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ABSTRACT Meiosis in the budding yeast Saccharomyces cerevisiae is used to create haploid yeast spores from a diploid mother cell.
During meiosis II, cytokinesis occurs by closure of the prospore membrane, a membrane that initiates at the spindle pole body and
grows to surround each of the haploid meiotic products. Timely prospore membrane closure requires SPS1, which encodes an STE20
family GCKIII kinase. To identify genes that may activate SPS1, we utilized a histone phosphorylation defect of sps1 mutants to screen
for genes with a similar phenotype and found that cdc15 shared this phenotype. CDC15 encodes a Hippo-like kinase that is part of the
mitotic exit network. We find that Sps1 complexes with Cdc15, that Sps1 phosphorylation requires Cdc15, and that CDC15 is also
required for timely prospore membrane closure. We also find that SPS1, like CDC15, is required for meiosis II spindle disassembly and
sustained anaphase II release of Cdc14 in meiosis. However, the NDR-kinase complex encoded by DBF2/DBF20 MOB1 which functions
downstream of CDC15 in mitotic cells, does not appear to play a role in spindle disassembly, timely prospore membrane closure, or
sustained anaphase II Cdc14 release. Taken together, our results suggest that the mitotic exit network is rewired for exit from meiosis II,
such that SPS1 replaces the NDR-kinase complex downstream of CDC15.
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SEXUALreproductionrequiresmeiosis for theproductionof
haploid gametes from a diploid precursor cell. The events

of meiosis, such as spindle disassembly and cytokinesis, must
be properly coordinated alongwith the developmental events
that occur during gametogenesis. A better understanding of

howtheseevents are coordinated is important forunderstand-
ing gamete formation.

In the budding yeast Saccharomyces cerevisiae, the haploid
gametes are spores, which form when diploid cells encounter
starvation conditions where nitrogen and carbon are limiting
[reviewed in Neiman 2011]. During sporulation, the diploid
mother cell remodels its interior to form four haploid spores.
Sporemorphogenesis begins with the formation of a prospore
membrane that grows from the spindle pole body. The pro-
spore membranes grow around the haploid nuclei and fuse to
close at the side of the nucleus away from the spindle pole
body, resulting in the capture of each nucleus within its own
membrane (Diamond et al. 2009). A protein complex known
as the Leading Edge Protein complex is at the growing edge of
the prospore membrane and includes Ssp1, Ady3, Irc10, and
Don1 (Knop and Strasser 2000; Moreno-Borchart et al. 2001;
Nickas and Neiman 2002; Maier et al. 2007; Lam et al. 2014).

Prosporemembraneclosure is thecytokineticevent inmeiosis
and involves the removal of the Leading Edge Protein complex
(Maier et al. 2007). Proper timing of prospore membrane
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closure requires SPS1, which encodes an STE20 family GCKIII
kinase; cells lacking SPS1 produce hyperelongated prospore
membranes that close later than those in wild-type cells
(Slubowski et al. 2014; Paulissen et al. 2016). Prospore mem-
brane closure must be properly coordinated with other meiosis
II events, such as spindle disassembly.

Compared tomeiosis, exit frommitosis, which involves the
downregulation of CDK activity and the coordination of spin-
dle disassembly and cytokinesis, has been more extensively
studied. Mitotic exit involves the activation of the Tem1-
GTPase at the spindle pole body as it moves into the newly
formed bud, leading to the activation of the Cdc15 Hippo-like
kinase (Mah et al. 2001; Visintin andAmon2001;D’Aquino et al.
2005; Pereira and Schiebel 2005; Maekawa et al. 2007; Chan
andAmon2010; Bertazzi et al.2011;Rock andAmon2011; Falk
et al. 2016). Cdc15 phosphorylates the spindle pole body local-
ized Nud1 scaffold, which leads to the recruitment and activa-
tion of the NDR kinase complex, Dbf2-Mob1 (Gruneberg et al.
2000; Luca et al. 2001; Rock et al. 2013). A decrease in mitotic
cyclin-dependent kinase (CDK) activity is also required for
Cdc15 and Mob1 activation (Campbell et al. 2019). Activation
of theNDRkinase complex promotes the sustained release of the
Cdc14 serine-threonine phosphatase from the nucleolus, to in-
activate mitotic CDK activity and promote exit from mitosis
(Visintin et al. 1998; Shou et al. 1999; Mohl et al. 2009;
Manzoni et al. 2010). These components are part of the mitotic
exit network (MEN) [reviewed in Bardin and Amon 2001;
Stegmeier and Amon 2004; Hergovich and Hemmings 2012;
Weiss 2012; Juanes and Piatti 2016; see Figure 1A].

Meiotic exit uses some, but not all of theMEN components.
Exit from meiosis I does not require the MEN (Kamieniecki
et al. 2005; Pablo-Hernando et al. 2007; Attner and Amon
2012), which instead acts to coordinate exit from meiosis II.
CDC15 plays a role in meiosis II spindle disassembly (Pablo-
Hernando et al. 2007; Attner and Amon 2012) and is also
required to maintain nuclear and nucleolar release of Cdc14
in meiosis II (Pablo-Hernando et al. 2007). Furthermore, a
prospore membrane closure (Diamond et al. 2009) and mor-
phology (Pablo-Hernando et al. 2007) defect have been de-
scribed for cdc15. However, the upstream MEN component
TEM1 does not appear to play a role in Cdc15 activation, as
the Tem1-GTPase is not seen at the spindle pole body in
meiosis (Attner and Amon 2012) and Tem1-depleted cells
complete meiosis with similar efficiencies to wild-type cells
(Kamieniecki et al. 2005). The spindle pole body located scaf-
fold encoded by NUD1 is also likely not involved in exit from
meiosis, as nud1 temperature-sensitive alleles do not disrupt
meiosis (Gordon et al. 2006) and NUD1 is not required for
Dbf20 kinase activity in meiosis (Attner and Amon 2012).

In meiosis, the NDR-kinase complex utilizes the Mob1
regulatory subunit along with either of the paralogous
Dbf20 and Dbf2 NDR kinases (Attner and Amon 2012;
Renicke et al. 2017). MOB1 plays a role in meiosis II, as
mob1 cells progress throughmeiosis I with wild-type kinetics,
but show a delay in exit from meiosis II (Attner and Amon
2012). Dbf20 kinase is active in meiosis II, and its kinase

activity, as well as its interaction with the Mob1 regulatory
subunit, is dependent on CDC15 in meiosis II, although de-
letion ofDBF20 did not show a delay in meiosis II exit (Attner
and Amon 2012). The major phenotype seen for cells lacking
the NDR kinases complex in meiosis is a defect in spore num-
ber control (Renicke et al. 2017); spore number control in-
volves the selection of nuclei associated with younger spindle
pole bodies over older spindle pole bodies for spore packag-
ingwhen available energy resources are a low (Davidow et al.
1980; Nickas et al. 2004; Taxis et al. 2005). Nud1 is also
involved in spore number control (Gordon et al. 2006;
Renicke et al. 2017). Thus, although the MEN member
CDC15 seems to play a role in exit frommeiosis II, it is unclear
what other components CDC15 acts with during meiosis II.
TEM1 andNUD1 do not appear to play a role in meiosis II and
the NDR kinase complex has not been examined for spindle
disassembly, prospore membrane closure, and Cdc14 release
(diagrammed in Figure 1A).

