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Abstract Meiosis is initiated from the G1 phase of the
mitotic cell cycle, and consists of pre-meiotic S-phase
followed by two successive nuclear divisions. Here we
show that control of gene expression during pre-meiotic
S-phase in the fission yeast Schizosaccharomyces pombe is
mediated by a DNA synthesis control-like transcription
factor complex (DSC1), which acts uponM lu 1 cell cycle
box (MCB) promoter motifs. Several genes, including
rec8+, rec11+, cdc18+, and cdc22+, which containMCB
motifs in their promoter regions, are found to be co-
ordinately regulated during pre-meiotic S-phase. Both
synthetic and native MCB motifs are shown to confer
meiotic-specific transcription on a heterologous reporter
gene. A DSC1-like transcription factor complex that
binds to MCB motifs was also identified in meiotic cells.
The effect of mutating and over-expressing individual
components of DSC1 (cdc10+, res1+, res2+, rep1+ and
rep2+) on the transcription of cdc22+, rec8+ and rec11+

during meiosis was examined. We found that cdc10+,
res2+, rep1+ and rep2+ are required for correct meiotic
transcription, while res1+ is not required for this process.
This work demonstrates a role for MCB motifs and a
DSC1-like transcription factor complex in controlling
transcription during meiosis in fission yeast, and suggests
a mechanism for how this specific expression occurs.

Keywords Fission yeast Æ Meiosis Æ Transcription Æ
DSC1 Æ MCB motifs

Introduction

The switch between vegetative mitotic growth and sexual
meiotic division is a fundamental process in cell biology.
This developmental process has been extensively studied
over the past few years in a variety of organisms, and a
number of key regulatory components have been dis-
covered.

The fission yeast Schizosaccharomyces pombe is a
good model organism in which to study meiosis, as the
process is easily manipulated in the laboratory. Meiosis
occurs after two haploid cells, arrested in G1 by nutrient
depletion, conjugate to form a transient diploid. The
result is the production of four haploid spores in an
ascus. Crucially, in S. pombe, meiosis is fundamentally
similar to that in higher eukaryotes: the pre-meiotic S-
phase is followed by two meiotic divisions, the first
reductional and the second equational.

A number of molecules and mechanisms have been
identified in fission yeast that control the transition into,
and passage through, meiosis (Yamamoto 1996; Egel
2000). An important component of this control is the
regulation of gene expression. For example, the specific
expression of ste11+ regulates the transcription of
mei2+,mat1-Pc ,mat1-Mc and other genes, which are all
essential for meiotic progression (Sugimoto et al. 1991).

Mitotic cell cycle-regulated transcription has also
been well studied in fission yeast. Here, a group of at
least ten genes (cdc22+, cdc18+, cig2+, cdt1+, rad21+,
suc22+, rad11+, ste9+, mik1+ and cdt2+) are tran-
siently expressed at the beginning of S-phase, and their
products are required, either directly or indirectly, for
progression through S-phase (Fernandez-Sarabia et al.
1993; Kelly et al. 1993; Connolly and Beach 1994;
Hofmann and Beach 1994; Birkenbihl and Subramani
1995; Harris et al. 1996; Parker et al. 1997; Tournier and
Millar 2000; Ayte et al. 2001; Ng et al. 2001; Maqbool
et al. 2003; Yoshida et al. 2003). The molecular com-
ponents that co-ordinate mitotic G1-S cell cycle tran-
scription in fission yeast have been uncovered, and
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comprise a transcription factor complex that binds to
common repeated DNA sequences in the promoters of
the S-phase genes. The transcription factor has been
named DSC1 (also called MBF) and contains the
products of the genes cdc10+, res1+, res2+ and rep2+

(Lowndes et al. 1992; Caligiuri and Beach 1993; Mi-
yamoto et al. 1994; Sugiyama et al. 1994; Zhu et al.
1994; Nakashima et al. 1995; White et al. 2001). DSC1
has been shown to bind so-called Mlu I cell cycle box
(MCB) motifs (Lowndes et al. 1992; Ayte et al. 2001;
Maqbool et al. 2003); coincidentally, the MCB DNA
sequence ACGCGT is the same as the sequence recog-
nised by the restriction enzyme Mlu I.

In mitotic cells DSC1 contains Cdc10p, Res1p, Res2p
and Rep2p (Lowndes et al. 1992; Baum et al. 1997;
Whitehall et al. 1999; White et al. 2001). It is believed
that DSC1 possesses both stimulatory and repressive
functions which together mediate G1-S specific tran-
scription (McInerny et al. 1995; Baum et al. 1997;
Whitehall et al. 1999).

Additional roles for cdc10+, res2+ and another gene,
rep1+, in meiosis have been suggested by the finding that
mutations in these genes affect meiotic progression
(Beach et al. 1985; Sugiyama et al. 1991; Zhu et al. 1994;
Li and Smith 1997; Ding and Smith 1998); and by the
observation that ectopic over-expression of res2+ en-
hances entry into meiosis (Ayte et al. 1997). This has led
to the suggestion that a meiotic form of DSC1, con-
taining Cdc10p, Res2p and Rep1p, controls meiotic-
specific expression in fission yeast (Sugiyama et al. 1991;
Zhu et al. 1994; Sturm and Okayama 1996; Ayte et al.
1997; Zhu et al. 1997), and that it is the change in the
composition of DSC1 that results in meiotic G1-S spe-
cific transcription in this organism.

