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SUMMARY

Pairingof homologouschromosomes is a crucial step
in meiosis, which in fission yeast depends on nuclear
oscillations. However, how nuclear oscillations help
pairing is unknown. Here, we show that homologous
loci typically pair when the spindle pole body is at the
cell pole and the nucleus is elongated, whereas they
unpair when the spindle pole body is in the cell center
and the nucleus is round. Inhibition of oscillations
demonstrated that movement is required for initial
pairing and that prolonged association of loci leads
to mis-segregation. The double-strand break marker
Rec25 accumulates in elongated nuclei, indicating
that prolonged chromosome stretching triggers re-
combinatory pathways leading to mis-segregation.
Mis-segregation is rescued by overexpression of
the Holliday junction resolvase Mus81, suggesting
that prolonged pairing results in irresolvable recom-
bination intermediates. We conclude that nuclear os-
cillations exhibit a dual role, promoting initial pairing
and restricting the time of chromosome associations
to ensure proper segregation.

INTRODUCTION

At the onset of meiosis, in most eukaryotes, homologous chro-

mosomes are not associated. Consequently, homologous chro-

mosomes execute a search process to detect each other and

stabilize chromosome pairs. Movement of chromosomes has

been suggested as the main mechanism of homology search,

since the abrogation ofmovement led to the loss of chromosome

pairing and recombination (Ding et al., 2004, 2007; Labrador

et al., 2013; Parvinen and Söderström, 1976; Phillips et al.,

2009; Sato et al., 2009; Scherthan et al., 2007; Woglar and

Jantsch, 2014; Wynne et al., 2012; Yamamoto et al., 1999). A

recent theoretical work has shown that the viscous drag experi-

enced by the chromosomes due to their movement can align ho-

mologous chromosomes (Lin et al., 2015). However, it has been

proposed that chromosome movement also might play other
1632 Cell Reports 17, 1632–1645, November 1, 2016 ª 2016 The Au
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roles in meiosis (Koszul and Kleckner, 2009), such as that exten-

sive movements during meiotic prophase are required to resolve

homologous entanglements or non-homologous connections

(Conrad et al., 2008; Koszul et al., 2008; Woglar et al., 2013).

To date it remains unclear as to what role can be attributed to

the nuclear movement in the process of homologous chromo-

some pairing.

To establish chromosome movement in most eukaryotes,

telomere ends of chromosomes associate with the nuclear enve-

lope to form a bouquet. Formation of the bouquet is a prerequi-

site for chromosome alignment, pairing, and recombination (Chi-

kashige et al., 1994, 2006; Horn et al., 2013; Scherthan, 2001;

Smith et al., 2001; Tomita and Cooper, 2006). Once chromo-

somes are aligned, they have to establish a stable connection,

which consists of physical links built up by the synaptonemal

complex and chiasmata (Libuda et al., 2013; Loidl, 2006). Subse-

quently, the chiasmata are resolved into crossovers in order

to segregate homologous chromosomes and provide genetic

diversity (Villeneuve and Hillers, 2001).

The molecular mechanism behind the formation of chiasmata

involves double-strand breaks (DSBs) by Spo11 (Rec12 in fission

yeast), a type II topoisomerase-like protein (Keeney et al., 1997).

DSBs give rise to single-stranded DNA, which invades the DNA

duplex of the homologous partner, and may result in Holliday

junctions after repair. Holliday junctions in turn have to be

resolved by the action of resolvases to form crossovers (O’Neil

et al., 2013; Smith et al., 2001). The number of DSBs is precisely

regulated by specific regulatory mechanisms that turn off DSB

formation (Rosu et al., 2013).

The fission yeast Schizosaccharomyces pombe displays a

meiotic prophase that is characterized by an extensive nuclear

movement, where chromosomes are led by all the telomeres

clustered at the spindle pole body (SPB, the centrosome equiv-

alent) in a bouquet formation (Chikashige et al., 1994). The SPB is

located at the leading edge of the nucleus and oscillates back

and forth along the cell axis, moving continuously between the

two ends of the cell for roughly 2 hr prior to the meiotic divisions

(Figure 1A; Movie S1) (Ding et al., 1998). This movement is driven

by pulling forces exerted by the combination of dynein motors

attached to anchor proteins in the cortex and microtubules

(Ananthanarayanan et al., 2013; Vogel et al., 2009; Yamamoto

et al., 1999). Mutation of dynein heavy chain in fission yeast
thor(s).
creativecommons.org/licenses/by-nc-nd/4.0/).
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abolishes nuclear movement during meiotic prophase and re-

sults in unpaired chromosomes and reduced recombination

(Ding et al., 2004; Yamamoto et al., 1999). An additional feature

of meiosis in fission yeast is the presence of linear elements

(LinEs) instead of the synaptonemal complex and the absence

of crossover interference (Bähler et al., 1993; Munz, 1994), mak-

ing it an excellent model for examining the effect of nuclear

movement on chromosome dynamics.

Here, we study the role of nuclear oscillations on chromosome

dynamics during meiotic prophase in fission yeast. We show a

correlation between the SPB position and the distance between

the labeled ade3 loci, which are on the long arm of chromosome I

(Ding et al., 2004). We observed that elongation and rounding of

the nucleus during its oscillations promote chromosome pairing

and unpairing, respectively. We inhibited nuclear oscillations at

different time points of meiotic prophase, and we demonstrated

that movement is required for (1) the initial pairing of homologous

loci and (2) to avoid excessive chromosome associations, which

lead to mis-segregation. Furthermore, we observed that chro-

mosome configuration in an elongated nucleus promoted accu-

mulation of the LinE component Rec25, which could in turn

promote recombinatory pathways, leading to the accumulation

of irresolvable recombination intermediates at the end of

meiotic prophase. Moreover, the mis-segregation phenotype

was rescued by overexpression of the Holliday junction resol-

vase Mus81. We propose a dual role of nuclear oscillations in

chromosome dynamics: pairing homologous chromosomes

through stretching of the nucleus at the beginning of nuclear os-

cillations and unpairing the chromosomes via constant changes

of the nuclear shape throughout the oscillations, to guarantee

proper segregation.

