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Yeast strains isolated from the wild may undergo karyotype changes during vegetative growth, a character-
istic that compromises their utility in genetic improvement projects for industrial purposes. Karyotype
instability is a dominant trait, segregating among meiotic derivatives as if it depended upon only a few genetic
elements. We show that disrupting the RAD52 gene in a hypervariable strain partially stabilizes its karyotype.
Specifically, RAD52 disruption eliminated recombination at telomeric and subtelomeric sequences, had no
influence on ribosomal DNA rearrangement rates, and reduced to 30% the rate of changes in chromosomal
size. Thus, there are at least three mechanisms related to karyotype instability in wild yeast strains, two of them
not requiring RAD52-mediated homologous recombination. When utilized for a standard sparkling-wine
second fermentation, �rad52 strains retained the enological properties of the parental strain, specifically its
vigorous fermentation capability. These data increase our understanding of the mechanisms of karyotype
instability in yeast strains isolated from the wild and illustrate the feasibility and limitations of genetic
remediation to increase the suitability of natural strains for industrial processes.

Karyotype instability during vegetative growth is common in
many naturally occurring yeast strains (4, 5, 10, 13, 18, 21). This
phenotype can be monitored only by examining karyotypes of
large numbers of clones isolated after several generations of
vegetative growth. There is no good model for this phenotype
in standard laboratory strains, for which many genetic tools are
applicable.

We previously analyzed karyotype instability in strain DC5
(4). This karyotypically unstable strain produced karyotypically
stable meiotic products with high frequency. From these re-
sults we inferred that karyotype instability might be governed
by relatively few genetic elements and that it might be possible
to stabilize the karyotype of unstable strains by disrupting one,
or more, of the genes involved.

Mitotic and meiotic karyotype variations in natural and in-
dustrial yeast strains have been related to chromosomal trans-
locations due to ectopic recombination between homologous
sequences interspersed in the yeast genome, such as Ty ele-
ments, delta elements, or Y� elements (5, 18, 21). A direct
prediction of this model is that chromosomal rearrangements
require a functional RAD52 gene for homologous recombina-
tion (16). Our objectives in the present study were (i) to obtain
and characterize a �rad52 derivative of an unstable yeast strain
to determine the role of homologous recombination in karyo-
type variability during vegetative growth and (ii) to determine
whether the fermentation abilities of the disrupted strain have
been altered.

MATERIALS AND METHODS

Culture medium and conditions. All strains were grown in YEPS medium (5
g of yeast extract/liter, 20 g of sucrose/liter, 10 g of peptone/liter; Pronadisa,
Madrid, Spain) and were incubated at 30°C with continuous shaking (250 rpm).
YPD plates contained 5 g of yeast extract/liter, 20 g of glucose/liter, 10 g of
peptone/liter, and 20 g of Bacto agar (Pronadisa)/liter.

Serial cultures. Strain DC5 was isolated and characterized among a collection
of wine yeast strains from El Penedès, located 50 km southwest of Barcelona,
Spain (4, 14, 13). Serial cultures were grown in 2 ml of YEPS at 30°C in 15-ml
culture tubes. After 24 h of culture in a roller, cultures reached near saturation
(optical density at 600 nm [OD600] of �10) and were used to inoculate fresh
tubes to an OD600 of 0.05. The growth and subculturing process was repeated
until these serial cultures completed 100 doublings (ca. 10 to 15 transfers). A
sample from the last culture was spread on a YPD plate and incubated at 30°C
for 2 days. At least nine clones were picked from each plate, grown in YPD, and
stored at �80°C after the addition of 50% glycerol. The frozen stocks were used
for all further analyses.

Karyotype analysis. Yeast cells from late-exponential-phase cultures were
embedded in low-melting-point agarose (Pronadisa). The resulting plugs were
incubated first with Lyticase (Sigma, St. Louis, Mo.) and then with proteinase K
(Sigma) to digest both yeast wall and yeast proteins, as previously described (7).
Yeast chromosomes were separated by pulsed-field gel electrophoresis in a
Hula-Gel apparatus (Hoefer Instruments, San Francisco, Calif.) at 200 V by
using a pulse ramp from 60 to 150 s for 50 h in �0.5 TBE buffer (100 mM
Tris-hydroxymethylaminomethane borate, 5 mM EDTA; pH 8.4) at 12°C.

