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METHODS FOR IDENTIFYING GENES THAT INCREASE YEAST STRESS
TOLERANCE, AND USE OF THESE GENES FOR YEAST STRAIN -
IMPROVEMENT

FIELD OF INVENTION

The present invention relates to improvement of yeast for enhanced stress

tolerance. More specifically, it relates to identifying genes that enhance the survival of
yeast during ethanol production, and use of these genes for improving the performance

of yeast strains.

BACKGROUND OF THE INVENTION

Yeast that can complete ethanol production without much loss in viability is highly
desired in distilleries. However, common yeast strains used in distilleries loose viability
rapidly, d}le to high ethanol concentration encountered during fermentation. Besides,
yeast also experience higher temperature (particularly in tropical countries) which
together with ethanol dramatically reduces viability. Various approaches have been
taken to get improved yeast strains with high ethanol and temperature tolerance
(thermotolerance). One approach is test yeast isolates from the natural environment for
desired properties (Banat et al, 1998). While some of them have high ethanol or
temperature tolerance, they may not have all the properties desired, such as higher
osmotolerance (i.e., ability to withstand high conc., of solutes such as sugar and salt),
faster fermentation rate, and absence of unwanted side products. Another approach is to
start with strains which already have several desired properties, and improve them
further by mutagenesis and selection for better survival during fermentation (e.g.
Ganesan et al, 2003, Indian Patent # 189737). A major limitation of this approach is
that the improvement is mostly due to mutation in a single gene. Since several genes
control stress-tolerance, modifying more than one such gene is expected to provide
much higher tolerance than single genes. This will be particularly so for stress tolerance
during ethanolic fermentation, since yeast cells encounter more than one kind of stress
under these conditions, such as high osmolority, high ethanol concentration, and high
temperature. Thus, if genes providing tolerance to these stresses are identified, then

they can be rationally engineered to enhance stress tolerance. However, it is not easy to
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identify these genes by using conventional yeast genetics and molecular biology
approaches, for the following reasons.

The conventional approach to identify yeast genes involved in any process is to
first identify mutants impaired in that process, categorize them as belonging to different
complementation groups (genes) by genetic analysis, and finally identify the genes by
using yeast molecular biology and recombinant DNA tools (Kaiser et al, 1994).
Mutants may be obtained as spontaneous mutants, or induced by chemical mutagenesis
(Kaiser et al, 1994), by transposon insertion mutagenesis (Ross-Macdonald et al,
1999), or even by introducing ribozyme libraries (Thompson, United States Patent #
6,183,959). Further screening of mutants for desired phenotypes typically involves
maintaining a large number of potential yeast mutants as clonal populations (colonies)
on the surface of non-selective solid media in petri-plates, and screening them by
simultaneously transferring them to solid selective media by replica-plating. The
colonies unable to grow on the selective meciia will be identified, and corresponding
colonies will be taken from the non-selective media and further characterized. This
process of identifying mutants is referred to as plate-screens. However, this approach is
not useful for identifying genes involved in fermentation stress tolerance, since there is
no plate screen that can simulate the conditions encountered by yeast within the liquid
fermentation broth. Thus, a method was devised in our lab earlier that can simultaneous
monitor the fitness of individual mutants of a microbe in mixed populations present in
liquid broths (Sharma et al, 2001; Sharma & Ganesan, 2003, United States Patent #
6,528,257). By this method several genes with role in fermentation stress tolerance
could be identified. Other methods that also facilitate simultaneous monitoring of the
fitness of mutants can be used for this purpose (Brown & Smith, 1997, United States
Patent # 5,612,180; Smith ef al, 1996; Winzeler et al, 1999).

However, identifying genes through mutant phenotypes has certain limitations.
Firstly, it is not easy to get mutants impaired in genes that are essential for normal
growth and survival. Thus, such genes, if also critical for some other function such as‘
stress tolerance, will be missed. Secondly, many genes are repeated in yeast, i.c., there
is more than one gene providing the same function to the organism. Thus, mutating any
one of them will not result in a discernable phenotype, and they will be missed in the

conventional mutant screens. Moreovet, if the purpose of identifying genes involved in
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a process such as stress tolerance is ultimately to improve the organism, then
identifying relevant genes through mutant hunts is not always successful. The reason is
though a gene could be important for a biological process by performing an essential
step in the process, it may not be performing the rate-limiting step. Thus,
overexpressing such a gene will not result in any improvement in the process.
Therefore, first identifying all the genes involved in a process, and then overexpressing
them one by one to see if tﬁey help to improve the process is laborious, time-
consuming, and prone to failure. Here we provide an alternate method that overcomes
all the above limitations. Besides, our method also overcomes the limitgtion of lack of
plate-screens.

Another approach to assign function to genes is expression profiling using
microarrays. By expression profiling, the expression levels of almost all the genes of an
organism are simultaneously determined (e.g., Hughes et al., 2000; Wu et al, 2001;
Fabrizio et al, 2005; Vrana et al., 2003). If a set of genes are expressed higher under
one condition compared to another, then it is assumed that these genes have some role
to play under the first condition. However, this assumption is not supported by studies
where attempts were made to correlate expression of genes with their role under a
particular environmental condition (Giaever et al., 2002; Birrell et al., 2002). The
correlation found was hardly better than what can be seen by chance, and thus
assigning gene function based on expression levels can be misleading. In contrast,
mutation based methods (cited above) that assign function based on mutant phenotypes
are much more reliable in providing biological role to genes. Similarly, methods
(discussed below) that are based on deliberate overexpression of genes are also reliable,
since they also provide biological role to genes on the basis of phenotype of the
organism.

