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SUMMARY

In C. elegansmutants in the anaphase-promoting complex striking defects in meiotic exit. These latter embryos failed
or cyclosome (APC/C) exhibit defects in germline to produce normal eggshells or establish normal
proliferation, the formation of the vulva and male tail, and  asymmetries prior to the first mitotic division. In
the metaphase to anaphase transition of meiosis I. Oocytes developing larvae, extended M-phase delays in late-
lacking APC/C activity can be fertilized but arrest in  dividing cell lineages were associated with defects in the
metaphase of meiosis | and are blocked from further morphogenesis of the male tail. This study reveals the
development. To examine the cell cycle and developmental importance of dosage-specific mutants in analyzing
consequences of reducing but not fully depleting APC/C molecular functions of a ubiquitously functioning protein
activity, we analyzed defects in embryos and larvae ofiat-  within different cell types and tissues, and striking
1/cdc-27mutants grown at semi-permissive temperatures. correlations between specific abnormalities in cell cycle
Hypomorphic embryos developed to the multicellular stage progression and particular developmental defects.

but were slow to complete meiosis | and displayed aberrant

meiotic chromosome separation. More severely affected Key words:mat-1/cdc-27 Asymmetric cell divisions, Meiosis, Cell
embryos skipped meiosis |l altogether and exhibited cycle, APC/CCaenorhabditis elegans

INTRODUCTION chromatids during meiosis Il (Peter et al., 2001; Taieb et al.,
2001). To date, SnoN, a negative regulator of fGignaling
The anaphase-promoting complex or cyclosome (APC/C) is aistroschein et al., 2001; Wan et al., 2001) is the only
evolutionarily conserved, multi-subunit E3 ubiquitin ligase thatdocumented non-cell cycle target of the APC/C. In contrast,
irreversibly drives cells through and subsequently out ofCF, the E3 ligase that drives the G1 to S transition, has a wide
mitosis (Harper et al., 2002; Peters, 2002). Like other E8ariety of non cell-cycle targets (reviewed by Deshaies, 1999;
ubiquitin ligases, the APC/C functions by poly-ubiquitinatingHershko and Ciechanover, 1998).
its specific target proteins, thus marking them for destruction Nonetheless, the APC/C is likely to have several other
by the 26S proteasome. Models of APC/C function, basetargets in addition to securin and the M-phase cyclins. For
largely on studies in unicellular eukaryotes, suggest that thastance, the APC/C clearly regulates spindle and chromosome
APC/C acts at two key points during mitosis. Initially, thedynamics beyond disrupting sister chromatid cohesion since its
APC/C drives cells from metaphase to anaphase by poljknown spindle-related substrates include Asel (Juang et al.,
ubiquitinating securin, the inhibitory binding partner of 1997; Visintin et al., 1997) Aurora-A (Castro et al., 2002;
separase (Cohen-Fix et al., 1996; Funabiki et al., 1996bJaguchi et al., 2002) and several specialized kinesins (Funabiki
Liberated separase can, in turn, proteolytically cleave cohesand Murray, 2000; Gordon and Roof, 2001). Recent studies
proteins between sister chromatids, thus enabling microtubul&ave also implicated developmental roles for the APC/C during
associated forces to pull the separated sisters to opposiagore formation in yeast (Asakawa et al., 2001; Blanco et al.,
spindle poles (Uhlmann et al., 1999; Uhlmann et al., 20002001) and embryonic axis formation @ elegangRappleye
The APC/C then promotes mitotic exit by ubiquitinating theet al., 2002). However, in the absence of identified
M-phase cyclins (reviewed by Morgan, 1999). More recentlydevelopmentally relevant substrates, it is unclear whether the
the APC/C has been shown to function in separating pairedlPC/C regulates these developmental processes directly or
homologs during meiosis | (Cooper et al., 2000; Davis et alindirectly via its known cell cycle substrates.
2002; Furuta et al., 2000; Golden et al., 2000) and sister Several features maka elegansn excellent model system
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not only for analyzing the role of the APC/C in cell cycletemperature-sensitiveat-1 alleles grown under a variety of
progression but also for investigating potential links betweetemperature-shift regimes. These studies, in conjunction with
the cell cycle and development. For instance, th&kNAi dosage studies and combinations of APC/C double
developmental impact of cell cycle mutants that truncate amutants, demonstrate that different levels of APC/C activity
alter the timing of cell lineages can be studied in the contexesult in distinct meiotic and post-embryonic phenotypes. Our
of a known, invariant cell lineage and well-understoodanalysis not only reveals new roles for theelegansAPC/C
developmental signaling interactions (reviewed by Lambiein meiotic spindle dynamics, meiosis Il chromosome
2002). In fact, the late-developing everted vulva phenotype igeparation, and meiotic exit, but it also extends our
emb-30/apc-4nutants, and presumably other APC/C mutantsunderstanding of the male tail defects in APC/C mutants.
has been shown to be associated with extended M-phase delaywortantly, specific APC/C-related cell cycle defects were
and variable lineage truncations within the vulva cell lineagdéound to correlate with predictable and distinct developmental
(Furuta et al., 2000). In a different multicellular context,@he abnormalities suggesting that at least some of the previously
elegangermline is a highly proliferative tissue, which like the reported developmental defects (Lyczak et al., 2002; Rappleye
germline and imaginal discs iDrosophila is particularly et al., 2002) might be secondary consequences of meiotic
sensitive to cell cycle defects (Albertson et al., 1978; Gloveprogression and exit abnormalities.
1989). Given that the 1000+ cells that compose the mature,
syncytial germline arise from just two cells within hatching L1
larva (Hirsh et al., 1976), it is not surprising that many APC/GMATERIALS AND METHODS
mutants develop severely reduced germlines due to mitotic
defects (Furuta et al., 2000; Golden et al., 2000). Strains and genetic analysis

