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Abstract

Vacuum fermentation is utilized in a wide range of life science industries and biomedical R&D. Little is known,
however, on the effects of the vacuum on the yeast, and in particular, on the yeast lipidome that plays a central
role in maintaining cell membrane and other vital (yeast) cell functions. The present study evaluated the
adaptive responses of Saccharomyces cerevisiae to repeated vacuum fermentation by lipidomic analysis. We
employed gas chromatography coupled to time-of-flight mass spectrometry (GC-TOF-MS) and liquid chroma-
tography electrospray ionization tandem mass spectrometry (LC-ESI/MSn) to quantify a total of 13 intermediate
sterols and 139 phospholipid species of yeast cells. Principal components analysis found that the PI (phospha-
tidylinositol) 26:0, PI 28:0, PE (phosphatidylethanolamine) 32:1, and PE 34:1 were potential biomarkers to
distinguish the vacuum fermentation process. Quantitative analysis showed that vacuum fermentation increased
the synthesis of PI and the PC (phosphatidylcholine) species with short saturated acyl chains. The synthesis of
PC via CDP–choline and turnover of PC were enhanced, instead of formation via methylation of PE. Ad-
ditionally, increased PI at the expense of PE and PG (phosphatidylglycerol) was associated with enhancement of
ethanol productivity. Vacuum fermentation caused eburicol accumulation, suggesting that vacuum can activate
the branch of the ergosterol biosynthesis pathway. Eburicol decrease and PI increase contributed to recovery of
cellular activities with oxygenating treatment. Ethanol productivity was increased by sixfold in vacuum-treated
cells. These observations may allow the development of future mechanistic approaches to optimization of yeast
fermentation under vacuum for bioindustry and life science applications. In particular, our findings on changes
in lipid molecular species and the ergosterol biosynthesis pathway elucidate the defense responses of yeast cell
membranes during the repeated vacuum fermentation, which by extension, provided an important lead insight
on how best to protect the cell membranes from the extreme long-term stress conditions.

Introduction

Accumulation of volatile inhibitors in fermentation
processes might affect the cell growth, viability, mem-

brane fluidity, permeability, and even the fermentation ca-
pability (Brown et al., 1981; Lloyd et al., 1993; Xia and Yuan,
2009). This has been observed in the case of, for example,
ethanol and acetic acid (Graves et al., 2007; Taherzadeh et al.,
1997) in ethanol fermentation, furans and aromatics during
the pretreatment of cellulosic feedstocks (Lin and Tanaka,
2006; Sánchez and Cardona, 2008; Zhong et al., 2009), and
butanol in acetone–butanol fermentation (Pinto Mariano et al.,
2009). Vacuum fermentation was widely investigated to
eliminate the inhibitory effects on cells and improve produc-
tivity with Saccharomyces cerevisiae and Zymomonas mobilis

(Cysewski et al., 1977; Ghose et al., 1984; Ishida et al., 1996;
Lee et al., 1981). Among them, studies were primarily con-
ducted on process design, capital costs, and energy savings
(Cysewski et al., 1977; Maiorella et al., 1983; Nguyen et al.,
2009; Silva et al., 1999) during ethanol production. However,
during the vacuum process, the responses of yeast cells to
stressors, such as oxidative stress, heat stress, negative pres-
sure, and their interactions, have been seldom considered.

Yeast cells exhibit complex stress responses and adapt to
different kinds of stress conditions that are less than physio-
logically ideal (Querol et al., 2003). These responses include
cell sensing, synthesis of protective molecules, and modula-
tion of protein/enzyme activities by posttranslational modi-
fications (Rodrigues-Pousada et al., 2004). It was found that
the expression level of phosphatidylinositol/phosphatidylcholine
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transfer protein (Sec14p), involved in regulating PtdIns,
PtdCho, and ceramide metabolism, was significantly down-
regulated during vacuum fermentation and high inoculation
size (Cheng et al. 2009a, 2009b). Enhancements of phospha-
tidic acids and phosphatidylethanolamines conversion into
phosphatidylinositols and phosphatidylcholines resulted in
their lower levels during yeast cells responding to inhibitors
(e.g., furfural, phenol, and acetic acid) (Xia and Yuan, 2009).
The roles for sphingolipids in major transcriptional changes in
response to heat stress were also reported (Cowart and
Hannun, 2005). Metabolic analyses revealed that the total
content of phospholipids in yeast cells was significantly re-
duced under low-temperature winemaking fermentations
(Beltran et al., 2006). The esters of long-chain unsaturated fatty
acids coming from membrane phospholipids were excreted
by yeasts following a pressure stress (Guerzoni et al., 2007).
Therefore, ways in which cells respond and adapt to vacuum,
particularly in terms of their membranes, are of great interest.
However, the adaptive mechanisms to the extreme vacuum
condition have not yet been intensively studied using lipi-
domic approach.

It was demonstrated that glycerol, myo-inositol, trehalose,
and glutamate were taken as the protective molecules involved
in adaptative evolution of yeast cells to vacuum fermentation
(Ding et al., 2009). The membrane stability plays a key role in
adaptation of the yeast cell to different external conditions.
Eukaryotic membranes contain diverse lipid molecular species,
and the lipid composition changes in response to both internal
and external cues. Sensitivity of the S. cerevisiae cells to heat and
oxidative stress is dependent on membrane lipid composition
(Steels et al., 1994). Moreover, compositional changes of both
the acyl chains and the polar head groups can alter the packing
arrangements of the lipids and can thus affect the bilayer sta-
bility and fluidity, sometimes even the lipid–protein interac-
tions (Russell et al., 1995). It was also reported that yeasts can
incorporate a wide variety of exogenous sterols under strict
anaerobiosis (Deytieux et al., 2005).

Research on the ergosterol biosynthetic pathway in fungi
has focused on the identification of the specific sterol structure
required for normal membrane structure and function and for
completion of the cell cycle (Lees et al., 1995). Ergosterol is
required for adequate anaerobic growth during fermentation.
A noticeable increase in ergosterol contents was detected after
preoxygenation treatment (Verbelen et al., 2009). Genes re-
lated to ergosterol synthesis were downregulated during in-
dustrial bioethanol fermentation (Li et al., 2010). Sterols can
also regulate the membrane fluidity and permeability (Van
Der Rest et al., 1995). However, the adaptive and tolerant
mechanisms of S. cerevisiae to multiple stresses (e.g., negative
pressure, absence of oxygen) under vacuum fermentation
condition were still unclear, in particular, at the lipidomic-
level responses.

