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ABSTRACT In most animals, female meiosis completes only after fertilization. Sperm entry has been implicated in providing a signal for
the initiation of the final meiotic processes; however, a maternal component required for this process has not been previously
identified. We report the characterization of a novel family of three highly similar paralogs (memi-1, memi-2, memi-3) that encode
oocyte-specific proteins. A hyper-morphic mutation memi-17(sb47) results in failure to exit female meiosis Il properly; however, loss of all
three paralogs results in a “skipped meiosis Il” phenotype. Mutations that prevent fertilization, such as fer-7(hc7), also cause a skipped
meiosis Il phenotype, suggesting that the MEMI proteins represent a maternal component of a postfertilization signal that specifies the
meiosis Il program. MEMI proteins are degraded before mitosis and sensitive to ZYG-11, a substrate-specific adapter for cullin-based
ubiquitin ligase activity, and the memi-1(sb41) mutation results in inappropriate persistence of the MEMI-1 protein into mitosis. Using
an RNAI screen for suppressors of memi-1(sb41), we identified a sperm-specific PP1 phosphatase, GSP-3/4, as a putative sperm compo-
nent of the MEMI pathway. We also found that MEMI and GSP-3/4 proteins can physically interact via co-immunoprecipitation. These
results suggest that sperm-specific PP1 and maternal MEMI proteins act in the same pathway after fertilization to facilitate proper meiosis

Il and the transition into embryonic mitosis.
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ERTILIZATION represents a unique stage of development

in all sexually reproducing animals. As the oocyte matures,
it must synchronize the completion of the meiotic divisions
with the timing of fertilization. During female meiosis, ho-
mologous chromosomes and sister chromatids separate in two
successive asymmetric meiotic divisions, giving rise to tiny
polar bodies and a single large cell. However, different animals
use different strategies to coordinate these events with fertil-
ization. In most species, oocytes initially arrest at prophase 1.
Upon hormonal or developmental stimulation, the oocyte
undergoes meiotic maturation, whereby it exits this arrest.
Depending on the species, the oocyte can then exhibit a second
arrest at meiotic metaphase I [e.g., ascidians (McDougall et al.
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2012) and insects (Von Stetina and Orr-Weaver 2011)], mei-
otic metaphase II [e.g., vertebrates (Masui and Markert
1971) and cephalochordates (Holland and Onai 2012)], or
during the first mitosis [e.g., cnidarians and starfishes
(Kishimoto 2004; Costache et al. 2014)]. Fertilization re-
leases the cell from the second arrest, thus, in many species,
the final stages of female meiosis are completed only after
sperm entry.

Caenorhabditis elegans has become a powerful model to
identify molecular pathways involved in gametogenesis
(Hansen and Schedl 2013), fertilization (Marcello et al.
2013), and the transition to zygotic development (Kim
et al. 2013; Robertson and Lin 2015). In C. elegans hermaph-
rodites, oocytes form in a single file and slowly migrate to-
ward the spermatheca at the proximal end of the gonad arm.
The oocytes arrest at diakinesis of prophase I. The most prox-
imal oocyte, situated next to the spermatheca, responds to a
hormone secreted by the sperm, termed the major sperm
protein (MSP) (Miller et al. 2001). MSP performs at least
two diverse functions: it forms cytoskeletal polymers for actin-
independent motility of nematode spermatozoa (Bottino

Genetics, Vol. 204, 1461-1477 December 2016 1461


http://orcid.org/0000-0003-0196-0364
http://www.wormbase.org/db/get?name=WBGene00003216;class=Gene
http://www.wormbase.org/db/get?name=WBGene00013380;class=Gene
http://www.wormbase.org/db/get?name=WBGene00010353;class=Gene
http://www.wormbase.org/db/get?name=WBGene00003216;class=Gene
http://www.wormbase.org/db/get?name=WBVar00242642;class=Variation
http://www.wormbase.org/db/get?name=WBGene00001414;class=Gene
http://www.wormbase.org/db/get?name=WBVar00087742;class=Variation
http://www.wormbase.org/db/get?name=WBGene00006996;class=Gene
http://www.wormbase.org/db/get?name=WBGene00003216;class=Gene
http://www.wormbase.org/db/get?name=WBVar00242642;class=Variation
http://www.wormbase.org/db/get?name=WBGene00003216;class=Gene
http://www.wormbase.org/db/get?name=WBGene00003216;class=Gene
http://www.wormbase.org/db/get?name=WBVar00242642;class=Variation
http://www.wormbase.org/db/get?name=WBGene00021113;class=Gene
http://www.wormbase.org/db/get?name=WBGene00020187;class=Gene
http://www.wormbase.org/db/get?name=WBGene00021113;class=Gene
http://www.wormbase.org/db/get?name=WBGene00020187;class=Gene
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.192997/-/DC1
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.192997/-/DC1
mailto:srayko@ualberta.ca

et al. 2002), and it can act as a hormone to stimulate oocyte
meiotic maturation and gonadal sheath cell contraction
(Miller et al. 2001). During maturation, the oocyte nuclear
envelope breaks down, the cortical cytoskeleton rearranges,
and a meiosis I spindle forms (Harris et al. 2006; Kim et al.
2013), similar to the cellular changes associated with meiotic
maturation in other systems (Masui and Clarke 1979).

Gonadal sheath cells that surround the oocytes inhibit meiotic
maturation when sperm are absent, at least in part, through the
regulation of gap junction-based communication between
sheath cells and oocytes (Govindan et al. 2006; Whitten and
Miller 2007; Starich et al. 2014). The gonadal sheath also pro-
motes meiotic maturation when sperm are present, likely via the
Gog-adenylate cyclase protein kinase A pathway (Govindan
et al. 2006, 2009). Although the MSP receptor(s) on gonadal
sheath cells remain unknown, MSP can bind to an Eph-related
receptor tyrosine kinase (VAB-1), which is expressed in the
oocyte and contributes to oocyte maturation (Miller et al.
2003; Corrigan et al. 2005; Govindan et al. 2006; Cheng et al.
2008). Upon encountering MSP, the somatic gonadal sheath
contracts and pushes the oocyte through the spermatheca for
fertilization (Samuel et al. 2001). The fertilized cell then enters
the uterus, where it typically completes the meiosis I and
meiosis II divisions in rapid succession (Yang et al. 2003). The
one-cell embryo then enters a specialized mitosis involving mi-
gration of maternal and paternal pronuclei, followed by mitotic
spindle assembly and the first mitotic cell division (reviewed in
Muller-Reichert et al. 2010).

Unlike the oocytes of most species studied, C. elegans oo-
cytes do not exhibit a second arrest after meiotic maturation.
However, proper completion of the meiotic program nonethe-
less requires sperm entry (reviewed in Marcello et al. 2013).
This was inferred by observing oocytes in mutant worms that
have fertilization-defective sperm (Ward and Carrel 1979;
McNally and McNally 2005). These oocytes still exhibit signs
of maturation by progressing into meiotic metaphase I, and
they initiate anaphase; however, they do not extrude the first
polar body. Instead, they abort anaphase I, skip meiosis II
entirely, and enter mitosis. The mitotic cells exhibit signs of
cell-cycle progression, such as nuclear envelope breakdown
and reformation, but they do not divide, possibly because
they lack the centrioles normally contributed by the sperm
(Albertson 1984; Mikeladze-Dvali et al. 2012). These results
suggest that, upon fertilization, sperm normally contribute a
second signal that stimulates the egg to extrude the first polar
body and initiate meiosis II.

One sperm-contributed protein that is required for proper
zygotic development is SPE-11. spe-11 mutants exhibit de-
fects in eggshell formation, mitotic spindle positioning, and
cytokinesis (Hill et al. 1989; Browning and Strome 1996), as
well as an increased risk of polyspermy (Johnston et al.
2010). Live fluorescence imaging revealed that spe-11 em-
bryos undergo both meiosis I and meiosis II, but they fail to
extrude polar bodies at the end of each meiosis (McNally and
McNally 2005). Although the paternal factor SPE-11 is re-
quired for proper female meiotic divisions, the spe-11 pheno-
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type is distinct from unfertilized embryos, which completely
skip meiosis II, suggesting the existence of additional sperm
factor(s) involved in specifying the meiosis II program
(McNally and McNally 2005). Presumably, the oocyte also
contains a specific factor(s) that responds to this putative
sperm signal.

Herein, we describe the identification and characterization
of the memi gene family and its role in female meiosis II.
MEMI proteins are maternally expressed and loss of all mem-
bers results in a skipped female meiosis II. In contrast, a
hyper-morphic mutation in memi-1 results in a failure to exit
meiosis II properly, indicating that the activity of MEMI pro-
teins must be strictly regulated during the meiosis-to-mitosis
transition. MEMI protein levels are sensitive to CUL-2 E3
ligase activity, suggesting that MEMIs are targeted by this
Cullin system for degradation prior to mitosis. Finally,
through a genome-wide RNAI screen for suppression of the
hyper-morphic memi-1 mutant, we identified a conserved
sperm-specific PP1 phosphatase, GSP-3/4. We propose that
MEMIs represent a maternal component of a signal that spec-
ifies meiosis II upon sperm entry.

