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The cytoplasm is a complex, crowded environment that influences myriad cellular pro-
cesses including protein folding and metabolic reactions. Recent studies have suggested
that changes in the biophysical properties of the cytoplasm play a key role in cellular
homeostasis and adaptation. However, it still remains unclear how cells control their
cytoplasmic properties in response to environmental cues. Here, we used fission yeast
spores as a model system of dormant cells to elucidate the mechanisms underlying regula-
tion of the cytoplasmic properties. By tracking fluorescent tracer particles, we found that
particle mobility decreased in spores compared to vegetative cells and rapidly increased
at the onset of dormancy breaking upon glucose addition. This cytoplasmic fluidization
depended on glucose-sensing via the cyclic adenosine monophosphate-protein kinase A
pathway. PKA activation led to trehalose degradation through trehalase Ntp1, thereby
increasing particle mobility as the amount of trehalose decreased. In contrast, the rapid
cytoplasmic fluidization did not require de novo protein synthesis, cytoskeletal dynamics,
or cell volume increase. Furthermore, the measurement of diffusion coefficients with
tracer particles of different sizes suggests that the spore cytoplasm impedes the move-
ment of larger protein complexes (40 to 150 nm) such as ribosomes, while allowing
free diffusion of smaller molecules (~3 nm) such as second messengers and signaling
proteins. Our experiments have thus uncovered a series of signaling events that enable
cells to quickly fluidize the cytoplasm at the onset of dormancy breaking.

fission yeast | germination | cytoplasmic fluidity | cAMP-PKA pathway | trehalose

The cytoplasm is a crowded environment that is densely packed with macromolecules
(e.g., proteins, nucleic acids, lipids) and organelles. The crowded environments decrease
the mobility of molecules and inhibit diffusion-limited reactions by reducing the encounter
rates of molecules; on the other hand, the crowded conditions can also promote intermo-
lecular assembly through entropic effects and facilitate reaction-limited reactions.
Furthermore, accumulating evidence has shown that the cytoplasm is not a simple crowded
milieu, but rather displays a complex porous structure (1-3), which is not reproduced by
in vitro assays such as Bovine Serum Albumin (BSA) solution (4, 5). In addition, there is
rapidly growing interest in the physiological significance of cytoplasmic viscoelasticity and
pH (6, 7). The cytoplasmic structures and physico-chemistry influence many different
biochemical reactions and cellular organization (8, 9), including microtubule dynamics
(10), protein production (11), phase separation (12), and kinase reactions (13-15).

The biophysical properties, such as the structures and physico-chemistry, of the cyto-
plasm are disturbed by environmental changes. For example, hyperosmotic stress enhances
molecular crowding through dehydration, which inhibits macromolecular movement (10,
12, 16, 17). Energy depletion and nutrient starvation also cause reduced motion of mac-
romolecules in the cytoplasm (7, 18-21). However, to adapt to environmental changes,
cells maintain homeostasis by autonomously regulating the biophysical properties of the
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cytoplasm. A recent study has shown that mammalian cells possess a molecular crowding ~ The authors declare no competing interest.
sensor, WNKI, which leads to cell volume recovery and reduced crowding in response to
hyperosmotic stress (22). As another example, upon temperature increase, budding yeast
cells synthesize trehalose and glycogen to increase cytoplasmic viscosity, which counteracts
the increase in protein diffusivity (23).

Dormancy is a cellular state, in which the metabolic activity is decreased and the cell cycle
is reversibly arrested under unfavorable conditions (7, 24). Those characteristics link to the
cytoplasmic properties of dormant cells with reduced fluidity and molecular mobility. For
example, it is known that the cytoplasms of dormant cells show solid or glass-like properties
due to their reduced water content; such characteristic cytoplasms are observed in diverse

species such as bacterial spores (25, 26), fungal spores (27), plant seeds (28), tardigrades (29),
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and sleeping chironomids (30). Recently, microrheological measure-
ments revealed that macromolecular mobility is restricted inside the
cytoplasm of dormant cells (7, 19, 24). However, it remains unclear
what molecular mechanisms are involved in the reversible change in
cytoplasmic fluidity and which and how intracellular signaling path-
ways govern these processes. In particular, since the cytoplasmic
properties in a dormant state suppress intracellular diffusion and
reaction, it is puzzling how dormant cells can still achieve a rapid
resumption of cell growth when environmental conditions improve.

Here, we demonstrate that the glucose-sensing pathway triggers
cytoplasmic fluidization during dormancy breaking of spores in the
fission yeast Schizosaccharomyces pombe. The fission yeast enters a
dormant state by forming spores under nutrient starvation, and glu-
cose refeeding breaks the dormancy, which is called germination. By
using microrheological tracer particles, we show that the cytoplasmic
fluidity of spores is limited compared to that of vegetative cells. The
solidified cytoplasm in spores rapidly fluidizes upon glucose stimu-
lation. This fluidization process is dependent on the degradation of
trehalose, which is regulated by the cAMP-PKA (cyclic adenosine
monophosphate-protein kinase A) pathway. Based on our findings
using tracer particles of different sizes, we propose the existence of a
dormancy-specific intracellular milieu, which impedes diffusion of
large protein complexes such as ribosomes, while allowing relatively
free diffusion of small signaling proteins.

