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ABSTRACT

Schizosaccharomyces pombe cells can switch between two mating types, plus (P) and minus (M). The change in
cell type occurs due to a replication-coupled recombination event that transfers genetic information from
one of the silent-donor loci, mat2P or mat3M, into the expressed mating-type determining mat1 locus. The
mat1 locus can as a consequence contain DNA encoding either P or M information. A molecular mechanism,
known as synthesis-dependent strand annealing, has been proposed for the underlying recombination
event. A key feature of this model is that only one DNA strand of the donor locus provides the information
that is copied into the mat1. Here we test the model by constructing strains that switch using two different
mutant P cassettes introduced at the donor loci, mat2 and mat3. We show that in such strains wild-type
P-cassette DNA is efficiently generated at mat1 through heteroduplex DNA formation and repair. The pres-
ent data provide an in vivo genetic test of the proposed molecular recombination mechanism.

SCHIZOSACCHAROMYCES pombe mating-type switch-
ing is the first system identified where a stalled

replication fork acts to induce a programmed DNA
rearrangement required for cellular differentiation
(Egel et al. 1984; Arcangioli 1998; Dalgaard and
Klar 1999, 2000; Arcangioli and De Lahondes

2000). Thus, characterization of the underlying re-
combination event is crucial for gaining a more general
understanding not only of the molecular responses to
stalled replication forks, but also of cellular differen-
tiation mechanisms. S. pombe is a fission yeast that lives
predominantly in a haploid state (reviewed by Egel

1989). Only during nutritional starvation will cells of
the two opposite mating types, called plus (P) and minus
(M), mate. Generally, the diploid zygote forms and
then directly undergoes meiosis followed by sporula-
tion leading to the formation of an ascus containing
four haploid spores. Cells of homothallic S. pombe strains
are able to highly efficiently switch between the two mat-
ing types (Leupold 1950; Miyata and Miyata 1981).
The switching occurs by a specific pattern: analysis of
S. pombe switching pedigrees has established that cell
division of an ‘‘unswitchable’’ cell leads to the forma-
tion of a ‘‘switchable’’ and an unswitchable daughter
cell, both of the parental mating type, while cell di-
vision of a switchable cell gives rise to an unswitchable
daughter cell of the opposite mating type and a
switchable daughter cell of the parental mating type

(a P-to-M pedigree is shown in Figure 1A; Miyata and
Miyata 1981; Egel 1984; Egel and Eie 1987; Klar

1987, 1990b). The two cell types, P and M, are genet-
ically different as they possess two different gene cas-
settes at the mat1 locus located on chromosome II
(Egel and Gutz 1981; Beach 1983; Beach and Klar

1984; Kelly et al. 1988; Klar 1990b). Furthermore,
switchable cells of both the P- and the M-cell types carry
an epigenetic modification of the mat1-cassette DNA
(Egel 1984; Egel and Eie 1987; Klar 1987, 1990b;
Klar and Bonaduce 1993). This modification, which
historically has been referred to as an imprint, is re-
quired for induction of the replication-coupled re-
combination that underlies the mating-type switching
process (Egel et al. 1984; Dalgaard and Klar 2000;
Holmes et al. 2005). The recombination event acts to
copy the genetic information encoded by one of the
two transcriptional silenced donor loci mat2P and
mat3M into the expressed mat1 locus, thus leading to
the change in the cell’s mating type (Egel 1977; Egel

and Gutz 1981; Beach 1983; Beach and Klar 1984;
Kelly et al. 1988, see below). Importantly, pedigree ex-
periments have established that the process of mating-
type switching is continuously ongoing where each
division propels cells through this program of cellular
differentiation (Egel 1984; Egel and Eie 1987; Klar

1987, 1990b).
The molecular mechanism that establishes the ob-

served asymmetrical pattern of switching relies on the
asymmetry of the DNA replication process (Dalgaard

and Klar 2001b; Dalgaard and Vengrova 2004). Cen-
tral to the mechanism is that the mat1 locus is replicated
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in a unidirectional manner by replication forks initiated
at a mat1 centromere-distal origin (Dalgaard and Klar

1999, 2001a). This unidirectional replication dictates
that one of the two mat1 DNA strands (the ‘‘upper’’ strand,
Figure 1B) always acts as a template for leading-
strand replication and the other (‘‘lower’’) for lagging-
strand replication. Two different molecular events, each

associated with one of the two replication processes, act
in concert to establish the asymmetrical switching pat-
tern of S. pombe. During each S phase the sister chroma-
tid where the mat1 locus is replicated as lagging strand is
imprinted/epigentically modified by introduction of ri-
bonucleotides (Arcangioli 1998; Dalgaard and Klar

