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Abstract 

Cells depend on a highly ordered organization of their content and they must develop 

strategies to maintain the anisotropic distribution of organelles during periods of nutrient 

shortage. One of these strategies, observed in bacteria and in yeast cells with acutely interrupted 

energy production, is to solidify the cytoplasm. Here, we describe a different type of cytoplasm 

solidification that occurs in fission yeast cells having slowly run out of nutrients after multiple 

days of culturing. It provides the most profound reversible cytoplasmic solidification of yeast 

cells described to date. Our data suggest the involvement of a matrix with a certain mesh size 

that immobilizes cellular components in a size-dependent manner. We provide experimental 

evidence that cells need time, intrinsic nutrients and intrinsic energy sources to enter this state 

in the absence of external sources. Such cytoplasmic solidification may provide a robust means 

to protect cellular architecture in dormant cells. 

 

 

Introduction 

Cell function and survival require a highly ordered, cell type-specific organization of the 

cytoplasmic content. How cells generate and maintain a cell type-specific spatial organization 

is central to understanding the living state. It involves the asymmetric distribution of material, 

mediated by active transport of key regulatory components, which counteracts the entropic 

activity of diffusion. This occurs in a highly crowded and dynamic environment, with spatially 

dispersed constituents ranging in size from small ions and metabolites to macromolecular 

complexes and to large, complex structures like the cytoskeletal networks and organelles. Their 

sub-diffusive motion is influenced by macromolecular crowding, specific and unspecific 

interactions, and the polymer networks of the cytoskeleton (Luby-Phelps et al. 1986; Tolić-

Nørrelykke et al. 2004; Weiss et al. 2004; Wirtz 2009). Consequently, the cytoplasm was 

described as a complex viscoelastic fluid, a gel-like material, or a colloidal liquid at the 

transition to a glass-like state (Luby-Phelps et al. 1986; Tolić-Nørrelykke et al. 2004; Mitchison 

et al. 2008; Fels et al. 2009; Miermont et al. 2013; Moeendarbary et al. 2013; Parry et al. 2014; 

Grygorczyk et al. 2015). The maintenance of such a complex, anisotropic cellular architecture 

and its remodeling in response to environmental changes requires a constant input of energy. 

Organisms have adopted a variety of strategies to cope with situations in which energy is limited. 

For example, when nutrients become limiting for growing and dividing cells they can exit the 

cell division cycle and enter quiescence, similar to when they start differentiating (Coller et al. 
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2006). Such nutrient starvation-induced quiescence reverses as soon as nutrients become 

available again (Yanagida 2009; Lennon & Jones 2011). In extreme cases of energy shortage, 

cells can enter a dormant state with little or no energy consumption (Lennon & Jones 2011). 

This mainly involves the formation of specialized cell types such as spores and seeds, some of 

which can survive for centuries. Some animal species, such as tardigrades or hibernating 

mammals, manage to adopt dormant states by massively down regulating cellular metabolism 

(Guppy & Withers 1999; K. B. Storey & J. M. Storey 2007; Reuner et al. 2009). In most cases, 

it is not known to what extent, if at all, the low energy consumption during such dormant states 

allows cells to maintain their favored cytoplasmic organization. One way to preserve cellular 

architecture during an extended dormancy period is to reduce water content. This increases 

macromolecular crowding, which can trigger a transition into a glass-like state of the cytoplasm 

constraining the motion of its cytoplasmic components. This mechanism was shown to operate 

in bacterial spores, in plant seeds, in metabolically inactive bacteria, and in budding yeast cells 

acutely depleted of energy (Sun & Leopold 1997; Cowan et al. 2003; Dijksterhuis et al. 2007; 

Parry et al. 2014; Joyner et al. 2016; Munder et al. 2016). Alternatively, cells replace water with 

high amounts of carbohydrates, possibly providing cytoplasmic vitrification to prevent harmful 

fusion events (Soto et al. 1999; Elbein et al. 2003). Furthermore, quiescent cells were shown to 

introduce structural changes to cytoplasmic components following energy depletion, with many 

metabolic enzymes and other proteins forming transient assemblies (Sagot et al. 2006; Laporte 

et al. 2008; Narayanaswamy et al. 2009; Noree et al. 2010; O'Connell et al. 2012; Petrovska et 

al. 2014). These assemblies were suggested to inactivate enzymatic function and to serve as 

storage depots. As a collective, they were proposed to form higher-order structures that mediate 

a solid-like state of the cytoplasm (Munder et al. 2016). 

When nutrients become growth limiting for cells of the fission yeast Schizosaccharomyces 

pombe, they will mate and produce dormant spores (Tanaka & Hirata 1982; Egel 1989). Cells 

lacking a mating partner will enter a quiescent state. So far, research on fission yeast starvation 

has largely focused on the physiology of nitrogen-starved cells or cells acutely depleted of 

glucose (Costello et al. 1986; Yanagida et al. 2011; Saitoh & Yanagida 2014; Oda et al. 2015; 

Joyner et al. 2016). We describe fission yeast cells that have slowly run out of nutrients after 

several days of culturing. These cells show a drastic solidification of their cytoplasm, which we 

termed “cytoplasmic freezing” (CF). In this state, the diffusive motion of lipid droplets and 

other structures observable by phase contrast or DIC microscopy is almost completely restricted. 

Cytoplasmic solidification in CF cells is more profound and robust in contrast to other known 

liquid- to solid-like transitions (Joyner et al. 2016; Munder et al. 2016). We find no evidence 
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for CF being caused by increased macromolecular crowding. Instead, our data suggest that CF 

may be caused by the formation of some sort of global cellular matrix with a certain mesh size 

that stably traps the bigger cytoplasmic components whereas small molecules still are able to 

diffuse freely. 

 

Results 

Starved cells have 2 intracellular immobilization states  

After 2 days of culture under standard conditions, cells of the fission yeast S.pombe suffer 

glucose starvation (GS), arrest growth and enter a quiescent state (Makushok et al. 2016). 

Imaging cells during the following days of GS, revealed a striking decrease in mobility of 

virtually all subcellular structures visible by light microscopy, which ended with their 

seemingly complete immobilization (Movie 1; Methods). An exception were small particles 

that erratically moved within vacuoles throughout starvation. We quantified this change in 

mobility over time by tracking the motion of lipid droplets (LDs), which are clearly 

distinguishable when imaging cells with DIC, at each culturing day (Methods). In our 

experiments, culturing day 2 will be referred to as starvation day 2 (SD2), culturing day 3 as 

starvation day 3 (SD3) etc. In exponentially growing cells the lipid droplets are dispersed 

throughout the cell and dynamically move throughout the entire intracellular space (Figure 1A, 

Movie 1). On SD2, LDs frequently accumulated into 1-2 grape-like structures displaying visible 

motion, although their overall position within cells remained fairly constant (Figure 1 – Figure 

supplement 1A). On SD3-SD4 LDs showed similar dynamicity but an increasing number of 

cells had fewer, larger LDs, presumably a product of fusion within the grape-like structures 

(Figure 1 – Figure supplement 1A). By SD5 and SD6 this LD phenotype was prominent in a 

large fraction of cells. Strikingly, a complete absence of motion was observed for all LDs, 

independent of their appearance, remining so throughout the following starvation days (Figure 

1A, Movie 1; Figure 1 – Figure supplement 1B). In order to quantify this drastic mobility 

change, we developed a procedure for automated quantification of the motion of LDs that were 

selectively labelled with the lipophilic dye Bodipy  (Methods)(Listenberger & Brown 2007; 

Long et al. 2012). Simultaneous Phloxine B treatment enabled automatic exclusion of dead 

cells from analysis (Figure 1 – Figure supplement 2A; Methods) (Noda 2008).We were unable 

to use mean square displacement (MSD) as a measure to quantify LD mobility as phototoxicity 

prevented the prolonged imaging required. Instead, we determined the Pearson Correlation 

Coefficient (CC) for all pixels of each cell between two consecutive time points, a measure 

commonly used to quantify the co-localization of two fluorescent markers (Adler & Parmryd 
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2010; Dunn et al. 2011). We used it to quantify the "co-localization" of a fluorescent marker 

with itself at two time-points separated by 42 seconds (Methods). The maximal CC of 1 

describes a completely static distribution of fluorescence intensity. Increased mobility of 

fluorescent structures will decrease the CC accordingly. In exponentially growing cells, we 

measured a CC of 0.56, which reflects the strong, seemingly erratic motion including occasional 

jumps of LDs that occurred throughout the cell volume (Figure 1B; Movie 1). After cells had 

entered a quiescent state at around SD2, LD mobility was reduced and LDs mainly wobbled in 

a given location without major translocations (Movie 1). Accordingly, the CC increased to 0.70 

(Figure 1B). On SD3 there was little change with average median CCs of 0.68. On SD4 we 

measured a slight increase to 0.75. Only on SD5 did the average median CC start to increase 

significantly with an average median CC of 0.84. On SD6 it reached 0.966, consistent with the 

apparent, complete immobilization of LDs (Figure 1B). Thereafter, the average median CC 

remained high with 0.95 on SD7 and 0.95 on SD8. Remarkably, analysis of individual cell 

cultures showed that the mobility reduction of a given cell population was abrupt, occurring 

either on SD5 or SD6 (Figure 1C). On SD5 the average median CC of a given culture either 

remained closer to that measured for cultures on SD4, or it jumped to that measured for all SD6 

cultures (Figure 1D). These results suggest that within a population, cells transit to the CF state 

in a coordinated fashion, within a relatively short period of time. Occasionally, we found a case 

where an entire cell culture did not transit to CF during SD5-SD8 (Figure 1 – Figure supplement 

1C). Since such cell populations were rare and could be clearly distinguished, we excluded 

them from subsequent analysis of the CF state. Altogether, our measurements suggested the 

presence of two starvation phases, revealed by two abrupt decreases of LD mobility, which we 

termed early starvation and deep starvation. We termed this state where lipid droplets are 

immobilized throughout the cytoplasm of cells in deep starvation "cytoplasmic freezing" (CF). 

