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Four distillers’ yeasts, strains A, B, C and D yielded !-, 2-, 3- and 4-spored asci upon sporulation. Isolated a and
o mater strains, recovered from 4-spored asci by microdissection, were intercrossed to produce a total of 425
hybrids. The meiotic segregants and hybrids were tested for fermentation kinetics in a synthetic sucrose medium
using a small scale batch system. A few hybrids exceeded the performance of the parent strains with respect to

fermentation rate and final degree of fermentation.

A population derived from random mass mating of spores was subjected to selection for ethanol tolerance by
repeated fermentations. Amonga total of 56 clones tested most gave the same or a higher final ethanol concentration
than the reference strain also when the fermentation rate was lower.

1. INTRODUCTION

The distilling industry requires fast ferment-
ing ethanol tolerant yeasts which possess the
ability to produce high concentrations of
ethanol while remaining viable. A range of
genetic and physiological factors affect the fer-
mentation performance of yeasts.

The response of yeast cells to ethanol is
complex and has been shown to be strain depen-
dant and affected by many genes (10, 15, 16, 17,
32). Hybridization and selection are considered
important tools for the improvement of yeast
strains in the brewing (11, 17, 33), baking (4, 12,
34, 35) and winemaking (10, 29, 32) industries.
Mutagenesis has been used in the breeding of
ethanol tolerant wine yeasts (1) and selective

hybridization has produced hybrids with a better
wine making potential (10, 32). Ethanol resis-
tant variants have been recovered by selection in
batch (8) as well as continuous cultures (3, 21)
and protoplast fusion has been used to create
strains with improved fermentation characteris-
tics (22, 27).

In addition to the genome, the environment is
important for ethanol tolerance and fermenta-
tion performance (6, 18). Osmotic pressure (25),
the presence of unsaturated fatty acids and
sterols (2, 5, 19, 30, 31) and temperature (13, 14,
18, 23, 24) influence the effect of ethanol on
yeast cells.

Inheritance of the fermentation ability and
tolerance to ethanol formed during the fermen-

Abbreviations: YPD = yeast extract, peptone, dextrose.
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Table L. Principal strain used.

Strain Genotype Source

A Production strain DDSF 102"

B Production strain DDSF 3°

C Production strain DDSF 6”

D Production strain DDSF 72°

D286-2a a adel hisl Course manual on yeast genetics,
Cold Spring Harbor Laboratory (28)

D273-11a a adel hisl Course manual on yeast genetics,
Cold Spring Harbor Laboratory (28)

ADsy A79XDegy

M,; Population derived from random

mass mating of spores from ADy

"The production strains are from the Danish Distillers Ltd. Culture Collection.

tation were in the present work studied in
production strains, meiotic segregants and hy-
brids. Small scale batch fermentations using a
synthetic sucrose medium were used in the
evaluation of fermentation performance as this
method is simple and reliable and thus useful
when large numbers of yeast strains are to be
tested.

2. MATERIALS AND METHODS
2.1. Strains and media

The principal strains of Saccharomyces cere-
visiae used in this study are listed in Table I.
Strain A is a production strain used both as a
distillers’ yeast and for the manufacture of
bakers’ yeast strains.

The following media were employed (28):
YPD contained 1% Difco Bacto Yeast Extract,
2% Difco Bacto Peptone, 2% Dextrose. Pre-
sporulation medium was 0.8% Difco Bacto
Yeast Extract, 0.3% Difco Bacto Peptone, 10%
glucose (pH 5.0). Sporulation medium was 1%
potassium acetate, 0.1% Difco Bacto Yeast Ex-
tract, 0.05% glucose. The synthetic fermentation
medium consisted of 30% sucrose, 0.67% Difco
Yeast Nitrogen Base without amino acids, and
was buffered with 1% succinic acid and 0.6%
sodium hydroxide. Plates were solidified with
2% Difco Bacto Agar.

2.2. Sporulation and spore recovery

After two days of growth on a pre-sporulation
plate, yeast cells were transferred to a sporula-
tion plate and incubated 3-5 days at 30 °C.
Sporulation was detected by staining with mala-
chite green - safranine (26). Clones from single
spores were obtained by microdissection (28).