Results

Fission Yeast Spores Restrict the Movement of Particles with
a Diameter of 40 nm. In this study, we adopted the fission yeast

S. pombe spore as a model system for studying the molecular
mechanisms underlying the change in cytoplasmic fluidity during
dormancy breaking. To evaluate the biophysical properties in the
cytoplasm of the fission yeast spore, we first compared the motion
of foreign tracer particles between vegetative cells and spores. Due
to the rigid cell wall, it is technically challenging to inject tracer
particles into fission yeast cells (31). To overcome this limitation,
we used genetically encoded multimeric nanoparticles (GEMs),
which self-assemble into a spherical particle with a diameter of
40 nm (hereafter referred to as 40nm-GEMs) (Fig. 14) (12).
The gene encoding 40nm-GEMs fused to a fluorescent protein,
T-Sapphire, was introduced into the fission yeast, resulting in the
formation of bright tracer particles in both vegetative cells and
spores (Fig. 18 and Movie S1). The GEM particles were tracked
to obtain trajectories and estimate the effective diffusion coefhi-
cient (D.4) from the mean squared displacement (MSD) curves
(SI Appendix, SI Materials and Methods). The median effective
diffusion coefficient was 0.47 + 0.10 pm®/s in vegetative cells
(Fig. 1 Cand D), which was comparable to the diffusion coefficient
values in the previous studies using 40nm-GEMs in fission yeast
vegetative cells (10, 32-34). As we expected, the median effective
diffusion coefficient of 0.036 + 0.0095 pm?/s in spores indicates
that the 40nm-GEMs in spores were approximately 13 times less
mobile compared with those in vegetative cells (Fig. 1 Cand D). In
addition, using the ensemble-averaged MSD curves of vegetative
cells and spores (Fig. 1 C, Inset), we computed the anomalous
exponent to be ~0.9 in vegetative cells and ~0.75 in spores. This
means that the spore cytoplasm made the GEM motion strongly
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Fig. 1. The mobility of 40 nm particles is limited in fission yeast spores but increases rapidly during germination. (A) A schematic illustration of GEMs with a
diameter of 40 nm (40nm-GEMs). (B) Representative differential interference contrast (DIC) (Left) and spinning disk confocal fluorescence images (Right) of vegetative
cells (Upper) and spores (Lower) of fission yeast expressing 40nm-GEMs. (Scale bar, 10 pm.) (C) Distribution of effective diffusion coefficients (D.¢) for 40nm-GEMs
in vegetative cells (Left) (n = 218) and spores (Right) (n = 221). The Inset indicates the ensemble-averaged MSD curves of 40nm-GEMs for vegetative cells (Left) and
spores (Right). (D) Median D of 40nm-GEMs in vegetative cells and spores. Each dot indicates the median D from three independent experiments, and bars
are their means. () Representative phase contrast images (Upper) of cells expressing 40nm-GEMs at the indicated time after germination initiation upon glucose
refeeding. Also shown are DIC (Middle) and confocal fluorescence images (Lower) under the same condition. (Scale bar, 10 um.) (F) Quantification of intensities of
phase contrastimages in spores during germination from three independent experiments. Each point represents the mean of the three independent experiments
with SD. In each experiment, the mean intensities in spores from at least 125 cells were quantified. (G) Median D¢ of 40nm-GEMs during germination from three
independent experiments (n > 300 trajectories for each experiment). The Inset indicates the anomalous exponent a during germination from three independent
experiments. The gray line indicates the level of technical noise (~0.002 um?/s both in vegetative cells and spores) as described in S/ Appendix, Fig. S3.
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subdiffusive; in other words, the GEM motion in spores was
hindered by, for example, the enhanced macromolecular crowding
and/or higher cytoplasmic viscoelasticity. After the spores were
purified and stored at 4 °C, GEM mobility was measured over
time. GEM mobility decreased slightly as the spores were stored
at 4 °C (8] Appendix, Fig. S1 A and B), indicating that the GEM
mobility does not substantially change during the storage of spores
at 4 °C. These results show that the cytoplasmic fluidity in fission
yeast spores is strongly restricted compared to that in vegetative
cells.

The Mobility of 40 nm Particles Increases during the Initial Stage
of Spore Germination. Next, we examined when the reduced
GEM mobility in spores recovered during dormancy breaking.
For induction of germination, spores were transferred to a glucose-
rich medium. Consistent with previous reports (35-39), phase
contrast microscopy indicated that the spore cytoplasm underwent
a bright-to-dark transition approximately 1 h after induction,
followed by spore swelling and germ tube elongation after 4 to 6 h
(Fig. 1 Eand F). We tracked the GEM particles and found that the
effective diffusion coefficient rapidly increased by sevenfold within
the first hour after induction and subsequently reached the same
level as that in vegetative cells (Fig. 1G, SI Appendix, Fig. S24,
and Movie §2). We used ethanol-fixed cells/spores to confirm that
the effective diffusion coefficient during germination (~0.01 to
0.1 pm®/s) is above the technical noise level (~0.002 pm?/s, gray
line in Fig. 1G and ST Appendix, Fig. S3 A-C). The subdiffusive
anomalous exponent also showed rapid recovery (Fig. 1 G, Inset
and ST Appendix, Fig. S2B). The transition of phase-bright spores
to phase-dark spores was observed in the phase contrast image
30 min after germination induction (Fig. 1F), whereas GEM
mobility started to increase earlier than spore darkening (Fig. 1G).
In other words, cytoplasmic fluidization precedes the bright-to-
dark transition of spores under phase contrast microscopy, which
has been traditionally the earliest hallmark of germination onset
(35) and signaling dynamics (37, 40).
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Glucose-Sensing via the cAMP-PKA Pathway is Essential for the
Increase in the Mobility of 40 nm Particles during Germination.
To investigate the molecular mechanism underlying the observed
increase in GEM mobility in the early phase of germination
(Fig. 1G), we first focused on glucose-sensing via the cAMP-
PKA pathway (Fig. 24) (41-43). Glucose is recognized by a
G-protein coupled receptor, Git3, at the plasma membrane,
thereby activating the adenylate cyclase, Cyrl (Fig. 24). The
activated Cyr1 produces cAMP, which binds to the PKA regulatory
subunit, Cgsl, and finally activates the PKA catalytic subunit,
Pkal(Fig. 24). This pathway is known to play a critical role in the
initiation of germination in fission yeast spores (35). Indeed, in the
strains pkalA and cyrIA, these spores did not exhibit any bright-
to-dark transition (Fig. 2B) or germ tube elongation (Fig. 2C) even
15 h after the addition of glucose. We therefore examined whether
the cAMP-PKA pathway is required for the increase in the GEM
mobility, which precedes the canonical early events of germination
such as bright-to-dark transition and germ tube elongation. We
found that the GEM mobility remained unchanged in mutant
strains lacking cAMP-PKA pathway components (giz3, cyrl,
or pkal) up to 6 h after germination induction (Fig. 2D). We
also confirmed no significant differences in the median diffusion
coeflicient and anomalous exponent during vegetative growth
among these mutant strains (S/ Appendix, Fig. S4 A-C). These
results indicate that the activation of the cAMP-PKA pathway
in response to glucose is necessary for the increase in the GEM
mobility during germination.

