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Decreased cytoplasmic crowding via 
inhibition of ribosome biogenesis can trigger 
Candida albicans filamentous growth
 

Antonio Serrano    1,8, Charles Puerner1,9,10, Louis Chevalier1,10, Emily Plumb1, 
Johannes Elferich    2,3, Stephen Diggs2, Ludwig Roman Sinn    4, 
Nikolaus Grigorieff    2,3, Markus Ralser    4,5,6, Morgan Delarue7, 
Martine Bassilana1 & Robert Alan Arkowitz    1 

The human fungal pathogen Candida albicans undergoes a morphological 
transition from a budding yeast to a filamentous form, which is associated 
with pathogenesis. Various cues mediate this transition including 
intracellular reorganization. The cytoplasm is densely packed with proteins 
including large macromolecular complexes, such as ribosomes, and hence, 
molecular crowding can impact a range of cellular processes. However, the 
relationship between cytoplasmic molecular crowding and morphological 
growth states is unclear. Using a fluorescent microrheological probe and 
single particle tracking, we observed a striking decrease in molecular 
crowding during filamentous growth in C. albicans. On the basis of 
simulations, proteomics and structural data from in situ cryogenic electron 
microscopy, we show that the reduction in crowding is due to a decrease in 
ribosome concentration that results in part from an inhibition of ribosome 
biogenesis, combined with an increase in cytoplasmic volume, leading to a 
dilution of ribosomes. Filamentation was enhanced in a mutant defective 
in ribosome biogenesis, while translation was not affected, suggesting that 
inhibition of ribosome biogenesis is a trigger for C. albicans morphogenesis. 
Overall, we show that filamentous growth is associated with reduced 
cytoplasmic crowding via changes in ribosome concentration, suggesting 
that combination therapies in which ribosome biogenesis is also targeted 
may be advantageous.

Fungal pathogens live in complex and dynamic environments in which 
survival and dissemination are key for a successful infection. One 
strategy to promote survival and dissemination during infections is 
the ability to change shape, that is, morphogenesis, and a number of 
fungi undergo dramatic cell shape changes1. However, changes in cell 
size and shape impose challenges for optimal growth and function.  
A number of fungal pathogens transition from an oval, budding form to 
a filamentous form; a striking example is the human fungal pathogen 

Candida albicans, which is a major fungal threat to public health, caus-
ing nosocomial and persistent mucosal infections2–4. In C. albicans, this 
morphological transition is critical for tissue adherence, penetration 
and damage—all of which promote a successful infection and dissemi-
nation to distinct sites5,6. A plethora of cues can trigger filamentous 
growth in this fungal pathogen, and while many studies have investi-
gated intracellular reorganization during such morphogenesis7, we 
know relatively little with respect to the cytoplasm and how its physical 
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when values were grouped in 2-µm filament length bins, we observed 
a strong positive correlation between Deff and filament length, with a 
Pearson coefficient of 0.93. Furthermore, there was also a small but 

properties, which are critical for a range of chemical reactions and 
macromolecular assembly, are modulated during morphogenesis. 
Cytoplasmic fluidity, and more specifically, diffusivity at the mesoscale 
(the scale of protein complexes and machines, in tens to hundreds of 
nanometres), is inversely proportional to macromolecular crowding 
and viscosity. Viscosity affects the dynamics at the size scale of indi-
vidual proteins, that is, ~10-fold smaller than the mesoscale, whereas 
crowding affects most strongly mesoscale particles8,9.

The cytosol is a densely packed, viscous and crowded environ-
ment with protein concentrations on the order of hundreds of milli-
grams per millilitre. As a result, molecular crowding and viscosity can 
affect a range of biological functions8–11, including chemical reaction 
rates, protein complex formation and rates of cytoskeletal protein 
polymerization12–16. In contrast to macromolecular crowding, viscosity 
affects the mobility at the scale of individual proteins. In the budding 
yeast Saccharomyces cerevisiae and mammalian cells, the target of rapa-
mycin complex (TORC) was shown to regulate ribosome concentration, 
and inhibition of TORC1 resulted in increased diffusion of genetically 
encoded multimeric nanoparticles (GEMs)17. More recently, cell cycle 
arrest mutants were shown to result in decreased macromolecular 
crowding in the cytoplasm, in part via ribosome downregulation18,19. 
Little is known about the relationship between molecular crowding in 
the cytoplasm and morphological growth states, for example, during 
morphogenesis in C. albicans, a transition essential for virulence.

Here we show that there is a dramatic decrease in molecular crowd-
ing during filamentous growth, which is mediated by a specific inhibi-
tion of ribosome biogenesis and subsequent dilution of this critical 
cytoplasmic crowder as a result of growth. We propose that ribosome 
levels are tuned to regulate crowding in distinct growth states in this 
fungal pathogen. Furthermore, our results highlight that despite 
growth that occurs during the yeast-to-hyphal transition, there is a 
substantial decrease in ribosome levels.

Results
Increase in cytoplasmic mesoscale fluidity in filamentous cells 
scales with length
To investigate the link between cytoplasmic diffusivity at the mesoscale 
and cell morphology in C. albicans, we used nanometre-scale particles 
as tracers whose movements were followed over time, to measure the 
local mechanical properties of the cytoplasm. With these passive micro-
rheological probes17, that is, 40-nm GEMs, we measured cytoplasmic 
dynamics both in budding and hyphal cells. We imaged C. albicans 
cells expressing this probe, every 30 ms to obtain a signal sufficient for 
single particle tracking. The mean track length was 10 frames, which 
corresponds to 300 ms of imaging. The effective diffusion coefficient, 
Deff, which is inversely proportional to viscosity for Brownian motion, 
was determined from the first 90 ms of acquisition. Temporal projec-
tions of the GEM trajectories that were false coloured in representative 
budding cells and cells treated with fetal bovine serum (FBS) for 60 min, 
in which a filament is evident, are shown in Fig. 1a. Fixation reduced the 
GEM Deff of cells by over tenfold (Extended Data Fig. 1a). The median 
Deff in budding cells was ~0.1–0.15 µm2 s−1 (Fig. 1b and Extended Data 
Fig. 1b). This value was independent of the GEM expression level, with 
a similar Deff observed with TEF1 and ADH1 promoter-driven expression 
(Extended Data Fig. 1b), and somewhat lower than that observed in  
S. cerevisiae17. Furthermore, analysis of GEM movement did not reveal 
any cytoplasmic streaming, consistent with the lack of septal pores in 
C. albicans hyphae.

After 1–2 h of incubation in serum, filaments formed with an aver-
age length of 12 µm (range, 2–22 µm). We observed an increase in GEM 
Deff of ~2-fold in these filamentous cells, which corresponds to a sub-
stantial fluidization of the cytoplasm at the mesoscale (Fig. 1b,c). We 
examined whether cytoplasmic diffusivity scaled with filament length, 
which is directly proportional to cell volume. Figure 1d shows such 
a correlation between filament length and cytoplasmic diffusivity; 
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Fig. 1 | Cytoplasmic mesoscale fluidity increases with filament length.  
a, Projections of GEM trajectories. Representative budding and filamentous cells 
with maximum projection of GEM images (top) and particle trajectories of GEMs 
(bottom) are shown. False-coloured look up table is indicated. Scale bar,  
5 µm. b, Substantial increase in GEM Deff in filamentous cells. Filamentous growth 
was induced for 45–150 min. Each symbol is the median cell Deff (n = 20 cells 
from 5 independent experiments; 10–350 trajectories per cell). Mean filament 
length, 12 µm; the colour gradient indicates length. Medians and interquartile 
ranges are indicated; ****P < 0.0001. c, Effective diffusion of all trajectories from 
budding and filamentous cells. Cells from b, with 900–3,300 trajectories for 
each condition. Medians and interquartile ranges are indicated; ****P < 0.0001. 
d, Cytoplasmic mesoscale fluidity increases with filament length. Filamentous 
growth was induced on agarose SC FBS, 45–125 min. The green squares are median 
cell Deff, and the bars represent the s.e.m. Values are grouped in 2-µm filament 
length bins (red-to-blue gradient, with colours indicating lengths as above; 
n = 10–26 cells from three independent experiments; 1,700–2,600 trajectories). 
The red symbol indicates budding cells (n = 67; 2,500 trajectories). The solid black 
line is a fit using equation (2) using the overall cell volume; r2 = 0.95.
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significant decrease in the median Deff in the filament, compared with 
the mother compartment and whole cell (Extended Data Fig. 2a). This 
is consistent with changes in the surface area to volume, as shown in 
our diffusion simulations (Fig. 2a,b; compare the red sphere with the 
blue cylinder bars).

