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ABSTRACT

A wealth of biochemical and molecular data have been reported regarding ethanol toxicity in the yeast Saccharomyces cerevisiae.
However, direct physical data on the effects of ethanol stress on yeast cells are almost nonexistent. This lack of information can
now be addressed by using atomic force microscopy (AFM) technology. In this report, we show that the stiffness of glucose-
grown yeast cells challenged with 9% (vol/vol) ethanol for 5 h was dramatically reduced, as shown by a 5-fold drop of Young’s
modulus. Quite unexpectedly, a mutant deficient in the Msn2/Msn4 transcription factor, which is known to mediate the ethanol
stress response, exhibited a low level of stiffness similar to that of ethanol-treated wild-type cells. Reciprocally, the stiffness of
yeast cells overexpressing MSN2 was about 35% higher than that of the wild type but was nevertheless reduced 3- to 4-fold upon
exposure to ethanol. Based on these and other data presented herein, we postulated that the effect of ethanol on cell stiffness may
not be mediated through Msn2/Msn4, even though this transcription factor appears to be a determinant in the nanomechanical
properties of the cell wall. On the other hand, we found that as with ethanol, the treatment of yeast with the antifungal ampho-
tericin B caused a significant reduction of cell wall stiffness. Since both this drug and ethanol are known to alter, albeit by differ-
ent means, the fluidity and structure of the plasma membrane, these data led to the proposition that the cell membrane contrib-
utes to the biophysical properties of yeast cells.

IMPORTANCE

Ethanol is the main product of yeast fermentation but is also a toxic compound for this process. Understanding the mechanism
of this toxicity is of great importance for industrial applications. While most research has focused on genomic studies of ethanol
tolerance, we investigated the effects of ethanol at the biophysical level and found that ethanol causes a strong reduction of the
cell wall rigidity (or stiffness). We ascribed this effect to the action of ethanol perturbing the cell membrane integrity and hence

proposed that the cell membrane contributes to the cell wall nanomechanical properties.

he yeast Saccharomyces cerevisiae is a remarkable ethanol pro-

ducer that is also very sensitive to its main fermentative prod-
uct. At low to moderate concentrations (5 to 7%), ethanol mainly
affects the growth rate, and at higher concentrations (>10%), it
can strongly impair cell integrity, eventually leading to cell death
with features of apoptosis (1). These inhibitory and toxic effects
are ascribed to the fact that ethanol alters cell membrane fluidity
and dissipates the transmembrane electrochemical potential,
thereby creating permeability to ionic species and causing leakage
of metabolites (2). Recent works using lipidomic methodologies
confirmed the relationship between the composition oflipids, no-
tably ergosterol and unsaturated fatty acids, and ethanol tolerance
(3, 4). Moreover, as it diffuses freely into cells, ethanol at high
concentrations may directly perturb and denature intracellular
proteins (reviewed in references 5 and 2). The production of eth-
anol as an alternative fuel energy from renewable carbon resources
by microbial cell factories is a great industrial concern nowadays.
For this to become economically attractive, a major challenge is to
increase the tolerance of yeast to ethanol, which requires an un-
derstanding of the mechanisms of its toxicity.

The remarkable advances in genomic technologies over the last
15 years have raised the possibility of investigating ethanol toxicity
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on a global (genomic-proteomic-metabolomic) scale. DNA mi-
croarrays were used to explore the transcriptomic responses of
yeast exposed to ethanol stress (6—9). These works revealed im-
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pressive transcriptomic changes which implicate a broad range of
functional categories, including protein biosynthesis, metabolism
of amino acids, nucleotides, lipids, and sterols, ion homeostasis,
the cell cycle, and membrane and cell wall organization (for a
review, see reference 5). On the other hand, the genetic basis of
ethanol resistance was investigated using transposon mutagenesis
and single-gene-knockout (SGKO) mutant collections that were
challenged with different concentrations of ethanol (10-13). This
was followed by applying genetic/genomic methods to map
genomic regions related to ethanol tolerance. This powerful ap-
proach, which relies on crossing two parents, one inferior and the
other superior for a trait of interest, followed by whole-genome
sequencing of a large set of recombination segregants, allowed
identification of potential genetic loci linked to high ethanol tol-
erance and, thereby, determination of causative genes. In partic-
ular, MKT1, SWS2, and AJP1 (14) were isolated by this approach,
as well as the VPSI16, VPS28, and VPS70 genes, which encode
components of the vacuole protein sorting system (15, 16). How-
ever, the causative genes identified are apparently dependent on
several criteria, including the origin of the parental strains, the
culture conditions, the size of the segregant sample, and the per-
formance of the algorithm used to analyze the data. Altogether,
and regardless of how tolerance to ethanol was defined (2), these
genome-scale studies underscored the genetic intricacy of ethanol
tolerance and the complexity of the yeast response to this com-
pound at the molecular level. However, these studies did not bring
us any clue about the physical effects that ethanol can have on
yeast cells, although some transcriptomic and metabolomic data
may suggest important modifications of cellular membranes (3, 4,
17-20) and cell wall organization (12) of yeast cells exposed to
high levels of ethanol. Thus, obtaining biophysical data on yeast
cells exposed to high ethanol concentrations may provide comple-
mentary information on how cells can cope with this toxic com-
pound, which may be relevant for further strategies to improve the
tolerance of yeast toward ethanol.

These biophysical data can now be obtained using atomic force
microscopy (AFM), which has emerged as a powerful technology
for probing microbial cells at the nanoscale level and measuring
the nanomechanical properties in the natural environment of the
microbes (21, 22). It is therefore the best tool for visualizing and
quantifying effects of ethanol stress at the single-cell level. This
question was previously approached by Canetta et al. (23). How-
ever, they used an air-drying immobilization technique to fix eth-
anol-treated yeast cells on a glass slide. As discussed in a previous
work (24), the immobilization technique must keep the cells alive
under conditions as close as possible to those of the natural envi-
ronment. Thus, the immobilization technique has to be “neutral”
to avoid interfering with the biological condition under study. As
these conditions were apparently not respected in the work of
Canetta et al. (23, 25), we revisited ethanol stress by using our
innovative immobilization method, which is based on trapping
single yeast cells in microchambers produced by microstructured
polydimethylsiloxane (PDMS) stamps (26). These microcham-
bers can easily be loaded by convective/capillary deposition of
yeast cells. This versatile method was validated by AFM nanome-
chanical measurements of yeast cells and germinated Aspergillus
conidia in growth media (27). In addition, we investigated the role
of the transcription factor Msn2/Msn4 in this AFM analysis of
ethanol stress. The reason for this was that a large part of the
transcriptomic response to ethanol stress is mediated through the
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general stress-responsive factor encoded by MSN2 and its ortho-
logue MSN4 (7, 29, 30). This response is explained by the ethanol-
induced translocation of Msn2 from the cytosol to the nucleus and
the consecutive transcriptional activation of the binding of Msn2
to the stress response elements (STRE) present in the promoters of
stress-related genes (31). The potential function of YAPI in this
ethanol effect was also evaluated because this gene was inferred to
be implicated in ethanol resistance, as indicated by its upregula-
tion in an ethanol-tolerant S. cerevisiae strain obtained by en-
forced evolutionary adaptation (30).