In this paper we examine the transcription pattern of
a group of fission yeast genes that are expressed during
pre-meiotic S-phase. These genes fall into two classes:
those that are also transcribed during mitosis and are
required for DNA synthesis, such as cdc22+ and cdc18+

(Watanabe et al. 2001); and those specific for meiosis,

the rec+ genes, whose products are involved in meiotic
recombination (Fox and Smith 1998; Davis and Smith
2001). We show that the members of this large group of
genes are transcribed simultaneously, during pre-meiotic
S-phase, and that this transcription is co-ordinately
regulated by a system related to mitotic MCB motifs and
DSC1. Thus, the MCB-DSC1 system not only regulates
mitotic G1-S cell cycle transcription in fission yeast, but
also controls expression of genes during meiosis in this
organism.

Materials and methods

Strains and media

General molecular procedures were performed as described by
Sambrook et al. (1989); the media used for the propagation of S.
pombe have been described by Moreno et al. (1991). The standard
genetic procedures of Gutz et al. (1974) and Kohli et al. (1977) were
followed. The strains used in this study are listed in Table 1. For all
physiological experiments cells were grown in minimal medium
(EMM), with shaking, at 25�C or 36�C.

Synchronisation of meiotic cells was achieved using the
temperature-sensitive mutation pat1-114 as described by Mura-
kami and Nurse (1999). In brief, cells were grown in EMM to
mid-exponential phase at 25�C. Subsequent transfer to nitrogen-
free EMM for 16 h at 25�C resulted in G1 arrest, and the cells
were then shifted to 36�C to induce meiosis. Samples were
subsequently removed at regular intervals for RNA extraction,
and determination of DNA content by flow cytometry (FACS)
analysis.

Cell density in liquid culture was determined from samples fixed
in a 0.1% formaldehyde/0.1% NaCl solution. Following sonica-
tion, cells were counted electronically with a Z2 Coulter Counter.
Flow cytometry analysis (FACS) was performed as previously de-
scribed (Moreno et al. 1991), using the FACScan system and the
Cell Quest analysis program (Becton Dickinson); 10,000 cells were
analysed per time point.

To over-express genes using the pREP1 vector (Maundrell
1993) during a synchronous meiosis, cells were grown in EMM
supplemented with 5 lg/ll thiamine (nmt1+ promoter ‘‘off’’) to the
mid-exponential phase of growth at 25�C. Cells were washed three
times in thiamine-free EMM, and then grown for 16 h in EMM
without thiamine (nmt1+ promoter ‘‘on’’) or nitrogen at the same
temperature, before thermal induction of meiosis.

Table 1 Strain list
Strain No. Genotype Origin

GG 1 972h- (wild-type) Laboratory stock
GG 157 h+res2:: ura4+ ura4-D18 pat1-114 Okayama laboratory
GG 172 h-rep1:: ura4+ ura4-D18 pat1-114 Okayama laboratory
GG 190 h+pat1-114 ura-294 Laboratory stock
GG 208 h-/h-pat1-114/pat1-114 ade-M210/ade6-M216 Laboratory stock
GG 216 h+cdc10-129 pat1-114 This study
GG 248 h+ res1::ura4+ pat1-114 ura-D18 Okayama laboratory
GG 295 h-pat1-114 leu-32 Laboratory stock
GG 303 h-rep2:: ura4+ pat1-114 ura4-D18 Okayama laboratory
GG 304 h- pREP1: cdc10+ pat1-114 leu-32 This study
GG 305 h- pREP1: rep2+ pat1-114 leu-32 This study
GG 306 h- pREP1: rep1+ pat1-114 leu-32 This study
GG 307 h-cdc10-V50 pat1-114 This study
GG 344 h- pREP1: res2+ pat1-114 leu1-32 This study
GG 432 h- pREP1: res1+ pat1-114 leu1-32 This study
GG 664 h- pSPD178.3Mpat1-114 ura4-294 This study
GG 675 h+ SPIpMELb2.MCB2 pat1-114 ura4-294 This study
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DNA constructs

SPIpMELb2 (GB 169) was constructed by inserting the S. pom-
be ura4+ gene (Li et al. 1997) into the Apa I/NcoI sites of
URA3 in YIpMELb2 (Melcher et al. 2000). Integration of the
vector into the ura4 locus in fission yeast was facilitated by
digestion with Avr II, which linearised the vector within the
ura4+ gene.

DNA fragments containing the MCB2 cluster from the cdc22+

promoter (Maqbool et al. 2003), and the synthetic triple MCB se-
quence (3MCB; Lowndes et al. 1992), were cloned into SPIp-
MELb2. For MCB2 the DNA was amplified using oligonucleotides
containing Xho I restriction sites to allow cloning into both vectors.
The oligos used were GO 42 (5¢-GCGCCTC-
GAGGGTGGTAAATACCGGGAA-3¢; reverse, positions –22 to
–39 relative to the ATG) and GO 44 (5¢-GCGCCTCGAGCAT-
TGATCAACATGACTTAAAG-3¢; forward, positions –135 to –
114), to create SPIpMELb2.MCB2 (GB 307). For 3MCB the DNA
was made by self-hybridising the oligo GO 549 (5¢-TCGA-
TACGCGTAGATCTACGCGTAGATCTACGCGTA-3¢), to
create SPIpMELb2.3MCB (GB 303). pSPD178.3 M and
pSPD178.MCB2 have been described previously (Lowndes et al.
1992; Maqbool et al. 2003).

