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Yeast adaptive response to acetic 
acid stress involves structural 
alterations and increased stiffness 
of the cell wall
Ricardo A. Ribeiro1,2,3, Miguel V. Vitorino4,5,6, Cláudia P. Godinho1,2,6, 
Nuno Bourbon‑Melo1,2,3,6, Tiago T. Robalo4,5, Fábio Fernandes1,2,3, Mário S. Rodrigues4,5 & 
Isabel Sá‑Correia1,2,3*

This work describes a coordinate and comprehensive view on the time course of the alterations 
occurring at the level of the cell wall during adaptation of a yeast cell population to sudden exposure 
to a sub‑lethal stress induced by acetic acid. Acetic acid is a major inhibitory compound in industrial 
bioprocesses and a widely used preservative in foods and beverages. Results indicate that yeast cell 
wall resistance to lyticase activity increases during acetic acid‑induced growth latency, corresponding 
to yeast population adaptation to sudden exposure to this stress. This response correlates with: (i) 
increased cell stiffness, assessed by atomic force microscopy (AFM); (ii) increased content of cell wall 
β‑glucans, assessed by fluorescence microscopy, and (iii) slight increase of the transcription level of 
the GAS1 gene encoding a β‑1,3‑glucanosyltransferase that leads to elongation of (1→3)‑β‑d‑glucan 
chains. Collectively, results reinforce the notion that the adaptive yeast response to acetic acid 
stress involves a coordinate alteration of the cell wall at the biophysical and molecular levels. These 
alterations guarantee a robust adaptive response essential to limit the futile cycle associated to the 
re‑entry of the toxic acid form after the active expulsion of acetate from the cell interior.

The mechanistic understanding of yeast adaptation and tolerance to environmental stresses is not only a highly 
challenging and relevant topic in biological research but is essential for guiding the construction of superior 
industrial strains or for the efficient control of the deleterious activity of spoilage  yeasts1. Therefore, the eluci-
dation of the mechanisms underlying adaptation and tolerance to acetic acid in yeasts is of high relevance in 
biotechnology and food  industry1,2. In fact, acetic acid is (i) a major inhibitory compound present in lignocel-
lulosic hydrolysates affecting their use in sustainable biorefinery processes; (ii) produced during normal yeast 
metabolism in biotechnological processes contributing to growth and fermentation inhibition or even arrest, 
and (iii) a widely used preservative in foods and  beverages2,3.

At a pH below acetic acid pKa (4.75 at 25 °C)4, acetic acid is able to passively diffuse through the plasma 
membrane lipid bilayer. Once inside the cell, at the near-neutral cytosol, acetic acid dissociates leading to the 
release of protons  (H+), causing the decrease of intracellular pH (pHi), and the accumulation of the acetate 
counter-ion  (CH3COO−), the inhibition of metabolism, oxidative stress and increased turgor  pressure1,2. In recent 
years, several  chemogenomic5,6,  transcriptomic5,7–12 and  proteomic13,14 studies allowed a more comprehensive 
understanding of the global mechanisms involved in Saccharomyces cerevisiae response and tolerance to acetic 
acid. Among them is the alteration of the molecular composition and physical properties of plasma membrane 
and cell wall, leading to the decrease of cell envelope  permeability2,15–17. Such adaptation, at the level of the cell 
envelope, is essential to reduce the diffusion rate of this weak acid from the cell exterior to the intracellular 
medium. This response counteracts the re-entry of the acid form after the active expulsion of acetate from the 
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cell interior, presumably catalysed by efflux pumps (e.g. Tpo2, Tpo3, Aqr1, Pdr18)18 and, in this way, limits the 
associated futile  cycle2,19.

