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Translesion synthesis polymerases contribute to meiotic
chromosome segregation and cohesin dynamics in
Schizosaccharomyces pombe

ABSTRACT
Translesion synthesis polymerases (TLSPs) are non-essential
error-prone enzymes that ensure cell survival by facilitating DNA
replication in the presence of DNA damage. In addition to their role in
bypassing lesions, TLSPs have been implicated in meiotic doublestrand break repair in several systems. Here, we examine the joint
contribution of four TLSPs to meiotic progression in the fission yeast
Schizosaccharomyces pombe. We observed a dramatic loss of spore
viability in fission yeast lacking all four TLSPs, which is accompanied
by disruptions in chromosome segregation during meiosis I and II.
Rec8 cohesin dynamics are altered in the absence of the TLSPs.
These data suggest that the TLSPs contribute to multiple aspects of
meiotic chromosome dynamics.
KEY WORDS: DNA repair, Meiosis, Translesion synthesis, S. pombe,
Rec8, DDK

INTRODUCTION

Faithful transmission of genetic information across generations
relies upon high fidelity polymerases during DNA synthesis. These
are largely error free due to 3′–5′ proof-reading activities (Prakash
et al., 2005; Rattray and Strathern, 2005). However, these replicative
polymerases are unable to synthesize beyond helix distorting lesions
such as abasic sites, base dimers, and bulky adducts (Prakash et al.,
2005; Rattray and Strathern, 2005). Rather, the replicative
polymerase will stall potentially leading to deleterious doublestrand breaks or fork collapse (Alexander and Orr-Weaver, 2016;
Zeman and Cimprich, 2014).
Translesion synthesis polymerases (TLSPs) are capable of
synthesis beyond distorting lesions at the cost of being error prone.
Many have error rates exceeding one in one thousand (Goodman,
2002). However, this allows DNA synthesis and cell cycle
progression to continue (Waters et al., 2009). TLSPs also contribute
to genomic stability by gap filling (Heller and Marians, 2006). There
are now well over a dozen described TLSPs in human cells, several of
which are conserved in the budding and fission yeasts (Prakash et al.,
2005; Rattray and Strathern, 2005). In budding yeast two TLSPs, Polζ
and Rev1, initiate microhomology-mediated break-induced
replication (MMBIR), especially in cases where break-induced
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replication pathways are inactivated (Sakofsky et al., 2015).
MMBIR allows for cell survival by preventing replication failure,
but has the consequence of creating complex genomic rearrangements
that are implicated in many human diseases (Carvalho et al., 2010;
Hastings et al., 2009; Liu et al., 2012; Ottaviani et al., 2014; Sakofsky
et al., 2015). Evidence suggests that TLSP function is regulated in part
by the conserved DDK kinase that is active in S phase (Brandão et al.,
2014; Day et al., 2010). Increasing the expression of TLSPs causes
hypermutation (Bavoux et al., 2005; Bergoglio et al., 2002; Kim et al.,
1997; Ogi and Lehmann, 2006). Thus, TLSPs are a double-edged
sword, requiring careful regulation to preserve genome stability.
Fission yeast has four known TLSPs: Rev1, Pol ζ, Eso1, and Pol κ
(also known as Mug40 and Kpa1) (Deshpande et al., 2009; Kai and
Wang, 2003; Tanaka et al., 2000). These are not essential for
viability but contribute to DNA repair and genome integrity
(Callegari and Kelly, 2016; Callegari et al., 2010; Coulon et al.,
2010; Tanaka et al., 2000). Eso1 is unique in Schizosaccharomyces
pombe in that it is a gene fusion of two proteins that are encoded
separately in other organisms, the essential cohesin acetyltransferase
Eco1, and DNA Pol η (also known as Rad30 in budding yeast
and POLH in mammals); this compound protein might be split
post-translationally (Chen et al., 2014; Tanaka et al., 2000).
Meiosis is a differentiation pathway that reduces diploid cells to
haploid gametes. A key feature of meiosis in most eukaryotes is the
process of genetic exchange through physical recombination
(Hochwagen, 2008; Ohkura, 2015). Previously, a connection
between TLSPs and meiosis in S. pombe was shown through the
regulatory subunit of the DDK kinase, Dfp1 (also known as Him1;
Le et al., 2013). Dfp1 is required for the error prone pathway of postreplication repair (PRR) where the TLSPs also function (Le et al.,
2013). A truncation allele, dfp1-r35, is defective in induced
mutagenesis, indicating that it has a role in TLSP activity. This
mutant also has striking defects in meiosis, including disruptions of
replication, induction of programmed double-strand breaks and
chromosome segregation (Le et al., 2013).
A role for TLSPs in meiosis can be inferred, because their gene
expression is increased in synchronous S. pombe meiotic cells (Mata
et al., 2007). This increase is even more profound than that seen
in many environmental stress situations such as H2O2 treatment
(Chen et al., 2003; Kawamoto et al., 2005; Mata et al., 2007).
Transcriptional upregulation in meiotic cells is not limited to fission
yeast. In humans and mice, pol η has enriched expression in the
testis, specifically in the spermatotids in the mouse (McDonald et al.
1999). This transcriptional upregulation may be indicative of a
meiotic role for these polymerases.
One attractive model for a meiotic function of TLSPs may be
meiotic double-strand break repair. Two studies have demonstrated
in vitro that Pol η can perform D-loop extension during homologous
recombination (HR) in double-strand break repair (DSB) using
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either purified human or budding yeast Pol η (Li et al., 2009;
McIlwraith et al., 2005) indicating that the ability of Pol η to
perform D-loop extension is conserved. In budding yeast, TLSPs
contribute to mutagenesis during HR in meiosis, potentially aiding
in genetic diversification (Arbel-Eden et al., 2013).
In this study we investigate the role of TLSPs in S. pombe meiotic
progression. We describe a phenotype of chromosome missegregation due to the simultaneous loss of all four TLSPs in
S. pombe. Furthermore, we show that these TLSPs do not
substantially affect meiotic DSB repair and recombination. Rather,
our data suggest a combined role in cohesion dynamics.
RESULTS
Spore viability is reduced in TLSP mutants

