specific cell categories are considered: G1-switchers, S/G2/M-switchers and 

first daughters of S/G2/M switchers. In the last panel, only the fatal cycles during and after the 

nutrient switch are pooled. This allows the identification of cell categories that have lower survival. 

S/G2/M-switchers and their first daughters make up the majority of dying cells (Fig. 31, last panel). 

Thus, it appears that it is advantageous for cells to face the nutrient switch in G1 as it improves 
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survival. This observation is in agreement with the re-entry of Whi5 into the nucleus upon nutrient 

switch (Fig. 27), which indicates a cellular preference for a pre-Start-like stage in unfavourable 

nutrient conditions. 

 

Figure 31: S/G2/M-switchers and their first daughters make up the majority of dying cells. For cells 

pooled from a minimum of two independent nutrient switch experiments, all complete cell cycles and cell cycles 

during which the cells died (‘fatal cell cycles’) were identified. Of this total, the fraction of fatal cell cycles (dark 

grey) and the fraction of cell cycles that were completed (light grey) are plotted in a stacked bar plot. The first 

two panels show the fraction of fatal cycles during steady-state growth in SCD and SCGE. The third panel 

shows the fraction of fatal cycles during and after the nutrient switch. Panels four, five and six show the fraction 

of fatal cycles of G1-switchers, S/G2/M-switchers and first daughters of S/G2/M switchers respectively. In the 

last panel, all fatal cycles during and after the nutrient switch are pooled. The fraction of dead cells belonging 

to different cell categories is plotted.  

 

 

3.20. Validating diSpinach tagging: a collaborative project with Kukhtevich et al.1 

 

In parallel to the main doctoral project, the author of this work used the research group’s well-

established single molecule fluorescence in-situ hybridisation (smFISH) protocol and downstream 

analysis software, Spotmax122,130,131, to validate diSpinach tagging, a novel tool for single-cell RNA 

visualisation developed by collaborators Kukhtevich et al1. In this technique, RNAs are tagged with 

the fluorescent diSpinach aptamer and can be visualised and quantified under the microscope. 

DiSpinach tagging revealed unique phenotypes for SUT509 and ENO2 mRNAs in budding yeast1. 

SUT509 is a non-coding RNA with previously unknown cell cycle dynamics and ENO2 RNA encodes 

the highly expressed enzyme phosphopyruvate hydratase enolase II, involved in glycolysis141.  
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Figure 32: SUT509 mRNA concentration peaks during G2/M-phase. ENO1/2 mRNAs are asymmetrically 

segregated between mother and bud. (A) Representative smFISH images: bright field; nuclear DNA stained 

with DAPI; SUT509 mRNA stained with Quasar-570 labelled smFISH probes; the spots detected using 

Spotmax130 in yellow and cell contours in red. Scale bars represent 5 µm. (B) Representative smFISH images: 

bright field; nuclear DNA stained with DAPI; ENO1/2 mRNA stained with Quasar-670 labelled smFISH probes; 

the spots detected using Spotmax130 in yellow and cell contours in red. Scale bars represent 5 µm. (C) Number 

of SUT509 mRNA spots detected normalized to cell volume for cells in different cell cycle stages (nG1 = 259, 

nS = 189, nG2/M = 131). (D) Number of ENO1/2 mRNA spots detected normalized to cell volume for cells in 

different cell cycle stages (nG1 = 574, nS = 396 mother-bud pairs, nG2/M = 313 mother-bud pairs). (E) Ratio of 

ENO1/2 mRNA concentrations in the bud and mother in S and G2/M phases. Wilcoxon rank sum tests were 

used for statistical analyses. 

 

 

As part of the collaboration with Kukhtevich et al.1, smFISH was used to quantify SUT509 and ENO2 

mRNAs to test if the results of diSpinach tagging were reproducible with an orthogonal method. 