The present invention involves simultaneous screening for genes that upon
overexpression enhance the stress tolerance of yeast. This is in contrast with known
methods that overexpress one gene at a time to enhance stress tolerance; e.g.,
overexpression of HALI, YAK1, SOD1, SOD2 and TPS1 individually have been
shown to increase stress tolerance to various stress conditions (Chen et al,1995;
Davidson et al,1996; Gaxiola et al,1992; Hartley et al,1994; Soto et al,1999). In many

other cases yeast strains have been engineered using overexpression strategy so that
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they efficiently ferment substrates like starch, cellobiose, lactose, xylose etc. (Adam et
al, 1995; Muslin et al, 2000; Walfridson et al, 1995). Overexpression of GPD1 has
been shown to increase glycerol production by 1.5-2.5 fold (Remize et al, 1999). We
have devised our method to circumvent the limitation of a lack of a plate screen for
fermentation stress tolerance, and also lack of much understanding about the genes
involved in this process. Instead of first identifying genes involved in stress tolerance,
and then overexpressing them one by one to see if they improve stress tolerance, in our
method a novel approach is taken to directly identify genes that enhance stress
tolerance upon overexpression. Genome-scale overexpression screens have been
carried out by others, e.g., to identify lethal or impaired growth phenotypes ( Espinet et
al, 1995; Boyer et al, 2004), and to identify previously uncharacterized cell cycle genes
(Stevenson et al, 2001). All these screens took advantage of easy plate screens to
identify desired properties of the organism. In contrast, in our method, genes conferring
enhanced stress tolerance are identified from a mixed pool of large number of yeast
transformants overexpressing different genes. This is particularly advantageous for
identifying genes conferring phenotypes for which there is no plate screen, such as

fermentative stress tolerance.

OVERVIEW OF THE INVENTION

The present invention involves the development of a method for simultaneous

identification of genes conferring desired phenotypes by screening a mixed population
of yeast transformants. A library of plasmids bearing different genes with their
respective promoters or under the control a strong promoter is transformed into yeast.
This library should be large enough to carry almost all the genes of an organism with
high probability. The pool of yeast transformants is then subjected to selection, e.g., for
better survival under fermentation conditions. The cells that survive one round of
selection are again subjected to another round of selection. In one approach, selection is
repeated about six times. At the end the pool of survivors is expected to have mostly
those transformants that can survive the selection conditions much better than the
starting pool of transformants, which can be confirmed by a comparing the
performance of these two pools. To ensure that the enhanced survival is due to the

genes carried on plasmids, and not due to any mutation in the genome of the organism,
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the plasmids are recovered from yeast, retransformed into wild-type yeast and the
phenotype confirmed. The genes carried on these plasmids are then identified by
methods such as DNA sequencing. These genes are then studied one by one to confirm
their role in stress tolerance. The expression of these genes can be modulated in yeast
one at a time, or in combination, to enhance the performance of yeast during
fermentation. In another approach the pool of yeast transformants is subjected to
selection for only a few rounds of selection. At the end of this selection this pool will
be enriched with those that are able to survive better than the average population, but
the survival of most of the transformants will be similar to that of starting pool of
transformants. To identify the genes carried by the better survivors the following steps
are followed. Total DNA is isolated from the starting population of transformants and
from the selected population. The insert DNA carried on plasmids from the total DNA
is selectively amplified of by using plasmid-specific primers. The amplified insert DNA
fragments of the starting population of transformants are labeled with one fluorescent
dye, and that of the selected population with another fluorescent dye. The labeled DNA
probes are then mixed and hybridized to a microarray spotted with DNA corresponding
to almost all the genes of yeast. The DNA spots on the microarray that show enhanced
signal for probe corresponding to the selected population compared to that of starting
population are then identified. The genes that correspond to these DNA spots are then
shortlisted as those that increase the stress tolerance of yeast upon overexpression. The
role of these genes is further confirmed by additional experiments involving individual

overexpression or deletion of these genes.

DETAILED DESCRIPTION OF THE INVENTION

Accordingly, the present invention provides a method to identify genes that upon

overexpression enhance the stress tolerance of yeast, which comprises,

e transforming yeast with a library of yeast genes cloned in a plasmid to provide a
large number of yeast transformants.

e pooling the transformants to provide a starting population of transformants.

e subjecting the population of transformants to selection conditions such that the
viability of the population of cells decrease 3 to 200-fold, thereby enriching those

transformed cells that can survive better under these conditions,
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e recovering surviving cells and growing them in a defined minimal medium that
allows growth of only those cells retaining plasmids,

¢ subjecting these cells to additional rounds of selection by repeating steps ¢ and d,

o recovering cells that have survived at least three rounds of selection,

e comparing the selected population of cells to the starting population of cells under
selection conditions to confirm the enhanced survival of selected cells,

e plating out the selected pool of cells to get isolated colonies,

o isolating DNA from individual yeast colonies and transforming into E. coli to
recover the plasmid present in individual yeast colonies,

e transforming these plasmids into yeast and testing the transformants to check if the
plasmids really confer enhanced tolerance under the selection conditions, and,

e identifying the genes carried on the plasmids, which confer enhanced stress
tolerance, by sequencing.