Calculation of rearrangement rates. The rate of chromosomal rearrangements
per generation R was calculated from the fraction of clones showing a karyotype
pattern identical to the input strain after 100 doublings (Pi) according to the
following formula (4): R � 1 � Pi

0.01.
Statistical analyses. Significance tests between assays were performed as 2�2

contingency tables. Significance values were calculated by the �2 function with 1
degree of freedom.

PCR protocols. DNA sequences for the kanr gene and nat1 (nourseothricin
N-acetyltransferase) genes, conferring resistance to Geneticin and nourseothri-
cin, respectively, were amplified by PCR from plasmids pFA6-kanMX4 (23) and
pAG25 (natMX4) (9), respectively, by using the following primers (RAD52
sequences are capitalized): RAD52�-up (5�-GAAGTTGCAGCCTTAGCTGT
AACAAAGGTgcataggccactagtggatctg-3�) and RAD52�-lo (5�-TAGGACCTG
AGTATATCTCCAAGAGAGTTGGGTTTGGAcagctgaagcttcgtacgc-3�).

A nat1-disrupted endogenous rad52 locus from a transformed yeast strain was
reamplified with the following primers: rad52b-up (5�-TTACGCGACCGGTAT
CGA-3�) and rad52b-lo (5�-TATTTGTTTCGGCCAGGAAG-3�).
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PCR conditions. PCR was performed with 1 U of DyNazyme Ext DNA
polymerase (Finnzymes, Espoo, Finland), either 0.1 ng of DNA (plasmids) or 10
ng of genomic DNA, and 10 pmol of each primer. After an initial denaturation
step at 5 min for 94°C, primers were annealed for 1 min at 48°C and extension
was allowed to proceed for either 1.5 min (disruption cassette) or 3 min (dis-
rupted genomic fragment from the heterozygote) at 72°C. After redenaturation
for 1 min at 94°C, the cycle was repeated 30 times.

Yeast transformation. Strain DC5 was transformed with the different PCR
products by the lithium acetate method (8, 19), with minor modifications. Yeast
transformants were selected in YPD plates containing 200 mg of Geneticin
(Sigma) or 100 mg of clonNat (Hans-Knöll Institute für Naturstoff Forschung,
Jena, Germany)/liter. Double transformants were isolated on plates containing
both antibiotics.

DNA isolation. DNA was extracted as previously described (20) with some
modifications. A dense culture was washed in 50 mM EDTA (pH 7.5) and
treated with Lyticase (1 mg/ml; Sigma) and RNase A (20 mg/ml; Sigma) for 1 h
at 37°C. After centrifugation (15,000 � g, 1 min), the cell pellet was resuspended
in 800 	l of lysis buffer (50 mM Tris HCl, 10 mM EDTA, 2% sodium dodecyl
sulfate; pH 8.0). Upon addition of 150 	l of 5 M potassium acetate at pH 4.8, the
cells were placed on ice for 1 h and pelleted by centrifugation at 15,000 � g for
15 min. The supernatant was extracted with phenol three times, once with
phenol-chloroform-isoamyl alcohol (25:24:1), precipitated with two volumes of
ethanol at �20°C for 30 min, and air dried.

Southern blot. Purified DNA was resuspended in TE and digested with ap-
propriate enzymes. DNA fragments were separated in 0.8% agarose-TBE-gel
electrophoresis, denatured, and blotted onto Hybond-N� filters (Amersham
Pharmacia, Uppsala, Sweden) according to the manufacturer’s instructions. The
RAD52 probe was obtained by amplification of DNA of the laboratory strain
W303a (from the Yeast Stock Center, American Type Culture Collection, Ma-
nassas, Va.) with the primers rad52b-up and rad52b-lo. The Y� probe was
obtained from plasmid pEL42H10�7 4.8 (11). Both probes were labeled with
fluorescein-12-UTP (Roche, Mannheim, Germany) by the random primer pro-
tocol (Ready-to-Go; Amersham Pharmacia). Prehybridization was performed in
50% formamide–0.25 M sodium phosphate buffer (pH 7.2)–7% sodium dodecyl
sulfate–1 mM EDTA–50 	g of salmon sperm DNA (Sigma)/ml at 42°C for 4 h.
Hybridization was performed at 42°C overnight in the prehybridization solution
plus the labeled DNA probe. The fluorescein-labeled probe was detected by an
alkaline phosphatase-linked antibody (Fluorx-AP; Tropix, Bedford, Mass.), ac-
cording to the manufacturer’s instructions, by using CDP-Star (Boehringer,
Mannheim, Germany) in 0.1 M diethanolamine (pH 10)–1 mM MgCl2 as a
chemiluminiscent substrate. Chemiluminiscence was recorded by exposing
Kodak X-Omat AR (Kodak, Ltd., London, United Kingdom) films for 2 to 15
min, at room temperature.