In order to determine the magnitude of contribution to meiotic
progression, if any, of the TLSPs in S. pombe, we analyzed spore
viability using random spore analysis. The largest reduction in
spore viability was in the quadruple TLSP mutant lacking all four
proteins (Fig. 1A). Each single TLSP mutant showed a modest, but
statistically significant reduction in spore viability. eso1Δη (deletion
of the pol η homology region only) and rev1Δ had similar reductions
in viability compared to the viability of wild type, to 64% and 61%
respectively. kpa1Δ showed a very modest reduction to 81% of wildtype viability, whereas rev3Δ (encodes a subunit of Pol ζ) had a 47%
relative viability. The quadruple mutant, which we termed quadΔ,
showed a reduction to 16% relative viability. This is comparable to
the 19% relative viability observed in rec12Δ, which fails to make
meiosis-specific DSBs and thus lacks all recombination (Fig. 1A)
(Sharif et al., 2002). We observed little to no reduction in mitotic
viability, as assessed by plating efficiency, in any single mutant or in
the quadruple mutant, which indicates that the failure to observe
spore colonies is not due to mitotic defects during spore outgrowth,
but likely represents a failure in meiosis (Fig. 1B).
Each mutant had a characteristic sensitivity to DNA damaging
agents during vegetative growth (Fig. 1C). We observed, as was
previously reported, that eso1Δη shows enhanced sensitivity to
ultraviolet radiation (Tanaka et al., 2000). kpa1Δ showed enhanced
sensitivity to the alkylation damage from methyl methanesulfonate
(MMS), which is consistent with a predicted role in nucleotide
excision repair (Ogi and Lehmann, 2006). In contrast, rev3Δ had a
significant sensitivity to the topoisomerase inhibitor, camptothecin
(CPT), which causes S phase specific breaks by inhibition of
topoisomerase (Ryan et al., 1994). Unexpectedly, rev1Δ had
sensitivity to the spindle poison, thiabendazole (TBZ), which is
typically seen for mutants affecting mitotic segregation. Interestingly,
the quadΔ showed a less severe phenotype when challenged with
CPT and TBZ compared to single mutants (rev3Δ and rev1Δ,
respectively). It appears that in some situations the lack of all four of
the polymerases is less deleterious than the absence of one.
The quadruple TLSP mutant has normal meiotic
recombination, DSB repair, and progression

There is increased expression of fission yeast TLSPs in meiosis but
with differing timings (Mata et al., 2007). Kpa1 and Eso1 are
expressed early in the meiotic program, during meiotic DNA
synthesis, while Rev1 and Rev3 reach a maximum around meiosis I
(MI) and meiosis II (MII). We examined whether the spore viability
defect in the quadΔ reflects defects in recombination, which occur
early in the meiotic program. In rec12Δ cells that completely lack
meiotic DSBs, there is a loss of spore viability to 19% that of wild
type, which is similar to that of the quadruple deletion mutant
(Fig. 1A) (Pankratz and Forsburg, 2005; Sharif et al., 2002). In
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contrast, if meiotic DSBs are made, but there is a catastrophic failure
of DSB repair, spore viability drops to near zero (Boddy et al., 2001;
Catlett and Forsburg, 2003; Cromie et al., 2006; Lorenz et al., 2012;
Osman et al., 2003). We examined the formation of DSBs using
pulse-field gels of whole chromosomes from a diploid where
synchronous meiosis was induced using the pat1-114 temperature
sensitive allele (Mastro and Forsburg, 2014; Pankratz and Forsburg,
2005). In wild-type cells, meiotic DSBs were visualized as a smear
below the intact chromosomes. These occurred between 3 and 4 h
and were resolved by 5 h. This trend was similar in wild type and
quadΔ (Fig. 2A). Thus, there appears to be no gross disruption in
meiotic DSB occurrence or repair dynamics in the absence of all four
TLSPs. Consistent with this, the overall timing of pre-meiotic S
phase and meiotic divisions were similar in both wild type and
quadΔ, as measured by timing of nuclear divisions and meiotic S
phase (Fig. 2B,C).
Next, we examined the resolution of the breaks by examining
inter-homolog recombination between two markers on chromosome
II that are approximately 76 kb apart. In wild-type cells this resolved
as a genetic distance of 8.34 cM. All the single and quadruple mutant
TLSPs maintained similar levels of recombination as the wild type
with no significant differences with the exception of kpa1Δ, which
had a slight reduction in homolog recombination in this interval
(Fig. 2D,E). Thus, the defects causing failure of meiosis are not due
to gross defects in the program of meiotic recombination.
The quadruple TLSP mutant has disrupted chromosome
segregation in meiosis