In one embodiment of the invention, genes that contribute to enhanced fitness during

selection are directly identified using microarray hybridization, which comprises,

¢ transforming yeast with a library of yeast genes cloned in a plasmid to provide a
large number of yeast transformants.

e pooling the transformants to provide a starting population of transformants.

e subjecting the population of transformants to selection conditions such that the
viability of the population of cells decrease 3 to 200-fold, thereby enriching those
transformed cells that can survive better under these ¢onditions,

e recovering surviving cells and growing them in a defined minimal medium that
allows growth of only those cells retaining plasmids,

e subjecting these cells to additional rounds of selection by repeating steps ¢ and d,

e recovering cells that have survived at least one round of selection,

e isolating total DNA from the starting population of transformants and the selected
population,

e amplifying specifically only the insert DNA carried on plasmids from the total
DNA by using plasmid-specific primers,
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e labeling of insert DNA fragments of the starting population of transformants with
one fluorescent dye, and that of the selected population with another fluorescent
dye.

e mixing and hybridizing the labeled probes to a microarray spotted with DNA
corresponding to almost all the genes of yeast.

e identifying the DNA spots on the microarray that show enhanced signal for probe
corresponding to the selected population compared to that of starting population,
and,

e identifying genes that correspond to these DNA spots as those which increase the

stress tolerance of yeast during selection.

In another embodiment of the invention, yeast is transformed with a library of genes
from organisms that are already tolerant to the particular stress.

In yet another embodiment of the invention, plasmids carrying genes highly
enriched during selection can be directly isolated from library by colony hybridization.

In yet another embodiment of the invention, the stress tolerance of yeast is
improved by transforming with plasmids that overexpress the genes identified above.

In yet another embodiment of the invention, the plasmid is an expression plasmid
with a constitutive promoter.

In yet another embodiment of the invention, the plasmid is an expression plasmid
with an inducible promoter.

In yet another embodiment of the invention, the ‘stress tolerance of yeast is
improved by modulating the expression level of genes identified above, by replacing
the promoter of the target gene present in the yeast genome with a constitutive or
inducible promoter.

In yet another embodiment of the invention, genes selected from a group consisting
of RPI1, WSC2, WSC4, YIL055C, SRA1, SSK2, ECM39, MKT1, SOL1 and ADE16
are overexpressed singly or in combination to enhance stress tolerance.

In yet another embodiment of the invention, more than one gene can be
simultaneously overexpressed in the same strain to further improve the stress

resistance.

PCT/IB2006/001910



10

15

20

25

30

WO 2007/012934 PCT/IB2006/001910

In yet another embodiment of the invention, the stress is that encountered by yeast
under alcohol producing conditions, particularly at high temperature.

In yet another embodiment of the invention, glucose is used as a raw material for
alcohol production.

In yet another embodiment of the invention, sucrose or molasses or any other
complex carbon source is used as raw material for alcohol production.

In yet another embodiment of the invention, the organism is a laboratory strain of
yeast.

In yet another embodiment of the invention, the organism is an industrial strain of
yeast.

In yet another embodiment of the invention, the organism is any microorganism
that needs to be improved for stress tolerance.

In yet another embodiment of the invention, the stress is any adverse condition
encountered by microorganisms in industries.

The process of present invention is illustrated in the examples given below, which

should not be however construed to limit the scope of present invention.

EXAMPLE 1
Screening of yeast genomic expression library for genes that enhance stress
tolerance. Yeast genomic DNA library made under the control of a constitutive
ADH1 (Alcohol dehydrogenasel) promoter, in a centromeric plasmid with URA3 as
a selection marker was obtained from American type Culture collection (ATCC).
Yeast strain FY3 (Winston et al., 1995) obtained from Fred Winston (Department of
Genetics, Harvard Medical School, Boston, MA 02115, USA) was used for all
transformations. The plasmids from this library were transformed into strain FY3 by
standard transformation protocol (Kaiser et al, 1994). Transformants (~10%) were
pooled together and subjected to 5 rounds of fermentation at 38°C. In parallel same
pool was subjected to 6 rounds of fermentation at 30°C. The time of harvest and
transfer to the successive rounds was aimed such that there was about 90% killing of
cells. Plating on the minimal media at the end of each round revealed that about 50%
of the cells have lost their plasmid. After repeated rounds of fermentation both the

populations were treated separately.
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Results from 38°C selection: From the selected population plasmids were taken out
by standard protocols and retransformed into E.coli IM109. Plasmids were purified
from the transformants by standard methods (Sambrook et al, 1989) and digested
with restriction enzyme Xhol. Plasmids showing similar digestion pattern were later
digested with set of two or three enzymes (Xhol, Xbal and EcoRV). 25 plasmids
showing unique pattern of digestion were then transformed into yeast and their
fermentation studies were done at 38°C with control strain transformed with vector
alone. Out of the 25 plasmids 10 showed 20-1000 fold-increased viability after 49-52
hrs of fermentation, producing slightly more or same amount of the alcohol as
compared to control. Sequencing done with an ADHI promoter specific primer and
BLAST sequence similarity search (Altshul et al, 1997) showed that all nine inserts
have complete RPI1 gene including its promoter. Besides, the RPI1 gene was present
in both orientations with respect to ADH1 promoter. From this it could be inferred
that introducing an additional copy of RPI1 expressed from its own promoter is
sufficient to provide enhanced stress tolerance during fermentation.