1999, 2001a; Kaykov and Arcangioli 2004). Experiments

Figure 1.—Molecular mechanism of S. pombe
mating-type switching. (A) Switching pedigree. Un-
switchable cell divides to form an unswitchable
(lowercase ‘‘u’’) and a switchable (lowercase ‘‘s’’)
daughter cell. Cell division of the switchable daugh-
ter yields a switchable granddaughter cell and a
granddaughter cell that has switched mating type.
(B) The mating-type region on chromosome II har-
bors the three mating-type loci: mat1, mat2P, and
mat3M. The mat1 locus encodes either P or M in-
formation and is transcriptionally active while the
donor loci, mat2P and mat3M, are transcriptionally
silent. Homology domains H1, H2, and H3 flank
the cassettes. An origin of replication (ori) is lo-
cated between the mat1 and mat2 cassettes. The rel-
ative positions of the centromere and the telomere
are given. The position of the imprint is indicated
with a red arrowhead. There are interesting conse-
quences of this highly efficient process that are of
importance for this study. Theoretically, 50% of the
mat1 cassettes will represent switching events that
occurred in the last two generations. Also, the indi-
vidual switching events will have given rise only to a
very minor fraction of the mat1 cassettes present in
the population. Importantly, pedigree analysis of
switching cells has determined switching rates that
closely correspond to these theoretical values; in
the wild-type homothallic strains both the rate of
initial switching and the rate of recurrent switching
are �90% of that predicted (Klar 1990a, 1991).
(C) The proposed model for the underlying re-
combination mechanism that transfers mating-type
cassette information from one of the two donor
loci into the mat1 locus. Only a P-to-M switch is
shown. (1) The replication fork (red lines) initi-
ated at a cenII-distal origin stalls at the imprint
(red arrowhead) present in the template of the
leading-strand polymerase. (2) A 39 single-strand
end is formed either by hydrolysis at the imprint
followed by 59 recession mediated by an exonucle-
ase, or by fork regression. The 39 end invades at the
homology of the H1 domain in the donor cassette
(mat3M cassette shown; blue lines) and one strand
of the new cassette is synthesized using the donor
as template. (3) When the replication fork passes
through the donor cassette’s H2 domain, homol-
ogy to the mat1-H2 domain is created. The ho-
mology allows annealing between the newly
synthesized H2 sequence and the older mat1-H2
sequence. (4) Resolution by flap endonucleases
leads to the removal of the old outgoing cassette
strand as well as newly synthesized nonhomologous
sequences cenII-proximal to the donor locus’
H2 domain (green arrowheads). (5) The second
strand of the new cassette is synthesized, using
the newly copied strand as a template. Ligation
leads to the establishment of the intact chromatid
containing a newly switched mat1 cassette.
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have established that the imprinting process is tightly
linked with the replication process. A mutation (swi7-1)
that abolishes imprinting has been identified in poly-
merase-a, which is responsible for Okazaki fragment
synthesis (Singh and Klar 1993). In addition, genetic
alterations that relax, invert, and, subsequently, restore
the strict control of the direction of replication at mat1
lead to corresponding reduction, abolishment, and
restoration of mat1 imprinting (Figure 1B) (Dalgaard

and Klar 1999, 2000, 2001a). Also characterization of
synchronized cultures has shown that imprinted mat1
DNA appears concurrently with mat1 replication
(Holmes et al. 2005). Finally, the characterization of
replication intermediates has established that mat1
imprinting correlates with replication-fork pausing
in the proximity of the H1-mat1 cassette junction
(Dalgaard and Klar 2000; Kaykov et al. 2004).
Furthermore, the molecular anatomy of the paused
replication fork suggests that the mat1 pause signal is
read during lagging-strand replication (Vengrova and
Dalgaard 2004). It is not known how the mat1 imprint
is introduced, but experiments have shown that it is
constituted by two ribonucleotides (Vengrova and
Dalgaard 2004, 2006). These ribonucleotides are
incorporated into the DNA such that a DNA-(RNA)2-
DNA hybrid strand is formed at the precise junction
between the mat1 cassette and the H1 homology do-
main. The two ribonucleotides are maintained in the
DNA, and the imprinted chromosome is inherited by
one daughter cell. Here, the imprint licenses the cell for
mating-type switching during the next S phase (Figure
1C) (Egel 1984; Klar and Bonaduce 1993; Arcangioli

and De Lahondes 2000; Dalgaard and Klar 2001a).
The replication-coupled recombination event underly-
ing mating-type switching is initiated when the leading-
strand polymerase encounters the ribonucleotides present
in the mat1 template DNA and is stalled in its progres-
sion (Kaykov et al. 2004; Vengrova and Dalgaard

2004). The precise 39 end of the newly synthesized lead-
ing strand of the stalled replication fork has been
mapped to the nucleotide preceding the imprint.
Furthermore, intermediates suggestive of fork regres-
sion can be observed at the stalled replication fork when
mat1-replication intermediates are analyzed by two-
dimensional gels (Vengrova and Dalgaard 2004).
However, it is not known whether the stalled replication
fork is resolved by hydrolysis of the ribonucleotide
imprint, leading to a single-sided double-stranded break
(DSB), or that a double-stranded end generated by fork
regression acts to induce recombination (Vengrova and
Dalgaard 2004). In either case, it has been proposed
that the recombination event, resembling synthesis-
dependent strand annealing (SDSA), proceeds as follows
(Arcangioli 1998; Arcangioli and De Lahondes 2000;
Dalgaard and Klar 2001b): (i) the homology domain
H1 present at the 39 end invades at one of the two
donor cassettes’ H1 domains; (ii) the invading 39 end is

extended across the donor locus until homologous
sequence is synthesized at the H2 domain; and (iii)
the synthesized H2 DNA anneals to the homologous
mat1 H2 sequence, thus allowing resolution by endonu-
cleases (most likely involving the Swi4, Swi8, Swi9, and
Swi10 factors, Egel et al. 1984; Schmidt et al. 1989) and
repair by polymerase(s) and DNA ligase (Figure 1C).
Two different types of evidence support this model; first,
intermediates can be detected by PCR that link the cen-
distal side of mat1 to the cen-proximal side of either do-
nor loci (Arcangioli and De Lahondes 2000). Second,
experiments using shifts from media containing heavy
radioisotopes to media that contain light radioisotopes
have shown that both DNA strands of a newly switched
mat1 cassette are newly synthesized (Arcangioli

2000). However, the precise molecular mechanism still
remains unknown and is the subject of this study.