In this study, we showed that ethanol stress provoked a dra-
matic reduction of cell wall rigidity (stiffness) that was accompa-
nied by neither a change in the polysaccharide composition nor a
change in the thickness of the cell wall. We furthermore found that
this biophysical response to ethanol does not occur in cells lacking
Msn2/Msn4, although the stiffness of these cells is already signif-
icantly reduced relative to that of wild-type cells, pointing to a role
of this transcription factor in the control of the nanomechanical
properties of the cell wall. Evidence that the effects of ethanol on
cell stiffness implicate the cellular membrane was obtained by the
finding that amphotericin B (AmB), which, like ethanol, alters the
membrane fluidity (32), also caused a dramatic reduction of cell
wall rigidity. Taking our data together, we propose that the nano-
mechanical properties of yeast cells are dependent on some etha-
nol-sensitive molecular components that build the interconnec-
tion between the plasma membrane and the cell wall and that
these components are under the transcriptional control of Msn2/
Msn4.

MATERIALS AND METHODS

Yeast strains, culture media, and viability assay. Unless otherwise
stated, the Saccharomyces cerevisiae “wild-type” strain was BY4741
(MATahis3A1 leu2A0 met15A0 ura3A0), and the isogenic BY yaplA, BY
rimIA, BY crzIA, BY msn2A, and BY msn4A mutants were from the
EUROSCAREF collection (Institute of Microbiology of the University of
Frankfurt, Germany). The double mutant BY msn2A msn4A was obtained
by crossing the haploid mutant a msn2A::KanMX4 with the a msn4A::
KanMX4 strain, followed by sporulation and selection on G418-contain-
ing yeast extract-peptone-dextrose (YPD) agar medium, and the mutant
was confirmed by PCR analysis using primers upstream of MSN2 and
MSN4 and inside KanMX4, as described previously (33). The BYMSN2up
strain, which constitutively expresses MSN2, was constructed as follows.
The 2,115-bp MSN2 open reading frame (ORF) was amplified by PCR
from the genomic DNA of the BY4741 strain with the primers
MSN2_BamH1_S and MSN2_HindIII_AS (see Table S1 in the supple-
mental material). This PCR fragment was inserted into the BamHI/Hin-
dIlI sites of the YCplac33-PGK/CYC1 plasmid, which was created with the
PGK/CYCI cassette from pYPGE2 (34) in the centromeric YCplac33
backbone (35). This plasmid, YCplac33-MSN2, was then used as the tem-
plate to amplify the PGKI-MSN2-CYCI cassette by using the primers
YIplac211_PGK_S and YIplac211_CYCI1_AS (see Table S1). The PCR
fragment was subcloned into the YIplac211 integrative URA3 plasmid
(35) by using an In-Fusion HD cloning kit (Clontech) after digestion by
HindIII and EcoRI. The YIplac211-PGK-MSN2-CYCI plasmid was then
linearized by cutting with Ncol in the URA3 marker and used to transform
the double mutant BY msn2A msn4A to obtain integration. Correct inte-
gration at the URA3 genomic locus of the PGK-MSN2-CYCI cassette was
confirmed by PCR using the above-mentioned MSN2_HindIII_AS and
MSN2_BamH1_S primers (see Table S1). The haploid, prototrophic S.
cerevisiae strain CEN.PK-113.7D was also used in this study to compare its
resistance to ethanol with that of strain BY4741. The S. cerevisiae strains
used in this study were cultivated in rich YPD medium (1% [wt/vol] yeast
extract, 2% [wt/vol] peptone, 2% [wt/vol] glucose) at 30°C with agitation

August 2016 Volume 82 Number 15

1sanb Aq 9T0Z ‘ST AInc uo /Bi1o wse war//:dny wol) papeojumod


http://aem.asm.org
http://aem.asm.org/

(200 rpm). When the optical density at 600 nm (ODg,) reached 1 unit,
half of the culture was treated with 9% (vol/vol) ethanol for 5 h. Cell
viability was estimated using methylene blue following a previously de-
scribed procedure (36) or by flow cytometry according to the procedure
described by Petitjean et al. (37), taking cell samples before and after 1 or
5 h of treatment with 9% (vol/vol) ethanol.

Assays of sensitivity to ethanol, cell wall drugs, and amphotericin B.
Sensitivities to ethanol and cell wall drugs were determined using expo-
nential-phase cells on YPD agar, which were collected by centrifugation at
an ODy, of about 2 units, washed with 1 M sorbitol, and resuspended in
the same solution at an ODy, of 5 units (around 5 X 107 cells/ml™").
Aliquots of 3 pl at dilutions of 10 to 10* were placed on YPD plates
containing ethanol, calcofluor white (Sigma-Aldrich), or Congo red
(Sigma-Aldrich) at the concentrations indicated in the corresponding fig-
ures. The latter drugs were prepared at 5 mg ml™ ' and filter sterilized
through 0.2-pm filters (Minisart; Sartorius) prior to their use. The plates
were incubated at 30°C, and colonies were scored after 48 h. Amphoteri-
cin B (AmB) sensitivity was determined essentially as described previously
(32). Briefly, serial dilutions from a stock solution of 2 mg ml~' AmB
(Sigma-Aldrich) in dimethyl sulfoxide (DMSO) were added to 5-ml yeast
cultures in YPD at an ODy, of 1.0 (about 1.4 X 107 cells ml™"). The MIC
was estimated as the concentration of AmB that resulted in no measurable
growth after 24 h at 30°C. Under these growth conditions, the MIC was
evaluated to be 4 wg ml~". For AFM experiments, 5 ml of yeast culture in
YPD medium at an ODj, of 1.0 was treated with 8 g m1~! of AmB for 1
h at 30°C with shaking (200 rpm).