Lastly, the powerful combination of excellent cytology, Six alleles ofmat-1were isolated in a large-scale genetic screen for
well-established genetics and RNA interference (RNAi)temperature-sensitive mutants that arrest during the Ml metaphase to
methodology can be used to analyze how the APC/C functior@aphase transition (Golden et al., 2000), while a seventh allele
at the cellular level to support cell cycle progression andy€12) was subsequently isolated in an independent screen for
development of th€. eleganszygote. The one-cell stage of 03”]32?'3’ fﬁ:lz'tg’ﬁe’::gttigéz (giﬁglt?g%gltj;lé;&ofglé?efgwg?ée the
:jhe.s.e Iargef, :rr]ansparetnt err]nbryos encompgs?ﬁs bot)h me'@{?structed WitHﬁim-S(e149Q)(V) or him-8(e1489)(IV); all male

viSions of the oocyte chromosomes and the su Sequeﬁenotypes were confirmed fim/+ strains.
events leading up to the first mitotic division. Thus, thes
zygotes can be used to study common but poorly understo@bnstruction of double mutants and GFP lines
modifications of the standard cell cycle including how cellsboubly markedmat-1(ax227ts); mat-»or mat-1(ax227ts); emb-x
transition between meiosis | (MIl) and meiosis Il (MIl) in the strains were constructed as followsic-38(x20) mat-1(ax227tsy
absence of full M-phase exit (reviewed by Abrieu et al., 2001)nat-1(ax227ts) dpy-5(e61¢4 hermaphrodites were mated with N2
and how cells exit meiosis Il and enter pre-mitotic S phase ifr him-8(e1489)males. Non-Unc and non-Dpy male progeny from
the apparent absence of G1 (King et al., 1994; Vidwans arifese crosses were mated with L4 hermaphrodites of the following
Su, 2001). InC. elegans meiotic exit is accompanied by a genotypes:mat-2(or170ts) unc-4(el120), mat-3(ax148ts) dpy-1(el),

striking change in microtubule dynamics. During the meioti(‘g]at's(orlsms) dpy-1(e1), emb-27(g48ts) unc-4(el20)l emb-

h ; h t I t (g53ts) dpy-17(el64)Five to ten non-Unc or non-Dpy cross
phase, oocyte chromosomes segregale on small, anas ﬁ geny were picked and from the next generation, the phenotypes of

acentriolar spindles (Albertson and Thomson, 1993), but, UpGfe Dpyunc double mutant animals were determined. In all cases,
meiotic exit, the sperm centrosomes begin to nucleatgouble mutant strains could be identified, though many of the double
microtubules as nearby cytoplasmic microtubules disappeatutant strains could not be maintained. All of the above crosses were
(Clandinin and Mains, 1993). These developing sperm astetarried out at the permissive temperature of 15°C.
also specify the position of the embryonic posterior (Goldstein For themat-1alleleax212ts double mutants were constructed with
and Hird, 1996; O’'Connell et al., 2000; Sadler and Shakegn unmarkedax212tsallele. mat-1(ax212ts); him-5(e1490ales
2000; Wallenfang and Seydoux, 2000) and thus microtubule¥ere mated with marked L4 hermaphrodites listed above. Non-Unc
may serve as a common link between cell cycle progressidf{ ToE0 & BIEAEM MR FRCE B AR A8 TC P e
and the zygote's developmental program. secondmator embloci). One quarter of such animals should also be
The role of the APC/C in the various cell °¥°'¢ andhomozygous forax212ts These plates were examined for the
developmental events of the one-ellelegan®mbryo is just  yresence of candidate double mutants. Again, these experiments were
beginning to be elucidated. When any one of several APC/ggrried out exclusively at the permissive temperature (15°C).
subunits is significantly depleted, the affected embryos For the mat-1(yel21lts); mat-3(or180tsdouble mutant, mat-
experience both a cell cycle block in metaphase of meiosisl(yel21ts); him-8 (e148%nales were mated witmat-3(or180ts)
and a corresponding developmental block (Davis et al., 2002py-1(e1) L4 hermaphrodites. From the progeny of non-Dpy F
Furuta et al., 2000; Golden et al., 2000; Kitagawa et al., 20023nhimals, 51 FDpy Mat-3 animals were picked to separate plates. One
To date, this metaphase | block has precluded the analysis @farter of such animals should also be homozygoyefdlts These