Results from 30°C selection: The population obtained after 6 rounds of repeated
selection was compared with unselected parent (starting) population for viability and
rate of ethanol production. While the rate of ethanol production was comparable, the
selected population showed about 150 fold better survival than the parent population
after 127 hrs of fermentation. To rule out the possibility of contribution of any of
enriched spontaneous mutation in enhanced viability, plasmids were retrieved from
selected population and transformed into E. coli IM109. Plasmids isolated from a
random pool of 1000 E. coli colonies were transformed back into yeast strain FY3 by
following standard protocols. Approximately 20,000 yeast transformants were pooled
together and subjected to an additional round of fermentation at 30°C. These
transformants showed much better viability than the parent strain, confirming that the
genes carried on plasmids confer enhanced stress tolerance. These plasmids were
again transferred to E. coli, and plasmids from 38 colonies were isolated and analyzed
by restriction digestion to identify unique clones. Fifteen unique plasmids were
transformed back into FY3 and compared in 30°C fermentation for relative survival
and ethanol production with respect to the control population. Among these, nine

appeared promising. The genes carried by these plasmids were identified by
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sequenced using ADH1 specific primer and BLAST sequence similarity search. Out
of the nine clones, five corresponded to WSC4, three carried the uncharacterized gene
YILO055C and one carried an insert of about 2.9-Kb encompassing the whole of
CAP2, most of SRA1 and a small portion of CKA1. Further studies were done to

confirm the role of these genes in fermentation.

EXAMPLE 2

Characterization of RPI1. From preliminary studies, based on sequencing, we
inferred that addition of a single copy of RPI1 (Ras cAMP pathway inhibitor 1) is
sufficient to provide enhanced stress tolerance during fermentation. Hence we
subcloned the entire 2.6kb insert isolated from one of the RPI1 clones at the Xhol site
of an integrative vector pRS306. This vector was linearized within the URA3 gene of
the vector and transformed into yeast strain FY3 for targeted integration at the URA3
locus of the genome. Transformants were selected by uracil prototrophy on minimal
media plates. An additional copy of RPI1 was thus integrated in the genome. Earlier
studies have shown that RPI1 disruptants are not lethal (Kim ez al, 1991). RPI1
disruptants were made by insertional mutagenesis using Tn3. Disruptants were
confirmed by sequencing using Tn3 specific primers. These overexpression and
disruption strains were then used for fermentation studies done at 38°C and 30°C.
Fermentation studies at 38°C were done with 20% glucose for 38-44 hrs while
fermentation studies at 30°C were done with 25% glucose for 108-114 hrs. Viability
was monitored at the end of fermentation. Strains with additional copy of RPI1
showed many-fold enhanced survival compared to control population at both 38°C
and 30°C fermentation studies. While the strains with disrupted copy of RPI1 showed
considerably reduced survival confirming the role of RPI1 in stress tolerance. But the
strains with additional copy of RPI1 showed slow rate of fermentation in the
beginning though there was no difference in the amount of ethanol finally made with
respect to wild-type strain.

Mixed culture studies: It could be argued that the enhanced survival seen in RPI1
overexpression strain is due to slow rate of fermentation. To rule out this possibility
mixed culture fermentations were done. Strains with additional copy of RPI1 were

mixed in equal proportion with control wild-type population having G418 resistance
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marker. The G418 resistance marker does not affect performance or viability of cells
during fermentation, but serves as a marker to distinguish the control strain from the
test strain after mixed fermentation. The fermentation rate of mixed culture was
comparable to that of wild-type strain. After fermentation, the test strain with
additional copy of RPI1 showed about hundred fold better survival than wild type at
both 38°C (Table 1a) and 30°C (Table 1b). In contrast, the viability of strain deleted
for RPI1 was extremely poor compared to the control strain. These results show that

RPI1 is critical for stress tolerance of yeast during ethanolic fermentation.

Table 1a

Effect of RPI1 gene expression level on survival of yeast after 37 hr of
fermentation at 38°C

Strain name* (gene copy number) Relative survival of G418° test strain as
a percent of total population

Control (1) + G418% Control (1) 64.0%

RPI17 (2) + G418® Control (1) 99.98%

RPI1A (0) + G418® Control (1) 1.66%

T = Gene overexpressed
A = Gene deleted

Table 1b

Effect of RPI1 gene expression level on survival of yeast after 114 hr of
fermentation at 30°C

Strain name (gene copy number) Relative survival of G418° test strain as
a percent of total population

Control (1) + G418% Control (1) 43 %
RPI1T (2) + G418® Control (1) 100 %
RPI1A (0) + G418® Control (1) 0%
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RPI1 was earlier identified as a high copy suppressor of Ras2 mutation suppressing
the heat shock phenotype induced by Ras2 mutation (Kim et al, 1991). Later studies
proved that it is not associated with Ras-cAMP pathway, but possibly a transcription
factor that prepares cells for entry into stationary phase (Sobering et al, 2002). Our
studies show that RPI1 is critical for stress tolerance during ethanolic fermentation as

well, and its overexpression can be used to enhance the survival of yeast many-fold.