To investigate how cells regained LD mobility when exiting starvation, cells that had 

transitioned to CF on SD5 were supplied with fresh growth medium (Methods). Regained LD 

mobility was detectable within no more than 5 minutes, showing that the release occurs in a 

switch-like manner (Figure 1E; Movie 2). LD mobility increased over the following hour, 

which led to a broadening of the CC distribution (Figure 1F). Some cells remained in the CF 

state during this 1-hour observation period (Figure 1G, white arrows; Movie 2). 

 

CF differs from other solid-like cytoplasmic states 

Two recent studies reported on a solidification of the cytoplasm in budding yeast cells that 

were acutely depleted of energy either by acute glucose depletion (AGD) or by "drug-induced 
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energy depletion" (DED) (Joyner et al. 2016; Munder et al. 2016). Both studies showed some 

evidence for conservation in fission yeast. Since CF was very reminiscent of these other cellular 

states we directly compared acute energy depleted cells and cells in deep starvation (Methods). 

For DED cells, two protocols using 0.5h and 2h drug treatment were tested (Methods). Unlike 

in CF cells, LD motion was evident in AGD and DED cells when imaged with DIC microscopy 

(Figure 2A; Movie 3). Quantification with the Bodipy-labelling approach revealed an average 

median CC of 0.878 for AGD cells and of 0.900 for 0.5h DED cells, below the CC of for CF 

cells at 0.969 (Figure 2B). Interestingly, the average median CC of 0.966 for 2h DED cells did 

not differ much from that of CF cells, despite some clearly moving LDs. This could be due to 

the weaker Bodipy signal in CF cells, which might slightly reduce the precision of automated 

analysis. 

To further test to what extent the cytoplasm of CF cells is solidified and how this compares 

to the state of cells with acute energy depletion, we generated protoplasts by digesting away the 

cell wall normally maintaining the cylindrical cell shape. When applying the standard protocol 

for cell wall digestion, exponentially growing cells exiting the cell wall shell immediately 

adopted a spherical shape (Figure 2C; Figure 2 - Figure supplement 1; Movie 4; Methods). 

AGD or DED cells however, remained cylindrical as previously shown (Figure 2C) (Joyner et 

al. 2016; Munder et al. 2016). Likewise, cell wall-depleted CF cells remained cylindrical, 

indicating a solid-like cytoplasm similar to AGD and DED cells (Figure 2C). In order to 

investigate the robustness of shape preservation, we extended the observation period of cells in 

the continued presence of the digestive enzymes (Methods). We found that the vast majority of 

CF SD6 protoplasts remained cylindrical even after three additional days of incubation (Figure 

2D). In contrast, the initially cylindrical shape of AGD protoplasts was unstable as within 3 

hours the vast majority had become spherical (Figure 2C). DED protoplasts showed an 

intermediate phenotype and with few exceptions remained cylindrical within the first three 

hours of incubation. After three days of incubation however, approximately 20% of the 2h-

treated DED cells and 80% of the 0.5h-treated had turned spherical (Figure 2D). These results 

indicate that the content of AGD and DED cells - but not of CF cells - can still rearrange with 

differing kinetics and that cytoplasmic solidification in CF cells is more profound than in cells 

with acute energy depletion. It remains to be shown why for DED, a prolonged drug exposure 

increases cytoplasmic solidification. 

A possible explanation for the highly robust solidification of CF cells is that their cytoplasm 

experiences massive macromolecular crowding. Since our protoplasting experiments were done 

using a standard hypertonic digesting mix (1.2M sorbitol), which dehydrates cells to relieve 
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hydrostatic pressure and prevent cell rupturing, it is conceivable that the resulting increase in 

macromolecular crowding would contribute to the observed shape preservation (Methods) 

(Atilgan et al. 2015). To test to what extent intact AGD, DED, and CF cells can dehydrate, they 

were placed in a hypertonic buffer solution containing 1.2M Sorbitol. We measured the changes 

in cell length and width and used these values to estimate the cell volume assuming it to be a 

cylinder plus two half spheres representing the cell ends (Figure 2 – Figure supplement 2; 

Methods). In particular the reduction in cell width is a good indicator of fission yeast cell 

volume loss (Methods). We found that under these conditions AGD and DED cells shortened 

and considerably reduced their width (Figure 2E; Figure 2 - figure supplement 2). The resulting 

volume loss was 39.38% for AGD, 35.05% for 0.5h-DED and 38.64% for 2h-DED. CF cells in 

contrast, showed much less reduction in cell length, width, and volume (volume loss 19.94%) 

indicating that they comparingly lose little fluid under these conditions (Figure 2E). A possible 

explanation is that CF cells are already severely dehydrated and cannot shrink much further. To 

test this possibility, we measured the development of cell length and width with daily 

measurements from SD3-SD7. We found no change in cell length and cell width at around SD5 

when cells enter the CF state (Figure 2F). Such a permanence of length shows that CF is 

inconsistent with a model where a fluid loss-based increase in macromolecular crowding 

underlies CF. Furthermore, electron microscopy data, showed no evidence for a more crowded 

cellular content in CF cells as compared to the wild type (Figure 6D). 

Having shown that fluid loss is an unlikely cause for CF this does not exclude that it 

contributes to the shape preservation of cells lacking a cell wall. To test for this possibility, we 

removed the cell walls of AGD, DED, and CF cells in a lower concentration sorbitol solution 

(Methods). Under these conditions all exponentially growing cells rapidly lysed and no 

protoplasts formed, confirming that this solution is hypertonic (Figure 3A, Movie 5). Similarly, 

we observed lysis for all of the 0,5 and for a majority of the 2h-treated (Figure 3A). 

Approximately 15% of the 2h-treated DED cells remaining cylindrical. Time-lapse imaging 

revealed that these cells did not manage to fully exit the cell wall shell, whereby the parts that 

did exit changed shape suggesting a fluid content (Figure 3B, Movie 5). Of the AGD cells, 

approximately 50% immediately lysed as soon as cell walls were sufficiently perturbed (Figure 

3A, Movie 5). The remaining cells adopted a spherical shape, squeezing out of the cell wall 

shell, in a similar manner to exponentially growing cells in the hypertonic digestion solution 

(Figure 3B, Movie 5, Movie 4). By contrast, most CF cells exited the cell wall shell as solid 

cylinders also in the hypotonic solution (Figure 3A and 3B, Movie 5). On average, 70% of these 

cells remained cylindrical throughout an additional incubation day (Figure 3C). Interestingly, 
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in contrast to the shriveled and indented surfaces of CF protoplasts in hypertonic digestion 

solution, these protoplasts had a smooth surface suggesting that the peripheral part of CF cells 

can take up fluid, albeit not to an extent that the overall shape or volume are affected (compare 

Figure 2C and 3A). Taken together, these results indicate that unlike cells with acute energy 

depletion, CF cells stably fix the entire cellular content in a way that is insensitive to osmotic 

stress. This provides additional evidence against increased macromolecular crowding as basic 

cause of CF, while supporting a mechanism involving some kind of network that globally fixes 

cellular content. 

 

Starved fission yeast lack extensive protein assemblies 

In budding yeast, DED causes the homotypic assembly of a large number of proteins in a 

pH-dependent manner. Together, these assemblies were proposed to be responsible for the 

solidification of the cytoplasm. To check for a similar behavior of homologous proteins in 

fission yeast cells with DED, we followed eight of them tagged with GFP and/or mCherry when 

cells entered starvation in cells treated for 0.5h and 2h. Only for one of these we found cells in 

which the marker assembled into one or two spots following DED (Figure 4A; Figure 4 – Figure 

supplement 1A). However, only a subset of cells was affected. Another two proteins	formed 

assemblies in exponentially growing cells when tagged with GFP(S65T), which did not change 

after DED (Figure 4B; Figure 4 – Figure supplement 1B). Curiously, when tagged with 

mCherry the protein did not form assemblies under any condition, suggesting that the 

assemblies of this protein were GFP(S65T)-dependent (Figure 4C; Figure 4 – Figure 

supplement 1C). All other proteins did not change their localization significantly (Figure 4D; 

Figure 4 – Figure supplement 1D). These results suggest that fission yeast cells do not react to 

DED by forming extensive macromolecular assemblies, unless by chance we selected 

unsuitable markers. Yet, our data suggest that GFP(S65T) is not suitable when testing for 

protein assemblies. It needs to be shown whether this is a general trend also for the budding 

yeast proteins, all of which were originally tagged with the GFP(S65T) variant (Huh et al. 