Several genes encoding proteins required for the synthesis of cell wall polysaccharides and cell wall remod-
eling are transcriptionally responsive to acetic acid stress and/or determinants of acetic acid stress  tolerance5–7,9,11. 
The YGP1 and SPI1 genes, encoding a cell wall-glycoprotein and a Glycosylphosphatidylinositol (GPI)-anchored 
cell wall protein, respectively, are determinants of acetic acid tolerance and directly up-regulated in response 
to acetic acid by Haa1, the major regulator in adaptive response and tolerance to acetic acid in S. cerevisiae5–7,9. 
Genes involved in 1-3 β-glucan synthesis (FKS1, ROM2), 1-6 β-glucan synthesis (KRE6), 1-3 β-glucan elongation 
and branching (GAS1), chitin synthesis (CHS1, CHS5) and cell wall protein mannosylation (MNN2, MNN9, 
MNN11, KTR4) are also reported determinants of tolerance to acetic  acid6. Although this seems to point towards 
a role for the cell wall in acetic acid stress response and tolerance, the transcript levels from the acetic acid toler-
ance determinant genes CHS1, KTR4, MNN9 and FKS1 were reported to decrease in acetic acid stressed  cells7. 
Another transcriptomic analysis reports the differential-expression of 28 cell wall metabolism-related genes under 
acetic acid stress from which 24 were down-regulated, in particular KRE6, FKS1 and its paralog FKS2/GSC211.

The mechanisms involving changes in the chemical structure and organization of the cell wall impact its bio-
physical  properties20. For instance, the stiffness of the cell wall appears to be strongly dependent on the molecular 
architecture of the cell wall, particularly on the cross-linking between β-glucans and chitin, rather than on the 
increase of a particular cell wall polysaccharide or on cell wall  thickness21,22. Although nanomechanical and bio-
chemical changes occurring at the yeast cell wall in response to heat and ethanol stresses have been  reported23–25, 
the response of the cell wall to stress induced by acetic acid is so far unknown and on the focus of this study. 
The objective of the present work was to examine the hypothesized involvement of the remodeling of the cell 
wall at the molecular and biophysical levels during the time course of the adaptive response of S. cerevisiae to a 
sub-lethal concentration of acetic acid. The alterations occurring at the level of yeast cell wall architecture during 
adaptation were assessed based on cell wall susceptibility to lyticase activity and on cell wall stiffness assessed 
by atomic force microscopy (AFM). The transcriptional activation of genes involved in cell wall synthesis and 
remodeling was assessed by qRT-PCR and the content of cell wall polysaccharides by fluorescence microscopy. 
Results provide a global view on mechanisms underlying the time-course of yeast cell adaptation to acetic acid 
stress at the cell wall level.

Results
Yeast adaptation to acetic acid involves increased cell wall resistance to lyticase activity. The 
alterations occurring in yeast cell wall architecture during cultivation in MM4 pH 4.0, either supplemented or 
not with 60 mM acetic acid, were monitored based on cell wall susceptibility to lyticase activity. This technique 
was previously shown to be valuable to monitor alterations in the cell wall in response to various environ-
mental  stresses26–28. The maximum specific lysis rate for a given timepoint was calculated as the slope of the 
straight line that best fits the semi-logarithmic plot of the time-course decrease of cell suspension  OD600nm after 
the addition of lyticase (Fig. 1a,b). Values were plotted during the growth curve (Fig. 1c,d). The maximum spe-
cific lysis rate exhibits similar values during exponential growth (0–5 h) in the absence of acetic acid (Fig. 1a,c). 
However, for cells cultivated in medium supplemented with 60 mM acetic acid (pH 4.0), a rapid and marked 
significant reduction of the maximum specific lysis rate occurs at 3 h of acetic acid-induced latency, compared 
to the initial time-point (from 1.27 to 0.55 Δ[OD600nm(%)]  min−1; p < 0.00001; one-way-ANOVA) (Fig. 1b,d). 
The lowest maximum specific lysis rate was attained after 7 h of growth latency (Fig. 1b,d). Moreover, acetic 
acid-adapted exponentially-growing cells exhibit a significantly lower susceptibility to lyticase compared with 
exponentially-growing unstressed cells (p = 0.002; one-way ANOVA; Fig. 1c,d). These results indicate that adap-
tation to acetic acid leads to significant cell wall architecture alterations, resulting in higher resistance to lyticase 
activity.