Here, we examine timely prospore membrane closure, mei-
osis II spindle disassembly, and Cdc14 sustained release in ana-
phase II, and find that CDC15 and SPS1 act together to regulate
exit frommeiosis II. However, theNDR kinase complex encoded
by DBF2 DBF20 MOB1 does not seem to be involved in these
events. Instead,DBF2 DBF20MOB1 is important for spore num-
ber control, as previously demonstrated (Renicke et al. 2017).
Likewise, we find that CDC15 and SPS1 are not involved in
controlling spore number and appear to act separately from
the NDR kinase complex in meiosis II.

Materials and Methods

Yeast strains, growth, and sporulation

All strains used in this study are in the SK1 background (Kane
and Roth 1974) and are described in Supplemental Material,
Tables S1 and S2. All strains are derived from LH177 (Huang
et al. 2005), except for YS429 (see below), the previously
published strains (AN117-4B, A20239, A22416, and HI50),
and the published strains used for screening (see below and
Table S1 and S3); alleles from these strains were crossed into the
LH177-derivedSK1 strain background. Standard geneticmethods
were used to create and propagate strains unless otherwise noted
(Rose and Fink 1990). Epitope-tagged strains and knockout al-
leleswere createdusing PCR-mediated recombinationmethods,
as previously described (Longtine et al. 1998; Lee et al. 2013;
Slubowski et al. 2015).

The sps1K47R-zz allele was created by first creating an in-
termediate strain where theURA3K.l. gene replaced the kinase
domain of SPS1-zz (LH960; Slubowski et al. 2014), using
OLH712 (GCAAACCAGCATTTGCTTTTTAAATTTAGTTTTTT
TACTAGCTAAcacaggaaacagctatgac) and OLH775 (GCAAACC
AGCATTTGCTTTTTAATTTTAGTTTTTTTACTAGCTAAcacagg
aaacagctatgac) to amplify URA3K.l. (Huang et al. 2005). This
intermediate strain was then transformed with SPS1 DNA from
a plasmid containing the K47R mutation (Slubowski et al.
2014). Transformants were identified through counterselection
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on plates containing 5-floroorotic acid, as previously described
(Huang et al. 2005). The genomic DNA from the sps1K47R-
zz-containing strain was sequenced, to confirm the correct re-
placement of the catalytic lysine. The GFPENVY-TUB1 allele was
created using the plasmid pHIS3p:ENVY-TUB1+39UTR::LEU2
(described below), which was linearized by BsaBI digest and
integrated into the TUB1 locus [similar toMarkus et al. (2015)].

The hho1::TRP1C.g. (hho1D) allele was constructed by am-
plifying TRP1C.g. from pCgW using OLH2337 (TTGGCAGC
GAGGGAAGCAATTATAATACAACTAAAGCAACcacaggaaacag
ctatgacc) and OLH2338 (TTGCTATCACCATTGACATTCTCGTTT
GGATATTCACTTTgttgtaaaacgacggccagt), which contained homol-
ogy to the regions flanking the HHO1 open reading frame,
transforming the PCR product into a haploid SK1 strain, and
genotyping the transformants by PCR.

YS429 was constructed by replacing the native DBF2 pro-
moter with the CLB2 promoter by PCR-mediated integration,
using pRK67 (Kamieniecki et al. 2005) as a template in strain
AN117-4B (Neiman et al. 2000). The resulting haploid was
crossed to a dbf20D::kanMX6 haploid from the yeast knock-
out collection (Rabitsch et al. 2001), and segregants from this
cross were mated to create YS429.

The CDC15-9MYC allele in LH1070 and LH1071 is from
A22416 (Attner and Amon 2012). The mob1-mn (KanMX6:
pCLB2-3HA-MOB1) allele used in this study is from A20239
(Attner and Amon 2012). The cdc15-mn (mxKAN:prCLB2:
HA:CDC15) allele used in this study is from HI50 (Pablo-
Hernando et al. 2007).

Unless otherwise noted, cellswere grown in standard yeast
media and sporulated in a synchronous manner in liquid
media, as previously described (Huang et al. 2005). In brief,
liquid cultures were grown with agitation at 30�. Cells to be
sporulated were first grown to saturation in YPD overnight at
30� and then transferred to YPActetate (yeast extract - peptone -
acetate) and grown to �1.5 OD600/ml overnight. These cells
were then harvested, washed in double-distilled H2O, and
resuspended in 1% potassium acetate at an OD600/ml of 2.0.
Sporulation of cells containing plasmids was the same as above,
except instead of YPD, cells were grown in synthetic dextrose
media, lacking the appropriate nutrient for selection.

Plasmids

The plasmid pRS426-E20was created by PCR amplification of
GFPEnvy from pFA6a-link-GFPEnvy-SpHIS5 (Slubowski et al.
2015) using primers OLH1669 (GTGTggatccATGTCTAAAG
GCGAGGAATTG) and OLH1679 (GTGTgaattcTTTGTACAA
TTCGTCCATTCCTAA), which incorporated the BamHI and
EcoRI restriction sites flanking GFPEnvy. The amplified frag-
ment was then digested with EcoRI and BamHI. pRS426-G20
(Nakanishi et al. 2004) was also digested with EcoRI and
BamHI, removing the GFP from in front of the SPO20 frag-
ment on that plasmid. The resulting linearized backbone was
then ligated to the GFPEnvy PCR fragment. The resulting plas-
mid was verified by sequencing.

The plasmidpHIS3p:ENVY-TUB1+39UTR::LEU2was constructed
using the backbone from pHIS3p:yomRUBY2-TUB1+39UTR::LEU2

(Markus et al. 2015); yomRUBY2 was replaced by GFPENVY

in this plasmid after the addition of the SacI and BamHI re-
striction sites flanking the fluorescent protein insertion site.
GFPENVY was taken from the plasmid pFA6a-link-GFPEnvy-
SpHIS5 (Slubowski et al.2015). pHIS3p:ENVY-TUB1+39UTR::LEU2
was verified by sequencing.

Screening for H4S1p phenotype

To screen for an H4S1p phenotype, mutant strains were
inoculated in 20 ml YPD and grown overnight. Cultures were
diluted 1:100 into 80ml YPActetate, such that the OD600 was
between 0.1 and 0.2, and grown overnight to reach an OD600

between 1.0 and 1.2. Cells were collected, washed in double-
distilled H2O, and resuspended in 50 ml of 2% potassium ace-
tate at anOD600 of 1.2 (�23107 cells/ml). Then, 10ml of cells
were collected at 0, 8, 10, and 24 hr after induction of sporula-
tion. Proteins were extracted by resuspending cells in Breaking
Buffer (50 mM Tris-HCL, pH 7.5, 10% glycerol, 1 mM EDTA,
10mM MgCl2, 100mM NaCl, 1 mM DTT) with protease inhib-
itors (1 mM PMSF, 1 mg/ml leupeptin, 1 mg/ml peptastin A)
and phosphatase inhibitors (100 mM NaF, 100 mM Na4P2O7,
10 mMNa3VO4). Cells were lysed using glass beads and a bead
beater. Protein concentration of extracts was determined using
the Bio-Rad Protein Assay, and extracts were adjusted to similar
concentrations. Loading buffer was added to extract, which
were then boiled and loaded onto an SDS-PAGE gel and immu-
noblotted. H4S1p was detected using a rabbit anti-phospho-
H4/H2A S1p antibody (07-179, Upstate Biotechnology/EMD
Millipore) at a dilutionof 1:4000, detectedusingHRP-conjugated
secondary antibodies and ECL reagents (Amersham/GE
Healthcare), and exposed to X-ray film.