RESULTS

Pairing of Homologous Loci Is Correlated with the
Spindle Pole Body Position
To elucidate the role of nuclear oscillations during meiotic pro-

phase, we studied the dynamics of homologous chromosomes

in Schizosaccharomyces pombe. We performed time-lapse ex-
Figure 1. Pairing of ade3 Loci Is Correlated with the Spindle Pole Body

(A) Time-lapse experiments of zygotes expressing Rec8-GFP (DNAmarker in gree

alternates between round and elongated shapes during the oscillations dependi

(B) Scheme and images of zygotes showing the ade3 locus taggedwith GFP (gree

beginning (left, beginning of oscillations) and the end (right, end of oscillations) of

33min 15 s), the ade3 loci pair when the SPB goes to the cell pole (36 and 44min) a

right (end of oscillations), at 54 min the zygote proceeds to meiosis I (strain PD1

10–15 s between images. Numbers below the pictures indicate the time in minute

(C) Plot of ade3 loci and SPB position as a function of time (green and magenta lin

oscillations corresponding to the cells shown in (B). The ade3 loci follow themovem

started 19.96 ± 9.12min after the two SPBs fused (n = 7 cells). We considered that

the highest amplitude of the oscillation.

(D) Plot (corresponding to the cells in B) of distance of ade3 loci as a function of

cillations. The gray area indicates the defined pairing distance (400 nm). The black

11.16 s andwas observed only after the oscillations had started in ten of 11 cells. T

(mean ± SD) at the beginning of the oscillations was 9.31 ± 4.41 min during the firs

considered that oscillations finished when the SPB moved on the long axis less

(E) Quantification of distance between ade3 loci (mean ± SD) versus the SPB posit

right) five oscillations until meiosis I is shown (n = 2,011 data points from 17 cells fr

and ***p < 0.001; pcell pole (I, last bar) and cell center (0, first bar) = 5*10�15, ANOVA test).
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periments in fission yeast zygotes in which the ade3 locus on

chromosome I was labeled with GFP via the lacO/lacI reporter

system and served as a probe for chromosome interactions

(Ding et al., 2004). We chose this locus because it is situated in

the central region of the longer arm of the longest chromosome;

hence, it is far away from the telomere and from the centromere.

In the same strain, the SPB was labeled by tagging one

component (Sid4) with mCherry to follow the SPB oscillations

throughout meiosis (strain PD13, see Experimental Procedures

and Table S1). The SPB and the ade3 loci were tracked automat-

ically by using our recently developed tracking software (Krull

et al., 2014). We observed that the loci paired and unpaired de-

pending on the position of the SPB and that there was a correla-

tion between SPB position and that of both loci (Figures S1A and

S1B). The loci distance decreased, on average, over time during

the whole process of meiotic prophase, consistent with previous

observations (Ding et al., 2004) (Figure S1C). We defined homol-

ogous loci as being paired when the distance between the center

of GFP signals was smaller than 400 nm, similar to Ding et al.

(2004).

Interestingly, we observed that the movement of the ade3 loci

was correlated with themovement of the SPB at the beginning of

the oscillations, but not at the end (Figures 1B and 1C;Movie S2).

During the first several periods of the oscillations, while the SPB

moved toward one cell pole, the ade3 loci also moved toward

that pole, which was accompanied by a decrease in distance

between the loci (Figures 1B–1D, left). The average distance

between the ade3 loci was smaller when the SPB was close to

the cell pole than when it was in the central region of the cell (Fig-

ure 1E, left). During the last several periods of the oscillations, on

the contrary, the ade3 loci were paired most of the time and their

average distance was smaller than 400 nm, irrespective of the

position of the SPB (Figures 1B–1E, right).

To examine the behavior of a locus at a different position on

the chromosome, we followed the centromere-proximal cen2

locus on chromosome II (Figure S1D; strains AK03 and AK04 in

Table S1). We found that, during the first several periods of the

oscillations, the distance between the cen2 loci was smaller

when the SPB was close to the cell pole than in the central
Position

n) and Sid4-mCherry (SPB marker in magenta, asterisk). Note that the nucleus

ng on the SPB position.

n, white arrowheads) and the SPB as shown in (A) (magenta, asterisk) during the

nuclear oscillations. After karyogamy (beginning of oscillations, 1 min 45 s and

nd unpair (67min 45 s) when the SPB passes the cell center. In the panel on the

3, see Table S1). In (A) and (B), images were acquired with an interval time of

s (0 ) and seconds (00), and the white lines mark the cell outline. Scale bar, 2 mm.

es, respectively) during the beginning (left) and the end (right graph) of nuclear

ent of the SPB. The black arrow indicates the first pairing. Nuclear oscillations

oscillations had started after the SPBmoved on the long axis for at least 25%of

time during the beginning (left graph) and the end (right graph) of nuclear os-

arrow indicates the first pairing event. The first pairing event lasted for 20.63 ±

he last contact was typically 4 ± 1.77min (n = 6 cells). The duration of the pairing

t hour and at the end 18.94 ± 2.40 min during the last half hour (n = 17 cells). We

than 25% of the highest amplitude.

ion (scheme inside plot on the right) during the first (plot on left) and last (plot on

om ten different experiments; ANOVA test, * 0.01 < p < 0.05, ** 0.001 < p < 0.01,
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Figure 2. First Pairing of Homologous Loci Requires Nuclear

Movement

(A) Work flow of the experiments where nuclear oscillations were abrogated by

adding the MT-depolymerizing drug MBC is shown (see the Experimental

Procedures).

(B and C) PD13 zygote treated with MBC after karyogamy to inhibit the

beginning of nuclear oscillations (B) and plot of the SPB and loci positions over

time (C). Note that two separate nuclei can be distinguished by the dark space

(no lacI-GFP signal) between them at�21 and�18 min (B). We acquired time-

lapse images of each cell, and we considered that karyogamy was completed

when small movements of the SPB and a shared region of a continuous GFP
part of the cell, but the difference was not statistically significant

(Figure S1D, left). Similar to ade3 loci, during the last several

periods of the oscillations, the cen2 loci were paired most of

the time and their average distance was smaller than 400 nm,

irrespective of the position of the SPB (Figure S1D, right).

To examine the dynamics of heterologous loci, we followed

the ade3 locus on the arm of chromosome I and the cut3 locus

on the arm of chromosome II (Figure S1E; strains PD05 and

PD14 in Table S1, see the Experimental Procedures). Similar to

the homologous ade3 loci, the distance between the heterolo-

gous ade3 and cut3 loci was smaller when the SPB was close

to the cell pole than in the central part of the cell, during the first

several periods of the oscillations (Figure S1E, left). However,

contrary to the homologous loci, the heterologous loci remained

separated at the end of the oscillations, with an average distance

between the loci larger than 400 nm. During the last several pe-

riods of the oscillations, the heterologous loci showed a similar

behavior as in the beginning of the oscillations, insofar as the dis-

tance between the heterologous loci was smaller when the SPB

was close to the cell pole than in the central part of the cell (Fig-

ure S1E, right).

Based on these results, we conclude that nuclear oscillations

promote the dynamics of homologous loci in such a way that the

loci approach each other when the SPB is close to the cell pole,

whereas the loci move apart when the SPB passes through the

central part of the cell. This correlation is lost at the end of the os-

cillations when the homologous loci are predominantly paired.