We examined the dynamics of meiotic progression using live-cell
imaging of a normal diploid (i.e. not induced by pat1). We used a
strain where one copy of chromosome I carries a lacO array adjacent
to the centromere, and that expresses LacI–GFP and histone H3
tagged with mRFP (H3–mRFP) (Tomita and Cooper, 2007). We
observed that the quadΔ generated additional H3–mRFP bodies
during MI and MII divisions (10.47% and 13.25% of divisions,
respectively) (Fig. 3A–D; Movie 2). This could be due to
fragmentation or mis-segregation. MI and MII fragmentation was
significantly less frequently observed in wild type compared to the
quadΔ [3.76% and 3.88%, respectively (P=0.046 and P=0.013;
Fisher’s exact test)] (Fig. 3A–D; Movie 1). There was also a
significant increase in any type of meiotic abnormalities during
MI (i.e. uneven segregation or fragmentation) in the quadΔ
compared to in wild type (P=0.0036 and P=0.0065, respectively)
(Fig. 3A–D; Movies 1,2). We also observed an increase in the
frequency of unequal nuclear divisions during MI and MII in
quadΔ (MI=10.47% and MII=3.61%) compared to in wild type
(MI=0.75% and MII=0.00%) (Fig. 3A–D). Taken together, these
observations suggest defects in overall chromosome segregation,
which could represent chromosome fragmentation, nondisjunction,
or premature sister chromatid separation.
We monitored LacI–GFP foci associated with a lacO array
integrated proximal to the centromere in one copy of chromosome I
to distinguish reductional (MI) versus equational (MII) division.
During MI division (reductional) in wild type, the sister chromatids
remain associated while the labeled and unlabeled homologs
separate, so the LacI–GFP focus remains in a single nucleus. In the
MII division (equational), the sister chromatids segregate, leading to
separation of two LacI–GFP foci into adjacent spores. The
reductional and equational divisions are dependent on meiotic
cohesin Rec8, and its step-wise cleavage (Yokobayashi et al., 2003).
In a rec8Δ mutant, the absence of proper cohesion at the centromere
leads to an equational MI division and premature sister chromatid
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separation (Yokobayashi et al., 2003). Conversely, if there is a
failure of Rec8 cleavage so that the protein persists, the sisters will
not separate during MII, and this nondisjunction resembles a
reductional division (Kitajima et al., 2003). The quadΔ strain
showed a statistically significant increase in nondisjunction or

non-separation in MII compared to wild type (P=0.0026) but not in
MI, indicating a failure to segregate sister chromatids properly
during the equational division (Fig. 3B,E).
Next, we asked whether the additional histone signals observed in
the LacI–GFP/H3–mRFP co-expression experiments are whole
3
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Fig. 1. Spore and mitotic viability. (A) Spore
viability relative to wild type (WT) was analyzed via
random spore analysis by plating the following
number of spores for each sample group: WT
(1251×5207)=27,800, rec12Δ (4561×5268)=7800,
eso1Δη (5262×5269)=6800, kap1Δ (7616×7685)=
12,000, rev1Δ (5401×5466)=4000, rev3Δ
(5259×5263)=4000 and quadΔ (6664×6716)=8500.
Data was pooled between technical and biological
replicates and analyzed as categorical data. Data
shown are mean±s.e.m. calculated for categorical
data. (B) Mitotic plating efficiency relative to wild
type was determined by plating the following
number of cells for each group: WT (1251,
5207)=9000, eso1Δη (5262)=9000, kap1Δ (5258,
5270)=6000, rev1Δ (5401, 5466)=9000, rev3Δ
(5259, 5263)=7500 and quadΔ (6664, 6716)=9500.
Data was pooled between technical and biological
replicates and analyzed as categorical data. Data
shown are mean±s.e.m. calculated for categorical
data. (C) Long-term drug sensitivity assays (YES,
untreated control; HU, hydroxyurea). rad3Δ (3070)
is shown as a positive control and WT is the negative
control for the drug plates. Other strains shown are
eso1Δη (5262), kap1Δ (5258), rev1Δ (5466), rev3Δ
(5259) and quadΔ (6716). Cells plated in 5× serial
dilutions on minimal medium containing the
concentrations of the indicated drugs are shown.
The images are representative of three biological
replicates each with two technical replicates. Strain
numbers for strains used and for parental strains in
crosses are given in brackets, see Table S1 for
details.
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chromosomes or fragments. We examined segregation in a strain
with H3-mRFP and the telomere protein Taz1 tagged with GFP
(Taz1–GFP). We reasoned that whole chromosomes would always
contain a telomere, but a chromosome fragment might not. It was
previously shown that mutants that suffer from failures in DSB
repair have mis-segregating histone signals that lack Taz1–GFP
signals, while mutants with failures in whole chromosome
separation, such as rec12Δ, have a Taz1–GFP signal on the missegregating histone body (Mastro and Forsburg, 2014). We
observed a difference in Taz1–GFP signal between MI and MII
mis-segregations in the quadΔ (Table 1). Only 55% of missegregated histone bodies had a Taz1–GFP signal associated,
suggesting that a fraction of these are some sort of chromosome
fragmentation, whereas all MII mis-segregating histone bodies had
at least one Taz1–GFP signal, suggesting that these segregations
involve a whole chromosome.
Rec8–GFP dynamics and recruitment are altered in quadΔ