We present here an in vivo test of the proposed
recombination mechanism by testing its unique pre-
diction; during every switching event a heteroduplex can
potentially form between the outgoing ‘‘old’’ mat1-
cassette strand and the incoming ‘‘new’’ cassette strand
that has been copied from one of the donor loci
(Figures 1C and 2). In wild-type cells, when switching
occurs between P and M cassettes, the lack of homology
between the cassettes prevents heteroduplex formation.
Meanwhile, if cells were switching between two cassettes
with related sequences, the formed mat1 heteroduplex
would potentially be recognized and repaired by cellu-
lar heteroduplex repair enzymes leading to high levels
of mitotic gene conversion at mat1. We test this pre-
diction by constructing experimental strains that switch
using two different dysfunctional mutant alleles of the P
cassette introduced at the donor loci mat2 and mat3 and
establish that switching in such strains allows efficient
restoration of functional wild-type mat1P cassette DNA
through heretoduplex formation and repair.

MATERIALS AND METHODS

Strain construction: Mutant alleles were constructed using
plasmids pAK67 (A. Klar) and pGT67 (G. Thon). pAK67
contains the mat2P HindIII fragment where the ura41 gene has
been integrated at the XbaI site. pGT67 (Thon and Klar

1992) contains a synthetic mat3P 4.2-kb HindIII fragment of a
mat3P cassette where the ura41 gene has been integrated at the
EcoRV site (gift from G. Thon). The mutant mat3P alleles were
integrated into the genome of strain pG598 using standard
techniques (Moreno et al. 1991). The clr1 mutation allows
recombination in the otherwise recombinationally inert K
region located between mat2 and mat3 (Thonand Klar 1992).
Subsequently, 5-fluoroorotic acid-resistant ura4 colonies were
isolated. The obtained strains were transformed with the
mat2P mutant alleles, and leucine auxotroph, uracil proto-
troph colonies were selected. The desired genotypes were veri-
fied by Southern analysis. Such strains were crossed with tester
strain JZ108 to cross out the clr1 mutation. clr11 segregants
were identified by detection of epigenetic silencing of the
ura41 marker integrated in the mating-type region (Thonand
Klar 1992). The strains were reanalyzed by Southern analysis
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to verify the genotype of the mating-type region (see supple-
mental data at http://www.genetics.org/supplemental/).

Haploid strains containing M-cassette information at the
ade6 locus were constructed as follows. M-cassette DNA was
amplified using primers mat1M-forward (59-AAAGGATCCTT
ATAATTGTTGTGTCTTTTTT-39) and mat1M-reverse (59-
AAAACTGCAGATTGAAAATAAATAAAAACG-39) and cloned
into pCR4-Blunt TOPO (Invitrogen, Carlsbad, CA) to obtain
plasmid TY22. The ade61 PCR product obtained using primers
test-1 (59-AAAACTGCAGCCAACGTTGCATTCTAATGAGCA
AAG-39) and test-2 (59-AAAACTGCAGCCAATATATTTAGAA
TTAGCAATGA-39) was digested with PstI and cloned into the
PstI site (underlined in primer mat1M-reverse) present in

plasmid TY22 to obtain plasmid TY33. Plasmid TY33 was
transformed into strains JZ44, JZ149, TY07, and Ade1 trans-
formants were selected. Southern analysis was performed
using a probe specific to ade6 to verify the correct integration
of the plasmid TY33 into the ade6 locus, as well as with a probe
specific to the P cassette to make sure that no rearrangements
had occurred in the mating-type region in the process of strain
construction.

Quantifications of sporulation: Mating mix: Cells grown
in liquid YEA were mixed with an equal number of the M-tester
cells and patched on PMA1 plates. Plates were incubated at 30�.
Cells, zygotic cells, and asci were counted on the third and
fourth days. The experiment was repeated three times.

Figure 2.—Heteroduplex DNA is predicted to
form during switching between homologous se-
quences. (A) Line drawing of the mat2PBamHI*

mat3PBclI* mutant mating-type region. The two
transcriptional units, Pc and Pi, are indicated,
as well as the relative position of the introduced
mutations. A diagram, given in brackets, displays
the predicted heteroduplex intermediate formed
during switching, between the outgoing old strand
and the incoming newly synthesized strand. The
displayed intermediate corresponds to that en-
closed in brackets in Figure 1C. Only the hetero-
duplex DNA species formed during a switch
when a mat1PBamHI* cassette is changed to a
mat1PBclI* cassette is shown. DNA mismatch repair
(horizontal arrow) can repair this heteroduplex
to form either a functional (top) or three non-
functional cassettes (bottom). (B) Intact and mu-
tated BamHI and BclI restriction sites. The ClaI
site was created by filling in the BamHI (1) or
BclI (2) restriction sites by introducing four nu-
cleotides (GATC; red letters). (C) Heteroduplex
DNA (GATC; red letters) can be repaired by two
pathways leading to either the removal or the
maintenance of the inserted nucleotides. Only
heteroduplex DNA formed at the BamHI site is
shown.
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Sporulation assays using diploid cells: Diploid cells were iso-
lated by selection of ade6 complementation. Such strains were
grown as single colonies on PMA1 plates at 30�. Sporulation
was determined from five different single colonies of each
strain on the fourth day. The experiment was repeated three
times, except for TY07 where only two experiments were
performed. Thus, the standard error on the measurement of
the sporulation frequency is given for the TY07 strain in
Figure 5. The strains’ genotypes are: JZ1, h90 ade6-M210 leu1-32
ura4-D18; JZ5, mat1M smt-0 ade6-M216 leu1-32; JZ36,
mat2PBamHI(BglII)TLEU2,(XbaI)Tura41 ade6-M210 leu1-32 ura4-
D18 clr1-5; JZ44, mat2P(BglII)TLEU2 mat3P(EcoRV)Tura41 ade6-
M210 leu1-32 ura4-D18; JZ60, h90 ade6-M216 leu1-32; JZ67,
mat2PBclI(XbaI)Tura41 ade6-M210 leu1-32 ura4-D18 clr1-5;
JZ108, mat1M smt-0 Dmat2,3TLEU2 ade6-M216 leu1-32 his2;
JZ109, mat1M smt-0 Dmat2,3TLEU2 ade6-M210 leu1-32 his2;
JZ149, mat2PBclI(XbaI)Tura41 mat3PBamHI(EcoRV):ura4FOAr ade6-
M210 leu1-32 ura4-D18; TY07, mat2PBamHI(XbaI)Tura41 mat3PBclI