We herein investigated the profiles of phospholipid and
ergosterol in the industrial S. cerevisiae under the vacuum
fermentation condition, respectively, by liquid chromatogra-
phy electrospray ionization tandem mass spectrometry (LC-
ESI/MSn) and gas chromatography coupled to time-of-flight
mass spectrometry (GC-TOF-MS). We also present a method
to recover the cell damage from vacuum conditions. Our ob-
servations on changes of lipid molecular species and varia-
tions in ergosterol biosynthesis pathway elucidate the defense
responses of yeast cells membranes during the repeated vac-

uum fermentation, which provide knowledge on how to
protect the cells membranes from the extreme long-term stress
conditions.

Materials and Methods

Yeast strain and precultivation

The industrial S. cerevisiae strain, Angel thermal-tolerant
alcohol active dry yeast (Product No. 80000012), was obtained
from Angel Yeast Co., Ltd in China. The dry active yeast was
precultured aerobically in shake flasks containing 20 g/L
glucose for 20 min at 358C.

The two-round repeated vacuum fermentation

The repeated vacuum fermentation consisted of two
rounds. The first round (VF I) was conducted continuously for
420 h (30 cycles), as shown in Figure 1A. The second round
(VF II) was performed for 60 h (10 cycles), as illustrated in
Figure 1B. The vacuum fermentation system was previously
described by our group (Cheng et al., 2009a). It was main-
tained at 358C with 50� 5 mbar pressure.

For the VF I, industrial yeast cells (5 g/L) was transferred
into a 10-L fermentor with a 5-L high-sugar yeast extract
peptone dextrose (YPD) medium, containing 10 g/L yeast
extract, 20 g/L peptone, and 200 g/L glucose. Vacuum pres-
sure was initiated when the residual glucose in the broth
decreased to about 100 g/L at point a in Figure 1A. When the
residual glucose dropped to about 20 g/L, fresh YPD medium
was fed until appropriately 100 g/L with a fixed working
volume at 5 L. One cycle was defined as when glucose content
decreased from 100 g/L to about 20 g/L.

To further investigate the response of cell membranes under
vacuum fermentation, the vacuum-treated yeast cells were
recovered from negative pressure. The vacuum-treated yeast
cells at 120 h in VF I were collected and inoculated aerobically
in fresh YPD medium (10 g/L yeast extract, 20 g/L peptone,
and 20 g/L glucose) for 5 h under atmospheric pressure. Sub-
sequently, cells were transferred into the fermentor with high-
sugar YPD medium (10 g/L yeast extract, 20 g/L peptone, and
200 g/L glucose) and cultivated for 20 h under atmospheric
pressure at 358C. VF II was performed at a starting cell density
of about 9.4 g/L with the same conditions of VF I.

To investigate the cell membranes under the long-term
vacuum conditions, yeast cells in different fermentation
phases were harvested for lipidome and sterol analysis, sep-
arately at cycles 0, 1, 4, 7, 13, 18, and 30 (R0, R1, R4, R7, R13,
R18, and R30) during VF I, as well as cycles 1 and 10 (RR1 and
RR10) during VF II when residual glucose decreased to about
50 g/L.

Analysis of ethanol and glucose in medium

Glucose, ethanol, and glycerol concentrations in the sample
were determined by HPLC (Waters Corporation, Milford,
MA, USA) at the following conditions: RI detector (658C),
Aminex HPX 87-H column (BioRad, Hercules, CA, USA) and
5 mM sulphuric acid as eluent.

Identity of cell viability

Cell viability was determined by the methylene blue
staining technique. Briefly, 200 mL of sterile methylene blue
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was mixed with 200 mL of a yeast suspension diluted to reach
an O.D. of 0.4–0.7 at 600 nm. The number of stained (inactive)
and unstained (active) cells were counted.

Sterol extraction and analysis by GC-TOF-MS

Yeast cells were separated from the medium through
centrifugation immediately after sampling and were then
washed by deionized water twice. Samples (10 mg dry
weight) were frozen and stored in liquid nitrogen with 20mL
cholesterol (0.5 g/L) as the internal standard. Saponification

was carried out by dissolving samples in 1.5 M KOH/
methanol at 858C for 90 min. Sterols were then extracted by
adding 1 mL of hexane.

Sterol analysis was carried out on a GC-TOF-MS system
as described previously (Ding et al., 2009). A total of 1 mL
sample was injected with a split ratio of 1:1 by Agilent 7683
autosampler into GC (Agilent 6890), which was equipped
with a fused-silica capillary column (30 m�0.25 mm,
0.25 mm DB-5MS stationary phase, J&W Scientific, Folsom,
CA, USA). The injector temperature was 2808C. It was
operated on constant pressure mode at 91 kPa. Helium was
used as the carrier gas. The column temperature was held
at 708C for 2 min, and then increased to 2508C at 158C per
min. It was then held for 11 min, and then increased to
3008C at 28C per min. The temperature was then kept at
3008C for 3 min. The transfer line and ion source temper-
atures were 280 and 2508C, respectively. Ions were gener-
ated by a 70-eV electron beam at an ionization current of
40 mA. Two spectra were recorded per second in the mass
range of 50–800 m/z with dynamic range extension (DRE)
function.

Phospholipids extraction and analysis by LC/ESI/MSn

Phospholipid extractions were carried out as described
previously (Xia and Yuan, 2009). Yeast cells were separated
from the medium through centrifugation immediately af-
ter sampling and were then washed by deionized water
three times. After that, the cells were transferred into a
fresh glass tube containing 1.5 mL extraction buffer and
0.6 mL acetic acid solution (0.05%). Afterward, another
3 mL of extraction buffer was added to the mixture and the
tube was centrifuged to get a three-layer system with the
cells in the middle. The bottom layer was then removed
and the extract was washed by 1 ml of 1 M KCl and 1 ml
water in turn. The extract was dried by vacuum evapora-
tion. The residue was stored in a chloroform methanol (1:1,
v/v) mixture containing 0.01% BHT at� 208C.

Phospholipid analysis was performed on a Finnigan
Surveyor HPLC with quaternary gradient pumps coupled
with LCQ Advantage Max ion-trap mass spectrometer
(ThermoFisher Scientific, Fremont, CA, USA). A BETASIL
Silica-100 normal phase column (150 mm�2.1 mm, 5 mm,
ThermoFisher Scientific) was used to separate the extracted
phospholipids (PLs). The column temperature was kept at
258C. A 5-mL solution was injected with an autosampler and
washed out (Yang et al., 2007). The flow rate was 0.2 mL/
min. Before each run, the column was equilibrated for
25 min.

