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I ntroduction

Understanding the mechanisms involved in microasyansurvival to environmental
perturbations is a major issue in microbial ecolagy biotechnology. Due to its interfacial
position between the extracellular medium and th®sol, plasma membrane (PM) is a
primary target for damage during environmentalsstes. Modifications of the environmental
conditions affect the organization and the dynaafimembrane components highlighted by
changes in PM fluidity and by the phase transitmfnmembrane phospholipids. Such
structural changes of the PM were observed duramgperature and hydrostatic pressure
shifts (Beney and Gervais, 2001; Denich et al.,320(h addition to these changes, hydric
perturbations lead to cell volume decrease causmgcrease in the cell surface-to-volume
ratio (s/v) (Gervais and Beney, 2001). This evemtducts to PM deformations such as
ruffles, wrinkles, and surface roughness (Guilakakt 2002; Adya et al., 2006). Such
deformations, when associated with lipid structumabdifications, can lead to the PM
internalization (Dupont et al., 2010). All these difcations can lead to permeabilization of
the PM and to cell death during severe dehydraedydration cycles (Crowe et al., 1989;
Rapoport et al., 1995; Simonin et al., 2007; Ragoan et al., 2008).

One of the parameters conditioning cell toleranue survival to environmental perturbations
is the lipid composition of the PM: the nature ofgy phospholipids influences the resistance
of microorganisms to stresses such as ethanokifigesalt, and cold treatments (Calcott and
Rose, 1982; You et al., 2003; Rodriguez-Vargas let 2007). Changes in fatty acid
unsaturation levels are involved in the modificatiof the cell sensitivity by changing
physical PM properties, such as membrane fluidityl. properties are also susceptible to the
guantity and the nature of sterols. Sterols areadrtiee most abundant membrane constituents
and are found in a wide range of species. For mdiameells, the major sterol present in the

PM is cholesterol whereas ergosterol and phytospeealominate in the fungi and plant cells,
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respectively. Sterols confer important propertiestte PM through their interactions with
phospholipids and sphingolipids and play an esskertdle in the stability of membranes, by
affecting rigidity, fluidity, and permeability (Faler et al., 2008; Abe and Hiraki, 2009; Rog
et al., 2009). Sterols are proposed to maintainatezal heterogeneity of the protein and lipid
distribution in the PM because of their putativienm inducing microdomains, so-called lipid
rafts (Simons and Ikonen, 1997). The nature obi&danfluence the properties of membrane
models such as the tensile properties (Hsueh,e2@)7), phase separation and the curvature
of the liquid-ordered phase in membranes (Baca. e2005). Despite the numerous effects of
the nature of sterols on lipid bilayer propertig=sy studies have investigated the impact of
sterol composition on the “in vivo” behavior of tEM to environmental perturbations and its
possible implication in cell resistance.

The aim of the proposed study was to estimate ffieeteof the nature of PM sterols on the
membrane response and the cell survival to hydeitupgbations. Hydric stress was chosen
because the structure of the PM is strongly chgddnduring this perturbation (lipid phase
transitions and membrane deformations caused Hyvokime decrease) (Laroche et al.,
2005; Dupont et al., 2010). The ye&stccharomyces cerevisia@as used as a model because
it is exposed to hydric fluctuations in its natuealvironments (plant surfaces, soil...) and is
able to survive extreme dehydration. Moreover, sdwautant strains with alterations in the
ergosterol biosynthetic pathwagrgA) are available. These mutants accumulate different
sterols in their PM (Barton et al., 1974). It seeplausible that the sterol biosynthetic
pathway parallels sterol evolution (Bloch, 1994;aiéeet al., 2010) and that these mutants are
evolutionarily precursors of the wild type strai@/T). In this work, weperformed a
comparative study of the responses to osmotic dahigd (viability, ultrastructure, cell
volume, and permeability) betwe&h cerevisia@VT and the ergosterol mutaetg6A. The