(EcoRV)Tura4FOAr ade6-M216 leu1-32 ura4-D18; pG598, h90

mat2(BglII)TLEU2 ade6-M216 leu1-32 ura4-D18 clr1-5 (gift from
G. Thon); TY128, mat2P(BglII)TLEU2 mat3P(EcoRV)Tura41

msh6Targ3 ade6-M210 leu1-32; TY131, mat2PBclI(XbaI)Tura41

mat3PBamHI(EcoRV)Tura4FOAr msh6Targ3 leu1-32; TY134,
mat2PBamHI(XbaI)Tura41 mat3PBclI(EcoRV)Tura4FOAr msh6Targ3
leu1-32; OL712, h� msh6Targ3 arg3-D4 (gift from O. Fleck);
TY34, mat2P(BglII)TLEU2 mat3P (EcoRV)Tura41 ade6-M210T
pTy33(Ade61) leu1-32 ura4-D18; TY36, mat2PBclI(XbaI)Tura41

mat3PBamHI(EcoRV):ura4FOAr ade6-M210TpTy33(Ade61) leu1-32
ura4-D18; TY88, mat2PBamHI(XbaI)Tura41 mat3PBclI(EcoRV)T
ura4FOAr ade6-M216TpTy33(Ade61) leu1-32 ura4-D18.

Analysis of heteroduplex DNA: Heteroduplex DNA was
generated in vitro by first PCR amplification of mutant PBamHI*

and PBclI* cassette DNA using the primers mat1P-ssp1-f (59-
ATTGGAAGAGGTAGTATTTTTCTGT-39) and mat1P-ssp1-R
(59-ATTAGTGAGTA TATTATGGTAGGGA-39). These primers
generate a 1452-bp PCR product with ends corresponding to
those formed by SspI digestion. The PCR products were mixed,
denatured at 96� for 2 min, and incubated at room temper-
ature for 30 min. An aliquot of the mixture was digested with
ClaI using standard procedures and both undigested and
digested heteroduplex DNA were separated alongside di-
gested genomic DNA on a native 10% polyacrylamide gel
(acrylamide/bis-acrylamide ratio 29:1). After electrophoresis
the gel was electroblotted to a nylon membrane using a
submarine system (Bio-Rad, Hercules, CA). The Southern
analysis was performed using a probe specific to the mat1P SspI
fragment.

RESULTS

Efficient heteroduplex formation detected using
genetic assay: Two mutant P alleles, here referred to as
PBamHI* and PBclI*, were constructed by filling in either
BamHI or the BclI restriction sites with plasmid-borne
mat2P and mat3P DNAs (see materials and methods).

Importantly, the filling-in process generates a de novo
ClaI restriction site at both the BamHI site and the BclI
site (Figure 2B). Two sets, consisting of two mutant
donor cassettes, [mat2PBamHI*, mat3PBclI*] and [mat2PBclI*,
mat3PBamHI*], were sequentially integrated into the ge-
nome of strain pG598 using homologous recombina-
tion to obtain the two experimental strains studied here,
one carrying mat2PBclI* mat3PBamHI* (strain JZ149) and the
other mat2PBamHI* mat3PBclI* mutant donor loci (strain
TY07; see materials and methods). In addition, two
strains were constructed that only contained the PBamHI*

or the PBclI* alleles at the mat2 locus, thus carrying
mat2PBamHI*mat3M donor loci (strain JZ36) and mat2PBclI*

mat3M donor loci (strain JZ67). The latter strains were
used to analyze the phenotype of the two mutant
P alleles. The P cassette contains two transcriptional
units that encode the mating-type-specific transcription
factors Pi (sometimes referred to as Pm) and Pc. Both
the Pi and Pc activities are required in the zygote for
expression of the mei3 gene that encodes an inducer of
meiosis and sporulation, while the Pc activity is also
required for expression of genes involved in mating/
conjugation (Willer et al. 1995). The BamHI* and BclI*
mutations utilized here introduce frameshift mutations
in the Pc and Pi open-reading frames, respectively.
Characterization of the mat2PBamHI*mat3M and mat2PBclI*

mat3M strains verifies that these mutations lead to the
abolishment of the Pi and Pc gene functions; mat2PBamHI*

mat3M cells are unable to mate and sporulate, while
mat2PBclI*mat3M cells can mate but not sporulate (Figure
3). Therefore, neither of the two mutant alleles carries
enough genetic information for cells to go through the
meiosis and sporulation program. However, for these
experimental strains SDSA-mediated heteroduplex
DNA formation and repair at mat1 will be detectable
both biochemically by Southern analysis of restricted
DNA, and, in case the heteroduplex DNA repair leads to
restoration of the wild-type mat1P-cassette DNA, also
genetically by the experimental strains’ ability to mate
and sporulate with an M-tester strain. First, we employed
the genetic approach for detection of wild-type mat1P
information (Figure 4). Our experimental mat2PBclI*

mat3PBamHI* ( JZ149), mat2PBamHI* mat3PBclI* (TY07) strains
and a reference mat2P mat3P strain (JZ44), were mixed
with a nonswitching M-tester strain on media containing
a limiting nitrogen source to induce mating and sporula-
tion. The tester strain ( JZ108) carries a donor-region