Yeast transformation and (3-galactosidase assays of lacZ gene fusion
constructs. Wild-type and mutant cells were transformed by the standard
lithium acetate (LiAc) method (38) with the following plasmids. (i) p1366
is a reporter plasmid for Rlml activity that contains the promoter of
YIL117c¢ fused to lacZ and has been described previously (39). (ii) pJL1 is
a reporter plasmid for the Msn2/Msn4 transcription factor through the
STRE. This plasmid contains the promoter of GSY2 fused to lacZ and has
been described previously (40). (iii) pSG2 is a reporter for Crz1 transcrip-
tion factor activity. This plasmid was constructed by inserting 6 CDRE
elements (binding sites for Crz1) into the CYCI promoter upstream of the
lacZ gene in plasmid pLG669ZS (41) in a way similar to that described for
pFKS2(CDRE)6-lacZ (42) (see Table S1 in the supplemental material for
primers used to construct pSG2). The use of this plasmid for activation of
Crz1 by calcium was validated by the lack of a response in a crzI A mutant
transformed with this plasmid to calcium cations (not shown). The trans-
formants were grown for 3 days at 30°C on SD medium (synthetic dex-
trose medium containing 0.17% [wt/vol] yeast nitrogen base without
amino acids, 0.5% [wt/vol] ammonium sulfate, and 2% [wt/vol] glucose)
complemented with auxotrophic amino acids (methionine, leucine, his-
tidine, lysine, and tryptophan) and adenine, added at a 0.1% (wt/vol) final
concentration. Clones arising from this medium were picked up and fur-
ther cultivated in SD liquid selective medium overnight, and then cells
were harvested by gentle centrifugation, resuspended to an OD, 0f 0.5 to
0.8 unit in liquid YPD medium, and grown for 1 h at 30°C. Ethanol stress
treatment was conducted exactly as described for the AFM experiments.
Cells were collected and assayed for (-galactosidase enzyme activity as
described by Rose et al. (43). The activity was expressed as nanomoles of
p-nitrophenylgalactoside per minute and per milligram of protein. Con-
centrations of proteins in the cell extracts were measured using Bradford
reagent, with bovine serum albumin as a standard (44).

Gene expression analysis by RT-qPCR. Three independent cultures
of wild-type strain BY4741 were inoculated at an ODy,, of 0.05 into
250-ml shake flasks containing 100 ml YPD at 30°C and shaken in a rotary
shaker set at 200 rpm. At an ODg, of 0.5, they were collected by centrif-
ugation at 1,000 X g for 10 min, and the cell pellet was resuspended to the
same OD in YPD in the absence or presence of 9% (vol/vol) ethanol. After
5 h of incubation at 30°C, the cells were collected by centrifugation as
described above, and the tubes containing the cell pellet were immediately
frozen in liquid nitrogen and stored at —80°C. Total RNA extraction was
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performed as described previously (45). Quantification was performed at
260 nm (1 OD,4, unit = 40 pug RNA/ml), and purity was analyzed by
determining the 260 nm/280 nm ratio (purities ranged from 1.9 to 2.1).
The integrity of RNA was also verified by the sharpness and intensity of
bands corresponding to 26S and 18S rRNAs as a parameter for agarose gel
electrophoresis. For cDNA synthesis, 1 g of total RNA was used in a
40-pl reverse transcription (RT) reaction mixture with the ImProm-II
reverse transcription system (Promega) following the manufacturer’s in-
structions. Primer design, nucleotide sequences, and PCR optimization
were performed as previously described (45). Quantitative real-time PCR
(qPCR) was conducted in an ABI Prism 7300 machine (Applied Biosys-
tems, Foster City, CA), using a SYBR green PCR master mix kit (Applied
Biosystems) under previously described conditions (45). Possible con-
tamination by genomic DNA was evaluated. The quantification cycle (C,)
values were given automatically for independent amplifications. Raw C
values for all the samples were then plotted in Microsoft Excel 2007 work-
sheets to create a suitable input file for geNorm that complied with the
user’s guide. Reference genes TDH3, RDN18, and FPR2 were chosen on
the basis of expression stability and M values to normalize test gene values.
RT-qPCR assays and analysis followed the MIQE guidelines (46), and the
reliability of these parameters has been reported elsewhere (45-47).

Biophysical analysis of the cell surface by AFM. Cultures of yeast cells
(5mlatan OD, 0f 1.0in YPD), treated or not with ethanol or AmB, were
quickly collected by centrifugation, washed once with 1 ml acetate buffer
(18 mM sodium acetate, I mM CaCl,, 1 mM MnCl,, pH 5.2), and resus-
pended in 5 ml of the same buffer. They were then immediately immobi-
lized in microchambers made by PDMS stamps and prepared as described
previously (26). Briefly, freshly oxygen-activated microstructured PDMS
microchambers were covered by a total of 100 pl of cell suspension de-
posited into the microstructures by convective/capillary assembly. AFM
images were recorded in contact mode with MLCT AUWH cantilevers
(nominal spring constant of 0.01 N/m; Bruker). The cantilever spring
constants were determined prior to each experiment by using the thermal
noise method (48). The applied force was kept lower than 0.5 nN. To
determine the nanomechanical properties of cells, force curves were re-
corded in force volume mode with an applied force of 0.5 nN. Data were
processed using JPK data processing software (JPK Instruments, Berlin,
Germany). For nanomechanical data, the Hertz model, which gives the
force (F) as a function of the indentation (8) and Young’s modulus (E),
was used to extract Young’s modulus values according to equation 1, as
follows:

2E tan o
F=———% (1)
"IT(l - vz)
where a is the tip opening angle (35°) and v the Poisson ratio (arbitrarily
assumed to be 0.5). The reported Young’s modulus value is the value
obtained at the maximal height of the Gaussian curve = the o value
(corresponding to the midheight width) of this Gaussian distribution
function.
The roughness was calculated according to equation 2, as follows:

1n
Roughness = \/ -> Xf (2)
ni=1

The images used to measure roughness contained n ordered, equally
spaced points, and x; is the vertical distance from the mean plane to the ith
data point. For both imaging and force spectroscopy, we used AFM Nano-
wizard III (JPK Instruments, Berlin, Germany). Data processing was re-
alized using JPK data processing software as well as OpenFovea software
(49).

Isolation and determination of the biochemical composition of
yeast cell walls. Preparation of purified cell walls and acid treatment of the
cell walls to release sugar monomers from B-glucan and mannans were
performed as described previously (50). Quantification of chitin, 3-1,3-
glucan, and 3-1,6-glucan was performed by use of a combined enzymatic/
chemical method recently developed in the laboratory (51). Released
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FIG1 AFM imaging of wild-type cells treated with ethanol. High-resolution AFM images (zrange = 100 nm) of exponentially growing BY4741 cells on YPD that
were not treated (a and b) or were treated for 5 h with 9% ethanol (EtOH) (c and d). (e) Levels of roughness measured at different areas on the cell surface for
untreated (black line) and ethanol-treated (red line) BY4741 cells. Elasticity maps (z range = 800 kPa) were recorded for an untreated cell (a’) and a cell treated
with 9% ethanol (c¢’). Young’s modulus values (from 1,024 force curves) corresponding to the elasticity maps are shown for an untreated cell (b") and an

ethanol-treated cell (d').

monosaccharides (N-acetylglucosamine from chitin, glucose from B-glu-
can, and mannose from mannans) were determined by high-performance
anionic exchange chromatography coupled to pulsed amperometric de-
tection (HPAEC-PAD) as described previously (52).