Materials and Methods
Worm strains and culture conditions

C. elegans (var. Bristol) was cultured as described (Brenner
1974). The following strains were used: DR1786 dpy-13(e184)
unc-24(e138) IV; mDp4[unc-17(e245)] IV, MAS182 memi-
1(sb41) dpy-20(e1282) 1V, MAS137 memi-1(sb41) dpy-
20(e1282) ruls57[pie-1::GFP-tbb-2], IV, MAS91 unc-119(ed3)
I; itIs37[pie-1::mCherry-HIS58]; ruls57[pie-1::GFP-
tbb-2], MAS138 unc-119(ed3) III; memi-1(sb41) itls37[pie-1::
mCherry-HIS58] 1V, ruls57[pie-1::GFP-tbb-2], MAS123
Y17G9B.9(tm3099), Y62E10A.14(tm2638) IV, MAS131
Y17G9B.9(tm3099) IV, MAS132 Y62E10A.14(tm2638) 1V,
MAS133 H02I12.5(tm3158) IV, MAS134 Y17G9B.9(tm3099)
HO02112.5(tm3158) IV, MAS135 Y62EI10A.14(tm2638)
H02112.5(tm3158) IV, HR592 memi-1(sb41) dpy-20(e1282)/
nT1[unc(n754dm) let] IV; +/nT1 V, ET113 unc-119(ed3)
II; ekls2[pie-1p::GFP::cyb-1 unc-119(+)]; MAS188 memi-
1(sb41) dpy-20(e1282)/nT1[unc(n754dm) let] IV; +/nT1 V,
ekIs2[pie-1p::GFP::cyb-1 unc-119(+)1, MAS186 unc-119(ed3)
IMI; itls37[pie-1::mCherry-HIS58] unc-119(+); ruls57[pie-1::
GFP-tbb-2]; fer-1(hc1). memi-1 was previously referred to as
mel-43 in the original study that identified the sb41 mutation
(Mitenko et al. 1997); the gene name was changed after con-
sultation with P. Mains (University of Calgary). Further details
on strains and molecular lesions are available on Wormbase
(http://www.wormbase.org).

Duplication analysis

mDp4 was predicted to cover the memi-1 region (LGIV: —27.0
to 4.7; Figure 3). To determine the effect of mDp4 on the phe-
notype, memi-1(sb41) dpy-20(e1282)/+ males were crossed to
DR1786 (dpy-13(e184) unc-24(e138) IV, mDp4[unc-17(e245)]
IV). Fifty F1 progeny were plated and allowed to self-fertilize at
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15°. F1 worms were genotyped by scoring Dpy-20 or Dpy-13
progeny. Ten plates exhibited Dpy-13 and Dpy-20 phenotypes
in the F2 generation. In order to confirm that Dpy-20 worms
still had the memi-1(sb41) mutation, three Dpy-20 worms from
each plate were transferred to 25° and scored for lethality. At
permissive temperature (15°) the memi-1(sb41) dpy-20/+ het-
erozygotes exhibited 23.5% lethality and mDp4/+/+ exhibited
11% embryonic lethality. If memi-1(sb41) and mDp4 act inde-
pendently, the expected embryonic lethality would be 32% [1 —
(0.89 X 0.765) X 100]. Five wild-type worms, memi-1(sb41)
dpy-20(e1282)/(dpy-13(e184) unc-24(e138) IV; plus or minus
mDp4[unc-17(e245)] IV), were picked from five different plates
and allowed to self-fertilize at 15°. All progeny were scored and
the percentage of Dpy-13 progeny was used to distinguish
between parents having mDp4 or not. memi-1(sb41) dpy-
20(e1282)/dpy-13(e184) unc-24(e138) are expected to give
25% Dpy-13 Unc-24 progeny. However, mDp4 would decrease
this frequency because it spans the Dpy-13 region. Using this
method, it was possible to separate all 25 hermaphrodites into
two classes. Two out of 25 plates exhibited 9% Dpy-13; these
worms carried the mDp4 duplication. From each of these two
plates, 7/17 wild-type progeny exhibited <13% Dpy-13 self-
progeny. Worms that had mDp4 exhibited 58.7 + 4.3% dead
eggs, compared with sibling controls that lacked the duplica-
tion (7.6 = 2.4% dead eggs). These observations indicated
that the duplication mDp4 was not able to rescue the memi-
1(sb41) mutation, rather it increased the severity of the phe-
notype. Combined with the fact that memi-1(RNAi) rescued
memi-1(sb41) (see Results), this analysis revealed that memi-
1(sb41) is likely hyper-morphic.

Antibodies, immunostaining, and microscopy

Anti-MEMI rabbit antibodies were generated against full-
length MEMI-1 fused to glutathione S-transferase. MEMI-1
antisera were affinity-purified using full-length MEMI-1
fused to maltose-binding protein. Bacterial acetone powder
was added to the final sera to competitively bind remaining
anti-bacterial antibodies prior to Western blot and immunos-
taining experiments. Rabbit anti-AIR-1 serum was gener-
ated against a mixture of GST-AIR-1 protein (full length)
and AIR-1 C-terminal peptide (H,N-LTKSSRNNSTANQ-COOH)
coupled to BSA; mouse anti-REC-8 (Abcam) was used at 1/100.
Anti-GSP-3/4 antibodies were generated against a GST-fusion
of a 28 a.a. C-terminal peptide, cloned using primers: GSP-
3F BamHI pGEX 5’-GGA TCC TCG GCT GCA ACA ATG-3'
and GSP-3R_NotI pGEX 5’-GCG GCC GCT TAT CCT CGA CGC
ATG G-3' and affinity-purified against an MBP-fusion protein
using primers: GSP-3F_NotI pMAL 5’-GCG GCC GCT CGG CTG
CAA CAA TGA AG-3' and GSP-3R_BamHI pMAL 5'-GGA TCC
TTATCC TCG ACG CAT GGA C-3'.

Tubulin was visualized with mouse anti-tubulin anti-
bodies (DM1A; 1:100; Sigma, St. Louis, MO). DAPI
(5 pg/ml) was used to stain chromatin. Alexa647 goat
anti-mouse, Alexa488 goat anti-rabbit, or Alexa546 goat
anti-rabbit secondary antibodies (Invitrogen, Carlsbad,
CA) were used at 1:100. Immunostained samples were

mounted in 0.5% p-phenylenediamine, 20 mM Tris-Cl, pH
8.8, 90% glycerol.

To determine eggshell permeability, hermaphrodites were
dissected in egg buffer (118 mM NaCl, 48 mM KCl, 2 mM
CaCl,, 2 mM MgCl,, and 25 mM Hepes, pH 7.4) with 0.25
pg/ml DAPI and incubated for ~5 min, washed once, and
mounted on agarose pads for imaging.

Confocal images of fixed and living embryos were obtained
with a Hamamatsu Orca R2 camera on an inverted Olympus
IX81 microscope with a Yokogawa CSU-10 spinning disc
confocal head modified with a condenser lens in the optical
path (Quorum Technologies). Images were acquired using a
60X oil (NA 1.42) or 60X Silicon (NA 1.3; for in utero imag-
ing) objective lens and captured with a Hamamatsu Orca R2
camera controlled by MetaMorph software. Image files were
analyzed using MetaMorph software. For quantifying MEMI
cytoplasmic fluorescence levels, the average of integrated in-
tensity of three circles drawn within the cytoplasm of each
embryo was calculated. The intensity of each embryo was
compared to N2 controls and displayed as relative fluores-
cence levels for the graphs.

Co-immunoprecipitation

Worm extracts were obtained by sonicating 3 g frozen gravid
adult worms in lysis buffer [final concentration: 1 mM EGTA,
1 mM MgCl,, 50 mM HEPES pH 7.8, 100 mM KCI, 10%
glycerol, 0.05% NP-40, and Complete Mini EDTA-free pro-
tease inhibitor (Roche)]. Antibodies (rabbit IgG, rabbit
anti-MEMI, or rabbit anti-GSP-3/4) were coupled to Affiprep
Protein A beads (Bio-Rad, Hercules, CA) as described by
Moritz et al. (1998). Fifty micrograms of coupled random
IgG, or anti-MEMI, or anti-GSP-3/4 antibodies were incu-
bated with the extract at 4° overnight. Beads were washed
3 with lysis buffer + 0.05% NP-40 and 2 X with lysis buffer.
Bound proteins were eluted in sample loading buffer and
separated via SDS-PAGE and analyzed by Western blotting.

Western blotting

Western blotting of MEMI-1 was performed on both whole-
worm and collected embryo lysates. For each lane, embryos
were prepared as in Gusnowski and Srayko (2011) from
100 worms. Protein samples were resolved via SDS-PAGE
(10%). For whole-worm lysates, worms were first washed
with 3X 400 wl H,O, retained in a final volume of 10 pl, to
which loading buffer was added prior to loading. A pre-
stained protein marker (7—175 kDa; New England Biolabs,
Beverly, MA) was used to estimate the relative mass of the
proteins. Proteins were transferred to nitrocellulose mem-
brane (Hybond-N, GE Healthcare) at 100 V for 2 hr. The
membrane was blocked in 8% skim milk in TBST for 1 hr
(Tris buffer saline Tween 20; 20 mM Tris-HCI, pH 7.4,
500 mM NacCl, and 0.05% Tween 20). The anti-MEMI-1
and anti-tubulin antibodies were used at 1:200 and 1:400,
respectively, in TBST + 4% skim milk and incubated for 1 hr
at RT. Goat anti-rabbit and goat anti-mouse HRP-bound
secondary antibodies (Bio-Rad) were used at 1:5000 in
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TBST + 4% skim milk and incubated with the membrane for
1 hr at RT. The secondary antibodies were detected via
SuperSignal West Pico ECL (Thermo Fisher Scientific).