DiSpinach tagging showed that the expression of SUT509-diSpinach mRNA was cell-cycle 

dependent and peaked after bud emergence, likely in the G2 phase of the cell cycle. smFISH was 
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used to analyse SUT509 mRNA concentrations in different cell cycle stages (Fig. 32 A,C) and could 

reproduce the increased concentration of SUT509 mRNA in late S and G2/M phases of the cell cycle 

(Fig. 32C). Since this smFISH was performed in a strain containing the endogenous SUT509 gene 

as well as SUT509-diSpinach on a plasmid, the smFISH probes are presumed to be binding mRNAs 

originating from both genes. Additionally, Kukhtevich et al1 showed that the mean ENO2 mRNA 

signal in the bud began to exceed that in the mother around 15 minutes before cytokinesis. By the 

time of cytokinesis, the mean signal in the bud was 1.6 times higher than in the mother. Thus, ENO2-

diSpinach mRNA was found to be inherited asymmetrically between bud and mother. To confirm this 

finding, smFISH was performed on endogenous ENO2 mRNA. However, due to the sequence 

similarity between ENO2 and its paralogue ENO1, it could not be ruled out that the probes were 

binding both mRNAs. Additionally, the growth medium of the cells was changed to one with a poorer 

carbon source (SCGE) to reduce ENO1/2 expression to levels resolvable by smFISH. Upon analysis 

of the ENO1/2 smFISH, strong asymmetric inheritance of ENO1/2 mRNAs was observed between 

buds and mothers (Fig. 32B, D-E). While the asymmetric inheritance was already observable in S-

phase (Fig. 32D), the strength of the asymmetry was much stronger in G2/M-phase (Fig. 32D-E). 

Thus, albeit under slightly different conditions that were better suited for smFISH, the phenotype of 

asymmetric segregation of ENO1/2-diSpinach mRNAs observed using the diSpinach tagging 

technique could be reproduced. These results were published as a validation for the diSpinach 

tagging technique in the study by Kukhtevich et al1. 
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4. Discussion  

 

The nutritional quality of the environment is a major regulator of cell size14,50,72,74. In nature, wild 

microorganisms often encounter rapidly changing environments and must accordingly adapt their 

cell size to the nutritional change. This tuning of the average cell size of the population to the optimum 

for the new environment is referred to as size adaptation and is an important function of the cellular 

size control machinery. The other function that the size control machinery fulfils is the maintenance 

of narrow cell size distributions during steady state conditions, also known as size homeostasis. The 

current understanding of size control is based almost entirely on steady state studies, i.e. on cells 

growing in constant environments. Steady-state research has been pivotal for identification of size 

homeostasis regulators and mechanisms39,73,76,77,81,82,96, but by design is unable to provide insight 

into mechanisms of size adaptation. An important goal of this work, therefore, was to use nutrient 

switch experiments to observe how size adaptation works at the single-cell level and how size 

homeostasis is reinstated after a nutritional change in the environment. This focus on changing 

environments helped to reveal a specific function of the poorly understood G1/S activator Bck2. It 

clarified why the cell evolved two redundant activators, Bck2 and Cln3, for the G1/S transition. While 

Bck2 and Cln3 appear redundant in steady state conditions, the changing nutrient conditions used 

in this work revealed that Bck2 becomes the more important G1/S activator in the lag phase following 

a nutrient switch, likely due to the nutrient-dependent depletion of Cln3. To observe size homeostasis 

and size adaptation at the single-cell level, this work generated a manually corrected live-cell 

microscopy dataset of over 13700 complete cell cycles, which could prove valuable for answering 

other open questions in the size control field, as well as for improving the accuracy of automated 

image analysis. Moreover, this work developed the conceptual framework to identify and analyse 

different cell categories with unique phenotypes in a complex nutrient switch dataset.  

 

 

4.1. whi5Δbck2Δ has slower size adaptation as compared to WT 

 

Initially, this work was aimed at better understanding the budding yeast G1/S size homeostasis 

network and the interactions between its various constituents in steady state conditions. The first set 

of results from this study helped clarify that Whi5 is not downstream of Bck2 and that the two proteins 

affect cell size through independent pathways (Fig.13-14). It also confirmed that Ccr4 does not 

promote degradation of Whi5 mRNA (Fig. 11-12). Moreover, this work showed that Whi7 does not 

compensate as an upregulated G1/S inhibitor in the absence of Whi5 (Fig. 11). These pieces of 

information helped create a clearer picture of the G1/S size homeostasis network (Fig. 33). 