TEM and fluorescence microscopy analyses. For transmission elec-
tron microscopy (TEM) analysis, yeast cells (about 20 ODy,, units;
treated or not for 5 h with 9% ethanol) were harvested by centrifugation
and fixed with 1X FIX solution (2% glutaraldehyde, 100 mM Sorensen
buffer, pH 7.4). The suspension was then collected by centrifugation
(2,000 X g, 5 min), and the pellet was incubated in 2% agarose (low
melting point). This mixture was then washed once with 200 mM S6-
rensen buffer, pH 7.4, resuspended in 1% OsO, containing 250 mM glu-
cose in 100 mM Soérensen buffer, pH 7.4, and incubated for 1 h at room
temperature. The fixed cells were dehydrated with increasing concentra-
tions of ethanol (30 to 70% [vol/vol]) and transferred to 70% ethanol for
1 min at 37°C, followed twice by incubation in acetone for 2 min at 37°C.
The cells were then infiltrated for 18 h in a 3:1 mixture of acetone-LR
White. This mixture was replaced by LR White for 12 h, and the cells were
resuspended in fresh LR White, which was polymerized for 24 h at 60°C.
Sections (70 to 80 nm thick) were cut using a Leica Ultracut UCT ultra-
microtome, mounted on single-slot grids, and poststained with 2% uranyl
acetate in water and lead citrate. The ultrathin sections were observed with
a Hitachi TEM HT7700 electron microscope at an acceleration voltage of
80 kV. For each condition, 30 cells from 2 independent cultures were
examined.

Labeling of yeast cells with 1-[4-(trimethylamine)]-6-phenyl-1,3,5-
hexatriene (TMA-DPH; Life Technologies) was carried out according to
the protocol described by Chazotte (53). Briefly, 1 ml of yeast culture in
YPD that was treated or not for 5 h with 9% ethanol was collected, washed
once with phosphate-buffered saline (PBS), pH 7.4 (Euromedex), and
immersed in the labeling solution (1 uM TMA-DPH in water). After a
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10-min incubation in the dark, the labeling suspension was centrifuged,
the cells were rinsed once with 100 pl of PBS, and then 10 pl of the cell
suspension was mounted on a coverslip for imaging. A confocal laser
scanning microscope equipped with a 405-nm UV laser (Leica SP2-
AOBS) was used to visualize TMA-DPH labeling of the cells.

Statistical analyses. All results were statistically analyzed using two-
sample Student’s ¢ test (analysis of variance [ANOVA]) with Statgraphics
Centurion XVLII software, with a significance cutoff of 0.01. Significant
differences are denoted by asterisks in the corresponding figures.

RESULTS

The nanomechanical properties of yeast cells are significantly
altered upon ethanol treatment. The scientific literature is not
consistent with respect to the concentration of ethanol used for
investigations of toxic effects on yeast cells or with respect to the
duration of this treatment. In this study, we employed 9% (vol/
vol) ethanol because this concentration roughly represents the
median titer during traditional industrial fermentation (54), and
we exposed yeast cells for 5 h, which is long enough to observe
morphological and biophysical consequences caused by this alco-
holic compound. Following this experimental design, untreated
and ethanol-treated yeast cells were embedded in PDMS-fabri-
cated microchambers for AFM analysis. Typical deflection images
obtained by contact mode for a wild-type yeast cell trapped in a
microchamber before and after ethanol treatment are shown in
Fig. 1. At low resolution, the surface morphology appeared to be
smooth and not altered by ethanol treatment. However, high-
resolution deflection images taken at different areas on the surface
revealed that this treatment caused a 50% increase of the cell
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TABLE 1 Ethanol effects on Young’s modulus and on roughness of wild-type and mutant yeast cells”

Young’s modulus (kPa)

Roughness (nm)

Ethanol Ratio Ethanol Ratio
Yeast strain No ethanol treatment (with/without ethanol) No ethanol treatment (with/without ethanol)
BY4741 673.9 = 276.5 135.2 £ 73.7 0.20 2.05 £ 0.35 3.2*0.5 1.56
BY msn2A msndA 130.5 £ 59.5 163.2 £ 66 1.25 1.85 = 0.35* 1.55 + 0.10* 0.85
BY yaplA 443.7 £ 202.8 85.7 £ 72.9 0.19 22+0.1 3.05*0.3 1.38
BYMSN2up 998 = 111 308 = 80 0.31 1.7 £ 0.3* 2.2 = 0.3* 1.39

@ Ethanol was added to a 9% final concentration to yeast cells cultivated in YPD medium at an ODy, of around 1. After 5 h of incubation, the cells were collected and analyzed by
AFM as described in Materials and Methods to determine the biophysical properties. Young’s modulus (maximal value of the Gaussian distribution * o, expressed as the standard
deviation) was determined for 15 independent cells (5 cells from 3 biological replicates). Differences between mutant and wild-type cells were analyzed statistically using two-
sample Student’s ¢ test (ANOVA) with Statgraphics Centurion XVLII software. *, P < 0.01 (significant).

roughness (Fig. 1e). To obtain quantitative values for cell surface
changes caused by ethanol stress, we employed AFM in force spec-
troscopy mode, in which the cantilever and the tip successively
approach and are retracted from the surface, and collected a large
number of force curves (n = 65,536) across a defined (usually
away from any bud scar) region of the cell. Using appropriate
software (OpenFovea [49]), these force curves were converted
into forces versus indentation to generate elasticity maps (Fig. 1a’
and c’). They were also fitted with the Hertz model to provide the
distribution of values for Young’s modulus, which is a quantita-
tive expression of cell stiffness (Fig. 1b’" and d"). Qualitatively, the
elasticity maps of the untreated cells were relatively heteroge-
neous, which was reflected by a large Gaussian distribution of
Young’s modulus values, with a maximal value of 674 kPaand a ¢
value of 276 kPa. In contrast, treatment of yeast cells for 5 h with
9% ethanol resulted in an apparently homogeneous elasticity
map, consistent with a narrow Gaussian curve for the Young’s
modulus values, with a maximal value that was nonetheless 5-fold
lower than that for the untreated wild-type cells (Fig. 1b’ and d';
Table 1). To verify that this ethanol effect on cell wall stiffness was
independent of the strain background, we repeated the same ex-
periments with strain CEN.PK113-7D, another laboratory strain
most often employed in physiological studies (55). We found that
the stiffness of this strain was also reduced, albeit only 3-fold,
upon exposure to ethanol (see Fig. S1 in the supplemental mate-
rial). This lower effect of ethanol was in line with our finding that
the CEN.PK strain background is more ethanol tolerant than
BY4741 (data not shown). It is worth noting that such a low stiff-
ness of ethanol-treated cells is comparable to that measured for a