Germination-Induced Changes in Particle Assembly, Cellular
Volume, Protein Synthesis, and Cytoskeletal Dynamics Have
No Impact on the Increase in the Mobility of 40 nm Particles.
In addition to the cAMP-PKA pathway, we explored other
possible mechanisms affecting the mobility of 40nm-GEMs
during germination. We first examined the change in particle
assembly during the germination. The fluorescence intensity
of each single particle appeared to decrease in spores as the
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Fig. 2. The cAMP-PKA pathway is required for the increase in the mobility of 40 nm particles during spore germination. (A) A schematic illustration of the cCAMP-
PKA pathway upon glucose stimulation in fission yeast. (B) Representative phase contrast images of wild-type (WT, Top), cyr1A (Middle), and pkalA (Bottom)
spores at the indicated time after germination induction. (Scale bar, 5 pm.) (C) Percentage of germinated spores showing an elongated germ tube at 15 h (900
min) after the glucose addition. The means and SDs were calculated from three independent experiments. In each experiment, at least 103 cells were used for
quantification. (D) Median D of 40nm-GEMs during germination in the wild-type (WT), git3A, cyr1A, and pkalA strains from three independent experiments

(n > 340 trajectories for each experiment).
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germination proceeded (Fig. 1£), which might reflect the change
in multimerization and/or size of the GEM particles. To examine
the effects on the increase in the GEM mobility, we quantified
the fluorescence intensity of a single-GEM particle at different
time points (0, 1, 2, 4, and 6 h) from germination in spores and
in vegetative cells (87 Appendix, Fig. S54). The distributions of
fluorescence intensity of 40nm-GEMs in germinating spores and
vegetative cells showed unimodal distribution, and their peaks
shifted leftward as the germination proceeded (S Appendix,
Fig. S5A). Although 6 h after germination induction the average
fluorescence intensity of particles was 1.5-fold less than before
induction, the fluorescence intensity did not change within the
first 2 h of germination induction (87 Appendix, Fig. S5 A and B).
Importantly, the GEM mobility increased significantly within an
hour of germination induction (Fig. 1G). From these results, we
concluded that the rapid increase in the GEM mobility was not
attributable to the change in particle assembly and/or size during
germination.

Prior works have shown that a reduction in cellular volume
decreases macromolecular mobility under hyperosmotic stress and
nutrient starvation (10, 16, 18). Indeed, the cellular volume increases
as the germination proceeds (Fig. 1E) (35, 37). We therefore asked
whether the increase in cellular volume contributed to the increase
in the GEM mobility after germination induction. For simplicity, we
quantified cytoplasmic areas as a proxy for cellular volume using DIC
(differential interference contrast) images of spores expressing
40nm-GEM s (Fig. 1E) and fluorescence images of spores expressing
mNeonGreen (Fig. 34). In both analyses of cell size, the cytoplasmic
area of spores did not substantially change within 2 h after germi-
nation induction but increased thereafter (Fig. 3B). Given that the
GEM mobility increased within 1 h from germination initiation
(Fig. 1G), cytoplasmic fluidization precedes the spore swelling.
Thus, these results strongly suggest that the increase in cytoplasmic
volume during germination does not cause the increase in the GEM
mobility in the early stage of germination.

Finally, we explored the effects of protein synthesis or cytoskel-
eton on the GEM mobility by using small chemical inhibitors.
Treatment with a translation inhibitor, cycloheximide (CHX)
(44), or a TOR inhibitor, Torin1 (45), did not change the effective
diffusion coeflicients of 40nm-GEMs during germination (Fig. 3
Cand D). Meanwhile, both CHX and Torin1 blocked the swelling
and germ tube formation caused by germination induction
(Fig. 3C), indicating that protein synthesis is necessary for the
processes of swelling and germ tube formation, but not for the
increase in the GEM mobility in the earlier stage of germination.
We next asked whether the cytoskeletal structure and/or dynamics
influence the GEM mobility. Intracellular particle diffusion is
known to be affected by cytoskeletons and molecular motors
(12, 46). To examine these effects, we treated cells with an actin
depolymerizer, latrunculin A (47), and/or microtubule-destabilizing
agents, thiabendazole and carbendazim (48), but none of these
compounds had any impact on the GEM mobility (Fig. 3E). The
germ tube formation was inhibited by treatment with these drugs
(Fig. 3C). These results demonstrate that the cytoskeletal changes
make a negligible contribution to the increase in the GEM mobility
during germination.