Interestingly, Whi7 was found to be highly overexpressed in the absence of Ccr4, which could link 

Whi7’s function as a cell cycle brake in conditions of cell wall stress to the extremely large cell sizes 
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of the ccr4Δ mutant101–103. While further investigation of this upregulation of Whi7 in ccr4Δ and 

whi5Δccr4Δ cells was beyond the scope of this study, it makes an exciting topic for future work on 

size homeostasis in conditions of stress.  

 

 

Figure 33: The updated budding yeast 

G1/S size homeostasis network. Results 

from this study show that Whi5 and Bck2 

affect G1/S transition through independent 

pathways and Bck2 does not promote 

degradation of WHI5 mRNA through Ccr4. 

This work also shows that Whi7 expression 

is not upregulated in the whi5Δ mutant, 

indicating that Whi7 does not compensate 

for the absence of Whi5 in steady-state 

conditions.  

 

 

Before this work, bulk methods in steady state research had revealed a robustness of cell size 

homeostasis efficiency to single deletions of size regulator proteins73,77. This robustness indicated 

the existence of redundant ‘backup’ pathways that maintained homeostasis when the major size 

regulators were deleted. This study’s steady state live-cell imaging of whi5Δ, bck2Δ and whi5Δbck2Δ 

cells confirmed this result at the single-cell level. It showed that while a reduction in size homeostasis 

efficiency was observed in the whi5Δ and bck2Δ strains, the size homeostasis efficiency as well as 

the mean cell size of whi5Δbck2Δ were surprisingly similar to those of WT, especially in glucose 

medium (Fig. 15). These observations steered this study into the direction of investigating whether 

the simultaneous deletion of two size regulators, whi5Δ and bck2Δ, had any cost to the cell and, if 

so, what the phenotype of that cost was. 

 

Since both Bck2 and Whi5 had previously been implicated in linking nutrient availability to cell volume 

or cell cycle progression72,80, there was the possibility that they had unique functions in size 

adaptation and whi5Δbck2Δ cells would show differences in cell size homeostasis efficiency as 

compared to WT under changing nutrient conditions. To test this theory, this work included an initial 

bulk nutrient switch experiment which revealed that for both WT and whi5Δbck2Δ cells, after a switch 

from rich to poor carbon media, the mean cell volume of the population and CV of cell volume showed 

a strong initial increase before starting to reduce to what is expected from steady state growth in 

poor carbon (Fig. 18). For the mean cell volume, this initial increase in cell size was unexpected 

because a shift to poor nutrients ultimately leads to a reduction in cell size. For the CV of cell volume, 

a period of high CV could theoretically be explained by a temporary disruption of size homeostasis 

as the target size of the population is tuned to the new environment. Importantly, whi5Δbck2Δ cells 

showed a stronger increase in the CV of cell volume than WT cells, indicating a slower size 

adaptation in the double mutant. Thus, through this time course of observations of the CV of cell 
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volume during a nutrient switch, this study provided new insight into size adaptation and found a size 

homeostasis efficiency phenotype for whi5Δbck2Δ cells. To explain the causes for these post-switch 

trends in cell volume and its CV and to ascertain the reason for the higher CV in whi5Δbck2Δ cells, 

it was necessary to obtain single-cell information from the nutrient-switch through microscopy. In 

fact, the differences observed between WT and whi5Δbck2Δ cells in this bulk experiment led to the 

discovery of much stronger size phenotypes in specific cell categories through microscopy.  

