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Tetraploid cells of Saccharomyces cerevisiae are generated spontaneously in a
homothallic MATaJMATot diploid population at low frequency (approximately
10-6 per cell) through the homozygosity of mating-type alleles by mitotic
recombination followed by homothallic switching of the mating-type alleles. To
isolate tetraploid clones more effectively, a selection method was developed that
used a dye plate containing 40 mg each of eosin Y and amaranth in synthetic
nutrient agar per liter. It was possible to isolate tetraploid clones on the dye plate
at a frequency of 1 to 3% among the colonies colored dark red in contrast to the
light red of the original diploid colonies. Isogenic series of haploid to tetraploid
clones with homozygous or heterozygous genomic configurations were easily
constructed with the tetraploid strains. No significant differences in specific
growth rate or fermentative rate were observed corresponding to differences in
ploidy, although the haploid clones showed a higher frequency of spontaneous
respiratory-deficient cells than did the others. However, a significant increment in
the fermentative rate in glucose nutrient medium was observed in the hybrid
strains constructed with two independent homozygous cell lines. These observa-
tions strongly suggest that the polyploid strains favored by the brewing and baking
industries perform well not because of the physical increment of the cellular
volume by polyploidy but because of the genetic complexity or heterosis by
heterozygosity of the genome in the hybrid polyploid cells.

Polyploidy has often been observed in saccha-
romyces yeasts used in the brewing (1, 2, 20),
baking (3), and alcoholic fermentation (Y.
Oshima, unpublished data) industries. This indi-
cates that polyploid yeasts may have advantages
over the regular diploid yeasts under industrial
conditions. To examine whether these advan-
tages derive from physical or genetic features of
the polyploids, namely, from their larger cellular
volume, which enables them to carry more sub-
cellular organelles, their smaller specific cellular
surface area in comparison with haploid or dip-
loid cells, or the wider variety of genetic infor-
mation they may contain if they carry several
sets of haploid genomes, we constructed various
homozygously or heterozygously isogenic series
of yeast strains from haploid or diploid to tetra-
ploid.
A method for the construction of isogenic

series of yeast strains of different ploidy, involv-
ing switching of the mating-type alleles by the
function of the homothallic genes, has been
suggested by Takano et al. (19). In homothallic
strains, the two mating-type alleles, MATa and
MATot, undergo interchange at high frequency,
generally in each cell division cycle, whereas
heterothallic cells have stable mating types

which switch with very low frequency (approxi-
mately 10-6) (6, 7). The mechanism of the mat-
ing-type switch in the homothallic cells has been
well elucidated (5): transposable genetic ele-
ments encoding specific information for either
the MATa or the MATot allele and originating
from the HML and HMR loci (controlling ele-
ment [4, 13] or cassette [7, 8]) can replace the
element installed in the mating-type locus
through the function of another homothallic
gene, HO. Homothallic diploidization occurs by
the fusion of two cells of complementary mating
types generated in a single-spore culture. Cells
having the genotype HO MA Tot (or MA Ta)
HMLa HMRot or HO MATot (or MA Ta) HMLot
HMRa show perfect homothallism and are des-
ignated Ho (14, 16) type I or type 11 (4), respec-
tively, whereas those having the HO MATa
HMLot HMRot or HO MA Tot HMLa HMRa
genotype show semihomothallism and are desig-
nated Hp or Hq, respectively. The mating-type
switch does not occur in spore cultures of geno-
type HO MA Tot HMLot HMRot (Hp haploid [14,
16]) or HO MATa HMLa HMRa (Hq haploid
[14, 16]), because these genotypes have only one
kind of mating-type information, cx or a, respec-
tively, in the genome. Hence, cx Hp and a Hq