double crh1A crh2A mutant defective in transglycosylases that cat-
alyze the cross-linkages between chitin and B-glucan (24).
Ethanol stress alters neither biochemical composition nor
cell wall thickness but causes a reduction of cell membrane
thickness. The above results together with our previous works
(24, 56) led us to examine whether the effect of ethanol on cell
stiffness was due to a change in the polysaccharide composition
and/or in the cross-linkages between these cell wall components.
To answer the first question, we determined the cell wall compo-
sition by using a combined enzymatic and chemical method that
allowed us to quantify the four components, namely, B-1,3-glu-
can, B-1,6-glucan, chitin, and mannan, of isolated walls (51). As
reported in Table 2, the cell wall composition of yeast cultivated
on glucose was not significantly altered after a 5-h treatment with
9% (vol/vol) ethanol. In addition, we evaluated the cell wall thick-
ness by TEM. Figure 2A shows representative TEM images of un-
treated and ethanol-treated cells, each magnified to show the cell
wall. This allowed us to distinctly visualize the outer, electron-
dense layer (mainly composed of mannoproteins) and the inner,
less electron-dense layer (mainly constituted of B-glucan) (57,
58). According to the recommendation of Backhaus et al. (59), we
measured the cell wall thickness at several points on independent
mother cells far away from the growing buds, as the latter clearly
had an impact on the cell thickness (for instance, see Fig. S2 in the
supplemental material). From the collected values, we determined
median values of 115 nm for untreated cells and 130 nm for eth-
anol-treated cells. However, the difference is not significant due to
the relatively high dispersion of the values over the median in the
box plot diagram (Fig. 2B). This result is thus consistent with the

TABLE 2 Cell wall compositions of wild-type, msn2A msn4A, and yapIA yeast strains upon exposure to 9% (vol/vol) ethanol for 5 h*

% of total cell wall polysaccharides (mean + SD)¢

BY4741 (wild type) BY msn2A msn4A BY yapIA BYMSN2up

Polysaccharide Control With ethanol Control With ethanol Control With ethanol Control With ethanol
B-(1,3)-Glucan 36.8 £ 5.0 37.7£2.0 42 * 6.0 38.5 £ 2.5 ND ND 372 %x55 36.7 £ 5.0
-(1,6)-Glucan 20+ 1.0 21 £2.0 23 2.0 24+20 ND ND 22.8 £ 4.0 26.3 £ 5.0
B—Glucanb 57 £ 1.0 59 £ 4.0 65 £ 5.0# 63.5 * 4.5% 58 + 6.0% 60 £ 5.0 57.4. £55 63.0 £5.0
Chitin 49+ 0.2 49 *0.2 42 *0.2 3.5%0.2 3.0£05 32*03 3.8 03 3.5*0.32
Mannan 374 £33 36 * 3.1 32 * 1.0# 33 = 2.0# 39 + 3.0# 36 * 2.0 38.9 £ 4.0 36.5 £ 5.0
Glucan/mannan ratio 1.52 1.63 2.1 1.95 1.49 1.67 1.52 1.72

@ Cell wall compositions were determined for exponentially growing yeast cells in YPD, treated or not for 5 h with 9% ethanol as described in Materials and Methods. Values are
means and SD for three independent biological samples that were technically repeated two times.

b Sum of B-(1,3)- and B-(1,6)-glucan.
¢ Determined by a chemical method.

4%, P < 0.05 (statistical difference between wild-type and mutant yeast cells as calculated by Student’s  test); ND, not determined.
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FIG 2 Estimation of the thicknesses of the cell wall and cell membrane for untreated and ethanol-treated yeast cells from transmission electron micrographs. (A)
Representative TEM images of untreated and ethanol-treated cells obtained as described in the legend to Fig. 1. (B) Cell wall and cell membrane thicknesses,
represented by box plots obtained for the analysis of 30 cells each at 2 different points. The lower and upper boundaries of each box represent the 25th and 75th
percentiles, respectively. The line within each box corresponds to the median, and the cross to the mean distribution of the values. The results were statistically
analyzed using two-sample Student’s ¢ test (ANOVA) with Statgraphics Centurion XVLII software. $, P > 0.05 (not significant); **, P < 0.001 (significant).

Abbreviations: CW, cell wall; cm, cell membrane.

failure of ethanol to change the cell wall composition. Moreover,
the cell wall thickness was similar to that reported by others using
the same method (59, 60) but slightly (10%) lower than that esti-
mated by AFM (61).

The cell membrane was also clearly visible on TEM images of
untreated cells but was less discernible in ethanol-treated cells
(Fig. 2A; also see Fig. S2 in the supplemental material), probably
because the membrane was damaged by this treatment, as empha-
sized in previous works (62-65). We therefore tentatively esti-
mated the thickness of the cell membrane by taking measurements
of atleast 5 different points per cell and made these measurements
for 20 (each) untreated and ethanol-treated cells. A membrane
thickness of about 15 nm was determined for the unstressed cells,
in accordance with a previous report of a three-dimensional anal-
ysis of cell structure (66). However, the cell membrane of ethanol-
treated cells was 35% thinner than that of untreated cells (Fig. 2B).
To further investigate whether cell membranes were damaged by
ethanol treatment, we used TMA-DPH, a fluorescent membrane
probe that has the unique property of labeling the outer leaflet of
a membrane bilayer due to its charged head group (53). Accord-
ingly, the fluorophore localized exclusively to the plasma mem-
brane in the untreated cells, perfectly delimiting their shape. In
contrast, in ethanol-treated cells, the TMA-DPH probe did not
mark solely the plasma membrane, as other internal structures
were also labeled, likely because the probe was able to diffuse in-
side the cell (see Fig. S3). In addition, we also used annexin V
coupled to a fluorescent dye. This marker is commonly used to
assess membrane integrity during apoptosis because it binds to
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phosphatidylserine exposed on the external face of the membrane
(67, 68). We found that the number of fluorescent cells detected
by fluorescence-activated cell sorting (FACS) rose from 3% for
untreated cells to 35% for yeast cells treated with ethanol for 5 h,
which is actually in frame with the loss of cell viability (see Fig. S4).
Taken together, these results are in accordance with the well-rec-
ognized actions of ethanol, i.e., perturbing the plasma membrane
fluidity (63) and modifying the phospholipid and ergosterol con-
tent (17, 69, 70), thereby compromising the selectively permeable
nature of the cell membrane.