 

 

4.2. Bck2 plays a crucial role in size adaptation to changing nutrients 

 

It was clear from studies such as Irvali et al.108 and Leitao et al.74 that a cell’s cell cycle stage at the 

time of a nutrient change affected how the cell and its offspring adapt to the nutrient change. The 

analysis of the live-cell imaging experiment that is coupled to a nutrient switch, therefore, must 

account for each cell’s temporal distance from the switch and its or its ancestor’s cell cycle stage at 

the time of the switch. Extracting this information from videos of cell growth required 

multigenerational tracking and cell categorisation. Given that traditional image analysis had already 

been the bottleneck in live cell imaging studies, this additional analytical task explained why very few 

studies coupled nutrient switches with live cell imaging. Therein lay a major novelty of this work, as 

it took advantage of recent developments in deep learning-based image segmentation, tracking and 

annotation methods as well as of the user-friendly software, Cell-ACDC, to accelerate the execution 

of these otherwise prohibitively time- and labour-intensive tasks. This approach enabled the 

generation of an expansive single-cell microscopy dataset to address the questions of how size 

homeostasis was affected by and reinstated after a nutrient switch at the single cell level.  

 

Live cell imaging through the nutrient switch revealed that the post-switch increases in cell volume 

and CV of cell volume observed in the bulk nutrient switch experiment (Fig. 18) could be explained 

by cell cycle arrests resulting from the nutrient switch (Fig. 21-22). These cell cycle arrests of cells 

that faced the switch led to cellular enlargement which explained the increase in mean cell volume 

and CV of cell volume observed in the bulk nutrient switch experiment (Fig. 18). Of the four strains 

tested, the strains with the longest arrest times and strikingly higher cellular overgrowth during these 

arrests were the strains that had a BCK2 deletion, i.e., bck2Δ and whi5Δbck2Δ. whi5Δbck2Δ cells, 

which started off very similarly sized to WT cells while growing in glucose, were significantly bigger 

than WT cells at the end of the nutrient-switch-induced arrest (Fig. 21). Moreover, after the nutrient 

switch, the whi5Δbck2Δ cells resembled bck2Δ cells in their cell volume and arrest duration 

phenotypes, indicating that Bck2 plays an important role in size adaptation.  

 

The most obvious mechanistic explanation for such a role for Bck2 in size adaptation stems from 

previous studies on Cln3, which is also the better understood protein between the two. Sommer et 
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al.89 showed that Cln3 is depleted soon after a switch from glucose to glycerol-ethanol medium. 

Moreover, it is known that a double deletion of CLN3 and BCK2 leads to a permanent G1 arrest and 

is thereby lethal95. Given this synthetic lethality of Cln3 and Bck2, it is possible that the post-switch 

 

 

Figure 34: Studying redundant proteins in non-steady-

state conditions can reveal unique functions for them. This 

study hypothesizes that while Bck2 and Cln3’s roles in G1/S 

activation appear phenotypically redundant in steady state 

conditions, a stimulus such as a nutrient switch can cause a 

temporary depletion of Cln3, making Bck2 the only available 

G1/S activator. Such experimental conditions can explain the 

need for the cell to evolve two redundant activators for the 

same cell cycle transition and reveal condition-specific 

functions for them. 

 

 

 

 

 

Cln3 depletion in the bck2Δ mutant temporarily mimics a cln3Δbck2Δ state until Cln3 synthesis 

resumes (Fig. 34), making Bck2 the only available G1/S activator for the time period directly following 

the switch. This could explain the longer G1 arrests observed in bck2Δ mutants after the nutrient 

switch, as they temporarily lack both G1/S activators. In agreement with this hypothesis, Fig. 29 of 

this thesis shows that cln3Δ cells have a much weaker arrest and overgrowth phenotype than bck2Δ 

cells after a nutrient-switch. A direct test of this model (Fig. 34) would be to check if a stabilisation of 

Cln3 during the switch could rescue the long arrests observed in bck2Δ mutants. Unfortunately, as 

described in section 3.18, the strains with stabilised Cln3 obtained from collaborators contained a 

FLAG-tagged CLN3 in a non-endogenous locus, which affected the phenotypes even in the control 

strain. Thus, these experiments need to be repeated with the stabilised version of CLN3 introduced 

in the endogenous locus without the FLAG tag. In fact, the stabilised CLN3 is also planned to be 

under the control of the inducible MET25 promoter to enable external regulation of its expression in 

addition to the stabilisation. Having CLN3 under the control of the MET25 promoter also ensures 

removal of potential transcriptional regulation of CLN3 after the nutrient-switch. These experiments 

could not be included in this thesis due to time constraints but will be included in the publication 

linked to this work142 as they are critical for testing this hypothesis.  