2003). 

While our data do not support the formation of protein assemblies in DED cells they do not 

exclude this possibility in CF cells. Therefore, we checked the behavior of all eight proteins in 

CF cells on SD6. When imaging SD6 of control cells not expressing any markers with a 488nm 

excitation laser and the GFP filter set, we noticed the gradual appearance of multiple 

autofluorescent particles (Figure 4 – Figure supplement 1E). By SD6, this autofluorescence had 

reached such a significant level that it had to be considered when imaging GFP-tagged proteins. 
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The signal of most of the GFP-tagged proteins dropped below the autofluorescence level by 

SD6, suggesting that protein levels had significantly been reduced (Figure 4E). Importantly, no 

obvious aggregates formed and pre-existing aggregates disappeared as well. When proteins 

were tagged with mCherry, fluorescence mostly accumulated in large globular structures 

(Figure 4F). Co-expressing a vacuolar marker showed that the globular structures represented 

the vacuolar lumen (Figure 4 – Figure supplement 1F). The most likely explanation is that the 

mCherry tag accumulates in vacuoles after degradation of the attached proteins (Costantini et 

al. 2015). In one case, bright nuclear fluorescence accompanied the vacuolar labelling (Figure 

4F). Supporting a complete absence of macromolecular assemblies in CF cells, electron 

microscopy pictures of CF cells showed no evidence of regions revealing protein aggregates as 

found in electron microscopy pictures of budding yeast cells (Figure 6D) (Petrovska et al. 2014). 

These results suggest that the levels of many proteins become significantly reduced in deep 

starvation and that extensive macromolecular protein assemblies are unlikely to be the basic 

cause of CF. 

 

CF occurs in the absence of the cytoskeleton 

Having found no evidence of increased macromolecular crowding or protein assemblies 

causing the restriction of lipid droplet motion in CF cells, we investigated the possibility of 

structural fixation by a mesh-like protein network that might form throughout the cells. Tubulin 

and actin, which form the filaments of the cytoskeleton, are obvious candidates. Confirming 

previous results, we found that the multiple, dynamic microtubule bundles that are typical of 

growing cells remained active during SD2-4, but disappeared in deep starvation (Figure 5 – 

Figure supplement 1A; (Laporte et al. 2015; Makushok et al. 2016). If ever, only a single, very 

short microtubule stump remained that often could barely be discriminated from the 

autofluorescence signal. Since the electron microscopy images of CF cells did not show any 

evidence of cytoplasmic microtubules either (Figure 6D), we conclude that microtubules do not 

make a significant contribution to the CF state. 

To test for a role of actin, we used cells expressing the F-actin marker Lifeact-GFP (Riedl et 

al. 2008; Huang et al. 2012). In exponentially growing cells, Lifeact-GFP labeled thin actin 

filament bundles that align parallel to the long cell axis and dynamic actin particles that 

concentrated at growing cell poles. On SD2-SD4, the actin particles disappeared except for a 

few remaining dynamic patches that were distributed throughout the cells. The thin interphase 

filaments were replaced by thicker, dynamic F-actin bundles (Figure 5A; Movie 6). These 

extended along the cell periphery and often curled around the cell ends or curled up inside the 
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cells. On SD6, all actin patches had disappeared and the F-actin bundles had evolved into 

extremely prominent, very long F-actin bands (Figure 5A). These bands were completely 

immobile and extended along the cell circumference while curling around both cell ends to 

form a structure often reminiscent of a shoelace (Figure 5A; Movie 6). The strong signal of 

these actin bands indicates that it is likely to contain much of the actin protein pool normally 

present in cells. Yet, we could not exclude that the cells would additionally harbor a global F-

actin network, as single actin filaments cannot be detected by fluorescence imaging or electron 

microscopy as applied here. To prevent the formation of such filaments, we treated cells with 

LatrunculinB (LatB), a drug that interferes with F-actin polymerization (Methods) (Spector et 

al. 1983). Adding LatB to exponentially growing cells resulted in a fast depletion of all visible 

F-actin structures (Figure 5 – Figure supplement 1B). However, adding LatB to cells on SD6 

did not affect the F-actin shoelace structures (Figure 5 – Figure supplement 1B). These results 

suggest that either these structures are no longer dynamic, or LatB cannot enter CF cells. Since 

this prevented drawings conclusions on the involvement of actin in CF, we applied the drug 

prior to the induction of CF on SD3 (Methods). This visibly decreased the dynamicity of the F-

actin structures but did not deplete them (Figure 5 – Figure supplement 1B). Interference with 

the formation of the shoelace-like actin cable, which was used to monitor the drug effect, was 

most efficient when incubating cells from SD3 onwards in the continued presence of the drug. 

On SD6 many cells ended up with a dispersed Lifeact-GFP signal although the marker still 

labelled short stumps and ring-like structures in a number of other cells (Figure 5B). LatB 

interference with the formation of the stable thick actin cables present in CF cells on SD6 

suggests that the extended drug exposure would have blocked the formation of a putative global 

network of invisible, single actin filaments. Nevertheless, such cells showed CF on SD6 similar 

to DMSO-treated control cells (Figure 5C and 5D, Movie 7). We conclude that F-actin is not a 

major contributor to CF. 

Septins represent another protein family that is known to assemble into filaments that could 

potentially form a global network in CF cells (Mostowy & Cossart 2012). The fission yeast 

genome has seven non-essential septin genes (spn1-spn7) (Longtine et al. 1996; Pan et al. 2007). 

Of these, spn5p-7p are exclusively expressed during meiosis (Abe & Shimoda 2000; Watanabe 

et al. 2001; Mata et al. 2002; Onishi et al. 2010). To ensure that they are not additionally 

expressed in deep starvation, we checked the signal of cells expressing GFP-tagged endogenous 

spn5p-7p on SD6. We found no signal above the autofluorescent signal and therefore carried 

on with the non-meiotic septins spn1p-spn4p (Figure 5 – Figure supplement 2B). When imaging 

these 4 septins tagged with GFP(S65T), we found that they all formed small clusters in deep 
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starvation (Figure 5E). Next, we tested cells carrying a deletion of any of the four septins spn1-

spn4, each of which affects proper formation of the septin ring in cytokinesis (Berlin et al. 2003; 

Tasto et al. 2003; An et al. 2004). On SD6 all septin deletion mutants showed CF that was 

indistinguishable from wild type (Figure 5F and 5G). These results make septins an unlikely 

candidate for mediating CF. 

 

Subcellular architecture changes in starvation 

Since CF coincides with cytoskeleton rearrangements and appears to affect the entire cell, 

we initiated a general investigation on the organization of sub-cellular structures in deep 

starvation. For this, we used cells expressing various proteins tagged with GFP or mCherry that 

are known to mark cellular organelles and compared protein localization in exponentially 

growing cells with that of cells on SD6 (Table 1, strains used in this study). Only few markers 

maintained their localization. Of these, GFP-tagged nucleoporin nup85 and GFP-tagged AHDL 

- a marker of the nuclear membrane lumen and the endoplasmic reticulum respectively - showed 

a similar distribution in exponentially growing cells and in cells on SD6, despite some change 

in signal intensity. This indicates that these organelles do not reorganize much in deep 

starvation (Figure 6A). Similarly, the distribution of a GFP-tagged vacuolar marker did not 

change but the size of vacuoles appeared reduced on SD6 compared to exponentially growing 

cells (Figure 6A).  

Another marker that changed was cox4p (cox4p-GFP), which marks the tubular 

mitochondria spanning the entire length of exponentially growing cells (Figure 6B) (Yaffe et 

al. 2003). On SD3, cox4p-GFP labelled shorter mitochondrial tubes and multiple dynamic 

globular structures of uniform size, suggesting that the mitochondria were undergoing fission 

(Figure 6B; Movie 8). Consistently, on SD6 only globular mitochondria of uniform size were 

present, usually near the cell poles (Figure 6B). Similar to LDs, the motion of these globular 

mitochondria had completely arrested (Movie 8). Since cox4p-GFP fluorescence was 

sufficiently bright and stable, we could produce movie sequences that allowed determining the 

mitochondria MSD (Methods). We found an MSD close to zero in cells on SD6, confirming a 

nearly complete freezing of motion (Figure 6C).  

For all other markers the signal marking the organelles vanished, when tagged with GFP, 

below the level of autofluorescence (Figure 6 - Figure supplement 1). As already described 

before, in cells expressing mCherry-tagged markers the mCherry signal ended up brightly 

staining the vacuoles on SD6 (Figure 4 – Figure supplement 1F). These data further support a 
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general loss of protein diversity in CF, as was already suggested in our search for protein 

assemblies. 

The global sub-cellular architecture of CF cells found by electron microscopy of plastic 

sections of cells collected on SD7 confirmed some of our observations with fluorescent 

organelle markers (Methods). First of all, we found no evidence for any kind of filamentous 

assemblies in CF cells (Figure 6D). In addition, confirming our fluorescence images, organelles 

such as LDs and vacuoles had the tendency to cluster around the nucleus in the cell center, 

while the almost spherical mitochondria with an approximate diameter of 250-350nm, were 

more prominent in polar regions near the cell periphery (compare Figure 1 – Figure supplement 

1A with Figure 6B and 6D). In between these organelles, cells had had regions depleted of any 

distinct structure, except for electron dense spots typical of ribosomes. Altogether, our data 

suggest that the sub-cellular architecture of cells in deep starvation differs from that of growing 

cells and cells in early starvation. 