erg6 gene encoding the sterol C-24 methyltransferasechacatalyzes the first of the five
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final steps of the ergosterol biosynthetic pathwayjonessential. The corresponding mutant
strain mainly accumulates zymosterol and cholest#28-trienol instead of ergosterol, the
major sterol species encountered in the WT stimsér et al., 1993; Munn et al., 1999) (Fig.
1). Our results show that tlezg6A strain is more sensitive to hydric perturbatiomant the
WT strain. This high sensitivity is related to éifént PM behaviors between they6A and
the WT strains during the dehydration/rehydratigales. The nature of PM sterols influences
the kinds of deformation and the stretching resisteof the PM during cell volume variations
caused by hydric treatment&rg6A strain is characterized by a permeabilization haf t
plasma membrane during dehydration under severeotasrtreatments and during the
rehydration stage under mild hydric treatmentssThsult highlights the effect of the sterol
nature on the mechanical properties of the PM dmar trole in cell adaption to hydric

fluctuations of the environment.

Results

The erg@ mutant strain is more sensitive to hyperosmotiosks than WT

To compare the sensitivity to osmotic dehydratibthe WT anderg6A strains, yeasts were

treated with osmotic shocks at 30 and 166 MPa, t@aed under hyperosmotic conditions
for 60 min and rehydrated to 1.4 MPa (Table 1). Boe mild treatment (30 MPa

corresponding to a water activity of 0.8), the viibof the WT strain remained high (about
80%) whereas it was strongly decreased forety®A strain (3%). The survival of the WT

strain is in agreement with previous studies whighorted that the magnitude of 30 MPa,
slightly higher than the one allowing osmoregulatid5 MPa) (Marechal et al., 1995),

affected weakly the yeast viability (Simonin et, &007). The difference in sensitivity to

osmotic shock between the two strains was alsoreédefor the 166 MPa treatments

(corresponding to a water activity of 0.3): yeastgals reached 0.3% and 0.01% for the WT
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and theerg@A, respectively. Even if the decrease in viabilitgsahigh for the two strains at
this dehydration levelergbA was also more sensible than the WT. This resggests that
mutating a protein involved in the ergosterol sysik can directly affect the resistance of
yeast to hyperosmotic perturbations. In the reneinof this study, we endeavored to
understand the cause of the high sensitivity of ¢hgbA yeast strain to hyperosmotic

treatments at 30 and 166 MPa.

High sensitivity of the ergd strain to hyperosmotic shocks is linked to PM
permeabilization

Leaking of cellular content induced by loss of Pieqgrity is often reported to explain cell
death during hydric perturbations (Beker and Rapppt987; Crowe et al.,, 1989). To
understand the cause of tleeg6A mutant strain sensitivity to hyperosmotic streag
examined PM permeability by propidium iodide (Piising of the WT anderg6A strains
before and after dehydration shock to 30 and 16&,MiRAd after shock to 30 and 166 MPa

followed by maintenance period of 60 min and byydehtion to 1.4 MPa (Table 1).

Rehydration step is critical for ergéPM integrity during mild treatment (30 MPa)
Without osmotic perturbation, the proportion of peabilized cells was very low, reaching a
value close to 1% for the two strains. This propordid not change after dehydration to 30
MPa for the WT strain and increased slightly to 786 the ergéA strain (Table 1).
Rehydration to 1.4 MPa raised dramatically the propn of permeabilized cells to 90% for
the mutant strain whereas this proportion remaateallow level (6%) for the WT strain. This
result suggests that permeabilization of the PMtled ergéA strain occurred during
rehydration and could be the cause of the highitats of the mutant to hyperosmotic

stress.
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To estimate more accurately the mechanism of tee f membrane integrity cfrgéA
during rehydration, we characterized the changesambrane permeability after rehydration
to different osmotic pressures between 1.4 and [2IR& after hyperosmotic shock to 30 MPa
(Fig. 2). For the WT strain, rehydration from 30 8B this range of osmotic pressures did
not affect the PM. For therg@A strain, the proportion of permeabilized cells \masut 40%
after rehydration to 22.5 MPa and increased withamplitude of rehydration to reach 90%
after rehydration to 1.4 MPa. This result shows tha permeabilization of the PM during
rehydration step depends on the level of rehydnatiod that the loss of membrane integrity

already occurs for low magnitude rehydration.