RNAI by feeding and injection

dsRNAwas introduced to worms either by microinjection (Fire
et al. 1998) or feeding dsRNA-expressing bacteria to L3-L4
hermaphrodites (Kamath et al. 2003). Control RNAi was the
L4440 RNAi feeding vector (Addgene; A. Fire, Stanford Uni-
versity School of Medicine, Stanford, CA) lacking an insert.
To produce dsRNA for microinjection, genomic DNA was
amplified via PCR using forward and reverse primers that
contained the T3 or T7 bacterial polymerase promoter se-
quences, respectively. dsSRNA targeting all memi genes used
a PCR product from forward 5'-T3-CTG ACA GCT GAC ACT
CAC AAA AAC TG-3' and reverse 5'T7p-TTG CGG GTT GCG
GTG GGA AAATAAC-3' primers. For memi-1-specific dsSRNA,
forward 5'-T3p-GTC GAG CAC GTG TTT CTT CA-3’ and re-
verse 5'T7p-CAG TGT GGT TCT CAG GA-3' primers were
used. For in vitro transcription, templates were PCR frag-
ments purified by the MEGAscript RNAi kit (Invitrogen,
Carlsbad, CA). dsRNA was purified with QIAGEN RNeasy
columns. 400 ng/pl of purified dsRNA was injected into the
gonads of L4 C. elegans larvae. The injected worms were in-
cubated at 25° overnight prior to use in further experiments.
For RNA feeding experiments, PCR products were cloned into
the L4440 feeding vector using primers 5'-ATC CCG GGATGT
CAG CTC CAT CTG GC-3' and 5'-CGA CTA GTC TCG TCC
TCT TCATCC AG-3’ (for full-length dsRNA cloned into Xmal/
Spel) and forward 5’-ATC CCG GGT CGA CGT GTT TCT TCA-
3" and reverse 5'-CGACTAGTGTGTGGTTCTCAGGAGACG-3’
primers (for short dsRNA cloned into Xmal/Spel).

Whole-genome sequencing

For sequencing memi-1(sb41) worms, strain MAS137 was
cultured on 10 nematode growth media (NGM)-agarose
plates with OP50 at 15° until plates were cleared of bacteria.
Mixed stage worms were washed off with M9 (22 mM
KH,PO,, 42 mM Na,HPO,, 85 mM NaCl, 1 mM MgSO,)
followed by two centrifugation and washing steps. The pellet
was resuspended in 0.5 ml of lysis buffer (10 mM Tris-Cl,
0.1 M EDTA, 0.5% SDS, 20 pg/ml DNase-free RNase) fol-
lowed by 25 pl of 10% SDS and 2.5 pl of proteinase K
(20 mg/ml) and incubated at 50° for 1 hr. A second 2.5 pl
of 20 mg/ml of proteinase K was added and incubated at
50° for one more hour. Nucleic acid was isolated by standard
phenol/chloroform and ethanol precipitation methods. Se-
quencing was performed by the BC Cancer Agency Genomic
Sciences Center and sequence data analysis was kindly pro-
vided by the UBC C. elegans Gene Knockout Laboratory.

Ex utero and in utero confocal imaging

For ex utero imaging of fragile early meiotic embryos, three
to five worms were dissected in 5 pl of egg buffer (see above)
on poly-L-lysine-coated coverslips. A hand-made cover was used
to prevent evaporation during imaging. Time-lapse imaging
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was performed on an Olympus IX81 spinning disk confo-
cal microscope described above.

For in utero imaging, worms were picked into 7 pl of egg
buffer containing 5 mM tetramisole hydrochloride to immo-
bilize the worms prior to imaging. When the worms stopped
moving, the cover slip was inverted onto a 2% agarose pad.

For imaging MAS138 (memi-1(sb41); GFP::tubulin;
mCherry::histone), five planes (2 wm spacing) were taken
every 20 sec from the time that the oocyte entered the sper-
matheca until first mitosis. Movies presented are made from
stack projections. DIC imaging at the end of mitosis was used
to assess cytokinesis. To measure cell-cycle events, the fol-
lowing landmarks were used: anaphase I, meiosis II spindle
(at 4 pm length), anaphase II, meeting of pronuclei, mitotic
metaphase, and mitotic anaphase. In memi-1(sb41) embryos,
the nuclei were often not discernible and the sperm DNA
remained condensed, therefore, pronuclear meeting for these
embryos was defined as the stage when the sperm-derived
chromatin migrated to meet the meiotic spindle/meiotic
chromatin. For memi-1/2/3(RNAi) worms, imaging was per-
formed 24 hr after the dsRNA injection. For line-scan quan-
tification of mCherry-histone and GFP-tubulin fluorescence
in meiosis II, a 9.6 pm line (width of 15 pixels) was drawn.
The line was oriented along the spindle pole-to-pole axis for
wild type. In most cases, memi-1(sb41) meiotic spindles
appeared rounded, making spindle poles difficult to discern;
however, multiple line orientations provided similar results.
When possible, a line perpendicular to a “metaphase plate”
was used to determine the meiosis II line orientation.

Genome-wide RNAI screen for suppression of
memi-1 (sb41)

Abacterial library in 384-well format was used to feed worms
C. elegans dsRNA (Kamath et al. 2003). Disposable 96-pin
replicators were used to inoculate 200 pl of LB ampicillin in
4 X 96-well plates from each 384-well stock plate, and the
cultures were grown overnight at 37°, with gentle shaking.
For each trial, a separate 96-well plate contained controls:
L4440 + memi-1/2/3(RNAi) long fragment and 14440 +
memi-1(RNAI) short fragment (Figure 3A). Control inocula-
tions were from streaked LB Amp plates kept at 4°. RNAI-
NGM agar for worm screening was in 48-well plates
(1.3 ml agar per well, with 1 uM IPTG, 25 ng/ml carbenicil-
lin, 100 units/liter nystatin). Plates were allowed to solidify,
inverted, and left overnight at RT to prevent desiccation. Five
microliters of each overnight culture of RNAi bacteria was
transferred from the 96-well plate to the agar surfaces of
the 48-well plate using an adjustable 8-tip multi-channel pi-
pette (Rainin Pipet-lite XLS). L2-L4 worms (MAS137 memi-
1(sb41) dpy-20; ruls57[pie-1::GFP::tbb-2] or N2 wild-type
controls) were washed off of NGM plates seeded with OP50
bacteria, washed four times with M9 in a microfuge tube, and
aliquoted in minimal volume onto a large unseeded NGM
RNAI plate and incubated at 25° for 1 hr to shed bacteria.
Prior to transferring worms to the RNAi plates, 8 .l of sterile
HPLC water was pipetted onto each well of the 48-well RNAi
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plate. The worms were picked individually and transferred
into the liquid droplet to allow ease of transfer and to prevent
scoring of the agar surface. Plates were incubated at 25° for
3-4 days and scored for suppression. The entire library was
tested for suppression of memi-1(sb41) in at least three in-
dependent trials. Bacteria from suppressed wells (positives)
were cultured and the plasmids were sequenced to confirm
insert identity.

Data availability

Strains are available upon request. The authors state that
all data necessary for confirming the conclusions presented in
the article are represented fully within the article.

Results

memi-1(sb41) mutants exhibit cytoskeletal defects and
cell-cycle delays at the meiosis-to-mitosis transition

sb41 is a dominant temperature-sensitive maternal-effect le-
thal mutation that was originally identified in a genetic
screen for redundant genes affecting embryonic development
(Mitenko et al. 1997). In the initial characterization using
DIC microscopy, embryos from homozygous mutant sb41
mothers displayed excessive membrane blebbing, failure in
polar body II extrusion, abnormal intracellular cytoskeletal
structures at the end of meiosis 11, sporadic cytokinesis failure
in the first mitosis, and synchronous cell divisions in two-cell
embryos (Mitenko et al. 1997).

To further examine the cellular defects associated with
this mutation, we created an sb41 strain that expressed GFP-
tubulin (microtubules) and mCherry-histone (chromo-
somes). sb41 embryos exhibited normal meiosis I spindle
assembly, chromosome segregation, and extrusion of the first
polar body. Meiosis II spindle assembly also appeared nor-
mal; however, meiosis II chromatid segregation and polar
body II extrusion usually did not occur (16/20; Figure 1A).

Using specific cellular events as landmarks (see Materials
and Methods), we determined that cell-cycle delays occurred
in sb41 embryos after meiosis I. This included a 10-15 min
delay in reaching late metaphase II, the time at which the
spindle shortens to ~4 um (Albertson and Thomson 1993;
Yang et al. 2003) (Figure 1B). The transition from early
mitosis to metaphase was also delayed in mutant embryos,
but the subsequent mitotic metaphase-to-anaphase transition
occurred at a rate similar to wild type (Figure 1B).