 

Immobilization of cytoplasmic components in CF is size-dependent 

Having shown that fragmented mitochondria and LDs - both ranging in size between 

approximately 250µm and 350µm - were immobilized in CF cells, we wondered whether this 

also applies to components as small as individual proteins. The aforementioned Lifeact-GFP is 

a mainly globular, 29kDa protein of 4.5x2.5nm, binding to F-actin with a high turnover rate 

and otherwise seeming biochemically inert (Yang et al. 1996; Riedl et al. 2008). To test the 

mobility of the free, cytoplasmic Lifeact-GFP pool, we used the "fluorescence loss in 

photobleaching" (FLIP) method (Bancaud et al. 2010). FLIP involves repetitive bleaching of a 

defined, cellular sub-region. The kinetics of fluorescence loss in the remaining, unbleached cell 

regions provides a good measure of fluorescent particle motion into the bleached regions, 

thereby revealing information about the diffusive behavior of the particle. In CF cells on SD6, 

Lifeact-GFP depleted fast in the unbleached regions (Figure 6E). Notably, the strong signal on 

the stable actin cables also depleted fast. This reveals fast binding/unbinding of the fluorescent 

protein to actin as well as a rapid, diffusion throughout the cytoplasm that is comparable to the 

diffusion rate in exponentially growing cells (Figure 6E). We conclude that in CF cells, larger 

cellular components are fixed in place, while small molecules can diffuse almost as freely in 

CF cells as in exponentially growing cells. This is consistent with the presence of a global 

network structure with a certain mesh size in CF cells. 
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Autophagy accelerates CF establishment 

To further investigate the molecular nature of CF, we used our automated quantification of 

LD motion to screen for gene deletions that prevent CF in cells in deep starvation, using a 

library of 3400 fission yeast strains each carrying a deletion of a non-essential gene (Methods) 

(Kim et al. 2010). The strains were screened on SD8 since due to the presence of multiple 

auxotrophic mutations these strains entered deep starvation with a delay. Of the roughly 500 

deletions that did not show CF in deep starvation, we noticed a clear accumulation of mutants 

affecting autophagy. Autophagy is an evolutionarily conserved mechanism used by cells to 

remove damaged organelles and to recycle cellular components (Nakatogawa et al. 2009). We 

further tested the contribution of autophagy to CF by taking a prolonged look at two strains 

each carrying a deletion of an essential component of the autophagy pathway, atg1 (atg1∆) or 

atg8 (atg8∆), in the absence of auxotrophic mutations. We found that both mutants entered the 

CF state but with a two- to three-day delay in comparison with the wild type (Figure 7A, 7B, 

Movie 9). Such atg1∆ and atg8∆ mutants robustly maintained a cylindrical shape after cell wall 

digesting in a hypotonic environment, again consistent with normal CF in these cells. These 

results show that rather than being a basic cause, autophagy helps cells to acquire a condition 

that allows them to induce CF. Thus, an unbiased gene screen identifies autophagy as a first 

cellular process required for CF. 

 

 

Discussion 

This work has uncovered a cytoplasmic solidification state, which we termed cytoplasmic 

freezing (CF) that provides the strongest solidification described for yeast cells to date. CF 

differs from the cytoplasm solidification states previously reported for budding yeast, acutely 

depleted from energy production in a number of key ways (Parry et al. 2014; Joyner et al. 2016; 

Munder et al. 2016). First, lipid droplet motion is completely abrogated in CF cells while it can 

be detected in cells with acute energy depletion. Second, we find ample evidence that fluid loss 

caused by a hypertonic medium, critically contributes to the previously reported cell shape 

preservation of AGD and DED protoplasts whereas CF protoplasts robustly maintain their 

cylindrical shape even in a hypotonic environment. Finally, neither fluorescence- nor electron 

microscopy revealed any evidence for the formation of widespread macromolecular protein 

assemblies as were proposed to mediate cytoplasm solidification in budding yeast cells with 

DED (Munder et al. 2016). 
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Altogether, our findings render increased macromolecular crowding a highly unlikely basic 

cause for CF. Instead they are compatible with a mechanism where CF cells contain a global 

network forming a grid with a defined mesh size that fixes larger cellular components but allows 

molecules of a size below the mesh size to freely move through the grid. At this point we don't 

know anything about the nature of such a hypothetical network. We find no evidence for a role 

of the classical filament forming proteins of the cytoskeleton. A hint may come from the fact 

that even when placing CF cells in a hypertonic environment, we do not detect much fluid loss. 

This is not due to a complete insulation of cells from their environment, as they still take up 

dyes such as Bodipy and they still efficiently eliminate Phloxine B, our marker for automated 

detection of dead cells. Instead, such resistance to fluid loss would argue in favor of cells 

forming a hydrogel, which is typically resistant to dehydration (Tamai et al. 1996; Fullerton et 

al. 2006). A hydrogel could explain why standard electron microscopy pictures of CF cells do 

not reveal any network structures in the extensive free space between organelles. A hydrogel 

can form spontaneously via phase transition once the critical components have reached a certain 

concentration. This was proposed to occur during various processes, including Balbiani body 

formation, and it can involve proteins and/or RNAs (Brangwynne et al. 2009; Han et al. 2012; 

Kato et al. 2012; Patel et al. 2015; Boke et al. 2016; Jain & Vale 2017). In our case, such a 

phase transition may account for the tremendous synchrony with which CF occurs in a given 

cell population, either on SD5 or SD6 assuming that all cells in a population produce the critical 

components at a similar rate. It seems that quiescent cells need the 4-5 preceding days to 

become competent for switching into the CF state. In support of this, we find that blocking 

autophagy, a conserved mechanism for cell autonomous recycling of macromolecules, delays 

the onset of CF by 2 days. The most likely scenario is that cells use autophagy to cell 

autonomously provide energy and possibly the building blocks for specific components that 

mediate the CF state in the absence of external sources. This is remarkably similar to the process 

providing resistance to dehydration in tardigrades, where tardigrade cells need to express 

intrinsically unstructured proteins that eventually phase transit to a gel-like state fixing cellular 

content (Boothby et al. 2017). 

Concerning the role of CF, it seems obvious that fixing cellular organelles and any other 

larger components in place provides a means to preserve the overall architecture of the cells. 

We cannot currently provide experimental evidence for a cytoprotective role of CF in deep 

starvation. However, it seems likely that, during an extended starvation period, the CF state will 

relieve cells from using vast amounts of energy to fight all the deleterious consequences of 

entropy. CF may also provide resistance to various stresses, without the need for metabolic 
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activity. Unfortunately, our starvation conditions, which rely on standard fission yeast liquid 

culturing, are not optimal for investigating the role of CF in cell survival. The problem is that 

on around SD8, mortality rates massively increase. This is likely due to the fact that, under 

these conditions, cells enter starvation in their own, toxic waste. Thus, in order to perform such 

studies more favorable starvation conditions will first have to be established. Above all, we will 

need to find the factors that mediate CF. These will provide a means to interfere with CF 

establishment in order to test for advantageous features of this state. We expect the further 

analysis of the isolated deletion strains to reveal the critical components. 

 

 

Methods 

Yeast cell culturing 

Cells were grown at 25°C in EMM2, supplemented with thiamine as required, and as 

described in (Moreno et al. 1991). For CF experiments, cells from a preculture in mid-

exponential growth phase (EMM2 medium) were diluted to OD 0.02 (spectrophotometer 

Genesys 10S Vis, Thermo Fisher Scientific, Waltham, Massachusetts) in EMM, with 0.5% 

glucose (EMMLG) plus supplements as required. Cells were cultured in Erlenmeyer flasks on 

a shaker (New Brunswick scientific innova 4230; 220rpm) for up to 8 days. The culture volume 

did not exceed 1/10 of the total volume of the flask. All strains used are listed in Supplemental 

Table 1. For starvation exit, starved cells in a CF state were supplemented with fresh EMM2 

(1:4) and incubated in an Erlenmeyer flask on the shaker at 25°C. AGD was done as described 

for budding yeast in (Joyner et al. 2016). DED was done as described in (Munder et al. 2016) 

(Antimycin A from Streptomyces sp., Merck, Darmstadt, Germany, A8674; 2-Deoxy-D-

glucose, Merck, D8375). We performed all experiments with 0.5 and 2h drug incubation, as 

both incubation times were used in (Munder et al. 2016) for the various drugs tested. 

 

Protein tagging and constructs 

Protein tagging was performed as described in (Bähler et al. 1998), using the primers listed 

in Supplemental Table 2, except that plasmids were equipped with a “happy linker” (HL) 

sequence between gene and fluorophore sequence where indicated as for EB1 in (Jankovics & 

Brunner 2006). mGFP(A206K) was generated from the routinely used GFP(S65T) by site-

directed-mutagenesis at the dimer interface using forward (AGGTCGACGGATCCTTGGAG) 

and reverse (GATCTTTCGAAAGTTTAGATTGTGTGGACAGGTAATGGTTGTCTGG) 
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primers, and insertion into the original plasmid using restriction enzymes BamHI / BstBI 

(Snapp 2003).  

