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Saccharomyces cerevisiae is a petite-phenotype-positive (“petite-positive”) yeast, which can successfully grow
in the absence of oxygen. On the other hand, Kluyveromyces lactis as well as many other yeasts are petite
negative and cannot grow anaerobically. In this paper, we show that Saccharomyces kluyveri can grow under
anaerobic conditions, but while it can generate respiration-deficient mutants, it cannot generate true petite
mutants. From a phylogenetic point of view, S. kluyveri is apparently more closely related to S. cerevisiae than
to K. lactis. These observations suggest that the progenitor of the modern Saccharomyces and Kluyveromyces
yeasts, as well as other related genera, was a petite-negative and aerobic yeast. Upon separation of the K. lactis
and S. kluyveri-S. cerevisiae lineages, the latter developed the ability to grow anaerobically. However, while the
S. kluyveri lineage has remained petite negative, the lineage leading to the modern Saccharomyces sensu stricto
and sensu lato yeasts has developed the petite-positive characteristic.

Cells of Saccharomyces cerevisiae constantly produce mu-
tants that are stable during vegetative reproduction and are
characterized by a reduced colony size, hence their name pe-
tite, on solid media in which a fermentable carbon source is the
limiting factor (12). Petite mutants, which are a special class of
respiration-deficient mutants, have been shown to have large
deletions in their mitochondrial DNA (mtDNA) or to lack the
mitochondrial genome entirely (for reviews, see references 9,
11, and 25). Yeasts can be divided into two groups depending
on their ability to produce, spontaneously or when induced by
interchelating dyes, petite mutants. One group, petite-pheno-
type-positive (“petite-positive”) yeasts, including several Sac-
charomyces yeasts, readily gives rise to petite mutants (26). The
other group, petite-negative yeasts, which includes a majority
of yeasts, like Schizosaccharomyces pombe and Kluyveromyces
lactis, fails to yield these mutants (6, 9, 16). While large dele-
tions and rearrangements have not been detected in mtDNA
of petite-negative yeasts, curiously, for some of these yeasts,
both nuclear lesions for respiratory function and point muta-
tions or short deletions in mtDNA have been described (1, 15).
mtDNA molecules, which are respiration deficient because of
point mutations or short deletions, are called mit negative.
Regarding the evolution of the petite-positive phenotype, it
apparently originated independently at least twice during the
evolutionary history of yeasts. It originated once in the lineage
leading to the modern Saccharomyces species (26) and once in
the lineage leading to the modern Brettanomyces/Dekkera spe-
cies (9, 10). So far, the biochemical and physiological require-
ments for development of the petite-positive characteristic
have been unclear. However, it is interesting to point out that
both petite-positive yeast groups, Saccharomyces and Brettano-
myces/Dekkera, can grow anaerobically (3, 27), while many
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other yeasts, which are petite negative, cannot grow in the
absence of oxygen. For example, K. lactis, a close relative of
Saccharomyces yeasts (19), is petite negative, and it cannot
grow in the absence of oxygen (31). On the basis of these
observations, it has been suggested that in yeast the petite-
positive characteristic might coincide with the ability to grow
anaerobically (2, 7).

In this paper, we analyze the ability of S. kluyveri to grow
anaerobically and to generate respiration-deficient mutants.
We show that S. kluyveri can grow at anaerobic conditions, but
while it can generate respiration-deficient mutants, it cannot
generate true petite mutants. Thus, upon separation of the K.
lactis and Saccharomyces lineages, the latter developed the
ability to grow anaerobically. However, while the S. kluyveri
lineage remained petite negative, the other lineage, leading to
Saccharomyces sensu stricto and sensu lato yeasts, developed
the petite-positive characteristic.

MATERIALS AND METHODS

Yeast strains. The following laboratory strains were used in the anaerobic
batch cultivation experiments: S. kluyveri Y057 (type strain, NRRL Y-12651,
originating from the National Center for Agricultural Utilization Research,
Peoria, IlL.), S. kluyveri Y708 (MATa, prototrophic derivative of Y057), and K.
lactis Y707 (CBS 2359, originating from the Centraal Bureau voor Schimmel-
cultures, Delft, The Netherlands). In the petite-mutation induction experiments,
two parental haploid strains of S. kluyveri, Y090 (MATa thr) and Y091 (MATa
his aux), which were provided by L. Marsh (Albert Einstein College of Medicine,
Bronx, N.Y.), were used (aux is an unidentified auxotrophic marker). Two res-
piration-deficient mutants, Y176 and Y178, were derived from Y091, and one
respiration-deficient mutant, Y182, originated from Y090. Y designations were
used for strains from the laboratory collection.