The MS full scan and data-dependent MS2/MS3 scan were
carried out under the negative ESI ionization mode. The MS
full scan range was 450–950 m/z. Spray voltage was 4.8 kV and
ion transfer capillary temperature was 3008C. Nitrogen was
used as the sheath. Flow rates of nitrogen and the auxiliary
gas were set to 35 and 5 units, respectively. For PG and PE,
the normalized collision energy for MS/MS experiments with
an isolation width of 1.5 U was 35%. For other PLs, the energy
was 40%. To trap the produced ions, q value was set to 0.25.
The intensity thresholds of the ions in MS2 and MS3 stages
were 1�105 and 5�104, respectively. The mass resolution
was 0.6 Da at the half peak height and the isolation width
was �0.5 Da.

FIG. 1. Changes of glucose, glycerol, and ethanol during
the repeated vacuum fermentation. (A) Fermentation process
during the first round of repeated vacuum fermentation (VF
I). Vacuum started at time point ‘‘a.’’ At time point ‘‘b,’’ the
yeast cells in VF I were taken out and reincubated aerobically
to be used in VF II. ‘‘S’’: Cells were sampled for analysis
when the glucose concentration reached about 50 g/L in each
cycle during VF I. R0 represented the time period from
vacuum initiation at ‘‘a’’ point to the point when residual
glucose in the broth decreased to 20 g/L. R1, R4, R7, R13,
R18, and R30 correspond to the 1st, 4th, 7th, 13th, 18th, and
30th cycle, respectively, during VF I. (B) Variations in etha-
nol, glucose, and glycerol during the second round of re-
peated vacuum fermentations. Fermentation process during
VF II. RR1 and RR10 correspond to the 1st and 10th cycle in
VF II.
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Results

Fermentation behavior of S. cerevisiae during
the two-round vacuum fermentation

Changes of glucose, ethanol, and glycerol during VF I were
shown in Figure 1A. Based on the fermentation duration time
in each cycle, VF I process consisted of four phases (I, II, III,
and IV) as described in Figure 1A. In phase I (0–10 h) fer-
mentation was performed under atmosphere for one cycle. In
phase II (10–30 h), phase III (30–70 h), and phase IV (70–400 h)
fermentation was processed under vacuum for 30 cycles. As
fermentation progressed, the consumption of glucose and
production of ethanol became slow, and the duration times in
these four phases were 3–4, 10–12, and 16–20 h, respectively.
At the end of phase IV, fermentation duration was changed
back to 12 h. Through the process of long-term vacuum fer-
mentation, viability of yeast cells in VF I dropped rapidly and
less ethanol was produced. To recover the viability of S. cer-
evisiae, cells at 120 h of VF I were taken out from phase III and
cultivated aerobically in fresh medium. These treated yeast
cells were applied in VF II to investigate their fermentation
capacity. Figure 1B described the changes in glucose, ethanol,
and glycerol during VF II. Treated cells in VF II showed an
obvious resistance to vacuum stress with a 10-h arrest when
exposed to vacuum pressure. After that, the treated cells
encountered a continuous rapid fermentation for 60 h with
10 cycles. In these cycles, accumulation of glycerol increased
rapidly and reached 100 g/L at 60 h in VF II, which was twice
more than in VF I.

Cell growths in VF I and VF II were described in Figure 2.
During VF I, cells concentrations reached up to 30 g/L expo-
nentially during the first two phases, and kept stable in
phase III; finally, it dropped gradually to 15 g/L during phase
IV. When treated cells at 9 g/L were applied in VF II, no
obvious exponential growth occurred and cells concentra-
tion stayed around 9–12 g/L.

Variations of viable cells, ethanol productivity, and ethanol
yield of yeast cells during the two-round repeated vacuum
fermentation were shown in Table 1. The viability of yeast
cells gradually dropped from 95 to 60% in the first 120 h of VF
I; however, viability of treated cells remained at 98% for 60 h
in VF II. Results showed that treated cells had even better
resistance to vacuum conditions. The average ethanol pro-
ductivity in VF II was 39.48 g/(L �h), which was about twice
than the maximum in VF I and six times than that of batch
fermentation (not shown in this study). In addition, even
though less growth was observed in adapted yeast, the spe-
cific ethanol productivity reached 3.948 g/(L �h) per cell unit,
which was six times higher than 0.548 g/(L �h) per cell unit in
VF I.

Responsive pathway in ergosterol biosynthesis
of S. cerevisiae to the two-round repeated
vacuum fermentation

Ergosterol, the main sterol in yeast, is responsible for
structural membrane features, such as fluidity and perme-
ability. The knowledge of the ergosterol biosynthesis route in
S. cerevisiae, may be useful in the study on resistance mecha-
nisms of cells to environment stress. The dynamic ergosterol
profile of S. cerevisiae is illustrated in Figure 3, and 13 sterols
were quantified by GC-TOF-MS. Among the possible path-
ways to produce the ergosterol, the main one was from
squalene via lansterol, 4,4-dimetheyl zymosterol, zymosterol,
festerol, episterol to ergosterol. In this way, squalene was
found to continuously accumulate until the 18th cycle in VF I,
whereas ergosterol and fecosterol decreased from the 1st cycle
to the 18th cycle. However, at the 30th cycle (g point) in VF I,
fecosterol and ergosterol abruptly rose with a decrease of
squalene. Lanosterol, 4,4-dimethy zymosterol and ergosta-
5,7-dien-3b-ol reached their maximum at the first cycle,
whereas ergosta-8-en-3b-ol, ergosta-7,22-dien-3b-ol, and
ergosta-7-en-3b-ol had a abrupt reduction at first cycle.
Zymosterol, fersterol, and episterol passed a gradual reduc-
tion during VF I. However, ergosta-5,7,22,24(28)-tetra-en-ol
remained at a stable level. This might be mainly due to the
lack of oxygen in the vacuum process; squalene could not be

FIG. 2. Growth curve for two rounds of repeated vacuum
fermentation.