 

While this mechanistic explanation for the bck2Δ phenotype after the switch is the most obvious, it 

is not necessarily the correct or the only explanation, until proven to be so. At the moment, therefore, 

it is important to keep in mind other possible mechanisms, such as Bck2’s parallel role in the cell 

wall stress response, which could also contribute to its increased importance after the nutrient switch. 

Bck2 is a part of the cell wall integrity pathway that responds to cell wall damage or heat-shock. Cell 
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wall stress activates the protein kinase C, Pkc1, which in turn activates a cascade of mitogen-

activated protein kinases (MAPKs) which eventually lead to expression of cell wall maintenance 

genes143. While the exact molecular mechanism is still unknown, Bck2 is associated with the 

activation of the last MAP kinase in the cascade, Mpk1144. A deletion of Bck2 has been shown to 

increase sensitivity to cell-wall-affecting drugs such as Congo red and calcofluor white, whereas 

overexpression of Bck2 can increase drug-resistance as well as rescue the cell-growth defect of 

pkc1Δ and mpk1Δ mutants94,145. Together with other studies that describe a role for Bck2 in 

resistance to multiple antifungal drugs146, this shows that Bck2 is important for the cell’s response to 

cell-wall stress. A recent nutrient-switch study from Shabestary et al.126 analysed budding yeast 

adaptation to a nitrogen-downshift and found a bimodality in the cell volume distribution of the 

resulting post-switch population. This bimodality led to an increased CV of cell volume after the 

nutrient-switch, similar to the increased CV of cell volume observed in the bulk experiments from this 

study. Shabestary et al.126 also found that the bimodality in cell size is accompanied by two distinct 

metabolic states: one that favours viability or survival and one that favours growth. The more viable 

subpopulation was smaller in cell size, showed more active MAPK signalling and transcriptionally 

resembled low-glucose states. Given Bck2’s proposed role in MAP kinase (Mpk1) activation, the 

large cell size and lower survival of post-switch bck2Δ cells, as observed in this work, could also 

originate from disrupted MAPK signalling and the consequently inadequate stress response. Thus, 

studying Mpk1 activation and how it is affected by a BCK2 deletion during the nutrient switch would 

be important for clarifying Bck2’s contribution to size adaptation.  

 

 

4.3. Budded cells carry a memory of the nutrient switch into their next cell cycle 

 

Cells can either face a nutrient switch in a budded (S/G2/M) or an unbudded (G1) state (Fig. 21A). 

This work shows that regardless of what cell cycle stage they face the nutrient switch in, they arrest 

immediately after the switch (Fig. 21B). For the G1-switchers, the arrest is limited to the G1 phase 

that they face the nutrient switch in and the next cell-cycle is largely unaffected (Fig. 21B, Fig. 35). 

This is not the case for S/G2/M-switchers, which surprisingly also arrest in the G1 of the following 

cell cycle (Fig. 21B, Fig. 35). This arrest in the G1 of a cell cycle that starts after the nutrient switch 

indicates a mechanism that preserves the memory of the switch (Fig. 35). Additionally, this ‘memory’ 

is also observed in the first daughters of S/G2/M-switchers, which were buds at the time of the 

nutrient switch. These cells arrest during the G1 phases of their first cell cycles, which start after the 

nutrient switch (Fig. 22B, Fig. 35). Moreover, the S/G2/M-switchers and the first daughters of 

S/G2/M-switchers are the two cell categories with the lowest survival (Fig. 31) and the biggest cell 

sizes at the end of the G1 arrests (bck2Δ and whi5Δbck2Δ cells, Fig. 21C, Fig. 22C). These strong 

phenotypes raise the question of what mechanism is behind the memory of the nutrient switch in 

these cell categories.  
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Figure 35: Schematic explanation of the memory of the nutrient switch observed in S/G2/M-switchers 

and the first daughters of S/G2/M-switchers. When G1-switchers (cell 0) and S/G2/M-switchers (cell 1) 

experience the nutrient-switch, they immediately arrest in the ongoing cell cycle stage. For G1-switchers, cell 

cycle progression continues largely normally after this initial G1 arrest. S/G2/M-switchers, on the contrary, also 

arrest in the G1 phase of their next cell cycle, which starts after the nutrient switch. The first daughters of 

S/G2/M-switchers (cell 2), which were buds at the time of the nutrient switch, also experience a similar G1 

arrest in their first cell cycles that start after the nutrient switch. These G1 arrests of S/G2/M-switchers and 

their first daughters that occur in cell cycles that start after the nutrient indicate a memory of the nutrient switch 

(shaded area).  