Yeast cell adaptation to acetic acid stress involves the increase of yeast cell wall stiffness. The 
biophysical properties of the yeast cell surface during adaptation to acetic acid stress were examined by AFM 
to assess the Young’s modulus, which is the quantitative expression of the cell surface elasticity that reflects cell 
wall stiffness. The Young’s modulus was not found to vary significantly during the first 5 h of exponential growth 
in MM4 pH 4.0 (Fig. 2a). Exposure to 60 mM of acetic acid (pH 4.0) was found to lead to the increase of the 
Young’s modulus value during the induced growth latency; after 7 h of incubation, the cell population exhibits a 
significantly higher Young’s modulus than unstressed cells (Fig. 2; p = 0.006; one-tailed Mann–Whitney U test). 
The Young’s modulus of exponentially-growing adapted cells in the presence of acetic acid (142 MPa) is also 
significantly higher than the Young’s modulus of the corresponding unstressed cells (Fig. 2; p = 0.002; one-tailed 
Mann–Whitney U test). These results indicate that adaptation to acetic acid-induced stress involves the increase 
in yeast cell wall stiffness.

Transcriptional profiles of cell wall biosynthesis‑related genes in response to acetic 
acid. Quantitative real-time Reverse Transcription–PCR (qRT-PCR) was performed to assess the levels of 
transcription from several cell wall biosynthesis-related genes during cultivation in the absence or presence of 
60 mM acetic acid, at pH 4.0. The chosen genes were: RLM1 (encoding a transcription factor responsible for 
the transcriptional activation of the majority of genes induced in response to cell wall stress through the CWI 
 pathway29), FKS1 and FKS2 (encoding β-1-3-glucan  synthases30), BGL2 (encoding endo-beta-1,3-glucanase31), 
CHS3 (encoding a major chitin  synthase32), CRH1 (encoding a chitin  transglycosylase33), GAS1 (encoding a 
β-1,3-glucanosyltransferase, an important enzyme for cell wall remodeling involving elongation of (1→3)-β-d-
glucan chains and  branching31,34), and PRM5 (a Rlm1 target and the hallmark of CWI pathway  activation29). The 



3

Vol.:(0123456789)

Scientific Reports |        (2021) 11:12652  | https://doi.org/10.1038/s41598-021-92069-3

www.nature.com/scientificreports/

mRNA levels from these genes were not found to vary significantly during the first 5 h of exponential growth in 
MM4, at pH 4.0 (Fig. 3). However, when the medium was supplemented with acetic acid, the mRNA levels from 
all genes tested, except for GAS1 and FKS1, were found to decrease markedly during growth latency. The mRNA 
levels from FKS1 were similar during cultivation in the presence of acetic acid but the transcript levels from 
GAS1 moderately increased to around 1.5-fold higher than the levels of expression in unstressed cells, through-
out the time-points tested (Fig. 3). The maximum activation was obtained after 7 h of cultivation in the presence 
of acetic acid (1.54-fold the levels of exponentially-growing unstressed cells; p = 0.001421; one-way ANOVA).

Collectively, our results show that cultivation in the presence of acetic acid leads to the down-regulation of 
transcription from several cell wall biosynthesis-related genes, while the β-1,3-glucanosyltransferase encoding 
gene GAS1 was up-regulated.

Yeast cell adaptation to acetic acid stress involves the increase of cell wall β‑glucans, as 
assessed by fluorescence microscopy. Possible changes in the polysaccharide content of cell wall dur-
ing cultivation in the presence of an identical acetic acid stress were assessed based on their quantitative analysis 
by fluorescence microscopy. Images illustrating those obtained by fluorescence microscopy are shown in Sup-
plementary Figure S1. To make it easier to visualize and analyze the results, Fig. 4 shows only the median values 