Anaerobic batch cultivations. S. kluyveri was cultivated under anaerobic con-
ditions in glucose minimal medium prepared as previously described (29). This
medium was supplemented with ergosterol and unsaturated fatty acids in the
form of Tween 80 (28), which is needed for the anaerobic growth of S. cerevisiae
(3, 4). The final concentrations of the medium components were as follows:
20.0 g of glucose/liter, 5.0 g of ammonium sulfate/liter, 3.0 g of potassium
dihydrogen phosphate/liter, 0.5 g of magnesium sulfate heptahydrate/liter, 15 mg
of EDTA/liter, 4.5 mg of zinc sulfate heptahydrate/liter, 0.84 mg of manganese
chloride dihydrate/liter, 0.30 mg of cobalt(II) chloride hexahydrate/liter, 0.30 mg
of copper(II) sulfate pentahydrate/liter, 0.40 mg of disodium molybdenum dihy-
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drate/liter, 4.5 mg of calcium chloride dihydrate/liter, 3.0 mg of iron sulfate
heptahydrate/liter, 1.0 mg of boric acid/liter, 0.1 mg of potassium iodide/liter,
0.05 mg of p-(—)-biotin/liter, 1.0 mg of calcium p-(+)-panthotenate/liter, 1.0 mg
of nicotinic acid/liter, 25.0 mg of myo-inositol/liter, 1.0 mg of thiamine chloride
hydrochloride/liter, 1.0 mg of pyridoxol hydrochloride/liter, 0.2 mg of p-amino-
benzoic acid/liter, 10 mg of ergosterol/liter, 420 mg of Tween 80/liter, and 50 .l
of antifoam 289 (Sigma A-5551)/liter. Precultures were grown for 20 to 25 h, at
30°C and 75 rpm, in 500-ml cotton-stoppered shake flasks with 100 ml of me-
dium. The medium used for precultures was the same as described for anaerobic
batch cultivations, except that the concentration of ammonium sulfate was 7.5
g/liter, the concentration of potassium dihydrogen phosphate was 14.4 g/liter,
ergosterol and Tween 80 were omitted, and the initial pH was set to 6.5. An-
aerobic batch cultivations of S. kluyveri Y708 were performed in a bioreactor with
a working volume of 4 liters at 30°C and a stirring rate of 500 rpm. pH was kept
constant at 5.0 by addition of 2 M potassium hydroxide. The bioreactor was
continuously flushed with N, (containing less than 3 ppm O.,) at a flow rate of 0.5
liter of N,/min (equivalent to 0.125 liter of N, per liter of medium per min). The
off-gas was led through a cooled condenser to a gas analyzer. In order to
minimize the diffusion of oxygen into the bioreactor, Norprene tubing (Cole-
Palmer) was used throughout the setup. The bioreactor was inoculated with an
amount of preculture resulting in an initial biomass concentration of 1 mg (dry
weight)/liter in the bioreactor. The assumption that anaerobic conditions pre-
vailed was tested by performing the same experiment with the strictly aerobic
yeast K. lactis CBS 2359. Anaerobic growth of S. kluyveri Y057 was tested in a
2-liter jacketed bioreactor (Applikon, Scheidam, The Netherlands) with a work-
ing volume of 1 liter. In these cultivations, there was no pH control and no
samples were taken to make sure that no oxygen was introduced. The bioreactor
was flushed with nitrogen at 1 liter/min (equivalent to 1 liter of nitrogen per liter
of medium per min). The bioreactor was flushed with nitrogen for 24 h prior to
inoculation.

Analysis of growth and product formation. Growth was monitored by mea-
suring optical density at 600 nm with a Hitachi U-1100 spectrophotometer. The
final biomass concentration was determined by measuring the culture dry weight
as previously described (18). Glucose consumption and production of extracel-
lular metabolites were monitored during the anaerobic batch cultivation by
sampling for analysis of glucose, ethanol, glycerol, acetate, succinate, and pyru-
vate concentrations in the fermentation broth. Immediately after sampling, the
fermentation broth was filtered through a 0.45-um-pore-size cellulose acetate
filter, and the filtrate was frozen at —20°C until analysis. The concentrations of
the above-mentioned compounds were all determined by high-performance lig-
uid chromatography analysis on an Aminex HPX-87H column (Bio-Rad), and
the final ethanol and glycerol concentrations were verified by enzymatic assays
(Roche). The concentration of CO, in the off-gas was measured on-line with a
1308 acoustic gas analyzer (Bruél & Kjaer, Neerum, Denmark).