Mesoscale diffusivity scaling with increased cell volume suggests 
that during hyphal morphogenesis there is substantial dilution of a 

macromolecular crowder, such as ribosomes. To test this hypothesis, 
we simulated mesoscale particle diffusion in spherical and cylindrical 
cell geometries, using a simplified model that estimates diffusion based 
solely on Brownian motions and collisions with particles and crowders. 
An equivalent initial crowder per cell volume of 14,000 ribosomes 
per µm3 cytosol was chosen, based on values from S. cerevisiae, which 
accounts for 20% of the initial cytosolic volume17. We also investi-
gated the effect of the addition of large intracellular excluded volumes 
(analogous to vacuoles in volume, but any organelle, in principle) on 
the simulation of ribosome Deff (Fig. 2). As expected, we found that 
in contrast to the small effects of cell geometry, the addition of inac-
cessible space reduced Deff by 50–70%, depending on geometry. We 
anticipated that the increase in cytosolic volume in filamentous cells 
would be greater than that solely due to cell geometry changes, as for 
example, the vacuole, which is GEM inaccessible, has been shown to 
localize predominantly to the mother cell portion20–22. This was con-
firmed by visualizing all the GEM positions and trajectories (Fig. 2d and 
Extended Data Fig. 1c), as well as vacuoles specifically (Extended Data 
Fig. 3a–c), as an example organelle. Note that the GEM-inaccessible 
volume is greater than the vacuole volume, as it includes a range of addi-
tional organelles. Therefore, we simulated the effect of doubling the 
cell volume, which occurs approximately every hour during filament 
elongation, while maintaining constant the amount of cytoplasmic 
macromolecular crowder, which we initially assumed were ribosomes 
given their abundance and substantial cytosolic volume occupancy. 
Figure 2c shows that, in such a simulation (irrespective of geometry), 
we also observe an ~2-fold increase in Deff, similar to the experimental 
data (Fig. 1d). These results are consistent with a significant dilution 
of a cytoplasmic macromolecular crowder due to both increased over-
all cell volume and accessible volume in the filament, as a result of 
less organelles such as vacuoles (Fig. 2e). Simulations revealed that 
this increase in Deff was not substantially affected by the numbers of 
vacuoles and compartments, that is, fragmenting these compartments 
while maintaining their same overall volume, but was affected by the 
total surface area of crowders (Extended Data Fig. 3d). These simplified 
simulations are consistent with decreased cytoplasmic crowding from a 
combination of a constant number of ribosomes (for example, due to a 
decrease in ribosome biogenesis) and an increase in accessible volume.

Ribosome concentration decreases as hyphal filaments extend
On the basis of our simulations and a fit of our data using the simplified 
formalism that describes diffusion with respect to energy transfer in 
polydispersed mixtures (equation (2))23, we estimated the concen-
tration of ribosomes, assuming they were the main crowding agent. 
We assumed that during filament growth, ribosomes are only diluted 
(that is, no new synthesis). Fitting the experimental data using this 
equation allowed us to extract the initial concentration of ribosomes in 
the mother cell compartment, that is, 24,000 ± 300 ribosomes per µm3  
of cytosolic volume (Fig. 1d, predicted). In addition, when we took into 
account the fraction of GEM-accessible volume (Fig. 2e) in equation (2), 
we still observed a good fit to the experimental data, yielding a ribo-
some concentration (cribo) of 20,000 ± 700 µm−3 (Extended Data Fig. 3e), 
which is somewhat higher than that determined in S. cerevisiae17. The 
lower Deff in C. albicans suggests that budding cells are more crowded 
in this fungal pathogen than in S. cerevisiae.

As ribosomes are likely to be a predominant cytoplasmic mac-
romolecular crowder, we used liquid chromatography tandem mass 
spectrometry (LC–MS/MS) to determine the abundance of ribosomal 
proteins relative to the median cellular protein levels. Figure 3a shows 
that ribosomal protein levels decreased, relative to all other proteins, 
upon filamentation, compared with budding cells. This is in agreement 
with the decreased (~2-fold) levels of ribosomal RNA (rRNA) reported 
in C. albicans filamentous cells24, as well as a substantial decrease in 
the transcripts of many ribosomal proteins upon filamentation25. To 
directly assess ribosome levels during morphogenesis, we carried 
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Fig. 2 | Simulations of GEM diffusion as a function of crowding and accessible 
volume. a, Representation of particle diffusion simulation with ribosomes (blue 
dots) and organelles (large pink spheres), within the cell boundaries. b, Effect 
of cell geometry and excluded internal volume on particle diffusion. Ribosome 
crowding was initially set to 20% of the cell volume, either in the presence or in 
the absence of an organellar compartment, which excluded an additional 60% 
of the cell. The bars indicate means from 10 simulations (symbols), with error 
bars indicating s.d. Note that the surface to volume ratio increases ~3-fold from 
a sphere to a cylinder of fungal cell size. c, Simulation of GEM diffusion upon 
cell volume increase. Particle Deff in a cylindrical or spherical compartment 
(relative (rel.) volume), with ribosome crowders 20% at initial cell volume 
(square symbols). Simulations with excluded organelle compartments (for 
example, vacuoles; circle symbols) further reduced accessible volume from 80% 
(square symbols) to 20% (circle symbols). Values are Deff means (6,000 particle 
simulations) carried out 10 times. Data fit with an exponential plateau equation, 
r2 > 0.99, 95% confidence levels shown. d, Examples of GEM position over 
acquisition time highlight vacuoles in which GEMs are excluded. Representative 
cells in which GEM position is indicated by a circle of ~130 nm diameter 
equivalent. e, The GEM-accessible volume increases significantly as the filament 
extends. The positions of the GEMs and the outer edge of cells used in Fig. 1d were 
used to calculate the relative volume of the whole cell (red circle) and the GEM-
accessible cytoplasm (green circle). The fraction of GEM-accessible volume (blue 
circle) is the volume of the GEM-accessible cytoplasm divided by the volume 
of the whole cell. Values are means with error bars indicating s.d.; data were fit 
either to a straight line (r2 = 0.72–0.76) or to one phase association (r2 = 0.48) for 
each condition with 95% confidence levels shown.
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out cryogenic electron microscopy (cryo-EM) coupled with 2D tem-
plate matching (2DTM) to identify 60S ribosomes26,27 (Extended Data 
Figs. 4–7). Figure 3b shows that in filamentous cells there is a marked 
decrease in ribosome concentration, which is filament length depend-
ent (Fig. 3c). Together, our results reveal that changes in crowding at the 
mesoscale occur, in part, via ribosomes, although we cannot exclude 
the possibility that there are also changes in cytosolic viscosity16 and/or 
a decrease in the concentration of larger, slowly diffusing polysomes28.