We reasoned that uneven chromosome segregation and failed
equational divisions in the quadΔ mutant could reflect disruptions or

misregulation of the meiosis-specific cohesin Rec8. We have
previously shown that the DDK regulatory subunit Dfp1 contributes
to the error prone TLS pathway in mitotic cells, and also that disruption
of dfp1 results in misregulation of Rec8 (Dolan et al., 2010; Le et al.,
2013). DDK also interacts with the Swi1–Swi3 proteins in the fork
protection complex, mutants of which also have a meiotic defect
(Escorcia and Forsburg, 2017). We examined the dynamics of Rec8–
GFP using live-cell imaging of asynchronous diploid meiotic cultures.
Rec8 has very characteristic visual patterns as cells go through
meiosis (Escorcia and Forsburg, 2017; Mastro and Forsburg, 2014;
Watanabe et al., 2001). As seen previously, we observed that
wild-type cells show a pan-nuclear signal which is reduced to two
single puncta shortly following the MI division, indicating Rec8–
GFP had been released from the chromosome arms but maintained
at the centromeres (Fig. 4A; Movie 3) (Escorcia and Forsburg, 2017;
Le et al., 2013; Watanabe and Nurse, 1999). These puncta
disappeared just prior to MII, indicating that Rec8–GFP had been
fully removed from the chromosomes. These dynamics are
dramatically altered in the quadΔ mutant. There was a modest but
significant delay in the disappearance of the pan-nuclear signal in
4
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Fig. 2. Recombination and synchronous meiosis. (A) Representative image of three biological replicate pulse-field gel electrophoresis experiments showing
chromosomes I, II, and III with lower molecular weight programmed meiotic double-strand breaks for wild type (WT; 2057×3500) and quadΔ (6671×7117).
(B) Flow cytometry data showing replication progression during meiotic time course. Data shown are representative of at least three biological replicates. (C) DAPI
staining of meiotic progression of 1, 2 and 3+ DAPI-stained nuclear masses, representative of three biological replicates for WT (2057×3500) and quadΔ
(6671×7117). (D) Graph of meiotic recombination frequency between his4-239 and lys4-95 on chromosome II. The sample size for each group is as follows: WT
(1251×5207)=17,714, rec12Δ (4561×5268)=969, eso1Δη (5262×5269)=2762, kap1Δ (7616×7685)=6169, rev1Δ (5401×5466)=1201, rev3Δ (5259×5263)=1544
and quadΔ (6664×6716)=874. Data was pooled between technical and biological replicates and analyzed as categorical data. Data shown are mean±s.e.m.
calculated for categorical data. Fisher’s exact test was used to determine significance compared to WT (rec12Δ P<0.0001, eso1Δη P=0.4762, kpa1Δ P<0.0001,
rev1Δ P=0.7092, rev3Δ P=0.2354, quadΔ P=07,948; ****P<0.0001). (E) Genetic distance in cM between His-4 and Lys-4 on chromosome II for WT and mutants,
as calculated using the following formula: (2(His+Lys+)/total colonies)×100. Strain numbers for parental strains in crosses are given in brackets, see Table S1 for
details.

RESEARCH ARTICLE

Journal of Cell Science (2020) 133, jcs238709. doi:10.1242/jcs.238709

the quadΔ mutant compared to disappearance in the wild type (17
and 10 min, respectively). Conversely, we observed that quadΔ had
a significantly shorter duration of the Rec8–GFP foci compared to
that in wild type (32 min and 55 min, respectively) (Fig. 4B;
Movie 4). This suggests there may be a delay in the removal of Rec8
from chromosome arms during MI, but that it may be prematurely
removed from the centromere during MII. The premature loss of
Rec8–GFP in MII was also seen in the absence of replication fork
mutants swi1 and swi3 (Escorcia and Forsburg, 2017).
Table 1. Taz1–GFP signal for quadΔ (7691×7692) H3–mRFP
mis-segregating bodies
Type of H3–mRFP Body

MI

% MI

MII

%MII

Taz1–GFP-plus
Taz1–GFP-minus
Total

11
9
20

55
45

20
0
20

100
0

Rec8 dynamics are regulated through phosphorylation.
Phosphorylation by the kinases DDK and CK1 is required for
Rec8 cleavage at the centromere (Ishiguro et al., 2010; Le et al.,
2013). In contrast, dephosphorylation by Sgo1–PP2A prevents
Rec8 cleavage (Ishiguro et al., 2010). We examined Rec8–GFP
phosphorylation and overall protein levels through meiosis in a
pat1-114-driven synchronous meiosis in diploids (Fig. 4D) (Bähler
et al., 1991; Escorcia and Forsburg, 2017; Le et al., 2013; Mastro
and Forsburg, 2014). Using the completion of MI as time 0 h, Rec8–
GFP was visible at −4 h through to 2 h, with the slower migrating
phosphorylated species present in wild type at −2 h through to −1 h
(Le et al., 2013; Parisi et al., 1999; Rumpf et al., 2010). The
phosphorylation at one hour prior to MI in the quadΔ mutant was
modestly reduced compared to that in wild type (P=0.0317)
(Fig. 4C,D; Fig. S1). There was no significant change in Rec8–
GFP levels between wild type and quadΔ when Rec8–GFP was
compared to total protein, although there was a trend of the quadΔ
5
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Fig. 3. Meiotic chromosome segregation. Quantification of meiotic abnormalities for wild type (WT; 5608×5787) and quadΔ (7168×7117). (A,B) Meiotic
abnormalities include histone fragments during segregation and uneven nuclear segregations. Scale bars: 10 μm. (A) Representative images showing H3–mRFP
and LacI–GFP on chromosome I for WT (MI, n=133; MII, n=129). The top row shows H3 and LacI on chromosome I. Second row shows H3. The third and fourth
rows show LacI–GFP signals binding to the lacO on chromosome I. The dotted outlines represent the cell boundary and arrows indicate the LacI signals.
(B) Representative images showing quadΔ (MI, n=86; MII, n=83), as in A. The black and white arrows indicate LacI signals and the yellow arrows indicate
fragmented H3 signals. In the second row, an uneven segregation event is indicated by a dotted circle. In the third and fourth row the cell boundary is indicated with
a dotted line. (C,D) Quantification of meiotic errors observed in live-cell imaging. Significance was calculated using a Fisher’s Exact Test (MI, P=0.0036; MII,
P=0.0065; MI and MII, P=0.1643; **P<0.01; NS, not significant). (E) Quantification of LacI–GFP segregation in MI and MII. The percentage of MI or MII divisions
that were reductional is shown in black, and the percentage of divisons that were equational is shown in gray. Significance was calculated using a Fisher’s Exact
test (MI, P=0.793; MII, P=0.0026; **P<0.01; NS, not significant). Data in C–E are from experiments that tracked individual cells (WT MI, n=133; WT MII, n=118;
quadΔ MI, n=87; quadΔ MII, n=80). Strain numbers for parental strains in crosses are given in brackets, see Table S1 for details.
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having reduced levels of Rec8–GFP at 4 h and 2 h prior to MI
(Fig. 4E). Taken together, these data show that the quadΔ mutant has
an observable change in Rec8–GFP dynamics in meiosis as well as a
reduction in phosphorylation levels of Rec8.