 

 

Work from Min et al.147 indicates that in human epithelial cells, protein translation rates during the 

cell cycle of a mother cell can regulate the availability of a protein in the cell cycle of its daughter cell. 

In this manner, the abundance of one or more proteins in the current cell cycle can reveal information 

about the translation rate or the duration of the previous cell cycle. A similar mechanism was 

proposed by Qu et al.72 in budding yeast. They found that the amount of Whi5 in the G1 phase of 

the current cell cycle was correlated with the doubling time of the past cell cycle. As an inhibitor of 

the G1/S transition, higher Whi5 amounts during G1 can increase G1 duration, allowing Whi5 to link 

the nutrient availability during the previous cell cycle to cell cycle progression in the current cell cycle. 

This ‘memory’ mechanism could also be applied to the cell categories in this work that appeared to 

have a memory of the nutrient switch in their next cell cycles (Fig. 35).  

 

Immediately after the nutrient switch, S/G2/M-switchers first arrest in the S/G2/M phase in their 

switch-cell-cycles (Fig. 21B, Fig. 35), which is also the phase during which Whi5 is synthesized39,72. 

This S/G2/M arrest increases the doubling time of the switch-cell-cycle of S/G2/M-switchers, which, 

according to Qu et al.72, should increase the amount of Whi5 that the S/G2/M-switchers and their 

daughters (first daughters of S/G2/M-switchers) inherit upon division. Inheriting a higher amount of 

Whi5 is a potential explanation for the longer G1 arrests observed in these two cell categories. This 

hypothesis can also explain why no ‘memory’ is observed in the G1-switchers or their first daughters 

- because they do not undergo an S/G2/M arrest (Fig. 21B, Fig. 22B). However, if Whi5 was the only 

factor contributing to this ‘memory’, the G1 arrest of the S/G2/M-switchers and their first daughters 
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would be expected to be rescued in the whi5Δ and the whi5Δbck2Δ strains. While the G1 arrest 

duration of whi5Δ cells is only slightly shorter than that of WT cells, the G1 arrest duration of 

whi5Δbck2Δ cells is partially rescued compared to that of bck2Δ cells, indicating the involvement of 

Whi5 as well as other factors in this ‘memory’ phenotype (Fig. 21B, Fig. 22B).  

 

Another observation that supports the involvement of multiple factors in the ‘memory’ phenotype is 

that immediately after the nutrient switch, the S/G2/M arrest durations are similar between S/G2/M-

switchers of various strains (Fig. 21B). However, these similar S/G2/M arrest durations lead to very 

different G1 arrest durations in the next cell cycles of these cells, especially in strains lacking Bck2. 

Thus, the deletion of Bck2 must also contribute to the memory of the nutrient switch observed in the 

S/G2/M-switchers and their first daughters. It is known that at the M/G1 transition, Bck2 promotes 

expression of Cln380 (Fig. 33). Accordingly, a deletion of BCK2 leads to reduced and delayed Cln3 

expression80. Cln3 transcription peaks at the M/G1 transition80 and Cln3 is already known to be 

depleted immediately after a switch from rich to poor carbon89. Thus, an additional deletion of BCK2 

could delay and reduce Cln3 transcription at the next M/G1 transition in cells that face the nutrient 

switch in S/G2/M, leading to them starting their next cell cycles with lower than normal amounts of 

Cln3 and thereby experiencing longer G1 arrests. Additionally, Bck2 is also known to promote the 

expression of Swi4 at the M/G1 transition, which is a subunit of the SBF complex80 (Fig. 33) that 

promotes expression of the G1/S regulon. Coupled with an expected reduction in Cln3 amounts in 

bck2Δ cells, an added reduction in Swi4 would further elongate the G1 arrest. However, these 

hypotheses regarding the mechanisms behind the memory phenotype are speculative and need to 

be experimentally verified. For example, quantifying Whi5, Cln3 and Swi4 amounts in single cells of 

different categories during the nutrient switch could provide insight into whether the cells that arrest 

in S/G2/M really start the next cell cycle with higher Whi5 or lower Cln3 and Swi4 amounts.  