1034



ISOGENIC SERIES OF POLYPLOID YEAST STRAINS 1035

spores give rise to haploid vegetative cells of the
same mating type by single-spore culture. The
mating-type switch by the function of homothal-
lic genes also occurs in diploid cells if they have
mating potential. Once the homozygous MATal
MATa or MATTaIMATa configuration of mating-
type alleles has been generated from a homothal-
lic MATolMATa diploid cell through mitotic
recombination, the mating-type switch to MA Ta!
MATTa (if only one of the MATa or MATo. alleles
in the MATa/MATa or MATalMAToa configura-
tion switches to the complementary allele) or the
switch from MATa/MATa to MATalMATot or
vice versa (if double switching occurs) can be
expected during subsequent cell multiplication.
In the case of double switching, tetraploid cells
isogenic to the original diploid cell might be
produced by copulation between the switched
and unswitched diploid cells. Since the original
diploid is derived by self-diploidization of a
haploid homothallic cell, these diploid and tetra-
ploid cells are homozygous for all of the alleles
in the genome, except for the mating-type al-
leles. An isogenic triploid cell can also easily be
constructed by spore-to-cell mating between an
a or ot haploid spore and a vegetative diploid cell
of MATalMATt or MATa/MATa configuration
originating from a spore of the Hp or Hq tetra-
ploid strain of the same genomic series as the
haploid spore. Thus, once tetraploids have been
constructed, isogenic series of diploid and trip-
loid strains can easily be constructed, as can the
haploid strain if an Hp or Hq homothallic strain
was adopted as the parental strain.
The greatest difficulty in tetraploid construc-

tion by this method is the low frequency of
occurrence of the primary tetraploid zygotes:
mitotic recombination from which the mating-
type homozygosity results is estimated to occur
at a frequency of 106 per cell spontaneously or
10' by the application of recombinogens, such
as a low dose of UV irradiation (18). To over-
come this difficulty we investigated the use of a
dye plate for effective discrimination of tetra-
ploid colonies from those of the original diploid.

This communication deals with a dye plate for
the discrimination of colonies of isogenic diploid
and tetraploid clones. Three independent iso-
genic series of haploid to tetraploid clones were
constructed. One of these series was subjected
to certain physiological tests, i.e., specific
growth rate, fermentation rate, and frequency of
spontaneous appearance of respiratory-deficient
(RD) cells. No significant differences were found
corresponding to the differences in ploidy, ex-
cept for a high frequency of RD cells in the
haploid clones and a lower rate of glucose fer-
mentation in the haploid and diploid clones with
mating potential than in the diploid or polyploid
nonmaters. However, when diploid and tetra-

ploid clones with heterogeneous genomic config-
urations were constructed by crossing two dif-
ferent series of pure lines, we observed a
significant increment in the fermentation rate of
glucose in nutrient medium.

MATERIALS AND METHODS

Yeast strains. The strains of Saccharomyces cerev'i-
siae used are listed in Table 1.

Media. The standard nutrient medium (YPAD medi-
um) used for the general cultivation of yeast strains
contained 1% yeast extract (Daigo Eiyo Chemicals,
Osaka, Japan), 2% polypeptone (Daigo Eiyo Chemi-
cals), 0.2% KH2PO4, 0.04% adenine (Wako Pure
Chemicals, Osaka, Japan), and 2% glucose. Various
modified YPAD media with various concentrations of
glucose (10, 20, or 30%) and with or without the
addition of 5% ethanol were also prepared to test the
specific rate of growth and fermentation of yeast
strains. Sporulation was conducted with a medium
containing 0.5% potassium acetate and 2% agar. The
basal medium for the dye plate consisted of 0.1% yeast
extract, 0.1% polypeptone, 2% glucose, 0.15%
KH2PO4, 0.15% (NH4)2SO4, 0.1% MgSO4 * 7H20, and
1.5% agar (Wako Pure Chemicals) according to the
recipe of Nagai (10). The media were sterilized by
autoclaving at 1 kg/cm2 for 10 min. The dye solutions
were sterilized by filtration and added to the basal
medium after it was cooled to 60°C. Ethanol (96%) was
added to the modified YPAD medium without steril-
ization.