Heterologous loci show this correlation throughout the oscilla-

tions, as they do not undergo stable pairing.

Initial Pairing of Homologous Loci Requires Nuclear
Oscillations
Next, we asked whether the pairing of ade3 loci requires nuclear

movement. In Figure 1B, it can be seen that before karyogamy

and the fusion of the two SPBs, the loci were separated in the

two poles of the zygote. Nuclear oscillations commenced

roughly 20min after the fusion of the two SPBs (n = 7 cells). How-

ever, only after the oscillations had started was the pairing of

the loci observed for the first time (n = 10 of 11 cells, Figures

1C and 1D, first pairing event; see also Table S2 for statistics).

To test whether the first pairing requires nuclear oscillations,

we inhibited oscillations by using a microtubule-depolymerizing

agent methyl benzimidazol-2-yl-carbamate (MBC) (Carbenda-

zim, see Figure 2A and the Experimental Procedures). We added

MBC to zygotes that had already undergone karyogamy and had

fused SPBs and nucleoplasm but that had not yet paired ade3

loci (Figure 2B; Movie S1). We saw that, as long as nuclear oscil-

lations were inhibited by MBC, homologous ade3 loci did not

come into close proximity (n = 5 cells). The SPB did not move

and the loci remained well separated with a distance of 2–4 mm
signal throughout both nuclei was seen, indicating that the nuclei had fused.

Note that the first pairing, i.e., the first time the distance between the loci

decreased below 400 nm (B, 66 min, and C, black arrowhead) does not occur

until the oscillations start. Images were acquired each 30 s. Time is given in

minutes. The white line in the image marks the cell outline. Scale bar, 2 mm.

Representative images and graph of four experiments with five cells are

shown.
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between them (Figure 2C). Only after MBC was washed out did

the SPB resume its movement along the axis of the zygote and

the first pairing event occurred. Immediately after one full oscil-

lation period of the nucleus, the distance between the labeled

loci decreased and they paired (Figure 2C, arrow). Based on

these results, we conclude that the first pairing events of homol-

ogous ade3 loci require SPB movement.

Nuclear Oscillations Promote ade3 Loci Dynamics
At the beginning of the meiotic prophase, a few nuclear move-

ments back and forth were sufficient to bring the two homolo-

gous loci into close proximity, but the nuclear oscillations

continued. Thus, the question remained, what is the role of nu-

clear oscillations after the first pairing has occurred?

We set out to study the effect of stopping the oscillations when

the ade3 loci were paired versus unpaired. We induced meiosis

and addedMBC after five to seven oscillations. Following this in-

hibition, we resumed oscillations by washing out MBC. The cells

in which during the MBC treatment the SPB was close to the cell

pole (i.e., more than 20%of the cell half-length away from the cell

center) were designated as those with paired loci, whereas the

cells in which the SPB was close to the cell center (i.e., less

than 20% of the cell half-length away from the cell center)

were designated as those with unpaired loci, based on the

data from Figure 1E. Indeed, the average distance between the

ade3 loci was smaller throughout the MBC treatment in the loci

paired versus loci unpaired group (Figures S2A and S2B). Even

though the SPB moved slightly toward the cell center during

MBC treatment, its distance from the cell center, as well as its

distance from the loci, was larger throughout the MBC treatment

in the cells with paired loci than in those with unpaired loci

(Figure S2A).

Strikingly, in the population of cells in which ade3 loci were

paired during the time when the oscillations were stopped, the

loci typically did not unpair anymore after the resumption of os-

cillations (Figures 3A, 3C, and 3D; Movie S3). Despite the

resumed nuclear oscillations, indicated by the movement of

the SPB (Figures 3A and S2C), paired loci stayed paired for at

least 50min (n = 6 cells, Figure 3C). For comparison, in untreated

cells pairing of the loci for such a long time was not observed

(n = 7 cells, Figure S2E) (Ding et al., 2004).

In the second population of cells, ade3 loci were unpaired

when the nuclear movement was stopped by using MBC (Fig-

ure 3B). In contrast to the first population, the loci resumed

normal dynamics of pairing and unpairing after the oscillations

restarted, indicated by themovement of the SPB (n = 6 cells, Fig-

ures 3B–3D and S2D). Taken together, these results suggest

that oscillations promote the dynamics or breathing of the loci,

thereby preventing prolonged pairing of chromosomes.

Prolonged Pairing of ade3 Loci Results in Mis-
segregation
Following the observation that prolonged pairing of ade3 loci

when the oscillations were paused led to stable pairing until

the end of meiotic prophase, we wanted to test whether this

has an effect on chromosome segregation in meiotic divisions.

To this end, we stopped oscillations by using MBC and followed

the zygotes until the end of meiosis I and II.
1636 Cell Reports 17, 1632–1645, November 1, 2016
Interestingly, we found mis-segregated ade3 loci at the end of

meiosis I and II in the population of cells where oscillations were

stopped when the ade3 loci were paired (Figures 4A, 4C, and

4D). As shown in Figure 4A, the zygote contained mis-segre-

gated loci, identified by the accumulation of the four GFP dots

in the vicinity of one SPB in meiosis I and in the vicinity of two

of four SPBs in meiosis II (Figure 4A, 250 and 290 min, respec-

tively; Movie S3). Despite the resumption of oscillations of the

SPB after MBC washout, paired ade3 loci were mis-segregated

(Figures 4A and 4C). Around 36% (23 of 64) of zygotes in this

condition exhibited segregation problems: ten of these 23 cells

showed a single unsegregated nucleus with one SPB spot and

all the loci in the cell center, whereas the remaining 13 displayed

mis-segregation with two to four SPBs and all the loci in one half

of the cell (Figure 4E). In contrast, when ade3 loci were not paired

at the moment of MBC addition (Figures 4B–4D), 96% of the

zygotes segregated the loci as in untreated cells, with four

GFP signals associated with four SPBs (Figures 4B, 4C, and

4E; see Figures S1A, S1B, S3A, and S3B for control cells). These

results suggest that prolonged chromosome pairing during

meiotic prophase is accompanied by mis-segregation.

To rule out the possibility that mis-segregation was caused

by off-target effects of MBC treatment, we repeated the experi-

ments by using another microtubule poison, thiabendazole

(TBZ; Experimental Procedures). As in experiments with MBC,

we observed chromosome mis-segregation when ade3 loci

were paired, but not when they were unpaired, under TBZ treat-

ment (Figure 4E).