Experimental fermentations. Yeast strains were propagated in heat-treated
grape juice (15 min at 110°C) and then adapted and grown in the base wine,
according to standard procedures (pied de cup [1]). Yeast growth was followed
by turbidimetry (Hach ratio and xr Turbidimeter; Hach Company, Loveland,
Colo.). All trials were performed in heat-treated, 2000 vintage base wine. This
base wine was a blend of young wines from Chardonnay, Macabeu, and Perellada
grape cultivars; its composition was determined by standard enological determi-
nations (6). Sparkling wine second fermentations were performed with this base
wine in autoclaved standard 750-ml bottles modified to withstand up to 10 bar.
Bottles were filled with a mixture of base wine, sucrose, and pied de cup con-
taining 10% ethanol, 6 g of titrable acidity, 24 g of sucrose/liter, and 106 viable
yeast cells per ml. Fermentation progress was monitored with pressure gauges.

RESULTS

Generation of a �rad52 DC5 derivative. We attempted to
disrupt both copies of RAD52 of DC5 by using two noncomple-
mentary, non-mutually interfering antibiotic resistance mark-
ers, kanr and nat1 (9) (Fig. 1A). We amplified cassettes en-
compassing the resistance markers with chimeric primers
encompassing the relevant sequences of the corresponding
plasmids, as well as base positions 185 to 213 (upper primers)
and 1044 to 1070 (lower primers) from the RAD52 open read-
ing frame (positions relative to the first ATG), whereas we
obtained single disruptions at relatively high frequency with
both selection strategies. Simultaneous or sequential disrup-
tion of the two RAD52 alleles by transforming with these PCR

fragments failed. The second copy of the RAD52 gene in a
RAD52/�rad52::kanr strain was disrupted by replacement by a
DNA fragment encompassing the natMX4 cassette (9) flanked
by 195 bp upstream and 504 bp downstream sequences from
the RAD52 gene (Fig. 1B). All double disruptants were sensi-
tive to 0.015% methyl methanesulfonate, a typical phenotype
for �rad52 mutants (25). The data demonstrated the existence
of two, and only two, copies of RAD52 in the parental strain, a
finding which is consistent with the DNA content of DC5 being
close to 2C (4).

Karyotype stability of �rad52 strains. We compared karyo-
types of clones from DC5 and from two (A1 and A4) �rad52
clones isolated after 100 doublings in rich medium (Fig. 2). As
previously described (4), a subset of highly variable chromo-
somal bands appeared in the upper part of the gel. These
bands were identified as variants of chromosome XII by hy-

FIG. 1. Disruption of both RAD52 alleles of DC5. (A) Diagram of
the disruption. The resident RAD52 gene is indicated as a black box at
the top. BamHI sites as deduced from the sequence at the Saccharo-
myces Genome Database (http://genome-www4.stanford.edu/cgi-bin
/SGD) are indicated by the letter B. Disruption cassettes conferring
resistance to clonNat (middle) or to Geneticin (bottom) are repre-
sented as white boxes; arrows indicate the sequences corresponding to
promoter (left) and terminator (right) sequences. Predicted sizes of a
BamHI digestion of the strain harboring the disrupted �rad52 allele
are indicated. (B) Southern blot of genomic DNA from a geneticine-
resistant heterozygote (left) and a double disruptant (right), digested
with BamHI and probed with a RAD52 probe (Fig. 2A, top). The
original DC5 strain gave only two bands of 2,047 and 1,562 bp (not
shown).
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bridization with ribosomal DNA (rDNA) probes (4, 13). Size
variants of this chromosome reflect changes in the number of
rDNA repeats present in this chromosome, a phenomenon
genetically unlinked to size variations in the rest of chromo-
somes (4, 17, 22). This particular kind of karyotype variability
will not be considered for the rest of considerations that follow.