Table 1. Variations of Viable Cells, Ethanol Productivity, and Ethanol Yield (g Ethanol/g Glucose),

and Specific Ethanol Productivity [g/(L �h) Ethanol/g Cell] in Atmospheric

Batch Fermentation, VF I and VF II

Time (h) Viablity (%)
Productivity

[g/(L � h)] Yield (%)
Specific productivity

{g/[l � h � (gcell)]}

Batch — 95� 2 6.67 92 0.22

VF I 0–10 95� 2

15.07 86.27 0.5
10–30 90� 2
30–70 80� 1
70–120 60� 4

VF II 10–60 98� 2 39.48 88.24 3.29
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converted to ergosterol easily. We also found 24-methylene-
24, 25-dihydrolanosterol (eburicol) in a branch way, a C-31
derivative that is usually present in fungi (Harmouch et al.,
1995). It accumulated as the fermentation processed, and then
decreased in the 30th cycle. The presence of eburicol sug-
gested that the effect of vacuum environment on ergosterol
biosynthesis was inhibiting lansterol 14a-demethylases.

A similar sterol profile was also observed in VF II. The
contents of sterols in treated cells at RR1 of VF II were re-
covered close to those in industrial yeast cells at R0 of VF I.
However, during VF II, little variations of squalene, lanos-
terol, 4,4-dimethy zymosterol ergosta-5,7,22,24(28)-tetra-
en-ol, and ergosta-5,7-dien-3b-ol could be observed. Except
for the fact that eburicol had great acuumulation in VF II,
other sterols including zymosterol, fecosterol, episterol,
ergosta-7-en-3b-ol, ergosta-8-en-3b-ol, ergosta-7,22-dien-3b-
ol, and ergosterol were reduced as those in VF I.

Phospholipids profile of S. cerevisiae during
the two-round repeated vacuum fermentation

Six groups of phospholipids (PLs) including phosphati-
dylglycerol (PG), phosphatidylethanolamine (PE), phosphati-

dylcholine (PC), phosphatidylinositol (PI), phosphatidylserine
(PS), and phosphatidic acid (PA), were analyzed by LC-ESI/
MSn. A total of 139 species were identified, including 12 species
of PG, 20 species of PE, 31 species of PC, 24 species of PI, 32
species of PS, and 20 species of PA. Quantitative analysis of the
six groups of PLs revealed that PE, PI, and PC were the pre-
dominant PLs in S. cerevisiae, and PA, PS, and PG followed. The
different changing trends for these phospholipids are described
in Figure 4. As VF I proceeded, the relative abundance of PE,
PG, and PS decreased as vacuum fermentation, then increased
gradually. However, the content of PI reached its maximum
level at the 13th cycle, which is the edge between phase II and
phase III. Additionally, the content of PC gradually decreased
to a low level during VF I. During VF II, the abundances of PI
and PA increased, whereas all other PL decreased.

Myo-inositol as the direct precursor of phosphatidylinositol
(PI) in S. cerevisiae (Nikawa and Yamashita, 1997) was found to
decrease from R0 to R13, then kept stable until R30 during VF I
(Ding et al., 2009). In the analysis of phospholipids compositions
as shown in Figure 4, PI showed the corresponding changes that
were continuously synthesized until the 13th cycle in VF I and
then they dropped to a stable level; however, PC was steadily
synthesized until the 13th cycle, and after that decreased to a

FIG. 3. Biosynthetic pathways from squalene to ergosterol in S. cerevisiae during VF I and VF II. Samples a, b, c, d, e, f, g, h,
and i are corresponding to R0, R1, R4, R7, R13, R18, R30, RR1, and RR10. Error bars represent standard deviations; where not
seen, they lie within the symbol (n� 3).
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much lower level. PG was decreasing at the 4th cycle, but started
to increase at the 30th cycle in VF I. The contents of PE, PA, and
PS were varied during VF I. After recultivated, the synthesis of
PE, PA, PS, PC, and PG in the treated cells were enhanced, and
they all decreased during VF II. However, during VF II, no
obvious changes happened to the synthesis of PIs. This was in
accordance with the study carried out by Chi et al. (1999), in
which yeast cells with a higher content of PI, can produce eth-
anol much more rapidly and yeast cells with a higher concen-
tration of PI lost their viability much more slowly.

Multivariate statistical analysis on phospholipids
in S. cerevisiae during the vacuum fermentation

To investigate the metabolic difference of phospholipids
species, a PCA model was established to analyze the lipidome
data under vacuum fermentations. The score plot from the
lipidome data of VF1 in Figure 5A showed the similarities and
differences of samples among the different cycles. Projection
of the resulting sample scores for the first and second princi-
pal components, which accounted together for 80.7% of the
total sample variances, separated the three groups. Further-
more, the discrimination of different phospholipids species
under vacuum fermentation was mainly realized by the first
principal component (which contributed 55.1% to the total
variances). Although there was no significant difference be-
tween the contributions of first and second principal compo-
nent, samples at R0 and R1 were gathered together, whereas

samples at R30 were discriminated from other samples at R4,
R7, R13, and R18. The difference made by the phospholipids
was similar to the discrimination of different fermentation
performance under vacuum fermentation. The changing trends
of the phospholipids in yeast cells from VF I also suggested
that the effect of vacuum fermentation on phospholipids in
yeast cells was not instant after vacuum began, whereas a
gradual variance was detected until R30. The correspond-
ing loading plot (Fig. 5B) showed several possible biomarkers
for distinguishing various samples were minor PI, PE, and PC.
The biomarkers for the discrimination of all the samples were
complex, but PI 26:0, PI 28:0, PE 32:1, and PE 34:1were the
predominant biomarkers.

PE, which has a smaller head groups than acyl chains, is
cone shaped. It may induce a locally high membrane curva-
ture and membrane-packing defect when it is at high con-
centration (Van der Rest et al., 1995). In our research, high
amounts of PE 32:1, PE 34:1, and PE 34:2 were observed in
Figure 6. It indicated that the palmitic acid (C16:0) and stearic
acid (C18:0) were the most predominant carbon chains in PE,
whereas palmitoleic acid (C16:1) and oleic acid (C18:1) were
the major unsaturated species. As vacuum fermentation
processed, the unsaturated PE species (PE 32:1, PE 32:2, PE
34:1, PE 34:2, PE 36:1, and PE 36:2) were decreased and then
increased in VF I. All PE species in treated cells were elevated
after recultivated, and then dropped during VF II. For the PI
groups (Fig. 6), high amounts of PI 26:0, PI 28:0, and PI 34:1,
together with low amounts of PI 24:0, PI 30:0, and PI 32:1,

FIG. 4. Profiles of different phospholipid species in S. cerevisiae during VF I and VF II. Left axis indicates the amounts of
phospholipid, and right axis shows the relative abundance of them. Sampling time of R0, R1, R4, R7, R13, R18, R30, RR1 and
RR10 are indicated in Figure 1. Error bars represent standard deviations; where not seen, they lie within the symbol (n� 3).
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were detected. In addition, for the PC groups, PC 26:0, PC
28:0, and PC 34:1 were the major ones. PIs, with short chains,
such as C24, C26, and C28, first increased and then decreased
during VF I, whereas those with long chains showed totally
opposite changes. However, except for the fact that the bio-
marks of C26:0 and C28:0 were increased in VF II, other
species all tended to be reduced. Similarly, PC (Fig. 6) with
short chains were observed to increase first, followed by a
decrease, for example, C26, C28, and C30, whereas species
with long chains conversely varied during VF I. As well,
biomarkers PC26:0 and PC28:0 tended to increase in VF II,
which were different from other PC species. These results
suggested the effects of vacuum fermentation on PE, PI, and
PC with different chain lengths were varied.

