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The number of nuclear divisions in meiosis is strictly limited to
two. Although the precise mechanism remains unknown, this
seems to be achieved by adjusting the anaphase-promoting
complex/cyclosome (APC/C) activity to degrade cyclin. Here,
we describe a fission yeast cuf2 mutant that enters into a third
nuclear division cycle, represented by ectopic spindle assembly
and abnormal chromosome segregation. Cuf2 is a meiotic
transcription factor, and its critical target is fzr1þ /mfr1þ , which
encodes a meiotic APC/C activator. fzr1D also enters a third
nuclear division. Thus, Cuf2 ensures termination of the M-phase
cycle by boosting Fzr1 expression to generate functional gametes.
Keywords: APC/C; Cdk; cell cycle; cyclin destruction; meiosis
EMBO reports (2013) 14, 553–560. doi:10.1038/embor.2013.52

INTRODUCTION
Diploid germ line cells must undergo exactly two divisions to
produce functional haploid gametes through meiosis. To achieve
this specialized cell cycle programme, the activity of cyclin-
dependent kinase Cdk1 appears to be tightly controlled during
meiosis [1–4]. In the fission yeast Schizosaccharomyces pombe, it
has been shown that the Mes1 protein inhibits full activation of the
anaphase-promoting complex/cyclosome (APC/C) after meiosis I
by blocking binding of substrates to the APC/C activators
Slp1/Cdc20/Fizzy and Fzr1/Mfr1/Fizzy-related, to protect a
portion of Cdc13/cyclin B from proteolysis by APC/C [5,6]. In

contrast, termination of meiotic divisions is thought to be
dependent on activation of APC/C by the meiosis-specific APC/C
activator Fzr1/Mfr1/Fizzy-related [7], which corresponds to Ama1
in budding yeast [8]. However, the main phenotype of the mutants
defective in these APC/C activators is deficiency in spore wall
formation rather than in cell cycle termination. Therefore, it
remains unclear how the division cycle is terminated accurately
after the second meiotic division. We investigated this issue using
the mes1 mutant, which shows premature termination of meiosis.

RESULTS AND DISCUSSION
Isolation of sms mutants that suppress the mes1 mutation
We performed a genetic screen to search for factors that might
regulate the termination of meiosis. Our strategy is illustrated
in Fig 1A. Wild-type (WT) diploid cells produce four-spore asci
(sac-like structures that contain spores in fungi) after two rounds of
meiotic division, but the mes1 mutant terminates meiosis after the
first division, producing binucleate cells without the spore wall.
We introduced random mutations into the mes1 mutant, and
chose mutants in which the early termination phenotype was
suppressed and the second division and sporulation were
resumed. We termed such mutants sms (suppressor of mes1).
Nine independent sms mutants (sms1–sms9) were isolated; the
typical phenotype of mes1 sms5 cells is shown in Fig 1B.
Hereafter, we focus on sms1 and sms5. Nearly half of mes1 sms1
and mes1 sms5 mutant cells produced four spores in an ascus,
whereas the mes1 single mutant never formed spores (Figs 1B,C).
Thus, functional Sms1 and Sms5 were expected to act as factors to
terminate meiosis.

The cuf2 and fzr1 mutants fail to terminate meiosis
Whole-genome sequencing and subsequent analyses indicated
that the sms1 gene responsible for the suppressor phenotype was
identical to fzr1þ /mfr1þ . The sms1 mutant contained a mutation
in the promoter region of the fzr1/mfr1 gene. Previous studies
suggested that Fzr1/Mfr1 is required to decrease Cdc13 levels after
meiosis II [7]. Deletion of fzr1 (fzr1D) was shown to suppress
meiotic defects of the mes1D mutant [9,10]. Fzr1 has been
implicated in spore morphogenesis: fzr1D was delayed in spore
formation and produced aberrant asci [7,11]. Nascent fzr1D
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prespores were irregularly shaped and the outer layer of spore
walls was often missing, although structural alteration of the
spindle pole body (SPB) required for spore formation occurred
normally [11]. fzr1D cells completed meiosis II normally but they
remained with high levels of Cdc13 and Cdk activity at the end of
meiosis, and cells overexpressing a non-degradable Cdc13 mutant
mimicked the sporulation-defective phenotype of fzr1D, leading
to a proposal that rapid degradation of Cdc13 by APC/C–Fzr1 was
required for the coordination of exit from meiosis and spore
formation, by analogy with the coordination of mitotic exit
and cytokinesis [7]. These previous studies, however, did not pay
precise attention to the defects of fzr1D in terms of cell cycle
progression (see below).