The effect of ethanol on cell stiffness does not involve cell
wall remodeling. In a previous work, we provided evidence that
cross-links between the polysaccharides of the cell wall contribute
to the nanomechanical properties of yeast cells (71). This molec-
ular architecture that ensures cell wall integrity is in great part
under the control of the PKC1/SLT2-dependent cell wall integrity
(CWI) pathway, and Rlm1 is the transcription factor responsible
for the bulk of the CWTI transcription program (72). Therefore, we
asked whether the effect of ethanol stress on the nanomechanical
properties involves the CWI pathway. To address this question
directly, we used a transcriptional readout that is specifically acti-
vated by Rlm1. This readout consists of measuring the 3-galacto-
sidase activity in yeast cells transformed with the bacterial lacZ
gene fused to the promoter for the Rlm1-dependent activation of
YIL117¢ (73). As shown in Fig. 3, the 2.5-fold increase of 3-galac-
tosidase activity of this readout after 5 h of exposure of yeast cells
to 9% ethanol was not statistically different from the activation
measured in an r/mIA mutant. This result indicates that ethanol
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FIG 3 Transcriptional readouts depending on the RlIm1, Msn2/Msn4, and Crz1 transcription factors in response to ethanol stress. Wild-type BY4741 cells
transformed with an empty plasmid or with plasmid p1366 (pYILII17c-LacZ; transcriptional readout of Rlml transcriptional activity), pJL1
[pGSY2(6 XSTRE)-LacZ; transcriptional readout of Msn2/Msn4 transcriptional activity], or pSG2 (6 X CDRE-lacZ; transcriptional readout of Crzl
transcriptional activity) were cultivated in selective YN glucose liquid medium supplemented with auxotrophic requirements until an ODy, of 1. The
culture was then transferred to YPD medium for 1 h, and to half of the culture ethanol was added to a 9% (vol/vol) final concentration. Samples were
collected at 1 and 5 h at 30°C for measurement of the 3-galactosidase activity. Values shown are the means for three independent experiments, with

standard deviations represented by error bars.

stress does not activate the CWI pathway, although it was reported
that the SIt2/Mpkl kinase is phosphorylated in response to etha-
nol stress (13). However, it has been shown that phosphorylation
of SIt2/Mpk1 does not always imply its activation (74). On the
other hand, it has been reported that the transcriptional response
of yeast to ethanol stress is largely dependent on the transcription
factor encoded by MSN2 and MSN4 (5, 29). To confirm this state-
ment, we used the transcription readout GSY2-lacZ (75), which
contains 2 STRE in the GSY2 promoter to which Msn2/Msn4
binds. The results shown in Fig. 3 support this statement, as the 5-
and 7-fold increases of (-galactosidase activity measured after 1
and 5 h of treatment with 9% ethanol, respectively, were totally
abolished in an msn2A msn4A mutant. We also assessed the Ca®"
signaling cascade that relies on the Crz1 transcription factor (76)
and which was identified to be part of the cell wall compensatory
mechanism (42, 77). However, the CDRE-lacZ transcriptional
readout (76) was totally unresponsive to ethanol stress (Fig. 3).
Opverall, these results confirmed that the transcriptional response
induced by ethanol stress belongs to the Msn2/Msn4-dependent
general stress response. This transcriptional activation can be ex-
plained mainly by the ethanol-induced translocation of the tran-
scription factor Msn2 into the nucleus (13, 31). Furthermore,
these results complemented the transcriptional data of Lewis et al.
(78) showing that the transcriptomic response of oak-soil yeast to
5% ethanol was seriously compromised upon deletion of the
MSN?2 gene. However, despite a lack of ethanol effects on the
transcriptional readouts specific to CWI, RT-qPCR was per-
formed on essential CWI-regulated cell wall genes in wild-type
cells exposed to 9% ethanol. The results showed significant tran-
scriptional activation (ranging from 3- to 10-fold) of FKSI (cod-
ing for the major 3-1,3-glucan synthase [79]), GASI (coding for a
B-1,3-glucanosyltransferase [80]), MNN9 and MNNI0 (encoding
Golgi-located mannosyltransferase enzymes [81]), YLRI194c (re-
named NCW2, for new cell wall protein [http://www.yeastgenome
.org/cgi-bin/locus.fplflocus=YLR194c#S000151886] ), and RLM 1
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upon exposure of yeast cells to 9% ethanol (see Fig. S4 in the sup-
plemental material). Upregulation of these genes by this ethanol
stress could be explained by the presence of cis STRE in their promot-
ers (as analyzed by Yeastract [http://www.yeastract.com/]). These
data are indirectly supported by the fact that CTT1I, a well-estab-
lished Msn2/Msn4 stress-responsive gene, was also upregulated
under these conditions (82).

The effect of ethanol on the nanomechanical properties of
the cell wall is not directly dependent on Msn2/Msn4, albeit this
property is under the control of this transcription factor. Based
on the fact that ethanol stress is mediated through Msn2/Msn4
(83), we used a mutant defective in this transcription factor as well
as a strain that constitutively expressed MSN2 under the control of
the strong PGK1 promoter to directly evaluate the role of Msn2/
Msn4 in the ethanol effect on cell wall biophysics. Quite unexpect-
edly, we found that the cell wall stiffness of an msn2 msn4 mutant
was very similar to that of a wild-type strain treated for 5 h with 9%
ethanol (compare the data in Fig. 1d" with those in Fig. 4e and
Table 1). Moreover, the low cell stiffness of this mutant was not
reduced further after ethanol treatment (Fig. 4g), suggesting that
the maximal effect on cell elasticity was reached upon deletion of
MSN2/MSN4. Tt is also interesting that in contrast to what was
observed in wild-type cells, ethanol treatment caused a 15% de-
crease of the roughness of the msn2A msn4A mutant (Fig. 4c).
Despite this dramatic effect of MSN2/MSN4 deletion on cell wall
stiffness, the cell wall composition of this mutant was barely af-
fected, showing only a slightly higher (25%) B-glucan/mannan
ratio than that of the wild type (Table 2). In addition, further
treatment of this mutant with ethanol had no effect on its cell wall
composition. We then investigated the effects of overexpressing
MSN?2 on the biophysical properties of yeast cells. We first veri-
fied that the Msn2 transcription factor was overproduced in
BYMSN2up by showing that this strain was slightly more viable
than the wild type after ethanol treatment, consistent with an ear-
lier report (83), and that it was the sole strain to accumulate treh-
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FIG 4 AFM imaging and elasticity mapping of the BY msn2A msn4A mutant before and after ethanol treatment. The same procedure as that described in the
legend to Fig. 1 was used, except that high-resolution AFM images (z range = 100 nm) were obtained for untreated (a) and ethanol-treated (b) msn2A msn4A
mutant cells. (c) Levels of roughness. The elasticity maps (z range = 800 kPa) (d and f) and distributions of Young’s modulus values (e and g) were obtained from

1,024 force versus indentation curves for control and 5-h ethanol-treated cells.

