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Very high ethanol tolerance is a distinctive trait of the yeast Saccharomyces cerevisiae with notable ecological and industrial im-
portance. Although many genes have been shown to be required for moderate ethanol tolerance (i.e., 6 to 12%) in laboratory
strains, little is known of the much higher ethanol tolerance (i.e., 16 to 20%) in natural and industrial strains. We have analyzed
the genetic basis of very high ethanol tolerance in a Brazilian bioethanol production strain by genetic mapping with laboratory
strains containing artificially inserted oligonucleotide markers. The first locus contained the ura3�0 mutation of the laboratory
strain as the causative mutation. Analysis of other auxotrophies also revealed significant linkage for LYS2, LEU2, HIS3, and
MET15. Tolerance to only very high ethanol concentrations was reduced by auxotrophies, while the effect was reversed at lower
concentrations. Evaluation of other stress conditions showed that the link with auxotrophy is dependent on the type of stress
and the type of auxotrophy. When the concentration of the auxotrophic nutrient is close to that limiting growth, more stress
factors can inhibit growth of an auxotrophic strain. We show that very high ethanol concentrations inhibit the uptake of leucine
more than that of uracil, but the 500-fold-lower uracil uptake activity may explain the strong linkage between uracil auxotrophy
and ethanol sensitivity compared to leucine auxotrophy. Since very high concentrations of ethanol inhibit the uptake of auxotro-
phic nutrients, the active uptake of scarce nutrients may be a major limiting factor for growth under conditions of ethanol stress.

Very high ethanol tolerance is an outstanding property of the
yeast Saccharomyces cerevisiae. While laboratory strains of S.

cerevisiae have low to moderate ethanol tolerance (i.e., 6 to 12%
[vol/vol] ethanol), many natural and industrial strains are able to
accumulate �16% ethanol (1, 2). This property is important in
industrial processes such as sake brewing and bioethanol produc-
tion, which rely on the accumulation of high concentrations of
ethanol (3, 4). In bioethanol production, for example, very high
ethanol tolerance of the yeast is a prerequisite to obtain a very high
final ethanol titer, reducing distillation costs and contamination
levels and decreasing liquid volumes in the factory. Very high
ethanol tolerance is also important for maintaining a proper fer-
mentation rate in the later stages of fermentation and for complete
attenuation of the sugar. Adequate completion of fermentation is
also of relevance for the production of beer, wine, and other alco-
holic beverages by yeast fermentation.

Cellular membranes are believed to be the main targets of eth-
anol toxicity in S. cerevisiae, and this is related to the tendency of
ethanol to preferentially accumulate in the hydrophobic part of
the membranes (5, 6). The need for the cell to compensate for this
effect is reflected in several experimental findings. For example,
cells that are exposed to ethanol change the lipid composition of
their membranes to counteract the detrimental effect of ethanol.
In particular, changes in the compositions of fatty acids (7–9) and
ergosterol (10) have been observed.

In addition to the crucial role of the plasma membrane, several
amino acids have also been associated with ethanol tolerance in S.
cerevisiae. In particular, it has been shown that increased accumu-
lation of intracellular proline improved the cell viability of sake
yeast in the presence of ethanol (11). Proline is known to enhance
the stability of membranes and proteins (12) and to inhibit aggre-
gation during protein refolding (13). Overexpression of either
tryptophan biosynthesis genes or the tryptophan permease gene

in a sake yeast strain as well as supplementation of tryptophan in
the culture medium conferred increased tolerance to 5% ethanol
(14). Nearly all studies on ethanol tolerance have been performed
with laboratory yeast strains, which in general have lower fitness
than do natural and industrial strains. Auxotrophic mutations
have been indicated as a possible cause of reduced fitness (15, 16)
but never in connection with ethanol tolerance.

Ethanol tolerance is a complex property that is determined by
numerous genetic and environmental factors (1, 7, 14, 17–24).
Several genome-wide analyses have been performed to decipher
the genetic basis of ethanol tolerance in S. cerevisiae, as compre-
hensively reviewed by Stanley et al. (25). Virtually all of these
studies focused on the tolerance of laboratory strains to moderate
concentrations of ethanol (i.e., 6 to 12%) and were performed by
determining the sensitivity of the yeast deletion strain collection to
such ethanol concentrations under different conditions (17, 18,
20, 22, 23). Another study used genome-wide transcriptomics to
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study differences between the responses of natural S. cerevisiae
strains to 5% ethanol (14). Although the above-mentioned studies
identified hundreds of genes that are required for ethanol toler-
ance in S. cerevisiae, they showed little overlap between the genes
identified under the different conditions used (14, 17, 18, 20, 22,
23). This discrepancy suggests that the mechanisms of ethanol
sensitivity depend on the genetic background, the growth condi-
tions, and the ethanol concentration used. Although the above-
mentioned studies provided useful insights into the genetic deter-
minants of tolerance to a range of ethanol concentrations, they did
not give insight into those that are specific for very high ethanol
concentrations (i.e., in the range of 16 to 18%) in natural and
industrial strains.

We have focused on the very high ethanol tolerance of VR1, a
yeast strain used in industrial bioethanol production, in compar-
ison with the low tolerance of S288c-derived laboratory strains.
The VR1 strain is a natural strain that occurred as a wild-yeast
contaminant in a Brazilian bioethanol production plant (3). It was
selected as a production strain because of its dominance in the
yeast recycling system and other favorable characteristics for in-
dustrial bioethanol production, including very high ethanol tol-
erance. Analysis of genetic elements important for the very high
ethanol tolerance of VR1 by linkage mapping with a series of
S288c laboratory strains containing large numbers of artificially
introduced genetic markers identified the ura3�0 mutation of the
artificially marked strain as the causative mutation. Further explo-
ration of this finding revealed that other auxotrophic mutations
also reduce tolerance to very high ethanol concentrations (al-
though to different extents) and that this effect is not observed
with moderate concentrations. For uracil and leucine, the effect
could be linked to the relative rate of uptake of the auxotrophic
nutrient. Examination of other stress factors showed that the ef-
fect of auxotrophies also depends on the types of stress and aux-
otrophy and especially the concentration of the auxotrophic nu-
trient in the medium compared to the concentration that limits
growth.