In wild-type embryos, the sperm-derived centrosomal mi-
crotubules appear only after the completion of meiosis II
(Figure 1A; Supplemental Material, File S1 and McNally
et al. 2012). In sb41 embryos, the meiosis II spindle persisted
into mitosis, often moving in an unpredictable manner
around the cell. Furthermore, centrosomal microtubule as-
ters formed and migrated toward meiotic chromatin while
the meiosis II spindle was still present (14/14; Figure 1A
and File S2). Despite the coexistence of these structures in
the sb41 embryos, a mitotic spindle eventually formed and

the cell progressed into mitotic anaphase (File S2 and File
S3). Some sb41 embryos displayed a failed mitotic cytokine-
sis (2/14; File S4), whereas others exhibited anaphase-like
separation of microtubule asters and pseudocleavage, fol-
lowed by reformation of two centrosomes (2/14; File S5).
The sb41 embryos often exhibited synchronous cell divisions
in two-cell embryos (Mitenko et al. 1997, and end of File S5),
indicative of defects in proper polarity establishment (Figure
S1). Based on the phenotypes of the dominant sb41 muta-
tion, as well as additional phenotypic evidence presented
below, we termed this gene memi-1 (meiosis-to-mitosis tran-
sition defect).

memi-1(sb41) centrosomes mature in the presence of
late-stage meiosis Il spindles

Because memi-1(sb41) embryos displayed meiotic and mi-
totic structures within the same cell, we used antibodies
against Aurora A kinase, AIR-1, to assess the maturation state
of the centrosomes (Figure 1C). AIR-1 is required for many
steps leading to the full maturation of the centrosomes, in-
cluding the recruitment of vy-tubulin, and is implicated in
promoting microtubule growth (Mitenko et al 1998;
Hannak et al. 2001; Srayko et al. 2005). In wild-type em-
bryos, AIR-1 was detected on the centrosomes as very small
foci only after the completion of meiotic anaphase II, and
AIR-1 levels at centrosomes increased in intensity with the
cell cycle. In contrast, in memi-1(sb41) embryos, AIR-1 was
detected on centrosomes in embryos that still displayed a
meiosis II spindle. In addition, early mitotic memi-1(sb41)
embryos often exhibited an abnormally fragmented pattern
of AIR-1, suggesting an underlying defect in centrosome in-
tegrity in these embryos (Figure 1C, middle row). Based on
live GFP-tubulin imaging, sections of astral microtubules sep-
arated away from the centrosome after the centrosomes
started to migrate toward the meiotic chromatin (e.g., File
S4). Therefore, memi-1(sb41) interferes with the completion
of meiosis II but it does not prevent the initiation of mitotic
events, giving rise to abnormal embryos with features of both
meiosis II and mitosis. The fragmentation of AIR-1 and mi-
crotubule asters indicated that the centrosomes were also
defective during the abnormal meiosis-to-mitosis transition
in memi-1(sb41) embryos.

memi-1(sb41) mutants exhibit abnormal anaphase Il
during female meiosis

To assess chromatid congression and segregation in meiosis I,
we performed line scans of fluorescence intensity for mCherry-
histone and GFP-B-tubulin in wild-type and memi-1(sb41)
mutant embryos. In metaphase II, both memi-1(sb41) and
wild-type embryos exhibited a similar distribution of tubulin
and chromatin along the spindle axis. Tubulin was concen-
trated at the spindle poles, and the chromatin was aligned at
the spindle equator in metaphase, indicating that chromo-
somes can congress in the mutants (Figure 2A). In wild type,
anaphase II is accompanied by a change in the distribution of
tubulin, with microtubules appearing between the separating
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Figure 1 memi-1(sb41) embryos exhibit defects at the meiosis Il-to-mitosis transition. (A) Time-lapse images of wild-type and memi-1(sb41) embryos
expressing mCherry-histone and GFP-tubulin. Panels start during the second meiotic metaphase (t = 0). The previous meiosis | division was successful, as
evidenced by the polar body (p1). In memi-1(sb41), meiosis Il chromatin does not segregate, centrosomal microtubles appear (t = 24.41) and the
centrosomes migrate to the female chromatin (t = 30.01). A mitotic spindle-like structure eventually forms in memi-1(sb41), and cytokinesis is initiated.
Meiotic spindle and centrosomes are shown with arrowheads and arrows, respectively. Bar, 10 um. (B) Timing of events in wild-type (gray; n = 5) and
memi-1(sb41) (black; n = 5) embryos, from anaphase | (bottom) until anaphase of first mitosis (top). “Anaphase I” (t = 0) and “Anaphase Il refer to the
time at which chromosomes separated and a clear microtubule midzone was first visible. In these five memi-1(sb41) examples, meiosis Il chromosomes
did not appear to separate prior to dissolution of meiotic spindle microtubules (dotted line). “MIl spindle” refers to the time when the bipolar spindle
compressed to a length of ~4 um. Nuclear envelopes were not always observable during the Mll-to-mitosis transition in memi-1(sb41), so pronuclei
(PN) meeting in memi-1(sb41) embryos was estimated as the time when centrosome asters and meiotic structures neared each other (~3 pm). (C)
Immunofluorescence images of microtubules (red), DNA (blue), and the centrosomal Aurora kinase AIR-1 (green). In contrast to wild type, memi-1(sb41)
mutant centrosomes recruit AIR-1 during metaphase of meiosis (asterisk). AIR-1 foci were observed near sperm DNA during meiosis Il in memi-1(sb471)
(10/12), but not in WT (0/10). Centrosome fragmentation (arrow) occurs in memi-1(sb41) embryos. Arrowhead indicates the meiosis Il spindle with two
masses of chromatin, which likely represent separated meiotic chromatids within the cytoplasm. In late prophase, two centrosomes are visible (bottom
panels). Bar, 10 um.

masses of chromatin (Albertson and Thomson 1993; Dumont
et al. 2010; Muscat et al. 2015). In the memi-1(sb41) em-
bryos, the meiosis II spindles did not exhibit a peak of tubulin
fluorescence between chromatin masses (11/15; Figure 2A).
In a few embryos, two masses of chromatin were separated
(4/15), but tubulin fluorescence levels were more uniformly
distributed along the pole-pole axis (Figure 2A). Based on
these observations, we concluded that memi-1(sb41) em-
bryos exhibited congression of chromatids in meiosis II, but
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that chromatid segregation was impaired, and spindle micro-
tubule rearrangements typical of anaphase II did not occur.
We next tested whether memi-1(sb41) interfered with
the release of sister chromatids. During anaphase I, REC-8/
Kleisin is specifically removed from homologous chromo-
somes but it remains associated with the sister chromatids
until anaphase II, at which time it is removed to allow sister
chromatid separation (Pasierbek et al. 2001; Severson et al.
2009). We examined the pattern of REC-8 between sister
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Figure 2 memi-1(sb47) results in
defects in meiosis Il chromatid
segregation and spindle mor-
phology. (A) Single plane confo-
cal images of metaphase Il and
anaphase Il from a wild-type em-
bryo and two memi-1(sb41) em-
bryos. Fluorescence intensities of
histone (red) and tubulin (green)
along the marked line are dis-
played as line-scan plots. The
number of memi-1(sb41) em-
bryos displaying the represented
phenotypes are shown. (B) Im-
munofluorescence staining with
anti-REC-8 antibody on wild-type
and memi-1(sb41) embryos. In
wild-type embryos, REC-8 locates
between homologs and sister
chromatids in metaphase | and
between sister chromatids in
meiosis Il. In memi-1(sb41), the
majority of late-stage metaphase
Il embryos exhibit REC-8 be-
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chromatids in memi-1(sb41) embryos. Late-stage meiosis II
spindles in memi-1(sb41) embryos stained positive for REC-8
between chromatids, but REC-8 was not visible in embryos
where chromatids had separated (Figure 2B). These obser-
vations suggested that the persistence of the REC-8/Kkleisin
on sister chromatids correlated with a failure of anaphase II
in memi-1(sb41) mutants. Based on live-cell imaging, em-
bryos that exhibited sister chromatid separation nevertheless
displayed various other defects such as abnormal polar body
extrusion and cell cycle delays. Therefore, memi-1(sb41) per-
turbs multiple processes at the end of meiosis II, including
timely REC-8 removal, proper spindle microtubule reorgani-
zation, and polar body formation.

memi-1 and two closely related paralogs are required
for embryonic viability

memi-1(sb41) was mapped to the center of chromosome
IV, <1 MU from dpy-13. Using mDp4, a chromosomal dupli-
cation that spans the sb41 genetic interval, we found that
memi-1(sb41)/+/+ exhibited a more severe phenotype than

memi-1(sb41)/+ at 15° (Figure 3A and Materials and Meth-
ods). This suggested that sb41 was hyper-morphic. Whole-
genome sequencing of memi-1(sb41) worms revealed one
mutation in a predicted gene, Y17G9B.9, near dpy-13. The
Y17G9B.9 protein has no recognizable domains and no obvi-
ous homolog outside of nematodes. The memi-1(sb41) mu-
tation resulted in a P74S substitution that is within a putative
target region for a number of proline-directed kinases, such
as cyclin-dependent kinase (Figure S2).

Y17G9B.9(tm3099) worms have a 195-bp deletion remov-
ing most of the first intron and 151 bp of the second exon of
the gene (National Bioresource Project, Tokyo, Japan), but
they displayed no obvious phenotypes, suggesting that
Y17G9B.9 was nonessential. Database searches revealed
the existence of two highly similar paralogs in C. elegans,
Y62E10A.14 and H02I12.5 (Figure S2), each having 87%
DNA (85% aa) sequence identity to Y17G9B.9, raising the
possibility that this gene family was functionally redundant.