The plasmids pREP1: res1+ (GB 182) and pREP1: res2+ (GB
200) were made by amplifying the ORFs of res1+ and res2+ from
cDNA by PCR. The primers used provided an Nde I restriction site
at the ATG and a Bam HI site 3¢ to the stop codon for each gene,
which allowed the genes to be inserted in frame with the nmt1+

promoter in the pREP1 series of plasmids (Maundrell 1993). The
oligos used were (the Nde I and Bam HI sites are underlined): for
res1+, GO 170 (5¢-CGTACATATGTATAACGACCAAATAC-
ATAAAATC-3¢) and GO 171 (5¢-GGCCAGGATCCTTAA-
GATCCACTTTGATCTGTATTAATCGT-3¢); for res2+, GO 137
(5¢-CGTACATATGGCTCCACGTTCTTCCGCAGT-3¢) and GO
138 (5¢-GGCCAGGATCCTCATTTTTCTCGGGTTAATGC-3¢).

The plasmids pREP1: cdc10+, pREP1: rep1+ and pREP1:
rep2+ have been described previously (McInerny et al. 1995;
White et al. 2001). All amplified DNAs were checked by
sequencing.

RNA manipulations

S. pombe total RNA was prepared (McInerny et al. 1995) using a
Ribolyser (Hybaid) and northern blot analysis carried out using
GeneScreen membrane (NEN), following the manufacturer�s sug-
gested protocol. Northern blots were hybridised with DNA probes
made by PCR corresponding in each case to �1 kb of the ORF of
each gene. DNA probes were labelled with [a-32P]dCTP using the
random hexa-nucleotide labelling procedure of Feinberg and Vol-
gelstein (1983). Transcript profiles were quantified using NIH Im-
age software.

Gel retardation analysis

Whole cell protein extracts were generated from fission yeast cells,
and gel retardation analysis was performed as previously described
(Ng et al. 2001).

DNA fragments containing MCB motifs from the promoters
of G1-S specific genes used as labelled substrates were
amplified by PCR with the following oligos. The cdc22+ MCB1
(Maqbool et al. 2003) was obtained using the primer pair GO 36
(5¢-GTAGTTCAATCTCATAGA-3¢; forward, positions –532 to
–515 relative to the ATG) and GO 37 (5¢-CTCTGTTTAC-
GACTGAATG-3¢; reverse, positions –401 to –419). The rec8+

MCB DNA was made by hybridising the oligo GO 552
(5¢-TTTGACGCGTTTAATAAGCTATCTGGTGAACTAACG
CGTTCCT-3¢; forward, positions –53 to –10 relative to the
ATG) with GO 553 (5¢-AGGAACGCGTTAGTTCACCAGA
TAGCTTATTAAACGCGTCAAA-3¢).

Results

Co-ordinate gene transcription during pre-meiotic
S-phase in fission yeast

Previous reports have shown that a number of genes in
fission yeast are transcribed during the early stages of
meiosis. These meiotic genes include a group that are
also expressed in the G1-S interval during mitosis (e.g.
cdc22+ and cdc18+) and another group that is specific
to meiosis and includes the rec+ genes (Li and Smith
1997; Watanabe et al. 1999; Mata et al. 2002).

To begin to understand how transcription of these
genes is regulated during meiosis, we confirmed and ex-
tended previous experiments by measuring transcript
abundance for several genes during a synchronous mei-
osis. This allowed us to map more precisely the incidence
and profile of their expression. Meiosis was induced by
temperature shift in strains carrying the pat1-114 allele,
which encodes a temperature-sensitive repressor of mei-
osis (Iino and Yamamoto 1985; Nurse 1985), and is
widely used to achieve synchronous meioses in fission
yeast (Bahler et al. 1991). Diploid pat1-114 cells were
thermally induced to enter a synchronous meiosis from
G1. We measured mRNA abundance by Northern anal-
ysis in samples taken every 15 min, and correlated this
with the onset of pre-meiotic S-phase, as determined by
flow cytometry analysis. These data are shown in Fig. 1.

In agreement with previous work (Li and Smith 1997;
Mata et al. 2002), most of the genes we analysed were
induced during meiosis. Furthermore, these data show
that the two groups of genes are induced together, with
transcripts first appearing at �80 min, and reaching
high levels at �120 min. For the cdc22+ group of genes,
very low levels of transcript were present at earlier time
points (0–60 min) during meiosis. Flow cytometry indi-
cated that pre-meiotic S-phase started at between 1 and
2 h after the temperature shift, and was completed by
3 h—and was therefore coincident with the initiation of
gene expression. Such co-ordinate transcription suggests
that the same molecular processes may regulate the
expression of both groups of genes.