MATERIALS AND METHODS
Strains and cultivation conditions. All S. cerevisiae strains were routinely
maintained on solid yeast extract-peptone-dextrose (YPD) medium con-
taining 1% yeast extract, 2% Bacto peptone, 2% glucose, and 1.5% agar.
Ethanol tolerance assays were performed on solid yeast extract-peptone
(YP) and YPD media containing ethanol at the indicated concentrations
(vol/vol). Other stress tolerance assays were performed with solid YPD

medium containing 0.3% or 0.4% (vol/vol) acetic acid at pH 5, YPD
medium containing 4.0 mM or 4.5 mM H2O2, YPD medium containing
1.50 M or 1.75 M NaCl, and YP medium containing 25% or 30% glucose.
Stress tolerance assays with limiting amounts of either uracil or leucine
were performed on minimal medium containing a complete synthetic
dropout amino acid-nucleotide mixture (CSM-AA; amounts according
to the manufacturer’s instructions), 0.17% yeast nitrogen base without
amino acids and ammonium sulfate, 0.5% ammonium sulfate, 2% glu-
cose, 1.5% agar, and different amounts of uracil (0.005 to 0.400 mM) or
leucine (0.05 to 2.00 mM), respectively. The pH of the medium was ad-
justed to 6.5 with 4 M KOH. After autoclaving, different concentrations of
ethanol or NaCl were added to the medium as indicated. Transport assays
were performed in minimal medium with 2% glucose or yeast nitrogen
base (YNB) medium containing 0.17% yeast nitrogen base without amino
acids and ammonium sulfate and 2% glucose. The pH of YNB medium
was adjusted to 4.8 with HCl. All concentrations mentioned above are in
weight per volume unless indicated differently.

Minimal medium for the selection of URA3 transformants and for
linkage analysis of the auxotrophic alleles contained CSM-AA (amounts
according to the manufacturer’s instructions), 0.17% yeast nitrogen base
without amino acids and ammonium sulfate, 0.5% ammonium sulfate,
2% glucose, and 1.5% agar. The pH of the minimal medium was adjusted
to 6.5 with 4 M KOH.

All strains used in this study are listed in Table 1. Strain pAMS(ura3�0::
URA3) was constructed by transforming a partially artificially marked strain
(pAMS) with a DNA fragment containing the URA3 open reading frame
(ORF) flanked by a 496-bp upstream region and a 247-bp downstream region
homologous to the borders of the ORF. The fragment was obtained by PCR
amplification using primers URA3_upstream (5=-ATCATCTCATGGATCT
GCAC) and URA3_downstream (5=-CGTCCATCTTTACAGTCCTG) on
genomic DNA from VR1-5B. Transformants were selected on minimal me-
dium without uracil. In the same way, URA3 was integrated into BY4741,
BY4742, and seven segregants from the VR1-5B/BY4741 hybrid strain.

The S288c leu2� strain was constructed by transforming S288c
(MATa) with a KanMX deletion cassette flanked by 50-bp regions homol-
ogous to the borders of the LEU2 ORF. The KanMX deletion cassette was
obtained by PCR amplification using primers leu2-A1 (5=-TTTTCTTACCT
TTTACATTTCAGCAATATATATATATATATTTCAAGGATATACCATT
CTAGTGGTCGGCTGGAGATCGG) and leu2-A2 (5=-TTCTATTATGAAT
TTCATTTATAAAGTTTATGTACAAATATCATAAAAAAAGAGAATCT
TTAGCCGTTATGGCGGGCATC) on pJET1,2-attB-KanMX-attP plasmid
DNA (26). Transformants were selected on minimal medium without leu-
cine. All transformations and DNA manipulations described above were
performed according to standard methods (27) and verified by PCR and
DNA sequence analysis.

Artificial genetic markers for linkage analysis. We have integrated
�550 artificial markers into the genomes of the commonly used labora-

TABLE 1 Strains used in this study

Strain Description Reference or source

BY4741 MATa his3�1 leu2�0 met15�0 ura3�0 28
BY4742 MAT� his3�1 leu2�0 lys2�0 ura3�0 28
BY Hybrid strain obtained by crossing BY4741 with BY4742 This study
S288c (a) MATa prototroph 28
S288c (�) MAT� prototroph 28
S288c leu2� MATa leu2�::attB-KanMX-attP This study
S288c ura3-52 MATa ura3-52 66
pAMS BY4741 or BY4742 with various numbers of artificial markers This study
VR1 Natural isolate and former production strain in Brazilian bioethanol production with

sugar cane
Mario Lucio Lopes

(Fermentec,
Piracicaba)

VR1-5B Haploid (MAT�) segregant of VR1 with similarly high ethanol tolerance as its parent 34
pAMS(ura3�0::URA3) pAMS in which the ura3�0 mutation has been reverted to URA3 This study
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tory strains BY4741 and BY4742 (28). The markers were integrated by
using a ligase-free, PCR-based allele replacement method (GeneWeaver
II) (29). The marker sequences are artificial, unique sequences of 20 bp
that do not show sequence similarity to the S. cerevisiae genome. They are
preceded by the 8-bp recognition sequence for the rare-cutting restriction
enzyme FseI, which was originally added to allow specific cleavage of
genomic fragments at the marker positions. The markers were integrated
at a distance of �20 kb (�7 centimorgans) at presumably neutral posi-
tions, i.e., outside open reading frames, promoter and terminator regions,
and possible regulatory sequences.

The artificial markers were inserted in parallel in a series of BY4741/2
laboratory strains and subsequently concentrated by a combination of
parallel crosses and serial backcrosses. In this way, we obtained a small
number of strains with partially overlapping and different numbers of
artificial markers that together cover the whole genome. These strains
were called pAMSs. The artificial markers can be detected by PCR in
which the direct primer is complementary to the marker sequence and the
indirect primer is complementary to a sequence 200 to 400 bp down-
stream of the marker integration site.