Table 1 shows rearrangement rates for several indepen-
dently analyzed �rad52 derivatives (4) (chromosome XII ex-
cluded). Their combined rearrangement rates, 6.4 � 10�3

changes per clone per generation, is significantly lower than
that of the parental DC5 strain (2.1 � 10�2, P � 2.2 � 10�3)

or of the combined variable monosporidic derivatives of DC5
(1.3 � 10�2, P � 6.4 � 10�5) but higher than that for constant
meiotic derivatives from DC5 (8.4 � 10�4, P � 9.1 � 10�17

[Table 1] [4]). Independent �rad52 derivatives showed similar
rearrangement rates, ranging from 3.9 � 10�3 to 8.3 � 10�3

changes per clone per generation. The �rad52 deletion did not
suppress the chromosome XII hypervariability, a result consis-
tent with the previous observation that chromosome XII rear-
rangements are genetically unrelated to size variations in the
rest of the chromosomes (4).

Analysis of subtelomeric recombination in �rad52 strains.
Chromosome rearrangements that occur during vegetative
growth are especially evident in the subtelomeric regions,
where most changes accumulate (3, 12). We evaluated varia-
tions in the subtelomeric ends in �rad52 strains through re-
striction fragment length polymorphism analysis (RFLP) of Y�
sequences (2). DC5 clones isolated after 100 doublings have
considerable polymorphism in their Y� sequences (Fig. 3, top),
comparable to that of the chromosomal bands for the same
clones (not shown, see Fig. 2 for comparison). In contrast, a
similar experiment with �rad52 strains showed an uniform Y�
RFLP pattern (Fig. 3, bottom), even in clones that were rear-
ranged on the basis of their karyotype (not shown). Analysis of
a total of 20 independent �rad52 clones isolated after 100
doublings showed no polymorphism in their Y� RFLP pattern,
which sets an upper limit value for variability of the Y� pattern
of 5 � 10�4 changes per clone per generation. We conclude
that variation in the subtelomeric regions depends on RAD52
(presumably, through ectopic recombination) but that at least

FIG. 2. Analysis of karyotype instability of DC5 and of its �rad52 derivatives. Cultures of DC5 strain (left panel) and of two independent
DC5�rad52 derivatives (middle and right panels) were maintained during 100 doublings in reach medium. The resulting culture was spread on a
plate, and nine clones were randomly picked for karyotype analysis by pulsed-field gel electrophoresis. The figure also includes the karyotypes of
the parental input strains for each culture (indicated by the letter P on the bottom). Arrows at the side of the gels indicate the region where
chromosome XII hypervariable bands run. White arrowheads indicate other karyotype variations relative to the parental input strains. Black
triangles at the bottom indicate clones whose karyotypes differed from that of the corresponding input strain. The lower part of the gels was digitally
enhanced to better reproduce small chromosomal bands.

TABLE 1. Statistics of rearranged clones in �rad52 strains

Group
No. of clones Rearrangement rate

(changes � clone�1 �
generation�1)Total Rearranged

DC5 17 15 2.1 � 10�2

�rad52 clones
A1 25 8 3.9 � 10�3

A4 39 22 8.3 � 10�3

B1 9 4 5.9 � 10�3

B2 9 5 8.1 � 10�3

Total 82 39 6.4 � 10�3

Monosporidic derivativesa

Constant derivatives 273 22 8.4 � 10�4

Variable derivatives 181 132 1.3 � 10�2

a Carro and Piña (4).
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some of the chromosomal rearrangements observed originate
from an alternative mechanism.

Fermentation capacity of the �rad52 strains. Strain DC5
was isolated following selection for yeast strains for sparkling
wine production, which requires an extremely high fermenta-
tion capability (13, 14). Both the original DC5 and the rad52
double disruptant performed the typical sparkling wine second
fermentation with very similar, if not identical, kinetics (Fig. 4).
Preliminary organoleptic analyses revealed no major differ-
ences between the two fermentation products (data not
shown). Viable cells were recovered after the completion of
the fermentation, i.e., when the pressure in the bottles reached
at least 7 bar. Phenotypic analysis of 25 surviving clones from
the bottles inoculated with the �rad52 strain indicated that all
25 of them maintained both resistance markers (nat1 and
kanr), indicating that �rad52 cells were responsible for the
observed fermentation in the bottles.