To test whether there is a correlation between the number of

nuclear oscillations and mis-segregation, we treated PD13 and

PD13C cells (Table S1; Experimental Procedures) with MBC

just before the end of the oscillations; i.e, before meiosis I. In

this scenario, the SPB was in the center and the loci were pre-

dominantly paired (as in Figure 1, end of oscillations). We

observed that the SPB duplicated during the treatment but the

spindle formed and the two SPBs separated only after removing

MBC. Under these conditions, the percentage of cells showing

segregation problems increased to 83% (15 of 18 cells). We

found again the two populations described in Figure 4E: in this

case four of these 15 cells showed a single unsegregated nu-

cleus with one SPB spot and all the loci in the cell center,

whereas 11 displayed mis-segregation with two to four SPBs

and all the loci in one half of the cell. Four of these 11 cells ex-

pressed tubulin-mCherry and the spindle showed normal dy-

namics (Movie S4), which argues against spindle defects as a

cause of mis-segregation. However, we cannot exclude the pos-

sibility that the intranuclear microtubule array that emerges from

the SPB before meiosis I and re-associates the kinetochores

with the SPB (Cojoc et al., 2016; Kakui et al., 2013) was impaired,

which might explain why segregation problems occurred more

frequently when MBC was added late than early in prophase.

Taken together, our results support the idea that movement is

necessary to keep the loci breathing even when they are paired.

Moreover, our experiments suggest that there is a minimum

number of oscillations needed to avoid mis-segregation.

To infer the molecular mechanism underlying the observed

mis-segregation, we examined the segregation of the whole

DNA mass by quantifying its distribution at meiosis II. We
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hypothesized that the prolonged pairing of the loci is due to pro-

duction of a class of irresolvable intermediates, which may result

from additional initiations of recombination or from failure to

mature normally initiated recombination intermediates into a

form that can be resolved. When cells have Holliday junctions

that cannot be resolved, they fail to segregate the chromosomes

correctly in meiosis I, resulting in a single mass of undivided DNA

at the end of meiosis II (Boddy et al., 2001). We stained the DNA

in living zygotes at meiosis II (Hoechst staining, Experimental

Procedures), and we observed a single DNA mass and four

SPBs in 70% (n = 10) of the stained zygotes with incorrect segre-

gation, in which the oscillations were stopped by MBC in the

configuration of paired ade3 loci (Figures 4F, top, and S3C).

On the contrary, the cells in which the oscillations were stopped

in the configuration of unpaired loci displayed four DNA masses

associated with four SPBs (Figures 4F, bottom, and S3C), as in

untreated cells (Figure S3C). These findings indicate that the

mis-segregation observed in our experiments was a result of

a failure in segregation in meiosis I, similar to the phenotype

described in cells lacking the Holliday junction resolvase

Mus81 (Boddy et al., 2001), supporting our hypothesis that pro-

longed pairing induced by the inhibition of oscillations is accom-

panied by too many irresolvable recombination intermediates.

Alternatively, formation of a single DNA mass may be due to

damage of themeiotic spindle (Tomita andCooper, 2007; Tomita

et al., 2013). To test this possibility, we measured the spindle

length and spindle thickness, which is related to the number of

microtubules in the spindle, in cells expressing tubulin-mCherry,

labeled ade3 loci, and the SPB (strain PD13C, Table S1 and the

Experimental Procedures). The spindle length increased and the

thickness decreased in time, with a dynamic that was indistin-

guishable between untreated cells and those in which the oscil-

lations were stopped by using either MBC or TBZ after washout

(Figures S3D and S3E). Moreover, the dynamic was similar in

cells in which the oscillations were stopped when ade3 loci

were paired and in those where the loci were unpaired (Figures

S3D and S3E). However, mis-segregation was observed primar-

ily in cells where the oscillations were stopped when the loci

were paired (Figures S3F and S3G, similar to Figure 4E). These

data indicate that the observed mis-segregation was not a

consequence of spindle defects in meiosis I.

Our hypothesis that the single DNAmass is due to irresolvable

recombination intermediates leads to the prediction that recom-

bination deficiency should convert the single DNA mass (Fig-

ure 4F) into four masses with random segregation of the GFP

loci. Cells lacking rec12 displayed from two to four masses of

DNAat theendofmeiosis II (FigureS3C), consistentwithprevious

work (Sharif et al., 2002). This distribution was different than the

one observed in wild-type cells in which the oscillations were
21–64 min in B), the oscillations stopped and the SPB and loci were kept at the sa

movement of the SPB. Images were acquired at a time interval of 30 s. Time is g

(C) Plot of ade3 loci distances over time corresponding to the experiment shown in

the time during which the oscillations were stopped. The gray area indicates the d

the oscillations resumed, whereas on the right they had normal dynamics (also c

(D) Boxplot showing the distribution of the data of ade3 loci distance after the os

(n = 281 data points from six cells) when the loci were paired and 0.77 mm ± 0.1

different experiments (mean ± SD). The difference was statistically significant (p
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stopped when ade3 loci were paired, which displayed predomi-

nantly one mass of DNA when mis-segregated (Figures 4F and

S3C). Furthermore, the DNA segregation pattern observed in

rec12 mutant cells in which the oscillations were stopped was

similar to that in untreated rec12mutant cells (Figure S3C), which

was in contrast to the result obtained in wild-type cells (strain

PD13, Figure S3C). These findings further support our hypothesis

that the mis-segregation following the inhibition of oscillations is

due to too many irresolvable recombination intermediates.

Taken together, these results suggest that nuclear movement

is required for the proper segregation of homologous chromo-

somes in meiosis I. We propose that an important role of nuclear

oscillations is to move the chromosomes to avoid their pro-

longed associations, which may lead to irresolvable recombina-

tion intermediates, such as unresolved Holliday junctions.

Rec25-GFP Accumulates in Nuclei that Are Stopped in
an Elongated Conformation
During meiosis, double-strand breaks lead to the formation of

double Holliday junctions, which, when resolved, result in cross-

overs. We set out to test whether the abrogation of nuclear oscil-

lations affects DSB formation and its downstream pathway.

Recently a novel component of the linear elements in fission

yeast was described, Rec25, that activates Rec12 to make

DSBs, and it is strongly and exclusively enriched at hotspots of

DSB formation (Davis et al., 2008; Fowler et al., 2013; Martı́n-

Castellanos et al., 2005). Therefore, we used cells that express

Rec25 tagged with GFP (Table S1) as an indirect readout of

DSB formation during meiotic prophase (Figures 5A–5D and

S4A).