Variations of chain length and degree of unsaturation
in phospholipids

Chain length and degree of unsaturation in phospholipids
have a strong impact on membrane fluidity, which is the

prerequisite for specific membrane proteins to maintain their
biological activity (Wriessnegger et al., 2009). Unsaturation
degrees in these phospholipids during VF I and VF II were
investigated. Figure 7A indicated that the saturated PLs firstly
increased from the 1st to the 13th cycle in VF I, and then
decreased until the 30th cycle. Both mono-unsaturated and
di-unsaturated PLs showed an opposite trend to saturated PLs.
This might be due to the absence of oxygen during this process.
The changes of saturation levels in PLs will result in the de-
crease of membrane fluidity, the subsequent loss of membrane
integrity, and the reduction in the total phospholipid level.
After being treated with recultivation aerobically, the increase
of saturated PLs with a decrease of mono-unsaturated and
di-unsaturated PLs was observed during VF II.

Further analysis of the distributions of the hydrocarbon
chains in Figure 7B showed that during VF I, PLs with short
chains (C26, C28, and C30) were elevated and then dropped,
whereas those with long chains (C32, C34, and C36) decreased
first, then increased as vacuum fermentation was performed.
As a result, the difference between the relative abundances of
PLs with short chains and those with long chains was less-
ened. After being treated with aerobic recultivation, PLs with
the long chains were enhanced in VF II and tended to drop as
VF II proceeded. The changes of PLs with short chains ex-
hibited opposite trends. The changes in phospholipids in
the two-round repeated fermentation suggested membrane
fluidity may be related with the adaption of yeast cells to
vacuum fermentation.

Discussion

The most attractive and powerful aspect of ‘‘omics’’ ap-
proaches was their ability of profiling all or as much as pos-
sible molecules or substances simultaneously. In this article,
lipidomics, a branch of metabolomics strategy, was carried
out to offer sterols and phospholipids profiling information
for the S. cerevisiae membrane during repeated vacuum fer-
mentation. Our research attempted to elucidate the defense
responses of yeast cells membranes under the extreme long-
term stress conditions.

Two routes in ergosterol biosynthesis
under vacuum environment

Ergosterol is known as the main sterol in yeast cells and
responsible for structural membrane features, such as fluidity
and permeability (Parks and Casey, 1995). In the postsqualene
ergosterol biosynthetic pathway, the enzymatic transforma-
tion of squalene to ergosterol takes place (Mantzouridou et al.,
2009). A previous study found that oxygen deficiency directly
resulted in a decrease of ergosterol and an accumulation of
squalene and lanosterol (Maczek et al., 2006). In fact, sterol
analysis in our study revealed ergosterol was the predomi-
nant sterol only at the beginning of VF I, whereas there was a
prevalence of sterol intermediates lanosterol, ergosta-5,7-
dien-3ß-ol, and eburicol in S. cerevisiae as VF I was performed.
Furthermore, lanosterol did not keep increasing as expected,
but an accumulation of eburicol with a great decrease of er-
gosterol was detected in the first 18 cycles of VF I. A similar
relationship between eburicol and ergosterol had been
reported in filamentous fungi and plants, such as Venturia
inaequalis (Shirane et al., 1996) and Cryptococcus neoformans
(Nes et al., 2009), suggesting that the transmethylation

FIG. 5. Multivariate statistical analysis of lipdome for
S. cerevisiae cells in VF I. (A) score plot for industrial yeast
cells during VF I on the 3D scatter plot; (B) loading plot for
industrial yeast cells during VF I on the first principal com-
ponents.Multivariate statistical analysis of lipidome for
S. cerevisiae in VF I.
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process on the C-24 may occur directly on lanosterol and not
only on zymosterol. This also implied that two routes exist
from lanosterol to ergosterol under vacuum conditions: the
classical one via a direct C-14, C-4 demethylation of lanos-
terol, and the second one via the formation of eburicol
followed by demethylations.

An increased conversion of lanosterol to eburicol at the
expense of conversion to 4,4-dimethyl zymosterol (illustrated
in Fig. 3) was also found, as well as an enhanced conversion of
episterol to ergosta-7,22-dienol and ultimately ergosta-7-enol
at the expense of ergosta-5,7,24 (28) trienol. By altering the
pathway at this particular point, ergosterol biosynthesis was
inhibited and the cell would lose susceptibility to vacuum

fermentation. Barker et al. (2004) showed that the over-
expression of the ergosterol biosynthesis genes ERG5, ERG6,
and ERG25 in Candida albicans might support the conversions
of lanosterol to eburicol.

As a specific responsive sterol intermediate to vacuum
fermentation, eburicol greatly increased the permeability and
fragility of the membranes, and it was unable to support cell
growth, even disturbed membranes, because its two methyl
groups at C-4 would grossly perturb membrane function
(Vanden Bossche et al., 1993). Therefore, during VF II, greater
accumulation of eburicol might predominately be attributed
as the cause of treated cell growth arrest. Thus, analysis of
sterol content in the S. cerevisiae suggested that the effect of

FIG. 6. Relative abundance for different PE, PI, PC, molecules during VF I and VF II. Error bars represent standard
deviations; where not seen, they lie within the symbol (n� 3).
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vacuum fermentation on yeast cells be the accumulation of
sterol intermediates consistent with inactivation of lanosterol
demethylase.