One explanation for the reduced Rec8 protein levels in the live-cell
imaging and reduced phosphorylation of Rec8 in the western blots is
that Rec8 is not effectively deposited on the chromatin in the absence
of the TLSPs. It is possible that Rec8 phosphorylation and
6
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Fig. 4. Rec8 dynamics. (A) Live-cell
imaging of Rec8–GFP; schematic of
pan-nuclear versus focus formation
during meiosis for wild type (WT;
6137×6138) and quadΔ (7428×7402).
(B) Quantification of the Rec8–GFP livecell imaging. For WT, 52 cells were used
to assess pan-Rec8–GFP signals, 41
cells were used to assess MI focus and 43
cells were used to assess MII focus. For
quadΔ 121 cells were used to assess panRec8–GFP signals, 117 cells were used
to assess MI focus and 117 cells were
used to assess MII focus. *P=2.95×10-9,
**P=7.91×10-17 (two-tailed t-test).
(C) Representative western blot of Rec8–
GFP and total protein determination of
synchronous diploid meiosis using pat1114/mat2-102 for WT (6332×6336) and
quadΔ (7402×7501). Each time point has
between three and five biological
replicates (see Materials and Methods;
Table S3). The representative molecular
mass markers (MW Standards) are
shown for the first gel in the series of
pictures. (D) Quantification of the ratio of
Rec8–GFP phosphorylated form and total
Rec8–GFP. Data are mean±s.e.m.
*P=0.0317 at time point −1 h (one-tailed
Mann–Whitney test). (E) Quantification of
Rec8–GFP protein levels by western
blotting, calculated as the ratio of GFP
signal to total protein. Data are
mean±s.e.m. A one-tailed Wilcoxon test
was used to determine significance from
time points −4 h to −2 h (4 h to 2 h prior to
MI completion): −4 h, P=0.0625; −3 h,
P=0.125 and −2 h, P=0.0625. (F) ChIP of
Rec8–GFP at dh or act1, from two
biological replicates, for WT (6332×6336)
and quadΔ (7402×7501). Data are mean±
s.e.m. Strain numbers for parental strains
in crosses are given in brackets, see
Table S1 for details.

subsequent cleavage requires that it is bound to the chromatin. In
order to address the levels of Rec8–GFP bound to the chromatin we
used chromatin immunoprecipitation (ChIP) to look at the
centromere dh region and a distal euchromatic locus of act1. There
was a significant reduction in Rec8–GFP at the pericentromeric
region dh in the quadΔ compared to wild type (Fig. 4F). The effect is
modest at early time points, but dramatic at later time points. Thus,
the dynamics of Rec8–GFP at the centromere measured molecularly
resemble the dynamics observed visually: premature removal of the
Rec8–GFP cohesin from the centromere in the quadΔ mutant. There
was no significant difference at the non-centromeric locus, act1
(Fig. 4F). This does not resemble the dynamics observed visually.
This may be due to the resolution of the time points taken. The delay
in Rec8–GFP removal from the arms in the quadΔ mutant was
∼10 min, whereas the time points in the ChIP assay were every 2 h.
It is important to note that we did not see the removal of Rec8–GFP at
act1 in the wild type. Additionally, MI and MII were seen to occur at
5 and 8 h, respectively, during pat1-114-driven meiosis (Fig. 2C).
Taken together, these observations suggest that the time points used
in the ChIP assay were not ideally suited to see Rec8–GFP removal
from act1 in wild type or to detect a delay in removal of Rec8–GFP.
Interestingly, we did see a premature loss of Rec8–GFP at the
centromere, indicating that in the quadΔ mutant Rec8 might be lost
at the centromere prior to being lost at the arms.
In order to determine whether the disruption of meiotic cohesin in
the quadΔ mutant is specific to meiotic-specific cohesins, we
examined the dynamics of the mitotic cohesin Rad21 using a GFPtagged version of the protein. In wild type, Rad21–GFP is visible in
the ‘horsetailing’ phase of meiosis and disappears just before MI
(Ding et al., 2006) (Fig. 5; Movie 5). The Rad21–GFP signal is
localized to the leading edge of the horsetail nucleus in the rDNA
region (Ding et al., 2006) (Fig. 5; Movie 5). There was no disruption
in localization or timing detected in the quadΔ mutant compared to
that in wild type (Fig. 5; Movies 5,6).
DISCUSSION