We found that once the oscillations had started, fluorescence

intensity of Rec25-GFP increased in the first part of meiotic pro-

phase and decreased at the end of meiotic prophase, as shown

in Figures 5A and 5D. GFP signal could not be detected anymore

when the oscillations finished (Figure 5A). Similar to Rec8-GFP-

expressing cells, cells expressing Rec25-GFP displayed GFP

signal in the whole nucleus (compare Figures 1A and 5A), which

was confirmed by Hoechst staining of Rec25-GFP-expressing

cells (Figure S4A). Thus, Rec25-GFP signal allowed us tomonitor

the nuclear shape and observe the change from an elongated to

amore rounded conformation. In cells expressing Rec8-GFP, we

examined the changes in the nuclear shape during the oscilla-

tions by measuring the circularity of the nucleus (see the Exper-

imental Procedures). We found that the circularity decreases as

the SPB moves away from the cell center; i.e., the nucleus is

more elongated when the SPB is near the cell pole and more

roundwhen the SPB is near the cell center (Figure S4B). This cor-

relation between the nuclear shape and the SPB position

together with the observed relation between the SPB position
me position. After washout of MBC, the oscillations resumed, indicated by the

iven in minutes. The white lines mark the cell outline. Scale bar, 2 mm.

(A) and (B) (left and right graphs, respectively). The black dashed line indicates

efined pairing distance (400 nm). On the left, the ade3 loci remained paired after

ompare the last three frames in A and B).

cillations resumed in all experiments. The mean distance was 0.34 mm ± 0.08

3 (n = 341 data points from six cells) when the loci were unpaired, from three

= 0.0002, t test).



0’ 35’ 55’ 60’ 290’250’240’205’195’

Oscillations stopped
Lo

ci
  p

ai
re

d * *

*

*

* *
*

*

*

*

*

*

*
*

*

0’ 35’ 50’ 60’ 345’280’230’185’80’

Lo
ci

 u
n-

pa
ire

d

* *

*

*

*
**

*

*

*

*

*

*

*

*

*

*

A

B Oscillations stopped

ade3 loci
SPB

ade3 loci
SPB

D
is

ta
nc

e 
fro

m
 c

el
l c

en
te

r (
μm

)

Time (min)
0 40 80 120 160 200 240 280 320 360

−4

−2

0

2

4

6

8
Osc. stopped

Time (min)
0 40 80 120 160 200 240 280 320 360

−4

−2

−6

0

2

4

6

8

D
is

ta
nc

e 
fro

m
 c

el
l c

en
te

r (
μm

) Osc. stopped
C

D

E

F
Loci  paired during oscillations stop
3h after osc. resume

*

*

*
**

*

*

*

* *

*

Loci un-paired during oscillations stop

HOECHST

3h after osc. resume HOECHST

mis-segregation
no segregation
normal segregation

20

0

40

60

80

100
Oscillations stopped

C
el

ls
 (%

)

co
ntr

ol

un
-pa

ire
d

pa
ire

d

25 2341

13

10
1

MBC TBZ

un
-pa

ire
d

pa
ire

d

28

7

7

22

ad
e3

 lo
ci

 d
is

ta
nc

e 
(μ

m
)

00

1.4

1.2

1.0

0.8

5 10 15 20 25 30 35

0.6

0.4

0.2

Time (min)

un-paired

paired

(legend on next page)

Cell Reports 17, 1632–1645, November 1, 2016 1639



and the loci distance (Figure 1E) suggest that the loci are mostly

paired when the nucleus is elongated and mostly unpaired when

the nucleus is round. In addition, the distance between the SPB

and the cell center was similar to the distance between the SPB

and ade3 loci (Figure S2A), which suggests that elongation of the

nucleus is accompanied with stretching of the chromosome.

To test whether abrogation of nuclear oscillations has an effect

on Rec25-GFP fluorescence, we treated zygotes with MBC and

divided the cells into two populations: those that displayed a

round nuclear shape and those that displayed an elongated nu-

clear shape when oscillations were stopped (Figures 5B and 5C).

In the first population, the fluorescence intensity of Rec25-GFP

in round nuclei behaved as in untreated cells (Figures 5B and

5D). In the second population, on the contrary, the intensity of

Rec25-GFP in elongated nuclei increased significantly around

40 min after the addition of MBC (Figures 5C and 5D; Movie

S4, second part). Strikingly, this fluorescence intensity remained

high until the end of oscillations (Figure 5D). These results indi-

cate that the elongated shape of the nucleus, which is associ-

ated with stretched configurations of chromosomes and their

paired state, promotes the accumulation of proteins involved in

recombination.

Overexpression of the Holliday Junction Resolvase
Mus81 Rescues the Mis-segregation that Follows
Prolonged Pairing
Finally, to examine whether the observed mis-segregation

phenotype is a result of an accumulation of Holliday junctions

induced by prolonged pairing when the oscillations are stopped,

we overexpressed the Holliday junction resolvase Mus81 by

transforming our strain with a plasmid containing Mus81 (strain

PD13M81 in Table S1; Experimental Procedures) (Boddy et al.,

2001). We treated these cells with MBC and followed paired or
Figure 4. Nuclear Oscillations Prevent Chromosome Mis-segregation

For a Figure360 author presentation of Figure 4, see the figure online at http://dx

(A and B) Time-lapse images of PD13 zygotes treated with the microtubule-depoly

or unpaired (B); see the schemes on the left. In (A) the loci were mis-segregated an

and the SPB duplicated normally at meiosis I and meiosis II. Instead in (B), the se

S3B). Images were acquired at a time interval of 5 min. Time is given in minutes.

asterisk. The white lines mark the cell outline. Scale bar, 2 mm.

(C) Plot of ade3 loci and SPB position as a function of time corresponding to the e

dashed line indicates the time during which the oscillations were stopped.

(D) Plot of ade3 loci distance during the MBC treatment as a function of time, corr

blue line, unpaired). The gray area indicates the defined pairing distance (400 nm

(unpaired).

(E) Percentage of PD13 cells with different segregation patterns is plotted for five

either MBC or TBZ, and loci that were either paired or unpaired, as indicated. In e

pink, the SPBs were duplicated and all four loci were found close to one cell pole

for more than 2 hr after the oscillations (no segregation). Three different experim

or TBZ washout, about five to seven oscillations were observed. Once the oscilla

for 22.44 ± 7.10 min (control), 26.25 ± 2.58 min (loci paired), and 27.78 ± 5.17

pcontrol/paired = 0.16, pcontrol/unpaired = 0.07, and ppaired/unpaired = 0.45).