EXAMPLE 3
Characterization of WSC4. WSC4 (cell Wall integrity and Stress response
Component) gene, identified from 30°C fermentation, is known to be required for
secretory protein translocation, for maintenance of cell wall integrity and for stress
response in S.cerevisiae (Verna et al, 1997). To study its behavior in fermentation
stress the complete WSC4 gene along with its promoter was subcloned in integrative
vector PRS306. This gene was then integrated in genome by homologous
recombination at ura3 locus, thus increasing copy number by one. WSC4 disruptants
were also made by transposon mutagenesis and further confirmed by sequencing.
Fermentation studies done at 30°C with 25% glucose for 108 hr showed that it could
enhance survival 5-10 fold compared to wild type. Further, mixed culture
fermentation studies done along with wild type strain showed that WSC4 does
improve stress tolerance of S. cerevisiae strain (Table 2). Abundance of WSC4
deletion strains is considerably reduced in mixed pool. This study shows that WSC4

can be exploited to improve upon stress tolerance during fermentation.

Table 2

PCT/IB2006/001910

Effect of WSC4 gene expression level on survival of yeast after 109 hr of
fermentation at 30°C

Strain name (gene copy number) Relative survival of G418° test strain as
a percent of total population

Control (1) + G418® Control (1) 44%

wsC4T (2) + G418® Control (1) 73%

WSC4A (0) + G418® Control (1) 6.1%
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EXAMPLE 4
Characterization of YIL055c. YIL055¢c, a gene with an unknown function, was also
isolated from the overexpression screen at 30°C. To confirm its role in stress tolerance
the ORF of this genes was subcloned under the control of strong GPD1 promoter in the
integrative vector pGV8. The recombinant construct was then integrated at the ura3
locus of strain FY3. This gene was also disrupted by transposon mutagenesis and
confirmed by sequencing. Fermentation studies done at 30°C showed that upon
overexpression of YILO55¢ the rate of fermentation is considerably reduced, though it
can complete the fermentation like wild type. Disruptants showed normal fermentation
rate. In mixed culture fermentation done at 30°C, these overexpression strains
fermented at equal rate as wild type mixed culture control. These stains still conferred
enhanced survival compared to wild-type cells (Table 3). This indicates that enhanced
survival is not due to reduced rate of fermentation. The role of YILO55c in stress
tolerance is quite similar to that of RPI1, and thus these genes are likely to be part of

the same stress response pathway.

Table 3

PCT/IB2006/001910

Effect of YILOS5C expression level on survival of yeast after 108 hr of
fermentation at 30°C

Strain name (gene copy number / Relative survival of G418° test strain as
overexpression under GPD promoter)  a percent of total population

Control (1) + G418 Control (1) 47%
YILO55CT (GPD) + G418® Control (1)  94%

YILO55CA (0) + G418® Control (1) 17.5%

EXAMPLE 5
Characterization of SRA1. Another clone screened encompassed three genes
including a fragment of SRA1. SRAL1 part from this clone was subcloned under the
control of strong promoter GPD1 in pGV8 and integrated in the yeast genome.
Fermentation studies were done with SRA1 overexpression clone at 30°C. It showed

several fold enhanced survival after 108 hrs of fermentation with 25% sugar. Strains
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with overexpressed SRA1 showed initial lag in ethanol production, but completed the
fermentation in equal time span as taken by the wild type. Further mixed culture
fermentation studies showed normal fermentation rate, but enhanced survival compared
to the control strain (Table 4). SRA1 disruptants showed reduced survival during

normal growth itself and thus no fermentation studies were done with these strains.

Table 4

PCT/IB2006/001910

Effect of SRA1 expression level on survival of yeast after 108 hr of fermentation
at 30°C

Strain name (gene copy number / Relative survival of G418° test strain as
overexpression under GPD promoter) a percent of total population

Control (1) + G418 Control (1) 47%

SRA1T (GPD) + G418® Control (1) 94%

SRA1 has cAMP-dependent protein kinase inhibitor activity. Overexpression of SRA1
shifts equilibrium of association or dissociation of PKA into its sub units towards
undissociated state (Portela et al, 2001). It also leads to hyperaccumulation of glycogen
and improved heat shock resistance. Thus, SRA1 upon overexpression leads to lower
PKA élétivity and enhanced stress tolerance. Reduced PKA activity results in decreased
growth rate (Van Dijck et al, 2000). This could explain reduced rate of fermentation
observed upon overexpression of SRA1. But its enhanced viability in mixed culture
fermentation shows that the enhanced stress tolerance is not due to reduced rate of
fermentation. Isolation of SRA1 by overexpression strategy proves the validity of the
strategy, as role of cAMP pathway in stress tolerance is already established through
studies with RAS mutants.