Immunoblotting

For all immunoblotting experiments other than those per-
formed for the H4S1p screening, cells were collected at the
indicated times and prepared using the trichloroacetic acid
(TCA) precipitation method (Philips and Herskowitz 1998),
which involves addition of lysis buffer (1.85 N NaOH and
10% v/v b-mercaptoethanol) followed by precipitation of
proteins with 50% (v/v) TCA. Precipitated protein lysates
were washed with ice-cold acetone and resuspended in 23
sample buffer neutralized with 5 ml of 1 M Tris base; samples
were heated before loading. Protein lysates were separated
on standard single percentage SDS-PAGE gels, except for the
histone phosphorylation blot in Figure 1A, which was run on
a Novex 10–20% Tricine gel (Invitrogen, Carlsbad, CA).

The separated protein extracts were transferred onto an
Immobilon low-fluorescence PVDF membrane, blocked with
PBSblock(LI-COR),and incubatedwith theappropriateprimary
antibodies. H4S1 phosphorylation was detected using the anti-
phospho-histone H4/H2A S1p antibody at 1:1000 (Upstate
Biotechnology/EMD Millipore); sf-GFP-Sps1 was detected us-
ing JL-8 anti-GFP antibodies (Takara/Clontech) at 1:1000;
Sps1-13xmyc and Cdc15-9xmyc were detected using 9E10
anti-myc antibodies (Covance) at 1:1000; Pgk1 was detected
by using 22C5D8 anti-Pgk1 (Life Technologies) at 1:1000;
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fluorescent infrared-dye-conjugated anti-mouse secondary anti-
bodies were used at 1:10,000 (LI-COR). All membranes were
imaged using an Odyssey Infrared Imaging System (LI-COR).

Immunoprecipitation

Lysates for immunoprecipitationwere prepared from120OD600

of cells. Cell pellets were lysed in a MiniBeadBeater8 (Biospec)
at 4� with glass beads in immunoprecipitation (IP) buffer
(300 mM NaCl, 5 mM EGTA, pH 8.0, 50 mM Tris, pH 7.4,
and 0.5% Nonidet P-40) with added protease and phosphatase
inhibitors, as previously described (Huang et al. 2005).

Lysatewas clarifiedwith three spins atmaximumspeed ina
tabletop microcentrifuge, and an aliquot was saved for exam-
ination by immunoblot; this aliquotwas first TCA precipitated
before loading onto an SDS-PAGE gel. For immunoprecipita-
tion, clarified lysate was then added to 40 ml of blocked
agarose beads (ChromoTek) incubated on a nutator at 4�
for 30 min. Lysates incubated on a nutator at 4� for 2 hr with
20 ml of GFP-Trap beads (ChromoTek). GFP-Trap complexes
were then washed four times in IP buffer and resuspended in
23 SDS-PAGE sample buffer, boiled for 5 min, clarified
through centrifugation, and then separated by SDS-PAGE.

Phos-tag analysis

Phos-tag gels were made using Phos-tag acrylamide (WACO)
at a final concentration of 31.4 mM Phos-tag and 50.6 mM
MnCl2 in an otherwise standard 6% SDS-polyacrylamide gel,
as described in (Whinston et al. 2013). Samples were pre-
pared as above and run at 80 V at 4�, before being transferred
and imaged, as above.

Microscopy

Widefield microscopy was performed using a 3100 (NA 1.45)
objective on a Zeiss AxioskopMot2. Imageswere taken using an
Orca-ER cooled CCD camera (Hamamatsu) using Openlab 4.04
(Perkin Elmer, Norwalk, CT) or iVision (BioVision Technolo-
gies) for image acquisition. Confocalmicroscopywas performed
using a3100 (NA 1.49) objective on a Zeiss LSM-880 confocal
microscope. Confocal images were acquired using Zeiss Zen-
Black software. Images were cropped andmerged using ImageJ
and FIJI (Schneider et al. 2012; Schindelin et al. 2012).

Quantitation of prospore membrane morphology

Cells were sporulated and cultures were monitored for pro-
spore membrane development in anaphase II. When cultures
were at the stage when prospore membranes should be
closing, an experimentalist who did not know the genotype
of the culture would score prospore membrane morphology,
classifying the prospore membranes into three classes: elon-
gated, closed (by looking for rounded prospore membranes),
and hyperelongated.

Assaying prospore membrane closure, formation,
and number

Cells were assayed for prospore membrane closure and forma-
tion as previously described (Paulissen et al.2016). For prospore

membrane closure and formation, only cells in anaphase II (as
determined by Htb2-mCherry) were counted. Cells were con-
sidered to have initiated prospore membranes if a single pro-
spore membrane could be detected. Cells were considered to
have closed their prospore membranes if a single, rounded pro-
spore membrane was detected within the ascus.

To assay the number of prospore membranes that form
within themother cell, cellswere sporulated in1%acetateand
fixed using 4.5% methanol-free formaldehyde. Only cells in
anaphase II (as determined by Htb2-mCherry) were counted.
Cells were counted on a Zeiss Axioskop Mot2 using a 3100
(NA 1.45) objective. Strains were sporulated in triplicate;
100 anaphase II cells were counted per culture, for a total
of 300 cells per strain. The time at which 50% of cells closed
prospore membranes was based on when the average ob-
served time point would have theoretically had 50% closed
prospore membranes, and calculated by linear interpolation.

Assaying microtubule morphology

Microtubule morphology was assayed in live sporulating
cultures using GFPENVY-TUB1. Images were captured using a
Zeiss Axioskop Mot2 with a3100 (NA 1.45) objective. 3-mm
z-stacks with 0.5-mm steps were captured and made into
maximal intensity projections for counting spindle frag-
ments. Cells were judged to be in anaphase II by the presence
of four distinct nuclei, as visualized using HTB2-mCherry.

Statistical analysis

Data were formatted using R version 3.6.3 (February 29, 2020)
Holding the Windsock, using the Tidyverse packages tidyr and
dplyr. Graphs were plotted using the package ggplot2. For the
categorical data in Figure 3, statistical comparisonwas performed
using a chi-square test and pairwise, 232 Fisher’s exact test post
hoc, Bonferroni-corrected for multiple comparisons. For Figures
4, 5, and 6 and Figures S5 and S6, statistical comparisons were
performed by one-way ANOVA followed by Tukey Honest Sig-
nificant Difference post hoc test using JMP11 (SAS).

Data availability

Thestrainsandplasmidscreated for this studyareavailableupon
request. Supplemental material available at figshare: https://
doi.org/10.25386/genetics.12774536. The data necessary for
confirming the conclusions of this article are present.

Results

CDC15 is required for Sps1 phosphorylation

Phosphorylation of the Ser1 residue of histone H4 is greatly
increased during meiosis, and Sps1 had previously been
demonstrated to be important for this phosphoryla-
tion (Krishnamoorthy et al. 2006). To identify additional
genes that may function with Sps1, we used a Western blot
assay with a H4/H2A Serine1 phosphorylation (H4/H2A
S1p)-specific antibody to initially screen through a few
genes involved in sporulation (ama1, cdc15, gip1, spo71,
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spo73, spo75, spo77, and ssp2) for those that display an H4
phosphorylation defect similar to sps1D mutants. Because
CDC15 is required in mitotic cells, we used the cdc15-mn
allele (cdc15-meiotic null; CDC15 under the control of the
mitotic CLB2 promoter) (Lee and Amon 2003; Pablo-
Hernando et al. 2007) to assay CDC15 function during
sporulation. We then carried out a more unbiased screen,
examining H4 phosphorylation in a subset of strains from a
collection of mutants in genes that are upregulated in spor-
ulation (Rabitsch et al. 2001). The 116 genes that were
tested are listed in Table S3. We found that atg9, atg18,
cdc15, mnd2, set1, spo77, and trs85 were among the mu-
tants that decrease histone phosphorylation during
sporulation.