The sms5 gene was shown to be allelic to cuf2þ , which
encodes a meiotically upregulated transcription factor [12,13].
Cuf2 was also independently identified as a homologue of the
copper-regulatory transcription factor Cuf1. The cuf2D mutant has
been shown to have an alteration in meiotic transcriptome and
defects in spore wall formation [13]. We noticed a new meiotic
phenotype of the cuf2D mutant, that is, 19% of the cells exhibited
abnormal nuclear distribution with more than four nuclei per cell,
whereas most WT cells contained four nuclei (Fig 2A). Similar
abnormal nuclei were observed in 39% of the fzr1D cells (Fig 2A),
as reported previously [7,11]. This phenotype was barely
strengthened in the cuf2D fzr1D double mutant (40%, Fig 2A).
These results suggested that Cuf2 might play a new function to
achieve proper divisions during meiosis in the same pathways
as Fzr1/Mfr1.

To clarify how the abnormality of cuf2 was generated, we
performed tricolour live-cell imaging during meiosis, visualising
microtubules in green by GFP–Atb2 (a2-tubulin), chromatin in
blue by Htb1–CFP (histone H2B) and SPBs in red by Sfi1–mCherry
(a half-bridge protein). The WT strain with these markers under-
went meiosis II normally, in which the spindle segregated
chromosomes in anaphase II and was then disassembled
(Fig 2B; supplementary Movie S1 online). The cuf2D mutant also
underwent normal meiotic divisions until four nuclei were
produced (0 min, Fig 2C; supplementary Movie S2 online).
After spindle disassembly in meiosis II, however, the SPBs started
to assemble microtubules again (40 min) and chromosomes were
partly segregated, giving rise to the fifth cluster of chromosomes
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Fig 1 | Screen for mutants that counteract early termination of meiosis.

(A) Scheme illustrating the screening strategy. The mes1 mutant arrests

before meiosis II ‘early termination’ and generates no spores. Mutations

were introduced randomly into the mes1 mutant, and mutants in which

the ‘early termination’ phenotype was suppressed and meiosis II and

sporulation occurred were chosen. (B) Suppression of mes1 by the sms5

mutation. Mating and meiosis were induced in WT, mes1 and mes1 sms5

cells. They were stained with DAPI and merged images of fluorescence

microscopy and DIC are shown. Scale bar, 2mm. (C) Distribution of the

number of spores produced by each zygote was measured for the WT,

mes1, mes1 sms1, and mes1 sms5 strains incubated on SPA at 25 1C for

24 h (n4200 for each strain). Percentages were calculated on a diploid

zygotic cell basis. DAPI, 4’,6-diamidino-2-phenylindole; DIC, differential

interference contrast; sms, suppressor of mes1; SPA, sporulation agar;

WT, wild type.

Fig 2 | cuf2D and fzr1D cells show a defect in meiotic termination. (A) WT, cuf2D, fzr1D and cuf2D fzr1D cells were inoculated onto SPA and the

number of nuclei generated in each zygote was counted after incubation at 30 1C for 24 h. Percentages were calculated on a diploid zygotic cell basis.

The frequencies of cells with X5 nuclei in fzr1D and cuf2Dfzr1D were not significantly different (P¼ 0.79; Student’s t-test). Data are averages of three

independent experiments. (B,C) Abnormal reassembly of spindle microtubules and additional nuclear divisions were observed after meiosis II in the

cuf2D and fzr1D strains. Time-lapse images of cells expressing GFP–Atb2 (microtubules; green), Htb1–CFP (histone H2B; blue) and Sfi1–mCherry

(SPB; red) were filmed from meiosis II. (B) WT, (C) cuf2D. Movies corresponding to these panels are given in supplementary Movies S1 and S2 online.

Images for fzr1D are shown in supplementary Fig S1A online. (D) Percentages of WT, cuf2D and fzr1D cells that formed ectopic spindles after meiosis

II. Some cells also showed nuclear division. Cells were incubated on SPA at 25 1C for 24 h. (E,F) Additional duplication of SPBs and bipolar spindle

formation in fzr1D cells. Time-lapse images of cells expressing GFP-Atb2, Mis6-2mRFP (kinetochore; red) and Sid4-2ECFP (SPB; blue) were filmed

from meiosis II in WT (E) and fzr1D (F). Movies corresponding to these panels are given in supplementary Movies S3 and S4 online. Insets in (F),

indicating a bipolar spindle with kinetochore alignment (a) and a monopolar spindle with SPB duplication (b), are magnified on the right. CFP, cyan

fluorescent protein; ECFP, enhanced cyan fluorescent protein; GFP, green fluorescent protein; mRFP, monomeric red fluorescent protein; SPA,

sporulation agar; SPB, spindle pole body; WT, wild type. Scale bar, 2 mm.
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(55–75 min). This demonstrated that the cuf2 mutant was defective
in terminating nuclear divisions after meiosis II, and could enter
‘the third division’-like phase.