C. elegansAPC/C functions in meiosis I, meiotic exit or the plates were examined for the presence of candidate double mutants at
firét mitotic division of the embryo ' the permissive temperature. The same cross was performec and F

embryos (from non-Dpy f#mothers) were shifted to 25°@at-1;
. Here, we d_err_lonstrate thatat-1, a gene "”OW_F‘ to be mat-3double mutants were then identified among the Dpgdkilts.
involved in meiosis | metaphase to anaphase transition (Goldentq construct themat-1(ax144ts)HIS2B::GFP line,unc-74(x19)

etal., 2000), encodes the CDC27/APC3 subunit of the APC/Gnat-1(ax144ts) heterozygous males were mated into AZ212
To analyze late and possibly novel APC/C functions, we&inc-119(ed3); ruls32 [pAz132]lll. This strain contains an
focused on specific hypomorphic defects exhibited by seveintegrated histone (H2B) GFP transgene expressed undgietie
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Table 1.mat-1temperature-allelic series

15°C 20°C 25°C

Allele % hatch mei/arm % hatch mei/arm % hatch mei/arm
Wild type 99.1+0.5 0.6+£0.5 98.4+0.5 0.7£0.5 98.0+1.4 0.5£0.5
him-8 87.6£7.9 0.910.5 78.312.4 0.8+0.4 85.516.2 0.6£0.5
ax212ts; him-8 87.4+3.1 1.840.3 87.3+3.5 1.9+0.5 13.7+8.5* 1.1+0.2
yel2lts 10040 0.9+0.3 99.3+0.5 1.1+0.6 0.0£0.0 100%
yel21lts; him-8 84.0+5.3 0.7+0.5 89.2+7.1 1.2+0.4 0.0+0.0 100%
ax161ts \ 58.4+17.0 2.41r0.$ 16.3+12.5 3.2£1.0 0.0+0.0 100%
ax161ts; him-8 87.845.3 1.9+0.7 12.6+£8.5 2.810.5 0.0+0.0 100%
ax227ts; him-8 89.3+£2.7 2.210.6 12.5+7.7 3.1£0.7 0.0+0.0 100%
ax72 1.7£1.7 3.1£1.3 4.845.9 4.4+2.3 0.0+0.0 100%
ax144ts; him-8 [47.2£11.1 1.5+0.5 0.0+0.0 100% Sterile NA
ax520 \ 0.4+0.5 4.911.2 0.7+1.9 100% Sterile NA

Hermaphrodites of the indicated genotypes were either kept@tatshifted from 1%C to the indicated temperature as L1 larvae. In all cases, mutant
hermaphrodites were crossed with wild-type males to ensure that only maternal effects were being scored. % hatch reavesagésrdi® of hatching L1
larvae to dead embryos, determined from complete clutches of 4-8 hermaphrodites. The average number of meiotic embiry@sper(otei’arm) was
determined from Nomarski observations of 10-20 adult hermaphrodites. Color coding reflects in utero data. Blue — uteresrmwytsref all stages and most
embryos hatch. Green — uterus contains both excess meiotic embryos and multicellular embryos. Red — uterus contains onkcedlietnbryos. Boxes —
groups in which individual hermaphrodites were found to be of either color class.

*Data collected from the subset of animals that produced embryos.

promoter (Praitis et al., 2001). Unc-74 animals were examined ifmmunohistochemistry and phenotypic analysis

subsequent generations for GFP expression until a line segregating @y immunohistochemical analysis of embryos, germline and somatic
GFP-positive animals was found. Thiac-74(x19) mat-1(ax144ts); tissue, adult animals were transferred to an filldsop of egg buffer

ruls32line was used for the images in Fig. 1. (Edgar, 1995) on a poly-I-lysine-subbed Color Frost Plus slide (Sigma-
. . . Aldrich, Fischer Scientific). Embryos and gonads were extruded using
RNA-mediated interference (RNAI) a 27.5 gauge needle, covered with a5 mm SuperSlip coverslip

PCR primers containing T7 polymerase binding sites were used {Fischer Scientific), freeze cracked and processed for antibody
amplify an ~850 bp fragment of the cDNA clone yk466b3, an ESTstaining. For tubulin and phospho-histone H3 antibody staining,
clone corresponding to Y110A7A.17. This PCR fragment was usegimilar protocols and reagents were used as previously described
to synthesize dsRNA using the T7 Megascript Transcription Ki{Golden et al., 2000).