ATP Production via Glycolysis Contributes to an Increase in
40 nm Particle Mobility after 1 h of Germination. Previous
studies have shown that adenosine triphosphate (ATP) depletion
drastically reduces tracer particle diffusion in bacterial cells (7, 19,
46), yeast cells (7, 49), and mammalian cells (46). We therefore
investigated whether de novo ATP synthesis affords the GEM

https://doi.org/10.1073/pnas.2405553121

mobility in the germination process. Previous studies reported that
a glycolysis inhibitor decreased the ATP level in vegetative cells of
S. pombe (50, 51). In light of these reports, we treated spores with
an inhibitor of glycolysis, 2-deoxyglucose (2-DG) (51), which
resulted in the inhibition of swelling and germ tube formation at
6 h after germination induction (Fig. 3C). This result indicates
that ATP synthesis via glycolysis is required for the germination
progression. Interestingly, the GEM mobility increased within an
hour after germination induction even in the presence of 2-DG,
but reached a plateau at a low level (Fig. 3D). These results indicate
that the ATP synthesis via the glycolysis was not necessary for the
GEM mobility immediately after germination initiation but was
required from 1 h after germination initiation.

Trehalose Degradation Downstream of the cAMP-PKA Pathway
Increases 40 nm Particle Mobility during Germination. Among
the possible mechanisms for increased GEM mobility during
germination, we focused on intracellular trehalose and glycogen
amount. Trehalose is a disaccharide formed by a 1,1-glycosidic
bond between two glucose molecules, while glycogen is a branched
polysaccharide composed of thousands of glucose molecules.
Trehalose and glycogen in spores accumulated nearly 1,000-fold and
40-fold compared to the level in vegetative cells, respectively (Fig. 44
and S Appendix, Fig. S6A), which is consistent with previous reports
(52, 53). We roughly estimated that the trehalose and glycogen
concentrations in a fission yeast spore were approximately 5%
and 4% w/v, respectively (SI Appendix, SI Materials and Methods).
Recent studies have shown that vegetative cells of budding yeast
respond to heat shock by accumulating trehalose and glycogen,
which increase cytoplasmic viscosity and thus maintain a constant
protein diffusion rate (23). Therefore, we hypothesized that the
accumulation of trehalose and glycogen causes a decrease in
cytoplasmic viscosity in spores and that their degradation triggers
the cytoplasmic fluidization upon germination.

To investigate this hypothesis, we first quantified the amount
of trehalose and glycogen in fission yeast spores during germina-
tion. We found that trehalose was rapidly degraded at the same
time as the increase in the GEM mobility (Fig. 4B). On the other
hand, glycogen began to decrease 2 h after germination induction
(81 Appendix, Fig. S6B). These results suggest that the degradation
of trehalose, but not glycogen, could contribute to an increase in
GEM mobility during early spore germination. Therefore, we
focused on the relationship between trehalose degradation and
GEM mobility hereafter. We measured the trehalose amount and
the GEM mobility in a mutant strain lacking n#p1, a trehalase
gene (54). We found that np I-deleted cells (n2p1A) did not show
the rapid decrease in trehalose amount within 1 h of germination
induction observed in WT cells, and their trehalose amount
remained constant up to 8 h after germination induction (Fig. 4C).
Additionally, in spores lacking pkal, trehalose degradation was
suppressed after germination induction (Fig. 4C), implying that
the cAMP-PKA pathway controls the trehalose degradation path-
way. We also found that the germination process was severely
delayed in the n#p 1A strain, which is incapable of forming a germ
tube 8 h after germination (Fig. 4D), consistent with a previous
report (53). Importantly, the increase in GEM mobility was sub-
stantially suppressed in the 7#pIA strain compared to the WT
after germination induction (Fig. 4E). We confirmed that there
were no significant differences in GEM mobility during vegetative
growth between WT and neplA strains (S Appendix, Fig. S4
A-C). These results suggest that Ntp1-mediated trehalose degra-
dation is required for cytoplasmic fluidization and rapid germi-

nation through the cAAMP-PKA pathway.
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Fig. 3. Effect of changes in cellular volume, protein synthesis, cytoskeletal dynamics, and glycolysis on 40 nm particle mobility during germination. (A)
Representative DIC (Upper) and confocal fluorescence images (Lower) of cells expressing mNeonGreen (mNG) under the constitutive promoter Padh1 during
germination. (Scale bar, 10 pm.) (B) Cell areas measured using DIC or mNG images during germination. (Upper) The blue and orange lines indicate the GEM
mobility calculated as the mean of the three median D values as shown in Fig. 1G and the mean cell area from three independent experiments, respectively.
For the quantification of cell area, mean values are used to summarize each experiment from three replicates. Error bars represent SD. (Lower) The distribution
of cell areas at the indicated time point after germination induction was shown (n > 500 cells at each time point). Note that there is a difference in cell area values
between DIC- and mNG-based measurements because the cell contours were quantified in addition to the cytoplasm in the DIC images. (C-E) Effect of various
types of inhibitors on germination progression and GEM mobility. (C) Representative DIC images of germinating spores at 0 h and 6 h after glucose addition in
the absence or presence of cycloheximide (CHX), Torin1, 2-deoxyglucose (2-DG), latrunculin A (LatA), thiabendazole (TBZ), and carbendazim (CBZ). (Scale bar,
10 pm.) (D) Median D¢ of 40nm-GEMs during germination in the presence of CHX, Torin1, 2-DG (n > 180 trajectories for each experiment). (£) Median D of
40nm-GEMs during germination in the presence of LatA, TBZ and/or CBZ (n > 180 trajectories for each experiment).