Linkage mapping. The highly ethanol-tolerant segregant VR1-5B was
crossed with 28 pAMSs. The pAMSs were selected based on their total
number of markers and the presence of unique markers. See Fig. S1 in the
supplemental material for the genetic map combining all artificial mark-
ers present in the 28 pAMSs. The VR1-5B/pAMS hybrid strains were then
allowed to sporulate, and segregants were isolated by using an MSM 300
dissection microscope from Singer Instrument Co. Ltd. (Watchet, United
Kingdom). Mating, sporulation, and tetrad analyses were performed ac-
cording to standard methods (30), and mating types were determined by
diagnostic PCR for the MAT locus (31). The segregants were subsequently
scored for ethanol tolerance, as described below in the section on stress
tolerance assays. Next, the presence of the artificial markers in the highly
ethanol-tolerant segregants was scored by PCR. For each marker, a devi-
ation from 50% inheritance was weighed by using an exact binomial test
with a confidence level of 95%. Correction for multiple testing was carried
out by using a false discovery rate (FDR) control according to methods
described previously by Benjamini and Yekutieli (32).

Stress tolerance assays. Cells taken from solid YPD medium were
transferred into 3 ml of liquid YPD or minimal medium in a glass tube and
cultivated for 3 days in an orbital shaker at 200 rpm at 30°C. The cultures
were then diluted in water to an optical density at 600 nm (OD600) of 0.5
and further serially diluted to obtain a 2-fold (100 until 8 � 10�3) or
10-fold (100 until 10�3) dilution range. Exactly 5 �l of each cell suspen-
sion of the dilution range was spotted onto solid YPD, YP, or minimal
medium containing different stress factors, as indicated. Growth was
scored after 1 day for control YPD plates and after 2 to 11 days, as indi-
cated, for plates with different concentrations of ethanol or other stress
factors. All plates were incubated at 30°C, except for the heat stress toler-
ance assay, in which case the plates were incubated at 39°C or 40°C. All
stress tolerance assays were repeated at least three times, and representa-
tive results are shown.

Transport assays. Cells of the S288c, S288c ura3-52, and S288c leu2�
strains in 5 ml of minimal medium were cultivated overnight in an orbital
shaker at 200 rpm at 30°C. Each preculture was then used to inoculate 200
ml of YNB medium containing 2% glucose (pH 4.8). The cells were grown
to an OD600 of 1 to 2, after which they were harvested by centrifugation
(3,000 rpm for 5 min), washed twice with morpholineethanesulfonic acid
(MES)-KOH (25 mM; pH 6), and resuspended in fresh YNB medium to a
final cell concentration of 160 mg ml�1. Fifty microliters of this cell sus-
pension was transferred to a new centrifuge tube and incubated for 10 min
at 30°C. In order to start transport measurements, a volume of 40 �l of a
specific ethanol concentration was first added to the cell suspension. After
5 min of incubation, 10 �l of either 3H-labeled uracil to a final concentra-
tion of 0.05 mM (PerkinElmer) or 14C-labeled L-leucine to a final concen-
tration of 2.5 mM (PerkinElmer) was added to the suspension. After 2 min
of incubation, 5 ml of ice-cold water was added to stop the uptake of the

radiolabeled nutrients. The cells were collected by using a glass microfiber
filter (Whatman GF/C, with a retention particle size of 1.2 �m), saturated
with unlabeled nutrient solution, and immediately washed twice with 5 ml
of ice-cold water. For both transport assays (uracil and leucine), three
samples with radiolabeled nutrient and two blanks (addition of 5 ml of
ice-cold water followed by the addition of radiolabeled nutrient) were
analyzed. The radioactivity on the filter was determined with a liquid
scintillation counter (LS6500; Beckman Coulter). A 500-�l aliquot of the
cell suspension was taken to determine protein content by using the Brad-
ford method (33). Transport activity was expressed as nanomoles sub-
strate transported per minute and milligram of protein and as a percent-
age of the transport rate in the absence of ethanol.

RESULTS
Identification of a segregant from VR1 with very high ethanol
tolerance. VR1 is a diploid strain, and thus, we first isolated a
segregant with similarly high ethanol tolerance in order to be able
to perform quantitative trait locus (QTL) mapping by crossing
(34). We sporulated VR1 and isolated segregants using a dissec-
tion microscope. All segregants were haploid, indicating that VR1
is a heterothallic strain. To assay the ethanol tolerance of VR1 and
its segregants, we scored their growth on solid YP medium con-
taining different concentrations of ethanol. Ethanol tolerance can
be scored in different ways; in previous work, ethanol tolerance
has usually been determined by measuring growth on glucose in
the presence of ethanol (1, 17, 18, 20, 22, 23). However, in the
current study, high variability among biological replicates was ob-
served when ethanol tolerance in the presence of glucose was
scored. We therefore decided to determine ethanol tolerance by
screening on a medium with only ethanol as a carbon source and
no added sugar. Although it cannot be ruled out that segregants
with high ethanol consumption rates are also selected under these
conditions, these segregants must also contain genetic determi-
nants of high ethanol tolerance. In fact, cells that grow well on high
concentrations of ethanol are expected to also need high tolerance
to such ethanol concentrations.

VR1 grew on medium containing up to 16% ethanol, which
was significantly higher than the concentration tolerated by the
diploid BY strain, which did not grow on more than 14% eth-
anol (Fig. 1). We identified a stable haploid segregant from VR1
with an even higher ethanol tolerance (referred to as VR1-5B)
(Fig. 1) (34). The difference in ethanol tolerance between VR1
and VR1-5B may be due to the presence of recessive mutations
in the diploid strain and/or to the difference in ploidy between
the two strains. In fact, it was previously observed that haploid
strains are slightly more ethanol tolerant than their corre-
sponding homozygous diploids (35). The diploid VR1-5B/
BY4741 hybrid displayed ethanol tolerance at least as high as
that of VR1, which indicates that the very-high-ethanol-toler-
ance phenotype of VR1 is dominant (Fig. 1). The fact that
VR1-5B/BY4741 has a slightly higher ethanol tolerance than
VR1 supports the idea that the phenotype is determined (at
least in part) by recessive mutations, of which phenotypic ex-
pression is not complemented in the hybrid background. An-
other explanation for the difference in tolerance between both
strains might also be that alleles from BY4741 contribute to the
ethanol tolerance phenotype of the hybrid.