 

 

4.4. bck2Δ buds that face the nutrient switch after anaphase have the longest arrests and 

most overgrowth in their first G1 

 

In the previous section, a potential link between Bck2’s role in promoting Cln3 expression at the 

M/G1 transition and the memory of the nutrient switch in the first non-switch-facing cell cycles of 

S/G2/M-switchers and their first daughters is described. In agreement with this theory, this work also 

shows that when the first daughters of S/G2/M-switchers are categorised based on the specific 

S/G2/M stage of the mother at the time of the switch, the categories of bck2Δ and whi5Δbck2Δ 

daughters whose mothers were post-anaphasic at the time of the nutrient switch have the most 

extreme G1 arrest phenotypes (Fig. 26). The majority of these bck2Δ and whi5Δbck2Δ daughters 

remain arrested in G1 until the end of the experiment (Fig. 26B). None of the bck2Δ daughters whose 

mothers were post-anaphasic at the time of the nutrient switch exit G1 during the course of the 
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experiment. Some of the whi5Δbck2Δ daughters whose mothers were post-anaphasic at the time of 

the nutrient switch do complete G1 during the experiment and this category has the longest G1 

arrests (Fig. 26A). These results show that for the cell, it is most disadvantageous to face the nutrient 

switch after anaphase has ended while simultaneously lacking Bck2.  

 

Why does facing a nutrient switch during telophase or cytokinesis lead to longer G1 arrests in the 

next cell cycle than facing a switch in metaphase or anaphase? Work from Leitao et al.74 has shown 

that cells facing a nutrient downshift during metaphase can undergo a long metaphase arrest, 

whereas cells facing the nutrient downshift in anaphase do not show any delays in anaphase 

completion. They propose the existence of a nutrient-regulated bud growth sensor that increases 

metaphase duration if a nutrient downshift occurs before the bud has grown sufficiently. Such a 

sensor would not arrest the cell in anaphase upon a nutrient downshift because the bud usually 

achieves its target size before anaphase starts74. In fact, Talavera et al.75 suggest that this nutrient-

modulated bud growth sensing is brought about by components of the mitotic exit network, which 

are phosphorylated in a growth dependent manner and promote exit from mitosis in 

anaphase/telophase once sufficient growth has occurred. Given these findings, it is possible that 

pre-anaphasic and early anaphasic switchers in this work’s dataset also underwent a long arrest 

after the nutrient switch to allow sufficient bud growth before mitotic exit. This would give these cells 

time to undergo metabolic reprogramming and resume Cln3 synthesis by the time they reach the 

M/G1 transition. On the other hand, cells that faced the nutrient switch in late anaphase, telophase 

or cytokinesis had likely already started mitotic exit and Cln3 synthesis. In these cells, the already 

synthesised Cln3 would be expected to be quickly degraded after the nutrient switch, which would 

result in cells entering G1 with much lower Cln3 amounts. On top of that, a deletion of BCK2 would 

lead to one less activator at the G1/S transition, as well as further reduction and delay in Cln3 

synthesis at the M/G1 transition, which could explain the strong arrests observed in bck2Δ and 

whi5Δbck2Δ daughters of post-anaphasic switchers.  

 

 

4.5. Outlook and future work 

 

The most important finding of this work is that studying size adaptation to changing nutrient 

conditions can reveal unique roles for size regulators that appear redundant in size homeostasis, 

which is typically studied in steady state conditions. This work describes one such case, where a 

double mutant lacking two size homeostasis regulators, whi5Δbck2Δ, does not have a strong size 

or size control phenotype under steady state conditions. However, studying the same strain under 

changing nutrient conditions reveals that it undergoes longer arrests and more cellular overgrowth 

than WT cells in the lag phase after a nutrient switch. Thus, changing nutrient conditions reveal a 

higher cost of the double mutation for the cell than what is observable in steady state conditions. 
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Moreover, the nutrient switch shows that this arrest and overgrowth phenotype of whi5Δbck2Δ cells 

is similar to that of bck2Δ cells, indicating a key role for Bck2 in size adaptation following a nutrient 

switch.  