Figure 3.—The mating- and sporulation-
deficient phenotypes of the two mutant mat2PBamHI*

mat3M ( JZ36) and the mat2PBclI* mat3M (JZ67)
strains. Wild-type h90 zygote formation and sporu-
lation (strain JZ1) are shown for reference. Of
the two P-cassette genes, Pc is required for conju-
gation and sporulation, and Pi for sporulation
only (Kelly et al. 1988). Spores, zygotes, and cells
are identified by dashed lines.
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deletion (the Dmat2,3 deletion; Klar and Miglio 1986)
in addition to a mat1 cis-acting deletion that abolishes
imprinting (the smt-0 deletion; Styrkarsdottir et al.
1993). Importantly, efficient sporulation is observed for
both experimental strains, demonstrating that functional
mat1P-cassette information is present in a large frac-
tion of cells; the mat2PBclI* mat3PBamHI* and the mat2PBamHI*

mat3PBclI* strains display 7 and 20% of the sporulation
level observed for the mat2P mat3P reference strain,
respectively (Figure 4, A and B, I).

The observed difference between the mat2PBclI*

mat3PBamHI* and the mat2PBamHI* mat3PBclI* strains could be
due to the fact that the mat3 allele is preferentially
utilized as the donor in P cells and that in the two
experimental strains the two P alleles are introduced at
mat1 with different rates. This donor-locus preference is
referred to as the ‘‘directionality of switching’’ and acts
in a wild-type homothallic strain to ensure that the
mat2P locus is used as donor in M cells and the mat3M
locus in P cells (Ruusala 1991; Thon and Klar 1993).

Figure 4.—Genetic assays detect the wild-type
mat1P allele. (A) Graphic outline of the strains is
presented. Only strains with the mat2PBamHI*

mat3PBclI* allele are shown. smt-0 is a cis-acting
mat1-distal deletion that abolishes imprinting
and switching. Dmat2,3TLEU2 is a deletion of
the entire mat2 mat3 donor region. Pictographs
display the zygotic and azygotic asci quantified.
I. ‘‘Zygotic’’ sporulation obtained by mixing con-
structed strains with an M-tester strain. II. Diploid
strains constructed for ‘‘azygotic-’’ sporulation as-
says. (B) The strain names, sporulation per-
centages, and the standard deviation (see
materials and methods) observed for strains
described in A. The sporulation percentage
(%) relative to that observed for the reference
strain (first column) is given for each strain.
For comparison a wild-type h90/h90 diploid strain
sporulates .90%. (C) Iodine staining of sporulat-
ing colonies for strains. The genotype and the
strain names are shown below each image. The
bottom image displays a cell that has undergone
haploid meiosis creating two spores. However,
asci containing four defective spores are also ob-
served. The table indicates the sporulation fre-
quencies observed for the three strains.
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Importantly, it has been shown that the Pi and Pc tran-
scripts are not required for establishing the direction-
ality of switching (Ruusala 1991). Therefore, the
mat2P-donor preference is maintained in the experi-
mental strains and the mating-type cassette located at
the mat3 locus will preferentially be copied into the mat1
locus (also see Figure 5 legend). Since the Pi mutation
(PBcll*) allows mating, a larger number of diploid cells
will form in the mating mix with the mat2PBamHI*mat3PBclI*

than with the mat2PBclI*mat3PBamHI* strain. Such diploid
cells can directly undergo meiosis and sporulation if
wild-type mat1P information is formed by subsequent
switching events. To obtain a more comparable mea-
surement of the levels of wild-type mat1P information in
the two experimental setups, mat2PBclI*mat3PBamHI* vs.
mat2PBamHI*mat3PBclI*, we repeated the experiment while
first constructing diploid strains. For this purpose, we
used heteroallelic complementation of the ade6 alleles,
ade6-M216 and ade6-M210, carried by the strains (two
tester strains were used; strains JZ108 and JZ109 are
ade6-M210 and ade6-M216, respectively). The experi-
mental strains and the reference strain were allowed to
mate with a tester strain of opposite ade6-allele type on
media containing limiting nitrogen, and zygotes formed
were then shifted to media without adenine. Ade1-
prototrophe diploid cells that have escaped meiosis
formed colonies after a few days. When these diploid
strains are grown on media with a limiting nitrogen
source, then both of the experimental diploids display a
sporulation frequency of 10% of that observed for the
diploid mat2P mat3P reference strain (Figure 4, A and B,
II). This observation suggests that in diploid cells mat1P
wild-type cassette DNA is formed with similar frequen-
cies for the two genetic mating-type region alleles,
mat2PBclI* mat3PBamHI* and the mat2PBamHI* mat3PBclI*. The
high level of sporulation observed is therefore consis-
tent with the prediction that switching mediates a high
rate of heteroduplex formation and repair at mat1.
However, to conclusively establish that the detected
wild-type mat1P information is formed by the continu-
ous switching process and not a few, potentially un-
related, gene conversion events amplified through cell
divisions, we employed a genetic approach. If both M-
and P-cassette information are expressed in haploid cells,
the cells will undergo a defective meiosis (generating
less than four and/or defective spores) when they ex-
perience nutritional starvation. Since spores of S. pombe
stain dark when exposed to iodine vapors due to a starch
content, switching and sporulation can directly be
assayed by staining of colonies (Moreno et al. 1991).
For this purpose, M-cassette DNA was introduced in the
two experimental strains and the mat2P mat3P reference
strain at an ectopic position in the genome (the ade6
locus; see materials and methods). Importantly, spor-
ulating colonies of these strains (.200 observed)
display a uniform ‘‘salt-and-pepper’’ staining phenotype
(Figure 4C). The colonies’ uniform staining establishes