In order to determine the distribution of ethanol tolerance in
segregants from the VR1-5B/BY4741 hybrid, we analyzed the
growth of 16 complete tetrads on solid YP medium with ethanol
concentrations ranging from 4% to 18%. The ethanol tolerance of
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each strain was scored as the maximum ethanol concentration at
which its growth was still visually the same as that on the control
plate without ethanol (Fig. 2A). The segregants exhibited a wide
range of ethanol tolerance: the bulk of the segregants displayed
tolerance to 6% ethanol, while the highest ethanol tolerance ob-
served was to 16% ethanol, similar to that of VR1-5B (Fig. 2B).
This indicates that ethanol tolerance is not a continuous trait, at
least not in the segregants from this specific cross. Single or low
numbers of causative mutant alleles may have only little effect in
conferring high ethanol tolerance, while the presence of multiple
mutant alleles might be required. Alternatively, a single mutant

allele from the BY background may have a detrimental effect on
high ethanol tolerance regardless of the other mutant alleles pres-
ent. We decided to use growth in the presence of 16% ethanol for
the selection of very highly ethanol-tolerant segregants for the
genetic mapping experiment. Under these conditions, we as-
sumed that the selected segregants must contain at least all major
genetic elements from VR1-5B that are responsible for its very
high ethanol tolerance.

Linkage analysis of very high ethanol tolerance using artifi-
cial markers. In our previous study, we crossed the highly etha-
nol-tolerant segregant VR1-5B with a number of partial artificially

FIG 1 Growth on media containing different concentrations of ethanol (EtOH). A 10-fold dilution range was spotted onto YPD medium, as a control, and onto
YP medium with 14%, 16%, and 18% ethanol. The diploid BY strain was obtained by crossing BY4741 with BY4742, and the diploid VR1-5B/BY4741 strain was
obtained by crossing VR1-5B with BY4741.

FIG 2 Distribution of ethanol tolerance in segregants from VR1-5B/BY4741. (A) The segregants of 16 complete tetrads were grown on YP plates containing 4%
to 18% ethanol (10-fold dilution range). The spot test for one complete tetrad is shown as an example. For each segregant, ethanol tolerance was defined as the
maximum ethanol concentration at which growth was the same as that on the control YPD plate. (B) BY4741 showed tolerance to 6% ethanol (*), and VR1-5B
showed tolerance to 16% ethanol (**). Most segregants showed ethanol tolerance similar to that of BY4741, very few showed the same high tolerance as that of
VR1-5B, and the rest showed an intermediate tolerance or even a lower tolerance than that of BY4741. None of the segregants showed higher tolerance than that
of VR1-5B.
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marked strains (pAMSs) (34). These strains contain various num-
bers of unique 20-bp oligonucleotide markers that were inserted
in presumably neutral genomic locations at intervals of �20 kb in
the BY4741/2 genetic background (see Materials and Methods for
a detailed description of the construction of the pAMSs). After
sporulation, 5,974 segregants were isolated and subsequently
scored for ethanol tolerance by assaying growth on 16% ethanol.
The segregants displayed a wide range of ethanol tolerances, with
�1 in 44 (i.e., 136 of 5,974 segregants phenotyped in total) dis-
playing ethanol tolerance similar to that of the VR1-5B parent
strain (16%). This ratio predicts 5 to 6 unlinked loci (1/44 	
1/25.5) that are responsible for the difference in ethanol tolerance
between VR1-5B and BY4741/2. However, this is true only if all
loci are truly unlinked and in case each locus has an indispensable
contribution to the phenotype.

The highly ethanol-tolerant segregants were then applied for a
QTL mapping experiment using pooled-segregant whole-genome
sequence analysis, in which genetic differences that naturally oc-
curred between the parent strains were used as markers (34). Our
results identified three major QTL, and further downscaling of the
QTL with the strongest linkage (on chromosome XIV) revealed
three closely located genes affecting very high ethanol tolerance:
MKT1, SWS2, and APJ1. In the current study, the same segregants
were applied in a new QTL mapping experiment, with the differ-
ence that the artificially introduced sequences were used as mark-
ers. We first scored the presence of the artificial markers in each of
the highly ethanol-tolerant segregants by PCR and then calculated
the probability of random segregation for each marker (see Fig. S2
in the supplemental material). Significant linkage with the
VR1-5B background, i.e., absence of the artificial markers in most
of the segregants, was found for the region between markers 150
and 157 on chromosome V, with the lowest P value being found
for marker 154 (8.4 � 10�12) (Fig. 3A). The auxotrophic gene
URA3 is in close proximity to this marker and was an obvious
candidate gene because of the presence of the ura3�0 mutation in
the BY4741/2 genetic background of the pAMS.

Contribution of URA3 to very high ethanol tolerance. In or-
der to evaluate whether URA3 was indeed the causative gene in the
linked locus on chromosome V, we integrated the VR1-5B allele of
URA3 at its original position in the BY4741 and BY4742 labora-
tory strains and in seven segregants from the VR1-5B/BY4741
hybrid strain that contained the ura3�0 mutation and showed
different levels of ethanol tolerance. In all cases, an increase in
ethanol tolerance was observed after integration of URA3, thereby
confirming the relevance of this gene for the phenotype (Fig. 3C).

Next, we determined whether URA3 was the only causative
gene in the locus by performing a new mapping experiment using
a pAMS in which the ura3�0 mutation had been replaced by the
VR1-5B allele of URA3. This strain contained artificial markers
149 to 157, which cover the entire locus. The strain was crossed
with VR1-5B, and a total of 779 segregants were isolated and as-
sayed for ethanol tolerance. Almost 1 in 30 segregants (i.e., 26 of
779 segregants phenotyped in total) displayed an ethanol toler-
ance phenotype similar to that of VR1-5B (16%), predicting 4.9
unlinked genetic loci (1/30 	 1/24.9). This number is lower than
the previously calculated 5.5 unlinked genetic loci for the pAMS
containing the ura3�0 mutation and would therefore be consis-
tent with URA3 being the only causative gene in the identified
locus. We scored the presence of artificial markers 149 to 157 in
the 26 highly ethanol-tolerant segregants. Calculation of the P

values resulted in a value of 1 for all markers (Fig. 3B), indicating
that the linkage with the high-ethanol-tolerance phenotype was
lost when the wild-type URA3 gene was present in this locus in
both parent strains [i.e., VR1-5B and pAMS(ura3�0::URA3)].
This result indicated that URA3 was indeed the only genetic ele-
ment in the linked locus on chromosome V that contributed to the
difference in ethanol tolerance between VR1-5B and BY4741/2.