We have shown that TLSPs contribute to chromosome segregation
in meiosis, with an additive spore viability and inter-homolog
recombination phenotype. In a quadΔ mutant lacking all four
TLSPs in S. pombe, we observed defects in chromosome
segregation in MI and MII leading to reduced spore viability.
Spore viability of the quadΔ mutant was dramatically reduced
compared to the single TLSP mutants (Fig. 1A), suggesting that
there are overlapping functions of the TLSPs in meiosis. However,
the same trend in spore viability was not observed for viability of
mitotic cells (Fig. 1B).
These data do not support an essential role of TLSPs in meiotic
recombination or DSB repair, at least in surviving cells. Normal levels
of DSBs and their repair were observed and no changes in interhomolog recombination rates were apparent in surviving cells
(Fig. 2A,D). This does not discount the possibility that the TLSPs
could be involved in a minor way that was undetectable by our
methods, or that the inviable cells suffered irreversible damage due to
failures in DSB repair. In budding yeast, TLSPs have been implicated
in meiotic recombination and DSB repair by contributing to increased
mutation rates around DSB sites (Arbel-Eden et al., 2013). Mutation
rate at DSB sites were not tested in our study so the possibility that
TLSPs are involved in this in S. pombe cannot be ruled out.
Defects in chromosome segregation during meiosis, as well as a
disruption in the dynamics associated with the meiotic cohesin Rec8
were apparent in this study. Normally, Rec8 is removed from the
chromosome arms but remains protected at the centromere in MI,
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Fig. 5. Rad21–GFP in meiosis. Representative images of live-cell imaging of
Rad21–GFP and H3–mRFP showing horsetailing and MI division for wild type
(WT; 7644×7645) and quadΔ (7633×7634). Green shows Rad21–GFP and
magenta shows H3–mRFP. Scale bars:10 μm. Images shown are
representative of individual cells that were tracked independently on two
separate days for quadΔ, and on a single day for WT.

finally being phosphorylated and cleaved to allow MII progression
(Katis et al., 2010; Lee et al., 2005; Nasmyth and Haering, 2005;
Watanabe, 2005; Watanabe and Kitajima, 2005). We observed a
reduction of Rec8 meiosis-specific cohesin loading and/or
maintenance at the pericentromeric region but no change at distal
locations. Furthermore, the Rec8 that is loaded at the centromere
appears unstable; there was no significant phosphorylation
observed, yet it turned over more rapidly, especially following MI.
One possibility is that the TLSPs act as a recruitment or
stabilization factor for Rec8. It has been shown that Rec8 is loaded
to some extent prior to meiotic replication (Watanabe et al., 2001).
Activation of cohesin occurs separately from loading and requires
the acetyltransferase Eco1 (Kenna and Skibbens, 2003; Skibbens,
2005). Eco1 has been shown to interact directly with the replicative
clamp (PCNA) and the clamp loader (RFC), implying a link between
replication and cohesin activation (Kenna and Skibbens, 2003;
Skibbens, 2005). Eco1 is required for the acetylation of the cohesin
subunit Psm3, which localizes with Rec8 at the centromere in
meiosis (Kagami et al., 2017). Without this acetylation, monopolar
kinetochore attachment is inhibited (Kagami et al., 2017).
In S. pombe, eso1 is a fusion of polη and the essential
acetyltransferase homolog eco1, although the protein product may
be split post-translationally (Chen et al., 2014). Still, at the
transcriptional and translational levels these genes are co-regulated
(Chen et al., 2014). This study did not robustly address the possibility
that the deletion of the polη portion of eso1 could have had a
regulatory impact on Eco1 and thus could account for some of the
meiotic defects observed. However, the fact that the spore viability of
the eso1Δη mutant was not greatly impacted, but in the quadΔ mutant
there was a drastic reduction in spore viability, indicates that any
misregulation of Eco1 due to the polη deletion does not account for
the entirety of meiotic defects observed in the quadΔ mutant. In
Saccharomyces cerevisiae, DNA Pol η is required for damageinduced genome-wide cohesion (Enervald et al., 2013). In that study
there was no requirement for PCNA nor any of the other TLSPs in S.
cerevisiae (Rev1 or Polζ) (Enervald et al., 2013). Additionally, S.
cerevisiae DNA Pol κ is also linked to cohesion (Wang et al., 2000).
The premature loss of Rec8 in the TLSP quadruple mutant was
accompanied by an increase in nondisjunction in MII. This is
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MATERIALS AND METHODS
Cell growth and culture

General culture conditions and media are described in Sabatinos and
Forsburg (2009) and Forsburg and Rhind (2006). Drug plates were
incubated at 32°C for 2–4 days before being imaged using a flatbed scanner.
For imaging, cells were concentrated in a fixed speed microfuge and spread
on PMG agar on glass slides for imaging (Sabatinos et al., 2012).
Heterothallic strains were grown independently for meiotic movies in PMG
with appropriate supplements at 32°C until culture was in late log-phase
(OD 595 nm ∼0.8). Cells were pelleted, washed in EMM medium minus the
nitrogen source (EMM–N), and resuspended in ME and incubated 12-20 h
in a 25°C shaking incubator. Cells were concentrated using a microfuge and
spread on SPAS agar pads on glass slides. Imaging was performed at 25°C.
Strains used are listed in Table S1. Sources of alleles for strains derived
through crosses in this study are listed in Table S2.
Viability and recombination