Cytosolic protein concentration and viscosity are similar in 
budding and filamentous cells
To address whether there was a decrease in cytosolic protein concentra-
tion and hence viscosity in filamentous cells, we analysed the concentra-
tion of the cytosolic fatty acid synthase (FAS) complex, as this 2.6-MDa 

barrel-shaped complex can be detected by cryo-EM. Figure 4a shows the 
reconstruction of the FAS complex detection in our cryo-EM images. 
Compared with the template derived from the cryo-EM structure of 
C. albicans FAS29, our reconstruction shows density not present in the 
template and is also missing some density present in the template, con-
sistent with true detections and not spurious correlations with noise30. 
Using 2DTM to identify FAS complexes, we did not observe a difference 
in the cytosolic FAS concentration between budding and filamentous 
cells (Fig. 4b). We next analysed the total cellular protein levels using 
fluorescein isothiocyanate (FITC)31 to stain budding and filamentous 
cells, and Fig. 4c shows that the total protein concentration in these cells 
is similar, with only a 2% decrease in filamentous cells. Furthermore, 
the levels of cytosolic green fluorescent protein (GFP) in budding and 
filamentous cells were not statistically different (Fig. 4d). In response 
to changes in temperature, S. cerevisiae modulates cytosolic viscosity 
via regulation of glycogen and trehalose synthesis16. A comparison of 
glycogen levels in budding and filamentous cells showed no difference 
(Fig. 4e). Nonetheless, to confirm that the effects we observed were 
specific for the mesoscale and hence unlikely to be due to changes in 
viscosity, we also measured the mobility of GFP (~2 nm diameter) by 
fluorescence recovery after photobleaching (FRAP), as an indicator 
of GFP diffusion and cytosolic viscosity. Figure 4f shows that the aver-
age FRAP t½ of GFP in budding and filamentous cells was 0.09 ± 0.01 
(mean ± s.e.m.) at 37 °C (Fig. 4f), comparable to that determined in S. 
cerevisiae16, indicating that cytosolic viscosity is similar in C. albicans 
budding and filamentous cells.

Furthermore, we analysed ribosomal states to determine whether 
there were differences between budding and filamentous cells 
(Extended Data Fig. 8a,b). In both cell types, the majority of ribosomes 
were in decoding states; there were no substantial differences between 
the ribosome states in budding and filamentous cells (Extended Data 
Fig. 8c). A fourfold reduction of polysome levels in S. cerevisiae dur-
ing glucose deprivation resulted in a small (~10%) increase in GEM 
effective diffusion32. Hence, we analysed the clustering of ribosomes, 
as polysomes show a characteristic ribosome spacing33, by first- and 
second-order point pattern, that is, a nearest neighbour function and 
Ripley’s L function, respectively34. Extended Data Fig. 8d shows that the 
clustering of ribosomes is very similar in budding and hyphal cells, with 
distances between ribosomes ~28 nm, consistent with ribosome spac-
ing in polysomes35–37. However as nearest neighbour analysis is sensitive 
to particle density, we also used Ripley’s L function that determines 
spatial correlations between points at a range of distances34. Extended 
Data Fig. 8e shows that there was no decrease in ribosome clustering 
in filamentous cells, and at all indicated scales, there was increased 
clustering in ribosomes in filamentous cells compared with budding 
cells. Together our results suggest that the changes in mesoscale dif-
fusivity are unlikely to be due to alterations in cytosolic viscosity or 
due to a substantial decrease in polysome levels.

Increased cytoplasmic mesoscale fluidity is not dependent on 
the actin cytoskeleton and cell growth
As osmotic stress alters macromolecular crowding, we examined how 
mesoscale cytoplasmic diffusivity was affected by changes in external 
osmolarity using sorbitol. At all sorbitol concentrations, we observed an 
increased GEM Deff in filamentous compared with budding cells (Fig. 5a). 
Furthermore, a higher concentration of sorbitol is required to fully 
abolish GEM movement in filamentous cells, suggesting that molecular 
crowding in such cells is reduced (Extended Data Fig. 9a,b). We also 
examined whether mesoscale cytoplasmic diffusivity was affected by 
depolymerization of the actin cytoskeleton, as it was shown to decrease 
cytoplasmic diffusivity in S. cerevisiae17, yet had no effect in Schizosac-
charomyces pombe38. We used the marine toxin Latrunculin A (LatA) that 
prevents the polymerization of actin by binding and sequestering mon-
omeric actin. Figure 5b and Extended Data Fig. 2c show that in budding 
C. albicans cells, the GEM Deff increased ~35% following LatA disruption 
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of F-actin. By contrast, the same treatment had a substantially smaller 
effect on the GEM cytoplasmic dynamics in filamentous cells of similar 
lengths (Fig. 5c and Extended Data Fig. 2c). However, in LatA-treated 
filamentous cells, there was no longer a difference between the GEM 
Deff in the filament compartment and that of the whole cell (Extended 
Data Fig. 2b), indicating that the actin cytoskeleton, rather than solely 
cell geometry, is important for the small difference in the cylindrical 
filaments (Fig. 2a,b). Overall, these results indicate that actin is more 
critical for cytoplasmic mesoscale crowding in budding cells compared 
with hyphal cells, in part due to the decreased accessible cytosolic 
volume in budding cells (Fig. 2e). As LatA also blocks growth, these 
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Symbols are the means of 20–95 cells from 4 independent experiments (11–200 
trajectories per cell); bars denote s.d. Mean filament length was 7 ± 3 µm.  
b, Disruption of the actin cytoskeleton in budding cells increases cytoplasmic 
fluidity. Left: maximum projections of cells with LifeAct-RFP, with or without 
LatA. Right: symbols represent the median cell Deff (n = 99 and 100 cells from 3 
independent experiments; 10–180 trajectories per cell) with interquartile ranges 
shown; ***P = 0.0005. Scale bar, 5 µm. c, Disruption of the actin cytoskeleton in 
filamentous cells does not affect cytoplasmic fluidity. Left: maximum projections 
of cells induced for 45 min with or without LatA. Right: symbols represent the 
median cell Deff (n = 51 and 67 cells from 3 independent experiments; 40–275 
trajectories per cell) with interquartile ranges shown of filamentous cells with or 
without LatA; NS, not significant. Filament lengths ranged from 2.5 µm to 14 µm 
with an average of 7.6 ± 2.8 µm and 7.2 ± 3.4 µm, in cells treated with and without 
LatA, respectively. Scale bar, 5 µm. d, Cytoplasmic fluidity in filamentous cells 
is independent of growth rate. Cells were preincubated on agarose SC FBS for 
40 min and monitored for 60 min (images were taken every 15–20 min). Each 
symbol represents the median cell Deff with s.e.m. and cell extension rate (n = 32 
cells from 2 independent experiments). The mean filament length was 17 ± 4 µm.
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results also reveal that growth per se does not substantially contribute 
to cytoplasmic mesoscale crowding in filamentous cells. This is further 
confirmed in Fig. 5d, which shows that over a twofold range of filament 
extension rates, GEM Deff was essentially constant.

Inhibition of ribosome biogenesis results in increased 
cytoplasmic mesoscale fluidity and triggers filamentous 
growth
The increase in mesoscale diffusivity, as a result of the decreased ribo-
some concentration upon filament elongation, suggested that inhibi-
tion of ribosome biogenesis may be important for filamentous growth. 
To investigate the role of ribosome biogenesis in morphogenesis, we 
generated a mutant defective in the former process. CGR1 encodes a 
protein that is critical for the processing of pre-rRNA in S. cerevisiae39, in 
particular rRNA for the 60S ribosome subunit. Addition of doxycycline 
(Dox) to a C. albicans strain in which the sole copy of CGR1 is under the 
control of the Tet-repressible promoter resulted in complete repression 
of the CGR1 mRNA transcript (Fig. 6a) and in slow growth (Extended 
Data Fig. 9c). However, propidium iodide staining revealed that there 
was no difference in cell viability in the presence of Dox (1% inviable 
cells in the presence or absence of Dox, compared with 1% inviable in a 
control strain). Analyses of rRNA levels revealed a decrease in 28S and 
18S rRNA upon CGR1 repression (Fig. 6b) and a substantial (~1.7-fold) 
increase in GEM Deff (Fig. 6c). Strikingly, repression of CGR1 resulted in 
some filamentous cells in the absence of serum, which was not observed 
in the absence of Dox nor in wild-type cells (Fig. 6d). Furthermore, 
Fig. 6e shows a dramatic induction of hyphal-specific genes, for exam-
ple, those encoding the G1 cyclin, HGC1; the candidalysin toxin, ECE1; 
and the hyphal cell wall glycoprotein, HWP1, in the cgr1 mutant in the 
presence of Dox. We also examined whether hyphal-specific protein 
levels were increased using a reporter in which red fluorescent protein 
(RFP) was inserted behind the HWP1 promoter. Figure 6f shows that RFP 
was expressed in essentially all filamentous cells (80%) induced upon 
CRG1 repression. While it has been shown that inhibition of translation 
in C. albicans blocks the yeast-to-hyphal transition40, we nonetheless 
examined whether repression of CGR1 might alter translation and 
reduce protein levels. Total cellular protein levels were quantitated 
using FITC staining of budding cells in the absence of Dox and filamen-
tous cells in the presence of Dox, and we did not detect a difference in 
cells in these two conditions (Extended Data Fig. 9d), indicating that 
overall translation was not substantially affected. The inhibition of 
the Tor kinase by rapamycin has been shown to reduce the number 
of ribosomes in S. cerevisiae and, similar to CGR1 repression, resulted 
in hyphal-specific gene induction in C. albicans41. Together, these 
results reveal that inhibition of ribosomal biogenesis is important for 
the yeast-to-hyphal morphogenetic transition and that, upon filament 
elongation, dilution of ribosomes leads to a substantial reduction in 
cytoplasmic mesoscale crowding.