Figure 1.  Effect of lyticase in yeast cell wall during the growth curve in the absence or presence of acetic 
acid stress. Decrease of the  OD600nm of S. cerevisiae BY4741 cell suspensions (in %) following the addition of 
lyticase, as described in M&M. Cells were harvested at 0 h (filled circle), 2 h (filled square), 5 h (open square) of 
cultivation in MM4 pH 4.0 not supplemented with acetic acid (a) and at 0 h (filled circle), 3 h (filled square), 7 h 
(filled triangle), 12 h (filled down pointing triangle), 15 h (filled rhombus) and 18 h (open circle) of cultivation 
in the presence of 60 mM acetic acid at 4.0 (b).The maximum specific lysis rates, determined based on data in 
(a) and (b) for yeast cells harvested at the selected time-points, are shown during cultivation in the absence (c) 
or presence of acetic acid (d). The initial biomass concentration used corresponded to culture  OD600nm of 0.1 ± 
0.01. Data are means from at least three independent experiments and bars represent standard deviation.
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obtained for cells harvested during stressed and unstressed cultivations. Individual cell measurements can be 
consulted in Supplementary Figure S2.

Results show that in growth medium supplemented with 60 mM acetic acid (pH 4.0), the cell wall content in 
β-glucans increased, as quantified by the fluorescence intensity of Alexa Fluor 633 conjugated anti-human IgG 
with FC-Dectin1 (Fig. 4b). Yeast exposure to acetic acid leads to a significant increase in fluorescence intensity 

Figure 2.  Apparent Young’s modulus of yeast cells during the growth curve in the absence or presence of 
acetic acid stress. Time-course analysis of the yeast cell surface stiffness, assessed by atomic force microscopy 
in BY4741 cells cultivated in the absence (a) or presence of acetic acid (b), as described for Fig. 1. The stiffness 
of the cell surface is represented as the apparent Young’s modulus. Each point in the graph corresponds to the 
median value of about 100 curves over a single cell. For each condition, at least, 15 cells were analyzed from, at 
least, 3 independent experiments.

Figure 3.  Levels of mRNA from cell wall biosynthesis-related genes during yeast cultivation in the absence or 
presence of acetic acid. Time-course of the mRNA levels from RLM1, FKS1, FKS2, BGL2, CHS3, CRH1, GAS1 
and PRM5 genes during cultivation of BY4741 in absence (open circle) or presence (filled circle) of acetic acid, 
as described for Fig. 1. The transcriptional levels (in blue) from the indicated genes were assessed by qRT-PCR, 
using ACT1 as the internal control. The relative value obtained for each target gene at the initial time-point 
under unstressed conditions was set as 1. Results are means of, at least, three biological replicates and error bars 
represent standard deviation. Primers were designed using Primer Express V3.0 (Applied Biosystems).
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at 3 h of cultivation (1.6-fold higher than the level of the exponentially-growing unstressed cells; p < 0.00001; 
one-tailed Mann–Whitney U test) (Fig. 4b). The levels of β-glucans attained were maintained significantly higher 
than those in unstressed cells (p < 0.00001; one-tailed Mann–Whitney U test) even when acetic acid-grown cells 
reached exponential phase of growth (Fig. 4b). The increase of the glucan content in yeast cells adapting and 
adapted to acetic acid was confirmed using a higher level of stress (Fig. 4e).

Concerning the content in mannans and chitin, quantified by fluorescence intensity of Concanavalin A-flu-
orescein (FITC) and Calcofluor White (CFW), respectively, its consistent alteration during the whole period 
of cultivation in the presence of acetic acid, when compared with unstressed cultivation, was not so clear for 
the two tested conditions (Fig. 4a,c,d,f). However, the mannan content of yeast cells adapting or growing in 
conditions leading to higher acetic acid stress was found to be significantly higher compared with unstressed 
cells (Figs. 4d and S2d). For the chitin content, considering the time-course profile obtained and the fact that 
calcofluor white can also stain some beta-glucans, possibly interfering with chitin quantification, no definitive 
conclusions could be taken.