Dehydration step affects PM integrity for high armyale treatment (166 MPa)

Pl staining was performed after dehydration to M#®a and after rehydration to assess the
effect of each stage of the dehydration-rehydratigcle on PM integrity for both strains
(Table 1). After the dehydration step to 166 MH® proportion of permeabilized cells
reached 33% and 91 % for WT aay6A strains, respectively. After rehydration, thisaat
was high for both strains: 87% and 95%, respegtivalhese high proportions of
permeabilized cells after rehydration were coreslawith the low survival rates observed
after treatment to 166 MPa (Table 1). However, rdmilts suggest that the mechanisms of
PM permeabilization are different for the two steaiPM oferg6A strain is strongly altered
by the dehydration stage whereas the two stephefdehydration-rehydration cycle are
involved in the loss of PM integrity for the WT &@in as previously reported (Dupont et al.,

2010).

Variations in yeast volume lead to plasma membratess
Hyperosmotic perturbations cause movement of lapgentities of water across the PM,

decreasing cell volume (Morris et al., 1986; Gesvamnd Beney, 2001; Simonin et al., 2007).
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Yeast membrane permeabilization could be relatechtmges in the cell surface-to-volume
ratio (s/v) during the dehydration-rehydration eyclCell volume measurements were
performed for WT andergbA strains by optical microscopy. This method allotie
observation of yeast surface delimited by the wvall. Volume was then calculated by
assimilating the yeast volume as a sphere.

Yeast volume was studied after hyperosmotic shdobsn 1.4 MPa to osmotic
pressure levels between 30 and 166 MPa for badimst({Fig. 3). The study of cell volume as
a function of osmotic shock amplitudes showed WWat cells shrank under hyperosmotic
conditions. With increasing osmotic pressure, aalume, delimited by the cell wall,
asymptotically reached a minimal value (50% ofiahivolume). This phenomenon, related to
the semipermeability of the PM, results from thanosc transfer of water from the
cytoplasmic space to the external medium and alleguslibration of internal and external
osmotic pressures (Gervais and Beney, 2001). Therwatflow induces the volume decrease
of the cytoplasm leading to the pull of the cellivy PM. In contrast to vegetal cells where
plasmolysis event is observed (Ferrando and Sp2€€H,), the cell wall of yeast remains in
contact with the plasma membrane during dehydrdiEcause it presents many attachment
sites with the PM and displays a great elastiditiorfis et al., 1986). The analysis of the
volume oferg@ cells after increasing osmotic pressure revealeéeravior similar to WT
cells for mild osmotic shocksx80MPa). This result indicates that sterol natuckrt affect
significantly the osmotic properties of the PM frch treatment. Beyond 30 MPag@A
cells exhibited a different response than WT celtdume decreased to a minimum value of
57.4% at 70 MPa but re-increased for higher osmisi@ls and reached 64.2% after
treatment to 166 MPa. Thus, for a range of osmutssures between 70 and 166 MPa, the
final volumes of the mutant strain were higher th@mthe WT cells. Such volume behavior

of theerg®A strain during dehydration to high amplitudes cdutdexplained by relaxation of
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cell wall due to the rupture of the PM for the mokthe cells (Table 1). These results suggest
that dehydration beyond 30 MPa involves high tensitength in PM which could be at the
origin of PM membrane rupture and permeabilizatainthe mutant yeast due to high
membrane sensitivity to stretching for this strain.

To improve the comprehension of the mechanisms Mf g@rmeabilization during mild
dehydration-rehydration cycle (30 MPa) for the mitistrain, a comparative analysis of yeast
volume between thergbA and WT strains was performed after dehydratiodifferent levels

to 30 MPa (Fig. 4 A) and after dehydration to 30aviBllowed by rehydration to different
amplitudes (Fig. 4 B). The profile of cell volumedth increasing levels of osmotic pressure
ranging from 7 MPa to 30 MPa, was very similartfog two strains. Hyperosmotic treatments
led to exponentially cell volume decrease: the atamn of the volume was strong for
amplitudes to 14.5 MPa and yeast volume reached @8#te initial volume (at 1.4 MPa).
Under higher osmotic pressures, the volume sligtitlgreased to reach a value of 65% at 30
MPa. After hyperosmotic shock to 30 MPa followed i@hydration to different osmotic
pressures, the profiles of cell volumes were ddférfor the two strains. For the WT strain,
cell volume after rehydration perfectly fitted witlell volume measured during dehydration
(Fig. 4 A and B). Thus, volume changes induced ypyehosmotic treatment to 30 MPa were
reversible and the cell volume was recovered afthydration to 1.4 MPa. For therg6A
strain, rehydration from 30 MPa to osmotic pressuretween 22.5 and 7 MPa conducted to
an increase in cell volume to values slightly higthen the ones of the WT strain. However,
these differences were not significant. Rehydratmi.4 MPa conducted to a volume value
of 82% of the initial volume. This phenomenon coblel linked to the high proportion of
permeabilized cells for therg6A strain during rehydration (Fig. 2): cell swellimyring
rehydration is related to osmosis phenomenon whetfuires the integrity of the PM. A