DISCUSSION

Genetic remediation of natural and industrial yeast strains is
complicated by their lack of selectable genetic markers and by
their aneuploid nature. The use of dominant markers, e.g.,
antibiotic resistance, can overcome the first of these problems.
We found that the nourseothricin resistance gene nat1 is com-
patible with the commonly used kanr gene, making this pair of
markers suitable for complete disruption of both alleles at a
gene in diploid strains. Targeting the second resistance marker

to a nondisrupted allele required extended sequence homology
to both flanks of the nondisrupted allele. An easy way to obtain
this extended homology is to amplify a previously disrupted
allele from a heterozygotic strain by PCR. This strategy should
be applicable for many protocols in which disruption of both
alleles in a diploid strain is needed.

The current hypothesis to explain chromosomal rearrange-
ments in natural and industrial strains of Saccharomyces relies
on recombination between nonallelic homologous sequences
dispersed across the yeast genome, including Y�, delta, and Ty
sequences, to generate the observed results (5, 13, 18, 21). This
model predicts that chromosomal rearrangements require a
functional RAD52 gene (15, 16). We found that karyotype
instability during vegetative growth is only partially dependent
on RAD52, since chromosomal rearrangement rates in �rad52
strains were significantly lower than that of its parental strain
DC5 but still at least five times higher than the rates associated
with stable strains. In contrast, recombination at subtelomeric
regions was dependent on RAD52, indicating that they proba-
bly occur through homologous recombination between nonho-
mologous loci. Recombination at subtelomeric sequences may
play a role in the generation of chromosomal polymorphisms,
both in mitosis and in meiosis (2, 5, 12), but our results suggest
that this mechanism is not responsible for much of the karyo-
type variation observed. We hypothesize that at least two ad-
ditional chromosomal rearrangement mechanisms can result in
nonhomologous, RAD52-independent recombination pro-
cesses. One of these mechanisms would account for at least a
third of the observed changes in chromosome sizes during
vegetative growth. The second one is involved in rDNA rear-
rangements, which occur genetically independent from rear-
rangements of the rest of the genome (4, 24).

The long-term objective of our research is to demonstrate
the feasibility of genetic remediation for reducing chromo-
somal instability of natural strains without compromising their

FIG. 3. Analysis of Y� sequence polymorphism in DC5 and
DC5�rad52. Genomic DNA from six clones (originated as in Fig. 2)
from DC5 (top) and from a DC5�rad52 strain (bottom) were digested
with XhoI, run in a TBE agarose gel, blotted, and hybridized with a Y�
probe. At the bottom of each tract there is the corresponding densi-
tometric profile, running from left to right; small arrowheads indicate
bands whose mobility changes among the different clones (only ob-
served in the DC5 strain).

FIG. 4. Small-scale fermentation trials for DC5 and DC5�rad52.
The graphic shows the increase in pressure in the bottle in a typical
sparkling wine second fermentation. Note the completion of the fer-
mentation (at 
7.5 bar) after only 10 days of fermentation for both
strains. Data are averages of two independent clones for DC5 (left)
and six independent DC5�rad52 clones. Standard deviations were
under 5% of the mean values in both cases.
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industrial performance. For historical reasons, we were partic-
ularly interested in yeast strains that can perform the so-called
second fermentation of sparkling wine, which involves a refer-
mentation of a base wine in the typical sparkling wine bottles
(13, 14). This process requires a very efficient fermentation by
the yeast due to the stringent conditions under which it pro-
ceeds, including a low pH (2.9 to 3.1), an ethanol concentration
of �10%, low levels of nutrients, the presence of SO2, a mod-
erate temperature (15 to 20°C), and an increase in CO2 pres-
sure up to 7.5 bar (1). That the �rad52 strains perform simi-
larly to the parental strain in fermentation trials suggests that
this approach is feasible for this type of yeast strain and that
similar strategies of genetic remediation in other industrial
yeast-based fermentations need to be considered.
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