We next investigated whether the meiosis III-like phenotype
was also seen in the fzr1D mutant, which was previously reported
to show abnormal nuclear divisions, although it was unknown
how they were realized [7,11]. Interestingly, fzr1D mutant cells
showed ectopic spindle formation for the meiosis III-like division
at a higher frequency than cuf2D mutant cells (95% in fzr1D
versus 11% in cuf2D cells) (Fig 2D). Similarly to the WT (25 min in
WT, Fig 2E; supplementary Movie S3 online), the fzr1D cells
performed normal nuclear divisions until spindle disassembly in

meiosis II (30 min in fzr1D, Fig 2F; supplementary Movie S4
online), and they initiated an assembly of ectopic spindles
thereafter (40 min, Fig 2F). Nuclear fragmentation as seen
in cuf2D followed this spindle formation (95–115 min,
supplementary Fig S1A online). Precise movie recording suggested
that this fragmentation occurred through an attempt to
segregate chromosomes by a spindle (supplementary Movie S5
online), which was never observed in WT cells (supplementary
Movie S6 online).

To validate the terminology of ‘meiosis III-like’ division,
we characterised the phenomenon further. In this division, cells
displayed monopolar, V-shaped and bipolar spindles, although
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Fig 3 | Cuf2 is a transcription factor required for fzr1 expression. (A) Meiotic progression in synchronized WT and cuf2D cultures. Meiosis was induced

using the pat1-114 mutation, and the number of nuclei per cell was counted at each time point (n4200). (B) Levels of fzr1, cdc13 and mes1 mRNAs

at each time point were determined by quantitative RT–PCR in WT and cuf2D cells. Error bars represent s.d. (three reactions). The primary data

were normalised by the act1 mRNA levels. (C) ChIP assays. Cuf2–5FLAG or Cuf2(RQ)–5FLAG protein was immunoprecipitated from cells at meiosis

I/meiosis II transition with the anti-FLAG antibody. Quantitative PCR was performed to measure the amounts of DNA fragments (promoter regions

of respective genes) co-purified with each protein. Error bars represent s.d. (three reactions). (D) Suppression of the mes1D mutant by cuf2D was

cancelled by overexpression of Fzr1. Either mes1D cuf2D or mes1D cells overexpressing fzr1þ and control cells carrying only the vector were incubated

on SPA to induce meiosis. (Top) Colonies that produced spore walls were detected with iodine vapour, which stained them brown. (Bottom) The

number of nuclei generated in each zygote was counted (n4200). Percentages were calculated on a diploid zygotic cell basis. ChIP, chromatin

immunoprecipitation; SPA, sporulation agar; WT, wild type.
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bipolar spindles were seen less frequently and their spindle poles
appeared to be duplicated insufficiently, presumably because
each nucleus was haploid equivalent and inadequate for bipolar
chromosome segregation (Fig 2F; see also supplementary Figs
S1B,C online). When a bipolar spindle was formed, kinetochores
visualised with Mis6-2mRFP were aligned on it, to either of the
spindle poles in most cases but sometimes to the middle region
(Fig 2F Inset-a; supplementary Fig S1B online), reinforcing that
attempts to segregate chromosomes could occur in the meiosis
III-like division. Quantitative analyses of the frequency of
emergence for each type of spindle are summarised in
supplementary Table S1 online. These ectopic spindles were
assembled much later than the disassembly of the meiosis II
spindles, when the forespore membrane completed nuclear
constrictions (supplementary Fig S2 online). Taken together, it
appears unlikely that they merely represent a remnant of spindles
produced in meiosis II.

fzr1þ is a critical target of Cuf2
Given the resemblance of the mutant phenotypes, how is Cuf2
related to Fzr1 in the repression of meiosis III-like division? As
Cuf2 is a transcription factor upregulated during meiosis, it is
possible that Cuf2 boosts the fzr1þ expression during meiosis,
although a previous microarray analysis reported that deletion of
cuf2 did not significantly alter the fzr1þ transcript level [13]. To
investigate this possibility, we performed quantitative RT–PCR
analysis of messenger RNAs purified from WT and cuf2D cells
undergoing synchronized meiosis induced by the temperature-
sensitive pat1-114 mutation. In both strains, binucleate and
tetranucleate cells peaked with similar kinetics after the tempera-
ture shift, confirming that the cuf2D mutant has no apparent
defects in meiotic progression until meiosis II (Fig 3A). After
the completion of meiosis II, abnormal nuclear fragmentation
began to be seen in cuf2D (X5 nuclei, Fig 3A). The kinetics of
cuf2D meiosis was also comparable to that of fzr1D reported
previously [7,10], although the frequency of generation for X5
nuclei was not mentioned in these reports.