Genetic methods. Mating types were determined by
observing the zygote formation after mixed inocula-
tion of cells with strains KYC53 (a) and KYC54 (oa) as
the standards in a few milliliters of YPAD medium.
Tetrad dissection was carried out by digesting the
ascus sac with snail gut juice (9). Spore-to-cell mating
was carried out under a microscope with the aid of a
micromanipulator. For isolation of hybrids of strains
SU2' and TU2' and of strains SUl and TU1, single-cell
isolation from the mixed culture of cells in YPAD
medium was carried out under the microscope with the
aid of the micromanipulator.

Biochemical and physiological methods. The frequen-
cy of RD cells was scored by spreading cells on
nutrient plates. Colonies appearing on the plates after
incubation at 30°C for 3 days were overlaid with 2,3,5-
triphenyltetrazorium chloride agar (12), and the plates
were stood at room temperature for at least 30 min
away from direct sunlight. Colonies of the respiratory-
competent cells were stained pink to red, whereas
those of the RD cells remained white. Cellular DNA
contents were determined from the absorbance at 600
nm of the complex of DNA with diphenylamine rea-
gent (17), the DNA being extracted by the method of
Ogur and Rosen (11) from approximately 109 cells
cultured in the standard YPAD medium at 30°C by
shaking for 36 h. Salmon sperm DNA (Wako Pure
Chemicals) was used as a standard. Cell numbers in
each sample were counted three times for each sample
(totals were ca. 1,000 to 2,000 cells) with a Thoma
hemacytometer for calculation of cellular DNA con-
tents. Cell growth was monitored with a Bioscanner
(Ohtake Works, Tokyo, Japan; model OT-BS-12), and
the specific growth rate was calculated graphically.
Fermentation rates were estimated by measuring the
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TABLE 1. Yeast strains used

Strain (genotype)" Mating type Abbreviation Source

S line (Hp type; HO HMLa HMRa
his4 Ieu2 Iys2)
S-14-9C-1B-15B
S-14-9C-U37-2B-4B-5B-18A-6A-1A
S-14-9C-1B
S-14-9C-U37-2B-4B-5B-18A-6A
S-14-9C-U37-2B-4B-5B-18A-18C
S-100

S-14-9C-U37
S-14-9C-U37-2B-4B-5B-18A

C line (Hp type; HO HMLa HMRa
his4 Ieu2 arg4)
C-328-1C-13A-1B
C-328-1C-13A-U101-4A-7B-4B-5A-
4B-2C-8A

C-328-1C-13A
C-328-1C-13A-U101-4A-7B-4B-5A-
4B-2C

C-328-1C-13A-U101-4A-7B-4B-5A-
4D

C-500

C-328-1C-13A-U101
C-328-1C-13A-U101-4A-7B-4B-5A

T line (Hq type; HO HMLa HMRa
adel arg4 his4 leu2 Iys2 trpl)
T-1023-23B-5A
T-1023-23B-U1-7B-1D-1D-7A-5A-1C
T-1023-23B
T-1023-23B-U1-7B-1D-1D-7A-5A
T-1023-23B-U1-7B-1D-1D-7D
T-2000

T-1023-23B-U1
T-1023-23B-U1-7B-1 D-11D-7A

ST2
ST4

KYC53 (ho trp3 ural ura2)
KYC54 (ho trp3 ural ura2)

ao/a
a/ota

aaot/oa
a/oc/o
a/a/at/a
a/a/a/oa

(x
ot

S1
Sul
S2
SU2
SU2'
SU3

SU4
SU4'

C1
CU1

a/a
a/a

ala/aaaot/ot

ala/ota/

a/a/alao

a
a
a/a
a/ot
a/a
a/a/a

a/a/ot/a
a/a/ot/a

a/ao
a/a/ao/ot

a
at

Spore culture of S2
Spore culture of SU2
Spore culture of S-14-9C (19)
Spore culture of SU4'
Spore culture of SU4'
Cross between SU2' and a spore of
SU2

Isolated from S2 by Takano et al. (19)
Spore culture of SU4

Spore culture of C2
Spore culture of CU2

C2 Takano et al. (19)
CU2 Spore culture of CU4'

CU2' Spore culture of CU4'