Discussion
Fungi can adopt a range of morphologies that are critical for interacting 
with their environment, in particular host cell damage and dissemina-
tion during an infection1,5. For example, Ustilago maydis, Cryptococ-
cus neoformans and C. albicans can all switch between a budding and 
a filamentous form, and this morphological transition is important 
for virulence in these plant and human fungal pathogens1,6,42. These 
changes in cell shape and size impose constraints on biological func-
tion, in particular cytoskeletal organization, protein complex formation 
and chemical reaction rates that are critical for cell proliferation. The 
cytoplasm is a particularly crowded and complex milieu in which a sub-
stantial number of critical cellular biochemical reactions take place8,9. 
In this study, we took advantage of a genetically encoded microrheo-
logical probe17 to investigate the cytoplasmic mesoscale diffusivity in 
C. albicans in budding and filamentous cells. Our results revealed how 
crowding in the cytoplasm changes during a dramatic morphological 

transition and indicate that the regulation of ribosome biogenesis is 
critical in triggering this transition.

Specifically, we show that crowding at the mesoscale is markedly 
reduced in hyphal filamentous cells and that this decrease in crowd-
ing is proportional to filament length. The substantial decrease in 
ribosome concentration in these cells, due to inhibition of ribosome 
biogenesis coupled with an increase in cytosolic volume, is likely to 
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Fig. 6 | Inhibiting ribosome biogenesis increases cytoplasmic mesoscale 
fluidity and triggers filamentous growth. a, CGR1 is fully repressed in 
doxycycline. The transcript level of CGR1 was determined in cgr1∆/pTetCGR1 and 
wild-type strains, grown in the presence or absence of 5 µg ml−1 Dox by  
RT-PCR with ACT1 used as an internal control (one experiment carried out).  
b, Repression of CGR1 results in a decrease in rRNA. Total RNA was isolated from 
the indicated strains (three independent experiments carried out). c, CGR1 
repression increases cytoplasmic mesoscale fluidity. Each symbol represents the 
median cell Deff (n = 49 and 75 cells from one experiment; 30–250 trajectories per 
cell), with medians and interquartile ranges indicated. Cells were grown with or 
without Dox, ****P < 0.0001. d, CGR1 repression promotes filamentous growth. 
Representative cells with or without Dox (three independent experiments carried 
out). Scale bar, 5 µm. e, Hyphal-specific genes are induced upon CGR1 repression. 
ECE1, HGC1 and HWP1 transcripts in indicated strains, with or without Dox; ACT1 
as internal control (one experiment carried out). f, Hyphal-specific protein levels 
are induced upon CGR1 repression. Representative images of cells (strain PY7526) 
grown in the absence and presence of Dox. Images are composites of a differential 
interference contrast image and a maximum projection of 21 × 0.4 µm z-sections. 
No cells expressed HWP1prom-RFP in the absence of Dox. The experiment was 
carried out three independent times. Scale bar, 5 µm. g, Schematic of ribosome 
biogenesis inhibition triggering morphogenesis. The red arrow indicates serum 
addition, which inhibits ribosome biogenesis (light blue arrow), leading to 
ribosome dilution upon growth (dark blue arrow). The blue dots are ribosomes 
and the pink spheres are organelle compartments inaccessible to ribosomes.
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contribute to the observed increase in mesoscale diffusivity. Analyses 
of the concentration of cytosolic proteins, including the FAS complex, 
total protein and cytosolic GFP, all indicate that ribosome levels are 
specifically reduced during filamentous growth, consistent with tran-
scriptomic studies25 and our mass spectrometry results. Interestingly, 
we do not observe significant differences in ribosome compositional 
and conformational states between budding and filamentous cells, and 
our analyses of ribosome clustering in these cells are consistent with 
polysome levels being similar, suggesting that the fraction of active 
ribosomes is similar in these two growth states.

Why would mesoscale crowding be reduced upon hyphal mor-
phogenesis? While cytoplasmic streaming is thought to resolve the 
problems associated with slow diffusion in long filamentous cells43, 
we have found no evidence of cytoplasmic streaming in C. albicans 
filaments, that is, the lack of directional bias in GEM trajectories. An 
attractive hypothesis is that increased mesoscale diffusivity in C. albi-
cans filamentous cells is a means to partially overcome slow diffusion, 
particularly along the cell long axis. Consistent with this notion, our 
previous work revealed that the instantaneous velocities of secretory 
vesicles are increased in filamentous compared with budding cells44. 
Secretory vesicle and other organelle traffic, which is critical for fila-
ment extension, is likely to be sensitive to cytoplasmic crowding at 
the mesoscale. Furthermore, we speculate that decreased crowding 
at the mesoscale in filamentous cells favours protein translation, as 
modelling has indicated that molecular crowding limits translation 
and cell growth in bacteria45. Conversely, it has been shown in bacteria 
that inhibiting metabolic activity results in decreased cytoplasmic 
mesoscale diffusivity46,47. A recent computational model implicated 
ribosome–mRNA attachment and detachment in promoting mobility at 
the mesoscale48, and while our analysis of ribosome compositional and 
conformational states, as well as clustering, does not reveal substantial 
differences between budding and filamentous cells, the dynamic nature 
of ribosome–polysome switching is likely to require approaches that 
probe such temporal dynamics. In Escherichia coli, a decrease in active 
ribosomes upon genome dilution and DNA replication arrest results in 
suboptimal growth49. It is intriguing that during filamentous growth 
there is a decrease in ribosome concentration while the proportion of 
active ribosomes is largely unaffected. Indeed in S. cerevisiae, a sizeable 
portion of ribosomes (at least 25%) do not contribute to translation50. 
In C. albicans, filamentous growth (0.3 µm min−1 extension) is similar 
with respect to volume increase, compared with budding growth (dou-
bling every 90 min). In both S. cerevisiae and S. pombe cell cycle arrest 
mutants, which become enlarged, dilution of the cytoplasm, including 
ribosomes, is observed leading to increased cytoplasmic diffusion18,19, 
which is distinct from the mesoscale-specific increase in diffusivity that 
we observe in C. albicans filamentous cells. Increased cytoplasmic flu-
idity can regulate cytoskeleton assembly and disassembly in vitro and 
in vivo12,15,51, raising the possibility that decreased molecular crowding 
at the mesoscale could also be important for growth of long filamen-
tous C. albicans cells. In summary, our results reveal that the dilution 
of ribosomes, subsequent to inhibition of their biogenesis, increases 
cytoplasmic diffusivity at the mesoscale during filamentous growth 
(Fig. 6g), and suggest that tuning ribosome numbers is critical for 
morphogenesis in this fungal pathogen.

Methods
Strains and media
Strains used in this study are listed in Supplementary Table 1a. For 
transformation, strains were grown in YEPD (yeast extract, peptone, 
dextrose) supplemented with uridine (80 µg ml−1) at 30 °C. Cells were 
grown in YEPD medium, supplemented with uridine at 30 °C for bud-
ding growth. For filament induction cells, cells were either grown in 
YEPD liquid media with 50% FBS (PAN Biotech) or on agarose pads with 
75% FBS in synthetic complete (SC) media, both at 37 °C. In all experi-
ments that involved comparison with filamentous cells, budding cells 

were briefly incubated in the same media at 37 °C before imaging at the 
same temperature. For Dox gene repression, YEPD was supplemented 
with 5 µg ml−1 Dox. For sorbitol experiments, budding and filamentous 
cells were incubated with the indicated final concentrations of sorbitol 
for 5 min before imaging at 37 °C. For LatA actin depolymerizaton, cells 
were incubated with either 200 µM or 400 µM LatA, for budding and 
filamentous cells, respectively, for 15 min before imaging.