Discussion
Among the mechanisms that have been proposed to underlie Saccharomyces cerevisiae adaptation and tolerance 
to acetic acid is the remodeling of the cell  envelope2. They are considered essential to limit the diffusional re-entry 
of the acid form of the weak acid following the induced active expulsion of acetate from the cell interior, thus 
counteracting this futile  cycle2,19,35. The present work describes, for the first time, a coordinated and compre-
hensive view on the time-course of the alterations occurring at the level of the cell wall in a yeast cell population 
during adaptation to sudden exposure to a sub-lethal stress induced by acetic acid. The coordinated alteration of 
cell wall susceptibility to the action of lyticase activity, cell wall polysaccharide composition and nanomechanical 
properties, and of the transcription levels of key cell wall-biosynthesis-related genes, following yeast exposure to 
acetic acid was systematically examined. Collectively, results reinforce the notion that the adaptive yeast response 
to acetic acid stress involves a coordinate alteration of the cell wall at the biophysical and molecular levels.

Figure 4.  Content of cell wall polysaccharides in yeast cells during adaptation to acetic acid stress by 
fluorescence microscopy. Quantitative analysis of the cell wall polysaccharides during cultivation of S. 
cerevisiae BY4741 in the absence (open circle) or presence (filled circle) of acetic acid, as described for Figs. 1, 
2, 3 (a–c). Results of an independent experiment using a higher level of acetic acid stress and a higher initial 
biomass concentration (corresponding to initial  OD600nm of 0.5 ± 0.05) are also shown (d–f). The cell wall 
components mannans (green), β-glucans (red) and chitin (blue) were stained with Concanavalin A conjugated 
with Fluorescein (FITC), Fc-Dectin 1 conjugated with Alexa Fluor 633 (AF633) and Calcofluor White 
(CFW), respectively. Quantification of the fluorescence intensity was performed with a Leica TCS SP5 (Leica 
Microsystems CMS GmbH, Manheim, Germany) inverted confocal microscope (DMI600). Median fluorescence 
intensity values result from the analysis of, at least, 34 cells obtained from two replicates. Individual cell 
measurements can be consulted in Supplementary Figure S2.
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The increased resistance to lyticase observed in this study for yeast cells during adaptation to acetic acid was 
reported before by our laboratory for other weak  acids28. The marked increase in cell wall resistance to lyticase 
(containing β-(1→3)-glucan laminaripentaohydrolase with additional β-(1→3)-glucanase, protease, and man-
nanase activities), during the first hours of exposure to acetic acid strongly suggests that changes occurred in 
the cell wall composition and/or cross-linking between cell wall macromolecules. Mechanisms involving the 
synthesis and reorganization of cell wall constituents have been proposed to be relevant to maintain cell wall 
integrity and to decrease cell permeability to weak acids and thus to limit their contact with plasma membrane, 
therefore reducing membrane damage and intracellular  acidification2,5,16,28,35–37. In fact, it was demonstrated that 
pre-exposure to acetic acid or sorbic acid causes a decrease in the rate of intracellular acidification, most likely 
as a result of changes occurring in plasma membrane and cell  wall19. The mechanism to reduce intracellular 
acidification based on the active extrusion of protons and of the acid counter-ion is not, by itself, efficient unless 
the cell is able to restrict the diffusional re-entry of the weak  acid2,19,35. Plasma membrane permeability was found 
to increase upon exposure to acetic acid stress and to decrease following yeast cell adaptation to the stress and 
growth resumption in its presence, although maintaining permeability levels above those in the corresponding 
unstressed  cells15. Remarkably, the minimum value of cell susceptibility to lyticase was found during the latency 
phase, while the susceptibility to lyticase of cells exponentially growing in the presence of the acid was higher but 
below the values for unstressed cells. Results are consistent with the concept that cell wall remodeling is crucial 
during acetic acid-induced latency when the permeabilization of stressed yeast cells is maximal, thus limiting 
the deleterious effects of the acid.