 

Microscopy 

Live imaging was performed at room temperature (RT) on a spinning disc microscope (Zeiss 

Axio Observer Z1, Yokogawa CSU-X) using 63x and 100x NA 1.4 oil plan apo objectives, 

Andor iQ2.9 software, Andor Neo sCMOS and iXon3 EMMCCD cameras (Andor Technology, 

Belfast, UK) using 488nm and 561nm laser excitation and 525/50 BP and 568 LP emission 

filter sets. Z stacks with 0.5µm steps were acquired for standard fluorescence unless stated 

otherwise. 

DIC imaging of starved cells was performed on poly-L-lysine (2mg/ml, Merck, P1399) 

coated glass bottom dishes (Bioswisstec, Schaffhausen, Switzerland; 5160). In the dishes, we 

constructed a chamber by adding a cover slip on top of 3 parafilm strips acting as spacers. The 

dishes were then placed for 2s on a heating plate at 100ºC, which partially melted the strips 

such that they glued the coverslip to the dish. The thereby formed chamber was filled with cell 

culture (~30µl) by pipetting into the gap between the parafilm strips. To extract LD trajectories 

from DIC movies, cells were centrifuged at low speed (300rpm, Multifuge 1S-R, Thermo Fisher 

Scientific) and imaged immediately (5-15 min after mounting) as prolonged residence in the 

chamber caused artefacts. For each movie, 100 image frames were acquired at 4fps. 

LD trajectories of cells exiting starvation (Figure 1E) were extracted from DIC movies using 

lectin-coated glass bottom dishes (griffonia (bandeiraea) simplicifolia lectin1; Vector 

laboratories, Burlingame, California; L-1100). A first movie was taken from cells in EMM 

without glucose (EMM0G) immediately before glucose addition. After 2% glucose addition, 

movies were taken for up to 60min. 

Live cell imaging for CC quantification was done on lectin coated glass bottom 8-well (ibidi, 

Martinsried, Germany; 80827) or 10-well slides (Greiner Bio-One, Kremsmünster, Austria; 

543079) after centrifugation at 1000rpm. 1mg/ml Bodipy (BODIPY 493/503; Thermo Fisher 

Scientific; D3922) was dissolved in DMSO and used at a final concentration of 4µg/ml in 

EMM2 or EMM0G for exponential or starved cells respectively. Phloxine B (Merck, P4030) 

was dissolved in water to 5mg/ml, diluted to 100µg/ml in water, and used at a final 

concentration of 10µg/ml. When imaging, we first acquired a single focal plane image of red 

fluorescent Phloxine B followed by 3 single focal plane images of green fluorescent Bodipy 

with a time interval of 42s. 
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The movies for cox4-GFP particle tracking were made of 300 frames taken at 4fps in 

chambers as for DIC imaging.  

Protoplasts in high sorbitol were imaged with DIC on lectin coated glass bottom 10-well 

slides after centrifugation at 1000 rpm. Protoplasts in low sorbitol were transferred to a lectin 

coated imaging chamber (see above), sealed off with VALAP (Vaseline, Lanoline, Parafilm; 

1:1:1) to prevent dehydration, and imaged immediately. 

 

Cell wall digestion 

Protoplasts in high sorbitol were generated by enzymatic digestion of cell wall, with slight 

alterations to a previously published protocol (Kelly & Nurse 2011). To form protoplasts, cells 

were incubated at 25°C with 5mg/ml Zymolyase 20-T (MP Biomedicals) plus 5mg/ml lysing 

enzymes from Trichoderma Harzianum (Merck; L1412) in 500uL E-buffer +1.2M sorbitol in a 

2mL Eppendorf tube for 1h on a rotor at 25°C unless stated otherwise. 

Protoplasts in low sorbitol were generated by washing cells in E-buffer + 0.5M sorbitol, 

centrifuged at minimal speed for 5min, and resuspended in 50uL E-buffer + 0.5M sorbitol plus 

cell wall digesting enzymes. 

For DED, protoplasts were generated in continued presence of 20mM 2-deoxy glucose and 

10mM antimycin A in E-buffer as described in (Munder et al. 2016). 

 

FLIP acquisition and analysis 

Fluorescence loss in photobleaching (FLIP) experiments were performed on cells mounted 

to an imaging chamber sealed with VALAP (see above). Imaging was done at RT on a spinning 

disc microscope (Nikon Eclipse Ti, VisiScope system, Yokogawa W1) using a 60x water 

objective, VisiView software, and an Andor EMCCD camera (iXon Ultra 888 back illuminated). 

A z-stack of 3 planes (1µm step size) was acquired every second for 100sec while a small region 

with 1.12x1.12µm size near one cell pole was bleached every 5sec. The mean fluorescence 

intensity loss of a reference region at the opposite pole was then extracted using Fiji. The 

analysis was done using Matlab, as described in (Bancaud et al. 2010). The signal was 

normalized to the last pre-bleach time point. For each condition, 30 cells were analyzed - 10 

each in three independent experiments.  
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Electron microscopy 

Cells were high pressure frozen in solution (reviewed in (McDonald et al. 2010)) using a 

Wohlwend Compact-2 high-pressure freezer (Martin Wohlwend AG, Sennwald Switzerland). 

S. pombe samples destined for plastic section microtomy were freeze-substituted in 0.1% 

glutaraldehyde and 1% uranyl acetate in acetone for 48hrs and warmed from -90°C to -50°C in 

8hrs (5°C per hour). Cells were then washed by acetone for 3 times and infiltrated in HM20 

solution (25%, 33%, 50%, 67%, 75%, 100% in acetone) (Lowicryl HM20 Embedding Kit, 

Electron Microscopy Science, Hatfield, PA) over 5 days using Leica EMAFS (Leica, Vienna, 

Austria). Samples were then polymerized to blocks under Leica EMAFS UV light unit for 72hrs. 

Plastic blocks were cut into ribbons of 80 (for single projection images) – 250 nm thick 

plastic sections (for tomographic reconstructions), depending on the questions asked, by Leica 

Ultracut microtome (Leica Inc., Vienna, Austria) using Diatome Ultra 45° (Diatome AG, Biel, 

Switzerland). Ribbons were collected on formvar-coated Cu-Rn grids (Electron Microscopy 

Science, Hatfield, PA) or Carbon Film Finder grids (Electron Microscopy Science, Hatfield, 

PA), immuno-labeled (optional), stained by uranyl acetate (2% uranyl acetate in 70% methanol) 

for ~4min and Reynold’s lead citrate for ~2min (the staining time was adjusted based on the 

thickness of the sections). 

Individual pictures of plastic sections, mostly used as a control, were acquired with a FEI 

Philips CM100 TEM and AMT 2Kx2K bottom-mount digital camera. 

 

LatB treatment 

LatB (Latrunculin B, Latrunculia magnifica, Merck; 428020) was added from a stock 

solution of 10mM in DMSO to a final concentration of 100µM (1% DMSO). Control cultures 

were treated with 1% DMSO. For the short-term effect of this LatB concentration, the stock 

solution was diluted in EMM2 for exp. cells and EMM0G for SD3 and SD6 cells. For 3-day 

LatB incubations, starved cultures were split in half at SD3. One half was supplemented with 

LatB, the other with DMSO to serve as control. Both cultures were incubated at 25°C on the 

shaker for another 3 days. 

 

Image Analysis 

Routine image processing was done using Fiji/ImageJ. Deconvolution was done using 

Huygens software (Scientific Volume Imaging) on image stacks acquired using Nyquist criteria. 

Plots were made using Matlab (MathWorks).  
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LD trajectories from DIC movies 

The DIC movies (100frames, 4fps) were stack registered (Fiji plugin “StackReg”). Lipid 

droplets were tracked with the Fiji plugin “Manual Tracking with TrackMate” (settings for 

semi-automated tracking: Quality threshold: 0.2, Distance tolerance: 0.1, Max nFrames: 0). The 

lipid droplets were manually seeded in the first time-frame, and the trajectory was considered 

if the particle could be tracked for more than 95/100 frames. The manually seeded first 

trajectory point was excluded from the final trajectory, such that all LD positions were 

automatically detected. The trajectories were plotted using Matlab.  

Mean square displacement of mitochondria 

Cox4-GFP labeled mitochondria were tracked using the Mosaic particle tracking plugin in 

Fiji (Mosaic Toolsuite, (Sbalzarini & Koumoutsakos 2005); Settings: radius: 4, cutoff: 0, 

per/abs: 2, link: 3, displacement: 2). The subsequent analysis was done in Matlab (Mathworks). 

Only trajectories longer than 160 frames were considered, and the MSD up to a time lag of 40 

frames was computed. The time-averaged MSD for each particle is plotted as a color-coded 

histogram, and additionally the ensemble-averaged mean is shown. 

CC quantification of lipid droplet motion 

Cell segmentation: The Phloxine B signal was log transformed and background subtracted 

in Fiji (Mosaic ToolSuite). Using pixel classification in ilastik the cell’s inside was separated 

from the outline and the background. Phloxine B-filled, and therefore dead cells, were marked 

as a separate class and excluded from subsequent analysis. Cell insides were segmented in 

Cellprofiler and used as seeds to segment the living cells (Figure 1 – figure supplement 2A). 