We also examined the transcription profile of the
genes that encode components of DSC1 in the same
experiment (see below): cdc10+ and res1+ were found to
be constitutively expressed during meiosis, whereas
rep1+ and res2+ were induced. Low levels of rep1+

mRNA were detectable as early as 15 min after the
temperature shift, i.e. before the onset of meiotic tran-
scription of the cdc22+ and rec+ groups of genes. The
rep1+ gene was not transcribed during mitosis (Fig. 1;
‘‘M’’, last lane) and is the earliest gene among this group
to be induced during meiosis. This is consistent with the
suggestion that Rep1p has a primary role in regulating
meiotic expression (Li and Smith 1997; Ding and Smith
1998). res2+ mRNA appeared at the same time as the
transcripts of the cdc22+ group of genes. Interestingly,
res2+ contains one MCB-like sequence in its promoter
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at position –34 relative to the ATG (Fig. 2A, see next
section), suggesting that its transcription may also be
under the control of DSC1. rep2+ transcripts were ab-
sent during meiosis (data not shown).

MCB sequences confer meiotic transcription
in fission yeast

The molecular components that regulate mitotic cell
cycle transcription of the cdc22+ group of genes have
been identified; transcriptional specificity is mediated by
the binding of the transcription factor complex DSC1 to

a particular DNA motif (the MCB) present in the pro-
moters of all of these genes.

It has been noted previously (Ding and Smith 1998;
Mata et al. 2002) that the promoters of the rec+ genes,
which are expressed exclusively during meiosis, also
contain sequences that resemble MCB motifs (Fig. 2A),
suggesting that these motifs may also have a role in
meiotic transcription in fission yeast. It is interesting to
note that there appears to be correlation between the
number and complexity of MCB motifs and the tran-
scriptional profile of a given gene, with meiotic-specific
genes having relatively simple arrays, and the mitotic/
meiotic genes having more complex patterns (Fig. 2A).

To test if MCB motifs have a role in meiotic tran-
scription we exploited two UAS reporter constructs,
pSPD178 and SPIpMELb2. pSPD178 is a multi-copy
plasmid containing the budding yeast cytochrome c
(CYC1) minimal promoter (Lowndes et al. 1992), and
SPIpMELb2 is an integration vector containing the
minimal budding yeast MEL1 promoter which we
adapted for use in fission yeast (see Materials and
methods). Into both plasmids were inserted DNA frag-
ments containing either three adjacent synthetic MCB
motifs (‘‘3MCB’’; Lowndes et al. 1992) or an MCB
cluster from the cdc22+ promoter named ‘‘MCB2’’
(Maqbool et al. 2003).

pSPD178.3MCB was transformed, and SPIp-
MELb2.MCB2 was integrated in single copy, into hap-
loid pat1-114 cells. Each strain was then induced to
undergo synchronous meiosis from G1 arrest. Northern
analysis of RNA obtained from the two different strains
revealed specific induction of the lacZ reporter gene,
coincident with the appearance of the endogenous
cdc22+ and rec8+ transcripts (Fig. 2B, C). These
experiments demonstrated that MCB motifs, both
synthetic and derived from a natural promoter, confer
meiotic transcription in fission yeast. These results con-
firm that MCB sequences present in the promoters of
G1-S specific genes regulate their transcription during
meiosis. Essentially identical results were also obtained
using a promoter fragment from the rec15+ gene con-
taining MCB motifs (data not shown).

Identification of a DSC1-like MCB binding complex
in meiotic cells

Having established a role for MCB motifs in meiotic
transcription we were next interested to see if a
transcription factor complex similar to DSC1 regulates
their expression. Initially, we sought to identify a DSC1-
like DNA binding complex in meiotic cells using gel
retardation analysis.

Diploid pat1-114 cells were thermally induced to enter
meiosis synchronously from G1, and samples taken ev-
ery hour to extract protein for gel retardation analysis
using a DNA fragment from the cdc22+ promoter as the
labelled substrate. No DSC1-like complex was detected
at the beginning of the experiment in G1-arrested cells,

Fig. 1 Regulation of gene expression during pre-meiotic S-phase in
fission yeast. A population of diploid pat1-114 cells (GG 208) was
thermally induced to enter a synchronous meiosis from G1, and
samples were taken every 15 min for Northern blot analysis and at
60-min intervals for flow cytometry. The Northern blot was
successively hybridised with radioactive probes for the indicated
genes, which are displayed in three groups. An asynchronous wild-
type mitotic control sample (M) is included in the last lane. Equal
loading of RNA samples was confirmed by ethidium bromide
staining of rRNA. The plots show the level of each transcript
relative to that of rRNA at each timepoint
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but 2 h after the temperature shift and entry into meiosis,
and coincident with the pre-meiotic S-phase (data not
shown), a retarded complex appeared, of similar mobil-
ity to the mitotic DSC1 complex (Fig. 3A; lanes 7–11).

In diploid pat1-114 cells that were thermally induced
to enter meiosis, but had not been pre-arrested in G1, a
DSC1-like complex was detectable throughout the
experiment (Fig. 3A; lanes 2–6), similar to that observed
previously by others (Caligiuri et al. 1997; Ayte et al.
1997). The DSC1 detected in non G1 arrested meiotic
cells is likely to represent the mitotic form of the com-
plex, which under normal conditions would be expected
to disappear, as fission yeast cells can only enter meiosis
after nitrogen starvation (Yamamoto 1996).

We also examined complexes that could bind to rec+

gene promoter fragments containing MCB motifs during
a synchronous meiosis that was induced from G1 arrest.
A DSC1-like complex was detected that bound to rec8+

and rec7+, rec11+, rec15+ MCB DNA, but differed
from that formed on the cdc22+ probe in that it was
present throughout the meiotic induction (Fig. 3B, and
data not shown).