Contribution of other auxotrophic marker genes to very
high ethanol tolerance. After identifying the auxotrophic ura3�0
mutation as causing reduced tolerance to very high ethanol con-
centrations, we examined whether other auxotrophic mutations
have a similar effect. The two strains that were used for the con-
struction of the pAMSs were laboratory strains BY4741 and
BY4742. These strains share three auxotrophic alleles (ura3�0,
his3�1, and leu2�0) and differ in two auxotrophic alleles
(met15�0 in BY4741 and lys2�0 in BY4742) (28).

We investigated the linkage between the very-high-ethanol-
tolerance phenotype and the additional auxotrophic mutations of
the laboratory yeast strains. We therefore scored the presence of
each mutation in the very highly ethanol-tolerant segregants from
the VR1-5B/pAMS hybrid strains (in which the pAMS was deleted
for the auxotrophic gene under study) by growth tests on minimal
medium lacking the corresponding auxotrophic nutrient. In this
way, significant linkage was found for all auxotrophic genes inves-
tigated (i.e., HIS3, LEU2, MET15, and LYS2) (Table 2); however,
the linkage was weaker than that for URA3.

In addition, we grew the auxotrophic BY4741/2 strains and
their prototrophic S288c counterparts (MATa and MAT�) on YP
medium containing very high concentrations of ethanol (Fig. 4).
The prototrophic strains clearly showed a higher ethanol toler-
ance than did the auxotrophic strains, which supports our finding
that auxotrophic mutations increase sensitivity to very high levels
of ethanol stress.

In summary, we have identified five auxotrophic mutations
that are to some extent linked to the low ethanol tolerance of
BY4741/2. However, the ethanol tolerance of VR1-5B was still
much higher than that of the prototrophic S288c strains (Fig. 4),
indicating that the auxotrophic mutations, although significant,
are not the sole cause of the difference in ethanol tolerance be-
tween VR1-5B and BY4741/2. The identification of genetic ele-
ments other than the auxotrophic mutations that contribute to
the very-high-ethanol-tolerance phenotype of VR1-5B has been
reported previously (34).

Specificity of the auxotrophic mutations for tolerance to
moderate as opposed to very high ethanol concentrations and to
other stresses. Virtually all previous studies on ethanol tolerance
in S. cerevisiae have been performed with moderate concentra-
tions of ethanol (i.e., 6% to 12%). As none of these studies asso-
ciated auxotrophic mutations with ethanol tolerance, we exam-
ined whether this association is concentration dependent. This
was studied in more detail by comparing the growth of the auxo-
trophic BY4741 and BY4742 strains with that of their pro-
totrophic S288c counterparts on YP medium containing moder-
ate to high concentrations of ethanol (10% to 16%) (Fig. 5).
Interestingly, the auxotrophic strains grew better than the pro-
totrophic strains on 10% and 12% ethanol, whereas the opposite
was observed with 14% and 16% ethanol (Fig. 5A). When 2%
glucose was added to the medium, no difference in growth in the
presence of 10% ethanol was observed, whereas at higher concen-
trations, the prototrophic strains again grew better than the cor-
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responding auxotrophic strains (Fig. 5B). The better growth of the
prototrophic strains in the presence of high ethanol concentra-
tions may be due to an inhibition of uptake of auxotrophic
nutrients, but the better growth of the auxotrophic strains at
low ethanol concentrations is more difficult to explain. Pro-
totrophic strains must have a balance between uptake and bio-
synthesis of the nutrients that can be made available only by
uptake in auxotrophic strains. Both systems, transport and bio-
synthesis, require energy, and the presence of ethanol may af-
fect the balance toward a more unfavorable situation in the
prototrophic strains. BY4741 and BY4742 are derivatives of
S288c. These strains are in principle isogenic except for the
auxotrophic markers. BY4741 and BY4742 have the same aux-

TABLE 2 Linkage analysis of the auxotrophic alleles in BY4741 and
BY4742 with the high-ethanol-tolerance phenotype of VR1-5Ba

Auxotrophic allele No. of segregants Association (%) P value

his3�1 136 36.8 2.6E�03
leu2�0 136 36.8 2.6E�03
met15�0 50 30.0 6.6E�03
lys2�0 75 33.3 5.2E�03
a For each auxotrophic allele, the probability of random segregation was determined for
segregants from the diploid VR1-5B/pAMS hybrid strain in which the pAMS was
deleted for the allele under study (two-sided binomial distribution). The P values were
considered significant if they were 
0.05 (P values for all four alleles were significant).
The percent association is the percentage of segregants that contain the auxotrophic
allele.

FIG 3 Linkage of the high-ethanol-tolerance phenotype of VR1-5B with a locus on chromosome V. (A) The probability of random segregation of 28 artificial
markers on chromosome V in highly ethanol-tolerant segregants was calculated under two-sided binomial distribution with FDR adjustment according to the
method of Benjamini and Yekutieli (32). The P values were considered to be significant if they were 
0.05. The table shows the percent association (Ass.) (i.e.,
the percentage of segregants that contain the marker) and the corresponding P value for each marker in the mapped locus and for the two adjacent markers. The
markers were checked in at least 44 highly ethanol-tolerant segregants (indicated as Marker nr.). (B) The probability of random segregation of markers 149 to 157
in 26 highly ethanol-tolerant segregants from the hybrid strain obtained by crossing VR1-5B with pAMS1(ura3�0::URA3) was determined as described above for
panel A. The linkage with the locus is completely lost. (C) The VR1-5B allele of URA3 was integrated in its genomic position in BY4741, BY4742, and 7 segregants
from the VR1-5B/BY4741 hybrid that were deleted of ura3 and showed different levels of ethanol tolerance. The ethanol tolerance of the untransformed (ura3�0)
and transformed (ura3�0::URA3) strains was determined by growing them on different concentrations of ethanol (2-fold dilution range). The results for BY4741
(12% ethanol for 9 days), BY4742 (16% for 11 days), and 3 representative segregants (3D [14% for 9 days], 5A [16% for 11 days], and 9B [16% for 9 days]) are
shown.
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otrophies for his3�1, leu2�0, and ura3�0, while they vary for
met15�0 and lys2�0, respectively. Hence, the small differences
in ethanol tolerance between BY4741 and BY4742 may be due
to this difference in auxotrophies or to background mutations
spontaneously generated during cultivation of the strains.