The oligonucleotides used in this study are listed in Supple-
mentary Table 1b. The PfV gene, which encodes the subunits that 
comprise a 40-nm GEM17, was codon optimized for C. albicans and 
synthesized (BaseClear). The CaPfV gene was cloned from the pUC57 
vector into the pFA-GFPγ-URA3 plasmid using PstI sites, resulting in the 
pFA-CaPfV-GFPγ-URA3 plasmid. The URA3 marker was replaced with 
either CdHIS1 or ARG4 markers, using unique AscI and PmeI restriction 
sites, resulting in pFA-CaPfV-GFPγ-CdHIS1 and pFA-CaPfV-GFPγ-ARG4. 
The GFPγ was then mutated using site-directed mutagenesis to 
a monomeric version using primers CaGFPγpA206K-BamHI/
CaGFPγmA206K-BamHI, yielding pFA-CaPfV-GFPγA206K-CdHIS1 
and pFA-CaPfV-GFPγA206K-ARG4. Subsequently these two plasmids 
were used as a template to PCR amplify the CaPfV-GFPγA206K-CdHIS1 
and pFA-CaPfV-GFPγA206K-ARG4 cassettes for integration behind 
the endogenous ADH1 promoter by using primers ADH1p-PfVp and 
CaADH1KIxFP_S2. The tetracycline repressible cgr1Δ/pTetCGR1 strain 
was constructed from PY173, a derivative of BWP17 containing the 
tetracycline-regulatable transactivator TetR-ScHAP4AD, as described52. 
To visualize F-actin, a LifeAct reporter was used, which was derived from 
the plasmid pYGS974 (TEF1ΔLifeAct-GFP-HIS1/pJET)53, in which GFP was 
replaced by mScarlet using primers NotITef1pLifeActS1 and CamScar-
letmAscI, resulting in pTEF1p-LifeAct-mScarlet-HIS1. This plasmid was 
digested with NotI/XbaI and integrated by homologous recombination 
in the TEF1 locus. Strains expressing MLT1-GFPγ, ADH1p-GFPγ and 
HWP1p-mScarlet were constructed as described54–56.

Microscopy, sample preparation and image analysis
Light microscopy. The GEM nanoparticles were imaged using Total 
Internal Reflection Fluorescence (TIRF) on a Nikon Ti eclipse inverted 
microscope (Nikon France S.A.S.) equipped with an iLas2 scan head 
(Roper Scientific), an iXon 888 EMCCD camera (Andor Technology) 
and a ×100 CFI-APO-TIRF oil NA 1.49 objective. The laser illumination 
was with a 488-nm diode laser, with an intensity ranging between 10% 
and 60% and a TIRF angle of 56.24°. Images were acquired as a stream of 
300–600 images in a single Z plane, with a 30-ms image acquisition and 
readout time, unless otherwise indicated. Temperature was controlled 
with an Okolab incubator at 37 °C, unless otherwise indicated. The Life-
Act reporter was imaged using the spinning-disk confocal modality on 
the above-described microscope, equipped with a Yokogawa CSU-W1 
(Yokogawa Electric), and using a 561-nm diode laser. Multi-positions 
were acquired with a motorized XYZ stage. The effective diffusion 
of the GEM particles was calculated as described17, using the plugin 
Mosaic57 in Fiji (version 1.54f) in a Windows 10/Intel computer and 
Matlab (version R2023a). Matlab was also used to generate the plots 
of all trajectories using a colormap and to split the filamentous cells to 
analyse the mother cell versus filament effective diffusion (scripts are 
available upon request). Extension rates were calculated as a function 
of filament length (measured with Fiji) per time.

Total cellular protein concentration was determined using FITC 
staining essentially as described31. Cells were fixed with 70% EtOH for 
1 h; following washing, they were stained with 50 ng ml−1 FITC for 30 min 
and subsequently washed. Quantitation of total protein concentration 
using FITC labelling as well as cytosolic GFP concentration distribution 
was from sum projections, using the Matlab program HyphalPolarity44. 
Cell and vacuole volumes were extracted using a tailor-made Matlab 
program (described in detail elsewhere). After finding the object mid-
plane, the program binarizes every z-section and fills in the identified 
vacuole or cell contour. Each identified pixel corresponds to a voxel, 
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and the total number of voxels represents the total volume. Volumes 
were extracted for each cell and compartments (mother and filament) 
were manually segmented. FRAP experiments were carried out as 
described16 using a Zeiss LSM 980 confocal microscope with a ×63 NA 
1.4 oil immersion objective with 30-mW diode 405-nm and 488-nm 
lasers. Images were acquired with a ×11 zoom resulting in a 191-nm pixel 
size, and images were separated by 27 ms. A circular bleach region of 
interest (ROI; 600 nm diameter) was used and data were analysed by 
easyFRAP, an open-source online FRAP analysis program58. Measure-
ments with a mobile fraction <0.7 and single exponential curve fits 
with r2 values < 0.4 were not analysed. The scale bar is 5 µm unless 
indicated otherwise.

Electron microscopy. Cryoplunging was carried out essentially as 
described27. Au grids (200 mesh) with a 2/2 silicone oxide support film 
were glow discharged on both sides for 45 s at 20 mA. Glycerol (5% final 
concentration) was added to the cells, and then immediately thereafter, 
3 µl (0.2 OD600) of cell suspension was applied to the support film side 
of the grids, blotted for 10 s and then frozen in liquid ethane using a 
cryoplunger (GP2 Leica). Focused ion beam (FIB) milling was carried out 
using an Aquilos 2 FIB–scanning electron microscope (SEM) (Thermo 
Fisher) with a stage cooled to less than −190 °C in a 35° AutoGrid sample 
holder. Grids were sputter coated with metallic Pt and then coated 
with organo-Pt essentially as described27. An overview of the grid was 
created by montaging SEM images, and isolated cells or cell clusters 
at the centre of grid squares were selected for FIB milling. Lamellae 
were generated automatically using the AutoTEM software (Thermo 
Fisher), with the following protocol: rough milling 1, 1 nA; medium 
milling 2, 0.3 nA (1.0° overtilt); fine milling, 0.1 nA (0.5° overtilt); finer 
milling, 0.1 nA (0.5° overtilt); and lamella polishing, 50 pA and 30 pA, 
0.2° overtilt resulting in 150-nm-thick lamellae that were subsequently 
sputter coated with Pt for 5 s at a current of 5 mA.

FIB-milled grids were imaged in a Titan Krios TEM (Thermo Fisher) 
operated at 300 keV and equipped with a BioQuantum energy filter 
(Gatan) and K3 camera (Gatan). The instrument was controlled using 
SerialEM59. Individual lamellae were manually centred in the micro-
scope and then moved to a position 60 µm below the eucentric height 
to achieve fringe-free illumination. The stage was tilted 15° to compen-
sate for the milling angle, and overview images were obtained with a 
pixel size of 76.8 Å. Individual cells were annotated in these overview 
images using napari60, and high-resolution montages were obtained 
for these cells using DeCo-LACE acquisition scripts61. The physical pixel 
size in high-resolution exposures was 1.05 Å, defocus was maintained 
at 1 µm and the total exposure was 30 e Å−2. The exposures were dose 
fractionated into 30 frames.