The observation that a DSC1-like complex could
bind to rec+ gene MCB motifs throughout meiosis in
nitrogen-starved, G1-arrested cells, raised the possibility
that DSC1 might bind to these sequences in mitotic cells.
We tested this hypothesis by examining whether pro-
moter fragments containing MCB motifs from the var-
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ious rec+ genes could bind to DSC1 in mitotic cells.
When MCB motifs from the rec8+ and rec7+, rec11+

and rec15+ genes were used both as labelled substrate
and non-labelled competitor DNA, the DNAs bound to
mitotic DSC1 (data not shown).

Altering the levels of components of DSC1 affects
meiotic transcription and pre-meiotic S-phase

Having identified a DSC1-like complex in meiotic cells
in fission yeast, we were next interested to determine
whether manipulating components of DSC1 affected
meiotic transcription. We took two approaches to
examine this possibility. We first tested the effect of
mutants defective and deficient for components of DSC1
on meiotic transcription and S-phase progression. Sec-
ondly, the effect of over-expressing the same compo-
nents was studied.

In the first approach we combined mutations in genes
for individual components of DSC1 with pat1-114. This
was done in separate experiments with haploid cdc10-
129, cdc10-V50 , res1 D, res2 D, rep1 D and rep2D cells. In
each experiment samples were taken to quantify cdc22+,
rec8+ and rec11+ transcript abundance by Northern
analysis, and monitor pre-meiotic S-phase progression
by flow cytometry. These genes were chosen as repre-
sentatives of the two groups shown in Fig. 1A.

We also tested the effect of over-expression of indi-
vidual components of DSC1 on cdc22+, rec8+ and
rec11+ transcript levels during meiosis. To do this we
placed cdc10+, res1+, res2+, rep1+ and rep2+ under the
control of the regulatable nmt1+ promoter (Maundrell
1993), and separately over-expressed each gene in
haploid pat1-114 cells, and then induced synchronous

meiosis. In each case, over-expression was confirmed by
hybridising Northern blots with the appropriate probe
(data not shown).

cdc10+

In agreement with previous experiments (Beach et al.
1985), cdc10-129 cells were found to be unable to enter
pre-meiotic S-phase (Fig. 4). A likely explanation for
this observation is the fact that these cells fail to express

Fig. 3A, B A meiotic form of DSC1 that binds to MCB motifs
appears during a synchronous meiosis. A Gel retardation assay
using a cdc22+ MCB1 DNA promoter fragment as the labelled
probe with protein extracts from diploid pat1-114 cells (GG 208)
undergoing synchronous meiosis. Two cultures were induced to
enter meiosis, one was arrested in G1 by the removal of nitrogen (-
N), the other was asynchronous (+N). Samples were taken every
hour. The large arrow indicates the DSC1 complex, the small arrow
the free probe. Lane F contains free probe; for lane M 20 lg of
protein extract from dividing (mitotic) cells was used. B Gel
retardation assay using a rec8+ MCB1 DNA promoter fragment as
the labelled probe with protein extracts from G1-arrested diploid
pat1-114 cells undergoing synchronous meiosis. The large arrow
indicates the DSC1 complex, the small arrow free probe. Lane F
contains the free probe

Fig. 2A–C Distribution and functional analysis of MCB motifs
associated with genes expressed during pre-meiotic S-phase.
A Presence of MCB motifs in the promoter regions of genes
transcribed at pre-meiotic S-phase in fission yeast. The genes are
placed in two classes: those required for DNA synthesis, which are
expressed in both mitosis and meiosis; and those involved in
recombination, expressed exclusively during meiosis. In each case
the positions of the MCB motifs are numbered relative to the
translation start codon (ATG) of each gene. B Synthetic MCB
sequences confer meiotic-specific transcription in fission yeast.
Haploid pat1-114 cells containing pSPD178.3 M (GG 664) were
thermally induced to enter a synchronous meiosis from G1, and
samples were taken every 15 min for Northern analysis, and at 60-
min intervals for flow cytometry. The Northern blot was hybridised
with radioactive probes for cdc22+, rec8+ and lacZ. Equal loading
of RNA samples was confirmed by ethidium bromide staining of
rRNA. The level of each transcript, relative to rRNA, is plotted
against time. C cdc22+ MCB motifs confer meiotic-specific
transcription in fission yeast. Haploid pat1-114 cells containing
SPIpMELb2.MCB2 integrated in single copy (GG 675) were
thermally induced to enter a synchronous meiosis from G1, and
samples were taken every 15 min for Northern analysis and at 60-
min intervals for flow cytometry. The Northern blot was
successively hybridised with radioactive probes for cdc22+, rec8+

and lacZ. Equal loading of RNA samples was confirmed by
ethidium bromide staining of rRNA. Quantification of each
transcript against rRNA is shown as in B

b
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cdc22+, rec8+ and rec11+ (Fig. 4), which encode
products required for meiotic S-phase and recombina-
tion. Very low levels of rec8+ and rec11+ mRNAs were
apparent late in meiosis. However, the amounts were
significantly lower than the peak levels observed in the
wild-type samples on the same Northern blot, taken
from the experiment shown in Fig. 1 (Fig. 4; ‘‘wt 105
and 180’’). Identical results were obtained with another
mutant allele of cdc10+, cdc10-V50 (Fig. 4).