possible hypothesis to explain PM permeabilizatioming the rehydration step could be a
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lack of membrane surface causing membrane rupturengd cell swelling. Indeed, we
reported, in a previous study, that PM permealtibnaoccurred during rehydration of WT
yeasts after a shock to 166 MPa. This event wasechby a decrease in the PM surface
induced by membrane internalization after thisyrbdtion (Dupont et al., 2010). Reduction
of PM surface after shock to 30 MPa could expl&i@ membrane permeabilization of the
ergéA occurring during the rehydration step strain failog the shock to the moderate

osmotic pressure of 30 MPa.

Plasma membrane deformations after hyperosmoticahito 30 MPa depend on the nature
of membrane sterols

TEM was used to characterize ultrastructural changduced by hyperosmotic shock to 30
MPa on the two strains. Fixation of cells was perfed just after the treatment by using a
chemical fixation protocol.

After shock to 30 MPa, WT anergbA strains presented PM deformations (Fig. 5 A, B, C,
and D). For the WT strain, PM showed narrow angded00-500 nm) invaginations which
appeared curled back toward (Fig. 5 B). This kihdeformations has already been observed
in the case of progressive osmotic dehydration@6 WMPa (Dupont et al., 2010). For the
ergéA strain, PM presented a more undulated aspect nmpaoson to WT. Furthermore,
small vesicles were observed between the plasmabnase and the cell wall (Fig. 5 D). The
formation of vesicles out of the cytoplasm has éesn reported for gram-negative bacteria
under hyperosmotic conditions (Koch, 1998). Thessiales could be at the origin of PM
surface reduction in the mutant strain after hyperatic shock and could explain the

permeabilization of the mutant during the swellinduced by rehydration.
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Exogenous ergosterol restores the resistance of ¢éhgtd strain to hyperosmotic shock to
30 MPa

The most probable hypothesis to explain the hypergeity of the ergéA to hyperosmotic
perturbations was the modification of the PM preipsrcaused by the change in PM sterols.
However, a second explanation could be possiblendtream effects induced BrgéA
mutation such as remodeling in transcription, i@, or cytoskeleton organization. These
effects could also induce changes in membrane grepeTo determine if the first hypothesis
was correct, we inspected whether exogenous addfi@rgosterol in therg6A strain could
restore normal sensitivity to hyperosmotic perttidva at 30 MPa (Fig. 6). Addition of
ergosterol during cell growth under aerobic cowodisi did not change the survival to this
perturbation of the two strains: viabilities of AT anderg6A remained unchanged at about
80% and 3%, respectively. Under aerobic growth ttang, yeasts synthesize sterols and do
not incorporate significant amounts of exogenoesost, a phenomenon known as “aerobic
sterol exclusion” (Lorenz and Parks, 1991). In castt growth of yeasts performed without
oxygen allowed exogenous ergosterol to incorpdregePM of the two strains because yeasts
become auxotrophic for sterols under anaerobic idond. Anaerobic growth with an
ergosterol supplementation to the culture mediud® (2M), yielded to significant changes in
the yeast survival rates after hyperosmotic shack0aMPa. This rate reached 66% for the

WT anderg@A strains.