To knock-down all three paralogs, a 1717-bp dsRNA span-
ning the entire Y17G9B.9 gene was made, with the idea that
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Figure 3 Identification and characterization of memi-7 and two closely related paralogs. (A) The map position of memi-7 and the physical location of Y77G9B.9
and paralogs H02/12.5 and Y62E10A.14 on chromosome IV are shown. Although its physical end-point is unknown, the mDp4 duplication is estimated to end at
position 4.7 (http:/Avww.wormbase.org). The Y717G9B.9 dsRNA that is maximally divergent from H02/12.5 and Y62E10A.14 is shown below the gene (short
dsRNA). Full-length dsRNA is 87% identical (overall) and is expected to efficiently target all three genes (referred to as memi-1/2/3(RNAJ) in the text). (B) The viability
(% of total progeny) for each worm strain at 25° is shown. memi-1(sb41) is rescued by the short Y77G9B.9 dsRNA. Viabilities were calculated from at least three
hermaphrodites and >600 progeny. Bars show SD. (C) RNAi knock-down of memi-1, memi-2, and memi-3 together [memi-1/2/3(RNA)] results in skipped meiosis
II. Selected frames from an in utero time-lapse movie of wild-type and memi-1/2/3(RNA/) embryos in a strain expressing GFP-tubulin (microtubules; green) and
mCherry-histone (DNA; red) are shown. Meiotic spindles are indicated with an arrowhead; anaphase | is time = 0. In memi-1/2/3(RNAIJ), sperm-derived
centrosomes nucleate MTs in early mitosis immediately after meiosis | (compare arrows). Note the extra nuclei within a single cell in the adjacent embryo,
illustrating the cytokinesis defect also present in memi-1/2/3(RNAi) embryos. pb = polar body. Bar, 10 um. (D) Examples of the timing of events in wild-type (gray;
n = 5) and memi-1/2/3(RNAIJ) (black; n = 6) embryos, from anaphase | (bottom) until anaphase of first mitosis (top). “Anaphase I” (t = 0) and “Anaphase Il refer
to the time at which chromosomes separated and a clear microtubule midzone was first visible. “Mil spindle” refers to the time when the spindle compressed to
a length of ~4 pum (only applies to WT). In memi-1/2/3(RNAJ) embryos, anaphase | initiated but did not produce a polar body. (E) The viability (% of total progeny)
for each homozygous deletion mutant strain at different temperatures is shown. Viabilities were calculated from at least three hermaphrodites and >200 progeny.
Bars show SD. The triple deletion homozygotes produced only dead eggs (7 hermaphrodites, 1029 progeny) at 20° (asterisk).

87% identity among the paralogs should permit RNAi-based  (Figure 3B). In contrast, a short 420-bp dsRNA predicted to

knock-down of all three genes (Figure 3A). The full-length ~ be more specific to Y17G9B.9 (80% identity with the paral-
dsRNA resulted in nearly complete embryonic lethality at 25°  ogs) injected into wild type (WT) did not cause obvious
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defects (Figure 3B). Given that memi-1(sb41) exhibited hyper-
morphic behavior but short Y17G9B.9(RNAi) caused no ob-
vious phenotypes, we reasoned that short Y17G9B.9(RNAi)
should rescue memi-1(sb41). Indeed, when short Y17G9B.9
dsRNAwas injected into memi-1 (sb41) mutants, the maternal-
effect lethality of memi-1(sb41) at 25° was completely
suppressed (Figure 3B). This confirmed the identity of
memi-1 and indicated that sb41 was not a loss-of-function
allele. Furthermore, the RNAi experiments suggested that
one or both of the paralogs were functionally redundant,
hence, Y62E10A.14 and HO02I12.5 were termed memi-2
and memi-3, respectively.

MEMiIs are required for the female meiosis Il program

The embryonic lethality associated with memi-1(sb41) at 25°
was likely caused by chromosomal aneuploidy due to a fail-
ure to complete meiosis II. Because full-length Y17G9B.9
dsRNA, hereafter referred to as memi-1/2/3(RNAi), also
resulted in lethality (Figure 3B), we examined wild-type (File
S6) and memi-1/2/3(RNAi) (File S7) embryos using in utero
fluorescence microscopy. memi-1/2/3(RNAi) embryos
exhibited normal meiosis I spindle assembly, metaphase I,
as well as separation of chromosomes in anaphase I. How-
ever, cytokinesis did not occur at the end of anaphase I,
resulting in a failure to extrude the first polar body (Figure
3C). Surprisingly, memi-1/2/3(RNAi) embryos did not as-
semble a meiosis II spindle (20/20; File S7). Instead, nuclear
envelopes formed around decondensing DNA, and astral
microtubules emanated from centrosomes, all of which in-
dicated entry into mitosis (Figure 3C). Chromosome segre-
gation occurred in mitosis (Figure 3C) and cytokinesis was
initiated but failed, resulting in a multinucleated cell (e.g.,
adjacent cell in Figure 3C). The time to complete the meiosis-
to-mitosis transition in memi-1/2/3(RNAi) embryos was vari-
able, and not always shorter than wild type, despite the
absence of meiosis II events (Figure 3D). The skipped meiosis
IT phenotype was similar to what has been reported for
fertilization-defective mutants (Ward and Carrel 1979; McNally
and McNally 2005). fer-1(hc1) spermatozoa are motility-
defective and they are incapable of fertilizing oocytes
(Argon and Ward 1980). Using live imaging of GFP-tubulin
and mCherry-histone, unfertilized fer-1 oocytes exhibited a
prolonged anaphase I, followed by nuclear envelope forma-
tion and mitotic cycling without centrosomes (File S8).
We next sought to determine the contributions of individ-
ual memi paralogs to the meiosis-to-mitosis transition. Viable
strains for each single deletion were obtained (National Bio-
resource Project, Tokyo, Japan) and double-deletion strains
were constructed. All single-deletion and double-deletion
worms were scored for lethality at three temperatures, 15,
20, and 25°. Single deletions of memi-1, memi-2, or memi-3
appeared wild type; however, different double-deletion com-
binations exhibited some maternal-effect lethality, depend-
ing on the genes deleted (Figure 3E). The memi-1(A)
memi-2(A) combination resulted in the most severe double-
mutant phenotype (as low as 50% hatching; Figure 3E). DIC

Figure 4 Loss of MEMI function results in a defective eggshell perme-
ability barrier. WT embryos and embryos from homozygous mutant moth-
ers were incubated with DAPI DNA stain to assay permeability of the
eggshell. (A and B) In WT, polar bodies from meiosis | stained with DAPI
(21721 embryos), but no other DNA was visible (0/21 embryos) due to a
permeability barrier in the eggshell. (C and D) In memi-1(sb41), polar
bodies from meiosis | stained with DAPI (24/24 embryos), but no other
DNA was visible (0/24 embryos). (E-G) The memi-1/2/3(A) triple-deletion
mutants exhibited DNA fluorescence throughout the embryo (28/28).
Segregated chromosomes from meiosis | were often detected (17/28
embryos). The embryo in E showed a single grouping of condensed
DNA clustered near the inner edge of the cell (determined by viewing
other focal planes), suggesting that chromosomes were not extruded
(arrow). This embryo exhibited no other polar body. Nuclear envelopes
formed around the chromatin, indicating entry into mitosis, consistent
with a skipped meiosis Il. F and G did not exhibit any polar bodies. Bar,
10 pm.

microscopy revealed defects similar to memi-1/2/3(RNAi)
phenotypes, such as extra female pronuclei (5/20) likely
resulting from meiotic failure and/or polar body extrusion
defects (File S9) and cytokinesis failure (1/20; File S10),
which were not observed in wild type (File S11). The double-
deletion mutants indicated that each single gene provided
partial function during meiosis II. A heterozygous recombi-
nant was also recovered with the genotype memi-1(A)
memi-3(+)memi-2(A)/memi-1(A)memi-3(A)memi-2(4),
which produced 46% viable offspring (306/666). As
expected, one-quarter of the surviving progeny from this
recombinant grew to adulthood, but produced 100% dead
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eggs (Figure 3E). Diagnostic PCR confirmed that these
worms were triple-deletion homozygotes, and DIC imag-
ing of embryos from maternal-effect lethal sibling worms
revealed one-cell phenotypes that were similar to the
memi-1/2/3(RNAi) embryos (i.e., 10/11 embryos failed
to make a polar body, 1/11 produced an abnormally large
meiosis I polar body), and cytokinesis often failed (5/10)
(File S12).

C. elegans embryos are encased in a protective trilaminar
eggshell composed of an outer vitelline layer, a middle chitin-
containing layer, and an inner layer that contains proteogly-
cans (Wharton 1980; Rappleye et al. 1999; Bembenek et al.
2007; Benenati et al. 2009; Olson et al. 2012). The vitelline
layer forms initially, and is present on the oocyte before fer-
tilization (Olson et al. 2012). The middle chitin layer is as-
sembled after fertilization (Maruyama et al. 2007), and it
provides mechanical strength and a block to polyspermy
(Johnston et al. 2010). The inner proteoglycan layer is de-
posited during anaphase I, and then a distinct permeability
barrier that involves fatty acid biosynthesis and modification
enzymes (Tagawa et al. 2001; Rappleye et al. 2003; Benenati
et al. 2009; Carvalho et al. 2011) forms during anaphase II
(Olson et al. 2012). Because loss of memi-1/2/3 function
resulted in a skipped meiosis II, we reasoned that these em-
bryos might exhibit defects in eggshell permeability. Indeed,
using the DNA stain DAPI as a tracer, we observed chromo-
some staining throughout the memi-1/2/3 triple-deletion
embryos (28/28), but not the WT embryos (0/21; Figure
4). In contrast to the memi-1/2/3 deletion embryos, memi-
1(sb41) embryos were not permeable to DAPI (0/24), sug-
gesting that these embryos completed the final stages of
egg shell synthesis.