In addition, we determined tolerance to other stress factors on
YPD medium: acetic acid at pH 5, hydrogen peroxide, high tem-
perature, and osmotic stress. The doses that were applied are gen-
erally considered to cause high levels of stress, and under our
conditions, they also caused a strong growth delay (Fig. 6). No
significant difference between the auxotrophic and prototrophic
strains was observed for acetic acid, hydrogen peroxide, and high-
temperature stresses (under all conditions, BY4741 was somewhat
more sensitive than BY4742 and both S288c strains) (Fig. 6A). On
the other hand, under conditions of osmotic stress caused by either
high glucose or NaCl concentrations, the prototrophic strains grew
significantly better than the auxotrophic strains (Fig. 6B). Thus, un-
der conditions of osmotic stress, a difference in growth between the
auxotrophic and prototrophic strains similar to that under condi-
tions of high levels of ethanol stress could be observed.

Exposure to very high ethanol concentrations inhibits nutri-
ent uptake. In order to determine whether the growth inhibition
of auxotrophic strains under stress is due to an impairment of
nutrient uptake, we compared the growth of the prototrophic
S288c strain with that of the S288c ura3-52 and S288c leu2�
strains on minimal medium with limiting amounts of uracil and
leucine, respectively, combined with different stress factors (high
ethanol and NaCl concentrations and also high temperature, as a
control). First, we determined the minimal amounts of uracil and
leucine that are required for growth of the respective auxotrophic
strains by performing a spot assay on minimal medium with dif-
ferent concentrations of the auxotrophic nutrient. The S288c
ura3-52 strain was not able to grow on minimal medium contain-
ing 
0.05 mM uracil (Fig. 7A), while the S288c leu2� strain was
not able to grow on minimal medium containing 
0.5 mM leu-
cine (Fig. 8A). In the case of the S288c ura3-52 strain, growth on
minimal medium containing 0.05 mM uracil was inhibited by
high osmotic stress (Fig. 7B), high temperature (Fig. 7C), and high
ethanol concentrations (Fig. 7D). Hence, thermotolerance was
also reduced, as opposed to what was previously observed for rich
medium (Fig. 6A). On the other hand, no effect on growth of the
S288c leu2� strain on minimal medium containing 0.5 mM leu-
cine was observed under all the conditions mentioned above (Fig.
8B to D).

Furthermore, we investigated the effect of different ethanol
concentrations on the rate of uptake of uracil and leucine. We
found that the rate of transport of uracil is less sensitive to high
ethanol concentrations than the rate of transport of leucine. The
rate of uptake of radiolabeled uracil decreased �40% in the pres-
ence of 18% ethanol, while the rate of uptake of leucine decreased
�80% under the same conditions (Fig. 9A and B). On the other
hand, the absolute rate of transport of uracil was �500-fold lower
than that of leucine, already under unstressed conditions, which
can explain why strains with uracil auxotrophy are more sensitive
to high ethanol stress than strains with leucine auxotrophy. The
reason for the increase in the rate of uracil uptake with moderate
ethanol concentrations is not clear. It could be due to a direct
effect of ethanol on the protein structure of the uracil transporter
or to an indirect effect of ethanol on the structure of the phospho-
lipid membrane.

DISCUSSION

Analyses of polygenic traits have been very cumbersome, even
with a powerful genetic model organism such as S. cerevisiae. The
interdependent and complex interactions and relationships be-
tween the genetic elements involved in such traits make it in prac-
tice almost impossible to identify and study these elements sepa-
rately. Methodologies that allow the mapping of different genetic
elements involved in polygenic traits simultaneously and with rea-
sonable efficiency have only recently become available (36, 37).
The most widely used molecular markers in yeast are natural vari-
ations detected as hybridization differences on high-density oligo-
nucleotide arrays (38) or determined by whole-genome sequenc-
ing (39, 40). Several polygenic traits have been investigated by
using these approaches, which led to the identification of loci,
genes, and single nucleotide polymorphisms involved in high-
temperature growth (39, 40), sporulation efficiency (41), mRNA
expression profiles (42), acetic acid production (43), resistance to
chemical agents (44), high ethanol tolerance (34), maximal etha-
nol accumulation (45), low glycerol production (46, 47), and ther-
motolerance (48).

We have constructed laboratory strains of S. cerevisiae with
artificial genetic markers inserted in the genome at predeter-
mined, presumably neutral positions at a relative distance of �20
kb. These equidistant markers provide a constant and universal
genetic map and can be scored in an easy and reliable manner. We
have applied this technology to a crucial polygenic trait of yeast,
i.e., very high ethanol tolerance, which is of both fundamental and

FIG 4 Growth of the laboratory BY4741/2 strains and their prototrophic counterparts (S288c MATa and S288c MAT�) on media containing high concentra-
tions of ethanol and comparison with VR1-5B. A 10-fold dilution range of each strain was spotted onto YP medium containing 14%, 16%, and 18% ethanol and
subsequently grown for 11 days.
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applied interest. Although the presence of the artificial markers in
a laboratory strain may at first seem to be a disadvantage, for the
analysis of very high ethanol tolerance, it provided us with two
parent strains that are clearly different regarding the phenotype of
interest. Ethanol tolerance in practice can be quite variable, and
for genetic mapping purposes, it is essential that phenotypic dif-
ferences between segregants are due to genetic differences and not
to experimental variability. In this regard, we noticed that the
variability between the measurements of ethanol tolerance was
smaller when only ethanol was provided as a carbon source than
when ethanol was added together with glucose. All segregants se-
lected for very high ethanol tolerance were phenotyped multiple

times in order to ensure that the phenotype was truly inherent to
the strain and thus had a genetic basis.

Our results show that the artificial markers provide a conve-
nient approach for linkage analysis. In one of the first mapping
experiments, a significant linkage with markers 150 to 157 on
chromosome V was identified. Calculation of the P values revealed
that at least 11 segregants with very high ethanol tolerance are
required to obtain a statistically significant conclusion about the
presence of linkage between the trait and specific markers. This is
the case when a locus is indispensable for the phenotype and
therefore the markers in this locus are absent or present in all
segregants. The lower the contribution of the locus to the trait, the

FIG 5 Growth of the laboratory BY4741/2 strains and their prototrophic counterparts (S288c MATa and S288c MAT�) on media containing moderate to high
concentrations of ethanol. (A) A 10-fold dilution range of each strain was spotted onto YP medium containing 10%, 12%, 14%, or 16% ethanol and subsequently
grown for different periods of time, as indicated. (B) The 10-fold dilution range was also spotted onto YPD medium with 10% or 16% ethanol.
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more segregants are required to demonstrate significance of the
linkage. Our results also revealed that with a relative distance of 20
kb, several consecutive markers showed linkage with very high
ethanol tolerance. Therefore, any genetic element with an impor-
tant contribution to the trait of interest will be revealed with high
reliability by this technology.