The present work provides, for the first time, a time course characterization of the nanomechanical proper-
ties of the cell wall by assessing cell surface stiffness of the yeast population following sudden exposure to stress 
during the full length of the cultivation in medium supplemented with a sub-lethal concentration of acetic acid 
stress. Due to the plastic nature of the cell wall, stress-induced mechanisms that include changes in composi-
tion and/or remodeling of the cell wall may result in changes of its biophysical  properties20. According to the 
data of the present study, cell surface stiffness increases during adaptation to acetic acid stress. The stiffness of 
the cell wall is apparently not linked to changes in a specific component of the cell wall, but rather related with 
its molecular architecture, involving the cross-link between cell wall components, in particular the cross-link 
between β-glucans and chitin that seem to have a prominent role in cell wall  stiffness21,24. The observed cor-
relation between the time-course profiles of the increase of GAS1 transcription level and the content of glucan 
in the cell wall suggests that cell wall remodeling under acetic acid stress is, at least partially, due to the β-1,3-
glucanosyltransferase activity of Gas1 involved in glucan elongation and also in  branching31,34, while no support 
for the de novo synthesis of more glucan was obtained. Consistent with these results, GAS1 is a demonstrated 
determinant of acetic acid  tolerance6 as well as for other environmental stresses such as those induced by  H2O2 
 treatment38, low  pH39 and  ethanol40. On the contrary, the transcription levels from FKS2, BGL2, CHS3, CRH1 
and PRM5 genes suffer a continuous reduction during the whole period of stressed cultivation. The mRNA levels 
from RLM1, encoding the major transcriptional regulator of the CWI pathway effectors, were also reduced by 
cultivation in the presence of this weak acid, consistent with the down-regulation of Rlm1-target genes observed 
herein. Consistent with previous transcriptomic analysis of cells exposed to sub-lethal and severe acetic acid 
stress, the observed down-regulation of RLM1 also suggests that the CWI pathway may not be the major key 
player in acetic acid stress  response7,11. However, since the CWI pathway gene GAS1 was found to be upregu-
lated under acetic acid stress, it is not possible, at this time, to put aside the possible role of this pathway in the 
adaptive response. Moreover, the expression of FKS1 does not exhibit the same down-regulation pattern under 
acetic acid stress of other CWI pathway genes, FKS1 mRNA levels being similar to those in unstressed cells. The 
maintenance of at least one of the glucan synthases encoded by the paralogue genes FKS1 and FKS2 in acetic 
acid stressed cells was found to be  required37. Although other enzymes, responsible for glucan remodeling and/
or glucan/chitin cross-linking or other alterations of cell wall structural composition may also be involved in 
cell wall remodeling under acetic acid stress, no evidence for this was obtained here.

The present work examined the involvement of the cell wall, at the molecular and biophysical levels, in S. 
cerevisiae adaptation to a sub-lethal concentration of acetic acid. Collectively, our results suggest that this adap-
tation involves changes in yeast cell wall composition and structure that result in a stiffer and more robust cell 
wall essential to limit the futile cycle associated to the re-entry of the toxic acid form, after the active expulsion 
of acetate from the cell interior.