that there is a low rate of meiosis and sporulation
throughout the surfaces of the individual colonies. Such
a staining phenotype is predicted if wild-type P in-
formation is generated by the switching program that
is continuously propelled by each cell cycle. In contrast,
the presence of a few uniformly dark-staining colonies
or a colony with darker sectors would have suggested
that the wild-type mat1P information originated from a
few recombination events that were amplified through
cell divisions. This genetic experiment also excludes
the occurrence of gene conversion events leading to
the formation of wild-type or double-mutant P-donor-
cassette DNA at the donor loci, as formation of such
strains would lead to formation of colonies or colony
sectors with a high-staining or a nonstaining phenotype,
respectively. In conclusion, our genetic analysis using
both haploid and diploid strains shows that wild-type P-
cassette information is continuously formed at mat1, but
not at the donor loci, when cells switch using two
different mutant P-donor cassettes.

Switching using mutant P-donor cassettes leads to
formation of the wild-type P-cassette DNA at mat1: A
Southern blot analysis was employed to directly deter-
mine whether wild-type mat1P-cassette DNA is formed
(Figure 5A). Chromosomal DNA was purified and di-
gested with three sets of enzymes: SspI; BamHI, BclI, SspI;
or ClaI, SspI. The SspI restriction creates three differ-
ently sized fragments each containing one of the three
loci: mat1, mat2, and mat3. The presence of mutant or
wild-type Pi and Pc genes can in this analysis be detected
by the presence of the ClaI sites (mutant Pi or Pc) or the
BamHI (wild-type Pc) or BclI (wild-type Pi) sites within
these SspI fragments (Figure 5A, line drawing). The re-
sults confirm the presence of wild-type mat1P-cassette
DNA containing both a BclI and a BamHI site in both
haploid and diploid experimental strains (Figure 2A,
‘‘functional cassette’’). The Southern analysis also de-
tects double-mutant mat1P DNA containing two ClaI
sites (Figure 5A, signal a, black dot). This fragment
potentially corresponds to heteroduplex DNA being
repaired in a manner where nucleotides are introduced
opposite the single-stranded bulge DNA (Figure 2C,
second product). Interestingly, we observe a reproduc-
ible difference between the two experimental strains;
while similar amounts of the two products, wild-type
and double-mutant P-cassette DNA, are formed in the
mat2PBamHI*mat3PBclI* strain, less wild-type mat1-cassette
DNA is formed in the mat2PBclI*mat3PBamHI* strain (Figure
5A, signal a). This result reflects the greater sporula-
tion observed for the haploid strains carrying the
mat2PBamHI*mat3PBclI* allele (Figure 4, A and B, I). This
difference is potentially caused by directionality of
switching leading to different formation rates for the
different species of heteroduplex DNA in the two strains.
In concordance, we observe similar levels of wild-type
and double-mutant P-cassette signals when the diploid
experimental strains are analyzed (Figure 4, A and B, II;
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Figure 5.—(A) Detection of
heteroduplex DNA repair by
Southern blot analysis. (Left)
Chromosomal DNAs from the in-
dicated haploid strains were di-
gested with the given restriction
enzymes (top) and analyzed by
Southern blot using the central
BclI/BamHI P-cassette fragment
as a probe. The lowercase letters
(right side of autoradiogram)
identify the fragments detected
by the Southern analysis for the
mat2PBamHI* mat3PBclI* (see line
drawing to the right). Molecular
sizes for the SspI fragments are
given on the left. An asterisk
marks the signal corresponding
to the wild-type cassette digested
with BamHI and BclI. A black
dot marks the ClaI fragment from
mat1P double-mutant containing
cassettes. The bottom left displays
a long exposure for the detection
of the repaired cassettes. The rel-
ative intensities of the bands
marked ‘‘b’’ and ‘‘c’’ indicate the
ratios of mat1PBclI* and mat1PBamHI*

alleles for the strains. The ratios
between mat1PBclI* and mat1PBamHI*

are 0.42 6 0.00 and 2.4 6 0.2 for
strains JZ149 and TY07, respec-
tively (standard error is given).
In both mutant strains the allele
encoded by mat3 (which normally
encodes M information) is pre-
dominantly present at mat1, veri-
fying that neither the Pc nor the
Pi transcript is required for estab-
lishing directionality of switching
(Ruusala 1991; Thon and Klar