 

The main hypothesis of this work is that Bck2 serves as a ‘backup’ G1/S transition activator when 

Cln3 is depleted in the lag phases following nutrient switches. The most critical future experiment for 

this work, therefore, is the testing of this hypothesis. A clear test of this hypothesis would be whether 

or not stabilising Cln3 during the nutrient switch rescues the long arrests observed in the bck2Δ 

mutant. These experiments are already underway as part of the revision of the publication linked to 

this work142. 

 

Another experiment that would strongly support the hypothesis would be confirming the depletion of 

Cln3 at the single cell level, as so far it has only been done in bulk by Western blotting89. Cln3’s 

instability makes it a difficult protein to visualise using regular fluorescent tagging39 as the maturation 

time of the fluorescence protein is often longer than the half-life of Cln3, which is on the order of 

minutes119. Tagging a stabilised version of Cln3 is not an option if its dynamics during the nutrient 

switch need to be examined. Newer techniques such as split-GFP tagging73 or superfolder-GFP 

tagging86 that can bypass the long maturation times of fluorescent proteins can be used to visualise 

Cln3 using live cell microscopy during the nutrient-switch. As opposed to single-time-point 

techniques such as immunofluorescence, these techniques also preserve the history of the cell, 

which is necessary for the cell categorisation used in the nutrient switch analysis in this work. 

Alongside Cln3, quantifying Whi5 and Swi4 dynamics during the nutrient switch and their 

concentrations in different cell categories would be useful to ascertain the mechanism behind the 

memory of the nutrient switch observed in S/G2/M-switchers and their first daughters.  

 

It would also be interesting to test if this increased importance of Bck2 is unique to a switch from 

glucose to glycerol-ethanol media or is also observed in other switches involving different growth 

media. While a switch from glucose to glycerol-ethanol as a carbon source requires metabolic 

reprogramming from fermentation to respiration, a switch from glucose to a fermentable sugar such 

as sucrose or fructose, for example, would maintain the cell’s fermentative state. Thus, the arrest 

durations after a switch would be specific to the media combinations used. While Cln3 has been 

shown to be depleted in a switch from glucose to glycerol-ethanol media89, how other combinations 

of nutrient switches would affect its abundance is not yet known. Switch experiments involving 

different media combinations would provide insight into which media switches lead to Cln3 depletion 

and whether Bck2’s role as a ‘back-up’ G1/S activator is consistent in all media switches that deplete 

Cln3.  
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Taken together, the findings in this work describe a unique role in size adaptation for the relatively 

understudied G1/S activator Bck2. They emphasize the need for mimicking real-world conditions 

such as dynamic environments in the laboratory to uncover new functions for proteins and possibly 

solve redundancies between them. Furthermore, this work highlights the power of single cell tracking 

and categorisation in finding heterogeneous phenotypes within a cell population. To that end, it 

contributes an expansive single-cell dataset containing over 13700 manually checked complete cell 

cycles to the size control field. The generation of this dataset was enabled by the rapid development 

of machine-learning based image analysis approaches, which helped partially dismantle the 

bottleneck of image analysis. Parts of the image analysis pipeline, however, still lack automation or 

need supervision. In the future, this manually annotated dataset can be used as training or ground-

truth data to further improve the accuracy of automated image analysis pipelines and help automate 

tasks that still need manual supervision. Automated image analysis pipelines that are accurate and 

quick will be key to analysing even bigger datasets, such as those originating from the microscopy 

of multiple types of nutrient switches. Biological inferences about both size homeostasis and size 

adaptation can then be made from this wealth of data by using the conceptual framework provided 

by this study for analysing heterogenous phenotypes in cell populations faced with a nutrient switch. 
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