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SUMMARY

Meiotic progression in S. pombe is regulated by
stage-specific gene expression and translation,
changes in RNA stability, expression of anti-sense
transcripts, and targeted proteolysis of regulatory
proteins. We have used SILAC labeling to examine
the relative levels of proteins in diploid S. pombe
cells duringmeiosis. Among the 3,268 proteins quan-
tified at all time points, the levels of 880 proteins
changed at least 2-fold; the majority of proteins
showed stepwise increases or decreases during
the meiotic divisions, while some changed tran-
siently. Overall, we observed reductions in proteins
involved in anabolism and increases in proteins
involved in catabolism. We also observed increases
in the levels of proteins of the ESCRT-III complex
and revealed a role for ESCRT-III components in
chromosome segregation and spore formation. Cor-
relation with studies of meiotic gene expression and
ribosome occupancy reveals that many of the
changes in steady-state protein levels are post-tran-
scriptional.

INTRODUCTION

Schizosaccharomyces pombe is an excellent model for studying

the basic processes of life (Fantes and Hoffman, 2016). Under

conditions of nitrogen limitation, S. pombe cells of opposite mat-

ing type conjugate to form a diploid zygote. After pre-meiotic

S phase, homologous chromosomes pair and recombine, while

the nucleus undergoes an oscillatory ‘‘horsetail’’ movement (Chi-

kashige et al., 1994; Robinow, 1977). A spindle is then formed,

and an equational division (meiosis I) produces two nuclei, which

undergo a reductional division (meiosis II), producing four haploid

nuclei. Meiosis endswith the formation of ascospores. Spore for-

mation initiates in meiosis II by the formation of the forespore

membrane (FSM), a double membrane that emanates from the

remodeled spindle pole body (SPB) and expands to encapsulate

each nucleus (Ikemoto et al., 2000; Nakamura et al., 2008; Na-
1044 Cell Reports 26, 1044–1058, January 22, 2019 ª 2018 The Auth
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kase et al., 2008). Expansion of the FSM is guided by Meu14p

(Okuzaki et al., 2003) and the syntaxin Psy1p (Kashiwazaki

et al., 2011; Maeda et al., 2009; Nakamura et al., 2001) and re-

quires F-actin (Petersen et al., 1998; Yan and Balasubramanian,

2012) and the type I myosin Myo1p (Itadani et al., 2006). Asco-

spore formation is completed bydeposition of sporewallmaterial

into the luminal space (reviewed by Shimoda, 2004) and requires

the septation initiation network (SIN) (Krapp et al., 2006; Ohtaka

et al., 2008; Pérez-Hidalgo et al., 2008; Yan et al., 2008).

Commitment to meiosis was reviewed recently (Yamashita

et al., 2017). Briefly, nitrogen starvation of diploid S. pombe cells

that are heterozygous at the mat locus results in large changes

in the expression of protein-coding genes and non-coding

RNAs (Bitton et al., 2011; Mata and Bähler, 2006; Mata et al.,

2002, 2007). These includemei3, whose product inhibits the pro-

tein kinase Pat1p (Iino and Yamamoto, 1985; McLeod and

Beach, 1988; McLeod et al., 1987; Nurse, 1985). This activates

the RNA-binding protein Mei2p/meiRNA, which sequesters

Mmi1p, allowing expression of early meiotic genes (Harigaya

et al., 2006; Shichino et al., 2014; Yamanaka et al., 2010; Yama-

shita et al., 2012). Translational control (Duncan and Mata, 2014)

and post-translational regulation of proteins are also important

during meiosis. Macroautophagy (Mukaiyama et al., 2010) is

required for entry into and progression through meiosis in fission

yeast (Matsuhara and Yamamoto, 2016; Mukaiyama et al., 2009;

Nakashima et al., 2006). Stage-specific protein degradation also

plays an important role; for example, the meiosis-specific

anaphase promoting complex (APC/C) inhibitor Mes1p prevents

complete degradation of Cdc13p at the end of meiosis I (Izawa

et al., 2005; Kimata et al., 2008), degradation of Sgo1p permits

sister chromatid separation (Kitajima et al., 2004, 2006; Rabitsch

et al., 2004; Riedel et al., 2006) and degradation of Hrs1p/Mcp6p

allows formation of the meiosis I spindle (Funaya et al., 2012;

Tanaka et al., 2005). Some SIN proteins are also degraded dur-

ing meiosis (Krapp and Simanis, 2014).

In this study, we have analyzed changes in the S. pombe pro-

teome during meiosis. Approximately 27% of the proteins

analyzed show at least a 2-fold change in their relative level dur-

ing meiosis. Our data reveal a significant remodeling of the pro-

teostasis network during meiosis, with increases in proteins

involved in catabolism and decreases in proteins involved in

ribosome biogenesis. Comparison with published datasets of
or(s).
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mRNA abundance and ribosome occupancy during meiosis re-

veals significant post-translational regulation of protein levels

during meiosis.

RESULTS

Relative Quantification of the Proteome during Meiosis
To quantify changes in the proteome during S. pombe meiosis,

relative protein levels were measured using synchronized cul-

tures and stable isotope labeling with amino acids in cell culture

(SILAC) (Ong et al., 2002). The temperature-sensitive mutant

pat1-114 (Iino and Yamamoto, 1985) was used to obtain good

meiotic synchrony; thismethod also allows comparisonwith pre-

vious genome-wide studies of S. pombe meiosis (Bitton et al.,

2011; Mata and Bähler, 2006; Mata et al., 2002, 2007).

Diploid pat1-114 cells were accumulated in G1 by nitrogen

starvation, and protein extracts were prepared after inactivation

of Pat1p (Figure 1A). The data presented are from three indepen-

dent biological replicates. Meiotic progression was followed by

nuclear staining (Figures 1B and S1A). The cyclin Cdc13p (Fig-

ures 1B and S1A) accumulated at 2 hr during pre-meiotic

S phase and disappeared at 4–5 hr, at the onset of the second

meiotic division, as shown previously (Izawa et al., 2005). The

steady-state level of alpha-tubulin (Figures 1B and S1A) de-

creases at 7–8 hr during spore formation, so actin was used as

an internal control (Figure 2D). A super-SILAC standard (Geiger

et al., 2010) was generated from labeled cells (Bicho et al.,

2010; Carpy et al., 2015) using a pooled extracts from four

time points; samples were processed as shown in Figure 1A.

In total, we quantified 4,507 proteins (z89% of the proteome)

with an average of 20.11 unique peptides per protein. The varia-

tion of protein coverage for each replicate was low (Figure 1D),

and our quantitative protein measurements correspond well

with previous S. pombe datasets (Carpy et al., 2014; Gunaratne

et al., 2013): 3,349 proteins that were quantified in our dataset

were also analyzed in these studies (Figure 1E); 446 proteins de-

tected uniquely in this studywere enriched inGO terms related to

meiosis and spore formation (p < 0.05), as expected, because

these studies used vegetatively growing cells (Table S5).

We quantified 3,101 proteins at every time point in all the rep-

licates (Figure S1C). Data imputation of a single missing value

using the mean of the flanking values was used to complete
Figure 1. Proteome Profiling during Meiosis in S. pombe

(A) Experimental design of total proteome analysis. Protein extracts prepared at th

extracts from SILAC-labeled cells made at the indicated time points. After digest

liquid chromatography-tandem mass spectrometry (LC-MS/MS). The analysis w

(B) Progression through meiosis was monitored by nuclear staining (DAPI) and plo

Bottom: western blot of protein extracts probed with an antibody to S. pombeCdc

here is for experiment 1; the western blots and counting were performed once.

(C) Heatmap indicating the Pearson correlation coefficients of protein abundanc

(D) Histogram indicating the number of quantified proteins at each time point (0–

(E) Venn diagram comparing the depth of protein coverage in three studies: ‘‘Pep

2014), and this study.

(F) Validation of SILAC-quantified relative protein abundance bywestern blotting. P

or Spn5p-GFP-HA (right) fusion proteins were prepared at the indicated times

antibody or antibody to actin as control. The change in relative protein abundance

represents quantification of the chemiluminescence signals from the western blo

above the western blot. Each western blot shown was performed once, when th
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the data for an additional 167 proteins (Figure S1C, inset), giving

a total of 3,268 proteins (Table S1). The average Pearson corre-

lation coefficient between time points in pairs of replicates was

0.81, indicating a high degree of reproducibility (Figure S1D).