Spore viability and recombination were performed by mating strains on
SPAS agar for 2–3 days at which point the mating patch was scraped from a
plate and diluted in 1 ml 0.5% glusulase (Perkin-Elmer, Catalog #
NEE154001EA). This was digested for 16 h rotating at room temperature.
Spores were plated on YES medium [as described in Forsburg and Rhind,
(2006)] and grown at 32°C for 3–5 days before counting and replica plating
colonies onto PMG media with appropriate supplements. Phloxin B (Sigma)
was included to identify any diploids: no diploids or dyad asci were
observed in TLSP mutants. His+Lys+ progeny were identified and genetic
distance was calculated by (2(His+Lys+)/total colonies)×100. The

experiment was repeated at least six times plating at least 1000 spores for
each genotype each trial. Significance was calculated for genetic distances
using a Student’s two-tailed t-test. Mitotic viability was assayed via
determining plating efficiency after cells were grown to an OD of ∼0.6 in
YES medium at 32°C. The experiment was repeated at least six times for
every genotype plating at least 1000 cells per trial.
Imaging

Images were acquired with a DeltaVision Core widefield deconvolution
microscope (Applied Precision, Issaquah, WA) using an Olympus 60X/
1.40, PlanApo, NA 1.40 objective lens and a 12-bit Photometrics CoolSnap
HQII CCD, deep-cooled, Sony ICX-285 chip. The system x-y pixel size is
0.1092 µm. softWoRx v4.1 (Applied Precision, Issaquah, WA) software
was used at acquisition electronic gain=1.0 and pixel binning 1×1.
Excitation illumination was from a Solid-state illuminator (seven color
version; Deltavision Core, Applied Precision Inc.), GFP was excited and
detected with a (ex)475/28 nm, (em)525/50 nm filter set and a 0.2 s
exposure; RFP was excited and detected with a (ex)575/25 nm, (em)632/60
nm filter set and a 0.2 s exposure. A suitable polychroic mirror (GFP/mRFP
Chroma ET C125705) of roughly 520/50–630/80 nm was used. Thirteen z
sections at 0.5 µm were acquired. 3D stacks were deconvolved with
manufacturer provided OTFs using a constrained iterative algorithm and
images were maximum intensity projected. Images were contrast adjusted
using a histogram stretch with an equivalent scale and gamma for
comparability. Brightfield images were acquired with DIC. Whole-cell
SytoxGreen flow cytometry (FACS) was performed as described in
Sabatinos and Forsburg (2009).
Western blotting

Cells were grown and synchronous meiosis was induced as in Catlett and
Forsburg (2003). Cell cultures were stopped by adding 10× STOP buffer
containing 2% sodium azide, 9% NaCl and 100 mM EDTA to harvested
culture. The harvested culture was then incubated on ice for 10 min. Cells
were washed in PBS buffer (137 mM NaCl, 2.7 mM KCl, 4.3 mM
Na2HPO4 and 1.47 mM KH2PO4) and then Milli-Q water. Extracts were
prepared using TCA (trichloroacetic acid; Foiani et al., 1994). Protein
extracts were quantified using a Pierce BCA assay (Thermo Fisher
Scientific). The linear range of detection was determined by loading
different amounts of protein for the samples and blotting with the outline
parameters. An amount of protein (50 µg) that was near the middle of the
determined linear range was run on an 8% acrylamide with 1.25%
crosslinker (Bio-Rad; 161-0140 and 161-0158) SDS–PAGE gel and
transferred to a PVDF membrane. The membrane was probed with 5%
BSA in Tris-buffered saline with 0.05% Tween 20 (TBST) containing a
1:2000 dilution of anti-GFP JL8 monoclonal antibodies (Clontech)
overnight at 4°C, and washed three times for 5 min each in TBST. For the
secondary antibody, blots were probed with TBST containing 5% milk and a
1:10,000 dilution of Alexa Flour 680-conjugated Goat anti-Mouse IgG
(Fisher Scientific, A21057). Blots were visualized by scanning on the 700
nm channel using the LI-COR Odyssey Scanner. For measurements of total
protein, 25 μg of the sample preparations were run on an 8% acrylamide gel
with a 29:1 acrylamide to Bis ratio. The gels were stained using GelCode
Blue stain reagent (Thermo Scientific, 24592). Gels were then scanned
using the 700 nm channel with the LI-COR Odyssey Scanner. Blots and
protein gels were quantified using Image Studio Light (LI-COR version
5.2.5). Rec8–GFP phosphorylation was measured as a ratio of the slower
migrating species of Rec8–GFP to the total Rec8–GFP signal. Total protein
was taken as the total signal in the lane. For all measurements, the
background was subtracted using the auto background tool with settings that
derived the background from the median of two pixels from the left and right
of the box drawn. In order to determine synchrony and the timing of MI and
MII in every experiment, ethanol-fixed cells were stained with DAPI and the
nuclei were counted. Data is represented as MI being time zero because this
is a defining feature to assess the progression of meiosis between
experiments and strains. Between two and five biological replicates were
used to determine Rec8–GFP phosphorylation levels and Rec8–GFP protein
levels. For specific numbers of biological replicates used for each genotype
in each experiment see Table S3.
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reminiscent of the phenotype observed for a non-cleavable form of
Rec8, rather than that caused by loss of the protein (Kitajima et al.,
2003). Thus, the presenting defect does not appear to be premature
loss of centromere cohesion. An alternative interpretation of the MII
nondisjunction could be that the lack of Rec8 at the centromere
disrupts proper bipolar spindle attachment, as a residual amount of
Rec8 at the centromere in MII is required for bipolar attachment of
the kinetochore (Kitajima et al., 2004, 2006; Rabitsch et al., 2004;
Riedel et al., 2006). If this is the explanation, then the apparent
nondisjunction is due to an error in spindle attachment rather than an
error in resolving cohesion. For example, destabilization of the
centromere through deletion of swi6 (a gene required for formation
of pericentromeric heterochromatin) attenuates Rec8 loading,
resulting in a mono-oriented kinetochore attachment in MII,
leading to chromosome mis-segregation in MII (Kawashima et al.,
2007; Kitajima et al., 2003; Yokobayashi et al., 2003). Interestingly,
Swi6 is also required for the recruitment of Sgo1 and PP2A to the
centromere through a direct interaction (Yamagishi et al., 2008).
Thus, a disruption in centromeric structure could also cause the lack
of Rec8 phosphorylation observed in this study.
The disruption observed in Rec8 meiosis-specific cohesin is not
observed for Rad21. Rather, the Rad21 dynamics observed through
live-cell imaging are normal. In rec8Δ there is an invasion of Rad21GFP from the rDNA region into the chromosome arms (Ding et al.,
2006). Even in the rec8Δ this effect is minor (Ding et al., 2006). It is
then not surprising that there was not a detectible disruption of
Rad21–GFP in the quadΔ, because Rec8 is largely retained in the
quadΔ while its presence at the centromere is compromised.
A third possibility that remains is that the TLSPs may be required
for efficient replication through the centromere and thus required for
centromere stability in meiosis. In this case, a failure to segregate
sister chromatids in MII could represent entanglements that link the
chromosomes together due to unresolved replication intermediates
or repair structures. There were no gross meiotic replication problems
in the quadΔ mutant identified in this study; however, a more
detailed analysis of replication at the centromere may be warranted.
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Pulse-field gel electrophoresis