Over-expression of wild-type cdc10+ did not affect
the time at which cdc22+, rec8+ and rec11+ transcripts
first appeared, but resulted in higher transcript levels
than those observed in wild-type cells undergoing mei-
osis (Fig. 4; compare with ‘‘wt 105 and 180’’). Com-
bined, these data imply that cdc10+ is not only required
for, but has a stimulatory function in controlling meiotic
MCB-regulated gene expression.

res1+

The res1D mutation had no effect on the cdc22+, rec8+

or rec11+ expression profile during meiosis, implying it
has no role in this process. Surprisingly, therefore, over-
expression of res1+ resulted in higher cdc22+, rec8+ and
rec11+ transcript levels (Fig. 5). All three mRNAs also
appeared earlier than in wild-type cells, with cdc22+

coming up especially early, peaking at 45 min. Neither
manipulation of res1+ affected pre-meiotic S-phase
progression, at least as judged by flow cytometry (Fig. 5).

res2+ and rep1+

In both res2D and rep1D cells induction of cdc22+,
rec8+ and rec11+ transcripts was affected during mei-
osis (Figs. 6 and 7). All three transcripts were absent in
rep1D cells, but were differently altered in res2D, with
cdc22+ mRNA being undetectable and rec8+ and
rec11+ reduced compared to wild-type. Both of these
deletion mutants failed to undergo pre-meiotic S-phase,
as reported previously (Sugiyama et al. 1994; Zhu et al.
1994; Li and Smith 1997). These results suggest that
res2+ and rep1+ are required for full meiotic tran-
scription of cdc22+, rec8+ and rec11+. Over-expression
of res2+ had no effect on the levels of cdc22+, rec8+ and
rec11+ transcripts, while over-expressing rep1+ en-
hanced cdc22+ rec8+ and rec11+ transcription in cells
undergoing meiosis. This latter observation implies that
Rep1p has a stimulatory function in controlling meiotic
gene expression.

rep2+

The rep2D mutation and over-expression of rep2+ had
differing and interesting effects on cdc22+, rec8+ and
rec11+ mRNA levels (Fig. 8). In rep2D cells, higher
levels of all three transcripts were observed during mei-
osis than were detectable in a wild-type meiosis. Over-
expression of rep2+ had no effect on cdc22+ transcrip-
tion, but repressed that of rec8+ and rec11+; only ex-
tremely low levels of transcript were expressed from the
latter two genes.

In rep2D cells pre-meiotic S-phase occurred at the
same time as in wild-type cells, as indicated by flow
cytometry. In contrast, pre-meiotic S-phase was delayed
by about an hour in cells over-expressing rep2+.

Fig. 4 Role of cdc10+ in meiotic transcription and progression.
Haploid pat1-114 cdc10-129 (GG 216), pat1-114 cdc10-V50 (GG
307) and pat1-114 cells containing pREP1: cdc10+ (GG 304), were
thermally induced to enter a synchronous meiosis from G1, and
samples were taken every 15 min for Northern analysis, and at 60-
min intervals for flow cytometry. The Northern blots were
hybridised with radioactive probes for cdc22+, rec8+ and
rec11+. Control RNA lanes containing trough (105 min) and peak
(180 min) samples from the ‘‘wild-type’’ meiosis shown in Fig. 1,
and an asynchronous mitotic wild-type sample (M) are included in
the last three lanes. Equal loading of RNA samples was confirmed
by ethidium bromide staining of rRNA (data not shown). A wild-
type meiotic profile of each transcript is included for direct
comparison
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Discussion

Fission yeast meiotic gene expression

On undertaking the developmental switch between mi-
totic growth and meiosis, diploid fission yeast cells un-
dergo a programme of molecular changes that result in
DNA replication, two meiotic divisions, and the for-
mation of four haploid spores. An essential early stage in
this process is pre-meiotic S-phase: the first, reductional,

meiotic division will not occur without a preceding S-
phase (Watanabe et al. 2001).

The experiments described in this paper analyse the
transcription control system that regulates gene expres-
sion during pre-meiotic S-phase in fission yeast. We
show that a large group of genes are simultaneously
transcribed during this early stage of meiosis (Fig. 1),
the promoters of which all contain MCB motifs
(Fig. 2A). MCB motifs were shown to confer a similar
expression pattern on heterologous reporter genes dur-
ing meiosis (Fig. 2B, C), and so control transcription
during pre-meiotic S-phase in fission yeast. Further-
more, we identified a DSC1-like complex that binds to

Fig. 6 Role of res2+ in meiotic transcription and progression.
Haploid pat1-114 res2D (GG 157) and pat1-114 cells containing
pREP1: res2+ (GG 344) were thermally induced to enter a
synchronous meiosis from G1, and samples were taken every
15 min for Northern blot analysis and at 60-min intervals for flow
cytometry. The Northern blots were hybridised with radioactive
probes for cdc22+, rec8+ and rec11+. Control RNA lanes
containing trough (105 min) and peak (180 min) samples from
the ‘‘wild-type’’ meiosis shown in Fig. 1, and an asynchronous
mitotic wild-type sample (M) are included in the last three lanes.
Equal loading of RNA samples was confirmed by ethidium
bromide staining of rRNA (data not shown). A wild-type meiotic
profile of each transcript is included for direct comparison