Videos were imported into the cisTEM software package62 and 
motion corrected using a custom version of unblur63 as described61, and 
binned to a final pixel size of 2.0 Å. Contrast transfer function param-
eters and sample thickness were estimated using CTFFIND5 (ref. 64). 
The structure of the vacant C. albicans 80S ribosome65 (Protein Data 
Bank code: 7PZY) was modified by deleting subunits corresponding 
to the 40S subunit, and the resulting 60S structure was converted to 
a density map at 2.0 Å pixel size using the simulate program in cis-
TEM66 using a B-factor scaling of 2. 2DTM of individual exposures was 
performed using the GPU-accelerated version of the match_template 
program in the cisTEM suite26. Rotation angles were searched using a 2 
in-plane and 3 out-of-plane step size, and defocus values were searched 
within a 240-nm slab at a 40-nm step size. To quantify the abundance 
of FAS, we created a density map based on the structure of C. albicans 
FAS in the apo state29 (Protein Data Bank code: 6U5V). Searches were 
performed identically to the 80S ribosomes, with the exception of 
accounting for the D3 symmetry. Image data and template matching 
results were montaged together as described61.

The number of 60S ribosome subunits per imaged area was deter-
mined by manually segmenting cytosolic areas from the montaged 

cryo-EM images (Fig. 3b and Extended Data Figs. 4 and 5) and dividing 
the number of detections within the segmentation by the segmented 
area. The imaged volume was calculated by fitting the thickness of 
individual exposures, as estimated by CTFFIND5, to a two-dimensional 
cubic B-spline model with 3 knots19 and integrating the estimated 
thickness at every pixel of the segmented area. The variation of this 
measurement was estimated by repeating this calculation in 50 random 
square areas with a side length of 200 nm within the segmented area.

To test for the collapse of polysomes, we performed two types 
of analysis. Firstly, we calculated the distance of each 60S detection 
to the closest 60S detection and plotted the resulting probability 
density function for the two conditions. Secondly, we calculated a 
Ripley’s L metric in 20 shells ranging from 10 nm to 100 nm from the 
3D coordinates of 60S detections using the RipleyK python package 
(https://github.com/SamPIngram/RipleyK). Boundary effects were 
corrected using a convex hull around the 60S detections. The L values 
were divided by the used radius, so that values smaller than 1 indicate 
dispersion and values larger than 1 indicate clustering.

To quantify the proportions of ribosomes in different states of 
translation, we extracted particle images around 60S detections. Par-
ticles from budding (n = 109,640) and filamentous cells (n = 57,017) 
were pooled into a single particle stack. Orientations and positions 
were refined by a single round of ‘Manual Refinement’ in cisTEM. The 
particle stack was binned to a pixel size of 8.0 Å, and particle parameters 
were exported into the Frealign format. Frealign (v 9.11_Aug2017)67 
was then used for classification of the particle stacks into 20 classes, 
without refinement of particle position or orientation, for 100 itera-
tions. A spherical focus mask with a radius of 80 Å was placed over the 
A-site/GTPase (centre coordinates in Å: 216.7, 259.4, 347). The resulting 
20 reconstructions were compared with states resulting from in situ 
single-particle analysis in S. cerevisiae68 and, based on this, grouped 
into ‘60S’, ‘mRNA decoding’, ‘Peptidyl transfer’ and ‘tRNA translocation’. 
We then summed the mean occupancies of particles from budding or 
filamentous cells for all classes belonging to each group.

Modelling cytoplasmic diffusion
Predictive equations. A simplified formalism23 was used to describe 
diffusion with respect to energy transfer in polydispersed mixtures to 
determine the fit to our experimental data, and from these equations 
(equations (1) and (2)), we derived the number of ribosome crowders:

D = D0(1 − aφ); φ = Vribo
Vm + Vf

; a = (Rribo + RGEMs)
2

R2
GEMs

(1)

With Vi being the volume of the ribosomes (ribo), the mother part 
of the cell (m) and the filament (f). D0 is the diffusion coefficient of 
GEMs in the absence of ribosomes, but with other crowders in the cell. 
To avoid this unknown, we define D̃0 as the diffusion coefficient of 
GEMs when there is no filament (about 0.1 μm2 s−1 in our case). This 
results in:

D = D̃0

1 − Vriboa
Vm+Vf

1 − Vriboa
Vm

(2)

We used equation (2) to fit our data. As we assume that no more 
ribosomes are produced during the growth of the filament, the total 
volume of ribosomes is fixed by the initial condition of the volume of 
the mother compartment, and is equal to Vribo = cribo × vribo × Vm where 
vribo = 4/3πRribo

3 is the volume of 1 ribosome, assuming a spherical geom-
etry. The only unknown in equation (2) is thus cribo.

Simulations. A Matlab-based model (version R2023a) was developed 
to simulate particle diffusion within spherical and cylindrical bounda-
ries, which we refer to as DiffSim. Particles of radii and concentration 
similar to those of ribosomes (r = 14 nm and 11,100 µm−3) were randomly 
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localized within these geometries, together with larger spherical crow-
ders (similar in size to a vacuole taking up 60% of the cell volume) that 
were immobile. To facilitate computation in this 3D simulation, cell 
geometries and excluded volumes were chosen accordingly. This 
highly simplified model accounts for the three main forces that influ-
ence particle diffusion: Brownian motion and collisions with both 
other particles and crowders. Brownian motion was modelled using a 
random walk algorithm, in which particles were displaced randomly at 
each time step. Collisions were simulated using a hard-sphere model, 
deflecting particles upon contact. Similarly, when particles encoun-
tered external boundaries, they were deflected back into the system. 
Particle positions were recorded in a matrix for subsequent analysis. 
The mean-squared displacement was calculated as a function of time 
(with ∆t being identical to GEM acquisitions) to assess the Deff, and its 
dependence on relative cell geometry and volume was determined. 
The Deff was then determined from the slope of the mean-squared dis-
placement curve using the Einstein–Smoluchowski equation, using the 
same sampling times as in the experimental acquisitions (90 ms). The 
accessible volume was determined using a custom Matlab program, 
which we refer to as AccessCyto, which analysed the positions of GEM 
particle tracks to calculate the region of the cell that was accessible to 
particle movement. The accessible volume was then compared with 
the total cell volume, by segmenting the maximum projections, to 
calculate the percentage of the cell accessible to the GEM particles. 
Scripts are available upon request.

Proteomics
Sample preparation was essentially as described69. Quality control 
samples to monitor LC–MS performance were created from pooling 
small aliquots of all samples. Peptide quantities were estimated via 
Quantitative Fluorometric Peptide Assay (Pierce). LC–MS-based prot-
eomic data acquisition was performed as described70. In brief, samples 
were injected on an ACQUITY M-Class HPLC (Waters) connected to a 
ZenoTOF 7600 mass spectrometer with an Optiflow source (SCIEX), sep-
arated on an HSS T3 column (300 µm × 150 mm, 1.8 µm; Waters) using 
a 20-min active gradient. We used a Zeno SWATH acquisition scheme 
with 85 variable-sized windows and 11 ms accumulation time. LC–MS raw 
data were processed using DIA-NN 1.8 (ref. 71). First, a spectral library 
was predicted including the UniProt Proteome of C. albicans SC5314 
(UP000000559), as well as the sequence of the GEM (see description 
above). For the main search, we enabled tryptic digestion allowing for 
one missed cleavage, no variable modification, N-terminal methionine 
excision and carbamidomethylation as fixed modification of cysteines. 
Mass accuracies were set to fall within 20 ppm and match-between-runs 
was enabled with protein inference on protein level. The obtained report 
was processed using Python 3.9 with the pandas (1.4.3) and NumPy 
(1.23.0) packages. Data were filtered to less than or equal to 1% FDR con-
cerning Global.Q.Value, as well as PG.Q.Value and Lib.PG.Q.Value. Before 
the plotting, protein group quantities were sample-wise median normal-
ized in two steps: first, subtracting the sample median in log2-space, 
then subtracting the log2-sample median of entities not belonging to 
the ribosome, according to UniProt annotated protein names (that is, 
containing ‘60S’ or ‘40S’, that is the 76 core ribosome proteins).

RNA extraction and RT-PCR
Cells were grown in YEPD media in the presence or absence of 5 µg ml−1 
of Dox. RNA extraction and PCR with reverse transcription (RT-PCR) 
were carried out as described72. Oligonucleotide pairs ACT1.P1/ACT1.
P2, CGR1.P1/CGR1.P2, ECE1.P1/ECE1.P2, HGC1.P1/HGC1.P2 and HWP1.
P1/HWP1.P2 were used to amplify ACT1, CGR1, ECE1, HGC1 and HWP1, 
respectively.