Supplementary information

Synchronous diploid meiosis was achieved using the mat2-102 and pat1-114
alleles, as in Catlett and Forsburg (2003), to create stable diploids using ade6M210/M216 complementation. Pulse-field gel plugs were created by
digesting the cell wall with 0.2 mg/ml 100T Zymolase (Seikagaku, Catalog
# 120493-1) and 0.45 mg/ml Lysing Enzymes from Aspergillus sp. (Sigma,
L3768) titrated to 50% and 25% of original strength for time points 1–2 and
3–6 respectively as in Cervantes et al. (2000). A pulse-field gel using a Biorad
Chef II Pulse Field machine was run for 48 h using 2 V/cm, 1800 s switch
time and a 106° angle. DNA was visualized via ethidium bromide staining.

Supplementary information available online at
http://jcs.biologists.org/lookup/doi/10.1242/jcs.238709.supplemental

ChIP

ChIP experiments followed a protocol modified from Le et al. (2013).
Strains were harvested and cross-linked for 15 min with 1% formaldehyde at
room temperature with rotating. Quenching was done with 0.25 mM glycine
for 5 min at room temperature. Cells were harvested by centrifugation at
452.4 g for 3 min at 4°C and washed once with ice-cold Tris-buffered saline.
Cells were resuspended in Tris-buffered saline and transferred to a screwcap tube. After centrifugation, the supernatant was discarded, and the pellet
was frozen and stored at – 80°C. Pellets were resuspended in 500 μl of lysis
buffer [50 mm Hepes-KOH ( pH 7.5), 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, 0.1% sodium deoxycholate, 1× phosphatase inhibitor
(Calbio) and 1× fungal protease inhibitor mixture (Sigma)], and cells
were lysed by bead beating ten times for 1 min each with 5 min rests on ice.
Tubes were punctured and spun into tubes for 1 min at 179.8 g. The flowthrough was transferred to a microcentrifuge tube and sonicated four times
for 15 s each using a 12–15% amplitude duty cycle, resting on ice for 5 min
in between sonications, to achieve shearing into fragments 500–750 bp in
length. Samples were then spun at 20,000 g for 5 min at 4°C, the supernatant
was transferred to a new tube and spun again for 10 min at 4°C. Supernatant
was transferred to a new tube and quantified using Bradford reagent. A total
of 1–2 mg crude lysate was diluted to 400 µl in ChIP lysis buffer and
precleared using 30 µl Protein A beads (Invitrogen) rotating at 4°C for 2 h. A
volume of 20 µl was set aside as the input control. A further 100 μl of the
lysis buffer containing a 1:20 dilution of anti-GFP antibody (Abcam,
ab290), or with no antibody (Mock), was added and rotated at 4°C
overnight. Then, 15 µl of Protein A magnetic beads (NEB) were added to the
lysate and rotated for 1 h at 4°C. Beads were washed twice for 5 min with
lysis buffer, twice for 5 min each with high-salt lysis buffer (lysis buffer
with 500 mM NaCl), once for 5 min with wash buffer [10 mM Tris-HCl
( pH 8.0), 0.25 mM LiCl, 0.5% Nonidet P-40, 0.5% sodium deoxycholate
and 1 mM EDTA] and once for 5 min with 10 mM Tris-HCl ( pH 8.0) and
1 mM EDTA. Samples were eluted by addition of 100 μl of elution buffer
[50 mM Tris-HCl ( pH 8.0), 10 mM EDTA and 1% SDS] and incubated for
30 min at 65°C with agitation every 5 min. Sample crosslinking was
reversed by incubation at 55°C overnight. Following this, 200 µg proteinase
K was added and incubated at 37°C for 2 h. Samples were purified using a
Qiagen PCR purification kit. DNA was quantified by end-point quantitative
PCR with primers specific for the dh region and act1. Primer sequences used
were as reported by Rougemaille et al. (2008). PCR products were separated
using a 4% agarose gel and visualized via SYBR Green staining and
scanning on biorad FX scanner. Quantification used GelEval Version 1.37
and calculated as (IP/Input) – (Mock/Input).
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