The synthesis of phospholipids in S. cerevisiae
under vacuum fermentation

As an essential phospholipid for yeast, PI has many phys-
iological functions in cell morphology, metabolic regulation,
and signal transduction. Studies showed that PI synthesis was
increased at the expense of cellular pools of CDP-DAG when
inositol was added into the growth medium (Carman and
Henry, 2007; Loewen et al., 2004). However, inositol directly
inhibited the activity of the CHO1-encoded PS synthase,
which resulted in the decrease of PS and PC. PI synthesis
enhanced in zinc-depleted cells, due to the Zap1p mediated
induction of PIS1 gene expression (Han et al., 2005), whereas
the effects of zinc depletion on phospholipid composition
involved a decrease in PE but no significant change in PC
(Iwanyshyn et al., 2004). Moreover, Carman and Henry (2007)
showed that regardless of whether cells were supplemented
with inositol or were depleted of an essential nutrient, an
increase in PI synthesis resulted in a decrease in the PA level,
as well as a loss of Opi1p association with the nuclear/ER
membrane, followed by Opi1p translocation into the nucleus.

Our results found that an increase of PI synthesis occurred
from R0 to R13 and decreased at the end of VF I. No contin-
uous reduction in PA level was observed. On one hand, PA
synthesis might be affected under vacuum conditions, which
related with PC synthesis. On the other hand, instead, PI
synthesis increased due to a loss of competition between
PI synthase and PS synthase for their common substrate
CDP–DAG.

The de novo pathways for the synthesis of phospholipids in
S. cerevisiae showed that PI, PS, PE, and PC are primarily
synthesized from PA via the CDP–DAG pathway (Carman
and Han, 2009). Alternatively, PE and PC can be synthesized
from the CDP–ethanolamine and CDP–choline branches, re-
spectively, of the Kennedy pathway (Boumann et al., 2003).
Under vacuum fermentation, PE, PS, and PG synthesis were
reduced. Interestingly, PC synthesis was not significantly af-
fected before R13. Maintenance of a normal PC content might
be attributed to the PC synthesis via the Kenndey pathyway.
It was previously reported that in S. cerevisiae, the methylation
of PEs produced predominantly the diunsaturated PC species
PC32:2 and PC34:2, and the CDP–choline-derived PCs are
enriched in the monounsaturated species PC32:1 and PC34:1
(Boumann et al., 2003). However, during VF I the most pro-
minent PE species were the 34:1 (composed of either C16:0
and C18:1 or C18:0 and C16:1) and 32:1 (composed of C16:0

FIG. 7. (A) The changes in abundance of saturated, monounsaturated, and diunsaturated phospholipids in S. cerevisiae cells
during VF I and VF II. (B) The variations in percentage of phospholipids with different chain length in S. cerevisiae cells
during VF I and VF II.
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and C16:1) species (Fig. 6). The diunsaturated species 32:2 PE
(two C16:1 acyl chains) and 34:2 (containing a C16:1 and a
C18:1 acyl chain) were also detected. Compared with PE, the
steady-state species profile of PC was strikingly different,
with a high content of 26:0, 28:0 and a reduced content of 32:1,
34:1. The relatively high amounts of PC32:1, PC34:1 offered us
a clue that yeast cells under vacuum condition mainly got its
PCs from the CDP–choline pathway.

Our group found that the expression level of phosphati-
dylinositol/phosphatidylcholine transfer protein (Sec14p),
involved in regulating PI, PC, and ceramide metabolism, was
significantly downregulated during vacuum fermentation
(Cheng et al., 2009a). McGee et al. (1994) demonstrated that
Sec14p had a negative regulatory effect upon the rate-limiting
step in the CDP–choline pathway, catalyzed by phos-
phocholine cytidylyltransferase. This result suggested that the
downregulated Sec14p function might be related to regula-
tion of the CDP–choline pathway to the turnover of PC.
Moreover, during VF I, increased contents of PC26:0 and PC
28:0 with short saturated acyl chains occurred. These species
were not directly produced either from the PE or Kennedey
pathyway, but might be due to the turnover of PC. Therefore,
PC species under vacuum conditions accelerated the synthesis
and turnover of CDP–choline-derived PC but not of PC
formed via methylation of PE.

Unsaturated phospholipids under vacuum
fermentation

Consequently, in levels of unsaturated phospholipids in
S. cerevisiae, their physical properties such as fluidity and
permeability were subjected to a variety of stressors. When
cells were subjected to temperature shifts they adapted by
increasing the level of unsaturated fatty acids in membranes
(Guerzon et al., 1997). Cells under anaerobiosis had a lower
level of unsaturated fatty acids and higher membrane fluidity
(Mauricio et al., 1998). Due to lack of oxygen, reductions of
unsaturated lipids in yeast cells were found from R0 to R18 in
VF I. It was strange that unsaturated lipids began to increase
from R18 to R30 at the end of VF I. This result cannot support
Guerzon’s hypothesis that a high unsaturated fatty acid
relative content is not a prerequisite for withstanding suble-
thal temperature stress in yeast but is the result of oxygen-
consuming desaturase activation (Guerzon et al., 1997). It was
also found that once cells were taken out from R13 of VF I and
recultured aerobically, the unsaturated lipids were largely
enhanced again, whereas the reduced unsaturated lipids oc-
curred in VF II. It implied that the unsaturated lipids gave a
clue to the adaption of cells to a suboptical environment.

Fermentative behavior and lipidomics during
the adaptation to vacuum fermentation

Fermentative behavior, lipidomic profiling, including ste-
rol metabolism and phospholipids biosynthesis, showed the
coherent adaptation to vacuum fermentation. PI, PC, and PS
were found to be in connection with fermentative activity and
ethanol tolerance (Arneborg et al., 1995; Chi et al., 1999;
Hayashida and Ohta, 1980; Mishra and Kaur, 1991; Shin et al.,
1995). A high content of PI was related with the high ethanol
production and high ethanol tolerance (Arneborg et al., 1995;
Chi et al., 1999).Our results indicated a rapid increase in PI
content at the expense of PE and PG from R0 to R13 and then

decreased at the end of VF I. It was also found that high
ethanol productivity was obtained with an increased PI level
during the rapid phases (from R0 to R7) of VF I. However,
although PI content kept increasing, vacuum fermentation
slowed down ethanol productivity during the cycles from R7
to R13. The slow fermentation and low ethanol productivity
might be caused by reduced cell viability. As the PI synthesis
dropped during the end of VF I, the percentage of PI de-
creased and less ethanol was produced.