Subsequently, the 3 Bodipy images, taken at a time interval of 42s (t1-t3), were stack registered 

in Fiji (StackReg). We included additional procedures to account for high variability of Bodipy 

signal intensity amongst individual cells in deep starvation as well as significant differences of 

entire populations between different starvation days, with particularly low signal at SD2 and 

SD3 (Figure 1 – figure supplement 2B). In addition, for some unknown reason, Bodipy signal 

intensity gradually increased during imaging, with a major increase between t1 and t2 (Figure 

1 – figure supplement 2C). As a result, the software generally detected LDs most efficiently at 

t2 and t3, which is why we use these timepoints to determine the CC. Because absolute signal 

intensities are irrelevant when extracting LD dynamics, we equalized fluorescence on our 

images by performing a log transform and background subtraction (Mosaic ToolSuite). Pixel 

classification in Ilastik further improved equalization. This generated pseudo images in which 

pixel values represent the probability to belong to a lipid droplet instead of the actual 

fluorescence intensities (Figure 1 – figure supplement 2D). From these, we computed the 
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Pearson correlation coefficient (CC) for all pixels of individual cells between t2 and t3, using 

Cellprofiler. We present individual CC values as dot plots using the function plotSpread from 

the MathWorks File Exchange (https://ch.mathworks.com/matlabcentral/fileexchange/37105-

plot-spread-points--beeswarm-plot-). We overlay a boxplot indicating the median and the 25th 

to 75th percentile of the values. Where several experiments were pooled, the mean of the 

medians of the single experiments was plotted in blue. As a measure for the variance between 

individual experiments, blue error bars indicate the 95% confidence interval (95% CI) of the 

medians. This variance does not describe the variance of the individual medians and might thus 

underestimate the true variance of the median.  

Cell size measurements 

For comparison of cell size in respective standard culturing and 1.2M sorbitol containing 

medium (Figure 2 E, Figure 2 – figure supplement 1 C), cell length and width were measured 

manually from DIC images using Fiji. Subsequently, we extracted the means of cell length and 

cell width measured from 3 independent experiments each, for cells culturing in standard and 

in high sorbitol medium. To estimate the variance (dL2, dW2) of the 3 experiments, 

bootstrapping was performed (999x resampling of each individual experiment), leading to 999 

new means from bootstrapped samples. The mean cell volume V was approximated as a 

cylinder plus a ball from the mean of the bootstrapped means of measured length and width (L, 

W) as follows . The variance of the cell volume (dV2) was 

estimated by Gaussian error propagation with 

. To define the amount of cell shrinkage after 

transfer to 1.2M sorbitol containing medium, we divided the mean of the bootstrapped means 

of cells in 1.2M sorbitol containing medium (S) by the mean of cells in respective standard 

culturing medium (E) for length, width, and approximated volume. The variance (dR2) of the 

ratio  was estimated by Gaussian error propagation with . The 

mean and 95% CI of these normally distributed fractions are shown in Figure 2E.  

Measurements of cell length and width using Phloxine B signal was done in an automated 

fashion as described above. 
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Figure legends 

 

Figure 1. Motion arrest of lipid droplets in deep starvation. 

(A) Lipid droplet trajectories extracted from 25sec movies (4frames/sec, droplets depicted in 

lower DIC images) of cells during exponential growth (EG) and starvation days SD2-SD8. (B) 

Dot plots (one dot per cell) showing Pearson correlation coefficient-based (CC) quantification 

of Bodipy-labeled lipid droplet dynamics. Boxes represent the 25-75 percentile. The blue line 

represents the mean of 4 medians extracted from 4 independent cell populations (69 < n < 394 

cells analyzed per experiment. Error bars show the 95% confidence interval. Note that none of 

the four cell populations entered CF on SD5. (C) Dot plot representing the CC of Bodipy-

labeled lipid droplets in 2 independent cell populations (left and right panel) (325 < n < 372), 

revealing differing timing of transition to motion arrest (SD4-5 and SD5-6 respectively). 

Standard box plots are overlain. (D) Dot plot as in (C) representing the CC of Bodipy-labeled 

lipid droplets in 8 independent cell populations on SD5 (323 < n < 453). (E) Lipid droplet 

trajectories as in (A) of cells on SD5, immediately before and 5min or 60min after glucose 

addition. (F) Dot plot representation as in (B) showing quantification of lipid droplet dynamics 

at defined time points during starvation exit of cells from 3 independent cell populations ( 93 < 

n < 178 cells analyzed per experiment). (G) Lipid droplet trajectories as in (A) of cells on SD5 

immediately before and 60min after glucose addition, showing lipid droplets remaining 

immobilized in two of the cells (white arrowheads). Scale bars in all panels: 5µm. 

 

Figure 1 - figure supplement 1. Lipid droplet morphology and dynamics in starvation. 

(A) Lipid droplet composition changes from evenly distributed droplets in exponentially 

growing cells to grape-like lipid droplets (white arrows) in cells on SD2. From SD3 to SD5 

cells increasingly contain fewer but bigger lipid droplets. (B) Lipid droplet trajectories as in 

Figure 1A, comparing cells containing grape-like lipid droplets (white arrows; orange 

trajectories) and cells containing bigger lipid droplets (blue trajectories). Upper panel shows 

cells on SD4, the lower panel on SD6. (C) Lipid droplet trajectories as in Figure 1A, of a cell 

population in which no motion arrest occurred up to SD8. Scale bars in all panels: 5µm. 

 

Figure 1 - figure supplement 2. Determining the correlation coefficient of lipid droplet 

dynamics.  

(A) Images show Phloxine B-labeled cells (upper panel) as used to segment cells. Segmented 

cell outlines are shown in green (lower panel). Dead cells internalized Phloxine B (white arrow) 
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and were excluded from segmentation and subsequent analysis. (B) The upper panels show the 

Bodipy signal in the cells of the DIC images in the lower panels, during exponential growth, 

on SD3 and on SD6. White arrows depict individual cells with an extreme difference in Bodipy 

signal intensity. (C) Bodipy-labeled cells on SD3 imaged at 3 consecutive time points (t1-t3), 

separated by 42s. Note that contrast settings for the same pictures differ in (B) and (D). (D) 

Same cells as in (B) showing the Bodipy image pixels in the upper panels and in the lower 

panels the respective pseudoimages resulting from classification with Ilastik. The 

pseudoimages show the probability of pixels to belong to lipid droplets as was then used to 

compute the CC between two imaged time points. Scale bars: 5µm. 

 

Figure 2. CF differs from other solid-like states and does not correlate with fluid loss.  

(A) Lipid droplet trajectories extracted from 25sec movies (4frames/sec, droplets depicted in 

lower DIC images) of CF cells on SD6, of AGD cells and of DED cells with 2h or 0.5h drug 

exposure. (B) Dot plots (one dot per cell) showing CC-based quantification of Bodipy-labeled 

lipid droplet dynamics in CF cells at SD6, in AGD cells and in DED cells with 2h or 0.5h drug 

exposure. Boxes represent the 25-75 percentile. The blue line represents the mean of the 3 

medians extracted from 3 independent cell populations (73 < n < 312 cells analyzed per 

experiment). Error bars show the 95% confidence interval. (C) Protoplasts of cells incubated 

with cell wall digesting enzymes in 1.2M sorbitol containing buffer for 1h (left panel) and for 

3h (right panel). (D) SD6 protoplasts from cells incubated as in (C) for an additional 3 days. 

(E) Ratios calculated from measured length (yellow), width (blue), or approximated volume 

(red) of cells placed in the respective standard culturing medium, or in 1.2M sorbitol containing 

buffer for 1h. To estimate the variance of the 3 experiments, bootstrapping was performed 

(Methods). Dots represent means, error bars show the 95% confidence interval of the 

bootstrapped mean ratios estimated with Gaussian error propagation. (F) Dot plots showing the 

cell length (left) and cell width (right) during starvation from SD3 to SD7. Boxes represent the 

25-75 percentile. The blue line represents the mean of 3 means extracted from 3 independent 

cell populations (272 < n < 389 cells analyzed per experiment). Error bars show the 95% 

confidence interval. Measurements result from automated cell segmentation based on Phloxine 

B signal. Scale bars: 5µm. 

 

Figure 2 - figure supplement 1. Cell wall evasion of an exponentially growing cell. 

Cell wall digestion in 1.2M sorbitol. Total duration 5min. Scale bar: 5µm.  
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Figure 2 - figure supplement 2. Cell size in normal medium and 1.2M sorbitol buffer.  

Cell length and width of CF, AGD, and DED (2h and 0.5h) cells in standard culturing medium 

(-S) or in 1.2M sorbitol containing buffer (+S) from 3 independent cell populations each, 

measured manually from DIC images. The blue line represents the mean of 3 experimental 

means (103 < n < 269 cells analyzed per experiment). Error bars show the 95% confidence 

interval. 

 

Figure 3. Protoplast generation under hypotonic conditions.  

(A) Protoplasts or cell remnants from cells incubated with cell wall digesting enzymes in 

0.5M sorbitol containing buffer for the indicated times. (B) Live imaging of protoplast evasion 

from cell wall (white arrow) under 0.5M sorbitol conditions. Upper panel: CF cell, total time 

6min; middle panel: AGD cell, total time 1.5 s; lower panels: DED 2h cells, total time 2min 

and 5min respectively. (C) CF protoplasts after 1 day of incubation with digesting enzymes in 

0.5M sorbitol containing buffer. Scale bars: 5µm. 