We recognized that a small fraction of spores in the 7#p I A strain
displayed swelling, an initial feature of germination, 8 h after ger-
mination induction (Fig. 4D, yellow arrow). This result could be
due to the Ntpl-independent trehalose degradation in this small
population of spores, resulting in the progression of germination.
Indeed, the quantification of the effective diffusion coefficients of
40nm-GEMs at the single-spore level revealed that approximately
one-fifth of n#p I A spores showed an increase in the GEM mobility
comparable to wild-type (WT) spores 6 h after germination induc-
tion (Fig. 4F). These nzplA spores with increased GEM mobility
were larger in cell size than the spores with low GEM mobility
(Fig. 4F). Consistent with these results, the trehalose amount
decreased even in n#pIA spores 24 h after the germination induc-
tion, while it remained unchanged in pkaIA spores (Fig. 4G). Taken
together, these results lead us to propose the existence of at least
two trehalose degradation pathways during the spore germination

PNAS 2024 Vol.121 No.26 2405553121

of fission yeast; one is Ntp1l-dependent fast trehalose degradation,
whereas the other is Ntp1-independent slow trehalose degradation
(Fig. 4H). Both trehalose degradation pathways are controlled by
the cAAMP-PKA pathway (Fig. 4H). We note that the former path-
way, Ntpl-dependent fast trehalose degradation, is necessary for
rapid germination in response to glucose stimulation.

Overexpression of Trehalase in Spores Deficient in the
cAMP-PKA Pathway Partially Increases the Mobility of 40 nm
Particles during Germination. We next examined whether Ntp1
overexpression is sufficient to increase the GEM mobility and
induce germination. First, we developed a spore-specific gene
expression system in fission yeast cells by using promoters whose
expression was specifically induced after the completion of the
sporulation process. By reanalyzing previously reported microarray
data during sporulation in fission yeast cells (55), we identified
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Fig. 4. Trehalose degradation through the cCAMP-PKA pathway is required for the increase in the mobility of 40 nm particles. (A) Quantification of the trehalose
concentration in vegetative cells and spores. Mean values were calculated from three independent experiments, each indicated by a green dot. (B) Time courses
of GEM mobility and trehalose amount at the indicated time after germination induction. A blue line indicates the GEM mobility calculated as the mean of
the three median D values in Fig. 1G. An orange line indicates the trehalose amount, which was the mean from three independent experiments. Error bars
represent SD. (C) Trehalose amount in wild-type (WT), ntp1A, and pkaA spores at the indicated time after germination induction. Each line indicates the mean
value from three independent experiments. Error bars represent SD. (D) Representative DIC images of WT (Upper) and ntp1A (Lower) at the indicated time after
germination induction. The yellow arrow indicates swollen spores of the ntp1A strain. (Scale bar, 10 pm.) (F) Median D¢ of 40nm-GEMs during germination in WT
and ntp1A spores from three independent experiments (n > 460 trajectories for each experiment). (F) Median D¢ of 40nm-GEMs and cell areas at the single-spore
level for WT and ntp1A strains. Each dot represents the median D of 40nm-GEMs and cell area in the same cell (n =30 cells at 0 h and n =90 cells at 6 h from
three independent experiments). Cell areas were quantified by using DIC images. (G) Trehalose amounts in the WT, ntp7A, and pkaTA strains at 0 h and 24 h
after germination induction. Mean values from three independent experiments are shown with error bars (SD). (H) A schematic model of the glucose-sensing
and trehalose degradation pathways after germination initiation upon glucose refeeding. PKA activation leads to trehalose degradation via Ntp1-dependent
and -independent pathways, resulting in cytoplasmic fluidization and germination. (/) Representative DIC images of spores of WT (Upper), gpa2-deficient mutant
(gpa2A; Middle), and gpa2-deficient mutant expressing Ntp1 under the spore-inducible promoter Posi2 (gpa2A Ntp1 o.p.; Lower) upon germination induction.
Yellow arrows indicate swollen spores starting to germinate. (Scale bar, 10 pm.) (/) Trehalose amount in WT, gpa2A, and gpa2A Ntp1 o.p. spores at the indicated
time after germination induction. Each line indicates the mean value from three independent experiments. Error bars represent SD. (K) Median D¢ of 40nm-
GEM s during germination in WT, gpa2A, and gpa2A Ntp1 o.p. spores from three independent experiments (n > 460 trajectories for each experiment). (L) Median
D¢ of 40nm-GEMs and cell areas at the single-spore level for WT, gpa2A, and gpa2A Ntp1 o.p. strains. Each dot represents the median D¢ of 40nm-GEMs and
cell area in the same cell (n = 30 cells at 0 h and n = 90 cells at 6 h from three independent experiments). Cell areas were quantified by using DIC images. Of
note, the WT data are the same as those of panel F.

the top four genes (SPAC869.09, hryl, isp3, and pdc202) whose
expression was strongly induced in spores compared to vegetative
cells. The region approximately 1,000 bp upstream of those genes

was used as the promoter region to express a certain gene in spores.
We named these promoters Posi/—4 (Promoters for only spore
induction), respectively. We quantified the expression levels of
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mNeonGreen under Posil—4 (SI Appendix, Fig. S7 A-D), and
found that Posi2 showed the highest ratio of the expression of
mNeonGreen in spores to that in vegetative cells (S Appendix,
Fig. S7E). Therefore, we used Posi2 for the following experiment.