PM ergosterol is a key factor in the yeast resistarto hydric perturbations

Sterol composition of the two strains was analyaeda function of the growth conditions
(aerobic or anaerobic) to confirm that the effeiserved on yeast resistance to dehydration
was correlated with the nature of sterols in the M. 7). Under aerobic growth condition,

WT strain accumulated mainly ergosterol and somésoprecursors (squalene, lanosterol,
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zymosterol, and ergosta-5,7) whereargl6A strain accumulated mainly zymosterol and
cholesta-5,7,24-trienol, as previously describedurfM et al., 1999). In contrast, under
anaerobic growth condition with ergosterol suppletagon, the sterol profiles of the two

strains were very similar: both strains accumulatednly ergosterol, at a level close to that
observed for the WT strain grown under aerobiosgjualene accumulation under
anaerobiosis is not surprising because squalengidgtion, which is the next step after
squalene in the ergosterol biosynthesis, requixggen (Jahnke and Klein, 1983). Altogether,
these results suggest that resistance to dehyanaticelated to the presence of ergosterol in
the PM, since growth conditions that allow ergasiterccumulation in the PM (anaerobic
growth for erg@A; aerobic and anaerobic growth for WT) increasesyeasistance to

dehydration. Therefore, yeast survival to dehydratis directly linked to the nature of

membrane sterols.

Discussion

The aim of this study focused on the effect of #ffects of the sterol content on PM
properties in response to hyperosmotic perturbstidty comparing membrane behaviors
during dehydration-rehydration cycles between thE 8ifain (accumulating ergosterol in the
PM) and theergbA mutant (accumulating zymosterol and cholesta-8;#j2nol) (Fig. 7).
The main finding is that nature of PM sterols iefiges the mechanical properties of the PM.
These changes in properties led to different osimmhaviors of the PM and induced a high
sensitivity of theerg6A mutant to hyperosmotic perturbations, as comptrdide WT strain.
Hyperosmotic perturbations induced an outflow ofjgaquantities of water, causing a strong
decrease in cell volume (Figs. 3 and 4). Due to ltdve lateral compressibility of the
membrane (Evans et al., 1976), the cell s/v rateveiase conducted to compressive lateral

stress and to the deformation of the PM. TEM olm@ya of WT anderg6A strains after
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hyperosmotic shock at 30 MPa revealed that the &fndembrane deformations depended on
the sterol composition of the PM (Fig. 5). The limktween membrane sterols and the kind of
membrane deformations observed could be relatétetanfluence of the nature of sterols on
the physical properties of the lipid bilayer. Altlgh the effect of zymosterol and cholesta-
5,7,24-trienol on model membrane properties havemieeen studied to our knowledge, it is
known that modifications of physical membrane praps can be directly related to the
structure of sterol molecule, including its plas#étucture, its size, and the properties of its
small polar 3-OH group (Xu and London, 2000). Imtjcalar, the double bond between C-7
and C-8 in the B ring is known to be involved ir thacking and the overall rigidity of the
PM. Cholesta-5,7,24-trienol, like ergosterol, bat mymosterol displays a C-7,8 double bond
(Fig. 1). This induces the higher membrane fluidifythe mutant than the WT strain (Kaur
and Bachhawat, 1999; Abe and Hiraki, 2009). Thef$erdnces in packing and fluidity of the
PM between both strains could account for the difiees in membrane deformations during
osmotic cell volume contraction.

Changes in PM properties conducted to the diffexeincyeast strain sensitivity to hydric
perturbations. The high sensitivity of tleeg6A strain is linked to the loss of PM integrity
which occurs during the two steps of the dehydrétehydration cycle (Table 1). On the one
hand, dehydration stage conducted to the permeatdn of the PM: this phenomenon was
observed for the treatment to high hyperosmotiellél66 MPa). After this perturbation, over
90% of the mutant cells were permeabilized whemay 35% of WT yeasts lost their
integrity (Table 1). Cell volume analysis on a rar@f osmotic treatments between 30 and
166 MPa (Fig. 3) revealed that PM pulled the callvand endured stretching stress during
severe dehydration. The influence of sterol stmgctan the stretching resistance of the
membrane (Hossack and Rose, 1976) may explainigherfragility of the membrane in the