 

Figure 4. Fission yeast cells lack obvious macromolecular protein assemblies.  

(A)-(D): Images show fluorescence signal of the indicated fusion proteins in exponentially 

growing cells (upper panels) and DED cells (lower panels) incubated for 2 h prior to imaging. 

(E)-(F): Images show fluorescence signal of the indicated fusion proteins in exponentially 

growing cells (upper panels) and SD6 cells (lower panels). The unspecific signal portion can 

be estimated from comparison to the autofluorescence from a SD6 wild type cell without 

fluorescent tag with the same imaging and contrast settings (insets). Images are maximum 

intensity projections in all panels. All observations were confirmed in 2 independent 

experiments. Scale bars: 5µm.  

 

Figure 4 - figure supplement 1.  Fission yeast cells lack obvious macromolecular protein 

assemblies.  

(A-D) Images show fluorescence signal of the indicated fusion proteins in exponentially 

growing cells (upper panels) and DED cells (lower panels) incubated for 0.5 h prior to imaging. 

(E) Autofluorescence (excitation 488nm, emission 525/50) of wild type cells in exponential 

growth, on SD3 and SD6. Images show maximum intensity projections. (F) Single focal plane 

images showing double labeling of Gln1-mCherry and the vacuolar marker spac11D3.06-GFP. 

Scale bars: 5µm.  
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Figure 5. Cytoskeletal structures unlikely to be functionally relevant for CF.  

(A) Lifeact-GFP visualizing F-actin during starvation. (B) Lifeact-GFP from cells on SD6 that 

were incubated with LatB or DMSO from SD3 onwards. (C) Lipid droplet trajectories extracted 

from 25sec movies (4frames/sec, droplets depicted in lower DIC images) of wild type cells on 

SD6 incubated with DMSO or LatB from SD3 onwards. (D) Dot plots (one dot per cell) 

showing correlation coefficient-based (CC) quantification of Bodipy-labeled lipid droplet 

dynamics of wild type cells on SD6 from 3 independent cell populations incubated with DMSO 

or LatB from SD3 onwards. Boxes represent the 25-75 percentile. The blue line represents the 

mean of the 3 medians extracted from 3 independent cell populations (357 < n < 540 cells 

analyzed per experiment). Error bars show the 95% confidence interval. (E) Localization of 

Septin1-4 on SD6. The unspecific signal portion can be estimated from comparison to the 

autofluorescence from a SD6 wild type cell without fluorescent tag with the same imaging and 

contrast settings (insets) (F) Lipid droplet trajectories as in (C) of cells with spn1-spn4-deletions 

on SD6. (G) Dot plot representation as in (D) showing quantification of lipid droplet dynamics 

in cells with spn1-spn4-deletions on SD6 (265 < n < 476 cells analyzed per experiment). 

Fluorescence images represent maximum intensity projections. Scale bars: 5µm. 

 

Figure 5 - figure supplement 1. Microtubules during starvation and acute effect of LatB.  

(A) Microtubules visualized by GFP-atb2 during starvation. (B) Effect of 100µM LatB/DMSO 

on F-actin in exponential cells (upper panel), SD3 cells (middle panel; white arrows indicate 

cells with reduced F-actin dynamics), and SD6 cells (lower panel). Images represent maximum 

intensity projections. Scale bars: 5µm. 

 

Figure 5 - figure supplement 2. Localization of septins.  

(A) Spn1p-spn4p localization in exponential cells. (B) GFP-tagged spn5p, spn6p, and spn7p in 

exponential growth (left; corresponding DIC images show cell location) and on SD6 (middle). 

The unspecific signal portion can be estimated from comparison to the autofluorescence from 

a SD6 wild type cell without fluorescent tag with the same imaging and contrast settings (to the 

right of dashed line). Fluorescence images represent maximum intensity projections. Scale bars: 

5µm. 

 

Figure 6. Subcellular architecture in deep starvation.  

(A) Nucleus (nup85-GFP), vacuoles (spac11D3.06-GFP), and ER (GFP-AHDL) at starvation 

day 6 (SD6) compared to exponential growth. The cytoplasmic dots in SD6 nup85-GFP cells 
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represent autofluorescence rather than nup85-specific signal, see Figure 6 – Figure supplement 

1. Images show single planes, deconvolved where indicated. (B) Mitochondria visualized by 

maximum intensity projections of cox4-GFP during starvation. The fragmented mitochondria 

on SD6 are often polarized (white arrows) and mostly cortical, as seen in the single planes of a 

z stack (lower panel; cell marked by the dotted square in upper panel) (C) Mean squared 

displacement (MSD) of spherical mitochondria particles at SD3 and SD6 (300 frames, 4fps, 6 

independent experiments, 1766 < n < 4043 particles analyzed per experiment, 15 particles/cell 

on average). Plotted are color-coded histograms of each particle’s time-averaged MSD; Dotted 

lines show the ensemble- and time-averaged MSD’s. The second plot of SD6 shows a zoomed 

y-axis. In the first two panels y-axis numbers are x10-3, in the third panel x10-4. (D) Electron 

micrographs of freeze-substituted, plastic-embedded, and sectioned cells. The left panel shows 

a wild type cell in exponential growth and the right panel a spn3-GFP cell in the CF state on 

SD7. Starvation produces fragmented mitochondria, visible as small spheres marked (m in right 

panel), and remarkably different from regular, tube-like shapes (m in left panel). Vacuoles are 

marked (v) and low-density areas are labeled with (ld). Scale bar is 1µm. (E) Fluorescence loss 

in photobleaching (FLIP) experiments on Lifeact-GFP in exponential growth (upper panel) and 

on SD6 (lower panel). Images show maximum intensity projections of 3 planes. Repeated 

bleaching at the orange square every 5s. Plot shows bleach corrected and normalized mean 

signal intensity of white square. Thick lines: mean from 3 independent experiments (7 < n < 11 

cells per experiment). Error bars: 95% CI of the mean; dotted lines: normalized signal of single 

cells. Scale bars: 1µm in (D) and 5µm in all other panels. 

 

Figure 6 - figure supplement 1.  Subcellular architecture in deep starvation.  

(A) Images show fluorescence of markers for the indicated subcellular structures in 

exponentially growing cells and on SD6. The unspecific signal portion can be estimated from 

comparison to the autofluorescence from a SD6 wild type cell without fluorescent tag with the 

same imaging and contrast settings (to the right of dashed line). All images are maximum 

intensity projections. Scale bar: 5µm. 

 

Figure 7. CF is delayed without autophagy.  

(A) Lipid droplet trajectories extracted from 25sec movies (4frames/sec, droplets depicted in 

lower DIC images) of atg1∆ and atg8∆ cells on starvation days SD6 (left) and SD9 (right). (B) 

Dot plots (one dot per cell) showing correlation coefficient-based (CC) quantification of 

Bodipy-labeled lipid droplet dynamics for wild type, atg1∆, and atg8∆ cells separately for 3 
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independent cell populations (49 < n < 268 cells analyzed per experiment). Boxes indicate the 

25-75 percentile. (C) Protoplasts of atg1∆ and atg8∆ at SD6 (left), SD8 (middle), and SD9 

(right). Cell wall digestion for 4h in 0.5M sorbitol conditions. Scale bars: 5µm.  

 

Movie legends 

Movie 1. Motion arrest of lipid droplets in deep starvation 

25sec DIC movies (4frames/sec) of cells in exponential growth and starvation days 2-8. Upper 

panels from left to right show cells in exponential growth and on starvation days 2, 3 and 4. 

Lowers panels show cells at starvation days 5, 6, 7 and 8. Scale bar: 5µm. 

 

Movie 2. CF reversion after glucose addition 

25sec DIC movies (4frames/sec) of cells on starvation day 5 before and after glucose addition. 

Upper panels from left to right show cells before glucose addition and 5min or 10min after 

glucose addition. Lower panels show cells 15min, 30min and 60min after glucose addition. 

Scale bar: 5µm. 

 

Movie 3. Lipid droplet motion in cells under acute energy depletion 

Left to right: 25sec DIC movies (4frames/sec) of cells exposed to acute glucose depletion and 

drug-induced energy depletion with 2hour and 0.5hour drug treatment respectively. Scale bar: 

5µm. 

 

Movie 4. Protoplasting of exponentially growing cells in hypertonic conditions 

DIC movies (1frame/10sec) of protoplast evasion from the cell wall of exponentially growing 

cells in a dish. Cells are being incubated in 1.2M sorbitol containing cell wall digesting mix. 

Scale bar: 5µm. 

 

Movie 5. Protoplasting of cells in hypotonic conditions 

DIC movies (1frame/10sec) of cells, incubated on a dish with cell wall digesting enzymes in 

0.5 M sorbitol containing buffer. Upper panels show from left to right, cells in exponential 

growth and on starvation day 6. The lowers panels show cells treated for acute glucose depletion 

and drug-induced energy depletion with 2hour and 0.5hour drug treatment respectively. Scale 

bar: 5µm. 