alose during growth on glucose, due to an Msn2/Msn4-dependent
transcriptional activation of the trehalose synthetic genes (75) (see
Fig. S5 in the supplemental material). We noticed that high and
constitutive expression of MSN2 had no effect on the cell wall
composition, which was not modified after ethanol stress (Table
2). The results of AFM analyses of BYMSN2up are reported in Fig.
5 and Table 1. We found that the average stiffness of the cells was
35% higher than that of the wild-type cells. However, despite this
higher stiffness, the median value of Young’s modulus for this
mutant dropped about 3.5-fold after ethanol treatment. Figure 5
also shows that the roughness of BYMSN2up cells was statistically
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lower (P < 0.05) than that of the wild-type cells and increased by
50% upon exposure to ethanol, as in the wild-type strain. We also
checked the consequences of deleting YAPI on these biophysical
properties of the cells, since it was recently suggested that this gene
may also be implicated in the cell wall integrity pathway (45) and
in the response to ethanol stress (5). As shown in Fig. 6, a mutant
defective in YAPI exhibited a roughness similar to that of the wild
type before and after ethanol treatment. In addition, the value for
Young’s modulus for this mutant, while being 35% lower than
that for the wild type, was still reduced 5-fold after treatment with
9% ethanol.

-
@

800 kPa 998 + 111 kPa

-
o

%)

04

500 1000 1500 2000

N
o

308 £ 80 kPa

n
o

15

-
=

Frequency (%) © Frequency (%) ®

500 1000 1500 2000
Young modulus (kPa)

FIG 5 AFM imaging and elasticity mapping of the BYMSN2up mutant before and after ethanol treatment. The same procedure as that described in the legend
to Fig. 1 was used, except that high-resolution AFM images (z range = 100 nm) were obtained for untreated (a) and ethanol-treated (b) mutant cells that
expressed MSN2 under the control of the strong PGK1 promoter. (c) Levels of roughness. The elasticity maps (z range = 800 kPa) (d and f) and distributions of
Young’s modulus values (e and g) were obtained from 1,024 force versus indentation curves for control and 5-h ethanol-treated mutant cells.
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FIG 6 AFM imaging and elasticity mapping of the BY yapI1A mutant before and after ethanol treatment. The same procedure as that described in the legend to
Fig. 1 was used, except that high-resolution AFM images (z range = 100 nm) were obtained for the untreated (a) and ethanol-treated (b) yap1A mutant. (c) Levels
of roughness. The elasticity maps (z range = 800 kPa) (d and f) and distributions of Young’s modulus values (e and g) were obtained from 1,024 force versus

indentation curves for control and 5-h ethanol-treated mutant cells.

Complementary to these biophysical data, we evaluated the
growth phenotype of these mutant strains on YPD agar plates in
the presence of ethanol (0, 5,9, and 12%) or the cell wall-interfer-
ing drugs calcofluor white and Congo red (0 to 100 p.g/ml). While
the yap1A mutant exhibited higher sensitivities to ethanol and to
cell wall drugs, the deletion of MSN2/MSN4 or the high expression
of MSN2 had little effect on the sensitivity to these compounds,
and both relevant strains showed similar reductions of ethanol
resistance (see Fig. S6 in the supplemental material). These results
indicated that any alteration of the nanomechanical properties of
the cell wall is not necessarily a consequence of cell wall defects.
Taken together, these results show that the biophysical properties
of yeast cells as identified by wall stiffness are to a great extent

control

+ amphotericin B

under the control of the Msn2/Msn4 general stress response path-
way. However, the effects of ethanol on the nanomechanical prop-
erties of the cells are mediated neither by this transcription factor
nor by Yapl.

The cell membrane contributes to the nanomechanical prop-
erties of cells. The data reported above suggest that the reduction
of cell stiffness in response to ethanol stress can be due to an
alteration of the plasma membrane. To support this idea, we car-
ried out an AFM analysis of yeast cells treated with the antifungal
amphotericin B (AmB). We chose this drug because it is well re-
ported to alter proper functioning of yeast cell membranes (84,
85) by direct binding to ergosterol (32). Figure 7 shows that treat-
ment of yeast cells with AmB at 2 times its MIC (i.e., 8 ugml™") for
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FIG7 AFM imagingand elasticity mapping of the BY4741 wild-type strain before and after treatment with amphotericin B. The same procedure as that described
in the legend to Fig. 1 was used, except that the cells were treated with 8 g ml™" of amphotericin B for 1 h and the AFM images for untreated and treated cells
were obtained at a low resolution (z range = 500 nm). The elasticity maps (z range = 800 kPa) and distributions of Young’s modulus values were obtained from
1,024 force versus indentation curves for untreated and amphotericin B-treated cells.
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only 1 h (short enough to not cause any drop in cell viability [data
not shown]) resulted in a 2-fold decrease of the median Young’s
modulus value, confirming that cell wall stiffness is in part depen-
dent on the integrity of the cell membrane.

DISCUSSION

At the molecular level, ethanol stress triggers a remarkable remod-
eling of the yeast transcriptome (6, 7, 78), proteome (54), and
metabolome (86), but the consequences on the physical proper-
ties of the cells are unknown. Here we addressed this question by
using AFM, a technology that is increasingly being used in biology
to investigate nanomechanical properties of microbial cells (87,
88). The main result of this study was to show that the stiffness of
yeast cells was considerably reduced upon exposure to 9% (vol/
vol) ethanol (or, conversely, the elasticity of the cell was dramati-
cally increased), and this reduced stiffness was not accompanied
by any significant change in the cell wall polysaccharide composi-
tion. It is also worth noting that despite a higher elasticity, the cell
size and cell shape of ethanol-treated yeasts were similar to those
of untreated yeast cells, suggesting that these parameters are likely
dependent on cell wall composition. Our results thus differ from
the previous work of Canetta et al. (23), who actually reported
shrinkage of cells after incubation for more than 1 h with ethanol
at a 10% or higher concentration. That we did not observe such a
shrinkage in our work can most likely be ascribed to the difference
in the methods of immobilizing cells for AFM analysis, as our
method kept the cells alive, whereas yeast cells were fixed and
dried on a glass slide in the work of Canetta et al. (23).