In quantitative RT–PCR analysis, we found that the transcription
of fzr1þ mRNA in cuf2D was decreased to 54% of that in
WT during the transition phase from meiosis I to meiosis II
(3–4 h, Fig 3B). In contrast, the expression of cdc13þ (cyclin B)
or mes1þ , important for the progression of meiosis II, did
not differ significantly between the two strains throughout
meiosis (Fig 3B).

To examine the direct involvement of Cuf2 in transcription of
the fzr1þ gene, chromatin immunoprecipitation (ChIP) assay was
performed. Cuf2 tagged with five copies of the FLAG epitope
(Cuf2–5FLAG) was efficiently co-precipitated with the promoter
region of fzr1þ , but not with that of cdc13þ or mes1þ (Fig 3C).
The cuf2 mutant isolated in the original sms screen contained the
R19Q mutation (substitution of arginine 19 to glutamine) within
the putative DNA-binding domain inferred from a homology to
Cuf1 [13]. Notably, the Cuf2(RQ)–5FLAG mutant protein did not
significantly precipitate the fzr1 promoter fragment (Fig 3C),
strongly suggesting that Cuf2 directly activates transcription of
fzr1þ mRNA during meiosis, although it is unlikely to be the sole
transcription factor for fzr1þ . Whether the residual binding of WT
Cuf2 to the promoter region of cdc13þ or mes1þ is meaningful or
not remains inconclusive. Cuf2–GFP localised to the chromatin

structure in the nucleus in anaphase II, whereas the mutant protein
Cuf2(RQ)–GFP dispersed to the cytoplasm (supplementary Fig S3
online). This was consistent to the ChIP results, as previous studies
indicated that nucleoplasmic proteins, which do not associate
with nuclear structures such as the chromatin or spindle, do not
remain in the nucleus in anaphase II [14,15]. While the binucleate
phenotype of the mes1 mutant was suppressed by the cuf2
mutation (Fig 1B,C), this suppression was cancelled when Fzr1
was artificially overexpressed from a multicopy plasmid (Fig 3D).
Overexpression of Fzr1 in WT generated mono- and binucleate
cells, but more than 50% cells possessed four nuclei in this case.
Thus, we concluded that Fzr1 is a crucial target of Cuf2 to end the
M-phase cycles in meiosis.

Cdc13/cyclin B persists after meiosis II in cuf2D
We finally examined whether the reduction of fzr1þ mRNA in
cuf2D indeed resulted in a lack of Fzr1 protein during meiosis, and
if this lack in turn stabilized the B-type cyclin Cdc13. In WT cells,
the amount of Cuf2–GFP protein expressed from the endogenous
promoter exhibited a spike at meiosis II (3.5–4.25 h, Fig 4A;
supplementary Fig S3 online), which was relayed to a spike of
Fzr1 protein expression from meiosis II onwards (3.5–5.0 h).
This is consistent with the notion that Cuf2 boosts transcription
of fzr1þ mRNA (Figs 3A–C). The expression of Fzr1 limited
to this timing caused constrained expression of Cdc13, which
diminished during meiosis II (3.75–4.25 h, Fig 4A). In cuf2D cells,
Fzr1 was less abundant and Cdc13 persisted until the end of
meiosis II (4.75 h, Fig 4B), as in fzr1D cells [7,10]. In line with
biochemical results, live-cell imaging detected accumulation of
Cdc13 to SPBs during the meiosis III-like phase in both cuf2D
and fzr1D cells, whereas in WT cells Cdc13 disappeared after
anaphase II (Fig 4C). Securin/Cut2, another well-established
substrate of APC/C, exhibited similar behaviour to Cdc13
(Fig 4D,E): it disappeared in anaphase II (15–35 min, Fig 4E) and
reaccumulated to the ectopic spindle long after meiosis II was
terminated (70–85 min).

Taken together, these results suggest that the meiosis III-like
division is an additional round of nuclear division, rather than just
an aberrant extension of meiosis II. This was supported by the
observations that microtubules, cyclin and securin similarly
repeated synchronous disappearance and reappearance after
meiosis II, and that they led to irregular SPB duplication and
chromosome segregation in the next round.