We also examined the location of DAPI-stained chromo-
somes in the memi-1/2/3 deletion embryos by fluorescence
microscopy (Figure 4). Of the memi-1/2/3 deletion embryos,
17/28 displayed a grouping of condensed DNA close to the
inner cortex of the cell, possibly indicative of an incomplete/
failed extrusion of chromosomes during meiosis I. The
remaining embryos (11/28) were in various stages of mitosis
and did not display any signs of meiotic chromatin separation
or polar bodies, consistent with a failure to complete both
meiotic divisions. None of the embryos displayed any signs of
having completed meiosis II (0/28), consistent with the phe-
notypes of memi-1/2/3(RNAI).

MEMI proteins are enriched in meiotic embryos

The MEMI proteins each have a predicted molecular weight of
~40 kDa. Affinity-purified pan-specific «-MEMI antibodies
detected three proteins in whole-worm hermaphrodite ly-
sates, ranging in size from 45 to 52 kDa. Probed lysates from
the deletion mutants and dsRNA-treated worms revealed the
expected changes (Figure 5, A and B). The three proteins
were not detected in lysates derived from adult males, con-
sistent with MEMI-1 having a maternal function (Figure 5C).
Furthermore, the MEMI proteins were not detected in lysates
prepared from purified eggs (composed of mitotic embryos),
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Figure 5 Pan-specific anti-MEMI antibodies detect maternally expressed
proteins. (A) Western blots of gravid adult hermaphrodite worms homo-
zygous for different memi deletions (A) indicate the identity of each MEMI
protein. The asterisk indicates a truncated species observed in all lanes
that contain memi-1(4). (B) Western blots of lysates from wild-type and
RNAi-treated worms probed with anti-MEMI. A short dsRNA specifically
targets MEMI-1, while the full-length dsRNA targets all three genes (refer
to Figure 3 for RNA description). (C) MEMI-1, MEMI-2, and MEMI-3
proteins are enriched in WT hermaphrodite lysates, but not visible in
embryo lysates, which are enriched for late-stage mitotic embryos. MEMI
proteins are not detected in male whole-worm lysates. Tubulin was a
loading control for all blots.

suggesting that MEMI proteins are degraded early in devel-
opment (Figure 5C).

Indirect immunofluorescence of MEMI proteins in wild
type revealed a strong cytoplasmic signal in oocytes and
embryos in meiosis I. In anaphase I embryos, a distinct signal
was also observed at the midzone of the spindle (Figure 6A).
In meiosis II embryos, the cytoplasmic signal was reduced
compared to meiosis I, but staining was often visible at the
midzone of the anaphase II spindle (Figure 6A). Immunoflu-
orescence was reduced in memi-1/2/3(RNAi) embryos (Fig-
ure 6B and Figure S3). Quantification of fluorescence
intensities revealed that the cytoplasmic signal was consider-
ably lower in one-cell mitotic embryos, compared with mei-
otic embryos (Figure 6B). memi-1(sb41) embryos similarly
displayed reduced MEMI immunofluorescence in mitotic em-
bryos, however, with more variability (Figure 6B and Figure
S3). Because the antibodies were pan-specific, any changes in
the levels of MEMI-1(sb41) specifically might be difficult to
detect via immunostaining.

Postmeiotic degradation of MEMI proteins requires a
Cullin-ring ubiquitin ligase

In C. elegans, two different E3 ubiquitin ligase complexes are
required for the progression through meiosis I and meiosis II.
The anaphase-promoting complex (APC) is required for exit
from female meiosis Iin C. elegans (Furuta et al. 2000; Golden
2000). Knockout of any subunits of this complex results in an
arrest in metaphase of meiosis I. Another E3 ubiquitin ligase,
CUL-2 (cullin-ring ubiquitin ligase), and its substrate-specific
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adaptor, ZYG-11, is essential for the meiosis II metaphase-to-
anaphase transition, the establishment of anterior—posterior
polarity, and chromosome condensation (Feng et al. 1999;
DeRenzo et al. 2003; Liu et al. 2004; Sonneville and Gonczy
2004; Vasudevan et al. 2007). Loss of CUL-2 or ZYG-11 re-
sults in cyclin B persistence and a ~40 min delay in meta-
phase of meiosis II (Sonneville and Gonczy 2004; Vasudevan
et al. 2007). These embryos eventually go through anaphase
II but they fail to extrude the second polar body. The cul-
2(RNAi) embryos also exhibit delays in forming the eggshell
permeability barrier (Olson et al. 2012). memi-1(sb41) ex-
hibits many of the same phenotypes, including severe delays
in the meiosis-to-mitosis transition and polarity defects, but
we did not observe obvious defects in eggshell permeability
when compared to WT (Figure 4).

The zyg-11(RNAi) phenotype resembles memi-1(sb41)
embryos, at least in part, thus we hypothesized that MEMI-1
might regulate the CUL-2 complex or be downstream of the
complex. In order to test whether memi-1 affects the function
of the CUL-2 complex, we monitored cyclin B levels in a GFP-
CYB-1 strain in both memi-1(sb41) and memi-1/2/3(RNAI).
In wild type, oocytes have high GFP-Cyclin B fluorescence
levels and by fertilization, levels begin to decrease (Liu
et al. 2004; Sonneville and Gonczy 2004). In both memi-
1(sb41) and memi-1/2/3(RNAi) embryos, CYB-1 levels de-
clined after the embryo exited the spermatheca, similar to
wild type (Figure 6C and Figure S4). This indicated that
MEMIs probably do not alter general APC or CUL-2/ZYG-
11 functions.

Since MEMI protein levels are decreased after meiosis,
their degradation might be dependent on ubiquitin-mediated
proteolysis. In order to test this, we used RNAi by feeding
to inactivate the APC or CUL-2 complexes separately, and
we measured MEMI levels by indirect immunofluorescence.

mat-2 and mat-3 encode subunits of the APC and both of
these genes are required for targeting proteins for degrada-
tion during the meiosis I metaphase-to-anaphase transition
(Golden et al. 2000; Stein et al. 2007). Although RNAi of
these genes caused a severe delay in meiosis I, the embryos
eventually progressed. In both mat-2(RNAi) and mat-3(RNAi),
the MEMI fluorescence signal was high in early meiotic em-
bryos but reduced in embryos that progressed past meiosis II,
indicating that MEMI proteins are eventually degraded in
these defective embryos (Figure 7, A and B).

We next tested zyg-11(RNAi) embryos in order to deter-
mine if MEMI protein levels are altered by the loss of this
substrate-specific adaptor of the CUL-2 E3 ligase complex
(Liu et al. 2004; Sonneville and Gonczy 2004; Vasudevan
et al. 2007). Using immunostaining, zyg-11(RNAi) revealed
a strong signal for MEMI proteins even in embryos that
exhibited mitotic characteristics (e.g., pronuclei), indicat-
ing a failure to degrade the MEMI proteins (Figure 7, A
and B). Furthermore, Western blot analysis showed that
zyg-11(RNAI) mitotic embryos contained all three MEMI pro-
teins (Figure 7C). Thus, the CUL-2 E3 ligase complex is re-
quired for the degradation of MEMI proteins during the
meijosis-to-mitosis transition. Western blots of memi-1(sb41)
mitotic embryo lysates revealed that this hyper-morphic muta-
tion resulted in the persistence of MEMI-1 protein in mitosis,
without interfering with MEMI-2 or MEMI-3 degradation
(Figure 7C).

An RNAI screen for suppressors of memi-1(sb41)
identifies the sperm PP1 phosphatase GSP-3/ 4

The skipped-meiosis II phenotype of memi-1/2/3(RNAi) is
similar to what has been observed in fertilization-defective
mutants, whereby oocytes are activated by MSP but are not
fertilized (McNally and McNally 2005; File S8). Therefore,

MEMI Promotes Female Ml 1471
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Figure 7 CUL-2 E3 ligase substrate-specific adaptor ZYG-11 is required
for degradation of MEMI. (A) Immunofluorescence staining of wild-type,
mat-3(RNAI), and zyg-11(RNAI) embryos with anti-MEMI. Decreased cy-
toplasmic signal of MEMI in mitosis was observed in both wild-type and
mat-3(RNAI) embryos, but levels remained high in mitotic zyg-11(RNA)
embryos. Tubulin (red), DNA (blue), and MEMI-1 (green). Bar, 10 um. (B)
Quantification of cytoplasmic levels of MEMI-1 in wild type, zyg-11(RNAJ),
mat-2(RNAJ), and mat-3(RNAI) indicated that ZYG-11 was required for
reduction of MEMI-1 levels. Values were based on meiotic embryos
(WT, n = 3; zyg-T1(RNAI), n = 26; mat-2(RNAI), n = 14; and mat-3(RNA)),
n = 14) and mitotic embryos (WT, n = 5; zyg-11(RNAJ), n = 12; mat-2(RNAI),
n = 9; and mat-3(RNAI), n = 12). Bars show SD. (C) Western blot of
WT and zyg-11(RNAI) mitotic embryo-prep lysates, probed with anti-
MEMI and anti-tubulin. zyg-77(RNAJ) causes MEMI-1, MEMI-2, and
MEMI-3 proteins to persist in mitotic embryos. memi-1(sb41) mutants
retain MEMI-1 protein in mitotic embryos, despite complete degrada-
tion of MEMI-2 and MEMI-3.