To investigate whether Ntp1 overexpression suffices to induce
germination, we established and analyzed spores overexpressing Ntp1
under Posi2. However, the spores overexpressing Ntp1 did not show
any morphological change in the absence of glucose and exhibited
an accelerated increase in the GEM mobility upon glucose stimula-
tion. Therefore, we next overexpressed Ntpl in spores deficient in
the cAAMP-PKA pathway and treated the spores with glucose in order
to examine the effects of Ntpl overexpression on glucose-induced
morphological change and GEM mobility. Spores lacking gpa2, the
gene encoding heterotrimeric G-protein alpha subunit (Fig. 24),
which mediates the glucose receptor and the cAMP-PKA pathway,
demonstrated a significant delay in swelling upon glucose stimu-
lation (Fig. 4/), as seen in pkal- or cyrl-deleted spores (Fig. 2 B
and C). Meanwhile, the overexpression of Ntp1 in spores lacking
gpa2 partially rescued the glucose-induced germination, namely
swelling (Fig. 41, yellow arrows). In addition, by overexpressing
Ntpl, intracellular trehalose was partially degraded during germi-
nation (Fig. 4/), and the GEM mobility was also partially increased
at the population level (Fig. 4K). The cell-to-cell heterogeneity of
germination in n#pIA spores (Fig. 4 D and F) prompted us to
investigate the correlation between GEM mobility and cell size at
the single-cell level (Fig. 4L). In WT strain, all spores showed
increased GEM mobility and swelling at 6 h after germination
induction (Fig. 4L, WT), while in gpa2-deficient strain most
spores indicated neither the increase in GEM mobility nor the
increase in cell area after the germination induction (Fig. 4L,
gpa2A). The Ntpl-overexpressing strain exhibited considerable
cell-to-cell heterogeneity; approximately one-third of spores exhib-
ited both increased GEM mobility and swelling at 6 h after the
induction, comparable to the WT strain (Fig. 4, gpa2A Nepl
o.p. and All). We further confirmed that some of Ntpl-
overexpressing spores showed normal cell division and mitosis
after germination induction, similar to the WT strain (S/ Appendix,
Fig. S8 A and B). These results suggest that Nepl activity alone
can induce cytoplasmic fluidization and subsequent germination
events even without the glucose-sensing pathway.

The Mobility of 50 to 150 nm Particles Also Decreases in Spores and
Increases at the Onset of Germination. To gain further insight into
the spore cytoplasm, we examined the size dependency of particle
diffusion, which reflects the spatial scales of cytoplasmic structures
(12, 56, 57). We first observed the mobility of particles with size
larger than 40nm-GEMs by using pNS, which self-assembles into
particles of different sizes (50 to 150 nm) (19, 58). In both vegetative
cells and spores, pINS were observed as particles of varying size and
brightness (Fig. 54). We then analyzed the pNS particles with
fluorescence intensities lower than a certain threshold to mitigate
the effects of size variability (SI Appendix, Fig. S9A) The effective
diffusion coefﬁaents were 0.012 + 0.0025 pm*/s and 0.00088 +
0.00011 pm %/sin vegetative cells and spores, respectively, indicating
that the mobility of pNS, similarly to that of 40nm-GEMs, was
strongly restricted in spores (Fig. 5B). During the germination
process, the NS mobility was gradually increased (Fig. 5C), which
is consistent with a previous report on budding yeast spores (24).
Within the first 2 h of germination, pNS mobility increased about
twofold, followed by a gradual increase in pNS mobility. We also
quantified the anomalous exponent during germination from the
ensemble-averaged MSD curves (Fig. 5 C, Inset and SI Appendix,
Fig. S9B). Compared with the 40nm-GEMs, the pNS in spores
exhibited a much smaller anomalous exponent value, @ ~0.3 to 0.5.
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Fig. 5. The mobility of particles of different sizes in spores and vegetative
cells. (A) Representative DIC (Upper) and confocal fluorescence images (Lower)
of fission yeast cells expressing uNS at the indicated time after germination
induction. Yellow arrows indicate the small size particles (S/ Appendix, Fig. S9A),
which are used for the estimation of the effective diffusion coefficient of uNS.
(Scale bar, 10 pm.) (B) Median D¢ of uNS in vegetative cells and spores. Each
dot indicates the median D, from three independent experiments, and
bars are their means. (C) Median D¢ of pNS during germination from three
independent experiments (n > 30 trajectories for each experiment). The
Inset indicates anomalous exponent a during germination. (D) Summary of
effective diffusion coefficients for particles of various sizes in vegetative cells
and spores. “Ratio” indicates the ratio of the effective diffusion coefficients of
vegetative cells to those of spores.

This result indicates that, in spores, the pNS particles were severely
restricted in the time scale of observation. To provide further support
for this idea, we computed velocity autocorrelation functions (VAFs)
(SI Appendix, Fig. S9 C-H), which were used as a diagnostic tool
to explore the underlying mechanism of intracellular subdiffusion
(7, 59). The VAFs of the spore cytoplasm showed sharper negative
peaks compared to those of cells 1 h after germination induction or
vegetative cells (ST Appendix, Fig. S9, and H). These results suggest
that the pNS particles are locally confined and their motion is caused
by their bouncing off elastic structures as they collide with them.