EXAMPLE 6
Genome scale fitness profiling of overexpression strains. Microarrays are widely
exploited to monitor whole genome in single chip. It gives a better picture of the
interactions among thousands of genes simultaneously. Here we used DNA based
microarray, to simultaneously monitor the genes present on plasmids, for their role in

fermentation stress. Yeast strain FY3 was transformed with a whole genome
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overexpression library, as described in Example 1. A pool of about 20,000
transformants was grown in a minimal medium for 24hr, and divided into two pools.
One pool was kept as unselected population while other was subjected to two rounds of
fermentation at 38°C. After each round cells were harvested and grown in a minimal
medium to enrich for cells retaining plasmids. At the end of two rounds total DNA was
isolated from selected and unselected pool of cells by standard protocols (Kaiser et al,
1994). Insert DNA fragments of plasmids present in the total DNA were specifically
amplified using a primer (5’-CTCGAGCTACGTCAGGG-3’) complementary to
adapter sequences present on both sides of the insert DNA. A PCR reaction was set up
in 25pl volume. It contained 100 ng template, 1X Taq buffer (NEB), 0.4mM primer,
02mM dNTPs and 5U Taq DNA polymerase. Thermal cycling conditions were:
denaturation at 95°C for 5min followed by 30 cycles of denaturation at 94°C for 1min,
annealing at 60°C for 1min and extension at 72°C for 4 min. This was followed by a
final extension at 72°C for 10min. The PCR products were checked for uniformity in
the size range in both populations by agarose gel electrophoresis and then purified
using PCR purification kit (Qiagen). One pg of purified PCR product from each
population was labeled either with Cy3 or Cy5 by random primer labeling. In each
labeling reaction 1pg of pure PCR product, 10 pg of random primers (nonamer), 2 ng
Arabidopsis control DNA, 0.5mM dNTPs without dCTP, 1X klenow buffer, 2 ul of
either fluorophor (Cy5/Cy3 dCTP) and 50U Klenow fragment of DNA polymerase
(NEB) were added. Reaction was incubated at 37C for 12 hr and terminated by adding
2.5 pl of 0.5M EDTA. The labeled product was purified using PCR purification kit.
Labeling was quantitated by comparing serial dilution of impure sample with pure
sample spotted on glass slide. These were scanned on microarray to find out the percent
incorporation. For hybridization Cy5 and Cy3 labeled DNA fragments were mixed
together in equal ratios and the volume was made up to 18ul. This was heat denatured
at 95°C for 2min. Hybridization reaction of 80 pl was set up. In this 18 pl of labeled
probe, 1X hybridization buffer, 1.6 ul 10%SDS and 40 pl formamide was mixed. This
whole volume is put on microarray glass slide and carefully covered with a coverslip.
Hybridization was set up in hybridization chamber and incubated in water bath at 42°C

for 12hrs.Washing of slides were done by following standard protocols (Bowtell ef al,
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2002). These slides were then scanned on Axon 4000B microarray scanner. Genepix
Pro software was used for analysis of data. Experiments were done with two separate
libraries to check consistency. Besides, dye-swap experiments were also done to rule
out bias in labeling. Features (genes) that show higher signal for DNA of selected
population compared to starting population are those which have become enriched

during selection, and thus, have higher fitness during selection conditions.

EXAMPLE 7

Colony hybridization to recover enriched genes conferring enhanced fitness. Genes
conferring role in stress tolerance can directly be isolated from genomic library using
colony hybridization. Whole gene probes were prepared for the genes consistently
enriched in all microarrays. Plasmids retrieved from the selected population at the end
of four rounds of fermentation were transformed into E.coli by standard protocol. 1000
E.coli transformants were patched on LB-amp plates. For colony hybridization standard
protocol using Hybond (N) nylone membrane was followed (Sambrook et al, 1989).
For each gene many clones could be isolated. Plasmids (from randomly picked clones)
were isolated by alkaline lysis method, and restriction digested with Xhol enzyme to
identify inserts of unique size. Those appearing unique were sequenced using ADHI
specific primer. These were further characterized and transformed into yeast to confirm
their role in fermentation stress tolerance. Some of the inserts carried more than one
gene or additional partial genes. Besides sequencing helped in finding the orientation of
the genes with respect to ADHI promoter. Inserts corresponding to RPI1, MKTI,
ECM39, SOL1 and ADE16 were identified and characterized using this approach.

EXAMPLE 8
Confirmation of role of WSC2. Microarray based screening showed WSC2 to be
highly enriched in all sets of experiments. Thus, its overexpression and disruption
clones were made to confirm its role. Overexpression clones were obtained by
replacing its endogenous promoter with GPD1 promoter (Petracek et al, 2002) while
disruptants were made by substituting WSC2 coding region with URA3 marker. These
were transformed into URA3 deletion strain. Fermentation studies done at 38°C with
20% sugar showed that WSC2 overexpression clones survive 50-100 fold better than

wild type at the end of fermentation. It does not show any change in rate of
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fermentation compared to wild-type. Even in mixed culture fermentation studies done
at 38°C, this strain became the predominant one at the end of fermentation compared to
the G418 control strain (Table 5). WSC2 belongs to the same family as WSC4 and is
involved in cell wall integrity pathway. WSC genes are functionally redundant. One
can not identify their role until all are deleted or deleted in combination. However this
overexpression strategy could identify the role of individual members of redundant
genes. WSC is a family of signalling molecules, which activate downstream Rhol and
MAP kinase pathways important in environmental stress response. Moreover, there is
no obvious effect on growth or fermentation rate suggesting that these act in PKA
independent manner. Thus, further exploration of WSC pathway genes can help in

improving strains for fermentation stress tolerance.