Experiment 2 shows a slight delay both in the appearance of

binucleate cells and the disappearance of Cdc13p compared

with the other experiments (Figures 1B and S1A). Consistent

with this, themean of the correlation coefficients between exper-

iments 1 and 3 is 0.85.

Extensive Proteome Remodeling during Meiotic
Divisions
The mb.long function of the time course package in R Bio-

conductor allowed ranking of proteins on the basis of their T2

statistics; 1,503 proteins, or 46% of the top T2 ranked proteins

(T2 > 135.62), displayed significant changes in their levels

compared with the null hypothesis of a flat profile (Murphy

et al., 2015). The relative abundance of 880 of these proteins

(z27%of the proteome; Table S2) changed at least 2-fold during

meiosis with a global transition point coinciding with the meiotic

divisions (Figure 2A). To assess the temporal dynamics of protein

abundance during meiosis, we calculated Pearson correlation

coefficients for all pairs of time points. The relative protein levels

were most highly correlated during early meiosis and during

spore formation (Figures 1C and S1B). The steady-state level

changes of several proteins in the dataset were confirmed by

western blotting (Figures 1F and 2B), including Myo51p (Doyle

et al., 2009), Spn5p (Onishi et al., 2010), For3p (Yan and Balasu-

bramanian, 2012), Mei2p (Kitamura et al., 2001), and Cdc13p

(Blanco et al., 2001). The relative protein levels measured here

(Figure 2C) also correlated well with the published data for

pat1-induced meiosis for Gas4p (de Medina-Redondo et al.,

2008), Meu10p (Tougan et al., 2002), Meu14p (Okuzaki

et al., 2003), Isp3p (Fukunishi et al., 2014), Spo5p (Kasama

et al., 2006), Spo4p (Bitton et al., 2011; Nakamura et al., 2002),

Mcp5p (Saito et al., 2006), and Spo15p (Ikemoto et al., 2000).

Temporal Correlation of mRNA and Relative Protein
Levels Reveals Widespread Post-transcriptional
Regulation
The extent to which regulation of the mRNA can explain changes

in the protein levels was examined by comparing our dataset
e indicated time points from cells undergoing meiosis were mixed with pooled

ion, peptides were fractionated by cation exchange (SCX) and analyzed using

as performed once for each biological replicate.

tted as the percentage of cells with one (1N), two (2N), or four (4N) nuclei (top).

13p; antibodies to actin and tubulin serve as internal controls. The result shown

e between meiotic time points (T00–T10) for experiment 1.

10) for all three biological replicates.

tideAtlas’’ (Gunaratne et al., 2013), absolute S. pombe proteome (Carpy et al.,

rotein extracts of strains expressing chromosomally taggedMyo51p-GFP (left)

following pat1-114 inactivation: the western blot was probed with anti-GFP

(Z score) is shown below for each biological replicate. The broken orange line

t, normalized to that of the actin control. The midpoint of meiosis I is indicated

e optimum antibody concentration had been established.
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Figure 2. Validation of Selected Proteins

(A) Aligned heatmaps of the meiotic time course profiles (0–10) from the three biological replicates. The 880 proteins that varied significantly (T2 [Hotelling test]

and >2-fold difference in at least one time point) were log2-transformed and Z score-normalized. The x axis is time (hours).

(B) Validation of SILAC-quantified relative protein abundance by western blotting. Protein extracts from wild-type (left) or strains expressing chromosomally

tagged For3p-3GFP (middle) or Mei2p-HA (right) fusion proteins were prepared at the indicated times after pat1-114 inactivation. A western blot was probed with

(legend continued on next page)
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with themeiotic transcriptome (Mata et al., 2002). Calculating the

pairwise Pearson correlation coefficients for all pairs of time

points in the meiotic mRNA time course revealed that significant

changes in the mRNA already occur during the early stages of

meiosis, in contrast to the variations in protein levels (Figure S1E).

This partly explains the broad distribution observed in the histo-

gram plot of the pairwise RNA/protein Pearson correlation coef-

ficients (Figure 3A; mean Pearson correlation coefficient = 0.24).

Some mRNA-protein pairs show good correlations, whereas

others show no correlation or even negative correlations (Fig-

ure 3B), suggesting widespread post-transcriptional regulation,

consistent with previous studies (Duncan and Mata, 2014; Liu

et al., 2016).

To discriminate between transcriptional and post-transcrip-

tional regulation, mRNA-protein pairs were subdivided into

three groups by k-means clustering of the relative distance be-

tween mRNA and protein levels (Table S3; Figure 3C; no addi-

tional groups were found using k > 3). Group 1 contains genes

showing good correlations between mRNA and protein levels,

indicating gene regulation mainly at the transcriptional level.

The annotation tool STRING (Szklarczyk et al., 2015) was used

to assign enriched GO (Gene Ontology) terms. We found that

this group comprises, among others, proteins playing a role in

spore formation, which are expressed specifically duringmeiosis

(Table S6).

Group 2 comprises mRNA-protein pairs whose relative dis-

tance increases during meiosis, resulting mainly from a

combination of a decrease in protein level accompanied by an

increase in the mRNA level. A profile of this type is consis-

tent with post-transcriptional regulation of protein level, either

inhibition of translation, protein degradation or a combina-

tion thereof, leading to an accumulation of non-translated

mRNAs. GO term enrichment analysis reveals proteins involved

mainly in the generation of ribosomes and mature RNAs

(Table S5).

Group 3 contains proteins whose levels increase while the

mRNA level decreases, suggesting that the protein product is

either long lived or efficiently translated. The biological process

(BP) term enrichment reveals an enrichment for protein catabo-

lism (with GO terms including APC/C and proteasome), protein

transport (with GO term enrichment for endosomes, COPI/II

coated vesicles, exocyst, and Golgi apparatus), cell cycle regu-

lators, and chromosome organization (Table S5). These may

reflect the extensive remodeling that occurs late in meiosis to

produce spores.

Overall, this analysis points toward a global adaptation of the

cell as it makes the transition to a dormant state as a spore,

through an upregulation of catabolic pathways (allowing a rapid

modification of the protein content), concomitant with a global

downregulation of the anabolic pathways. Our data suggest

that a significant part of these changes arise via post-transcrip-

tional regulation.
antibody toCdc13p, anti-GFP, or anti-HA antibodies; an antibody to actin was use

for each biological replicate and the western blot. The midpoint of meiosis I is indi

of the chemiluminescence signal from the western blot, normalized to that of the a

antibody concentration had been established.

(C) Plot of the log2 relative levels for each biological replicate of proteins whose
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Temporal Correlation of Ribosome Occupancy and
Relative Protein Levels Highlights Post-translational
Regulation during Meiosis
To assess the contribution of translation or post-translational

regulation, we performed a correlation analysis with the meiotic

ribosome occupancy (RO) dataset (Duncan and Mata, 2014). A

broad distribution in the plot of the pairwise Pearson correlation

coefficients (Figure 3D), with a mean Pearson correlation coef-

ficient of 0.24, is consistent with a high degree of post-transla-

tional regulation. We used k-means clustering to partition the

RO-protein pairs using the relative distance between RO and

protein levels (Table S4; Figure 5A). Only two groups, named

A and B, were identified (k > 2 did not reveal any additional pro-

files). Group A comprises genes showing a good correlation

between RO and protein levels, indicating that protein levels

and translation rates vary similarly during meiosis; this group

is enriched in proteins involved in ribosome biogenesis, trans-

lation, and actin cytoskeleton (Table S5). Group B comprises

proteins whose levels increased while the RO of the mRNA

decreased during meiotic progression. This group is likely to

be enriched in stable proteins. GO term analysis reveals an

enrichment for protein catabolic processes (Table S5). We

failed to detect any group that displayed an increase in the

RO-protein distance during the time course of meiosis. These

mRNAs would have been highly translated but giving rise to

proteins that are rapidly degraded. We conclude that this

method of regulation is not widely used among the proteins

we have analyzed.