(F) DNA distribution in the zygotes with segregation problems when the loci wer

nuclear oscillations were stopped. 1 hr of fixation and DNA staining with Hoech

after the time-lapse experiment. From the 35% of cells with mis-segregation pro

showed one single blob of DNA independently of the SPB duplication and three sh

cases could be due to DNA fragmentation caused by the pulling forces exerted

unpaired, they showed four DNA blobs of equal size and normal distribution of

experiments).
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unpaired ade3 loci during meiosis (Figures 5E and 5F). Strikingly,

we found that ade3 loci segregated normally at the end of

meiosis, both in the case when the oscillations were stopped

when the loci were paired and when the loci were unpaired (Fig-

ures 5E–5G). Thus, Holliday junction resolvase rescued the dele-

terious effects of prolonged chromosome association caused by

the abrogation of nuclear oscillations. We conclude that the

observed mis-segregation, which was induced by prolonged

pairingwhen the oscillations were stopped, is a result of an accu-

mulation of irresolvable recombination intermediates. Taken

together, these observations suggest that the elongated shape

of the nucleus and, therefore, stretched chromosome configura-

tions, which promote the association of chromosomes and keep

them in close proximity, stimulate increased accumulation of

linear element components, eventually triggering an increase in

irresolvable recombination intermediate formation through the

activation of Rec12 andDSB formation (Figure 5H). These events

eventually lead to a failure in segregation in meiosis I.

DISCUSSION

Dual Role of Nuclear Oscillations in Chromosome
Dynamics
The mechanism by which homologous chromosomes recognize

each other and pair is not known. The combination of an aligned

configuration of the chromosomes in a bouquet together with

nuclear movement has been proposed to be crucial for chromo-

somes to pair (Hiraoka and Dernburg, 2009; Scherthan, 2001).

However, it is not known if, after karyogamy, the nuclear fusion

is sufficient to bring the chromosomes close enough to pair or

if the movement is indeed necessary to aid this first recognition.

We have shown that the first pairing event requires the nuclear

movement.
.doi.org/10.1016/j.celrep.2016.10.014#mmc7.

merizing drugMBC. Nuclear oscillations stopped when the loci were paired (A)

d accumulated in one cell pole at meiosis II, although the oscillations resumed

gregation proceeded normally, similar to untreated cells (see Figures S3A and

Loci are highlighted by white arrowheads, and the SPB is indicated by a white

xperiments shown in (A) and (B) (left and right graphs, respectively). The black

esponding to the experiments shown in (A) (light blue line, paired) and (B) (dark

). The average loci distances were 0.21 ± 0.14 mm (paired) and 0.93 ± 0.24 mm

conditions: untreated control cells, cells where oscillations were stopped with

xperiments with TBZ the strain PD13C was used. Green, normal segregation;

at the end of meiosis I (mis-segregation); gray, SPB and loci in the cell center

ents were performed. The number of cells is given in the bars. After the MBC

tions stopped, the SPB stayed in the center before meiosis I (SPB duplication)

min (loci unpaired), and the difference was not statistically significant (t test,

e paired (top) and when the loci were unpaired (bottom) during the time when

st were performed under the microscope (see the Experimental Procedures)

blems observed in (D) 2–3 hr after oscillations resumed, seven of ten zygotes

owed a random number of DNA blobs and normal SPB duplication. These three

by the spindle in the moment of segregation. In the case where the loci were

SPBs and the loci as described in (D) (n = 15 stained cells from four different

http://dx.doi.org/10.1016/j.celrep.2016.10.014#mmc7
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It has been suggested that the stretching of the nucleus

during the oscillations may further aid chromosome pairing by

constantly moving the chromosomes relative to each other (Chi-

kashige et al., 1994). However, this stretching is not permanent

because the nuclear shape changes constantly during the oscil-

lations (Yamamoto et al., 1999). Our results show that the nuclear

movement is important to maintain the dynamics of pairing and

unpairing of homologous loci. Pairing events are more frequent

when the SPB is at the cell pole and the nucleus is stretched

than when the SPB is in the central region of the cell and the nu-

cleus is roughly round. This relation between the SPB position

and the distance between loci depends on the position of the

loci. We observed this relation in homologous (ade3) as well as

heterologous (ade3/cut3) loci, where both loci are at chromo-

some arm regions; however, the relation was weak for homolo-

gous loci at a centromere-proximal region (cen2). At the end of

the oscillations, the homologous, but not the heterologous, loci

remain paired for a long time. Thus, the dynamics of loci pairing

depends on interplay among loci position along the chromo-

some, sequence homology, and nuclear movement.

These results, together with the observation that the first pair-

ing happens a few minutes after oscillations have started, gave

rise to the question, why do the oscillations continue after the

pairing has occurred? Simultaneous with chromosome pairing

and stabilization by the synaptonemal complex and chiasmata

formation, undesirable interactions, such as excessive homolo-

gous associations or non-homologous interactions, must be

prevented or resolved. Indeed, it has been proposed that nuclear

movement takes place in order to avoid unwanted connections

and to properly segregate chromosomes at anaphase I (Conrad

et al., 2008; Koszul and Kleckner, 2009; Woglar and Jantsch,

2014). In our experiments, pairing events did not last longer

than 5 min. However, when oscillations were inhibited and the

loci were forced to pair for more than 30 min, the loci remained

paired even after the oscillations resumed. In addition, the mis-

segreagtion observed after the abrogation of the movement

increased when the movement was inhibited at the end of pro-
Figure 5. Rec25 Accumulates in Elongated Nuclei and Overexpression

(A–C) Time-lapse images of cells expressing Rec25-GFP untreated control (A) o

Note changes in the nuclear shape. The schemes on the left represent the shape o

was elongated (C, up to 70 min), after the oscillations resumed (115 min) there wa

were acquired at a time interval of 5 min. Time is given in minutes and the white

(D) Signal intensity of Rec25-GFP over time. Note that control cells (black line) and

a similar fluorescence level. On the contrary, in those cells where the nucleus wa

fluorescence increased and remained at a high level even after the oscillations res

ones as those with circularity < 0.4 (see the Experimental Procedures and Fi

(pround/elongated = 0.006). For all the time of the experiment, p values were as fo

1.13*10�9, t test (n = 30 cells from six different experiments).

(E–G) Overexpression of the Holliday junction resolvase Mus81 rescues the m

Mus81 (strain PD13M81), in which the oscillations were stopped by using MBC wh

cases the loci segregate normally. Images were acquired at a time interval of 5 mi

the cell outline. Scale bar, 2 mm. (G) Percentage of cells overexpressing Mus81 th

Segregation is plotted for three conditions: untreated control cells, cells where o

where oscillations were stopped when ade3 loci were unpaired. Three different e

(H) Scheme of the dual role for nuclear oscillations. Black arrow denotes oscillatio

configuration. Nuclear oscillations are required to induce nuclear stretching in orde

chromosome association to ensure a proper segregation. We propose that a certa

the LinE protein Rec25. A prolonged time of nuclear stretchingmay create an envir

dynamics, leading to mis-segregation. SPB, magenta; ade3 locus, green; nucleu
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phase. These findings suggest that there is a maximum duration

of chromosome pairing beyond which the dynamics cannot

return to normal and that the cell needs a minimum number of

oscillations to solve unwanted associations.