Through a long adaptation to vacuum fermentation, sterols
and phospholipids decreased as fermentation slowed down.
Low cell viability and ethanol productivity were obtained at
the end of VF I, although yeast cells at R30 showed an
adaption to long-term vacuum environment by opposite
changes in sterols and phospholipids, as well as the faster
fermentation rate. Interestingly, loss of sterols and phospho-
lipids were recovered in treated yeast cells of VF II by aero-
bically reculturing. The contents of phospholipids species can
reach at least higher than them at both R0 and R13 of VF I
except PI contents. Therefore, it can explain that the treated
cells still had similar membrane features. The larger increase
of PI level in VF II might be link to a sixfold specific ethanol
productivity in treated cells. Additionally, content of sterol
was elevated higher than that at R13 but still lower than R0 of
VF I except eburicol contents, which could explain the low
growth in treated cells.

Conclusion

Findings on changes in lipid molecular species and the
ergosterol biosynthesis pathway elucidate the defense re-
sponses of yeast cell membranes during the repeated vacuum
fermentation. Reduction of unsaturated lipids, synthesis, and
distribution of phospholipids, and accumulation of eburicol
in ergosterol biosynthesis were caused by vacuum fermenta-
tion. Moreover increased PI contents were associated with the
enhancement of the ethanol productivity during the repeated
vacuum fermentation. Treatments by recultivating aerobi-
cally were useful to recover the yeast cells under vacuum
fermentation and obtain higher specific ethanol productivity.

As a new and emerging important omics field, lipidomics is
not only helpful to uncover the biological components and
events that occur, but good to obtain a quantitative description
during the industrial and agricultural processes. This informa-
tion will be extremely valuable for protection of the cell mem-
branes from the extreme long-term stress conditions. Global
analysis of molecular components and states will be further
extended to relative integrative biology including tran-
scriptomics and metabolism, and these findings are expected to
be to valuable during industrial and agricultural processes.

Acknowledgments

The authors are grateful for the financial support from the
National Natural Science Foundation of China (Key Program
Grant No. 20736006), the National Basic Research Program of
China (‘‘973’’ Program: 2007CB714301), and Key Projects in
the National Science & Technology Pillar Program (No.
2007BAD42B02).

Author Disclosure Statement

The authors declare that no conflicting financial interests
exist.

572 ZHOU ET AL.



References

Arneborg, N., Høy, C.-E., and Jørgensen, O.B. (1995). The effects
of ethanol and specific growth rate on the lipid content and
composition of Saccharomyces cerevisiae grown anaerobically
on a chemostat. Yeast 11, 953–959.

Barker, K.S., Crisp, S., Wiederhold, N., Lewis, R.E., Bareither, B.,
Eckstein, J., et al. (2004). Genome-wide expression profiling
reveals genes associated with amphotericin B and fluconazole
resistance in experimentally induced antifungal resistant iso-
lates of Candida albicans. J Antimicrob Chemother 54, 376–385.

Beltran, G., Novo, M., Leberre, V., Sokol, S., Labourdette, D.,
Guillamon, J.M., et al. (2006). Integration of transcriptomic
and metabolic analyses for understanding the global re-
sponses of low-temperature winemaking fermentations. FEMS
Yeast Res 6, 1167–1183.

Brown, S.W., Oliver, S.G., Harrison, D.E.F., and Righelato, R.C.
(1981). Ethanol inhibition of yeast growth and fermentation:
differences in the magnitude and complexity of the effect.
Appl Microbiol Biotechnol 11, 151–155.

Boumann, H.A., Damen, M.J.A., Versluis, C., Heck, A.J.R., de
Kruijff, B., and de Kroon, A. (2003). The two biosynthetic
routes leading to phosphatidylcholine in yeast produce dif-
ferent sets of molecular species. Evidence for lipid remodeling.
Biochemistry 42, 3054–3059.

Carman, G.M., and Han, G.-S. (2009). Regulation of phospho-
lipid synthesis in yeast. J Lipid Res 50, 69–73.

Carman, G.M., and Henry, S.A. (2007). Phosphatidic acid plays a
central role in the transcriptional regulation of glyceropho-
spholipid synthesis in Saccharomyces cerevisiae. J Biol Chem
282, 37293–37297.

Cheng, J.S., Zhou, X., Ding, M.Z., and Yuan, Y.J. (2009a). Pro-
teomic insights into adaptive responses of Saccharomyces cer-
evisiae to the repeated vacuum fermentation. Appl Microbiol
Biotechnol 83, 909–923.

Cheng, J.S., Ding, M.Z., Tian, H.C., and Yuan, Y.J. (2009b). In-
oculation density-dependent responses and pathway shifts in
Saccharomyces cerevisiae. Proteomics 9, 4704–4713.

Chi, Z., Kohlwein, S.D., Paltauf, F. (1999). Role of phosphati-
dylinositol (PI) in ethanol production and ethanol tolerance
by a high ethanol producing yeast. J Ind Microbiol Biotechnol
22, 58–63.

Cowart, L.A., and Hannun, Y.A. (2005). Using genomic and li-
pidomic strategies to investigate sphingolipid function in the
yeast heat-stress response. Biochem Soc Trans 33, 1166–1169.

Cysewski, G.R., and Wilke, C.R. (1977). Rapid ethanol fermen-
tations using vacuum and cell recycle. Biotechnol Bioeng 19,
1125–1143.

Deytieux, C., Mussard, L., Biron, M.J., and Salmon, J.M. (2005).
Fine measurement of ergosterol requirements for growth of
Saccharomyces cerevisiae during alcoholic fermentation. Appl
Microbiol Biotechnol 68, 266–271.

Ding, M.Z., Zhou, X., and Yuan, Y.J. (2009). Metabolome pro-
filing reveals adaptive evolution of Saccharomyces cerevisiae
during repeated vacuum fermentations. Metabolomics
DOI:10.1007/s11306-009-0173-3

Ghose, T.K., Roychoudhury, P.K., and Ghose, P. (1984). Si-
multaneous saccharification and fermentation (SSF) lignocel-
lulosics to ethanol under vacuum cycling and step feeding.
Biotechnol Bioeng 26, 377–381.

Graves, T., Narendranath, N.V., Dawson, K., and Power, R. (2007).
Interaction effects of lactic acid and acetic acid at different
temperatures on ethanol production by Saccharomyces cerevisiae
in corn mash. Appl Microbiol Biotechnol 73, 1190–1196.

Guerzoni, M.E., Ferruzzi, M., Sinigaglia, M., and Criscuoli, G.C.
(1997). Increased cellular fatty acid desaturation as a possible
key factor in thermotolerance in Saccharomyces cerevisiae. Can J
Microbiol 43, 569–576.