Methods
Yeast strains and growth conditions. The S. cerevisiae parental strain BY4741 (MATa, his3Δ1, leu2Δ10, 
met15Δ0, ura3Δ0), obtained from the EUROSCARF collection, was used in this study. The strain was main-
tained at − 80 °C in YPD media supplemented with 30% (v/v) glycerol. Cells were cultivated at 30 °C, with orbital 
agitation (250  rpm), in minimal growth medium supplemented with amino acids and uracil (MM4). MM4 
contains 1.7 g/L yeast nitrogen base without amino acids and ammonium sulphate (Difco, Michigan, USA), 
20 g/L glucose (Merck, Darmstadt, Germany), 2.65 g/L  (NH4)2SO4 (Panreac AppliChem, Connecticut, USA), 
20 mg/L methionine, 20 mg/L histidine, 60 mg/L leucine and 20 mg/L uracil (all from Sigma, Missouri, USA). 
The medium pH was adjusted to 4.0 with HCl. For the majority of the experiments performed under acetic acid 
stress, MM4 medium was supplemented with 60 mM acetic acid (Fluka, Waltham, USA) using a solution of 5 M 
acetic acid, set to pH 4.0 with NaOH. For the majority of the growth experiments, MM4 was inoculated to an 
initial optical density at 600 nm  (OD600nm) of 0.1 ± 0.05 mid-exponential cells harvested by filtration (Whatman, 
Maidstone, UK) from cultivation in fresh MM4 medium (pH 4.0) without acetic acid supplementation. Growth 
was followed by measuring culture  OD600nm.
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Yeast cell wall susceptibility to lyticase. To monitor yeast cell wall structural alterations during cul-
tivation in MM4 supplemented or not with 60 mM acetic acid, a lyticase susceptibility assay (β-1,3-glucanase 
from Arthrobacter luteus; Sigma (batch SLBS4644), containing β-(1→3)-glucan laminaripentaohydrolase with 
additional β-(1→3)-glucanase, protease, and mannanase activities) was conducted as described  before28. Briefly, 
the parental strain was cultivated in MM4 liquid medium, either supplemented or not with 60 mM acetic acid, 
at pH 4.0, and were harvested by filtration at adequate time-points of the cultivation. Cells were washed with 
distilled water and used to inoculate 100 mL erlenmeyer flasks containing 50 mL 0.1 M phosphate buffer (pH 
6.6), to a final  OD600nm of 0.5. After the addition of 15,000 U/mL of lyticase, cell lysis was followed by measuring 
the decrease of  OD600nm for each cell suspension and converting it to a percentage of the initial  OD600nm value. 
The susceptibility to lyticase is represented as the maximum specific lysis rate defined as the absolute value of the 
the slope of the straight line that best fits the semi-logarithmic plot of the linear part of the lysis curve.

Assessment of the nanomechanical properties of yeast cell wall by atomic force microscopy 
(AFM). For AFM assessment of cell wall nanomechanical properties, cells of the parental strain were grown 
and harvested at adequate time-points as described for lyticase susceptibility assays. Cell suspensions of  OD600nm 
of 0.2 were prepared in 5 mL of bi-distillate de-ionized water. These cell suspensions were filtered through a poly-
carbonate membrane (Whatman) with a pore size of 3 μm, similar to the yeast cell longitudinal size, and washed 
once with 15 mL bi-distillate de-ionized water. The filter was allowed to dry on air and then deposited on a piece 
of double-faced tape and placed on the AFM stage for analysis.

For imaging and Force-Distance measurement, the samples were analysed with a PicoLE Molecular Imag-
ing system operated in contact mode. A microlever MSCT-F (Bruker, Billerica, USA) with nominal stiffness of 
0.6 N/m and nominal tip radius of 10 nm was used in all experiments.

Force spectroscopy mapping, consisting of 32 × 32 approach/retract force–displacement curves was per-
formed in the yeast cell surface. The maximum deflection of the AFM cantilever was set constant yielding a 
maximum applied force of ≈ 30 nN. The tip-sample approach velocity was about 0.5 μm/s. To this end, an area 
in the cell was selected so that no bud scars were included, resulting in a total of about 100 approach/retract 
force–displacement curves from which the median value was kept. The force distance grids were analysed for 
determination of the apparent Young’s modulus which is the quantitative expression of the cell surface elasticity 
that reflects the stiffness. The Young’s modulus was obtained by adjusting the DMT contact model to the approach 
curves. The force distance grids were processed by home-written software using Wolfram Mathematica (Wolfram 
Research, Illinois, USA). A total of 32 cantilevers were used and the spring constant of the cantilevers was cali-
brated using the Sader  method41. In order to reduce bias due to different cantilevers being used on different cells, 
each cantilever was used to measured cells at several time-points investigated, and the process was randomized. 
Eventually, however, it was not possible to use the same cantilever for all conditions tested. Results arise from, at 
least, 3 independent experiments and from the analysis of, at least, 15 cells in each condition.