Statistical analysis
Data were compared by the Mann–Whitney two-sided U test unless 
otherwise indicated and where relevant and indicated the paired or 

unpaired t-test using GraphPad Prism (v. 8) software, with all P values 
indicated in the figure legends. Unless stated otherwise, medians and 
interquartile ranges are indicated. Pearson correlation coefficient 
and simple linear regression were determined using GraphPad Prism 
(v. 8) software.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the 
Article and Supplementary Information. The original micrographs 
of all cryo-EM data have been deposited in Electron Microscopy Pub-
lic Image Archive (EMPIAR)73 under accession code EMPIAR-12958. 
The density maps from the reconstructions of C. albicans FAS from 
cell slices using 2DTM, as well as ribosomes and its mRNA decoding, 
peptidyl transfer and tRNA translocation classes, have been depos-
ited in Electron Microscopy Data Bank (EMDB)74 (accession codes:  
EMD-72464, EMD-72486, EMD-72488, EMD-72489, EMD-72490), respec-
tively. The mass spectrometry proteomics data have been deposited in 
the ProteomeXchange Consortium via the PRIDE75 partner repository 
with the dataset identifier PXD067792. Source data are provided with  
this paper.

Code availability
Scripts are available upon request.
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Extended Data Fig. 1 | GEMs are largely immobile in fixed cells and their 
mobility is independent of expression level. A) Each symbol represents the 
median Deff of indicated cells (n = 42 and 44 cells from one experiment; 15-135 
trajectories per cell), expressing GEMs under the control of the TEF1 promoter, 
grown at 30 °C and fixed with para-formaldehyde, with medians and interquartile 
range indicated; **** < 0.0001. B) Each symbol represents the median Deff of 

indicated cells (n = 27 and 35 cells from one experiment; 25-120 trajectories per 
cell), expressing GEMs under the control of either the ADH1 or the TEF1 promoter 
and grown at 30 °C, with medians and interquartile range indicated; ns not 
significant. C) Projections of GEM trajectories. Representative budding and 
filamentous cells with all GEM particle trajectories shown. Trajectories are false 
colored according to when during acquisition they were observed (see Fig. 1a).
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Extended Data Fig. 2 | GEM effective diffusion is somewhat reduced in 
filament compartment. A) GEM effective diffusion in filament and mother 
cell compartments. Left panel: median Deff of cells (n = 51) from Fig. 5c (mean 
filament length 7 µm), in the absence of latrunculin A (LatA), with trajectories 
in whole cell, as well as mother and filament compartments analyzed. Medians 
and interquartile ranges are indicated, with * < 0.05 paired t-test. Right panel: 
effective diffusion of all trajectories from filamentous cells from Fig. 5c in the 
absence of LatA, with trajectories in whole cell (n = 7440), mother (n = 4525) 
and filament compartments (n = 2870) analyzed. Medians and interquartile 
ranges are indicated, with *** < 0.001, ** < 0.01 and ns not significant. B) GEM 
effective diffusion is similar in the mother and filament cell compartments 
upon disruption of the actin cytoskeleton. Left panel: median Deff of cells 
(n = 67) from Fig. 5c in the presence of LatA (mean filament length 7 µm), with 

all trajectories in whole cell, mother and filament compartments analyzed. 
Medians and interquartile ranges are indicated with ns not significant paired 
t-test. Right panel: effective diffusion of all trajectories from filamentous cells 
from Fig. 5c in the presence of LatA with trajectories in whole cell (n = 7200), 
mother compartment (n = 4200) and filament compartment analyzed (n = 2920). 
Medians and interquartile ranges are indicated with **** < 0.0001 and ** < 0.01. 
C) The actin cytoskeleton restricts GEM diffusion in budding cells. Left panel: 
effective diffusion of all trajectories from budding cells in the absence (DMSO) 
or the presence of LatA. Cells from Fig. 5b, with 5800-7200 trajectories for each 
condition. Medians and interquartile ranges are indicated; **** < 0.0001. Right 
panel: effective diffusion of all trajectories from filamentous cells in the absence 
of (DMSO) or presence of LatA. Cells from Fig. 5c, with 7200-7440 trajectories for 
each condition. Medians and interquartile ranges are indicated; ** < 0.01.
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Extended Data Fig. 3 | The vacuole is found predominantly in the mother cell 
compartment in filamentous cells, simulations with inaccessible organelles 
and predictive equation taking into account inaccessbile volume. A) Images 
of vacuoles in representative budding and filamentous cells. A strain in which 
the vacuoles were visualized using an Mlt1-GFP fusion (vacuole membrane ABC 
transporter) that also expressed plasma membrane targetted RFP (strain PY7532) 
was imaged and maximum projections of 20 ×0.2 µm z-section are shown (two 
independent experiments). B) Surface rendered images of plasma membrane 
and vacuole. A tailor-made Matlab program was used to segment and generate 
3-dimensional surface rendered images (plasma membrane in orange and 
vacuole in grey). C) Vacuole volume is reduced in filament compared to mother 
cell compartment. Volumes of vacuole and cell/compartment were determined 
from segmented images acquired as in S3A using a tailor-made Matlab 
program. Medians (n = 52 or 103 cells from two independent experiments) and 

interquartile ranges are indicated with **** < 0.0001 either using the Mann-
Whitney U test for both or the paired two-sided t-test for the mother-filament 
comparison and ns not significant. D) Simulation of GEM diffusion upon cell 
volume increase is not dramatically affected by number of organelles. Particle Deff 
in a cylindrical, with ribosome crowders 20% at initial cell volume and accessible 
cytosolic volume of 20%, with either 1 (red circle) or 10 organelles (green circle). 
Values are Deff means (6000 particle simulations) carried out 10 times. Data fit 
with an exponential plateau equation, r2 > 0.99, 95% confidence levels shown. 
E) Theoretical equation for diffusion yields a good fit to the experimental data. 
Symbols (circles, red to blue color indicating filament length) are data (filament 
length bins) from Fig. 1d and grey squares/predicted line are from theoretical 
equation (Eq. 2), using GEM accessible volumes from the results in Fig. 2e. 
Correlation coefficient, r2 = 0.83.
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Extended Data Fig. 4 | 2D Template matching of 60S ribosomal subunits in 
cryo-EM images of budding cells. A) Montage of cryo-EM exposures of three 
representative cells. Bar is 1 µm. B) Manual segmentation of cytosolic regions.  

C) 2DTM detections of the 60S ribosomal subunit, with regions of insets 
indicated by black square and insets shown (below). D) Overlays of A-C. E) 
Histogram of 2DTM SNR of 60S ribosomal subunit detections.

http://www.nature.com/naturemicrobiology


Nature Microbiology

Article https://doi.org/10.1038/s41564-025-02205-2

FilamentousA

B

C

D

E

F

2DTM SNR
8     10    12    14     16    18

D
et

ec
tio

ns

250

0

200

50

150

100

Extended Data Fig. 5 | 2D Template matching of 60S ribosomal subunits in 
cryo-EM images of filamentous cells. A) Images of a representative cell taken by 
the focused ion beam prior to milling. Length of filaments was measured using 
the image viewer of the AutoTEM software. B) Montage of cryo-EM exposures of 

representative cells. Bar is 1 µm. C) Manual segmentation of cytosolic regions.  
D) 2DTM detections of the 60S ribosomal subunit with regions of insets indicated 
by black square and insets shown (right). E) Overlays of B-D. F) Histogram of 
2DTM SNR of 60S ribosomal subunit detections.
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Extended Data Fig. 6 | 2D Template matching of 60S ribosomal subunits in 
cryo-EM images of filamentous cells. A) Images of a representative cell taken by 
the focused ion beam prior to milling. Length of filaments was measured using 
the image viewer of the AutoTEM software. B) Montage of cryo-EM exposures of 