SPO77 was isolated as a high-copy suppressor of a hypo-
morphic allele of sps1, and acts with SPS1 to regulate timely
prospore membrane closure in a pathway in parallel to AMA1
(Paulissen et al. 2016); AMA1 encodes a meiosis-specific activa-
tor of the anaphase promoting complex (APC/C) (Cooper et al.
2000).We see that ama1Dmutants do not have a histone phos-
phorylation defect during sporulation (unlike sps1D, cdc15-mn,
and spo77D) consistent with AMA1 acting separately from the
SPS1 pathway (Figure 1B). Because CDC15 has been reported
to affect prosporemembrane closure (Diamond et al. 2009) and
since a link between SPS1 and CDC15 was not previously re-
ported, we focused our studies on better understanding the re-
lationship of CDC15 and SPS1.

Since Sps1 is a phosphoprotein (Slubowski et al. 2014)
and because CDC15 encodes a Hippo-like protein kinase
(Schweitzer and Philippsen 1991; Rock et al. 2013), we asked
whether CDC15 was required for Sps1 phosphorylation. We
examined Sps1 phosphorylation state in sporulating cells
with depleted levels of Cdc15. Separation of Sps1 on an
SDS-PAGE gel revealed that the doublet seen in wild-type
cells (Slubowski et al. 2014) collapses into the faster migrat-
ing band in the cdc15-mn strain (Figure 1C and Figure S1).
This result suggested that much of the post-translational
modification of Sps1 protein was CDC15 dependent.

To better examine the migration shifts due to post-
translational phosphorylation, we used a Phos-tag polyacryl-
amide gel to resolve the Sps1 protein. Phos-tag gels specifically
retard the migration of phosphorylated protein species through
the gel (Kinoshita et al. 2006). Sps1 runs as multiple bands on a
Phos-tag gel, consistent with it being a phosphoprotein (Figure
1D). This banding pattern was strikingly reduced in the cdc15-
mn strain (Figure 1D), which supports the idea that CDC15 is
required for most, if not all, of the phosphorylation of Sps1.

To determine whether the phosphorylation of Sps1 by Cdc15
maybedirect,we examinedwhetherCdc15andSps1 physically
interact in sporulating cells by co-immunoprecipitation. Using
protein lysates from a strain containing both CDC15-13myc and
sfGFP-SPS1, we see Cdc15 and Sps1 in a complex (Figure 1E).

Because Cdc15 is a phosphoprotein (Jaspersen and Morgan
2000; Jones et al. 2011), we asked if post-translational modifi-
cations of Cdc15 were altered in sps1D mutants. SDS-PAGE
analysis of Cdc15 in both wild-type and sps1Dmutant cells both

show a distinct doublet, suggesting that phosphorylation of
Cdc15 is not altered in the sps1Dmutant (Figure S2), consistent
with CDC15 acting upstream of SPS1. Taken together, these
results show that CDC15 is required for Sps1 phosphorylation,
and support a model in which Cdc15 is the upstream activating
kinase of Sps1.

Like SPS1, CDC15 is required for timely prospore
membrane closure

Previous studies have demonstrated a role for CDC15 in pro-
spore membrane morphogenesis, with cdc15 mutant cells
forming aberrant prospore membrane morphologies (Pablo-
Hernando et al. 2007) and having a defect in closing prospore
membranes (Diamond et al. 2009). To visualize prospore
membranes, we utilized GFP (either eGFP or GFPEnvy, a bright
and photostable GFP variant; Slubowski et al. 2015) fused to
the 40-amino-acid prospore membrane-targeting region of
the Spo20 protein (Nakanishi et al. 2004). We examined
prospore membranes in live cells during sporulation in
wild-type, sps1D, and cdc15-mn cells. Unlike wild-type cells
(Figure 2A), cdc15-mn cells show hyperelongated prospore
membranes (Figure 2C), similar to those seen in sps1D cells
(Figure 2B), consistent with the previously described cdc15
prospore membrane morphology (Pablo-Hernando et al.
2007) and closure defect (Diamond et al. 2009).

We askedwhether SPS1 and CDC15 acted in the same or in
a parallel pathway, to regulate prospore membrane closure.
We created the cdc15-mn sps1D strain and saw that the dou-
ble mutant cells displayed a prospore membrane morphology
defect that was no worse than that of either the sps1D or
cdc15-mn mutation alone (Figure 2, B–D), consistent with
both genes acting in the same pathway.

We quantitated the prospore membrane morphology de-
fect by blind scoring of prospore membranes during late
anaphase II, when prospore membranes close in wild-type
cells (Figure 3A). We find that sps1D, cdc15-mn, and
cdc15-mn sps1D cells all have a significantly greater percent-
age of cells with hyperelongated prospore membranes com-
pared towild-type cells (P, 0.01), while the percentage cells
with hyperelongated prospore membranes in the cdc15-mn
sps1D strain did not significantly differ from that seen in
sps1D and cdc15-mn single mutants (P , 0.01).

Because SPS1 plays a role in timely prospore membrane
closure (Paulissen et al. 2016), we asked whether CDC15
affects the timing of prospore membrane closure. To assay
prospore membrane closure, we examined the appearance of
rounded prospore membranes, as rounded prospore mem-
branes appear when the membrane closes (Diamond et al.
2009; Paulissen et al. 2016). Cells with cdc15-mn exhibited
both a delay in appearance of, as well as a reduction in, the
accumulation of closed prospore membranes, forming
rounded membranes at �72% (Figures 2C and 3B), similar
to the reduction seen in sps1Dmutants and less than the 95%
seen in wild-type cells (Figure 3B). When we calculate when
50% of the prospore membranes close, we see a significant
delay of about an hour when comparing sps1D and cdc15-mn
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mutant cells to wild type (Figure 3B). The observed delay in
prospore membrane closure is not due to a delay in prospore
membrane initiation, as cdc15-mn cells, like sps1D mutants
(Paulissen et al. 2016), showed an onset of prospore mem-
brane biogenesis similar to wild type.