Induction of respiration-deficient strains. The parental haploid S. kluyveri
strains Y090 and Y091 were grown in glucose-containing medium (YPD) that
contained 20 g of glucose/liter, 10 g of yeast extract/liter, and 10 g of Bacto
Peptone/liter at 28°C. In several independent experiments, overnight cultures of
Y090 and Y091 were diluted 100 times with fresh YPD medium, and ethidium
bromide (EtBr) was added to final concentrations of 0.1 to 50 pg/ml. The
cultures were incubated for a couple of days until they were completely satu-
rated. Then, the cells were pelleted, washed, and resuspended in sterile water
and approximately 100 to 300 EtBr-mutagenized cells were spread on each
petite-mutation detection plate (GGlyYP), which contained 20 g of glycerol/liter,
1 g of glucose/liter, 1 g of yeast extract/liter, and 10 g of Bacto Peptone/liter. The
inoculated plates were incubated for a week and afterwards were examined for
the presence of small colonies, putative respiration-deficient mutants. The ob-
tained small colonies were transferred to YPD plates and afterwards were replica
plated onto glycerol medium (GlyYP) containing 20 g of glycerol/liter, 1 g of
yeast extract/liter, and 10 g of Bacto Peptone/liter. Growth on GlyYP medium
requires respiration, since glycerol cannot be fermented.

Characterization of respiration-deficient strains. A few colonies that did not
grow on the GlyYP medium were then characterized by their mtDNA and
behavior in genetic crosses. mtDNA from the wild-type strain and different
mutants was prepared using zymolyase treatment followed by centrifugation in
CsCl in the presence of bisbenzimide (24) and was analyzed with different
restriction enzymes. Respiration-deficient strains were mated with the respira-
tion-competent parental strains and among themselves by using the random
mass-mating approach, and diploids were selected on minimal medium, which
contained 20 g of glucose/liter and 6.7 g of Difco nitrogen base/liter. Several
randomly chosen diploid colonies were analyzed for their growth on GlyYP
medium. In addition, total cellular DNA was isolated from these diploid colonies
and the mtDNA restriction pattern was analyzed as previously described (23).
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FIG. 1. Shown are glucose (#), ethanol (A), and glycerol (m) con-
centrations, the optical density at 600 nm (ODgy,) (*), and carbon
dioxide evolution (solid line) during anaerobic batch cultivation of S.
Kkluyveri Y708.

RESULTS AND DISCUSION

Anaerobic growth of S. kluyveri. S. kluyveri and K. lactis were
tested for anaerobic growth in batch cultures on glucose min-
imal medium supplemented with Tween 80 and ergosterol.
During the cultivation of K. lactis, three or four generations of
slow growth were observed during the first 24 h, and after that
there was no further growth or sugar consumption. The initial
growth was probably due to the aerobic inoculum that was
used. The absence of sustained growth of K. lactis was taken as
proof of anaerobic conditions in our experimental design, since
this yeast can grow under severe oxygen limitation but not
under anaerobic conditions (17). On the other hand, S. kluyveri
Y708 was found to be capable of rapid anaerobic growth
(max = 0.24 h™1) on glucose minimal medium supplemented
with ergosterol and unsaturated fatty acids (Fig. 1; Table 1). S.
cerevisiae has so far been the only yeast species for which good
anaerobic growth has been described, and it seems that this
property is very rare among yeasts (30). During anaerobic
batch cultivation with S. kluyveri Y708, most glucose was con-
verted to ethanol and carbon dioxide with a concomitant pro-
duction of glycerol to reoxidize surplus NADH. Less than 10%
(wt/wt) of the glucose was converted to biomass, and small
amounts of various organic acids were also produced (Table 1).
The ethanol yield given in Table 1 was probably underesti-

TABLE 1. Growth parameters for anaerobic batch cultivation of S.
kluyveri Y708 and S. cerevisiae TN1

Growth parameter” S. kluyveri S. cerevisiae”
Growth rate (pnax [h7']) 0.24 0.41
Yield

Biomass (Ysx [g/g]) 0.089 0.092
Ethanol (Ysg [g/g]) 0.350 0.376
Glycerol (Ysayy [g/g]) 0.109 0.107
Carbon dioxide (Ys¢ [g/g]) 0.389 0.397
Acetate (Yga [g/8]) 0.003 0.004
Succinate (Yssuc [g/2]) 0.004 0.003
Pyruvate (Ysp,, [g/g]) 0.004 0.004

¢ Cultures were grown on glucose at 30°C and pH 5.0. The maximum specific
growth rate (p,.,) Was calculated from the first 13 ODy,, measurements shown
in Fig. 1. The yield coefficients (Y) are given as grams of biomass, ethanol,
glycerol, carbon dioxide, acetate, succinate, and pyruvate, respectively, formed
per gram of glucose consumed.