The observation that the URA3 gene is linked to the very-high-
ethanol-tolerance phenotype of the VR1 bioethanol production
strain raised several interesting questions. First, how could an
auxotrophic mutation affect ethanol tolerance? Since the plasma
membrane is generally considered an important target of ethanol

toxicity (1), the very high ethanol concentrations that have been
used in our assays may have inhibited nutrient uptake across the
plasma membrane. Therefore, an auxotrophic strain would be
more compromised for growth in the presence of very high etha-
nol concentrations than a prototrophic strain. Inhibition of nu-
trient uptake in the presence of ethanol has been described previ-
ously, for instance, in the case of amino acid uptake by the proton
symporter Gap1 (49). Since ethanol increases the passive influx of
protons across the plasma membrane (50), it can be expected that
symport is more sensitive to ethanol inhibition than facilitated
diffusion. This indeed seems to be reflected in several experimen-

FIG 6 Growth of the laboratory BY4741/2 strains and their prototrophic counterparts (S288c MATa and S288c MAT�) on YPD medium while being subjected
to different stress factors. (A) A 10-fold dilution range was spotted onto YPD medium containing 0.3% or 0.4% (vol/vol) acetic acid at pH 5 and onto YPD
medium containing 4.0 mM or 4.5 mM hydrogen peroxide. The cells were incubated for 2 days at 30°C. To investigate heat tolerance, the strains were spotted
onto YPD medium and grown at 39°C and 40°C for 2 days. (B) The strains (10-fold dilution range) were also spotted onto YPD medium with 25% and 30%
glucose and onto YPD medium containing 1.50 M or 1.75 M NaCl and incubated at 30°C for the indicated periods of time.
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tal findings. In the case of acetic acid, it has been shown that
uptake by symport is inhibited by ethanol, whereas uptake of the
compound by passive influx is actually enhanced by ethanol (51).
In addition, in S. cerevisiae, where glucose transport occurs by
facilitated diffusion, transport is not inhibited by ethanol concen-
trations of up to 13% (52), while in mammalian systems, where
glucose uptake occurs by Na� symport, inhibition by ethanol has
been shown (53, 54). These results point to the electrochemical
ion gradient over the plasma membrane as a major target for high
ethanol stress. On the other hand, we cannot exclude that very
high ethanol concentrations also have a direct destabilizing effect
on the structure and/or functionality of the transporters in the
plasma membrane.

A second question raised by our results was whether other
auxotrophic mutations also reduce very high ethanol tolerance. If
this were the case, it would support the hypothesis that compro-
mised nutrient uptake is responsible for the impaired growth of
auxotrophic strains in the presence of very high concentrations of
ethanol. Our results showed that other auxotrophic genes are also
linked to the ethanol tolerance phenotype, and this was further
supported by our observation that prototrophic S288c strains are
clearly more ethanol tolerant than their auxotrophic counter-
parts. The linkage with very high ethanol tolerance was much

stronger for the pyrimidine biosynthesis gene URA3 than for the
amino acid biosynthesis genes HIS3, LEU2, MET15, and LYS2. A
possible explanation might have been that uracil uptake in yeast is
more sensitive to very high ethanol levels than the uptake of amino
acids. We confirmed that the rates of uptake of uracil and leucine
are reduced with increasing ethanol concentrations. However, the
rate of uptake of uracil was actually less affected by high ethanol
concentrations than that of leucine, but the absolute activity of
uracil uptake was 500-fold lower than that of leucine (in both the
ura3�0 mutant and the wild-type strain and in the absence of
ethanol). This may explain why ura3 mutants are more sensitive to
ethanol than leu2 mutants; their uracil uptake activity may easily
drop to levels that limit growth. Uracil uptake is carried out by
only one carrier, Fur4, and since natural yeast strains are pro-
totrophic for uracil, uptake of uracil by Fur4 might be an auxiliary,
dispensable function (55). This would explain the very low uptake
rate. Amino acid uptake, on the other hand, seems to be much
more important for yeast. It is actually essential in media without
ammonium and also limits growth in media with low levels of
ammonium. All the protein amino acids can be taken up by mul-
tiple amino acid permeases (56). The difference in absolute uptake
rates and the negative effect of high levels of ethanol on uracil and
leucine uptake may not be the only factors responsible for the

FIG 7 Growth of prototrophic strain S288c and the auxotrophic S288c ura3-52 strain on media containing different stress factors. (A) The minimal concen-
tration of uracil that is required to allow growth of the S288c ura3-52 strain on minimal medium was determined by growing the strain on CSM-URA with
different concentrations of uracil. Strain S288c was included in the assay as a control. The cells were then incubated for 2 days at 30°C. (B to D) In order to
investigate the effects of different stress factors on the growth of the strains under conditions of limited availability of uracil, a 10-fold dilution range of both
strains was spotted onto minimal medium containing 0.05 mM uracil in combination with different concentrations of NaCl and incubated for 6 days at 30°C (B),
grown with heat stress and incubated at the indicated temperatures for 3 days (C), and grown in the presence of different concentrations of ethanol and incubated
for 7 days at 30°C (D).
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higher ethanol sensitivity of ura3 mutants than of leu2 mutants.
One or more enzymes involved in uracil incorporation into me-
tabolism may be more sensitive to high ethanol concentrations
than the enzymes involved in leucine utilization, which would
further compromise the limiting availability of uracil for cell mul-
tiplication. We propose that very high ethanol concentrations
generally compromise the uptake of nutrients required to fulfill
auxotrophic requirements. The ethanol tolerance of VR1-5B,
however, was still appreciably higher than that of the prototrophic
laboratory strains, indicating that other genetic elements in the
VR1-5B background contribute to its very high ethanol tolerance
(34).