Table 5

PCT/IB2006/001910

Effect of WSC2 expression level on survival of yeast after 38 hr of fermentation at
38°C

Strain name (gene copy number / Relative survival of G418° test strain as
overexpression under GPD promoter)  a percent of total population

Control (1)+ G418® Control (1) 45.7%
WwSC2T (GPD) + G418% Control (1) . 97%
EXAMPLE 9

Other genes identified by fitness profiling. Many other genes that showed up
consistently in microarray were confirmed for their role in fermentation stress tolerance
by following mixed culture fermentation studies. Many plasmids isolated from second
round selected population, identified by colony hybridization for specific genes, were
transformed into FY3 yeast strain. These transformants were subjected to mixed culture
fermentation studies. Here overexpression test strains were mixed with G418® wild-
type control strain in equal proportion. Fermentation studies were carried out at 38°C
with 20% sugar. G418 sensitive cells surviving at the end of fermentation were
compared with G418% cells. In case of ECM39 (Table 6) and MKT1 (Table 7)
overexpression clones more than 90% population was dominated by G418 sensitive test

strains, while in case of ADE16 more than 85% population corresponded to ADE16
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overexpressing strain (Table 8). SOL1 transformants dominated mixed culture
population by 80% (Table 9). ECM39, MKT1 and ADE16 genes were present in
opposite orientation with respect to ADHI promoter in the plasmids. It appears that for
these genes addition of a single copy is sufficient to confer enhanced stress tolerance
during fermentation. Though all these genes are known in the literature, only our

approach has brought out their role in fermentative stress tolerance.

Table 6

PCT/IB2006/001910

Effect of ECM39 expression level on survival of yeast after 39 hr of fermentation
at 38°C

Strain name (gene copy number / Relative survival of G418° test strain as
overexpression under GPD promoter)  a percent of total population

Control (1)+ G418 Control (1) 50%
ECM397 (?) + G418® Control (1) 93%
Table 7

" Effect of MKT1 expression level on survival of yeast after 38 hr of fermentation at -

38°C

Strain name (gene copy number / Relative survival of G418° test strain as
overexpression under GPD promoter) a percent of total population

Control + G418 Control (1) 48.27%

MKT1T+ G418® Control (1) 92.5%
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Table 8

Effect of ADE16 expression level on survival of yeast after 38 hr of fermentation
at 38°C

Strain name (gene copy number / Relative survival of G418 test strain as
overexpression under GPD promoter) a percent of total population

Control (1) + G418® Control (1) 48.27%
ADE167 (2)+ G418 Control (1) 84.2%
Table 9

Effect of SOL1 expression level on survival of yeast after 38 hr of fermentation at
38°C.

Strain name (gene copy number / Relative survival of G418° test strain as
overexpression under GPD promoter) a percent of total population

Control + G418® Control (1) 44.44%

SOL1T + G418® Control (1) 86.4%

To summarize, the present invention has several advantages:

In the present invention almost all the genes of an organism that can possibly
enhance stress tolerance upon overexpression are simultaneously identified.
This is in contrast with known methods where genes involved in stress tolerance are
first identified and then overexpressed one at a time to check if they improve stress
tolerance. The limitation of the current methods is that only some of the
overexpressed genes will result in improvement. The reason is that only some of the
genes involved in a process will be rate limiting, and only if these genes are
overexpressed there will be any improvement. On the other hand, in our approach
only those genes that actually improve stress tolerance are directly identified. Thus,

our invention is less laborious and more efficient.

The present invention will also identify genes that are essential for growth as

well as stress tolerance. In contrast, the mutation-based approaches will mostly
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miss such genes, since mutants impaired in the essential genes will not be able to

grow in the first place for them to be further studied.

The present invention will also identify members of duplicated genes. In contrast,
the mutation-based approaches will frequently miss such genes since the duplicated

genes often compensate for each other’s loss of function.

The present invention also overcomes the limitation of lack of plate-screens for
studying certain phenotypes such as stress tolerance during ethanolic’
fermentation in liquid broths. This is possible since it allows the abundance of all
the transformants present in a single pool to be quantitatively followed, by actually
monitoring the abundance of the genes carried on plasmids present in these
transformants. That is, the genes carried by the plasmids themselves serve as DNA

tags to differentiate different transformants present in the pool.

The present invention also allows small fitness contributions of different genes to
be quantitatively studied. This is possible since all the transformants are studied in

a single pool and thus experience identical and competitive selection conditions.
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We Claim:

1. A method for identifying genes for increasing the stress tolerance of yeast wherein
the said method comprising of:

a. transforming yeast with a library of yeast genes cloned in a plasmid to provide a
large number of yéast transformants.

b. pooling the tranéformants obtained in step (a) to provide a starting population of
transformants.