 Data were taken from another source (22).
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mated due to evaporation of ethanol during the cultivation,
which was also evident from the fact that only 95% of the
carbon consumed during the cultivation could be accounted
for in the measured products. The yields on glucose were
almost identical to what has been found for anaerobic batch
cultivation of a haploid S. cerevisiae strain (Table 1). To verify
that S. kluyveri could grow anaerobically, another strain of S.
kluyveri (Y057) was tested for anaerobic growth. In this exper-
iment there was, furthermore, no pH control or sampling dur-
ing the cultivation, and the N, flow rate was higher in order to
make the conditions more strictly anaerobic. Rapid anaerobic
growth was also observed in this experiment, and the maximum
specific growth rate was estimated from the CO, signal to be
0.25 h™ % Thus, S. kluyveri, like S. cerevisiae, is capable of
growth under anaerobic conditions where K. lactis cannot
grow.

Respiration-deficient mutants. Approximately 50,000 S.
kluyveri colonies originating from nonmutated and EtBr-mu-
tated cells of Y090 and Y091 were plated on petite-mutation
detection plates, and after several days of growth, the plates
were examined for the presence of small colonies. While small
colonies were not detected among nonmutated cells, the EtBr-
treated cultures yielded approximately 100 small colonies.
Note that in the case of S. cerevisiae under similar conditions,
all cells would have turned into petite mutants (11, 26). When
the small S. kluyveri colonies were transferred to YPD medium
and then checked again for growth on GlyYP and GGlyYP
media, a great majority were shown to be respiration compe-
tent. However, 10 putative mutants could not grow with glyc-
erol as the sole carbon source. The respiratory defects of these
mutants could be due to mitochondrial or nuclear mutations.
The obtained respiration-deficient strains were then examined
for the structure of their mitochondrial genome and behavior
in genetic crosses. All examined strains contained mtDNA, but
in the case of Y176 and Y178, the mtDNA restriction pattern
differed slightly from the wild-type one (Fig. 2). While a ma-
jority of restriction fragments could still be observed, appar-
ently a limited deletion or rearrangement also took place in
these two strains (Fig. 2). It was likely that Y176 and Y178
were mit-negative-like mutants. To confirm that the respiration
deficiency had an extrachromosomal origin, genetic crosses
were performed. Respiration-deficient S. kluyveri strains were
crossed to the wild-type parental strains, and the abilities of
progeny to grow on GlyYP medium and the mtDNA restric-
tion patterns of the progeny were analyzed. When Y176 and
Y178 were crossed with Y090, a fraction of the daughter cells
produced were respiration deficient (Table 2), demonstrating
the extrachromosomal characteristic of the respiratory defect.
Apparently, the wild-type mtDNA was transmitted to the prog-
eny preferentially over the mutant mtDNA molecule. A similar
transmission pattern has been reported previously for petite
mutants, as well as for respiration-competent mitochondrial de-
letion mutants of S. cerevisiae (reviewed in reference 25). On the
other hand, in the rest of the respiration-deficient mutants, in-
cluding Y182, mtDNAs exhibited the wild-type restriction pat-
tern. However, when Y182 was crossed with Y178, which was also
respiration deficient, the progeny consisted of both respiration-
competent and -deficient cells (Table 2). It could be that the two
mitochondrial genomes recombined and generated a respiration-
competent mtDNA molecule. Thus, it is likely that the respira-
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FIG. 2. mtDNA isolated from different S. kluyveri strains: lanes 1,
Y091; lanes 2, Y176; lanes 3, Y178; lanes 4, Y182. CsCl-purified
mtDNA molecules were digested with Haelll (A) or Mspl (B). Note
that the digestion patterns of the respiration-deficient strains differ
only slightly from that of the wild-type strain. Lane M, 1-kb DNA
ladder (Gibco BRL/Life Technologies).

tion-deficient phenotype observed for Y182 was due to a point
mutation in the mtDNA molecule and not to a chromosomal
defect.