In previous research on the molecular basis of ethanol toler-
ance, a linkage with auxotrophic mutations has never been no-
ticed. However, this research was performed solely with labora-
tory yeast strains displaying moderate ethanol tolerance, and
therefore, only moderate ethanol concentrations were added to
the medium (17, 18, 20, 22–24). We have now confirmed that
auxotrophies are not disadvantageous for growth in the presence
of low to moderate ethanol concentrations and that with specific
ethanol concentrations, they even improve growth. It is likely that
low to moderate ethanol concentrations have little or no effect on
nutrient uptake across the plasma membrane and that, therefore,

auxotrophic requirements, which strongly depend on nutrient
uptake, have always remained unnoticed as an important factor in
ethanol tolerance. Another QTL mapping experiment in a cross
between the sake strain CBS 1585 and the laboratory BY strain
identified URA3 as a causative gene for maximal ethanol accumu-
lation capacity, but it had only a very weak contribution to ethanol
tolerance for cell proliferation in the presence of 18 to 20% etha-
nol (45). This result may at first seem surprising, but it is not
contradictory to our findings because a different genetic back-
ground was used in this study.

Several previous reports have called for caution when using
auxotrophic parent strains in genetic experiments (15, 16, 57–59).
We have now shown that in rich medium, the auxotrophic muta-
tions do not seem to interfere with tolerance to any of the other
stress factors tested, i.e., acetic acid at pH 5, hydrogen peroxide,
and high temperature, except for osmotic stress caused by either
high glucose or NaCl concentrations. Hence, osmotic stress may
have a similar inhibiting effect on the uptake of auxotrophic nu-
trients as that of high ethanol stress in rich medium. However,
when the ura3-52� strain was grown in minimal medium with a
uracil concentration close to that limiting growth, not only high
ethanol and high salt concentrations but also high temperature
inhibited growth. This suggests that stress factors inhibit the

FIG 8 Growth of prototrophic strain S288c and the auxotrophic S288c leu2� strain on medium containing different stress factors. (A) In order to determine the
minimal concentration of leucine that is required to allow growth of the S288c leu2� strain on minimal medium, a 10-fold dilution range of the strain was spotted
onto CSM-LEU with different concentrations of leucine. The cells were incubated for 2 days at 30°C. (B to D) To investigate the effects of different stress factors
on growth of the strains under conditions of limited availability of leucine, the dilutions were also spotted onto minimal medium containing 0.5 mM leucine in
combination with different concentrations of NaCl and incubated for 5 days at 30°C (B), grown with heat stress and incubated at the indicated temperatures for
2 days (C), and grown in the presence of different concentrations of ethanol and incubated for 7 days at 30°C (D).
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growth of auxotrophic strains depending on the growth condi-
tions and that they do this by reducing the uptake of the auxotro-
phic nutrient to a level below what is required for a regular growth
rate under the specific growth conditions used.

Cohen and Engelberg (60) reported previously that some com-
monly used S. cerevisiae laboratory strains, including BY4741, do
not grow on synthetic complete medium. By using a 2� library,
they showed that this growth defect could be complemented by
enhancing leucine transport (BAP2 and TAT1) or by restoring the
ability to synthesize leucine (LEU2). In another study, a mutated
dominant allele of the transcription factor Spt15 that conferred
increased ethanol/glucose tolerance to BY4741 was identified
(61). In an attempt to use this mutated allele to improve the eth-
anol tolerance of various other yeast strains, it was discovered that
the improved growth was manifested only in medium with limit-
ing amounts of leucine, irrespective of the presence of ethanol
(62). Thus, the supposedly improved ethanol tolerance of BY4741
with a mutated SPT15 allele could be attributed to an improved
uptake of leucine in medium with a limiting concentration of this
nutrient. In these two cases, the growth defect of the leucine-
auxotrophic BY4741 strain was observed only in media with lim-
iting amounts of leucine, suggesting that sufficient leucine in the

medium can overcome poor leucine transport in BY4741. In our
study, on the other hand, we found a significant linkage between
LEU2 and growth on rich complex medium (YP) containing 16%
ethanol. We therefore assume that very high ethanol concentra-
tions have such a detrimental effect on plasma membrane trans-
port that they prevent sufficient leucine uptake to support a high
growth rate, irrespective of the amount of leucine present in the
medium. Probably, the same conclusion can be drawn for the
other auxotrophies in the BY4741/2 background.

Very high ethanol tolerance of yeast is a property of great
industrial relevance. A general issue in industrial yeast fermen-
tations, whether for the production of alcoholic beverages or
for the production of bioethanol, is the conspicuous drop in
the fermentation rate once the ethanol concentration surpasses
8 to 12%. A lower fermentation rate decreases the productivity
of the ethanol factory, increases the chance of contamination,
and especially affects the conversion of the residual sugars. In
starch-based fermentations (e.g., with beer wort or with corn
starch hydrolysate), the last sugar taken up is maltotriose,
which is transported by the low-capacity symporter Agt1 (63,
64). Also, in wine fermentations, incomplete usage of residual
fructose is a common cause of sluggish and stuck fermentations

FIG 9 Uptake of uracil and leucine in prototrophic and auxotrophic strains in the presence of different ethanol concentrations. Shown are rates of uptake of 0.05
mM uracil by the S288c (black bars) and S288c ura3-52 (white bars) strains (A) and rates of uptake of 2.5 mM leucine by the S288c (black bars) and S288c leu2�
(white bars) strains (B) in the presence of different concentrations of ethanol. The transport activity measured in the presence of different concentrations of
ethanol is expressed as a percentage of transport in the absence of ethanol (left) and in nanomoles per minute per milligram of protein (right). Error bars represent
the standard deviations from three biological replicates.
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(65). Our results suggest that compromised plasma membrane
transport may be a common cause of reduced or failing sugar
consumption in the second phase of industrial yeast fermenta-
tions. Although the auxotrophic mutations clearly point to in-
adequate nutrient uptake as a possible cause of ethanol sensi-
tivity, they are not directly useful for further improvement of
ethanol tolerance in industrial yeast strains. On the other hand,
our results suggest that enhanced expression of transporters for
micronutrients that limit growth or for residual fermentation
substrates may improve substrate-to-ethanol conversion and
thus increase the yield of the fermentations. In addition,
causative genes in the other mapped loci have to be identified.
This has recently been accomplished, which resulted in the
identification of several previously unidentified genes that are
involved in tolerance to very high ethanol concentrations
(34).
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