MEMI might trigger meiosis II in response to sperm entry, via
an unidentified sperm component. In order to identify the
putative sperm factor, we exploited the memi-1(sb41) muta-
tion to identify genetic interactors. Given that memi-1 (RNAi)
rescued memi-1(sb41) lethality, loss of any other gene re-
quired for memi activity could potentially suppress the
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memi-1(sb41) mutation. Using a dsRNA-feeding approach
(Kamath et al. 2003), we conducted a genome-wide RNAi
suppressor screen of memi-1(sb41) worms. From ~16,000
genes tested, two suppressors were identified, gsp-3 and
gsp-4 (Figure 8A). Both genes encode a sperm-specific PP1
phosphatase related to GLC seven protein phosphatases (Wu
et al. 2012). These two genes are highly similar (98% iden-
tity) and dsRNA directed against either gene is expected to
target both. GSP-3/4 is required for spermatid activation,
possibly by altering the polymerization dynamics of cytoskel-
etal MSP within the sperm cytoplasm (Wu et al. 2012). We
raised antibodies to a C-terminal region of GSP-3/4 and con-
firmed the previously reported localization pattern in the
sperm (Figure 8B and Figure S5).

Because the RNAI screen was performed on memi-1(sb41)
hermaphrodites, it was formally possible that, despite the
appearance of GSP-3/4 in the sperm, reduction of some ma-
ternally expressed fraction of GSP-3/4 in the oocyte was re-
sponsible for the suppression. To test this, we fed gsp-3/
4(RNAI) bacteria to wild-type males, and then mated them
to memi-1(sb41) hermaphrodites that were never exposed to
gsp-34(RNAi) bacteria. Mated hermaphrodites store a mix-
ture of outcross and self-cross sperm in their spermatheca,
but the outcross sperm are preferentially used (Ward and
Carrel 1979; ’'Hernault 2006). After the mating, we observed
suppression of the memi-1(sb41) hermaphrodites (13/17),
suggesting that outcross sperm were responsible for the sup-
pression (Figure 8C). In a similar experiment, we raised
males to adulthood on normal bacteria (i.e., not exposed to
gsp-3/4 dsRNA) and mated them to memi-1(sb41) hermaph-
rodites that were cultured on gsp-3/4(RNAi) bacteria. In
this case, we observed two classes of results. In one class,
suppression was observed but no male progeny were ob-
served, suggesting that mating did not occur (2/17). In
the other class, we observed no surviving progeny, despite
the hermaphrodites feeding on gsp-3/4(RNAi) bacteria
(15/17). We interpret this latter class as hermaphrodites
that successfully mated, but that the outcross male sperm
could not suppress the memi-1(sb41) phenotype. Because
the spermatheca of mated hermaphrodites contains a mix-
ture of male and self sperm, this result suggested that the
suppression of memi-1(sb41) required fertilization by a
gsp-34(RNAI) sperm, rather than contact with a diffusible
factor released by gsp-3/4(RNAi) sperm.

The identification of GSP-3/4 in our screen suggested that
it could be an activator of memi-1(sb41), but other explana-
tions are possible. For example, reduction of GSP-3/4 activity
could alleviate some poisonous effect of the sb41 mutation,
without being involved in normal MEMI functions during the
meiosis I-to-meiosis II transition. In order to test for a possible
molecular relationship between GSP-3/4 and MEMI, we
asked whether the wild-type MEMI proteins can physically
associate with GSP-3/4. We found that a-MEMI antibodies
were able to co-immunoprecipitate GSP-3/4 (Figure 8D);
however, we did not observe immunoprecipitation of MEMIs
with a-GSP-3/4 antibodies. Despite the lack of reciprocity,
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Figure 8 gsp-3/4 and memi exhibit genetic and physical interactions. (A)
memi-1(sb41) maternal-effect lethality was suppressed when worms were
treated with gsp-3/4(RNAJ) (feeding method). Under the same conditions,
wild-type worms exhibited a slight decrease in embryo survival. Bars are
SEM. (B) Immunofluorescence of a section of male gonad, stained with
DAPI to visualize DNA (blue), anti-tubulin to visualize microtubules (green),
and anti-GSP-3/4 (red). The boxed region is enlarged (right) to show a single
spermatid that exhibits a fibrous staining pattern for GSP-3/4. Bar, 2 pm.
(C) gsp-3/4(RNAI) male-mating can suppress memi-1(sb41) hermaphrodites.
memi-1(sb41) hermaphrodites [untreated or treated with gsp-3/4(RNAJ),
were mated to WT or gsp-3/4(RNAi) males and the hatching rates were
compared to unmated controls. Outcross (male) sperm is preferred to her-
maphrodite sperm, hence, the RNAI treatment of the males determines the
suppression outcome. Number of progeny scored (n) is shown. (D) Anti-
MEMI antibodies co-immunoprecipitate GSP-3/4 proteins. Western blots of

these results nonetheless indicated that MEMI and GSP-3/4
proteins can physically associate, which lends support for a
model whereby PP1 phosphatase interacts with MEMI within
the fertilized embryo. Because reduction of gsp-3/4 activity
suppresses the overactive memi-1(sb41) mutation, we favor
an idea whereby GSP-3/4 acts in the same pathway as MEMI.
This could involve GSP-3/4 promoting or sustaining MEMI
activity, or MEMI might modulate the function of GSP-3/4
after it enters the fertilized egg.

Discussion

Animals use various strategies to coordinate maturation of the
oocyte with fertilization. In many cases, the final stages of
female meiosis are controlled by external stimuli. Examples of
such stimuli include environmental determinants, sex hor-
mones, or sperm entry. C. elegans likely have two sperm-
derived signals, a diffusible signal (MSP) that triggers the
oocyte to exit MI prophase (McCarter et al. 1999; Miller
et al. 2001), and a second hypothetical signal that is required
for the meiotic MI-to-MII transition. Evidence for this latter
signal comes from experiments involving fertilization-defective
sperm (Ward and Carrel 1979; McNally and McNally 2005).
These mutant sperm still produce MSP (Miller et al. 2001);
however, because fer-1 sperm are unable to fertilize the oo-
cyte, meiosis I is aborted in anaphase I, the cell fails to ex-
trude the first polar body, and it progresses to mitosis instead
of meiosis II. Although the fer-1 “embryos” lack all sperm-
derived structures, the cell-cycle phenotypes are strikingly
similar to what we observed with memi-1/2/3(RNAI), includ-
ing an aborted meiosis at the end of anaphase I, and a skipped
meiosis II. Cytokinesis defects observed in fer-1 mutants and
memi-1/2/3(RNAI) could be due, at least in part, to egg shell
defects and osmotic sensitivity, which has been reported for
sep-1(RNAI) (Siomos et al. 2001).

Loss of memi results in a skipped meiosis Il and egg shell
permeability defects

The skipped meiosis II phenotype in C. elegans has previously
only been attributed to fertilization-defective mutants like
fer-1, and as a rare phenotype of weak, loss-of-function mu-
tations in mat-1, which encodes the CDC-27 subunit of the
APC E3 ligase complex (Shakes et al. 2003). Because the APC
is also required for sperm function (Sadler and Shakes 2000),
its involvement in female meiosis II could be related to an
uncharacterized sperm-specific role in the fertilized embryo.
Another possibility is that MEMI requires the APC for its func-
tion, and the skipped meiosis II phenotype in mat-1 mutants
could be due to reduced MEMI activity. If so, we would expect
that mat-1 loss-of-function should suppress memi-1(sb41).
However, we did not recover any APC subunit genes in our

proteins immunoprecipitated by incubation with rabbit IgG, anti-GSP-3/4,
or anti-MEMI antibodies. Blot on left was probed with anti-GSP; blot on
right was probed with anti-MEMI.
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RNAI suppressor screen, and subsequent tests with mat-1 (RNAi)
did not reveal any suppression of memi-1(sb41) (E. Sykes,
unpublished results). In addition, such a role for the APC
would likely not involve MEMI protein stability, since we did
not observe a reduction in early meiotic MEMI levels after
disruption of APC function. Thus, it is unclear if the reported
skipped meiosis II phenotype in mat-1 (If) embryos is related
to a loss of memi activity.

Although MEMI is required to initiate female meiosis II, its
timely removal prior to mitosis is also critical. In C. elegans,
the MII-to-mitosis transition requires the E3 CUL-2 and the
substrate-recognition subunit ZYG-11 (Liu et al. 2004;
Sonneville and Gonczy 2004; Vasudevan et al. 2007).
memi-1(sb41) phenotypes resemble zyg-11(RNAi) (Liu et al.
2004; Sonneville and Gonczy 2004), for example, they both
result in cell-cycle delays during meiosis II, and polarity de-
fects. ZYG-11/CUL-2 are required for cyclin B degradation
(Liu et al. 2004; Sonneville and Gonczy 2004) and MEMI
degradation at the end of meiosis II. However, because cyclin
B degradation was not obviously affected by memi-1(sb41),
this suggests that MEMI persistence alone is responsible for
some of the phenotypes observed in zyg-11(RNAi) embryos.
The MEMI proteins could be substrates of ubiquitin-mediated
proteolysis; however, further work is required to ascertain
the molecular relationship between these two pathways.