representative cells. Bar is 1 µm. C) Manual segmentation of cytosolic regions.  
D) 2DTM detections of the 60S ribosomal subunit with regions of insets indicated 
by black square and insets shown (right). E) Overlays of B-D. F) Histogram of 
2DTM SNR of 60S ribosomal subunit detections.
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Extended Data Fig. 7 | 2D Template matching of 60S ribosomal subunits in 
cryo-EM images of filamentous cells. A) Images of a representative cell taken by 
the focused ion beam prior to milling. Length of filaments was measured using 
the image viewer of the AutoTEM software. B) Montage of cryo-EM exposures of 

representative cells. Bar is 1 µm. C) Manual segmentation of cytosolic regions.  
D) 2DTM detections of the 60S ribosomal subunit with regions of insets indicated 
by black square and insets shown (right). E) Overlays of B-D. F) Histogram of 
2DTM SNR of 60S ribosomal subunit detections.
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Extended Data Fig. 8 | Ribosome states and clustering in budding and 
filamentous cells are similar. A) Ribosome compositional and conformational 
heterogeneity determined by in-situ cryo-EM. Distinct classes corresponding to 
different stages of translation elongation display compositional heterogeneity. 
Color key for all displayed components displayed. B) One example of 
conformational heterogeneity, eEF2 in different conformations, extended and 
compact, similar to that previously detailed68. C) Percentage of different states of 
translation elongation in budding and filamentous cells. Mean and SD occupancy 
determined from 7 and 8 budding and filamentous cells. Differences between 

budding and filamentous cells were not statistically significant. D)-E) First and 
second order point pattern analysis of ribosomes in budding and filamentous 
cells. D) Nearest neighbor analysis of ribosome distribution. Mean probability 
density with SD shown (n = 7 and 8 cells). Data fit with an gaussian equation, 
r2 > 0.95, 95% confidence levels shown. E) Ripley’s L function second order point 
pattern analysis of ribosome complex distribution in budding and filamentous 
cells. Values of 1 indicate random distribution and values above 1 indicate 
clustering at a given scale. Mean values and SD shown.
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Extended Data Fig. 9 | GEM effective diffusion is reduced with increasing 
sorbitol concentrations and repression of CGR1 results in slow growth.  
A) Increasing sorbitol concentration decreases GEM effective diffusion 
in budding cells. Median Deff of cells (n = 26-95 cells from 4 independent 
experiments) from Fig. 5a, with 11 - 200 trajectories per cell (left), and  
effective diffusion of all trajectories from budding cells in Fig. 5a, with  
600-4000 trajectories (right), as a function of sorbitol concentration. Medians 
and interquartile ranges are indicated. B) A higher concentration of sorbitol 
is required to fully abolish GEM dynamics in filamentous cells, compared 
to budding cells. Median Deff of cells (n = 20-71 cells from 4 independent 
experiments) from Fig. 5a with 11 - 200 trajectories per cell (left), and effective 

diffusion of all trajectories from filamentous cells from Fig. 5a, with 600-4000 
trajectories (right), as a function of sorbitol concentration. Medians and 
interquartile ranges are indicated. C) Indicated strains were incubated with or 
without 5 µg/ml Dox on rich media containing agar for 2 days. D) Total protein 
levels are not affected upon repression of CGR1. FITC was used to label total 
proteins in cells grown in the presence and absence of Dox (n = 65-70 cells per 
experiment, total of 135 cells from two independent experiments; small symbols 
mean signal of individual cells and large symbol medians of each experiment 
with interquartile range shown) normalized to median budding signal for each 
experiment, with ns not significant. Images were acquired and signals (protein 
concentration) quantitated as described in Fig. 4c.
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Supplementary Table 1a. Strains used in this study. 

Strain 

number 
Relevant Genotype Source 

BWP17 
ura3Δ::λimm434/ura3Δ::λimm434 his1Δ::hisG/his1Δ::his 

arg4::hisG/arg4Δ::hisG 
1 

PY173 
Same as BWP17 with ENO1/eno1::ENO1-tetR ScHAP4AD-3xHA-

ADE2 
2 

PY6413 Same as BWP17 with adh1::ADH1p-Pfv-GFPG206K-ARG4 This study 

PY6414 Same as BWP17 with adh1::ADH1p-Pfv-GFPG206K-CdHIS1 This study 

PY6523 Same as PY6413 with tef1::TEF1p-LifeAct-mScarlet-HIS1 This study 

PY6599 Same as BWP17 with tef1::TEF1p-Pfv-GFPG206K-CdHIS1 This study 

PY7287 Same as PY173 with CGR1/cgr1∆::CdHIS1 This study 

PY7301 Same as PY7287 with cgr1::URA3pTetoffCGR1 This study 

PY7322 Same as PY7301 with adh1::ADH1p-Pfv-GFPG206K-ARG4 This study 

PY7398 Same as BWP17 with adh1::ADH1p-GFPG206K-ARG4 This study 

PY7526 Same as PY7322 with HWP1::HWP1p-mScarlet-SAT1 This study 

PY7532 
Same as BWP17 with RP10::ARG4- pACT1-mScarlet-CtRac1, 

MLT1::MLT1-GFP-URA3   
This study 

PY7547 Same as BWP17 with adh1::ADH1p-GFP-LoxP-ARG4-LoxP  This study 

  



Supplementary Table 1b. Oligonucleotides used in this study. 

 

Primer Sequence (5’ → 3’) 

ADH1p-PfVp 
CCAGAATTATTTTTTTTTCATCAGTTTAACAACAACAAACGTTATTGT

CATACAACAACAACAACAAATACAAAAACAATTATGttatcaattaatccaac 

CaGFPpA206K-

BamHI 
ccagacaaccattacttatccactcaatctAAAttatccaaGgatccaaacgaaaagagagaccac 

CaGFPmA206K-

BamHI 
gtggtctctcttttcgtttggatcCttggataaTTTagattgagtggataagtaatggttgtctgg 

CaADH1KIxFP_S1 
ccagaattatttttttttcatcagtttaacaacaacaaacgttattgtcatacaacaacaacaacaaatacaaaaacaatt

atgGGTGCTGGCGCAGGTGCT 

CaADH1KIxFP_S2 
ctgggtaatccttgtagactaattgaccaccattggtatcaaagacaacggctttttgagtttttgggatttgttcagaca

tTCTGATATCATCGATGAATTCGAG 

CaHWP1promKIxFP_

S1 

tttccattcaacttgttttctcaacaatatcaaacacaacaggaatctcctatagtcactcgcttttagtttcgtcaatatg

GGTGCTGGCGCAGGTGCTTC 

CaHWP1promKIxFP_

S2 

cgaaaattgaaaaacaatcaaaattagaaaaaaaagaaatcccaaaaaaagaacaaaacttagtatcagttattaga

attaTCTGATATCATCGATGAATTCGAG 

NotITef1pLifeActS1 

gcgcggccgccgtcatcttgatttttacttcttcttcttcttcttctttttcctttcttcacacattatagtcataatcaatcAT

GGGTGTCGCAGATTTGATCAAGAAATTCGAAAGCATCTCAAAGGAAG

AAggtgctggcgcaggtgct 

CamScarletmAscI cggcgcgccTTTATATAATTCATCCATACCACC 

CaMLT1XFP_S1 
gttgcagaattcgattcacctcaaaacttgttgaagaacaaagacagtattttctactctcttgccaaagaaggtggat

acatagatGGTGCTGGCGCAGGTGCTTC 

CaMLT1XFP_S2 
gcatttaaatagttgaaaaagaaatgtaaactaaaaaaaatattattgtataaataaaaaaatcactatatgaatatatat

cgcaccgatatataTCTGATATCATCGATGAATTCGAG 

CGR1.P1 CAATACGAAGAAATACCC 

CGR1.P2 GCATGCATTTTAGTAGCC 

ACT1.P1 ATGTTCCCAGGTATTGCTGA 

ACT1.P2 ACATTTGTGGTGAACAATGG 

ECE1.P1 CCAGAAATTGTTGCTCGTGTTG 

ECE1.P2 CAGGACGCCATCAAAAACG 



HGC1.P1 AAAGCTGTGATTAAATCGGTTTTGA 

HGC1.P2 AATTGAGGACCTTTTGAATGGAAA 

HWP1.P1 CGGAATCTAGTGCTGTCGTCTCT 

HWP1.P2 TAGGAGCGACACTTGAGTAATTGG 
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