The mRNA-protein correlation analysis indicates that some

mRNAs accumulate during the late stages of meiosis. Cross-

correlation shows that the RO-protein pairs having Pearson

correlations greater than 0.4 (n = 1,318) mainly show also good

correlations for the mRNA-protein pair (Figure 5B). However,

a significant number of the well-correlated RO-protein pairs

(n = 441 [33%]) show increases in relative mRNA levels, whereas

the relative protein level decreases during meiosis (Figure 5B,

group 2), consistent with the accumulation of non-translated

mRNAs. GO term analysis reveals that they are mainly genes

involved in the ribosome biogenesis and coding for ribosomal

proteins (Table S5).

Temporal Dynamics of Relative Protein Levels during
Meiosis
Next, we used a template matching strategy to define temporal

patterns among the 880 significantly varying proteins. Six clus-

ters were specified as follows: clusters 1 and 2 show a stepwise

increase before meiosis I and at the end of meiosis II, respec-

tively; clusters 5 and 6 show a stepwise decline before meiosis

I and the end of meiosis II, respectively; and clusters 3 and 4

show transient peaks corresponding to the meiosis I-II transition

and S-phase/recombination/horsetail stage, respectively (Fig-

ure 4, black lines).
d as control. The Z score of the relative changes in abundance are shown below

cated above the western blot. The broken orange line represents quantification

ctin control. Each western blot shown was performed once, when the optimum

steady-state level is known to vary through meiosis.
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The summed Euclidean distance was calculated between a

protein’s profile and each of the six templates at every time point.

The proteins were assigned to the cluster giving the smallest to-

tal Euclidean distance (Table S2). Eight hundred sixty-seven of

the 880 proteins were assigned to one of the six clusters; the

four clusters showing a stepwise alteration in protein level ac-

count for 786 (z91%) of these.

Proteins in cluster 1 play a function in spore formation and in

protein catabolism, which is necessary to complete the meiotic

divisions. Clusters 3 and 4 showed GO term enrichment for

BPs such as meiosis and DNA repair and cellular components

such as condensed chromosome. By contrast, expression of ri-

bosomal proteins decreases at the onset of meiotic divisions

(cluster 5), which correlates with the decrease in protein transla-

tion efficiency observed after induction of meiosis (Duncan and

Mata, 2014). There is also a decrease in enzymes involved in syn-

thesis of the cell wall. These changesmay reflect the transition to

a quiescent state. Proteins whose levels decrease after the

meiotic divisions include cytoskeletal proteins (actin and micro-

tubule cytoskeletons; cluster 6), and those involved in cell

proliferation, which is consistent with the cell having completed

the two meiotic divisions. Cluster 2 did not show any specific

enrichment for GO terms. Overall, the mean Pearson correlation

coefficients between mRNA or RO and protein levels during

meiosis for the proteins in the six clusters increased to 0.39 for

mRNA and 0.43 for RO. Clusters 2 and 3 showed the highest

overall correlation between mRNA and protein, suggesting that

transcriptional control plays an important part in regulating these

genes (Figure 4). Clusters 5 and 6 show good correlations be-

tween protein and RO, though the correlation with mRNA level

was poor.

There are three waves of gene expression controlled by tran-

scription factor cascades during meiosis (Mata et al., 2002,

2007). First, Rep1p activates expression of genes involved in

pre-meiotic S phase. After homologous recombination, Mei4p

activates transcription of genes important for meiotic nuclear di-

visions and early steps of spore formation. Finally, late-phase

genes, whose products are required for spore maturation, are

activated by a combination of Atf21p and Atf31p. The Pearson

correlation coefficients for mRNA-protein pairs for the targets

of these meiotic transcription factors revealed a positive trend

in all the cases with a mean Pearson correlation coefficient of

approximately 0.45 (Figure 5C). A good correlation (mean Pear-

son correlation coefficient = 0.604) was also observed for the

meiotically upregulated (mug) genes (Martı́n-Castellanos et al.,
Figure 3. Correlation of the Proteome Time Course Dataset with Meio
(A) Histogram showing the distribution of Pearson correlation coefficients for a com

each mRNA-protein pair. The mean and median Pearson correlation coefficient

(B) Examples of two proteins showing a strongly positive (SPAC11D3.01c) or a s

profiles. Plots of the Z score-normalized levels of the protein (red), mRNA (green

meiotic time course.

(C) The plots show the results of clustering using Mini-batch k-means, of the relati

groups discussed in the text. The plots show the Z score (ordinate) for mRNA leve

violin plot (ordinate) against time (abscissa). The histograms show the distribution

The number of proteins and themean andmedian of the Pearson correlation coeffi

enrichment of Gene Ontology, biological process terms (GO BP; left) and GO, ce

(D) Histogram showing the distribution of Pearson correlation coefficients for eac

(2014). The mean and median of the Pearson correlation coefficient for this analy
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2005). The mug genes were assigned mainly to either cluster 1

and 2 (Figure 5D; Table S6). The majority of targets of the

early meiosis-specific transcription factor Rep1p were assigned

to cluster 4, which peaks during the horsetail stage (pre-

meiotic S phase and recombination). Most Mei4p target gene

products belong to cluster 1, while the Atf21p/Atf22p targets

were found mostly in cluster 2. Therefore, the relative level of

the proteins expressed from genes that are targets of the major

meiosis-specific transcription factors generally reflect themRNA

level.

Meiosis-Specific Changes in Proteostatic Networks
The relative levels of proteins implicated in two branches of the

proteostatic control, namely, protein synthesis and protein

degradation (Klaips et al., 2018), change in opposite direction

during meiosis. We observed decreases in the levels of pro-

teins that play a role in ribosome biogenesis (GO: 0042254).

Concomitantly, we observed an increase in proteins implicated

in proteolysis (GO: 0006508), which is required for meiotic pro-

gression and may also eliminate excess or damaged proteins

(Figure 6A). In addition to proteins involved in autophagy, these

included components of the APC/C and the proteasome.

The level of all the subunits of the APC/C (7 of 13), and the pro-

teasome (36 of 38; Figure 6B) present in our dataset increased

as cells progressed through meiosis. Of the 25 proteins

involved in autophagy, the levels of 13 increased, while 3 did

not vary; a further 9 were not quantified at all time points

(Table S7).

The ESCRT-III Complex Is Required for Faithful Spore
Formation
The relative protein levels of the six members of the ESCRT-III

complex, namely, Cmp7p, Did2p, Did4p, Vps20p, Vps24p, and

Vps32p, all increased at the onset of meiotic divisions (Fig-

ure 6C). The levels of the two components of ESCRT-0, Hse1p

and Sst4p, increased <2-fold during meiosis. The ESCRT-1 pro-

tein Sst6p did not change significantly during meiosis, while

Vps28p is not in our dataset. None of the three S. pombe

ESCRT-II proteins, Dot2p, Vps25p, and Vps36p, were quantified

in this study.

Previous studies have shown that mutation of some ESCRT

components (the ESCRT-0 component Vps27p/Sst4p, the

ESCRT-III components Vps20p and Vps32p and their associ-

ated proteins Vps4p and Sst2p, and the ESCRT-I protein

Sst6p) affect meiosis, reducing the number of asci with four
tic mRNA and Ribosome Occupancy Datasets
parison of the dataset obtained in this study, with that of Mata et al. (2002), for

for this analysis is shown.

trongly negative (SPBP8B7.23) correlation between the mRNA and the protein

), or relative distance (mRNA level � protein level, see text; yellow) during the

ve distance between Z score-normalized mRNA and protein levels for the three

ls (green) and protein levels (red). The relative distance (blue) is presented as a

of Pearson correlation coefficients for each mRNA-protein pair in each group.

cients in each group are indicated. The proteins in each cluster were tested for

llular component terms (GO CC; right) using STRING.

h ribosome-protein pair, comparing our dataset with that of Duncan and Mata

sis are shown.
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Figure 4. Comprehensive Temporal Protein Clustering

The plots show the following parameters for the six clusters of the proteins that vary significantly during the time course, from left to right: (1) Plot of the Z score-

normalized protein levels in heatmap colors according to the distance to the template profile (in black), plotted against time. The number of proteins in the cluster

is indicated. (2) Heatmap of the time course Z score-normalized levels, plotted against time. (3) Histogram of the distribution of Pearson correlation coefficients for

mRNA-protein pairs. The mean and median of the Pearson correlation coefficients are indicated. (4) Histogram of the distribution of Pearson correlation co-

efficients for ribosome-protein pairs. Themean andmedian of the Pearson correlation coefficients are indicated. (5) GOBP (left) and GOCC (right) terms enriched

in the cluster (see STAR Methods). The plots at the bottom of the figure show a representative example from each cluster.
spores and affecting spore morphology (Onishi et al., 2007).