Fig. 5 Role of res1+ in meiotic transcription and progression.
Haploid pat1-114 res1D (GG 248) and pat1-114 cells containing
pREP1: res1+ (GG 432) were thermally induced to enter a
synchronous meiosis from G1, and samples were taken every
15 min for Northern analysis and at 60-min intervals for flow
cytometry. The Northern blots were hybridised with radioactive
probes for cdc22+, rec8+ and rec11+. Control RNA lanes
containing trough (105 min) and peak (180 min) samples from
the ‘‘wild-type’’ meiosis shown in Fig. 1, and an asynchronous
mitotic wild-type sample (M) are included in the last three lanes.
Equal loading of RNA samples was confirmed by ethidium
bromide staining of rRNA (data not shown). A wild-type meiotic
profile of each transcript is included for direct comparison
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MCB motifs in meiotic fission yeast cells (Fig. 3). Loss
of function mutants for, and over-expression of, com-
ponents of DSC1 affected meiotic transcription and
progression through pre-meiotic S-phase. Combined,
these data demonstrate a role for the DSC1-MCB
transcription control system in controlling meiotic gene
expression in fission yeast.

How does the DSC1-MCB system stimulate meiotic-
specific expression? It is known that mutations in a
number of genes for components of the mitotic DSC1,
including cdc10+ and res2+, prevent or delay passage
through meiosis (Beach et al. 1985; Sugiyama et al. 1994;
Zhu et al. 1994; Li and Smith 1997; Figs. 4 and 6).

Furthermore, ectopic over-expression of res2+ induces
meiosis (Ayte et al. 1997). Deletion of rep1+ also re-
duces rec+ gene transcription during meiosis (Li and
Smith 1997; Ding and Smith 1998), and prevents
induction of res2+ (Sugiyama et al. 1994). Here we
show, both by deleting and over-expressing cdc10+,
res2+ and rep1+, that they are all required, and posi-
tively regulate expression of cdc22+, rec8+ and rec11+,
at pre-meiotic S-phase. Over-expression of cdc10+

caused over-expression of MCB-regulated genes during
meiosis (Fig. 4), a phenomenon not seen when this gene

Fig. 7 Role of rep1+ in meiotic transcription and progression.
Haploid pat1-114 rep1D (GG 172) and pat1-114 cells containing
pREP1: rep1+ (GG 306) were thermally induced to enter a
synchronous meiosis from G1, and samples were taken every
15 min for Northern blot analysis, and at 60-min intervals for flow
cytometry. The Northern blots were hybridised with radioactive
probes for cdc22+, rec8+ and rec11+. Control RNA lanes
containing trough (105 min) and peak (180 min) samples from
the ‘‘wild-type’’ meiosis shown in Fig. 1, and an asynchronous
mitotic wild-type sample (M) are included in the last three lanes.
Equal loading of RNA samples was confirmed by ethidium
bromide staining of rRNA (data not shown). A wild-type meiotic
profile of each transcript is included for direct comparison

Fig. 8 Role of rep2+ in meiotic transcription and progression.
Haploid pat1-114 rep2D (GG 303) and pat1-114 cells containing
pREP1: rep2+ (GG 305) were thermally induced to enter a
synchronous meiosis from G1, and samples taken every 15 min for
Northern analysis, and at 60-min intervals for flow cytometry. The
Northern blots were hybridised with radioactive probes for cdc22+,
rec8+ and rec11+. Control RNA lanes containing trough
(105 min) and peak (180 min) samples from the ‘‘wild-type’’
meiosis shown in Fig. 1, and an asynchronous mitotic wild-type
sample (M) are included in the last three lanes. Equal loading of
RNA samples was confirmed by ethidium bromide staining of
rRNA (data not shown). A wild-type meiotic profile of each
transcript is included for direct comparison
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is over-expressed in mitosis (Baum et al. 1997, White
et al. 2001), implying that Cdc10p-mediated transcrip-
tion is controlled differently in the two processes. As
rep1+ is exclusively expressed during meiosis under
normal conditions, and it is the first gene in this group to
be induced during pre-meiotic S phase (Fig. 1), it is
likely that it has a primary role in controlling meiotic-
specific expression of these genes.

Interestingly, res2+ is also induced during meiosis,
coincident with the other genes at pre-meiotic S-phase
(Fig. 1; Mata et al. 2002). It is likely that this gene is also
under DSC1 control, as it contains an MCB motif in its
promoter (Fig. 2A), and res2+ is not expressed in mei-
otic cells mutant for either cdc10+ or rep1+ (data not
shown). This observation implies that res2+ regulates its
own expression during meiosis, as part of a feedback
loop. As res2+ is not under the control of DSC1 during
mitosis (Whitehall et al. 1999), this meiotic-specific reg-
ulation may contribute to mediating meiotic expression
of MCB-controlled genes.

Manipulating rep2+ had interesting effects on meiotic
transcription (Fig. 8). Specifically, its deletion resulted in
higher than wild-type levels of cdc22+, rec8+ and
rec11+ RNAs during meiosis. This observation suggests
Rep2p is required to repress MCB-regulated gene
expression during meiosis. Furthermore, over-expressing
rep2+ had no effect on cdc22+ expression, but repressed
both rec8+ and rec11+. This latter result is consistent
with rep2+ having a repressive role, at least for the rec+

genes. rep2+ is not normally expressed during meiosis,
but is only transcribed during mitosis (Nakashima et al.
1995)—a property which is highly unusual in fission
yeast (Mata et al. 2002). This observation, in combina-
tion with the gel retardation data, may explain how
DSC1 results in inhibition of rec+ gene, but not cdc22+,
transcription in mitotic cells.