Fluorescent Protein-Sized Particles Diffuse throughout
the Spore Cytoplasm within a Time Frame on the Order of
Seconds. Although the diffusion of 40nm-GEMs and pNS was
drastically restricted in the spore cytoplasm (Figs. 1D and 5B),
it remains unclear whether smaller proteins are also affected by
the change in the biophysical properties of spores. To investigate
this, we quantified the effective diffusion coefficients of the
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green fluorescent protein mNeonGreen (mNG, around 3 nm in
size), which is smaller than 40nm-GEMSs. We first observed the
movement of mNG by using fluorescence correlation spectroscopy
(FCS). FCS is a technique used to estimate the effective diffusion
coefficient in a confocal volume (~1 fL) by observing the
fluctuation of fluorescent molecules (60—-62). In the FCS analysis,
we measured the time series of mNG intensity in vegetative cells
and spores of fission yeast and obtained autocorrelation functions
(81 Appendix, Fig. S10 A and B). The effective diffusion coeflicient
of mNG in spores was about fourfold reduced compared to that in
vegetative cells (Fig. 5D and SI Appendix, Fig. S10C). For further
examination, we used fluorescence recovery after photobleaching
(FRAP) to estimate the effective diffusion coefficient of mNG.
In vegetative cells, the estimated effective diffusion coefficients
of mNG-based on FCS and FRAP were close to each other
(Fig. 5D and SI Appendix, Fig. S10E). In spores, we found that
the mNG diffusivity obtained from FRAP was much lower than
that from FCS (Fig. 5D and ST Appendix, Fig. S10E). Potential
mechanisms underlying the discrepancy between FCS and FRAP
include inhomogeneous diffusivity and/or binding to immobile
intracellular structures (63, 64), although determining the precise
mechanism for the spore cytoplasm requires further investigation.
Note that, even in the FRAP analysis, mNG diffused throughout
the spore cytoplasm within the order of seconds (S/ Appendix,
Fig. S10D). Based on these results, it is proposed that small
signaling proteins, such as the cAMP-PKA pathway and Ntpl,
are relatively free to diffuse in the spore cytoplasm and have the
ability to transmit dormancy-breaking signals after the glucose
addition, while the motion of large protein complexes is restricted.

Discussion

Growing evidence indicates that a liquid-like cytoplasmic property
turns into a solid- or glass-like state under stress conditions, and these
cytoplasmic changes have been proposed to be responsible for stress
resistance and dormancy breaking (7, 24). However, the molecular
basis underlying such changes in the cytoplasmic properties in
response to environmental stimuli is not yet fully understood. In this
study, we focused on the germination of fission yeast spores as a
model system of dormancy breaking. By using genetically encoded
tracer particles, we found that the spore cytoplasm markedly hinders
intracellular diffusion, and rapidly fluidizes upon germination induc-
tion. The cytoplasmic fluidization during germination is mediated
by the degradation of intracellular trehalose. Furthermore, we
revealed the signaling pathway responsible for the trehalose degra-
dation—namely, glucose is recognized by Git3, resulting in activa-
tion of the cAMP-PKA pathway and Ntpl. These events in
germination have been summarized in the model (Fig. 6A4).

We examined the mobility of three types of particles of different
sizes in the spore cytoplasm as summarized in Fig. 6B. First, although
the diffusivity of mNG in spores was reduced, mNG can still diffuse
throughout the spore cytoplasm within a time frame on the scale of
seconds (87 Appendix, Fig. S10D). This result indicates that signaling
molecules such as PKA and Ntp! diffuse relatively freely even in the
spore cytoplasm and can respond rapidly to external signals for dor-
mancy breaking. The large discrepancy between the FRAP- and
FCS-based estimates of mNG diffusivity in spores (Fig. 5D) might
reflect a spore-specific cytoplasmic state because the cytoplasm of
vegetative cells did not produce such a discrepancy. An interesting
possibility is the presence of immobile binding traps, which have
been theoretically investigated to reconcile disparate estimates of the
diffusion coeflicient of Bicoid morphogen in Drosophila embryos
(63, 65). Second, we found a marked reduction in the effective dif-
fusion coeflicients of 40nm-GEMs and strong subdiffusion of those
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Fig. 6. Cytoplasmic fluidization is the initial event of the spore germination.
(A) The schematic illustration of the timing of the events in early spore
germination (0 to 6 h after glucose addition). Each timing of the event is
based on the results of Fig. 4B (trehalose degradation), Fig. 1G (cytoplasmic
fluidization, 40nm-GEMs) and Fig. 5C (cytoplasmic fluidization, uNS), Fig. 1F
(phase-bright to phase-dark transition), SI' Appendix, Fig. S6B (glycogen
degradation), Fig. 3B (spore swelling), and Fig. 1E (germ tube formation). (B) A
model of cytoplasmic properties in vegetative cells and spores of fission yeast.
The amount of trehalose plays a key role in regulation of the cytoplasmic
properties in fission yeast cells. Vegetative cells contain only a small amount
of cytoplasmic trehalose, and mNG (~3 nm), 40nm-GEMs (~40 nm), and pNS
(~50 to 150 nm) are free to diffuse in the cytoplasm. On the other hand, in
spores, trehalose is highly accumulated, resulting in a decrease in the mobility
of these particles. The mobility of 40nm-GEMs and pNS is strongly limited
in the spore cytoplasm, while mNG are allowed to diffuse relatively freely
throughout the cytoplasm.

particles in spores (Fig. 1 D and G). These results mean that the
mobility of large complexes such as the ribosome (~30 nm) is severely
limited in spores. Recently, in vitro experiments using £. co/i and
Xenopus cytoplasms demonstrated that an overcrowded cytoplasm
can suppress ribosome mobility and thereby translational activity (66,
67). It is likely that the cytoplasmic biophysics of spores also sup-
presses the translational activity. The decrease in protein synthesis
may allow spores to avoid wasting energy sources (e.g., ATP) and
substrates (e.g., amino acids, nucleic acids), thus enabling their pro-
longed survival without nutrients. Third, the pNS particles in spores
exhibited a drastic reduction in an anomalous exponent (Fig. 5C).
This is consistent with previous studies showing that large structures
such as protein condensates (~200 to 1,000 nm) and organelles (~100
to 1,000 nm) are immobilized in energy-depleted and nutrient-starved
yeast cells (7, 18-20). Of note, the anomalous exponent of pNS
(50~150 nm) in spores (ot ~0.3 to 0.5) is even smaller than that in
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energy-depleted yeast cells (o ~0.6) (7). This indicates that the spore
cytoplasm is an extreme environment, and probing its material prop-
erties such as viscoelasticity could pave the way for a deeper under-
standing of the stress resistance achieved by the spores.