c. subjecting the population of transformants obtained in step (b) to selection
conditions such that the viability of the population of cells decrease 3 to 200-
fold, thereby enriching those transformed cells that can survive better under
these conditions,

d. recovering surviving cells obtained in step (c) and growing fhem in a medium
that allows growth of only those cells retaining plasmids,

e. subjecting the cells obtained in step (d) to additional rounds of selection by
repeating steps (c) and (d),

f. recovering cells that have survived at least three rounds of selection obtained in
step (¢),

g. comparing the selected population of cells obtained in step (f) to the starting
population of cells under selection conditions to confirm the enhanced survival
of selected cells,

h. plating out the selected pool of cells obtained in step (g) to get isolated colonies,

i. isolating DNA from individual yeast colonies obtained in step (h) and
transforming into E. coli to recover the plasmid present in individual yeast
colonies,

j. transforming the plasmids obtained in step (i) into yeast and testing the
transformants to check if the plasmids really confer enhanced tolerance under
the selection conditions, and,

k. identifying the genes carried on the plasmids obtained in step (j), which confer

enhanced stress tolerance, by sequencing.
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2. A method for identifying genes that increase the stress tolerance of yeast as claimed

in claim 1, wherein under fermentation conditions the method comprising of the

following steps:

a.

transforming yeast with a library of yeast genes cloned in a plasmid to provide a
large number of yeast transformants.

pooling the transformants obtained in step (a) to provide a starting population of
transformants.

subjecting the population of transformants obtained in step (b) to selection
conditions such that the viability of the population of cells decrease 3 to 200-
fold, thereby enriching those transformed cells that can survive better under
these conditions,

recovering surviving cells obtained in step (c) and growing them in a medium
that allows growth of only those cells retaining plasmids,

subjecting the cells obtained in step (d) to additional rounds of selection by
repeating steps (c) and (d),

recovering cells obtained in step (e) that-have survived at least one round of
selection,

isolating total DNA from the starting population of transformants and the
selected population obtained in step (f),

amplifying specifically only the insert DNA carried on plasmids from the total
DNA obtained in step (g) by using plasmid-specific primers,

labeling of insert DNA fragments obtained in step (h) of the starting population
of transformants with one fluorescent dye, and that of the selected population
with another fluorescent dye.

mixing and hybridizing the labeled probes obtained in step (i) to a microarray
spotted with DNA corresponding to almost all the genes of yeast.

identifying the DNA spots on the microarray obtained in step (j) that show
enhanced signal for probe corresponding to the selected population compared to
that of starting population, and,

isolating recombinant plasmid clones that carry the genes that correspond to the
DNA spots obtained in step (k) as those which increase the stress tolerance of

yeast during selection.
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3. A method as described in claims 1 and 2, wherein the yeast is transformed with a

library of genes from organisms that are already tolerant to particular stress.

4, A method as described in claims 1 to 4, wherein the yeast strain used is

S.cerevisiae.

5. A method as described in claims 1 to 4, wherein the plasmid is an expression
plasmid with a constitutive promoter. ‘

6. A method as described in claims 1 to 4, wherein the plasmid is an expression
plasmid with an inducible promoter.

7. A method to improve the stress tolerance of yeast by transforming with
recombinant plasmids bearing genes identified as in claims 1 to 6.

8. A method to improve the stress tolerance of yeast by transforming with
recombinant plasmids that overexpress the genes identified as in claims 1 to 6,
comprising: .

a. sub-cloning the coding sequence of the gene under the control of a constitutive
promoter to obtain a recombinant plasmid overexpressing the gene, and,
b. transforming yeast with the said recombinant plasmid obtained in step (a) to

improve stress tolerance.

9. A method as described in claim 8, wherein the plasmid is an expression plasmid

with an inducible promoter.

10. A method as described in claims 1 to 9, wherein the plasmid is an integrating
plasmid

11. A method to improve the stress tolerance of yeast by modulating the expression
level of target genes identified as in claims 1 to 6, by replacing the promoter of the
target gene present in the yeast genome with a strong constitutive promoter

12. A method as described in claim 11, wherein the promoter is an inducible promoter.

13. A method to improve stress tolerance of yeast as in claims 1 — 12, wherein the
genes are selected from a group consisting of RPI1, WSC2, WSC4, YIL055C,
SRA1, ECM39, SSK2, MKT1, SOL1 and ADE]16.

14. A method as claimed in claims 1 to 13, wherein the stress is fermentative stress
under alcohol producing conditions.

15. A method as claimed in claims 1 to 13, wherein the stress is fermentative stress

under alcohol producing conditions at high temperature in the range of 37 to 40°C.
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16. A method as claimed in claims 1 to 15, wherein glucose or sucrose is the raw
material for alcohol production.

17. A method as claimed in claims 1 to 15, wherein molasses or other complex carbon
sources serve as raw material for alcohol production.

18. A method as claimed in claims 1 to 17, wherein the organism is a laboratory strain
of yeast.

19. A method as claimed in claims 1 to 17, wherein the organism is an industrial strain
of yeast.

20. A method as claimed in claims 1 to 17, where the organism is any microorganism
that needs to be improved for stress tolerance.

21. A method as claimed in claims 1 to 20, wherein the stress is any adverse condition

" encountered by microorganisms in industries.

22. Use of the genes identified by using the method as claimed in claims 1 to 22 for
yeast strain improvement.

23.Use of the genes selected from a group consisting of RPI1, WSC2, WSC4,
YIL055C, SRA1, ECM39, SSK2, MKT1, SOL1 and ADE16 identified by using the

method as claimed in claims1 to 22 for yeast strain improvement.
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