CU3 Cross between CU2' and a spore of
CU2

CU4 Isolated from C2 after UV irradiation
CU4' Spore culture of CU4

Ti
TUl
T2
TU2
TU2'
TU3

TU4
TU4'

Spore culture of T2
Spore culture of TU2
Takano et al. (19)
Spore culture of TU4'
Spore culture of TU4'
Cross between TU2' and a spore of
TU2

Isolated from T2 after UV irradiation
Spore culture of TU4

Constructed by SUl x TUl
Constructed by SU2' x TU2'

Our stock culture
Our stock culture

a The S, C, and T series of strains were derived from strains S-14-9C-1B (S2), C-328-lC-1A (C2), and T-1023-
23B (T2), respectively, by UV-promoted homozygosity of the mating-type alleles followed by mating-type switch
and repeated selection of meiotic products. U in the strain number represents UV irradiation for acceleration of
mitotic recombination at the indicated stage of strain construction. Numbers and letters A, B, C, and D in the
strain number represent ascus number and spore number, respectively. The nomenclature for genetic symbols
recommended by Plischke et al. (15) is used, except for the conventional symbols a and et for mating type.

carbon dioxide evolution on inoculation of 25 ml of the
overnight culture in the standard YPAD medium into
500 ml of various modified YPAD media in 1-liter
Erlenmeyer flasks fitted with Alwood fermentation
plugs.

RESULTS
Dye plate for discrimination of tetraploid and

diploid colonies. In Saccharomycodes ludwigii, it
was possible effectively to discriminate diploid
colonies generated by direct diploidization in a

haploid cell population by using a dye plate
containing 15 mg of trypan blue and 10 mg of
phloxine B per liter in a synthetic nutrient medi-
um (the basal medium used in the present study)
(21). Although the mechanism is not known, the
diploid colonies were stained dark violet, where-
as the haploid colonies were stained pale violet.
In the present study, we investigated a similar
method for the discrimination of isogenic diploid
and tetraploid colonies of S. cereWisiae, using
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various dyes, singly or combined in pairs, at two
concentrations, 20 and 40 mg per liter, with pure
cultures of strains S2 (diploid [Table 1]) and SU4
(tetraploid) and a mixed culture of those two
strains. Strains S2 and SU4 were each inoculat-
ed into a few milliliters of the standard YPAD
medium, and the cultures were stood at 30°C for
1 day and then mixed. Mixed and pure cultures
were spread on the dye plates after appropriate
dilution with sterilized water. The plates were
incubated at 30°C for 2 to 4 days. Dyes examined
were trypan blue, phloxine B, eosin Y, alizalin
red S, rose bengal, bluish schalet WS, amaranth,
fuchsine S (acid), neutral red, methylene blue,
Bordeaux R, Nile blue, aniline blue, Niagara sky
blue, Evans blue, and Ponceau 3R. The combi-
nation of 40 mg each of eosin Y (Wako Pure
Chemicals; color index no. 45380) and amaranth
(Daiwa Chemicals, Osaka, Japan; color index
no. 16185) per liter of basal medium gave the
highest color contrast between the isogenic dip-
loid and tetraploid colonies so far examined; the
tetraploid colonies were stained dark red, and
the diploid colonies were stained light red.
We applied the same dye plate for the detec-

tion of tetraploid colonies arising in the diploid
cell population of strain S2. Strain S2 was culti-
vated in the standard YPAD medium by stand-
ing at 30°C overnight, and the cells were spread
on the eosin Y-amaranth plates after appropriate
dilution. The plates were then irradiated with
UV light (Matsushita Electric Ind. Co., Ltd.,
Kadoma, Japan) (18 W) for 15 s at a distance of
30 cm to promote mitotic recombination (these
conditions killed approximately 50% of the
cells). After 2 to 4 days of incubation at 30°C,
dark red colonies appeared on the plates with a
frequency of about 10-2 among the light red
colonies. We examined 117 dark red colonies for
cell size under a microscope and found that 11
consisted of large cells and 6 were a mixture of
large and small cells, whereas the remaining 100
colonies consisted of small cells.