Isolation of random spores proceeded as de-
scribed by GJERMANSEN and SIGSGAARD (11),
except for the ascus opening and the killing of
the vegetative cells, where the procedure de-
scribed by CHRISTENSEN (7) was used.

2.3. Determination of mating type

After 2 days at 30 °C on YPD plates spore
colonies were transferred to sporulation medi-
um and tested for sporulation as described in
2.2. Non-sporulating colonies were considered
to be potential mater strains. Mating ability was
determined by mixing, on YPD plates, with the
a tester strain (D273-11a) and the a tester strain
(D286-2a). After 2 days the cell mass was replica
plated onto sporulation medium; subsequent
sporulation after 2-3 days on sporulation medi-
um was taken as an indication of mating. A
colony was designed mating type a when sporu-
lation occurred after mixing with the a tester and
as mating type o when sporulation took place
after mixing with the a tester. For practical
purposes, the colonies which would not sporu-
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late after mixing with either of the tester strains
were classified as non-maters.

2.4. Construction of hybrids

The isolated strains of opposite mating type
were crossed pairwise by mixing them ona YPD
plate and incubating them at 30 °C for 24 hours.
Subsequently, the mixture was streaked on YPD
plates for single colonies and the larger single
colonies were isolated and checked for sporula-
tion.

2.5. Test fermentaticn and analysis of the
fermented substrate

Hybrids were propagated by inoculating cell
material from a distinct colony into 10 ml YPD
in test tubes followed by aerobic incubation at 30
°C for 20 hours. Approximately 1 - 10® cells from
this culture were transferred to 250 ml, YPD at
30 °C and allowed to grow aerobically at 30 °C
for 20 hours. The cell density was then approx-
imately 1-10® cells - mI”'. The yeast cells were
harvested by centrifugation and washed with
sterile cold distilled water. Approximately 5 - 10°
cells were suspended in 10 ml fermentation
medium in 250 ml conical flasks stoppered with
fermentation locks filled with concentrated sul-
phuric acid. The fermentation was allowed to
take place with agitation for 44 hours at 30 °C
interrupted by weight determinations at 0, 2, 4,
8, 20, 22, 24, 27 and 44 hours. The decrease in
weight measures the CO, loss from the system,
a loss which is proportional to the ethanol
produced and the reduction in sucrose. A weight
loss of 1.00 g corresponds to the formation of
1.05 g ethanol. The final ethanol concentration
was determined either by the oxidative method
(9) or alternatively by HPLC in a BIO-RAD Jon
Exclusion Column (250x4 mm) packed with
Aminex HPX-85.

The fermentation rate was determined as the
mean decrease in weight per hour between 4 and
8 hours of fermentation. Samples for determina-
tion of cell number and viability during the
fermentation were achieved through teflon tub-
ing (internal diameter 1 mm) inserted in the
fermentation lock to minimize the introduction
of oxygen. The optical density at 660 nm (ODj)

was determined prior to and after fermentation.
The number of cells in suspension was deter-
mined by a haemocytometer or with a Coulter
Counter model ZB. The viability of the yeast was
determined by plating appropriate dilutions of
the fermentation mixture onto YPD plates and
counting the number of colonies. Each hybrid
was fermented in a minimum of two parallel
flasks and two independent reference fermenta-
tions (each consisting of 2 parallel flasks) with
strain A were included in every fermentation

”»

Tun .

“

3. RESULTS
3.1. Sporulation, spore recovery and
construction of hybrids

Strains A, B, C and D sporulated well; the
sporulation frequencies after 3-5 days on sporu-
lation medium ranged from 25-70%, being 70%
for strain A. The percentage of 1-, 2-, 3- and
4-spored asci differed among the strains; strain
A yielded 40% 4-spored asci. Single spores were
obtained from 4-spored asci by microdissection.
Germination of the spores gave rise to clones of
various morphologies. The frequency of asci
giving complete tetrads with four viable spores
was low, in the order of 0-10% for the four
strains.