In a previous work, we showed that the stiffness of yeast cells is
affected by cross-links between cell wall components, not by their
actual polysaccharide content (24). Consistent with this finding,
we found that the reduction of cell stiffness caused by ethanol was
not accompanied by any change in the composition of the cell
wall, suggesting that ethanol alters this physical property by acti-
vating the cell wall remodeling mechanism. However, published
transcriptomic data sets for ethanol-stressed cells did not high-
light an upregulation of genes encoding cell wall remodeling en-
zymes (2, 5), which is confirmed by our finding that ethanol stress
does not activate the CWI pathway. Moreover, we did not obtain
any conclusive data on an in vitro effect of ethanol on the activity
of exo- and endoglucanases as assayed on purified yeast cell walls
by use of laminarin as the substrate according to the analytical
method described by Mrsa et al. (89; M. Schiavone and J. M. Fran-
¢ois, unpublished data). Another possible explanation for the al-
teration of the nanomechanical properties could be a disorgani-
zation of the F-actin cytoskeleton, as this was reported to be
caused by a high ethanol concentration (90). This explanation
actually does not hold either, because treatment of yeast cells with
latrunculin A, a toxin molecule known to disrupt the actin cyto-
skeleton (91), did not modify Young’s modulus (F. Pillet, M.
Schiavone, E. Dague, and J. M. Francois, unpublished data).

Ethanol stress is known to cause a rapid translocation of Msn2
from the cytosol to the nucleus, where it binds to STRE and
thereby promotes transcriptional activation of STRE-responsive
genes (30, 31). We confirmed this mechanism by showing a strong
upregulation of the GSY2-lacZ gene fusion as a readout of Msn2
transcriptional activation in the presence of 9% ethanol. There-
fore, we investigated whether the reduced stiffness of yeast cells in
response to this ethanol stress is mediated through Msn2/Msn4 by
using a mutant defective in MSN2/MSN+4 as well as a strain that
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overexpressed the MSN2 gene. Our results pointed to an unex-
pected role of Msn2/Msn4 in controlling the mechanical proper-
ties of the cell wall, since a mutant defective in this transcription
factor harbored a low cell wall stiffness comparable to that of the
wild type after ethanol treatment, while a strain overproducing
Msn2 showed a 35% higher stiffness than that of the wild type. We
found these data difficult to immediately reconcile with a role of
Msn2/Msn4 in mediating the effect of ethanol on cell stiffness.
Indeed, owing to the fact that ethanol activates the Msn2/Msn4
transcriptional response, one might expect that cell stiffness might
not be altered upon the loss of MSN2/MSN4. Alternatively, if the
effect of ethanol is to activate the transcription of an inhibitor of
the cell wall organization in an Msn2/Msn4-dependent manner,
then a yeast strain that overexpresses the MSN2 gene should have
alower cell stiffness than the wild type, which is not the case either.
Overall, we therefore favor a model in which ethanol may act
directly by inhibiting some putative Mns2/Msn4 transcriptionally
regulated cell integrity components that contribute to the rigidity
of the yeast cell wall.

What could be the nature of these putative ethanol-sensitive
Msn2/Msn4-regulated cell integrity components? It is worth re-
calling the well-established effects of ethanol in perturbing mem-
brane structure and fluidity (reviewed in reference 3). Consis-
tently, we found that the fluorescent TMA-DPH probe, which
specifically labels only the plasma membrane in a wild-type cell,
diffused inside yeast cells treated with ethanol. In addition, we
reported that the cell membrane thickness of ethanol-treated yeast
cells was about 35% thinner than that of untreated cells. These
data are in accordance with studies on model membrane systems
which reported a 30% reduction of the membrane thickness at
high concentrations (>6%) of ethanol. It is proposed that this
important reduction of membrane thickness is due to a transition
from a bilayer to an interdigitated phase that takes place when the
fatty acyl chains cross the bilayer midplane and that ethanol
shields the fatty acid methyl groups from the aqueous phase (64).
As a consequence, this ethanol-induced membrane reduction
may have dramatic effects on membrane-associated protein con-
formation and function (reviewed in reference 3). Based on this
model, proper delivery of glycosylphosphatidylinositol (GPI)-
linked proteins to the membrane via the secretory pathway (and
subsequently their linkage to cell wall polysaccharides) can be im-
paired when the membrane is disorganized due to the presence of
an elevated concentration of ethanol. The in silico analysis carried
out by the Klis group (92) underscored at least 20 GPI-linked
proteins distributed among four different families, namely, the
Gasl, Yap3, Sps2, and Plb1 families (92), and a fifth family con-
taining different proteins with a predicted membrane localization,
including Exg2 (a -1,3-exoglucanase enzyme) (93) and Krel (a
glycoprotein that serves as a killer K1 receptor) (94). In addition,
the genes encoding these proteins possesses one to several STRE in
their promoters (checked by use of Yeastract), suggesting that they
can potentially be regulated transcriptionally by Msn2/Msn4, and
hence this may account for the similar effects of ethanol and the
lack of Msn2/Msn4 on cell wall stiffness. However, no transcrip-
tomic data are yet available in public databases (i.e., Gene Expres-
sion Omnibus at http://www.ncbi.nlm.nih.gov/gds) to support
that these GPI-linked protein-encoding genes are under the con-
trol of Msn2/Msn4. Another potential target of ethanol is the
plasma membrane protein Hsp12, which was shown to be impli-
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cated in cell wall elasticity (95) and which is transcriptionally reg-
ulated by Msn2/Msn4 (96).

This study on the physical effects of ethanol on yeast cells opens
up the more general view that the plasma membrane contributes
to the nanomechanical properties, namely, stiffness and rough-
ness, of the cell wall. This suggestion is supported by the finding
that cell wall stiffness is dramatically reduced upon treatment of
yeast with amphotericin B, a polyene antifungal agent that binds
to ergosterol and causes a loss of membrane structure (32). How-
ever, the reduction of stiffness caused by this drug is lower than
that after ethanol stress, indicating some difference in the mecha-
nism. It is possible that in contrast to the effects of ethanol, this
effect is in part counterbalanced by the activation of the CWI
pathway, since it was reported by Straede et al. (97) that AmB as
well as other plasma membrane-interfering compounds, such as
chlorpromazine and nystatin, caused an activation of this path-
way. However, and in accordance with our model, it can be ex-
pected that any stretching of the plasma membrane caused, for
instance, by an increase of the turgor pressure or by some organic
solvents (98) might also alter the stiffness of the cell.

Conclusions. In this work, we investigated the physical effects
of ethanol on yeast by employing the AFM methodology. This
approach allowed us to find that ethanol at a concentration
reached under industrial fermentation conditions provokes a dra-
matic reduction of the cell wall stiffness and an alteration of the
cell surface (increase of the roughness). We found that this effect is
not mediated by the Msn2/Msn4-dependent general stress re-
sponse pathway, although the nanomechanical properties of the
cell wall, namely, stiffness and roughness, are in part under the
control of this pathway. Taking into account the well-established
effect of ethanol of destroying the membrane organization, these
data led us to propose that the plasma membrane contributes to
the nanomechanical properties of the cell wall and that the loss of
cell wall stiffness in response to ethanol stress is due to a disorga-
nization of some cell membrane integrity components, most likely
GPI-anchored membrane proteins that make the interconnection
between the cell wall and the cell membrane and which are under
the transcriptional control of Msn2/Msn4.
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