ergéA mutant, as compared to the WT, during the dehiyaragtep. On the other hand, the
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rehydration step was critical for mutant cell irriggunder mild treatments (30 MPa) (Table
1). After this hyperosmotic treatment, membranensabilization increased with the level of
rehydration (Fig. 2) and with cell volume swelliffgig. 4). A possible explanation is a lack of
membrane surface conducting to PM lysis during ¢ed volume increase caused by
rehydration. This phenomenon has been observewiblyeasts only in the case of severe
hyperosmotic shocks: decrease of PM surface wasedaby membrane internalization
(Dupont et al., 2010) and led to the loss of memérategrity during the rehydration. This
event was also shown for protoplasts (Wolfe et B986) during osmotic perturbations.
Decrease of membrane surface seems to be relatééd formation of extracellular vesicles
between cell wall and PM observed only with the antistrain by TEM microscopy (Fig. 5).
All these events indicate that the nature of teeastmolecules in the membrane influences
the physical behavior of the PM during hydric pdsations. This parameter is clearly
involved in cell survival during this environmensdtess. This conclusion is reinforced by the
fact thatergbA resistance to dehydration is restored when cuéidvaunder conditions of
ergosterol accumulation (Figs 6 and 7).

In their ecological niche, such as the plant s@$aand soil, yeasts are subjected to hydric
fluctuations of the environment and can encountgh solute concentrations. This study
shows that a non lethal (in the classic geneticseerergosterol mutant, accumulating
ergosterol precursors, is highly sensitive to hygerturbations compared to the WT strain. It
is surmised that membrane sterols have been sglester a very long time period by
Darwinian evolution for their ability to optimizeedain physical properties of the membranes.
As argued by Konrad Bloch, the temporal sequendbeokterol biosynthetic pathway can be
taken to represent the evolutionary sequence aflgt@loch, 1994). In this view, thergeA
yeast strain is an evolutionary precursor of the ¥%&in. These results could provide some

response elements on the nature of a driving favbesh led to the evolution of the ergosterol
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biosynthetic pathway in members of fungi kingdonhmiaka encounter hydric fluctuations in

their natural environment.

Experimental procedures

Yeast strains and culture conditions

The Saccharomyces cerevisiagrain BY 4742 Wild Type (WT)MATa his3A1 leu2A0
lys2A0 ura3A0) and theergbA mutant MATa his3A1l leu2A0 lys2A0 YMROO8c::kanMXy
(Euroscarf, Frankfurt, Germany) were used in thiglg Cells were grown aerobically at
25°C in 250 mL conical flasks containing 100 mL M&lt Wickerham modified medium
(MW). The MW medium contained 10 g glucose, 3 ggoeatic peptone, 3 g yeast extract,
and 1.5 g NakPO, (Sigma-Aldrich, Saint Quentin Fallavier, France) 1 L of water—
glycerol, which had an osmotic pressure of 1.4 MPhis osmotic pressure has been
recommended for the optimal growth f cerevisiadAnand and Brown, 1968). For aerobic
growth, a subculture (1 mL) was transferred intmaical flask containing MW medium, and
cultures were placed on a rotary shaker (New Bricls@cientific, Edison, NY, USA) at 250
rom for 24 h and allowed to grow to the early stadiry phase. The final population was
nearly 18 cells mL-*. The media used for anaerobic growth were suppiéedenith 2% (v/v)
Tween 80 (polyethylene sorbitan mono-oleate) ar@l 28! ergosterol and was degassed of
oxygen by nitrogen bubbling for 12 h before inotiola with 1 mL of subculture. Culture was

performed in an anaerobic chamber for 24 h at 25°C.

Preparation of binary water—glycerol solutions oiffitrent osmotic pressures
The solute used in all experiments to perform hyp@otic treatments was glycerol (Sigma-

Aldrich).
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The mass of solute to be added to 1000 g of didtiNater to obtain the desired water activity
(aw) was calculated using the Norrish equation (Nbrri®©66):

aw = (1 -Xg9e ™,
whereXs is the molar fraction of the solute akds the Norrish coefficient of the solute used
to increase the osmotic pressure. For glycétat, 1.16. Osmotic pressure)(is related to the

water activity by the following equation:

RT Ina,,
Vw

whereR is the universal gas constant (J.th&l?), T is the temperature (K) and, is the
partial molar volume of water (hmol). Table 2 presents the quantity of glycerol used t

prepare the solutions of different osmotic pressure

The osmotic pressure of all solutions was checkdéd & dew-point osmometer (Decagon

Devices Inc., Pullman, WA, USA).