The germinated spores were characterized by
their ability to sporulate and mate. From a total
of 391 dissected 4-spored asci, 37 a and 153 a
clones were obtained. All maters were pro-
totrophs and grew markedly slower than their
parents. The non-maters comprised sporulating
as well as non-sporulating segregants. The
sporulation capability of some of the spores is
due to polyploidy/aneuploidy and to the pres-
ence of genes for homothallism (20). A limited
number of the sporulating clones were mi-
crodissected, but none of the spores germinated.

Hybrids were obtained by crossing clones of
opposite mating type. A total of 425 hybrids
were constructed which had sporulation ability.
Sporulation was not observed in all combina-
tions of a and o maters. It was not investigated
whether this was due to inefficient mating or to
lack of sporulation in the hybrids.
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Figure 1. Fermentation curve for strain A. Mean
weight losses from a single experiment with 2 parallel

cultures are plotted against time. The deviation of the
plotted independent values is less than 2%.

3.2. Fermentation tests of meiotic segregants
and hybrids

The typical progress of a batch fermentation
is shown in Figure 1. The yeast strain A was
inoculated into 100 ml sucrose medium at 30 °C
and the decrease in weight was followed. The
maximum fermentation rate was reached be-
tween 4 and 8 hours; the weight loss at 20 hours
and after 44 hours (final weight loss) were chosen
as simple parameters to assess fermentation
ability. The deviation between the values of the
two independent strain A cultures in each “run”
is typically less than 2% as are the weight losses
from the two parallel fermentation flasks con-
taining the yeast under test. However, in repeat-
ed experiments the values for strain A can differ
by up to + 15%. Figures 2, 3 and 4 give the
frequency distribution of fermentation rates, 20
hour weight loss and final weight loss for a
number of experiments in duplicate with the
reference strain A, experiments with meiotic
segregants derived from strain A and hybrids
constructed from some of the meiotic segre-
gants. The distribution for strain A shows the
intrinsic variation of the fermentation system
used. A significantly wider range of values was
found for the meiotic segregants reflecting the
segregation of genes affecting fermentation rate,
ethanol tolerance and other relevant parame-
ters. Hybrids made from meiotic segregants of
strain A display a wider variation than the
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Figure 2. Frequency distributions of fermentation rate
for 91 experiments with strain A, for 87 experiments
with meiotic segregants derived from strain A and for
246 hybrids constructed from some of these meiotic
segregants. The distributions for strain A show the
variation occurring with the fermentation system em-
ployed. The additional variance found in the popula-
tion of meiotic segregants, and in the hybrids, reflects
the segregation of genes affecting the fermentation rate.

original strain, but the frequency distributions
are less spread than those recorded for the
meiotic segregants. None of the meiotic segre-
gants attained a performance equal to strain A
whereas some of the hybrids did.
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Figure 3. Frequency distributions of 20 hour weight
losses for 86 experiments with strain A, for 85 fermen-
tations with meiotic segregants derived from strain A
and for 246 hybrids constructed from some of these
meiotic segregants.
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Figure 4. Frequency distributions of the final weight
losses for 86 experiments with strain A, 85 experiments
with meiotic segregants derived from strain A and 244
hybrids constructed from some of these meiotic segre-
gants.

Cell viability was fairly constant for the first 20
hours of the fermentation, but decreased drasti-
cally as ethanol concentration reached its maxi-
mum value of 12-13% (w/v). Biomass doubled
during the first part of the fermentation but
decreased at 44 hours because of autolysis.

Among the 425 tested hybrids, 13 had both a
higher rate of fermentation and reached a higher
final ethanol concentration than the reference

strain. Table Il shows the fermentation data both
for these hybrids and their parental lines, i.c., the
meiotic segregants from which they are con-
structed. With the exception of a few values of
the meiotic segregants A, Ay, Ay and Ay
strain A scored higher than the parental lines,
which generally attain only mediocre values in
the fermentations. Note that the meiotic segre-
gant A,y is the o parent of 9 of the selected 13
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Table I1. Fermentation parameters for meiotic segregants from strain A hybrids with fermentation parameters as
good as or better than those of the reference strain A. These are compared with the results from their parental lines
and parallel fermentations with the original strain A. Fermentation rate is calculated as the mean weight loss per
hour between 4 and 8 hours after the onset of fermentation. The theoretical maximum weight loss is 15.44 g.