In short, respiration deficiency mutations can be generated
in S. kluyveri cells. However, while a fraction of these mutants
have the extrachromosomal characteristic, only limited dele-
tions and rearrangements could be observed within the
mtDNA molecule. So far, true petite mutants, characterized by
extensive deletions within the mtDNA molecule, could not be
generated. Thus, S. kluyveri behaves, with regard to the petite
phenotype, like K. lactis.

The origin of the petite-positive and anaerobic characteris-
tics. A majority of ascomycetous yeasts are strictly aerobic, and
these yeasts cannot be propagated at low oxygen levels. How-
ever, several aerobic yeasts, like K. lactis, can provide energy
for growth by fermentation. Thus, oxygen is not absolutely
necessary for the energy metabolism. The oxygen dependence
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TABLE 2. Genetic crosses with S. kluyveri respiration-deficient
mutants®

No. of daughter colonies
Cross

Total Gly* Gly~
Y090 X Y091 50 50 0
Y090 X Y176 39 30 9
Y090 X Y178 39 37 2
Y091 X Y182 40 40 0
Y176 X Y182 24 24 0
Y178 X Y182 42 34 8

“ Note that Y090 and Y091 are respiration competent, while Y176, Y178, and
Y182 are respiration deficient. A number of zygotic clones were tested for growth
on GlyYP medium. Gly* denotes daughter colonies that could grow on GlyYP
medium. Gly~ denotes daughter colonies that could not grow on GlyYP me-
dium. A majority of Gly™~ clones from the Y090 X Y176 and Y090 X Y178
crosses had the same restriction pattern of mtDNA as Y176 and Y178, respec-
tively.

is at least partially due to the dependence, directly or indi-
rectly, of several biochemical pathways, like biosynthesis of
sterols, pyrimidines, and deoxyribonucleotides (3, 8, 21), on the
presence of molecular oxygen. For example, the fourth step of
the de novo pyrimidine biosynthetic pathway, catalyzed by di-
hydroorotate dehydrogenase, in S. pombe (an aerobic yeast) is
mitochondrial and dependent on the integrity of the respira-
tory chain (21). On the other hand, S. cerevisiae has DHOde-
hase (dihydroorotate dehydrogenase), which is cytoplasmic
and is not dependent on a functional respiratory chain and thus
can make pyrimidines in the absence of oxygen (21). However,
while S. cerevisiae is generally considered as being capable of
anaerobic growth (an anaerobic yeast), it is not absolutely
independent of oxygen. At least one of the essential metabolic
reactions, de novo generation of deoxyribonucleotides cata-
lyzed by ribonucleotide reductase, is dependent on the pres-
ence of microconcentrations of oxygen (8, 14).

Based on a comparison of the modern yeast genera which
are closely related to Saccharomyces, it is likely that the pro-
genitor of these yeasts was fully dependent on the presence of
oxygen and the integrity of the respiratory chain. However,

Saccharomyces kluyveri

Kluyveromyces lactis

Origin of the ability

Progenitor .
for anaerobic growth
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upon diversifying, some of the lineages progressively decreased
their dependence on oxygen. Especially notable is that the
origin of the “fermentative lifestyle” greatly reduced the need
for oxygen during proliferation. A decreasing dependence on
oxygen-requiring reactions was the basis of, and a necessity for,
the development of the petite-positive phenotype. In the
present work, we have tried to study the connection between
the origin of the anaerobic phenotype and the ability to gen-
erate and tolerate petite mutations. Previously, it has been
shown that the anaerobic phenotype found in S. cerevisiae
originated after the separation of the S. cerevisiae and K. lactis
lineages (19, 31). Apparently, our results suggest that the an-
aerobic phenotype evolved just after the separation of the S.
cerevisiae-S. kluyveri lineage from the K. lactis lineage (Fig. 3).
It is likely that the metabolic change in the progenitor of the S.
cerevisiae-S. kluyveri lineage was accompanied by a large ge-
nome rearrangement, including duplication of several genes
but also loss of several other genes (13, 20). However, while S.
kluyveri cells could grow under the anaerobic conditions estab-
lished in our experiments, this yeast cannot tolerate the pres-
ence of the mitochondrial petite mutation. Thus, it seems that
further modifications in the yeast metabolism were necessary
for development of the petite-positive characteristic, and ap-
parently they took place after the S. cerevisiae and S. kluyveri
lineages separated (Fig. 3).
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