Gel retardation analysis led to the provocative
observation that MCB motifs in rec+ gene promoters
have alternative DSC1 binding properties. Like the
MCB motifs of the cdc22+ group of genes, they bind to
this complex in mitotic cells (Fig. 2). However, signifi-
cantly, the fact that rec+ genes are not expressed during
mitosis indicates that DSC1 causes their repression. The
simplest explanation for this is that two forms of DSC1
exist in mitotic cells: one is repressive and binds to the
MCBs of rec+ genes, and the other is stimulatory and
binds to the cdc22+ group MCBs. This difference is
probably accounted for by the variation in complexity of
MCB motifs seen in the promoters of two types of genes
(Fig. 2A), with the simpler rec+ gene arrays binding to
the repressive form of DSC1.

Finally, res1+ appears to have no role in regulating
meiotic gene transcription. We show that deleting res1+

has no effect on cdc22+, rec8+ or rec11+ expression
during meiosis (Fig. 6). This observation suggests that
res1+ is not required for meiotic transcription, which is
consistent with the finding that res1D has no effect on
mating efficiency (Tanaka et al. 1992). Surprisingly,
therefore, over-expression of res1+ resulted in cdc22+,

rec8+ and rec11+ mRNA appearing earlier than in wild-
type cells and peaking at higher levels (Fig. 6). However,
it is known that over-expression of res1+ during mitosis
results in continuous maximal transcription of MCB-
regulated genes (Baum et al. 1997). We suggest that
res1+ has similar properties when over-expressed in
meiosis, but this does not occur under normal conditions,
as the gene is only transcribed at low levels (Fig. 1; Ayte
et al. 1997). It is likely that it is this property which ac-
counts for the ability of res1+, when over-expressed, to
suppress pat1-114 induced meiosis (Tanaka et al. 1992).

To summarise the conclusions from these data, we
propose that during mitosis the mitotic form of DSC1
binds to MCB motifs in both cdc22+ and rec+ gene
promoters. It is the presence of Rep2p (along with
Cdc10p, Res1p and Res2p) in this complex that specif-
ically represses rec+ gene expression during mitosis,
whilst stimulating cdc22+ transcription. This difference
may be accounted for by alternative forms of DSC1
binding to the MCB motifs in the two promoter types,
with the relatively simpler rec+ gene promoter motifs
(Fig. 2A) being specifically repressed by Rep2p under
these conditions.

Upon nitrogen starvation and initiation of meiotic S-
phase, mitotic DSC1 is replaced by a meiotic form of the
transcription factor complex, containing Cdc10p, Res2p
and Rep1p, and possibly other components. Rep1p has
the primary role in initiating meiotic transcription, as it
is the first of these genes to be expressed at this stage.
Cdc10p has an important stimulatory role as its over-
expression induced MCB-regulated gene transcription.
res2+ contains an MCB motif in its own promoter, and
is itself regulated by DSC1 in a feedback loop to stim-
ulate its meiotic expression. It is the combination of
Rep1p and Res2p, together with Cdc10p, binding to
MCB motifs in the promoters of genes that stimulates
meiotic-specific transcription in fission yeast.

Meiotic gene expression in budding yeast

The regulation of transcription at early and later stages
of meiosis has also been extensively studied in the bud-
ding yeast Saccharomyces cerevisiae, and many mecha-
nisms of its control have been elucidated (Mitchell 1994;
Kupiec et al. 1997; Clancy 1998; Chu et al. 1998). As in
fission yeast, some genes containing MCB motifs in their
promoters, which are expressed at G1-S during mitosis,
are also induced during meiosis (Johnston et al. 1986).
However, no role for MCB sequences in meiotic tran-
scription has been established in this species (Cole and
Mortimer 1989). So the cis -acting promoter sequences
that confer early meiotic transcription in the two species
of yeasts are likely to be different. A related transcrip-
tion factor complex may be operating in budding yeast,
as homologues of cdc10+, SWI6 and SWI4, have been
reported to be transcribed during meiosis (Leem et al.
1998). In addition, deletion of SWI6 reduces expression
of RAD51 and RAD54 during meiosis, two genes
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required for meiotic recombination. However, swi6 D
cells are not delayed in pre-meiotic S-phase progression
(Leem et al. 1998), so there must also be significant
differences between the two organisms.

Fission yeast meiotic gene expression and progression

The genes regulated by the DSC1-MCB complex include
those required for pre-meiotic DNA synthesis, such as
cdc22+ and cdc18+, and those required for recombina-
tion, such as rec8+ and rec11+. Recent experiments
have suggested that the two processes of pre-meiotic S-
phase and recombination, both essential for the first
meiotic division, are not dependent on each other, and
represent two separate pathways (Muramaki and Nurse
2001). We propose that the meiotic form of DSC1,
containing Cdc10p, Res2p and Rep1p, initiates these
two pathways, as it regulates the transcription of both
groups of genes by binding to MCB-sequence motifs
present in their promoters. Thus, their specific expres-
sion, under the control of DSC1 and MCB motifs, is an
important part of meiotic progression.
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