The mechanism of terminating the meiotic cycle
This study revealed the mechanism by which meiotic cells
terminated the consecutive nuclear divisions after meiosis II,
prohibiting the entry to meiosis III (Fig 4F). If Cdk1 activity was
completely downregulated after anaphase I, as in mitotic exit,
there would be a potential risk of early termination of meiosis
without performing meiosis II. To avoid this, Mes1 inhibits APC/C
to maintain Cdc13 until onset of meiosis II. Owing to this
continual competency of Cdk1, cells in turn need to top up the
APC/C activity after anaphase II to completely shut off the Cdk1
activity. Previous studies indicated that the meiosis-specific APC/C
activator Fzr1/Mfr1 is required to degrade Cdc13 after meiosis II,
and that this degradation is important for coordinated spore wall
formation [7,10,11]. In Saccharomyces cerevisiae also, the Fzr1
homologue Ama1 has been shown to coordinate the exit from
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meiosis II with spore wall formation [16]. However, it remained
unclear how significant Fzr1 is in termination of the meiotic cycle,
and how Fzr1 expression is upregulated during meiosis. In this
study, we demonstrated that Fzr1 is a critical factor responsible for
the termination of meiosis, as evidenced by the meiosis III-like
division frequently seen in fzr1D cells. Furthermore, we found that
Fzr1 is upregulated at the transcriptional level by the transcription
factor Cuf2. Thus, timely Cdc13 proteolysis promoted by the
Cuf2–Fzr1–APC/C pathway prevents cells from entering a third

division, besides facilitating coordinated spore wall formation, to
ensure the exit from meiosis II.

Some ascomycete species, including Schizosaccharomyces
japonicus, undergo post-meiotic mitosis to produce eight spores.
The occurrence of meiosis III-like division in S. pombe revealed in
this study suggests that the extra division in these species might
also be assured by a mechanism to lower the APC/C activity.
Meiosis III-type phenomena have been observed in mouse,
bovine, plant and ascidian meioses [17–20]. In mouse and
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ascidian meioses, proper regulation of Mos–MAPK activity is
essential to avoid the entry to meiosis III [19,21,22], although this
is unlikely to be a universal mechanism according to studies in
other species, including amphibians [23]. In Arabidopsis thaliana,
initiation of meiosis II is regulated by a close homologue of fission
yeast Mes1 [24]. As yeasts and plants do not appear to have the
Mos–MAPK pathway that regulates APC/C, the transcription
machinery conducted by meiotic transcription factors including
Cuf2 might have developed to enhance the APC/C activity to
terminate meiosis in these organisms.

METHODS
Yeast strains and genetic methods. Strains used in this study are
listed in supplementary Table S2 online. Standard PCR-based
gene targeting methods were used to create gene disruptants
and epitope-tagged strains, in which the tagged gene replaced the
endogenous gene [25–28]. Sporulation agar medium was used for
the induction of mating, meiosis and sporulation of homothallic
(h90) strains. To identify the sms1 and sms5 genes of the mutant,
we performed whole-genome sequencing using GAIIx (Illumina),
the experimental conditions of which are described in
supplementary Methods online.
Microscopy. Live-cell imaging was performed with the
DeltaVision-SoftWoRx system (GE Healthcare) as described
previously [28]. Cells undergoing mating and meiosis on
sporulation agar were mounted onto glass-bottomed dishes
(Matsunami) precoated with lectin, and the dishes were filled
with liquid minimal medium without nitrogen. Images were
acquired as serial sections along the z-axis and stacked using the
‘quick projection’ algorithm in SoftWoRx. For images in Fig 1B,
fixed cells were stained with DAPI (Wako Pure Chemicals).
DIC and DAPI images were taken with an AxioPlan 2 fluorescence
microscope (Zeiss) operated by the SlideBook software
(Leeds Precision).
Induction of synchronized meiosis. To induce synchronized meiosis,
the diploid pat1-114þmat-Pc system was employed [29–31].
In brief, cells grown to the mid-log phase in the rich medium YE
(yeast extract) were washed and transferred to minimal medium
without nitrogen. After incubation at 25 1C for 7h to arrest cells at G1
phase, temperature was shifted up to 34 1C to inactivate Pat1 kinase.
Aliquots of cells were then collected at the time indicated and lysed
for biochemical analyses. To score the number of nuclei in each
cell, cells were fixed with methanol and stained with DAPI
(4’,6-diamidino-2-phenylindole; Wako Pure Chemicals).

Biochemistry and quantitative PCR techniques. Details of
biochemical experiments using RNA and protein extraction,
ChIP assays, and quantitative PCR assays are described in
supplementary Methods online. Oligos used for quantitative PCR
assays are listed in supplementary Table S3 online.

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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