Nuclear Movement: A Tool to Dissolve Unwanted
Interactions
In addition to excessive recombination between homologous

chromosomes, lack of nuclear oscillationsmay lead to unwanted

connections between heterologous chromosomes, which in turn

may lead to ectopic recombination. Ectopic recombination was

suggested to occur between sequences located on homologous

rather than heterologous chromosomes (Goldman and Lichten,

1996). Therefore, a preference of ectopic recombination inter-

mediates toward homologous chromosomes rather than heter-

ologous chromosomes was suggested, indicating that homolo-

gous chromosomes have to be closely associated, which is

similar to our scenario where we force loci to be paired. It re-

mains an open question whether nuclear movement has a role

in keeping heterologous chromosomes apart to inhibit ectopic

recombination.

Our experiments have shown that Rec25-GFP accumulates in

elongated nuclei when the oscillations are stopped. We propose

that stretching of the nucleus and of the chromosomes facilitates

loading of Rec25 to the DNA, leading to DSB formation. If this

scenario persists for a long time, more irresolvable recombina-

tion intermediates may be formed. This hypothesis is supported

by our finding that overexpression of the Holliday junction resol-

vase Mus81 rescues the mis-segregation observed after pro-

longed pairing. Formation of irresolvable recombination interme-

diates when oscillations are blocked may be due to additional

initiations of recombination or due to conversion of normal

recombination events into an irresolvable form.

In conclusion, our results suggest that nuclear oscillations pro-

mote dynamic pairing and unpairing of homologous chromo-

somes, which helps to avoid prolonged chromosome associa-

tions. We propose a dual role for nuclear oscillations: enabling
of Mus81 Rescues Mis-segregation

r treated with the MT-depolymerizing drug MBC (B and C) during oscillations.

f the nucleus during the timewhen oscillations were stopped.When the nucleus

s a high level of fluorescence compared to the same time in (A) and (B). Images

lines mark the cell outline. Scale bar, 2 mm.

cells that are kept with a round nucleus during the treatment (orange line) show

s elongated (blue line) during the time in which the oscillations were stopped,

umed. We defined round nuclei as those with circularityR 0.4, and elongated

gure S4B). The difference started to be statistically significant after 70 min

llows: pcontrol/round = 0.054, pcontrol/elongated = 4.16*10�7, and pround/elongated =

is-segregation phenotype. Time-lapse images show zygotes overexpressing

en the ade3 loci (arrowheads) were paired (E) or unpaired (F). Note that in both

n and time is given in minutes. Asterisks mark the SPB and the white lines mark

at show normal segregation (yellow) and mis-segregation (gray) are quantified.

scillations were stopped by using MBC when ade3 loci were paired, and cells

xperiments were performed. The number of cells is given in the bars.

ns of the nucleus with changes of its shape from a more round to an elongated

r to promote spatial alignment of chromosomes and to avoid excessive time of

in chromosome configuration, i.e., elongated nucleus, facilitates the loading of

onment in whichmore Holliday junctions are formed than during normal nuclear

s, gray; Rec25, blue; Holliday junction, orange.



spatial alignment of homologous chromosomes for the initial

pairing and maintenance of a constant interchange between

pairing and unpairing to avoid undesirable connections and

mis-segregation.

EXPERIMENTAL PROCEDURES

Strains and Media

Strains of fission yeast used in this study are listed in Table S1. Cells were

grown on yeast extract (YE) or Edinburgh minimal medium (EMM) (Forsburg

and Rhind, 2006) with appropriate supplements at 25�C ± 0.5�C in a Heraeus

incubator (Thermo Scientific).

Construction of Strains

For construction of strain PD13, the strains FY15592 and SI034 (Table S1) were

crossed and selected on EMM with G418 (49418.04 Serva) and ClonNat

(LEXSY NTC, AB-102, Jena Bioscience). To obtain Movie S1 and Figure 1A,

Rec8-GFP- (FY13699, Table S1) labeled cells were crossed with cells labeled

for Sid4-mCherry (SI661, Table S1), and zygotes were imaged as described

below. To observe heterologous pairing, strains PD05 and PD14 were crossed

and meiosis followed under the microscope. Observation of cen2-homolo-

gous loci was obtained by crossing AK03 and AK04.

Overexpression of either tubulin-mCherry or Mus81 was obtained by trans-

forming PD13 cells via standard transformation procedurewith lithium acetate,

using 5 mg plasmid DNA. Plasmid pSV01 was generated in the I.M.T. lab and

pREP1-RusA was kindly provided by Paul Russel. We selected transformed

cells on leu-deficient medium. Cells without the plasmid did not grow on leu-

deficient medium (Figure S4C).

Meiosis Induction

In h90 mating-type fission yeast cells, meiosis was induced by suspending a

toothpick-full of fresh cells in 50 mL 0.85% sodium chloride (Merck KGaA)

and spotting onto malt extract/2% agar (MEA) plates. The plates were then

incubated for 6–8 hr at 25�C. For zygotes from cells of opposite mating types

(h+ and h�), a half-toothpick of h+ and half-toothpick of h– were suspended in

50 mL 0.85% sodium chloride and spotted onto MEA plates. The plates were

then incubated overnight, 12–14 hr, at 25�C. For long time-lapse imaging, a

toothpick-full of cells of h90 mating type were added to EMM-N and plated

onto glass-bottom dishes for imaging (Forsburg and Rhind, 2006).

Preparation of Cells for Imaging

For imaging, a loopful of cells from the MEA plate was re-suspended in 100 mL

EMM-N. The cells were transferred to a lectin-coated (L2380, Sigma-Aldrich),

35-mm, glass-bottom culture dish (MatTek) and allowed to settle for 15 min.

Cells were washed with EMM-N and live-cell imaging was performed at

27�C (Bachhoffer chamber). Cells after conjugation and/or karyogamy were

detected in bright field, and only synchronized zygotes were selected.