Furthermore, a genome-wide screen revealed that mutation of

the ESCRT-III component Cmp7p and ESCRT-II component

Vps25p produced a significant increase in the number of aber-

rant asci (Blyth et al., 2018). These findings, and the concerted

increase in ESCRT-III proteins, prompted us to investigate

whether other components of the ESCRT-III complex play a

role during meiosis. Homozygous matings of null alleles of the
cmp7, did2, did4, vps20, and vps24 genes were analyzed for ef-

fects upon spore formation and DNA segregation. With the

exception of vps24, deletion of any of these genes resulted in

the formation of a significant number of aberrant asci, confirming

the previous analyses of vps20-D and cmp7-D, cited above. A

preponderant phenotype was that asci contained fewer than

four spores (Figure 6D), indicating a defect in spore formation.

Furthermore, we observed asci containing more, or fewer, than
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Figure 5. Correlation of the Proteome Time Course Dataset with Meiotic mRNA and Ribosome Occupancy Datasets

(A) Clustering of relative distance between Z score-normalized ribosome occupancy and protein levels using Mini-batch k-means. Plots of the Z score for

ribosome occupancy (RO) levels (green), relative protein levels (protein; red), and the relative distance (rel. distance; blue) are shown as a violin plot. The his-

tograms showing the distribution of Pearson correlation coefficients for eachmRNA-protein pair are shown for each group. The number of proteins and the mean

and median of Pearson correlation coefficients of each group are indicated. The proteins in each cluster were tested for enrichment of GO BP (left) and GO CC

(right) using STRING; the enriched terms are listed.

(B) The histogram shows a plot of the number of ribosome-protein pairs in the entire dataset that show a good correlation (Pearson correlation coefficientsR 0.4;

1,318 entries), which fall into one of the three mRNA-protein correlation clusters shown in Figure 3C (group 1, mRNA = protein; group 2, mRNA > protein; group 3,

protein > mRNA).

(legend continued on next page)
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four DNA foci, consistent with mis-segregation of chromosomes

during meiosis (Figures 6D and 6F). Because aneuploid

S. pombe cells grow very poorly (Niwa and Yanagida, 1985), er-

rors in chromosome segregation in meiosis should manifest as a

decrease in spore viability. The viability of spores resulting from

homozygous matings of null alleles of cmp7, did2, did4, and

vps20 was significantly reduced (Figure 6E). A did4-null mutant

in S. cerevisiae also reduces sporulation efficiency and viability

(Deutschbauer et al., 2002). Future studies will address the

nature of the defects that produce these phenotypes.

DISCUSSION

We have used a super-SILAC labeling approach to study the

relative levels of proteins during S. pombemeiosis. We detected

89% of the predicted proteome and quantified 3268 proteins

(z66% of the proteome). The levels of 27% of these proteins

changes by at least 2-fold at some stage in meiosis. These pro-

teins were subdivided into six clusters using a template-match-

ing strategy. Two clusters show peaks either during pre-meiotic

S phase/recombination or the meiotic divisions. The remainder

show step changes during either pre-meiotic S phase/recombi-

nation or the meiotic divisions.

Globally, our analysis reveals a switch from anabolic to cata-

bolic processes as meiosis proceeds. The increase in protein

degradation activity is consistent with the need to generate

building blocks for spore formation in a nutrient-poor environ-

ment. Specific degradation by the APC/C is essential in both

meiosis I and meiosis II (Blanco et al., 2001; Chikashige et al.,

2017; Izawa et al., 2005). Because the levels of both the

APC/C and proteasome remain high after completion of meiosis

II, it may be that they play a role in the final steps of meiosis, such

as spore maturation. It is noteworthy that during meiosis II, the

proteasome subunit Pad1p relocalizes to a region between the

two dividing nuclei where the FSMs close and is seen as punc-

tate dots at the nuclear periphery in spores (Wilkinson et al.,

1998). Analysis of the meiotic proteome in S. cerevisiae has re-

vealed a similar upregulation of catabolic pathways (Becker

et al., 2017; Wen et al., 2016), suggesting that a generalized in-

crease in protein degradation capacity may be a common

feature in meiosis, at least in fungi.

Analysis of the correlation between mRNA levels, RO, and

protein levels during meiotic progression reveals positive corre-

lations for only a subset of genes. These are enriched for the

targets of meiosis-specific transcription factors. It is striking

that a significant fraction of mRNA-protein pairs show anti-cor-

relation; that is, the relative level of protein decreases while the

mRNA remains high, or vice versa. One noteworthy group of

genes in the former category are those for ribosomal proteins,

which may presage the quiescent state of the spore. The

persistence of the mRNA may also point to some of it being

stored in the spore. Previous studies have shown that during

spore germination in S. cerevisiae, protein synthesis starts
(C) Histograms showing the distribution of Pearson correlation coefficients for s

(n = 66); upper right: Rep1p transcription factor targets (n = 13): lower left: Mei4p tr

targets (n = 206). The mean and median Pearson correlation coefficients for eac

(D) Distribution in percentage of all (total), meiotically upregulated (mug), Rep1p,
rapidly, before RNA transcription (Xu and West, 1992), and

that spores contain mRNA available for translation, which

may help maintain the viability of the spore (Brengues et al.,

2002). In this context it is noteworthy that Mmi1p not only tar-

gets some mRNAs for destruction but also sequesters others in

nuclear foci, inhibiting their translation (Shichino et al., 2018).

Storing a subset of mRNA for cellular components that are

essential for manufacture of ribosomes may be a mechanism

to facilitate the germination of the spore and its transition to a

vegetative cell. Future studies will investigate whether this is

the case in S. pombe.

Studies in S. cerevisiae revealed widespread changes in the

translation efficiency of genes during meiosis, which was attrib-

uted in large part to the use of microORFs (Brar et al., 2012).

Extending this, a recent study of S. cerevisiae meiosis has

highlighted changes in the 50 UTR of mRNAs as a regulatory

mechanism; switching to an alternative 50 UTR decreases the ef-

ficiency of translation initiation, which maintains mRNA levels

while decreasing those of the protein (Cheng et al., 2018). To

address whether such a mechanism is also widespread in

S. pombe meiosis, we examined orthologs of the genes identi-

fied by Cheng et al. (2018), which show a poor mRNA-protein

correlation and contain an upstream AUG in an alternative

50 UTR. Our dataset contains 285 of the 462 orthologs of this

gene set. A plot of the correlation coefficients between mRNA

and protein levels did not show an enrichment for anti-correlation

in this group of genes (mean Pearson correlation coefficient =

0.18; not shown), suggesting that this regulatory mechanism

may not apply widely in S. pombe. The analysis of RO during

meiosis in S. pombe also supports this view, because it did not

detect any increase in the use of micro-ORFs during meiosis

(Duncan and Mata, 2014). Furthermore, if we analyze those

genes that have an ATG in the 50 UTR, either in the group of

genes mentioned above, or the whole dataset, we do not find

any enrichment for anti-correlation between mRNA and protein

levels. However, it should be noted that the mapping of

S. pombe 50 UTRs in meiosis has not been published to date,

and the analyses discussed above use 50 UTRsmapped in vege-

tatively growing cells.