SPS1 acts to regulate timely prospore membrane closure
in a pathway in parallel to AMA1, as cells lacking SPS1 or
AMA1 have partial defects in prospore membrane closure
that is exacerbated in the double mutant (Paulissen et al.
2016). We tested whether CDC15 also acts in parallel to

Figure 1 CDC15 is required for SPS1 phosphorylation. (A) Members of the mitotic exit network in mitosis and meiosis. See details and references in
Introduction. (B) Screening for other genes deficient in histone phosphorylation. Cells lacking specific genes were induced to sporulate and collected at
8 hr after induction of sporulation. H4S1 phosphorylation was assayed by immunoblotting. Pgk1 was used as a loading control and was from the top
half of the same gel as was probed for histone phosphorylation. Protein marker sizes are shown to the left of the gel. Lysates were from wild-type
(LH902), sps1 (LH966), cdc15 (LH1066), spo77 (LH1010), sps1 cdc15 (LH1067), mob1 dbf2 dbf20 (LH1068), and ama1 (LH1014). (C) Sps1-13myc was
assayed on an SDS-PAGE gel using lysates from wild-type (LH875) and cdc15-mn (LH1069) cells that were collected at the indicated times after
induction of sporulation, and probed with an anti-myc antibody. (D) Sps1-13myc was assayed using a Phos-tag gel using lysates from the same samples
collected for (C). (E) Cdc15 and Sps1 form a complex. Immunoprecipitation experiments were carried out using lysates from wild-type (LH902), Cdc15-
myc (LH1070), sfGFP-Sps1 (LH986), and Cdc15-myc sfGFP-Sps1 (LH1071). Sps1 was immunoprecipitated using GFP-Trap beads. Immunoblots were
probed with either anti-GFP antibody or anti-myc antibody. Note that all immunoblots have been run more than once with biological replicates, and all
show the same results. WT, wild type.
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AMA1 and examined doubly mutant cdc15-mn ama1D cells.
We found that cdc15-mn ama1D cells form rounded prospore
membranes at ,0.1% frequency (Figure 3B), a much stron-
ger defect than either cdc15-mn (Figure 3B) or ama1D cells
alone (�30%; Diamond et al. 2009; Paulissen et al. 2016).

These cdc15-mn ama1D double mutant cells form prospore
membranes that are hyperelongated (Figure 3A) and become
highly invaginated, filling the cytoplasmic space of the
mother cell and only rarely rounding up and closing (Figure
3C), similar to that seen in the sps1D ama1D double mutant

Figure 2 CDC15 is required for proper prospore membrane de-
velopment. Cells are of the following genotypes: (A) wild type
(LH917), (B) sps1D (LH1047), (C) cdc15-mn (LH1073), and (D)
cdc15-mn sps1D (LH1074). Prospore membranes are labeled in
green, using the plasmids pRS426-G20 [wild type and sps1D] or
pRS426-E20 [cdc15-mn and sps1D cdc15-mn]. Histones are la-
beled in red, using genomically integrated HTB2-mCherry fusion
protein. Developmental stages are shown from early (left) to late
(right). Pink arrowheads point to examples of hyperelongated pro-
spore membranes. Yellow arrowheads point to examples of
rounded prospore membranes. Images were captured using a
wide-field microscope. WT, wild type.
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(Paulissen et al. 2016). These results taken together show
that CDC15 regulates timely prospore membrane closure,
acting in the same pathway as SPS1 and in parallel to AMA1.

SPS1 has a meiosis II spindle disassembly defect similar
to CDC15

Cells lacking CDC15 have been previously shown to have a
meiosis II spindle disassembly defect (Pablo-Hernando et al.
2007; Attner and Amon 2012). Since SPS1 and CDC15 share
prosporemembrane phenotypes, we examinedwhether SPS1
played a role in meiotic spindle disassembly.

We examined spindles in live wild-type, sps1D, and cdc15-
mn sporulating cells using a functional GFPENVY tagged ver-
sion of TUB1 (a-tubulin) integrated at the TUB1 locus, such
that it retains the TUB1 39UTR (Markus et al. 2015). Spindles
in wild-type cells elongated and then disassembled during
meiosis I and II, eventually forming small spindles in the
newly created spores (Figure 4A). cdc15-mn cells failed to
disassemble meiosis II spindles, with late anaphase II spin-
dles becoming extended and ultimately fragmenting within
the cell (Figure 4B), consistent with previous observations
(Pablo-Hernando et al. 2007; Attner and Amon 2012).

sps1D mutant cells had microtubule morphologies that
were indistinguishable from that of the cdc15-mn mutant (Fig-
ure 4C), including the frequent occurrence of elongated, frag-
mented, and supernumerary microtubules late in anaphase II

(arrows in Figure 4C).Whenwe examine themeiotic spindles in
the sps1D cdc15-mn double mutant, we see that the micro-
tubule morphology phenotype was indistinguishable to
that of the single mutants (Figure 4D). We see the same
microtubule morphology defects when we visualize micro-
tubules using immunostaining in fixed sporulating cells
(Figure S3).

We quantitated the spindle disassembly phenotype by
counting the number of spindle fragments found in postana-
phase II cells, and find that cdc15-mn, sps1D, and cdc15-mn
sps1D cells are all statistically distinct from wild type (Figure
4F). These results are consistent with SPS1 and CDC15 acting in
the same pathway for meiotic exit, which involves both meiotic
spindle disassembly and cytokinesis, the latter accomplished via
prospore membrane closure during yeast meiosis.

SPS1 kinase activity is required for its role in prospore
membrane closure and spindle disassembly

To test whether the kinase activity of Sps1 is required for its
role in prospore membrane closure and spindle disassembly,
we created sps1K47R, a genomically integrated sps1 kinase
dead allele that replaces a conserved lysine in the catalytic
domain with arginine. We see that sps1K47R cells have hyper-
elongated prosporemembranes (Figure 3A), and have a spin-
dle disassembly defect that producesmicrotubulemorphologies
similar to that seen in the sps1D and cdc15-mn cells (Figure 4E).

Figure 3 CDC15 and SPS1 are re-
quired for prospore membrane mor-
phology and timely prospore membrane
closure and act in parallel to AMA1. (A)
Quantitation of prospore membrane
morphology in wild-type (LH1081),
sps1D (LH1089), sps1K47R (LH1108),
cdc15-mn (LH1073), cdc15-mn sps1D
(LH1074), ama1D cdc15-mn (LH1076),
and hho1D (LH1109). Cells scored
blind for prospore membrane (PSM)
morphology. At least 200 cells were
counted per culture, in at least three
biological replicates per strain. Chi-
square analysis followed by pairwise
Fisher’s exact test (Bonferroni-corrected
for multiple comparisons) showed that
the percent of hyperelongated pro-
spore membranes seen in wild type is
significantly different from all other ex-
amined strains, except for hho1D (P ,
0.01). (B) Quantitation of PSM clo-
sure in wild-type (LH917 or LH1081),
sps1D (LH1047 or LH1089), cdc15-mn
(LH1073), mob1-mn dbf2-mn dbf20D
(LH1082), and ama1D cdc15-mn
(LH1075). At least 100 cells were
counted per time point, for each ge-
notype, with at least three biological

replicates per strain. Prospore membranes were visualized using pRS426-E20, except for one biological replicate of wild-type and sps1D strains, which
used pRS426-G20. For 50% PSM closing, superscripts denote statistically distinct groups. (C) ama1D cdc15-mn (LH1076) mutants produce hyper-
elongated prospore membranes that do not close. Prospore membranes are labeled in green using the plasmid pRS426-E20. Prospore membranes are
shown from early (left) to late (right) on the bottom row, with a corresponding DIC picture of the cell on top. Pink and yellow arrowheads point to
examples of hyperelongated prospore membranes. Images were captured using a wide-field microscope. WT, wild type.
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When we quantitate the number of spindle fragments in
sps1K47R cells, we see that cdc15-mn, sps1D, and sps1K47R are
not statistically distinct (Figure 4F). These results are consistent
with the kinase activity of Sps1 being required for timely pro-
spore membrane closure and spindle disassembly.