Since the original strain, S2, is an Hp diploid
of homozygous genotype for the HO HMLox
HMRot alleles, it showed only 2 nonmater:2 ax
segregation when the cells were self-sporulated
and four-spored asci were dissected. On the
other hand, a tetraploid clone generated in the
S2 cell population, having the same genotype for
the homothallic genes and the MATaIMATa/
MATa/MATTa genotype for the mating-type lo-
cus, should produce self-sporulated asci show-
ing 4 nonmater:0 a, 3 nonmater:1 a, and 2
nonmater:2 a segregations. When 5 of the 11
clones derived from the colonies staining dark
red on the dye plate and consisting of large cells
were subjected to tetrad analysis after self-
sporulation, one isolate showed 4 nonmater:0 a
(12 asci), 3 nonmater:1 a (8 asci), and 2 non-

mater:2 ax (2 asci) segregations, and another
isolate showed 4 nonmater:0 a (6 asci), 3 non-
mater:1 at (10 asci), and 2 nonmater:2 a (4 asci)
segregations. The remaining three isolates, how-
ever, showed solely the 2 nonmater: 2 a segrega-
tion.
To confirm the effectiveness of the dye plate

for other strains, cells of strain C2 (Hp-type
diploid [Table 1]) were spread on the dye plates,
and the plates were incubated at 30°C for 2 to 4
days. We examined 229 dark red colonies among
approximately 104 colonies on the dye plates and
found six clones of larger cell size, whose poly-
ploidy was confirmed by the segregation of
mating type after self-sporulation.
The trypan blue-phloxine B plate was ex-

tremely effective for the discrimination of the
diploid colonies among the haploid colonies of
Saccharomycodes ludwigii (21), as almost all of
the isolated dark violet colonies were identified
as diploids. In comparison with this result, the
dye plate for discrimination of isogenic diploid
and tetraploid colonies of S. cerevisiae is inef-
fective. It is, nevertheless, at least 100 times
more effective than random selection of the
colonies. We also constructed another series (T
series) of isogenic strains of haploid to tetraploid
strains by the same procedure with independent
original diploid strains (Table 1). An example of
the variation in cell morphology with ploidy is
that of the C series strains shown in Fig. 1.

Effects of polyploidy on cellular activities.
Since test strains of the same series are isogenic,
their qualitative characteristics (for example,
ability to ferment or assimilate various carbohy-
drates, and vitamin requirement) were obviously
the same (data not shown). To investigate the
effect of polyploidy, we compared the specific
growth rate and fermentation rate of eight
strains belonging to the S series, S1, SU1, S2,
SU2, SU2', SU3, SU4, and SU4' (Table 1).
Their specific growth rates were examined in the
standard and modified YPAD media adjusted to
various concentrations of glucose (10, 20, or
30%) and with or without ethanol (5%). Al-
though significant differences were observed
corresponding to differences in cultural condi-
tions in each strain, all of the strains showed
nearly equal specific growth rates under the
same conditions, regardless of differences in
ploidy (Table 2). This result indicates that differ-
ences in ploidy do not affect the specific growth
rate. In the fermentation of glucose, all of the
strains showed almost the same final weight of
carbon dioxide evolution (data not shown).
Hence, only the fermentation rates (weight of
carbon dioxide evolved per day) in days 1 and 2
were compared (Table 2). Haploid strains
showed lower rates than strains of higher ploi-
dies. The reason is not clear, but it may be
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FIG. 1. Photomicrographs of yeast cells of isogenic C series strains (Table 1). (A) a haploid strain Cl. (B) (x
haploid strain CU1. (C) a/ax diploid strain C2. (D) a/a diploid strain CU2. (E) a/a diploid strain CU2'. (F) a/oa/
triploid strain CU3. (G) a/a//ota tetraploid strain CU4. (H) a/a/a/a triploid strain CU4'. All photomicrographs
were taken at the same magnification. Bar, 10 ,um.

related to the mating ability of the haploid cells
because strain SU2', a diploid strain with mating
ability, also showed a slightly lower rate than the
others. (The same explanation was also suggest-

ed by the data in Table 3 [see below].) No
essential differences were observed among the
fermentation rates of diploid, triploid, and tetra-
ploid nonmater strains.