Our dataset has revealed that the relative levels of all the sub-

units of the ESCRT-III complex increase during meiosis. Analysis

of meiosis in null mutants of ESCRT-III subunits whose protein

levels increases revealed that four of five mutants show aberrant

meiotic progression and/or spore formation. Previous studies

have implicated the ESCRT-III components Vps20p, Vps32p,

and Cmp7p in the execution of a faithful meiosis and spore for-

mation (Blyth et al., 2018; Onishi et al., 2007), consistent with

the observations in this study. As a membrane remodeling com-

plex, the ESCRT-III proteins play a role in a variety of cellular

pathways, including endosomal maturation (Hurley and Emr,

2006), multi-vesicular body formation (Liu et al., 2015), mem-

brane fission during the abscission step of cytokinesis (Carlton

and Martin-Serrano, 2007; Morita et al., 2007), and centrosome
pecific mRNA-protein pairs. Upper left: meiotically upregulated (mug) genes

anscription factor targets (n = 286); lower left: Atf21p/Atf22p transcription factor

h group are indicated.

Mei4p, or Atf21p/Atf22p target genes to protein clusters 1–6.
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dynamics (Morita et al., 2010). In S. pombe, the ESCRT-III com-

plex has been shown to be important for cytokinesis and cell

separation (Bhutta et al., 2014), as well as in SPB insertion into

the nuclear membrane in mitosis (Frost et al., 2012; Gu et al.,

2017). It is noteworthy that deletion of the ESCRT-II subunit

Dot2p leads to overamplification of SPBs during meiosis in

S. pombe (Jin et al., 2005). A similar role in meiosis could pro-

duce the observed phenotypes. Moreover, proteins of the

ESCRT-0, I, II, and III complexes also mediate selective auto-

phagy in S. pombe (Liu et al., 2015). The collective upregulation

of ESCRT-III proteins in meiosis may therefore indicate a role for

them in the switch to catabolism that occurs during meiosis. A

decreased ability to recycle cellular components for meiosis

and spore formation under starvation conditions may also

contribute to the multiple meiotic defects we observe. Future

studies will examine the role of ESCRT-III proteins in meiosis in

S. pombe.
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Lausanne (EPFL) for core support.

AUTHOR CONTRIBUTIONS

A.K. and V.S. conceived the biological experiments. Most were performed by

A.K., and some were done by V.S., with technical assistance from E.C. Mass

spectrometry analysis was designed by M.M., D.C., and R.H. and performed

by R.H. and D.C. Data analysis was performed by F.A., A.K., and L.K. The pa-

per was written by A.K. and V.S.; all authors were given the opportunity to

comment.

DECLARATION OF INTERESTS

The authors declare no conflicting interests.

Received: July 19, 2018

Revised: November 9, 2018

Accepted: December 17, 2018

Published: January 22, 2019

REFERENCES

Becker, E., Com, E., Lavigne, R., Guilleux,M.H., Evrard, B., Pineau, C., and Pri-

mig, M. (2017). The protein expression landscape of mitosis and meiosis in

diploid budding yeast. J. Proteomics 156, 5–19.

Bhutta, M.S., Roy, B., Gould, G.W., and McInerny, C.J. (2014). A complex

network of interactions between mitotic kinases, phosphatases and ESCRT

proteins regulates septation and membrane trafficking in S. pombe. PLoS

ONE 9, e111789.

Bicho, C.C., de Lima Alves, F., Chen, Z.A., Rappsilber, J., and Sawin, K.E.

(2010). A genetic engineering solution to the ‘‘arginine conversion problem’’

in stable isotope labeling by amino acids in cell culture (SILAC). Mol. Cell. Pro-

teomics 9, 1567–1577.
Complex during Meiosis

e biogenesis (GO: 0042254) and GO BP proteolysis (GO: 0006508) to protein

proteasome subunits.

lex proteins.

res for wild-type and ESCRT-III deletions strains is shown on the left. The error

bserved for each of the null mutant strains, and awild-type control, is shown on

ur spores and more than four nuclei (4S > 4N), three nuclei (xS 3N), two nuclei

), one spore and four nuclei (1S 4N), no spores (0S xN), and others. The data

xamined is shown in Table S9.

indicated null mutant strains and awild-type control. The error bars indicate the

e of spores giving rise to a colony. The number of spores examined is shown in

essed as in (D) and phenotypes are annotated as described in (D). The gene that

are representative images, drawn from all three biological replicates. The scale

Cell Reports 26, 1044–1058, January 22, 2019 1055

https://doi.org/10.1016/j.celrep.2018.12.075
http://refhub.elsevier.com/S2211-1247(18)32020-5/sref1
http://refhub.elsevier.com/S2211-1247(18)32020-5/sref1
http://refhub.elsevier.com/S2211-1247(18)32020-5/sref1
http://refhub.elsevier.com/S2211-1247(18)32020-5/sref2
http://refhub.elsevier.com/S2211-1247(18)32020-5/sref2
http://refhub.elsevier.com/S2211-1247(18)32020-5/sref2
http://refhub.elsevier.com/S2211-1247(18)32020-5/sref2
http://refhub.elsevier.com/S2211-1247(18)32020-5/sref3
http://refhub.elsevier.com/S2211-1247(18)32020-5/sref3
http://refhub.elsevier.com/S2211-1247(18)32020-5/sref3
http://refhub.elsevier.com/S2211-1247(18)32020-5/sref3
http://refhub.elsevier.com/S2211-1247(18)32020-5/sref3
http://refhub.elsevier.com/S2211-1247(18)32020-5/sref3


Bitton, D.A., Grallert, A., Scutt, P.J., Yates, T., Li, Y., Bradford, J.R., Hey, Y.,

Pepper, S.D., Hagan, I.M., and Miller, C.J. (2011). Programmed fluctuations

in sense/antisense transcript ratios drive sexual differentiation in S. pombe.

Mol. Syst. Biol. 7, 559.

Blanco,M.A., Pelloquin, L., andMoreno, S. (2001). Fission yeast mfr1 activates

APC and coordinatesmeiotic nuclear division with sporulation. J. Cell Sci. 114,

2135–2143.

Blyth, J., Makrantoni, V., Barton, R.E., Spanos, C., Rappsilber, J., and Mar-

ston, A.L. (2018). Genes important for Schizosaccharomyces pombe meiosis

identified through a functional genomics screen. Genetics 208, 589–603.

Brar, G.A., Yassour, M., Friedman, N., Regev, A., Ingolia, N.T., andWeissman,

J.S. (2012). High-resolution view of the yeast meiotic program revealed by

ribosome profiling. Science 335, 552–557.

Brengues, M., Pintard, L., and Lapeyre, B. (2002). mRNA decay is rapidly

induced after spore germination of Saccharomyces cerevisiae. J. Biol.

Chem. 277, 40505–40512.

Carlton, J.G., andMartin-Serrano, J. (2007). Parallels between cytokinesis and

retroviral budding: a role for the ESCRT machinery. Science 316, 1908–1912.

Carpy, A., Krug, K., Graf, S., Koch, A., Popic, S., Hauf, S., and Macek, B.

(2014). Absolute proteome and phosphoproteome dynamics during the cell

cycle of Schizosaccharomyces pombe (Fission Yeast). Mol. Cell. Proteomics

13, 1925–1936.

Carpy, A., Patel, A., Tay, Y.D., Hagan, I.M., and Macek, B. (2015). Nic1 inacti-

vation enables stable isotope labeling with 13C615N4-arginine in Schizosac-

charomyces pombe. Mol. Cell. Proteomics 14, 243–250.

Cheng, Z., Otto, G.M., Powers, E.N., Keskin, A., Mertins, P., Carr, S.A., Jova-

novic, M., and Brar, G.A. (2018). Pervasive, coordinated protein-level changes

driven by transcript isoform switching during meiosis. Cell 172, 910–923.e6.

Chikashige, Y., Ding, D.Q., Funabiki, H., Haraguchi, T., Mashiko, S., Yanagida,

M., and Hiraoka, Y. (1994). Telomere-led premeiotic chromosome movement

in fission yeast. Science 264, 270–273.

Chikashige, Y., Kurokawa, R., Haraguchi, T., and Hiraoka, Y. (2004). Meiosis

induced by inactivation of Pat1 kinase proceeds with aberrant nuclear posi-

tioning of centromeres in the fission yeast Schizosaccharomyces pombe.

Genes Cells 9, 671–684.