Cdc14-sustained release in anaphase II requires SPS1

During mitosis, the MEN, a signal transduction network that
utilizes Cdc15 activation of Dbf2-Mob1 NDR kinase complex
(Rock et al. 2013), promotes the release of the Cdc14 phos-
phatase from the nucleolus to inactivate mitotic CDK activity
and promote exit from mitosis (Visintin et al. 1998; Shou
et al. 1999;Mohl et al. 2009;Manzoni et al. 2010). Inmeiosis,

MEN is predominately active in meiosis II, with Dbf20 as the
major NDR kinase in meiosis, although Dbf2 also plays a role
(Attner and Amon 2012; Renicke et al. 2017).

Duringmeiosis, CDC14 acts in bothmeiosis I andmeiosis II
(Buonomo et al. 2003; Marston et al. 2003; Kamieniecki et al.
2005; Villoria et al. 2017; Fox et al. 2017). In meiosis, Cdc14
is released from the nucleolus before anaphase I spindle elon-
gation, then reappears in the nucleolus at the start of meiosis II,
and is released again just before anaphase II (Bizzari and
Marston 2011; Kerr et al. 2011); the initial release of Cdc14
in meiosis requires the FEAR network and not the MEN
(Buonomo et al. 2003; Marston et al. 2003; Kamieniecki et al.
2005; Pablo-Hernando et al.2007).However,CDC15 is required

Figure 4 SPS1 plays a role in spindle
disassembly. Microtubules were visu-
alized in green using GFPENVY-TUB1.
Histones, in red, are visualized using
HTB2-mCherry. Cells at different time
points in meiosis, arrayed from early
(left) to late (right), with two represen-
tative images of postanaphase II mi-
crotubule phenotypes shown for the
strains. Images were captured using a
wide-field microscope. Cells are of the
following genotypes: (A) wild type
(LH1095), (B) cdc15-mn (LH1096), (C)
sps1D (LH1097), (D) sps1D cdc15-mn
(LH1098), and (E) sps1K47R (LH1102).
Arrowheads point to examples of frag-
mented (yellow) and supernumerary
(pink) microtubules. (F) Quantitation of
the number of spindles in post-ana-
phase II cells. Three biological replicates
were counted for each genotype, for
a total of at least 150 cells per geno-
type. Error bars show the standard er-
ror of the mean. One way ANOVA
[F(6, 1127) = 131.03, P , 0.0001],
followed by Tukey Honest Significant
Difference post hoc test (a = 0.01);
letters denote statistically distinct groups.
WT, wild type.
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for the sustained release of Cdc14 during anaphase II (Pablo-
Hernando et al. 2007; Attner and Amon 2012).

We first reexamined Cdc14 release during anaphase II in
wild-type cells, using a CDC14-GFPEnvy allele. We see dynamic
localization for Cdc14 (Figure 5), as previously described
(Bizzari and Marston 2011), with Cdc14 being released from
the nucleolus and into the nucleus and cytoplasm during ana-
phase II. We also see, as previously described (Pablo-Hernando
et al. 2007), that Cdc14 release is not properly sustained in
anaphase II in the cdc15-mn mutants.

Given the role of CDC15, we asked whether SPS1 plays a
role in Cdc14 anaphase II release, and find that Cdc14 release
is not properly sustained in sps1D mutants, similar to that
seen in cdc15-mn mutants (Figure 5). The kinase activity of
Sps1 is required for Cdc14 release, as we see a similar defect
in sps1K47R cells (Figure S4).We confirmed localization of the
Cdc14 to the nucleolus in sps1D and cdc15-mnmutants using
the nucleolarmarker Nop56/Sik1 (Gautier et al. 1997; Figure
S5); the localization of the nucleolus at the center of the
tetrad until very late in anaphase II is consistent with pre-
vious reports (Fuchs and Loidl 2004).

Because the Dbf2-Mob1 NDR kinase complex acts in be-
tween CDC15 and CDC14 during mitosis, we examined the
role of NDR kinase complex in Cdc14 release in anaphase II.
To inactivate this complex, we created the dbf2-mn allele,
which places the mitotically required DBF2 gene under the
control of the mitosis-specific CLB2 promoter. To eliminate as
much NDR kinase complex activity in meiosis as possible, we
combined the dbf2-mn allele with the previously constructed
mob1-mn and the dbf20D alleles (Attner and Amon 2012).
We see that the mob1-mn dbf2-mn dbf20D triple mutant
strain displayed wild-type histone phosphorylation defect,
unlike sps1D or cdc15-mn (Figure 1B).

When we examined Cdc14 release in the mob1-mn
dbf2-mn dbf20D triple mutant strain, we find that Cdc14 is
properly released during anaphase II, similar to what is seen in
wild-type cells and in contrast to what is seen in the cdc15 and
sps1 mutant cells (Figure 5). Thus, in meiosis II, the NDR ki-
nase complex, encoded by MOB1 DBF2 DBF20, does not act

downstream of CDC15 to regulate Cdc14 release. Instead, our
results are consistentwith SPS1 acting downstreamofCDC15 to
regulate Cdc14-sustained release during anaphase II.

CDC15 and SPS1 do not act with the NDR kinase
complex for spore number control

The NDR kinase complex has been previously shown to play a
role in spore number control, a process that determines the
number of spores packaged during meiosis (Renicke et al.
2017). Spore number control regulates the number of spindle
pole bodies that are competent for prospore membrane
growth; this process depends on a spindle pole body modifi-
cation that occurs based on the age of the spindle pole body
and the nutrients available to sporulating cells (Davidow
et al. 1980; Nickas et al. 2004; Taxis et al. 2005). Depletion
of the NDR kinase complex results in fewer spores per ascus
forming during sporulation, as seenwhenMOB1DBF2 DBF20
activity was reduced using a protein depletion system
(Renicke et al. 2017). We see a similar result using our
mob1-mn dbf2-mn dbf20D strain, as assayed by counting re-
fractile spores formed (Figure S6) or by counting the number
of prospore membranes formed as a proxy for the number of
spores than can form within the ascus (Figure 6).

Because neither cdc15-mn nor sps1D cells form refractile
spores, we assayed spore number control by counting the num-
ber of prospore membranes that are present in anaphase II, to
determine howmany spores could formwithin an ascus.We see
most sps1D and cdc15-nm mutant cells will initiate four pro-
spore membranes per ascus, similar to that seen in wild-type
cells, and unlike that seen in the mob1-mn dbf2-mn dbf20D
mutants. These results suggest that neither sps1D nor cdc15-
nm act with the NDR kinase complex in spore number control.

The NDR kinase complex does not play a role in timely
prospore membrane closure or spindle disassembly

Because we see that the Mob1-Dbf2/20 NDR kinase complex
appears to regulate distinct biological processes from the
Cdc15 and Sps1 kinases, we examined prospore membrane
morphology and timing of prospore membrane closure in the

Figure 5 The sustained release of Cdc14 requires
SPS1 and CDC15, but not DBF2 DBF20 MOB1. (A)
The Cdc14-GFPEnvy fusion protein was visualized
in wild-type (LH1077), sps1D (LH1078), cdc15-mn
(LH1079), and mob1-mn dbf2-mn dbf20D (LH1080)
cells. Representative images are shown from these
strains. Histones are visualized using a genomically in-
tegrated Htb2-mCherry. Images were captured using a
confocal microscope. White arrowhead points to nu-
cleolar-localized Cdc14. Bar, 2 mm. (B) Quantitation of
cells in anaphase II (as determined by Htb2-mCherry
localization) with Cdc14 released from the nucleolus.
Cells were sporulated in triplicate, with 100 ana-
phase II cells counted for each biological replicate
for a total of 300 cells per strain. Error bars rep-

resent standard error of the mean. The wild-type and triple mutant (mob1-mn dbf2-mn dbf20D) strains are significantly different from the cdc15-
mn and the sps1D strains, but not from one another; one-way ANOVA [F(3,8)=860, P , 0.001], followed by Tukey Honest Significant Difference
post hoc test (a = 0.01). WT, wild type.