Microscopy

Live-cell imaging was performed on either of the following two microscopes:

(1) Spinning-disk microscope: to observe meiotic prophase in fission

yeast zygotes from PD13 and Rec25-GFP (Table S1), an Andor

Revolution Spinning Disk system (Andor Technology), consisting of a

Yokogawa CSU10 spinning disk scan head (Yokogawa Electric), was

employed. The scan head is connected to an Olympus IX71 inverted

microscope equipped with a fast piezo objective z-positioner (PIFOC,

Physik Instrumente) and an Olympus UPlanSApo 1003/1.4 numerical

aperture (NA) oil objective. For GFP excitation, a Sapphire 488-nm

solid-state laser (75 mW; Coherent) was used. For mCherry excitation,

a 561-nm solid-state Cobolt Jive (75 mW; Coherent) was used. For

Hoechst excitation after cell fixation, a standard mercury lamp was

used (Olympus). Laser intensity was controlled using the acousto-optic

tunable filter in the Andor Revolution laser combiner (ALC, Andor

Technology), and it was set according to the fluorescent level of the

specimen analyzed, usually 10%–12% of the 488-nm laser and
12%–15% of the 561-nm laser with 0.2 s exposure time. The micro-

scope was equipped with an iXon EM+ DU-897 BV back-illuminated

electron multiplying charge coupled device (EMCCD) (Andor Technol-

ogy). The resulting xy-pixel separation in the images was 168 nm, and

the z distance between optical sections was 500 or 600 nm. The sys-

tem was controlled by Andor iQ software version 1.9.1. The interval

between each z stack was 15 s to 5 min. For quantifying fluorescence

in Rec25-GFP cells, they were imaged at non-saturated conditions.

To avoid fluorescence difference due to the variability of the laser,

the laser power was measured with a laser power meter (Gigahertz-

Optik) before each experiment and adjusted to 0.0372W, which usually

corresponded to 7%–9% power of the 488-nm laser, and exposure

time of 0.15 s for each optical section spanning the entire cell depth.

The emission filter used was BL HC 525/30 (Semrock) for GFP and

BL HC 605/70 (Semrock) for mCherry. A second spinning disk with

similar characteristics was used to simultaneously perform MBC ex-

periments in PD13 zygotes as a control. In this setup, the resulting

xy-pixel separation in the images was 162 nm.

(2) Delta vision microscope: to observe meiotic prophase in fission yeast

zygotes from PD13 and FY17779, living and fixed cells were imaged

on a DeltaVision coremicroscope, with amotorized XYZ stage (Applied

Precision). An Olympus UPlanSApo 1003 1.4 NA oil (R.I. 1.516) immer-

sion objective was used. The illumination was provided by a light-emit-

ting diode (LED) (transmitted light) and Lumicore solid-state illuminator

(SSI-Lumencore, fluorescence), and the images were acquired with a

Cool Snap HQ2 camera (Photometrics) and the SoftWorx software

(Applied Precision), using 23 2 pixel binning tominimize light exposure

(pixel size = 0.1288 mm). The z distance between optical sections was

500 or 600 nm and the exposure = 0.5 s, 2%–10% transmission, de-

pending on the fluorescent level of the specimen analyzed.

MBC and TBZ Experiments

To stop nuclear oscillations in fission yeast zygotes, we used 25 mg/mL in

EMM-N of the microtubule-depolymerizing drug MBC (Carbendazim 97%,

Sigma-Aldrich) or 200 mg/mL TBZ (97%, Sigma-Aldrich). To add and wash

out the drug while imaging, meiosis was induced in a perfusion chamber

(POC-chamber, Helmut Saur). Cells were imaged from karyogamy and, de-

pending on the experiment, MBC or TBZwas added before oscillations started

or after several oscillations. MBC or TBZwas left on the cells for 35–60min and

was then washed out with liquid EMM-N, while imaging continued for varying

time lengths, to observe the resumption of oscillations and/or meiosis I and

meiosis II. For the end point experiments performed in FY17779 and PD13

(Figure S3C), meiosis was induced in a glass-bottom culture dish, and, after

zygotes were formed (1–1.5 hr), MBC was added for 1 hr, then washed out,

and after 4 hr cells were fixed and DNA stained.

Cell Fixation and DNA Staining

Live-Cell Experiment

To observe theDNAofMBC-treated cells, cells were left for about an additional

4 hr to let them complete meiosis I and meiosis II. Cells were fixed and stained

with 4% paraformaldehyde (P6148, Sigma-Aldrich), 0.3% Triton X-100 (X100,

Sigma-Aldrich), and 5 mg/mL Hoechst (33342, H1399, Life Technologies) for

10 min. To avoid cell detachment from the dish, the above solution was

substituted by 4% paraformaldehyde/5 mg/mL Hoechst in PBS and incubated

for about 1–2 hr on the microscope until DNA staining could be observed.

End Point Experiment

Consistent with the live-cell experiments, after 1-hr meiosis induction, cells

were treated with MBC for 1 hr and incubated in EMM-N for 4 hr. Then cells

were fixed and stained with 4% paraformaldehyde, 0.3% Triton X-100, and

5 mg/mL Hoechst for 10 min. Cells were washed and incubated overnight in

mounting medium PBS-80% glycerol/5 mg/mL Hoechst to allow DNA staining.

We analyzed zygotes with four spindle pole bodies (indication of the end of

meiosis II), and such with visible spores were excluded to ensure they were

under MBC treatment.

Cells expressing Rec25-GFP were stained to visualize DNA, after fixation

with 4% paraformaldehyde, 0.3% Triton X-100, and 5 mg/mL Hoechst for

10 min.
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Image Processing and Data Analysis

To track the position of GFP-tagged loci and the SPB, we used our recently

developed algorithm (Krull et al., 2014), optimized for localization of objects

with low intensity in settings with high background and noise. We used

maximum-intensity projections of z stacks, calculated with ImageJ (NIH). For

the measurement of spindle length and thickness, the spindle was detected

as an ellipse, and the length and thickness were quantified as the number of

fluorescence pixels along the major and the minor axes of the ellipse, respec-

tively. Time 0 was defined as the time frame in which the spindle reached a

length of 2.5–3 mm after SPB duplication. To track the shape of the nucleus

and fluorescent levels in Rec25-GFP and Rec8-GPF cells, sum-intensity pro-

jections were calculated with ImageJ (NIH). These sum projections were con-

verted to binary images, and a mask that exactly matched the contours of the

nucleus was constructed for each image; then, the fluorescence level and

the circularity were measured using ImageJ plugin circularity = 4 pi(area/

perimeter2). A circularity value of 1 indicates a perfect circle. As the value ap-

proaches 0, it indicates an increasingly elongated polygon. The plugin was

customized to do the analysis automatically. Final data analysis and statistics

were performed using scripts written in MATLAB (MathWorks) and the statis-

tical tool package StatPlus:mac and Microsoft Excel (Microsoft). The ANOVA

tests performedwere one-way tests. The t tests were two-tailed and two-sam-

ple equal-variance tests.

Statistical Analysis

Data are presented as means ± SD from three to ten separate experiments.

The significance of data was estimated by Student’s t test (two tailed and

two sample equal variance) or one-way ANOVA test. Correlation analyses

were performed by Pearson correlation coefficient. p < 0.05 was considered

statistically significant. Values of all significant differences are given with the

degree of significance indicated (*p < 0.05, ** p < 0.01, and *** p < 0.001). All

parameters were quantified as described in the respective figure legends.
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