Chikashige, Y., Yamane, M., Okamasa, K., Osakada, H., Tsutsumi, C., Naga-

hama, Y., Fukuta, N., Haraguchi, T., and Hiraoka, Y. (2017). Fission yeast

APC/C activators Slp1 and Fzr1 sequentially trigger two consecutive nuclear

divisions during meiosis. FEBS Lett. 591, 1029–1040.

Cox, J., and Mann, M. (2008). MaxQuant enables high peptide identification

rates, individualized p.p.b.-range mass accuracies and proteome-wide pro-

tein quantification. Nat. Biotechnol. 26, 1367–1372.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Yeast strains

Strains used See Table S8 N/A

Antibodies

cdc13 Santa Cruz sc-53215; RRID:AB_629250

TAT1 Keith Gull (Oxford) N/A

(Woods et al., 1989)

actin Life Technologies MA1-744; RRID:AB_2223496

GFP In-house (Krapp and Simanis, 2014) N/A

9E10 (myc) Iggo lab (ISREC) N/A

12CA5 (HA) Roche 11 583 816 001; RRID:AB_514505

HRP-coupled secondary anti-mouse Promega W4021

HRP-coupled secondary anti-rabbit Promega W4011

Commercial assays and reagents

l-arginine:HCl (U-13C6, 99%; U-15N4, 99%) Cambridge Isotopes CNLM-539-H-0.1

l-lysine:2HCl (U-13C6, 99%; U-15N2, 99%) Cambridge Isotopes CNLM-291-H-0.1

nitrocellulose membranes, ProtranTM BA 85 Whatman 10 401 196

Protein Assay BioRad 500-0006

ECL Western Blotting Detection Reagent GE Healthcare RPN 2106

Lysing enzyme Sigma L-1412

Lysing Matrix C beads MP Biomedicals 116912100

40,6-Diamidino-2-phenylindole dihydrochloride Sigma D9542

Trypsin Gold Promega V5280

TCEP Sigma C4706

CAA Sigma C0267

Lys-C Wako 129-02541

TFA Thermo Scientific 85183

FA Merck 1.00264.0100

ACN Biosolve 0001204102BS

Ammonium Acetate Fluka 09690

Ammonia Solution Sigma 30501

Trizma hydrochloride solution Sigma T2694

SCX disks 3M 2251

C18 disks 3M 2215

HiPPR Detergent Removal Spin Columns Thermo Scientific 88306

Microcon-30 Centrifugal filters Millipore MRCF0R030

Deposited Data

Raw and analyzed data This paper PXD010438

http://proteomecentral.proteomexchange.

org/cgi/GetDataset?ID=PXD010438

Software and Algorithms

ImageJ N/A N/A

Python programming language Python Software Foundation https://www.python.org/

MaxQuant 1.5.1.2 N/A http://www.coxdocs.org/doku.php?

id=maxquant:start

R software N/A https://www.r-project.org/

String v10 N/A http://string-db.org/
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, andwill be fulfilled by, the LeadContact, Viesturs Simanis (viesturs.

simanis@epfl.ch).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast methods
Standard techniques were used for fission yeast growth and analysis (Hagan et al., 2016; Moreno et al., 1991). Strains used in this

study are listed in the table below. Some strains were obtained from the Japanese National BioResource Project, or from the Bioneer

S. pombe viable null mutant strain collection (V5). Lab stock strains were obtained bymating the required parental strains onminimal

medium (EMM2) without NH4Cl (EMM2-N) followed by tetrad dissection on a Singer�MSMmicromanipulator. The desired progeny

were identified after replica plating on appropriate media. Diploid cells were obtained after mating of parental strains by complemen-

tation of two adenine alleles (ade6-M210 and ade6-M216) and selection on minimal medium lacking adenine, as described (Hagan

et al., 2016).

List of main yeast strains used
Please see Table S8.

Meiotic synchronization
Diploid cells were synchronized in meiosis using the temperature sensitive pat1-114 allele. Therefore, diploid pat1-114/pat1-114

leu1-32/leu1-32 ade6-M210/ade6-M216 h+/h+ cells were grown at 25�C in minimal medium (EMM) before being starved for 16 hr

at 25�C in minimal medium without NH4Cl (EMM-N). Meiosis was then induced by shifting the culture to 32�C and adding NH4Cl

to 0.01% (w/v). Samples were taken hourly up to 10 hours for protein extraction and DAPI staining (Hagan et al., 2016), which allowed

us to monitor meiotic progression by determining the percentage of cells with one, two or four nuclei. As has been noted by others

(Chikashige et al., 2004; Yamashita et al., 2017) induction of meiosis using this method requires both starvation and a heat-shock to

inactivate Pat1p. We cannot exclude that some of the changes we observe here are a consequence of these manipulations, rather

than meiotic progression.

SILAC labeling
Incorporation of heavy amino acids was done according to (Carpy et al., 2015). Diploid pat1-114/pat1-114 car2::NatR/car2::NatR

nic1::KanMX4/nic1::KanMX4 mat2-P102 leu1-32/leu1-32 ura4-D18/ura4-D18 arg3-D4/arg3-D4 lys1-131/lys1-131 ade6-M210/

ade6-M216 cells were grown for 17 generations in exponential growth in EMMG (Hagan et al., 2016), supplemented with 100mg/l

leucine, 100mg/l uracil, 500mg/l proline, 0.65 g/l NH4Cl, 75mg/l heavy isotopic versions of lysine and 12.5mg/l heavy isotopic

versions of arginine (l-lysine:2HCl (U-13C6, 99%; U-15N2, 99%, Cambridge Isotopes; CNLM-291-H-0.1), and l-arginine:HCl

(U-13C6, 99%; U-15N4, 99%, Cambridge Isotopes; CNLM-539-H-0.1)). Cells were then washed and resuspended in EMM-N

supplemented with 20mg/l leucine, 20mg/l uracil, 20mg/l proline, 20mg/l heavy isotopic versions of lysine and 3mg/l heavy isotopic

versions of arginine for starvation during 16 hr at 25�C. Meiosis was induced by shifting the culture to 32�C and addition of amino

acids to 100mg/l leucine, 100mg/l uracil, 500mg/l proline, 0.65 g/l NH4Cl, 75mg/l heavy isotopic versions of lysine and 12.5mg/l heavy

isotopic versions of arginine. Aliquots were removed at time 0hrs, 3hrs, 5hrs and 8hrs for protein extraction and fixed for microscopy

as above. Time points 0 and 3 hr contained mostly mononucleated cells (98.4% and 99.6%, respectively) at 5hrs, the number of

binucleated cells increased (30.1%) while few tetranucleated cells were present (0.5%). At 8hrs most asci contained four nuclei

(84.3%). Analysis showed approximately 99% incorporation of 13C6-
15N2-lysine and 13C6-

15N4-arginine into the proteome. For the

heavy Super-SILAC mix, protein extracts of all four time points were mixed in a 1:1:1:1 ratio with respect to protein concentration.

The Super-SILAC ‘‘heavy’’ reference sample was then mixed with each ‘‘light’’ sample at a 1:1 ratio with respect to protein

concentration.

METHOD DETAILS

Sample processing for mass spectrometry
Samples were trypsin digested using the Filter-Aided Sample preparation (FASP) protocol (Wi�sniewski et al., 2009) with minor mod-

ifications. Lysates corresponding to 30 mg of proteins were resuspended in 200 ml of 8M urea/100 mM Tris-HCl and deposited on top

ofMicrocon-30K devices (Millipore). Samples were centrifuged at 9391 g at 20�C for 30min. All subsequent centrifugation stepswere

performed using the same conditions. An additional 200 ml of 8M urea/100 mM Tris was added and devices were centrifuged again.

Reduction was performed by adding 100 ml of 10mMTCEP in 8Murea/100mMTris-HCl on top of filters followed by 60min incubation

time at 37�C with gentle shaking and light protected.

Alkylation solution was removed by centrifugation and filters were washed with 200 ml of 8M urea/100mMTris-HCl After removal of

washing solution by centrifugation, alkylation was performed in 100 ml of 40mMCAA in 8M urea/100mM Tris-HCl at 37�C for 45 min.,
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with gentle shaking and protected from light. The alkylation solution was removed by centrifugation and another washing/centrifu-

gation step with 200 ml of 8M urea/100 mM Tris-HCl was performed. This last urea buffer washing step was repeated twice followed

by three additional washing steps with 100 ml of 5mM Tris-HCl.