 

Movie 6. F-actin organization in starvation 
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Movies (1frame/5sec) visualizing F-actin dynamics based on maximum intensity projections 

of Lifeact-GFP expressing cells. Upper panels from left to right show exponentially growing 

cells and cells at starvation days 2, 3 and 4. The lowers panels show cells at starvation days 5, 

6, 7 and 8. Scale bar: 5µm. 

 

Movie 7. CF in F-actin depleted cells 

25sec DIC movies (4frames/sec) of wild type cells at starvation day 6 incubated from starvation 

day 3 onwards with DMSO (control, left panel) or LatB. Scale bar: 5µm. 

 

Movie 8. Mitochondria dynamics during starvation 

Movies (2frames/3sec) of mitochondria visualized by maximum intensity projections of cox4-

GFP expressing cells during starvation. Panels show from left to right cells in exponential 

growth and cells on starvation days 3 and 6. Scale bar: 5µm. 

 

Movie 9. Interference with autophagy delays CF 

25sec DIC movies (4frames/sec) of from left to right, wild type, atg1∆ and atg8∆ cells at 

starvation days 6 (upper panel) and 9 (lower panel). Scale bar: 5µm. 
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Table 1: Strains used in this study 

Strains Genotype Source 
DB404 h- Sec63-GFP::kanMX6 ura4-D18, leu1-32 (Vjestica et al. 2008) 
DB558 h- wild-type (Leupold 1950) 
DB559 h+ wild-type (Leupold 1950) 
DB933 h- nup85-GFP::kanMX6 ade6-M216 leu1-32 This study  
DB2003 h+ cnx1-HL-GFP::kanMX6 ura4-D18 leu1-32 ade6-

M216 ** This study 
DB2057 h- SV40p-GFP-atb2::LEU2 leu1-32 (Pardo & Nurse 2005) 
DB2400 h+ anp1-GFP::ura4+ ade6-216 ura4-D18 leu1-32  (Vjestica et al. 2008) 
DB2401 h+ sec72-GFP::ura4+ ade6-216 ura4-D18 leu1-32  (Vjestica et al. 2008) 
DB2402 h+ anp1- mCherry::ura4+ ade6-216 leu1-32 ura4-D18 (Vjestica et al. 2008) 
DB2403 h+ uch2-mCherry::ura4+ ade6-216 leu1-32 ura4-D18 (Vjestica et al. 2008) 
DB2404 h- ost1::GFP-ura4+ ura4-D18 leu1-32  (Vjestica et al. 2008) 
DB2405 h+ ost1-mCherry::ura4+ ade6-210 leu1-32 ura4-D18  (Vjestica et al. 2008) 
DB3287 h- spn1∆::kanMX6 (Wu et al. 2010) 
DB3293 h- spn2∆::ura4+ ura4D18 (An et al. 2004) 
DB3297 h+ spn2-GFP::kanMX6 * (An et al. 2004) 
DB3310 h+ spn3-GFP::kanMX6 * (An et al. 2004) 
DB3324 h- spn4-∆1::kanMX6 * (Wu et al. 2010) 
DB3326 h+ spn5-HL-GFP::kanMX6 This study 
DB3340 h+ spn6-HL-GFP::kanMX6 This study 
DB3410 h- leu1-32::pAct1-Lifeact-GFP::leu1+ * (Huang et al. 2012) 
DB3422 h- spn1-GFP::kanMX6 * (Wu et al. 2010) 
DB3426 h+ spn3-∆::ura4+ ura4-D18 (An et al. 2004) 
DB3455 h+ spn7-GFP::kanMX6 * (Onishi et al. 2010) 
DB3587 h- spn4-tagRFP::kanMX6 This study 
DB3623 h- Pbip1-GFP-AHDL::leu1+ ura4-D18 leu1-32 ade6 (Zhang et al. 2010) 
DB3624 h- Pbip1-mCherry-AHDL::leu1+  (Zhang et al. 2010) 
DB3726 h- cox4-GFP::leu2 leu1-32 * (Fu et al. 2011) 
DB3856 h- hsp104-mCherry::kanMX6 (hsp104***) (Coelho et al. 2013) 
DB4192 h- GMA12-GFP::ura4+ ura4-D18 * (Wang et al. 2002) 
DB4672 h+ Pnmt1-TM-mCherry::leu+ (Zhang et al. 2012) 
DB5013 h- atg8∆::kanMX6 * Bioneer M-4030H-U5, (Kim et al. 2010) 
DB5018 h- atg1∆::kanMX6 * Bioneer M-4030H-U5, (Kim et al. 2010) 
DB5160 h- cts1-HL-GFP::kanMX6 (ura7***) This study 
DB5162 h- pre6-HL-mGFP::kanMX6 (pre6***) This study 
DB5209 h+ suc22-GFP (rnr4***) (Vejrup-Hansen et al. 2014) 
DB5310 h- gln1-mCherry::natR (gln1***) (Coelho et al. 2014) 
DB5315 h+ dis2-NEGFP::ura4 ura4-D18 * (glc7***) (Alvarez-Tabarés et al. 2007) 
DB5320 h+ adh1-GFP::kanMX6 * (adh2***) (Sigova et al. 2004) 
DB5380 h+ cts1-mCherry::kanMX6 *(ura7***) (Coelho et al. 2014) 
DB5381 h- hsp104-GFP::kanMX6 * (hsp104***) (Coelho et al. 2013) 
DB5470 h- tif221-HL-GFP::kanMX6 (gcn3***) This study 
DB5730 h+ nmt1:GFP-HL-spac11D3.06::kanMX gln1-

mCherry::natR This study    
* auxotrophic alleles were eliminated by crossing to wild type (DB559) 
** HL = “happy linker” (Methods) 
*** S. cerevisiae orthologs  

Table 2: Primers used in this study 

DB3340 

DPE872 
CTGAATATCACGAAAGGATCCGTGCTTTGGAGACCCAAATTGA
AAGTTTGAAAAGTTACAAGGGCCGCGGTCATAAAAAAATCCTT
GGAGCTCCTTCAGGA 

DPE873 
AATTGCAAATTTAGTAAGAAAAAGCCATCAGATGAGCAAATA
AAAGGAGATGGAAAAGTTAAAAGTTTGACTTGAGACTT 
GAATTCGAGCTCGTTTAAAC 
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DB933 

DPE 275 
GTCAACTGTAAAGGACCAGCAGCTTTTACTATCCATTCATGAG
CGTCTTTCTTCTGCGATATCATGGTATTTTCTTCACTTAAAAAA
AATCCTTGGAGCTCCTTCAGGA 

DPE 274 
GTATCTTAATAAAAACATGTATGAAGCTTCTATGTTACAGAAA
GATTAAAATGTCAAGTAACAGAAATAGCCTAATTTAAATCCCg
aattcgagctcgtttaaac 

DB2003 

DPE739 
TAAGCAAGAGACTGAGACTGAGAAGATAGACGTTTCTTACGCT
CCCGAAACTGAATCACCAACTGCGAAGAATGAAGACATCCTT
GGAGCTCCTTCAGGA 

DPE740 
GATAGTACTACCCACGATTTATAAATTCATAGTCTATTTATTGA
TATTACTCATAATAAGAACTAGAGAAAACAGAATTCGAGCTCG
TTTAAAC 

DB5160 

DPE1495 
ATTTTAACGCTGAATCTGCCTTAGCTGACATGAATGACTCTGTT
GAAGTTACTGAAGAAGCCACTGTCGTCACCATCAGT  
ATCCTTGGAGCTCCTTCAGG 

DPE1496 
CACCCCAGAACCCAATTTTTCCTATAGATAAAGAAAAACACAC
CAACAAACACACATTATTTCCTAATTCCCGGAATCCC  
GAATTCGAGCTCGTTTAAAC 

DB5162 

DPE1450 
AAGATGAGAAAGAAGCTGAAGCTGCTCGTAAAAAGAGTGGCC
GTTCTGCCCCTGGAGTCTCTACAACTTCTACGATTCAA 
ATCCTTGGAGCTCCTTCAGG 

DPE1451 
CAAAAGGGAAAAGACATATGAACCTTATAAACAAGAAATTCT
TAAGTCGGTTTGCATGTAATGAAATAAAAGAGGTATCA 
GAATTCGAGCTCGTTTAAAC 

DB5470 

DPE1535 
TTGTCTCAGGTCTCATTACCGATTTAGGGATCATTGATTCGAAG
AGTGGGGTAAGCGAAGAGCTAATTAAATTGTATCTT 
ATCCTTGGAGCTCCTTCAGG 

DPE1536 
AAGACTTATGAGAAATTTAAGTCAACTCAAAGTACAATCTATT
CATATTTTATTTTTAAGATCAGGAGAATCTGATTG 
GAATTCGAGCTCGTTTAAACTG 

DB5730 

DPE1473 
GGTTCCATCCGTTCAATCAATATGATAAAAGCTTAGTAAACTT
TTATTAAAGGAAAATTTGAACCTTCGGTGAACAGACAgaattcgag
ctcgtttaaac 

DPE1474 
GAGTTTTGCAAGGCATATCCAAGGATTACCGGAGCTGAATTTA
TCAAAAGGTATTTCACCTCTGTAAGTGGTCTACCCATaattaaccccg
caggtccac 
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