Osmotic treatments

Two levels of osmotic treatments were used: modd@Q MPa), which is slightly higher than
that allowing osmoregulation, and severe (166 MPa).

Samples (20 mL) of culture were centrifuged (5 n#800Qg), washed twice in the binary
water—glycerol mixture (1.4 MPa), and the pelleerevresuspended in 10 mL of the same
medium. 1 mL aliquots of this suspension were glananicrosample tubes, which were then
centrifuged (10 min, 510@) and the supernatant was removed. Hyperosmotickshas
induced by quickly introducing 1 mL of a binary wetglycerol solution (final osmotic
pressure of 30, or 166 MPa) to the pellets. Thks @are maintained 1 h under hyperosmotic
conditions before rehydration. Rapid rehydration swperformed by removing the
hyperosmotic solution from the microsample tuberaftentrifugation (10 min, 510§) and

by quickly introducing 1 mL of the binary water—gérol solution (1.4 MPa) to the cell pellet.
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Cell suspensions, rehydration solutions, and slsobtktions were kept in an air-conditioned

room at 25°C. The temperature of the solutions etesked using a thermocouple.

Measurement of yeast viability

Yeast viability was estimated in triplicate by 68U method. After osmotic treatment, fully
rehydrated cells were diluted serially and the appate dilutions were plated in MW
medium with 15 g * of agar. CFU were counted after incubation forh3at 25°C. The

initial cell suspension was used as the control.

Cell volume analysis

Cell volume variations were measured after dehyahrab different osmotic pressures (7, 14,
22.5, and 30 MPa) and after dehydration to 30 Milavied by rehydration to 14, 7, and 1.4
MPa. These variations were estimated on imagesiradqwith a Nikon Eclipse TE 2000 E

microscope (Nikon, Tokyo, Japan) with spectral camd¢uance CRI. Cells were individually

analyzed with the software ImageJ 1.42q to detegrtheir projected areas and volumes.

Assessment of plasma membrane permeability

Propidium iodide (P1) (Invitrogen, Carlsbad, CA, A)Svas used to assess PM integrity. This
probe stains nucleic acids after permeabilizatioin® PM. Pl was dissolved in distilled water
(10 mg mLC?) to prepare the stock solution, and 30§ of Pl was used to stain %6ells.
Proportion of permeabilized cells was estimatedidy cytometric analysis for treatments to
30 MPa using a FACSCalibur flow cytometer (BD Biesces). For each sample, 10 000
events were collected. Above this amplitude, it waspossible to use the flow cytometer due
to the high viscosity of the cell suspensions amal groportion of permeabilized cells was

assessed by fluorescence microscopy for treatnberit86 MPa. A Nikon Eclipse TE 2000 E
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epifluorescence microscope (Nikon, Tokyo, Japarth spectral camera Nuance CRI was
used to observe cells. Images were acquired wigd@ (NA: 0.95) Plan Apo objective
(Nikon) and collected with Nuance software (NikoB)ack and white images were captured
to observe the total cell population (at least 860s). A monochromatic epifilter (540-580
nm and 600-660 nm excitation and emission wavelengespectively) was used to observe

cells stained with PI.

Electron microscopy

TEM was used to assess the yeast ultrastructuteaftes shock to 30 MPa. Concentrated
yeast samples were fixed for 12 h at 4°C with 3utaghldehyde and 2% paraformaldehyde
in water—glycerol solution at osmotic pressure @f\8Pa. Treated cells were fixed just after
the end of the osmotic treatment. After washingjsagere postfixed with 0.5% 0560.1 M
phosphate buffer, pH 7.2, for 1 h at 4°C. Cellsevéehydrated progressively in 30%, 50%,
70%, 90%, and 100% ethanol, 30 min for each stepregnated with Epon, and polymerized
at 60°C for 48 h. Ultrathin sections (90 nm) webtained using an Ultracut E ultramicrotome
(Reichert, Depew, NY, USA) and contrasted with ylamacetate and lead citrate.
Observations were performed on a Hitachi 7500 tréssion electron microscope (operating
at 80 kV) equipped with an AMT camera driven by AMdftware (AMT, Danvers, MA,

USA).