Proteolytic digestion was performed overnight at 37� after adding on top of filters 100ml of a combined solution of Endoproteinase

Lys-C and Trypsin Gold in an enzyme/protein ratio of 1:50 (w/w) supplementedwith 10mMCaCl2. Resulting peptideswere recovered

by centrifugation. The devices were then rinsed with 50 ml of 5mM Tris-HCl and centrifuged. This step was repeated three times.

Eluted samples were concentrated in a speed-vac during 40 min and incubated 1 hour in Detergent Removal Spin Columns (Thermo

Scientific) to remove eventual residual SDS. Samples were then centrifuged and acidified to pH < 3 using 10 ml of 10% TFA.

Samples were then desalted on C18 Stage Tips (Rappsilber et al., 2007). C18 Stage Tips were washed twice using a benchtop

centrifuge (500xg) with 80%acetonitrile and conditioned three timeswith 0.1%TFA. Acidified samples were loaded and thenwashed

twice with 0.1% TFA. Elution was performed first with 80% acetonitrile containing 0.1% TFA and then with 80% acetonitrile contain-

ing 10%TFE and 0.1%TFA. Eluted sampleswere dried in a speed-vac during 40min. Sampleswere fractionated using StrongCation

eXchange (SCX) as previously described (Kulak et al., 2014). Briefly, Stage Tips were prepared by placing six layers of a 3M Empore

Cation Exchange disk (3M) into a P200 pipette tip. All fractionation steps were performed using a benchtop centrifuge (500 x g). Stage

Tips were conditioned with 100 ml ACN followed by a wash of 100 ml of 1% TFA. Samples were reconstituted in 100 ml of 1% TFA and

loaded onto the Tips. Peptides were washed twice using 100 ml of 0.2% TFA and sequentially eluted using volatile elution buffers.

Eluted fractions were dried by vacuum centrifugation prior to LC-MS/MS analysis.

Liquid chromatography and MS
Each SCX fraction was resuspended in 2% acetonitrile (ACN) 0.1% Formic Acid (FA) and separated by Reverse-Phase chromatog-

raphy on a Dionex Ultimate 3000 RSLC nanoUPLC system in-line connected with an Orbitrap Q Exactive Mass-Spectrometer

(Thermo Fischer Scientific). Samples were first trapped on a capillary Dionex precolumn (Acclaim PepMap 100, 75mmID x 2cm,

C18 3mm 100Ä) and then separated on a Dionex (Acclaim Pepmap RSLC 75mmID x 50cm, C18 2mm 100Ä) at 250nl/min applying

a non-linear 240min gradient ranging from 99% solvent A (2% ACN and 0.1% FA) to 90% solvent B (90% ACN and 0.1%FA).

Acquisitions were performed using Data-Dependent acquisition mode. First MS scans were acquired with a resolution of 70’000

(at 200 m/z) and the 10 most intense parent ions were selected and fragmented by High energy Collision Dissociation (HCD) with

a Normalized Collision Energy (NCE) of 27% using an isolation window of 2.0 m/z. Fragmented ions were then excluded for the

following 45 s.

Protein extraction
Protein extraction was performed as described (Bicho et al., 2010). Cells were harvested for 2 minutes at 3000 rpm at room temper-

ature (approx. 25�C), washed once in TBS (50 mM Tris-HCl pH 7.5, 150 mM NaCl). The cell pellet was then resuspended in 150 mL

TBS and heated to 5minutes at 95�C to inactivate proteases. Cells were then disrupted in aMagNA Lyser (Roche) using LysingMatrix

C beads (MPBiomedicals) at 4�C during 2 cycles of 45 s at setting 6.5. Disrupted cells were then recovered and extracted by addition

of an equal volume of sample buffer (0.125 M Tris-HCl pH 6.8, 4% (w/v) SDS, 20% (v/v) glycerol) and heated for 5 minutes at 95�C.
The extract was then finally centrifuged 10 minutes at 12500 rpm at room temperature to remove cell debris. The protein concentra-

tion of the supernatants was determined using the Bradford protein assay (BioRad) on samples diluted 5 times in 1xPBS. Samples

were diluted as required in 1X sample buffer. Prior to gel electrophoresis, extracts were supplemented with bromophenol blue and

b-mercaptoethanol was added to 5% (v/v).

Data validation by western blotting
For data validation, diploid cells carrying the pat1-114 allele and the indicated tagged allele were induced to undergomeiosis, protein

extracts were prepared hourly for 9 hours and cell cycle progression analyzed by DAPI/Calcofluor staining as described above. Pro-

teins (125ng/lane) were separated by SDS-PAGE (ThermoFischer) and transferred to nitrocellulose membranes (ProtranTM BA85,

Whatman). The membrane was stained 2 minutes with Ponceau S (0.1% w/v Ponceau S in 5% (v/v) acetic acid/water) and then

blocked in 5% (w/v) powdered milk in PBST (0.1% Tween-20 in 1xPBS) for 1 hour at room temperature. The primary antibody

was added to the membrane and incubated overnight at 4�C. The primary antibodies used are listed in the key reagents table. Mem-

branes were washed 3 times for 15 minutes in PBST before addition of the HRP-coupled secondary antibodies (Promega) for 1 hr at

room temperature. Finally, the membranes were washed 3 times for 15 minutes in PBST, developed in Western ECL Substrate (GE

Healthcare); Images were acquired using a Fusion FX (Vilber) system.

DAPI staining
Meiotic progression was followed by nuclear staining with DAPI. Cells were harvested 2 minutes at 3000 rpm, washed in water and

resuspended in 70% (v/v) ethanol. Fixed cells were then washed in 1xPBS and stained in 1xPBS containing 20 mg/ml DAPI (40,6-Dia-
midino-2-phenylindole dihydrochloride, Sigma). Imageswere captured on a Zeiss Axiophotmicroscope using aNikonD5600 camera

and processed using Photoshop CS6. At least 200 cells were counted for each sample.
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Spore formation and germination efficiency assays
Spore formation efficiency was determined as follow: cells of opposite mating type containing the indicated deletions were mated on

EMM-N for 4 days. Asci were then fixed with 70% (v/v) ethanol and the phenotypes observed by DAPI staining. Phenotypes were

scored as follow: asci containing 4 nuclei and 4 spores (‘‘wt’’), asci containing more or less than 4 nuclei (dark/light orange and yellow

boxes; failure in nuclear cycles), asci containing 4 nuclei but less than 4 spores or no spores (green boxes; spore formation defects),

and others. Images were captured on a Zeiss Axiophot microscope using a Nikon D5600 camera and processed using Photoshop

CS6. Phenotypes are expressed in percent and plotted on a bar plot. For each strain, three independent experiments were performed

and standard deviations calculated.

For the germination efficiency assay, cells of opposite mating type containing the indicated deletions were mated on EMM-N dur-

ing 4 days. Spores were prepared as follow: asci were washed in water and resuspended lysing enzymes (Sigma) O/N at 25�C. Cells
were then incubated for 30 minutes in 20% (v/v) ethanol to kill haploid and diploid cells, washed and resuspended in water. Spores

were then individually placed on a YE5S plate using a Singer MSM micromanipulator. Colonies were allowed to grow at 29�C. The
percentage of colony-forming sporeswas determined and plotted on a bar plot. For each strain, three independent experiments were

done and standard deviations calculated. The numbers of asci and spores scored in each experiment are listed in Table S9.

QUANTIFICATION AND STATISTICAL ANALYSIS

Computational Proteomics
SILAC data were analyzed with MaxQuant (Cox and Mann, 2008) version 1.5.1.2 against a Schizosaccharomyces pombe database

containing 5146 sequences (Pombase release 2015-09-29). Enzyme specificity was set to Trypsin and a minimum of seven amino

acids was required for peptide identification. Up to two missed cleavages were allowed. A 1% FDR cut-off was fixed at peptide

and protein identification levels. Carbamidomethylation (C) was set as a fixed modification, whereas oxidation (M), acetylation (pro-

tein N-term), Gln to pyro-Glu, Glu to pyro-Glu and Phospho (STY) were considered as variable modifications. SILAC quantifications

were performed by MaxQuant using the standard settings and with the re-quantification mode enabled.