Transcriptional analysis of cell wall biosynthetic and regulatory genes. For gene transcription 
assays, parental strain cells were harvested during cultivation as described above for AFM and lyticase assays. 
Total RNA extraction was performed by the hot phenol  method42.

The quantitative real-time Reverse Transcription–PCR (qRT-PCR) protocol used to determine the mRNA 
levels from RLM1, FKS1, FKS2, BGL2, CHS3, CRH1, GAS1 and PRM5 genes followed the manufacturer’s instruc-
tions. Primer Express software V3.0 (Applied Biosystems) was used for primer design for the amplification of each 
target cDNA (Supplementary Table S1). The RT–PCR reaction was conducted in a thermal cycler block (Cleaver 
GTC965) and the qPCR was conducted in QuantStudio 5 (Applied Biosystems) using NZYSpeedy qPCR Green 
Master Mix (NZYTech). The ACT1 mRNA level was used as the internal control (Supplementary Table S1). The 
relative value obtained for each target gene at the initial time-point at 0 h under unstressed conditions was set 
as 1 and the remaining values are relative to this reference value.

Assessment of cell wall polysaccharides content by fluorescence microscopy. The methodol-
ogy for the staining of the cell wall polysaccharides was adapted from Pradhan et al.43. Concanavalin A-FITC, 
Fc-Dectin 1-Alexa 633 and Calcofluor White were used as staining compounds that bind mannans, glucans and 
chitin, respectively. Yeast cells were harvested at adequate time-points during cultivation as described above. 
Cells at an  OD600nm of 0.5 were incubated with 0.75 µg/mL Fc-Dectin 1 (Sino Biological, China) dissolved in 
FACS buffer for 45 min on ice. After centrifugation at 4300g for 5 min at 4 °C, the pellet was washed with 200 µL 
FACS buffer. Cells were then incubated for 30 min with 1:200 of anti-human IgG conjugated with Alexa Fluor 
633 (ThermoFisher Scientific, Waltham, USA), 50 µg/mL Calcofluor White (Fluka) and 50 µg/mL Concanavalin 
A conjugated with Fluorescein (Sigma). After centrifugation at 4300g for 5 min at 4 °C, the pellet was washed 
with 200 µL FACS buffer. Stained cells were resuspended in 100 µL FACS buffer and were immobilized in 2.2% 
agarose in PBS 1× mounted on a gene frame 1.0 × 1.0 cm (ThermoFisher Scientific).

All measurements were performed using a Leica TCS SP5 (Leica Microsystems CMS GmbH, Mannheim, 
Germany) inverted confocal microscope (DMI6000). A 63× apochromatic water immersion objective with a 
NA of 1.2 (Zeiss, Jena Germany) was used for all experiments. Images were collected at 2048 × 2048 resolution. 
For the Concanavalin A-FITC channel, confocal microscopy measurements were carried out with an Argon 
laser for excitation at 488 nm. Emission was collected between 495 and 580 nm. For the FC-Dectin1-Alexa 633 
channel, confocal microscopy was employed as well, and excitation was carried out through a He–Ne laser line 
at 633 nm. Fluorescence emission was collected in this channel between 640 and 770 nm. Finally, 2-photon 
excitation microscopy was used for the Calcofluor White channel with excitation from a Spectra-Physics Mai 
Tai BB laser set at 780 nm. Calcofluor white emission was collected between 390 and 480 nm. Data analysis was 
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carried out using ImageJ. Regions of interest (ROI) corresponding to the cellular surface were defined and aver-
age pixel fluorescence intensities within these ROIs were determined for each channel and average background 
fluorescence was always subtracted to the calculated values.

The staining of the cells was carried out to ensure that the analysis of mannans, β-glucans and chitin refers 
to the same cell population. Results of the median intensity fluorescence were obtained from the analysis of at 
least 34 cells obtained from two independent experiments.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary 
Information files).

Received: 8 November 2020; Accepted: 3 June 2021
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