Guerzoni, M.E., Vernocchi, P., Ndagijimana, M., Gianotti, A.,
and Lanciotti, R. (2007). Generation of aroma compounds in
sourdough: effects of stress exposure and lactobacilli–yeasts
interactions. Food Microbiol 24, 139-148.

Han, S.H., Han, G.S., Iwanyshyn, W.M., and Carman, G.M.
(2005). Regulation of the PIS1-encoded phosphatidylinositol
synthase in Saccharomyces cerevisiae by zinc. J Biol Chem 280,
29017–29024.

Harmouch, N., Coulon, J., and Bonaly, R. (1995). Identification
of 24-methylene-24,25-dihydrolanosterol as a precursor of
ergosterol in the yeasts Schizosaccharomyces pombe and Schi-
zosaccharomyces octosporus. FEMS Microbial Lett 134, 147–
152.

Hayashida, S., and Ohta, K. (1980). Effects of phosphatidylcho-
line or ergosteryloleatte on physiological properties of Sac-
charomyces sake. Agric Biol Chem 44, 2561–2567.

Ishida, K., and Shimizu, K. (1996). Novel repeated batch oper-
ation for flash fermentation system: experimental data and
mathematical modeling. J Chem Technol Biotechnol 66, 340–
346.

Iwanyshyn, W.M., Han, G.S., and Carman, G.M. (2004). Reg-
ulation of phospholipid synthesis in Saccharomyces cerevisiae
by zinc. J Biol Chem 279, 21976–21983.

Lee, J.H., Woodard, J.C., Pagan, R.J., and Rogers, P.L. (1981).
Vacuum fermentation for ethanol production using strains of
Zymomonas mobilis. Biotechnol Lett 4, 347–352.

Lees, N.D., Skaggs, B., Kirsch, D.R., and Bard, M. (1995). Cloning
of the late genes in the ergosterol biosynthetic pathway of
Saccharomyces cerevisiae—a review. Lipids 30, 221–226.

Li, B.Z., Cheng, J.S., Qiao, B., and Yuan, Y.J. (2010). Genome-
wide transcriptional analysis of Saccharomyces cerevisiae during
industrial bioethanol fermentation. J Ind Microbiol Biotechnol
37, 43–55.

Lin, Y., and Tanaka, S. (2006). Ethanol fermentation from bio-
mass resources: current state and prospects. Appl Microbiol
Biotechnol 69, 627–642.

Lloyd, D., Morrell, S., Carlsen, H.N., Degn, H., James, P.E., and
Rowlands, C.C. (1993). Effects of growth with ethanol on
fermentation and membrane fluidity of Saccharomyces cerevi-
siae. Yeast 9, 825–833.

Loewen, C.J.R., Gaspar, M.L., Jesch, S.A., Delon, C., Ktistakis,
N.T., Henry, S.A., et al. (2004). Phospholipid metabolism
regulated by a transcription factor sensing phosphatidic acid.
Science 304, 1644–1647.

Maczek, J., Junne, S., Nowak, P., and Goetz, P. (2006). Metabolic
flux analysis of the sterol pathway in the yeast Saccharomyces
cerevisiae. Bioprocess Biosyst Eng 29, 241–252.

Maiorella, B., Blanch, H.W., and Wilke, C.R. (1983). By-product
inhibition effects on ethanolic fermentation by Saccharomyces
cerevisiae. Biotechnol Bioeng 25, 103–121.

Mantzouridou, F., Naziri, E., and Tsimidou, M.Z. (2009). Squa-
lene versus ergosterol formation using Saccharomyces cerevisiae:
combined effect of oxygen supply, inoculum size, and fer-
mentation time on yield and selectivity of the bioprocess.
J Agric Food Chem 57, 6189–6198.

Mauricio, J.C., Millán, C., and Ortega, J.M. (1998). Influence of
oxygen on the biosynthesis of cellular fatty acids, sterols and
phospholipids during alcoholic fermentation by Saccharomyces
cerevisiae and Torulaspora delbrueckii. World J Microbiol Bio-
technol 14, 405–410.

S. CEREVISIAE UNDER REPEATED VACUUM FERMENTATION 573



McGee, T.P., Skinner, H.B., Whitters, E.A., Henry, S.A., and
Bankaitis, V.A. (1994). A phosphatidylinositol transfer protein
controls the phosphatidylcholine content of yeast Golgi
membranes. J Cell Biol 124, 273–287.

Mishra, P., and Kaur, S. (1991). Lipids as modulators of ethanol
tolerance in yeast. Appl Microbiol Biotechnol 34, 697–702.

Nes, W.D., Zhou, W., Ganapathy, K., Liu, J., Vatsyaysn, R.,
Chamala, S., et al. (2009). Sterol 24-C-methyltransferase: an
enzymatic target for the disruption of ergosterol biosynthesis
and homeostasis in Cryptococcus neoformans. Arch Biochem
Biophys 481, 210–218.

Nguyen, V.D., Kosuge, H., Auresenia, J., Tan, R., and Brondial,
Y. (2009). Effect of vacuum pressure on ethanol fermentation.
J Appl Sci 9, 3020–3026.

Nikawa, J., and Yamashita, S. (1997). Phosphatidylinositol syn-
thase from yeast. Biochim Biophys Acta 1348, 173–178.

Parks, L.W., and Casey, W.M. (1995). Physiological implications
of sterol biosynthesis in yeast. Annu Rev Microbiol 49, 95–116.

Pinto Mariano, A., Bastos Borba Costa, C., de Franceschi de
Angelis, D., Maugeri Filho, F., Pires Atala, D.I., Wolf Maciel,
M.R., et al. (2009). Optimization strategies based on sequential
quadratic programming applied for a fermentation process for
butanol production. Appl Biochem Biotechnol 159, 366–381.

Querol, A., Fernández-Espinar, M.T., Del Olmo, M., and Barrio,
E. (2003). Adaptive evolution of wine yeast. Int J Food Mi-
crobiol 86, 3–10.

Rodrigues-Pousada, C.A., Nevitt, T., Menezes, R., Azevedo, D.,
Pereira, J., and Amaral, C. (2004). Yeast activator proteins and
stress response: an overview. FEBS Lett 567, 80–85.

Russell, N.J., Evans, R.I., ter Steeg, P.F., Hellemons, J., Verheul,
A., and Abee, T. (1995). Membranes as a target for stress ad-
aptation. Int J Food Microbiol 28, 255–261.
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