456 S. M. Paulissen et al.

https://identifiers.org/bioentitylink/SGD:S000001924?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001924?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001924?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001924?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001924?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001924?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000000072?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000000072?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000002931?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001924?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001924?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000002931?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000000072?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000002931?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001924?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000002931?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001924?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000002931?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000000072?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000004187?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000004187?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000003324?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001368?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000000072?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001924?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001924?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000003324?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000003324?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000006323?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000003324?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001368?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000006315?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001368?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000003324?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000006315?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000002931?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000000072?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001924?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001368?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000003324?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000006315?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001924?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000000072?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000002931?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001368?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000003324?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000006315?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000000072?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001924?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000002931?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000000072?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001924?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001368?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000003324?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000006315?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001368?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000003324?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000006315?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000000072?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000002931?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000002931?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000000072?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001368?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000003324?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000006315?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000002931?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000000072?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001368?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000003324?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000000072?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000002931?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001924?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000002931?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000000072?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000003324?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000006315?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001368?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001924?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000002931?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000000072?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001368?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000003324?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000006315?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000000098
https://identifiers.org/bioentitylink/SGD:S000001924?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000000098?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001924?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000001368?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000003324?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000006315?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000000072?doi=10.1534/genetics.120.303584
https://identifiers.org/bioentitylink/SGD:S000002931?doi=10.1534/genetics.120.303584


mob1-mn dbf2-mn dbf20D triple mutant. We find that the
mob1-mn dbf2-mn dbf20D triple mutants do not form the
characteristic hyperelongated prospore membranes seen in
sps1D and cdc15-nm mutant cells, although aberrant pro-
spore membrane size and nuclear capture defects were ob-
served (Figure 7A). Furthermore, the mob1-mn dbf2-mn
dbf20Dmutant cells produced rounded prospore membranes
with similar timing to wild-type cells, and do not exhibit the
delay seen in cdc15-mn or sps1D mutant cells (Figure 3B).

Because we see a spindle disassembly defect in sps1 and
cdc15-mn mutant cells, we examined the spindle in the
mob1-mn dbf2-mn dbf20D cells. mob1-mn dbf2-mn dbf20D tri-
plemutant cells do not produce the elongated, fragmented, and
supernumerarymicrotubules late in anaphase II that are seen in
the sps1D, cdc15-nm, and sps1D cdc15-nm double mutant cells.
Instead, in late meiosis II, spindles in the mob1-mn dbf2-mn
dbf20D cells appear to be disassembled into shorter punctate
pieces (Figure 7B), which is distinct from the fragmented mi-
crotubules seen in sps1D, cdc15-nm, and sps1D cdc15-nm late in
anaphase II. When we quantitate the number of spindle frag-
ments found in postanaphase II cells, we see that the number of
fragments found in mob1-mn dbf2-mn dbf20D cells is statisti-
cally distinct from cdc15-mn, sps1D, sps1K47R, and cdc15-mn
sps1D cells (Figure 4F). Thus, the NDR kinase complex does
not appear to play the same role in timely prospore membrane
closure or spindle disassembly as SPS1 and CDC15.

The linker histone encoded by HHO1 is not required for
prospore membrane morphology, spindle disassembly,
or Cdc14-sustained release

Because CDC15 and SPS1 affect histone H4 phosphorylation
inmeiosis II, and sinceH4 phosphorylation promotes chromatin

compaction in meiosis (Krishnamoorthy et al. 2006), we asked
whether the meiosis II exit defects were an indirect effect of a
general problem with chromatin. HHO1 encodes a linker his-
tone important for chromatin compaction during sporulation,
but is not essential for viability; Hho1 protein accumulates
around the time of H4S1 phosphorylation (Bryant et al.
2012). We examined hho1D cells during sporulation and found
that they do not make hyperelongated prospore membranes
(Figures 3A and 8A), do not have a spindle disassembly defect
(Figure 8B), are not statistically distinct from wild-type cells for
the number ofmicrotubules in postanaphase II cells (Figure 4F),
and are not statistically distinct from wild-type cells for the
number of cells that have released Cdc14 from the nucleolus
in anaphase II cells (Figure S4). Taken together, these data are
consistent with a specific function for SPS1 and CDC15 in exit
from meiosis II that is independent of their role in histone
regulation.

Discussion

Our studies demonstrate that duringmeiosis, timely prospore
membrane closure, meiosis II spindle disassembly, and sus-
tained release of Cdc14 at anaphase II are regulated by SPS1
and CDC15, while the Mob1-Dbf2/20 complex plays a sepa-
rate role in meiosis regulating spore number control. These
results suggest that for exit from meiosis II, the MEN is
rewired, such that Sps1 replaces the NDR kinase complex
and acts downstream of the Cdc15 kinase (Figure 8C).

SPS1 acts with CDC15 to regulate exit from meiosis II

We describe two previously unknown roles for SPS1 in the
completion of meiosis: timely spindle disassembly and Cdc14
sustained release. Prior to this study, the involvement of SPS1
in sporulation was thought to be for spore morphogenesis
(Friesen et al. 1994; Iwamoto et al. 2005), and, more specif-
ically, for timely prospore membrane closure (Paulissen et al.
2016). Furthermore, sps1D and cdc15-mnmutants have iden-
tical phenotypes, as we describe a role for CDC15 in timely
prospore membrane closure. Since we see that Cdc15 is
needed for Sps1 phosphorylation, these results are consistent
with a model where Sps1 acts downstream of Cdc15 for exit
from meiosis II (see model in Figure 8C).

Here,we show that the kinase activity of Sps1 is needed for
the completion of meiosis II. However, a better understand-
ing of the mechanism underlying how this pathway leads to
the exit of meiosis II will require identification of downstream
targets. In mitosis, although the phosphorylation of many
CDK targets are reversed by Cdc14 upon mitotic exit, some
downstream targets important for cytokinesis are directly
phosphorylated by the Dbf2 kinase (Meitinger et al. 2011,
Oh et al. 2012). For meiosis, it is unknown whether Cdc14
is phosphorylated by Sps1, whether all targets downstream
of CDC15 and SPS1 are directly regulated by the Cdc14 phos-
phatase, or whether Sps1 may directly phosphorylate down-
stream targets as well. It is likely that Sps1 plays some direct
role, as previous studies have demonstrated that although

Figure 6 SPS1 and CDC15 are not required to regulate the number of
prospore membranes formed. The number of prospore membranes
(PSMs) formed per cell were counted in anaphase II cells, as assayed by
visualizing histones using Htb2-mCherry. Prospore membranes were visual-
ized using the plasmid pRS426-E20. Wild-type (LH1081), sps1D (LH1089),
cdc15-mn (LH1073), and mob1-mn dbf2-mn dbf20D (LH1082) cells were
used. Three biological replicates of 100 cells per replicate were counted, for
a total of 300 cells per strain. Error bars represent standard error of the
mean. The wild-type, cdc15-mn, and sps1D strains are significantly differ-
ent from the triple mutant (mob1-mn dbf2-mn dbf20D) strain, but not from
one another, using four PSMs as the variable for comparison; one-way
ANOVA [F(3,8) = 437, P , 0.001], followed by Tukey Honest Significant
Difference post hoc test (a = 0.01). WT, wild type.
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CDC15 is required for sustained Cdc14 release, CDC14 does
not appear to play a role in meiosis II spindle disassembly or
prospore membrane morphology (Pablo-Hernando et al.
2007; Argüello-Miranda et al. 2017). These studies depleted
CDC14 activity using either a cdc14-DNES allele, which de-
leted the Cdc14 nuclear export signal at residues 359-367
(Pablo Hernando et al. 2007), or the cdc14-3 temperature-
sensitive allele (Argüello-Miranda et al. 2017). The role of
SPS1 in prospore membrane closure is likely to be CDC14
independent, as SPS1 is required for the phosphorylation
and reduced stability of Ssp1 (Paulissen et al. 2016), a pro-
tein localized to the leading edge of the growing prospore
membrane that must be removed and degraded for this pro-
cess to occur (Maier et al. 2007).