TABLE 2. Comparison of DNA content, specific growth rate, fermentation rate, and frequency of
appearance of spontaneous RD cells among isogenic strains of different ploidies

DNA Specific growth rate under the following of CO, evolved at RD
Strain Mating Ploidy content" conditions: 30°C) during: frequencydtype (pg/cell M

[X10-8j) 20, 30, 30, 30, 30, 30, 0 to 24h 24 to 48 h
2, 0 2, 0 10, 0 20, 0 30, 0 2, 5

S1 a n 1.9 0.17 0.52 0.43 0.33 0.31 0.30 3.5 6.1 1.22
Sul a n 2.4 0.15 0.46 0.47 0.29 0.29 0.22 3.3 5.4 0.55
S2 a/a 2n 4.1 0.17 0.53 0.52 0.30 0.30 0.25 7.2 8.0 0.10
SU2 a/a 2n 3.7 0.17 0.53 0.53 0.32 0.32 0.28 6.8 8.9 0.13
SU2' a/a 2n 3.1 0.16 0.48 0.45 0.29 0.29 0.24 5.7 7.3 0.02
SU3 a/oa/ 3n 5.6 0.18 0.46 0.48 0.34 0.30 0.24 9.0 8.4 0.13
SU4 a/a/a/a 4n 6.5 0.18 0.53 0.48 0.30 0.30 0.25 8.8 8.2 0.11
SU4' a/a/ala 4n 6.9 0.18 0.52 0.45 0.33 0.33 0.25 6.7 9.0 0.06

a DNA was extracted from cells shaken at 300C for 36 h in 30 ml of the standard YPAD medium.
* Specific growth rate (hour - 1) in the standard and modified YPAD media under the indicated conditions. The

first number represents the incubation temperature (°C); the second and third numbers represent the percent
glucose and ethanol concentrations, respectively, in the medium.

Carbon dioxide evolved from culture on 500 ml of the modified YPAD medium containing 10% glucose.
d Yeast cells shaken in 100 ml of the standard YPAD medium in a 500-ml Sakaguchi flask for 24 h at 30°C were

plated after appropriate dilution, and colonies appearing after 2 to 3 days of incubation were tested for RD
mutation by the 2,3,5-triphenyltetrazorium chloride agar overlay method (12). RD frequency was estimated by
counting 2,165 to 7,014 (average, 4,990) colonies.
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Effect of polyploidy on the appearance of RD
cells. The specific growth rate and fermentation
rate depend on the comprehensive activities of
cellular metabolism, whereas the appearance of
most RD cells is due to variation of the mito-
chondrial genome. To investigate the effect of
polyploidy on the stability of the mitochondrial
genome, the frequencies of spontaneous appear-

ance of RD cells were examined. The results
showed that the haploid strains produced RD
cells with higher frequency than the diploid,
triploid, and tetraploid strains (Table 2). This
may be explained by assuming that the number
of mitochondria in haploid cells is smaller than
that in diploid or polyploid cells, and cells with
fewer mitochondria would more easily lose
those bearing the wild-type genome, either by
mitochondrial mutation or by the unequal parti-
tion of the mutant and wild-type mitochondria at
the sprouting of a new bud. No significant
differences in RD frequency were observed cor-

responding to the difference in ploidy between
the diploid, triploid, and tetraploid strains. This
implies that diploid and polyploid cells contain
sufficient mitochondria for the mechanism de-
scribed above.
The observations described above strongly

suggest that the advantages of the polyploid
strains under industrial conditions are due nei-
ther to the simple multiplication of the same

genome nor to the physical capacity of the
polyploid cells, but to the greater complexity of
genetic information contained in them than in
haploid or diploid cells.