1993; Dalgaard and Vengrova

2004). A similar analysis of dip-
loid strains constructed using
JZ149 and TY07 (Figure 4A, II;
data not shown) gave ratios of
0.77 6 0.1 and 1.6 6 0.0, respec-
tively (standard error is given). A
lower ratio is expected from a
more random donor choice. The
line drawing to the right defines
bands and their predicted molec-
ular sizes. (B) Southern analysis
of msh6 strains detects wild-type
mat1P-cassette DNA. Refer to A
for the description. (C) Detection
of heteroduplex DNA. Chromo-
somal DNA was purified and di-
gested with either SspI or SspI

and ClaI. A Southern analysis of the digested DNA separated on a native 10% polyacrylamide gel is displayed (Nagamine

et al. 1989). The mobility of the identical heteroduplex DNA generated in vitro is shown as a marker. Heteroduplex DNA species
(indicated by arrowheads), which are resistant to ClaI digestion, are observed for the mat2PBcIl* mat3PBamHI* strain, but not for the
reference strain mat2P mat3P. The probe used is specific to the sequence centromere-distal to mat1 and is contained within the SspI
fragment. Note that imprinted mat1* and unimprinted mat1 SspI fragments are separated on the acrylamide gel as two bands
(Arcangioli 1998).
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data not shown)—an observation that reflects similar
levels of sporulation for these strains (see above). In
conclusion, the process of mating-type switching leads
to efficient restoration of wild-type P-cassette DNA at
mat1 in these experimental strains.

Detection of mat1 heteroduplex DNA: Since �50%
of dividing cells that carry an imprint undergo mating-
type switching during S phase, we expected that it would
be possible to directly detect mat1 heteroduplex mole-
cules in DNA purified from exponentially dividing
cultures using a gel-shift assay similar to that developed
by Lichten et al. (1990). Initial attempts using the
strains described above were unsuccessful (data not
shown), suggesting that repair occurs rapidly. It has
been shown that the Msh6 protein, in complex with
Msh2 (Swi8), is required for recognition and repair of
bulge heteroduplex DNA in S. pombe (Mansour et al.
2001; Tornier et al. 2001). However, the repair of the
mat1 heteroduplex DNA could in this system also in-
volve the Msh3/Swi4 factor. In higher eukaryotes, Msh2/
Swi8 and Msh3/Swi4 mediate heteroduplex DNA repair,
while the S. pombe factors have been implicated in res-
olution of mating-type switching intermediates (Egel

et al. 1984; Fleck et al. 1992; Rudolph et al. 1999). We
decided to analyze the mat1 DNA intermediates in the
absence of the Msh2/Msh6 heteroduplex repair path-
way. Mutations in the Msh2/Swi8 and Msh3/Swi4 fac-
tors cause switching-dependent rearrangements in the
mating-type locus (Fleck et al. 1992, 1994), therefore we
introduced the Dmsh6 mutation into our experimental
strains and the mat2P mat3P reference strain and iso-
lated and analyzed DNA from exponentially dividing
cultures (Tornier et al. 2001). Importantly, repair of
heteroduplex DNA is still observed in the msh6 mutant
background, suggesting the presence of an alternative
pathway (Figure 5B; Marti et al. 2002). However, we do
detect low levels of unrepaired mat1 heteroduplex DNA
(Figure 5C). Importantly, the observed mat1 heterodu-
plex DNA displays the same mobility when analyzed on a
polyacrylamide gel as heteroduplex DNA generated
in vitro and, like the in vitro generated molecules, is re-
sistant to ClaI digestion (Figure 5C). The detection of
mat1 heteroduplex DNA provides direct support for the
SDSA mechanism proposed for mating-type switching.

DISCUSSION

In this study, we present the genetic and biochemical
tests of the proposed SDSA recombination mechanism
underlying mating-type switching. The experiments uti-
lize artificially constructed strains that carry two differ-
ent heteroallelic mutant P cassettes at the donor loci,
mat2 and mat3. Although this is an artificial situation,
where cells are switching between related cassette se-
quences, the constructed strains display genetic stability,
imprinting levels, and recombination frequency be-
tween mat1 and the donor loci, which leads to a high

rate of heteroduplex formation, supporting that the
overall process of switching is not affected by the genetic
changes at the donor loci. This reflects previously pub-
lished experiments where the information of the two
donor cassettes was swapped, such that mat2 carried M
information and mat3 P information (Thon and Klar

1993). Thus, the observations and conclusions obtained
using these strains are likely to reflect the wild-type
mechanism where only the H2 homology domain, and
not the cassettes, provides the strand annealing de-
scribed in Figure 1 (note that the limited size of H2, and
the inability to use a genetic assay for detection of het-
eroduplex DNA, excluded the use of only this domain
for heteroduplex formation).

Theoretically, alternative mechanisms to the SDSA
mechanism could account for the formation of the wild-
type and double-mutant mat1P-DNA observed. For ex-
ample, one such alternative mechanism would involve
double-stranded gap repair where the outgoing old
cassette DNA is removed such that 39 ends both at the
H2 and the H1 homology domains can invade and be
extended at a donor locus. Either an unknown endo-
nuclease or flap endonucleases could account for this
removal of the old cassette DNA. In the latter case, flap
endonucleases could act after single-stranded H2 DNA
had invaded the donor-locus H2 homology domain to
create a branched structure. The two 39 ends formed
could then be extended across the donor locus by poly-
merases. Subsequently, the recombination intermediates
could be resolved by helicases or by the establishment of
a Holliday junction(s) (HJ) recognized and resolved by
an HJ resolvase. However, several observations exclude
that these alternative pathways play a significant role
during mating-type switching:

1. While a DNA break can be detected by Southern
analysis at the junction between the H1 homology
domain and the mat1-cassette DNA, no DNA break
has been observed at the junction between the H2
homology domain and the mat1-cassette DNA (Klar

and Miglio 1986; Arcangioli 1998).
2. The resolution of an HJ would potentially allow a

crossover event, which would loop out of the inter-
genic region between mat1 and the utilized donor lo-
cus. While such rearrangements do occur in wild-type
homothallic strains, they are very rare; only 1 in 5 3

103 cell divisions leads to the formation of such h1L or
h�L genetic rearrangements (Beach and Klar 1984).