Assembly of the trilaminar (vitelline, chitin, proteoglycan)
egg shell is followed by the synthesis of a permeability barrier
during anaphase II (Olson et al. 2012). Previous work deter-
mined that the middle chitin layer provides mechanical
strength and is responsible for the block to polyspermy
(Johnston et al. 2010). We did not observe polyspermy in
the memi loss-of-function embryos, suggesting that the early
stages of eggshell assembly occurred. However, the observa-
tion that memi-triple mutants were permeable to the DNA
stain DAPI (Figure 4) is consistent with the idea that passage
through anaphase II is required for production of the perme-
ability barrier (Olson et al. 2012); memi-1/2/3(RNAi) em-
bryos skip meiosis II, and would not be expected to
complete this step. Interestingly, memi-1(sb41) embryos
were not permeable to DAPI, suggesting that, despite the
defective meiosis-to-mitosis transition in these embryos, a
functional eggshell was synthesized. Previous work showed
that CUL-2 activity was required for timely synthesis of the
permeability barrier during anaphase of meiosis II (Olson
et al. 2012). Therefore, the persistence of MEMI-1 alone
did not seem to interfere with this process, despite other
phenotypic similarities to zyg-11/cul-2. It is likely that a fail-
ure to degrade MEMI-1 interferes with a subset of processes
that are regulated by CUL-2/ZYG-11. Examination of the
eggshells at high resolution in memi mutants could help de-
termine the precise nature of any structural defects.

memi-1(sb41) interferes with the
meiosis-to-mitosis transition

Chromosomal duplication analysis, RNAi knock-down, and
Western blotting revealed that memi-1(sb41) is likely hyper-
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Figure 9 A model for meiosis Il activation in the C. elegans embryo. A
model for the fertilization-dependent signal that specifies meiosis Il is
shown. Sperm provide a signal involving secreted MSP protein (blue
thunderbolt), which, via interactions with gonadal sheath cells and the
oocyte, triggers oocyte maturation (nuclear envelope breakdown, cyto-
skeletal rearrangement, assembly of Ml spindle). This cell will progress to
anaphase | (blue arrows), but if sperm do not enter the oocyte, the cell
will abort MI and skip MIl. A second signal from the sperm (yellow thun-
derbolt) is delivered upon fertilization. MEMI is likely a maternal compo-
nent of this signal, in part because loss of MEMI also results in a skipped
MIl phenotype. At least one additional component of the signal is the
sperm-specific PP1 phosphatase, GSP-3/4 (yellow squares), which we
identified as a suppressor of hyper-morphic memi-1(sb41). The positive
influence on the MEMI pathway could occur either directly via GSP-3/4
interaction, or indirectly, via another unidentified sperm factor (gray tri-
angle). Evidence from mating experiments supports a mechanism that
requires GSP-3/4 (or intermediate factor) to enter the oocyte. MEMI is
required for meiosis Il (orange arrow), but must be inactivated prior to
mitosis (white arrows). CUL-2/ZYG-11-dependent ubiquitin-mediated
degradation inactivates MEMI before mitosis. The memi-1(sb41) mutation
specifically interferes with MEMI-1 protein degradation, resulting in de-
fects during the transition to mitosis.

morphic, resulting in persistent MEMI-1 activity that inter-
feres with meiosis II exit. The memi-1(sb41) P74S alteration
is within a predicted proline-directed kinase phosphorylation
site. Further work is needed to confirm a role for phosphor-
ylation in regulating MEMI activity; however, we speculate
that phosphorylation could trigger the proteolytic demise of
MEMIs at the end of meiosis II, with sb41 interfering with the
timely removal of MEMI-1.

memi-1(sb41) interferes with the completion of meiosis II
but it does not prevent the initiation of mitotic events; the
mutation gives rise to embryos with features of both meiosis
IT and mitosis. Thus, the unusual memi-1(sb41) phenotype
revealed that the presence of the meiotic spindle alone is
not sufficient to block centrosome maturation. The centro-
somes in late-stage meiosis II memi-1(sb41) embryos initi-
ated microtubule nucleation; however, the centrosome
fragmentation we observed suggested that the microtubule-
centrosome attachments and/or the internal structure of
the centrosomes were abnormally weak during this defec-
tive transition to mitosis.

Reduction of sperm PP1 phosphatase activity rescues
memi-1 (sb41)

The genome-wide RNAi screen for suppressors of memi-
1(sb41) revealed two genes that encode PP1 phosphatase
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catalytic subunits, termed GSP-3 and GSP-4 (GLC seven-like
phosphatase). The yeast PP1 phosphatase GLC7 is involved in
glycogen metabolism, meiosis, sporulation, and mitosis
(Feng et al. 1991; Peggie et al. 2002; Tan et al. 2003;
Bharucha et al. 2008). GSP-3/4 are required for multiple C.
elegans sperm functions, including the development and mo-
tility of sperm, as well as chromosome segregation in sperm
meiosis (Chu et al. 2006; Wu et al. 2012). PP1 phosphatases
are also necessary for sperm development and fertility
in mice (Varmuza et al. 1999; Oppedisano et al. 2002;
Chakrabarti et al. 2007). Interestingly, GSP-3/4 co-localizes
with MSP (major sperm protein) (Wu et al. 2012), the cyto-
skeletal protein required for both the ameboid crawling of C.
elegans sperm as well as the diffusible signal for oocyte mat-
uration (Burke and Ward 1983; Sepsenwol et al. 1989; Miller
et al. 2001; Kosinski et al. 2005).

Although GSP-3/4 has an established role in spermatid
activation, our results suggest a new postfertilization func-
tion for this conserved PP1 phosphatase that is also sperm-
specific. In order for the suppression of memi-1(sb41) to
occur, GSP-3/4 activity must be reduced within the sperm.
As previously reported, strong loss-of-function phenotypes
for gsp-3/4 include sterility (Wu et al. 2012), which we also
observed when we maintained worms on gsp-3/4(RNAi)
feeding plates for two generations (J. Tegha-Dunghu, unpub-
lished results). However, under the conditions that suppress
memi-1(sb41) (ie., a single generation, fed from the L2-L3
larval stage) we observed only a slight decrease in embryo
viability (91% hatching, Figure 8A). Furthermore, we did not
observe suppression when memi-1(sb41); gsp-3/4(RNAI)
hermaphrodites were mated to untreated wild-type males.
This suggested that sperm entry (and not a secreted sperm
factor) was required for the suppression.

Another possibility is that the suppression of memi-1(sb41)
by gsp-3/4(RNAi) was due to off-target effects of two other
GLC7-like PP1 phosphatases with similarity to GSP-3/4,
called GSP-1 and GSP-2. These PP1 enzymes have been
shown to oppose Aurora kinase functions during female mei-
osis (Kaitna et al. 2002; Rogers et al. 2002; de Carvalho et al.
2008). However, we did not observe suppression of memi-
1(sb41) with either gsp-1(RNAi) or gsp-2(RNAi) (E. Sykes,
unpublished data), indicating that the genetic interaction
was specific for gsp-3/4.

A model for a sperm-derived signal that initiates
meiosis Il

The nature of the sperm-derived signal that specifies post-
fertilization events in the one-cell zygote is still unclear, but
our work presents strong evidence that PP1 phosphatase, in
combination with MEMI, represents part of the sperm-to-
oocyte signal for female meiosis II (Figure 9). MSP triggers
oocyte maturation (McCarter et al. 1999; Miller et al. 2001),
and, in our model, MEMI initiates meiosis II after sperm entry.
This interpretation predicts that gsp-3/4 loss-of-function
should also result in a skipped meiosis II phenotype, but this
has not been reported. This could be because GSP-3/4 has an

essential function in spermatid activation; thus, it might not
be possible to identify a postfertilization role for GSP-3/4
without using a sensitive assay such as the suppression of
memi-1(sb41). We contend that our approach of using the
sensitized memi-1(sb41) background has revealed a postfer-
tilization role for this PP1 enzyme, but the molecular relation-
ship could be either direct or indirect. The Co-IP results
suggest that PP1 could directly affect MEMI-dependent
processes in the fertilized embryo, but it is also possible that
PP1 acts on an unidentified substrate within the sperm,
which, in turn, directly participates in MEMI functions after
fertilization. Furthermore, it is unclear whether GSP-3/4 reg-
ulates MEMI or vice versa. The physical interaction between
GSP-3/4 and MEMI raises the possibility that MEMIs might
regulate the GSP-3/4 phosphatases. If MEMIs are regulatory
subunits, they would likely activate GSP-3/4 in the fertilized
egg, because the genetics suppression data suggest that they
act in the same direction. However, expected docking motifs,
such as the “RVxF” and “SILK” motifs present in many PP1
regulatory subunits (Hendrickx et al. 2009), are not apparent
in MEMI-1 or its paralogs. Future work will focus on eluci-
dating the molecular function of this sperm-delivered PP1
phosphatase and the MEMI proteins.
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