Strain Fermentation Weight loss (g)

rate (g- hr') 20 hours final
Hybrids: Cross of
a a

1) AAs AggoXAgr. 0.81 10.9 14.2
A 0,77 10.5 12.8
2) AAsg ApXAsrg 0.92 12.0 14.0
A 0.88 11.5 13.3
3) Al Ay3sXAsg 0.89 11.5 13.0
A 0.87 11.2 12.8
4) AAgs, AsgsXAsm 0.84 11.5 13.0
5) AA s AqxAsro 0.85 12.0 13.7
6) AAsss AyrxAsg 0.89 12.3 14.4
A 0.83 11.4 13.0
7 AA g AsaxAsro 0.91 11.6 13.4
8) AAy, AyiXAsg 0.95 12.4 14.3
9) AC 6 Cy7XAs5 0.89 11.4 13.4
10) AC. CarxAsro 0.89 11.6 13.7
A 0.89 11.3 12.9
1) ACyy, AXCay 0.83 113 14.0
A 0.81 10.9 12.8
12) ADy;; AxDy, 0.91 12.7 13.1
13) ADyy, A exDy, 0.86 12.2 13.2
A 0.82 11.2 12.8

Parental lines (meiotic segregants of A):
Parent to hybrid:

A (a) 11) 12) 0.76 11.0 132
A (a) 13) 0.69 9.0 1.1
A 0.87 10.9 12.7
D (@) 12) 13) 0.80 9.8 10.3
Ap (@) 1) 0.43 6.3 8.0
Ao (@) 2)-10) 0.80 10.5 11.3
Caiz (@) 11) 0.45 7.7 114
A 0.90 11.3 12.4
Ay (3) 1) 0.74 10.8 12.6
A 0.81 111 12.4
Ay (a) 3) 0.78 10.2 119
A, (3) 4) 0.77 10.5 12.3
A 0.83 10.9 12.1
Ay, (3) 5) 0.71 9.6 11.5
Ay (2) 6) 0.35 8.6 12.3
Ay (@) 7) 0.70 9.9 119
Az (@) 8) 0.22 44 8.7
A 0.81 10.8 12.1
Ay (3) 2) 0.69 9.4 10.8
A 0.90 114 12.6
C.1y (a) 9) 0.84 10.8 12.0
Cos (3) 10) 0.83 10.6 11.9
A 0.88 11.6 12.6
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Table III. Rate of survival of the population M,,; after repeated fermentations selecting for increased ethanol

tolerance.
Strain AD,y Mass
1. trial 3. trial 4. trial
Survival (%) 0.00004 0.07 2 35
hybrid strains. The line A;, turned out to be one 35
of the few a strains able to form hybrids with the 30
majority of the a mating type meiotic segregants. 25 4
=
3.3. Selection on a genetically heterogeneous g, 159 5 stones
population “ 0 d s reterence
In the experiments described above the num- 5
ber of hybrids which could be screened was
limited by the fact that they were isolated indi- 07 37 0" o6 o T
vidually. It was therefore decided to set up a a5 FERMENTATION RATE (g<hr 1)
selection experiment among a large number of 20 hours
genetically different hybrids. %7
The hybrid AD,; was sporulated and a sus- 25
pension of spores was prepared and allowed to <;5 20
germinate for two days thus forming a popula- §
tion of meiotic segregants and hybrids, M,;,. E:’ 31 (3 clones
After propagation the population was subjected 10 i reference
to fermentation conditions at 30 °C for approx- 5
imately 50 hours under conditions as described
in 2.5. One ml of the fermentation mixture was o 6o so 100 10 140 w60
plated on YPD and after two days live cells were 35 WEIGHT LOSS (9)
recovered, propagated and fermented anew thus a0 4 Final
selecting for cells able to tolerate high ethanol
concentrations. The procedure was repeated 4 5 257
times. % 20 4
Table III gives the changes in viability of the 3 ]
populations. The survival rate of My, cells was & e
raised 5 orders of magnitude as compared to 1
AD,y;,. The biomass, measured as ODy,, in- 5
creased 2-3 times during all four fermentations 04— . , —
40 6.0 80 100 120

asdid the total cell number. Both values dropped
slightly at the end of the fermentation.