3. While it is possible to detect switching intermediates
by PCR reactions where a mat1 cen-distal fragment is
attached to the mat2P or mat3M cen-proximal frag-
ments, intermediates where the mat1 cen-proximal
fragment attached to mat2P and mat3M cen-distal
fragments were undetectable (Arcangioli and De

Lahondes 2000).
4. In the case of the experimental strains analyzed

here, the alternative recombination mechanisms
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are predicted to allow heteroduplex DNA to form
between the ‘‘outgoing’’ P-cassette strand and the
donor locus containing the alternative mutant P
allele. Repair of this heteroduplex DNA would po-
tentially lead to the formation of double-mutant or
wild-type P-cassette DNA at the donor loci. However,
our genetic assay using strains capable of undergoing
haploid meiosis, due to the presence of M informa-
tion at the ade6 locus, establishes that if gene conver-
sions at the donor loci, predicted by the alternative
recombination mechanisms, occur, they are rare.

In summary, the detection of mat1 heteroduplex
formation and repair presented here, combined with
(i) the previously published PCR analysis of switching
intermediates (Arcangioli and De Lahondes 2000),
(ii) the observation that in the wild-type homothallic
strains both strands of a newly switched cassette are
newly synthesized (Arcangioli 2000), and (iii) the
characterization of naturally occurring rearrangements
in homothallic strains, and their rate of occurrence
(Beach and Klar 1984), establish conclusively that
mating-type switching predominantly occurs by a mech-
anism where only one strand of the donor cassette is
copied and the newly synthesized strand is transferred to
the mat1 locus. This SDSA mechanism (Mcgill et al.
1993; Nassif et al. 1994; Ferguson and Holloman

1996; Weng et al. 1996) is similar to that proposed for
the recombination event underlying Saccharomyces cer-
evisiae mating-type switching (Mcgill et al. 1993; Haber

1998). The similarity is interesting since S. cerevisiae
mating-type switching is initiated by the HO-endonu-
clease catalyzed double-stranded break introduced at
the MAT locus, while S. pombe mating-type switching is
initiated by a stalled replication fork, thus suggesting
that breaks generated by different mechanisms can be
repaired by related or identical recombination pathways.

Furthermore, stalled replication forks are thought to
be a major contributor to genome instability, leading to
mutations, rearrangements, gene amplifications, loss of
heterozygosity, and chromosome fragmentation (Branzei

and Foiani 2005). Stalling can occur at damaged bases, at
bound factors, and due to dysfunctional replication fac-
tors, low levels of deoxyribonucleotides and, as shown for
S. pombe mating-type switching, the presence of ribonu-
cleotides in the template DNA for the leading-strand
polymerase (Vengrova and Dalgaard 2004). Several en-
zymatic pathways have been described that ensure repli-
cation restart to prevent such genetic instability, including,
but not limited to, the lesion bypass pathway involving
error-prone polymerases, the error-free bypass pathway
involving replication-fork regression, and the recombina-
tion-mediated replication reinitiation pathway involving
D-loop formation (Mcilwraith et al. 2005). The latter
pathway is similar to the recombination mechanism de-
scribed here; however, in the case of mating-type switch-
ing, replication stalling efficiently induces recombination

with one of the donor loci. A recent study might explain
why stalled replication forks are not reinitiated at mat1
(Akamatsu et al. 2003). Here the Swi2, Swi5, and Rhp51
factors were identified as part of a complex responsible
for mediating the recombination event underlying mating-
type switching. However, the Swi5 and Rhp51 factors also
form a complex with the transacting factor Sfr1 that has a
general role in recombination. Thus, an interesting pos-
sibility is that the Swi2 activity might have evolved to
channel the intermediates of a genomewide pathway for
recombination into a locus-specific pathway mediating
mating-type switching.

Finally, the genetic backgrounds constructed here
constitute unique tools for studying heteroduplex DNA
formation and repair during the mitotic S phase. Al-
though meiotic heteroduplex DNA has previously been
directly detected (Lichten et al. 1990), we are for the
first time able to detect mitotic heteroduplex inter-
mediates. Some of our observations contrast with what
has been previously shown for heteroduplex repair
(Marti et al. 2002; Kunkel and Erie 2005) but might
reflect that the repair analyzed here occurs during the
mitotic S phase and at a specialized locus. We observed
for the mat2PBamHI* mat3PBclI* strain high levels of both
wild-type as well as double-mutant mat1P-cassette DNA;
thus, there is no evidence that the repair enzymes favor
old over newly synthesized strand as template when the
heteroduplex DNA is repaired or that cleavage of one
DNA strand at one bulge affects which strand is cleaved
at the other bulge. In addition, we show that the mat1
heteroduplex repair can occur independently of the
Msh6 activity thought to be required for heretoduplex
DNA repair in S. pombe. The Msh2/Swi8 and Msh3/Swi4
factors could mediate this alternative repair, as they also
are required for resolution of switching intermediates
(Fleck et al. 1992; Rudolph et al. 1999). Potentially,
Msh2/Swi8 and Msh3/Swi4 could mediate heterodu-
plex DNA repair at the mating-type locus exclusively, or
these factors could have a genomewide role in mediat-
ing heteroduplex DNA repair specifically during S phase.
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