We find that CDC15 and SPS1 act in parallel to AMA1, which
encodes a meiosis-specific activator of the anaphase promoting
complex (APC/C) (Cooper et al. 2000). Previous studies have
examined a hyperactive ama1 allele (ama1-m8, which lacks
eight consensus Cdc28 phosphorylation sites in Ama1) in com-
bination with cdc15-mn, and found a significant increase in
prospore membrane closure in the double mutant (Diamond
et al. 2009), consistent with our findings here. Interestingly,

AMA1 has also been linked to both spindle disassembly and
prospore membrane closure. For meiosis II spindle disassembly,
AMA1 acts downstream of HRR25-encoded casein kinase
1 (Argüello-Miranda et al. 2017). AMA1 regulates prospore
membrane closure (Diamond et al. 2009; Paulissen et al.
2016) and affects the stability of Ssp1, localized at the leading
edge of the prospore membrane (Diamond et al. 2009).

Thecombinationof bothmeiosis II spindledisassemblyand
prosporemembrane closure defects for cdc15, sps1, and ama1
mutants raises the question of whether the prospore mem-
brane closure defect seen in these mutants is a consequence
of the stable meiosis II spindles, which are in the way and
thus prevent the membrane fusion event required to close the
membrane.Whether prosporemembrane closure and spindle
disassembly are coordinated by the regulation of a common
target of both these pathways, or whether these two events
are regulated via distinct targets, remains to be determined.

Cdc15 and the NDR/LATS kinase complex play distinct
roles in meiosis

Our studies demonstrate that in meiosis II, cells appear to
utilize CDC15 andMOB1-DBF2/20 for distinct roles, unlike in

Figure 7 DBF2 DBF20 MOB1 pro-
spore membrane and spindle mor-
phologies. (A) mob1-mn dbf2-mn
dbf20D (LH1082) cells do not form
hyperelongated prospore membranes
(PSMs). Prospore membranes are la-
beled in green, using the plasmid
pRS426-E20. Histones are visualized us-
ing HTB2-mCherry. Bar, 2 mm. See
quantitation in Figure 3A. (B) DBF2
DBF20 MOB1 are not required for spin-
dle disassembly. Microtubules were visu-
alized in green using GFPENVY-TUB1 in
wild-type (LH1095) and mob1-mn
dbf2-mn dbf20D (LH1099) cells. His-
tones, in red, are visualized using
HTB2-mCherry. Cells at different time
points in meiosis, arrayed from early
(left) to late (right). Images were cap-
tured using a wide-field microscope.
See quantitation in Figure 4F.
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mitosis, where Cdc15 activates a conserved Mob1-NDR ki-
nase signaling system, as seen in typical Hippo signaling
(Hergovich and Hemmings 2012; Weiss 2012). In meiosis
II, it appears thatMOB1-DBF2/20 is important for spore num-
ber control (Renicke et al. 2017), in which neither CDC15 nor

SPS1 play a role, as assayed by the number of prospore mem-
branes formed.

Previous work described a role for CDC15 in spore number
control, with cdc15-depleted mutants forming more meiotic
plaques on the spindle pole bodies when sporulated in low-
acetate conditions, compared to wild-type cells and themob1
dbf2 dbf20 triple mutant (Renicke et al. 2017). We do not see
a difference between cdc15-mn and wild-type cells in spore
number control when using a direct assay of counting the
number of prospore membranes formed in 1% acetate (Fig-
ure 6). Under our sporulation conditions, it may not be pos-
sible to see the CDC15 effect, as most wild-type cells produce
four prospore membranes (although we can see the effect of
the NDR/LATS kinase complex on spore number control un-
der these conditions; Figure S3). Importantly, the previous
study found that themob1 dbf2 dbf20-depleted triple mutant
had a distinct phenotype from cdc15-depleted mutants in
spore number control (Reincke et al. 2017), consistent with
our findings that Cdc15 and the NDR/LATS kinase complex
play distinct roles in meiosis (Figure 8B).

Previous studies have shown that Dbf20 kinase activity de-
pends on CDC15 in meiosis II, and the interaction of Dbf20 and
Mob1 is dependent on CDC15 (Attner and Amon 2012). How-
ever, our phenotypic characterization is consistent with the exit
frommeiosis functions of CDC15 not requiringDBF2/20-MOB1.
As the dependence on CDC15 for both Dbf20 kinase activity and
the Dbf20-Mob1 interaction was demonstrated biochemically
(Attner and Amon 2012), it is not known what biological func-
tion of Dbf20-Mob1 in meiosis requires CDC15.

GCK kinase as an alternative member of the Hippo
signaling pathway

We found that meiosis II employs a modified Hippo signaling
module that utilizes Sps1, an STE20 family GCKIII kinase
(Slubowski et al. 2014). Modifications of the typical Hippo sig-
naling module to include STE20 family GCK kinases have been
reported. For example, in fission yeast, Hippo signaling also
involves the intervening GCK family kinase Sid1, which acts
between the Cdc7 Hippo-like kinase and the Mob1/Sid2 NDR
kinase for septation (referred to as the SIN pathway) (Guertin
et al. 2000). For trachealmorphogenesis inDrosophila, the NDR
kinase Trc is activated by Germinal center kinase III, a GCKIII
kinase (Poon et al. 2018). Unlike these previously described
cases of GCK use that involve a downstream NDR/LATS kinase,
for budding yeast meiosis, it appears that there has been a
separation of function between the Hippo-GCKIII module and
the downstreamMob1-Dbf2/20 NDR/LATS kinase, providing a
distinct example of howHippo signaling can actwithGCKmem-
bers. Thus, Hippo signaling pathways are evolutionarily plastic,
utilizing Hippo-GCKIII, Hippo-GCKIII-NDR/LATS, or Hippo-
NDR/LATS cascades, depending on the organism, tissue, or dif-
ferentiation state of the cell.
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Figure 8 HHO1 is not required for proper prospore membrane morphol-
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hyperelongated prospore membranes (PSM). Prospore membranes are
labeled in green using the plasmid pRS426-E20. Histones are visualized
using HTB2-mCherry. See quantitation in Figure 3A. (B) HHO1 is not re-
quired for spindle disassembly. Microtubules were visualized in green,
using GFPENVY-TUB1 in hho1D (LH1103) cells. Histones, in red, are visu-
alized using HTB2-mCherry. Cells at different time points in meiosis,
arrayed from early (left) to late (right). Images were captured using a
wide-field microscope. See quantitation in Figure 4F. (C) Model depicting
the relationship between mitotic exit members in mitosis and meiosis. See
discussion in text.
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