Fifty six strains were isolated as single colonies
from the population after 4 selective fermenta-
tions and tried in small scale batch fermenta-
tions. All isolates had a significantly lower fer-
mentation rate and a lower weight loss than the
reference strain at 20 hours, whereas the final
weight loss in all strains was equal to or exceed-

WEIGHT LOSS {g)

Figure 5. Frequency distributions of fermentation rate
and weight losses at 20 and 44 hours for 56 ethanol
tolerant clones selected from a population, M,;,. The
distributions are compared to 8 independent fermen-
tations with strain A. Fermentation rate and weight
losses at 20 hours are significantly lower for the clones
than strain A. This is in contrast to the final weight loss
where a few ethanol tolerant strains exceed strain A.
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ing that of strain A. Figure 5 presents the
frequency distributions for fermentation rate
and weight loss among the 56 isolates and strain
A. The viability of the isolates from the popula-
tion ranged from 1% to 20% (107-10% cells - mI1").

4. DISCUSSION

Among the meiotic segregants of the strains A,
B, C and D some have mating type a, some a.and
others are able to sporulate. Similar results have
been obtained with brewers’ yeast (11) and
osmotolerant bakers’ yeasts (12).

By tetrad analysis of restriction endonuclease
fragment polymorphisms, KEIDING (20) has
shown that spore clones of strain A were disomic
for at least 7 chromosomes, and that four diffe-
rent chromosomes III are present in the strain.
Of the four chromosomes I, three were lacking
HML and one HMR. These results indicate that
strain A is tetraploid and heterozygous for a
number of tested chromosome regions (20). The
acquired detailed genetic knowledge about
strain A as well as the finding that it contains
HO, a gene for homothallism, can now be taken
into account in efforts to improve the perform-
ance of this strain by using its inherent genetic
variation in breeding.

One hundred and twenty seven meiotic segre-
gants and 425 hybrids were tested for fermenta-
tion ability. They showed very wide ranges of
fermentation rate as well as degree of fermenta-
tion at specified times. Only 13 hybrids per-
formed equal to or slightly better than the
reference strain. The meiotic segregants and
hybrids varied because of the meiotic segrega-
tion of genes controlling the fermentation pro-
cess. These results are similar to the findings on
the selective hybridization of wine yeasts; hy-
brids and meiotic segregants differed in their
potential to give high ethanol yields and a few of
the isolated hybrids compared favourably with
commercial wine yeast strains (10, 32).

KorHoLA (21) and BROWN and OLIVER (3)
obtained ethanol tolerant yeasts by selection in
continuous cultures. Stable ethanol tolerant
strains were produced by the addition of ethanol
to the fermenting cultures under controlled
feed-back conditions. The resulting strains gave
higher rates of fermentation and ethanol con-

centrations than their parent strains, Somewhat
different results were obtained in the present
work where selection for ethanol tolerance was
achieved by repeatedly subjecting a population
derived from strain AD,;; by mass spore isola-
tion followed by random mass mating. Single
cell isolates recovered from this population did
not exhibit great fermentation vigour, but did
show increased viability and increased ability to
reach high ethanol concentrations.

The screening and selection schemes de-
scribed here were designed for batch fermenta-
tions where the yeast cells were subjected to
substrate inhibition followed by ethanol inhibi-
tion as opposed to continuous systems where the
formed ethanol acts as the main selective factor.

Screening for yeasts with a high fermentation
rate and yielding a high final ethanol concentra-
tion gave only a few hybrids better than the
reference strain. However, the approach is
promising as it has demonstrated considerable
genetic variation among the strains. Meiotic
segregants have been obtained, and these have
by mating yielded hybrids with a fermentation
performance equal to or better than strains used
in the alcohol production today. The fact opens
the way for rational mutation breeding and for
the introduction by genetic transformation of
recessive markers and alleles considered impor-
tant in breeding.
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