Membrane sterol identification and quantification

Lipid extracts were obtained frorb 10 shock-frozen yeast cells grown as indicated. Cells
were harvested, washed with distilled water andnakp to 1 mL with cold water. Cells were
then broken by vigorous shaking with a mini-beatddaV (Biospec Products) for 1 min at

5000 rev./min in the presence of 50Q of glass beads (diameter 0.3—0.4 mm; Sigma).
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Cellular lipids were extracted using chloroform/heatol (2:1, v/v) as described by Folch et
al. (Folch et al., 1957). The final organic phases\evaporated and sterols were dissolved in
100uL of hexane.

The different sterol species were then separate@ds/Chromatography using a 25 mx0.32
mm AT-1 capillary column (Alltech) and identifiedy ihe means of their retention times
relative to cholesterol, used as a standard. Theltseare expressed as nmol of sterdl/10

cells.
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Figurelegends

Fig. 1. Ergosterol biosynthetic pathway 8accharomyces cerevisig@d) The five final steps
in ergosterol biosynthesis. (B) Structure of themsterols accumulated in tleeg6A mutant.

(C) Structure of ergosterol, the major sterol acelated in the WT strain.

Fig. 2. Evolution of plasma membrane integrity as a fuorctof the rehydration level after

dehydration at 30 MPa. WT areg6A strains were treated with hyperosmotic shock to 30
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MPa and were stained with PI after rehydration itteknt osmotic pressures: 1.4, 7, 14.5,
and 22.5 MPa. Measurement of the proportion of pabmized cells was performed by flow
cytometry. Error bars correspond to the SD caledlatrom three repeat experiments.
Asterisks denote statistical significance with exgpto wild type strain (*, P<0.05; **

P<0.01; ***, P<0.001).

Fig. 3. Evolution of yeast volume as a function of the magle of hyperosmotic shocks.
Volume estimation was performed by microscopic iemapalyzing after shocks to 30, 70,
110, and 166 MPa. Error bars correspond to the @fulated from three repeat experiments.
Asterisks denote statistical significance with exgpto wild type strain (*, P<0.05; **

P<0.01; ***, P<0.001).

Fig. 4. Comparison of cell volumes between WT ard6A during dehydration to 30 MPa
followed by rehydration to 1.4 MPa. Volume estimativas performed by microscopic image
analyzing. For the cell volume profile during delstibn (A), yeasts were observed after
hyperosmotic treatments to 7, 14.5, 22.5, and 3@.NHer the profile during rehydration (B),
yeasts were observed after rehydration to 1.445, and 22.5 MPa from cells dehydrated to

30 MPa. Error bars correspond to the SD calculfxted three repeat experiments.

Fig. 5. Ultrastructure of WT anerg6A yeasts after hyperosmotic shock to 30 MPa. TEM
micrographs of representative yeast sections. @éks shock to 30 MPa for WT (A and B)
anderg6A (C and D). Micrographs were taken of 2% parafodelyde/3% glutaraldehyde-
fixed, metaperiodate-treated, reduced osmium post-fend EPON embedded cells. Cells
were fixed just after the hyperosmotic shock toM®a. (A), and (C): bar scale = 500 nm.

(B), and (D): bar scale = 100 nm.
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Fig. 6. Effects of exogenous ergosterol addition duringesabic culture on yeast survival to
hyperosmotic shock. WT andrg6A strains were cultivated in aerobic and anaerobic
conditions with a supplementation of ergosterol0(28v1). Hyperosmotic shock to 30 MPa
were performed and viabilities were estimated by @kethod. Error bars correspond to the
SD calculated from three repeat experiments. Asiterdenote statistical significance with

respect to wild type strain (*, P<0.05; **, P<0.01*, P<0.001).

Fig. 7. Effects of growth conditions on the sterol comgositof the WT anderg6A strains.
Both strains were grown under aerobic, or anaerobonditions with ergosterol
supplementation (250 pM). After lipid extractiorie®l amounts were determined by gas
chromatography using cholesterol as a standardjeasribed in Materials and Methods.
Sterols are arranged along the x-axis accordinigeio order of appearance in the biosynthetic
pathway of ergosterol, excepting cholesta-5,7,htl. This compound, which has a
structure close to the one of ergosterol, is aoghpct that accumulates in tleeg6A strain.

Error bars correspond to the SD calculated froreglepeat experiments.