Bioinformatic, statistical analysis and clustering
Data analyses were performed with home-made programs developed in R statistical computing environment (R Core Team, 2016).

Triplicate datasets were first inverted to analyze the L/H normalized ratios and log2 transformed. Only quantified proteins missing up

to one time course point per biological sample were considered. The quantitative values for themissing points were calculated as the

average of its surrounding values. If the missing value was at H00 or at H10, it could not undergo this type of imputation so the cor-

responding proteins were discarded. A sub-set of 3268 proteins was monitored in the time course experiment. The significant tem-

poral dynamics were defined with the time course package in R Bioconductor, which uses a multivariate empirical Bayes model to

rank proteins (Tai, 2007). Replicated time course data can be compared allowing for variability both within and between time points.

Microarray and proteomics data present several thousands of candidates for a minimal number of time points and of replicates.

These limitations are taken into account by this model, and Tai and Speed call this ‘‘moderation.’’ The mb.long method was used

to calculate moderated Hotelling T2 statistic, specifying a one-dimensional method (method = ‘‘1D’’), where significant proteins

change over meiosis time. The null hypothesis is that the protein temporal profile equal to 0. A threshold of 1 (in log2) as the minimal

protein expression change between the higher and the lower time point was then applied. A high confidence dataset of 880 proteins

was generated using these filtering rules although some moderate or transient protein changes may have been filtered out.

Protein expression changes were clustered following 6 different pre-defined temporal profiles. Therefore, proteins were matched

against each temporal profile using the summed Euclidean distance for all time points. Proteins were then assigned to the cluster with

the minimal Euclidian distance. The clustering was done for each replicate separately. A protein was definitively assigned to a profile

cluster if the same matching behavior was observed in at least 2 biological replicates.

GO term enrichment was performed using the STRING database (Szklarczyk et al., 2015).

Correlation analysis
Correlation analyses were performed with home-made programs in the Python programming language (Python Software Founda-

tion, https://www.python.org/) using numpy (https://www.numpy.org/), pandas (https://www.pandas.pydata.org/) and Scikit-learn

(Pedregosa et al., 2011) libraries and Jupyter notebook (Kluyver et al., 2016).

Biological replicates were evaluated by calculating the Pearson correlation coefficients for each protein and each time point be-

tween protein levels in log2 of two given biological experiments. Mean values are plotted on a heatmap diagram.

Temporal dynamics of protein expression are evaluated by calculating the Pearson correlation coefficients for all possible pairs of

time points on protein levels in log2 for each replicate independently. Mean values are plotted on a heatmap diagram.

mRNA data were downloaded from (Mata et al., 2002) and ribosome occupiedmRNA data from (Duncan andMata, 2014); referred

to as ‘‘ribosome’’ hereafter). Genes for which protein and mRNA or ribosome levels were quantified were retained: a subset of 3077

genes for themRNA/protein dataset and of 3233 genes for the ribosome/protein dataset. Likewise only common time points between

the protein and mRNA or ribosome datasets were used.
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Pearson correlation coefficients between mRNA (or ribosome) and mean protein levels expressed in log2 (arithmetic mean) were

calculated and values are plotted on a histogram for the entire dataset, as well as for each protein cluster. The mean and the median

Pearson correlation coefficients were calculated.

To distinguish between correlated and non-correlated pairs, the relative distances between normalized z-score mRNA (or ribo-

some) and normalized z-score mean protein levels for each time point were calculated ([RNA]Ti – [protein]Ti). For a good correlation,

the relative distancewill be close to 0. A positive relative distance indicates that the RNA levels are higher relative to protein levels and

vice versa.

Clustering was performed on the relative distances by k-means (MiniBatchKMeans; (Sculley, 2010). In the case of the mRNA/pro-

tein dataset, k = 3 gave the most consistent result: group 1 (N = 1316) is an ensemble of correlated mRNA/protein pairs, group 2

(N = 861) contains uncorrelated pairs with a decrease in relative protein levels and increase in relative mRNA levels during meiosis,

and group 3 (N = 900) is composed of uncorrelated pairs with an increase in relative protein levels and a decrease in relative mRNA

levels during meiosis. Lowering the number of clusters (k = 2) removes group1, whereas increasing the number of clusters (k = 4)

splits group1 into two groups, based on a difference at time point T5. In the case of the ribosome/protein dataset, k = 2 gave the

most consistent result: group A (N = 1829) contains the correlated pairs whereas group B (N = 1404) is composed of uncorrelated

pairs with an increase in relative protein levels and a decrease in relative mRNA levels during meiosis. Increasing the number of clus-

ters (k = 3) splits group A into two groups. However, a cluster containing uncorrelated pairs with a decrease in relative protein levels

and increase in relative mRNA levels during meiosis did not emerge.

The Pearson correlation coefficients for each mRNA (or ribosome occupied mRNA)/protein pair in a given cluster is plotted on a

distribution histogram. The mean and the median Pearson correlation coefficients are calculated. For each cluster, mRNA (or ribo-

some) and protein levels in z-score are plotted over time. The relative distance over time is represented on a violin plot to better illus-

trate the density of the data at different values; the bar represents the mean.

Genes showing a good ribosome/protein correlation (Pearson correlation coefficient > = 0.4) were retrieved and their distribution

within the mRNA/protein groups analyzed. The data are plotted as number of genes per group in a bar plot.

S. cerevisiae genes containing an upstream AUG in micro-ORF and showing a poor mRNA/protein correlation (Pearson correlation

coefficient < 0.4) were downloaded from (Cheng et al., 2018). S.pombe orthologs were identified based on the S.pombe-S.cerevisiae

ortholog table (data from Table S12 of (Gunaratne et al., 2013): this dataset was called LUTI. Genes containing an AUG in their micro-

ORF (Pombase) were identified for both all quantified proteins and LUTI categories (quantified proteins: 55.3% have an AUG; LUTI:

59.6% have an AUG). Pearson correlation coefficients were calculated and plotted on a density plot. The overall density plot with or

without an upstream AUG was similar for both categories. Moreover, the number of genes with an upstream AUG showing a poor

mRNA/protein correlation (Pearson correlation coefficient < 0.4) are not enriched compared to the whole population (quantified pro-

teins: 56.5% have an AUG; LUTI: 61.6% have an AUG).

Protein analysis

Ribosome biogenesis (GO:0042254) and proteolysis (GO:0006508) proteins present in the significantly varying proteins were ex-

pressed in percent per cluster and plotted on a bar plot.

Meiotically upregulated genes (mug) were downloaded from (Martı́n-Castellanos et al., 2005) and Rep1p,Mei4p and Atf21p/Atf22p

target genes were downloaded from (Mata et al., 2007). Two plots were produced: First, for each subset, Pearson correlation coef-

ficients between mRNA and mean protein levels expressed in log2 (arithmetic mean) were calculated and values were plotted on a

histogram. The mean and the median Pearson correlation coefficients were also calculated. For the second plot, significantly varying

proteins present in these subsets were retrieved and expressed in percent per cluster on a bar plot.

Western blot quantification

For the quantification of the intensity of the proteins during the meiotic cycle, primary antibody titrations were performed to assure

detection in the linear range. The dilutions used were as follow: GFP antibody (1:500), 9E10 (1:500), 12CA5 (1:500), actin antibody

(1:200), and cdc13 antibody (1:500). Quantification was performed using ImageJ software. Rectangles of equal size were drawn

over the protein lanes and the intensity of the signal plotted on a histogram. Intensities were defined as the area below the peaks.

Valueswere then corrected by normalizing to the values obtained using the actinmonoclonal antibody (internal control), and the stan-

dardized values (z-score) were plotted with the appropriate timescale shift to correct for different meiotic induction times in the

different strains.

DATA AND SOFTWARE AVAILABILITY

All raw data and MaxQuant output files can be accessed via the PRIDE partner repository (http://www.ebi.ac.uk/pride/archive/) with

the accession number PRIDE: PXD101438.

Figures, tables and scripts are available at Mendeley Data (https://doi.org/10.17632/wr4xddybvg.1)
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