Trehalose has been well characterized as a protein protectant and
a viscosity agent in vitro (68). Several pioneering works have sug-
gested the involvement of trehalose in the regulation of cytoplasmic
biophysics in vivo (23, 69, 70). Our study shows that trehalose accu-
mulates in spores at a concentration of 5% w/v (Fig. 44), and tre-
halose is rapidly degraded by germination induction (Fig. 4B),
resulting in a 20-fold increase in GEM mobility. Furthermore, deple-
tion of an enzyme that degrades trehalose, Ntpl, was shown to
inhibit the increase in the GEM mobility upon germination induc-
tion (Fig. 4E). These results imply a direct link between trehalose
and cytoplasmic fluidity. However, even in a 45% trehalose solution,
the diffusion rate of purified GFP was reported to be only about
twofold lower than that in a water solution (23). Therefore, trehalose
as a simple viscogen cannot explain the decrease in the GEM mobil-
ity in fission yeast spores. We propose a model in which the trehalose
forms spore-specific intracellular structures by interacting with other
intracellular components. For example, it has been reported that a
mixture of proteins in addition to trehalose can cooperatively increase
the viscosity of a solution (71). Future studies should explore the
physical chemistry of complex solutions of trehalose with proteins,
lipids, and nucleic acids.

We found that glucose-triggered cAMP-PKA-Ntp1 signaling is
required for cytoplasmic fluidization during germination. How is
Nitp! regulated downstream of PKA signaling in spores? There was
no apparent effect of translation inhibition (CHX treatment) on
the GEM mobility during germination (Fig. 3D), suggesting that
PKA and Ntp! are already expressed in spores and their activities
are regulated posttranslationally during germination. These specu-
lations can account for the fact that spore cytoplasm could not be
fully fluidized merely by overexpressing Ntpl in the cAMP-PKA
pathway-deficient spores (Fig. 4 K and L). Consistent with these
ideas, it has been reported that PKA-dependent phosphorylation
activates trehalase Ntp1 in fission yeast and its budding yeast ort-
holog Nth1 (72, 73). Additionally, Ntp1 has a consensus site (S71)
for PKA-dependent phosphorylation, and replacing S71 with an
alanine residue results in loss of trehalase activity (74). However, it
remains controversial whether PKA directly activates Ntp1 via phos-
phorylation (73-75). Future research should investigate the relation
between PKA phosphorylation and Ntpl trehalase activity in
in vitro experiments.

By using foreign tracer particles, our study revealed that the bio-
physical properties of spores are quite different from those of vegeta-
tive cells. In addition to these exogenous particles, it would be
interesting to investigate the mobility of endogenous proteins of dif-
ferent sizes in spores, as was recently done in a study on bacterial cells
(76), because various features of proteins, such as charge and hydro-
phobicity, influence their mobility. In addition, the motions of intra-
cellular particles are affected by both cytoplasmic viscoelasticity and
active forces generated from molecular motors and metabolic reac-
tions. However, in this study we relied on passive observations of the
motion of probe particles, and thus we were not able to distinguish
between the relative contributions of the passive and active mecha-
nisms. A solution to this limitation would be to compare passive
measurements with active microrheological measurements, in which

1. K. Luby-Phelps, D. L. Taylor, F. Lanni, Probing the structure of cytoplasm. J. Cell Biol. 102,
2015-2022(1986).

2. E.Moeendarbary et al., The cytoplasm of living cells behaves as a poroelastic material. Nat. Mater.
12,253-261(2013).
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the probe particles are controlled exogenously by optical tweezers or
other means (46, 77). The prospect of applying such an approach
to the spore cytoplasm is intriguing, although active microrheology
experiments for yeast cells are still challenging at this time because
the cell wall hinders the injection of specialized particles. Future
studies will need to examine the cytoplasmic biophysics of dormant
cells and how it regulates intracellular processes and functions.

Materials and Methods

Plasmids and Fission Yeast Strains. All plasmids and fission yeast strains used
in this study are summarized in S Appendix, Tables S1and S2, respectively. The
details are described in S/ Appendix, SI Materials and Methods.

Live-Cell Fluorescence Imaging of Fission Yeast Cells. Fission yeast cells
were imaged with an IX83 inverted microscope (Olympus) equipped with an
sCMOS camera (ORCA-Fusion BT; Hamamatsu Photonics) and a spinning disk
confocal unit (CSU-W1; Yokogawa Electric Corporation). Cells expressing 40nm-
GEMs and pNS were excited with a 488 nm laser and recorded every 100 ms for
10sand 500 ms for 2 min, respectively. The details are described in S/ Appendix,
SI Materials and Methods.

Quantification of Trehalose Amount. The amount of trehalose was measured
using a Trehalose Assay kit (K-TREH; Megazyme) with reference to the previously
reported method (23). The details are described in S/ Appendix, SI Materials and
Methods.

FCS and FRAP Measurement in Fission Yeast Cells. In FCS, mNG-expressing
cells were imaged with a Leica SP8 Falcon confocal microscope equipped with an
objective lens, HC PLAPQ 63x/1.20 W motCORR CS2. In FRAP, mNG-expressing
cells were imaged with an FV3000 laser-scanning confocal microscope (Olympus)
equipped with a UPLXAPO 60x objective lens, (NA = 1.42, WD = 0.15 mm;
Olympus). Cells were excited with a 488 nm laser. The details are described in
Sl Appendix, SI Materials and Methods.

Data, Materials, and Software Availability. Imaging data have been depOS-
ited in SSBD (78).
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