Effect of heterozygosity on cellular activity.
Heterosis is known to occur in animal and plant
breeding; a number of hybrids show greater
vigor than pure lines. To test this possibility, we
constructed a hybrid tetraploid strain, ST4, by
crossing two diploid strains, SU2' (MA Ta!
MATa; Hp diploid) and TU2' (MATa/MATa; Hq
diploid), and a hybrid diploid strain, ST2, by
crossing the haploid strains SUl (MATTa; Hp
haploid) and TUl (MATa; Hq haploid) (Table 1).
The two resultant strains are isogenic with each
other, but strain ST2 is of half the genomic size
of strain ST4. In all of these strains the final
weights of carbon dioxide evolved with the
modified YPAD medium were almost equal
(data not shown), whereas the kinetics of the
fermentation differed from strain to strain. The
fermentation rate (weight of carbon dioxide
evolved per day) in days 1 and 2 was higher in
strains ST4 and ST2 than in the pure lines,
whereas each hybrid showed almost the same

value as the other (Table 3). These results indi-
cate the occurrence of hybrid vigor in the fer-
mentation of glucose; the heterozygosity of the
genome gives rise to a significant alteration of
cellular activity compared with that of the par-

TABLE 3. Fermentation rate of strains of different
ploidies in YPAD containing 10% glucose at 30°C

CO2 evolved" (g)
Strain Mating Ploidy Genotype' during:

type 0 to 24 h 24 to 48 h

SUl a n S 1.2 5.6
TUl a n T 2.5 4.2
ST2 a/a 2n S/T 12.6 7.1
SU2 a/a 2n S/S 7.9 6.3
TU2 a/a 2n T/T 5.3 7.3
SU2' a/oa 2n S/S 3.6 4.7
TU2' a/a 2n T/T 3.9 5.1
ST4 ala/ala 4n S/S/TIT 12.3 6.9
SU4' ala/ala 4n S/S/S/S 7.4 6.4
TU4' a/a/ala 4n T/T/T/T 3.5 4.9

a S and T, whole genome of strains SUl and TU1,
respectively, except for the mating-type alleles.

b Carbon dioxide evolved from culture on 500 ml of
the modified YPAD medium containing 10% glucose.

ent. Since no significant differences were ob-
served between the fermentation rates of strains
ST4 (tetraploid) and ST2 (diploid), it is clear that
the hybrid vigor is not due to the polyploidy per
se of hybrids.

DISCUSSION
Polyploidy has often been observed in saccha-

romyces yeasts used in brewing, baking, and
alcoholic fermentation. To investigate the rea-
son for this, isogenic series of yeast strains with
different ploidal levels were constructed by mak-
ing use of the action of the homothallism genes.
No significant differences were found in the
specific growth rate among strains from haploid
to tetraploid or in the fermentation rate and the
spontaneous appearance of RD cells among
strains from diploid to tetraploid. However,
hybrids of the S series and T series strains
showed hybrid vigor in their fermentation rate.
These observations suggest that industrial poly-
ploid yeasts are selected for the hybrid vigor
resulting from their greater genetic heterogene-
ity compared with that of diploid or haploid
strains, rather than for an increased capacity due
to the greater physical volume of the cells. This
means that the strains favored industrially
should be hybrids, an inference which is borne
out by the numerous examples of industrial
strains segregating many varieties of various
phenotypes by both the mitotic and the meiotic
processes that have been found since the begin-
ning of yeast genetics (22).
At the same time, this argument requires the

hybridization of yeasts under brewing and bak-
ing conditions. In practice, yeasts were probably
transferred successively from batch to batch of
beer mash or dough. Throughout the history of
these processes, in family kitchens and local
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factories, there must have been ample opportu-
nity for hybridization between different yeast
strains through their coexistence, sporulation,
and mating. In our experience, homothallic
strains are widely distributed in nature, and they
are likely to have been involved in such hybrid-
ization processes. These processes probably
predate the introduction of modern microbiolog-
ical techniques into the brewing and baking
industries, as most of the favored industrial
strains were selected or derived from traditional
fermenting materials.
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