(Ambion Inc., Austin, TX) according to manufacturer’s instructions.  The in utero defects of L1 upshifted animals were analyzed either
dsRNA was injected into either wild-type animals (N2 strain) orwith DIC optics or epifluorescence (for H2B::GFP transgenic
animals containing the integrated histone H2B::GFP transgene (stragmimals) of living adult animals (Praitis et al., 2001; Sulston and
AZ212) (Praitis et al., 2001). After a 16- to 20-hour recovery periodHorvitz, 1977). The germline defects of L1 upshifted animals were
gravid AZ212 mothers were directly examined for GFP expression ianalyzed by UV epifluorescence in whole mount, DAPI6(4
their embryos. In other experiments, gravid N2 or AZ212 mothergiiamidino-2-phenylindole)-stained animals that were fixed with
were dissected and their progeny were either examined directly f@rarnoy Il fixative (6:3:1 ethanol/acetic acid/chloroform).

GFP expression or were fixed and stained for immunofluorescence

according to previously published protocols (Golden et al., 2000)Growth conditions

Similar results were observed when RNAi experiments werenimals were grown on a lawn @&. coli (strain OP50) on MYOB
performed by standard feeding protocols (Fraser et al., 200Qilates (Church et al., 1995). The analysisnait-1 male phenotypes
Timmons et al., 2001) using a construct created by Wallenfang anglas carried out in the mutant backgrourich-8(e1489)a mutation
Seydoux (Wallenfang and Seydoux, 2000). To observe hypomorphigat increases the frequency of males by specifically increasing non-
mat-1phenotypes (Fig. 1F), L4 animals were fed at 15°C and progenyfisjunction of the X chromosomes (Hodgkin et al., 1979); but which
were examined 20-24 hours later. Fegp-1RNAi feeding, the  does not significantly enhance theat-1 defects under restrictive
bacterial strain expressirggp-1dsRNA (Zipperlen et al., 2001) was conditions (Table 1). For the analysis of semi-synchronous L1
used to feed th€. elegansstrain AZ212 at 20°C and progeny were ypshifted males and hermaphrodites, ten or muoa-1; him-8

examined 12-16 hours later. hermaphrodites of a given allele were allowed to lay embryos on
) ] MYOB agar plates for 8-12 hours at 16°C before being removed. As
cDNA synthesis and DNA sequencing soon as 75% of these embryos had hatched, the plate of largely L1

The open reading frame of Y110A7A.17 was confirmed bylarvae was shifted to 25°C, and the animals were subsequently
sequencing the yk10h2 and yk466b3 cDNAs. To obtain the completenalyzed 42 hours later as young adults. Alternatively, developmentally
5" UTR sequence, cDNA was PCR-amplified from wild-type animalsarrested L1 larvae were collected from freshly starved plates and
using an SL1 5primer and a primer within the coding sequence. DNAtransferred to 25°C plates with food. In late-stage upshift experiments,
sequencing revealed a cDNA identical to the Y110A7A.17 codingnimals were semi-synchronized by selecting L4 larvae from mixed-
region predicted by theC. elegans sequencing consortium stage, 15°C populations and shifting them to the indicated temperature
(http://lwww.wormbase.org/). cDNA synthesis and DNA sequencingeither as L4 larvae or as young adults for a specified duration.

of Y110A7A.17 from the variousmat-1 alleles was performed The upshiftedix72andax520homozygotes reported in this analysis
essentially as described by Golden et al. (Golden et al., 2000). Theere collected from the progeny of balanced heterozygotes, since these
GenBank accession number for the full-length cDNA is AY081955. homozygotes produce dead embryos even when raised at 15°C.
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To ensure that our analysis of embryos was confined tm#tel ~ were subsequently shown to encode subunits of the APC/C, it
maternal effects and not its paternal effects (Golden et al., 2008eemed likely thainat-1also encoded an APC/C related gene.
Sadler and Shakes, 2000), that-1hermaphrodites in these studies To test this, we searched tﬁee|egan$equence database for
were mated to wild-type males. Importantly, with the exception ofandidate genes within the genetic interval known to contain
ax520 and ax144ts mat-1 embryos exhibited similar defects mat-1(Golden et al., 2000). Within this region is the single
regardless of whether their hermaphroditic parents had been upshiftg ganshomolog of.(’:dc-27/<;:1pc-3 To determine whether this

before, during, or after the L4 larval period, whén elegans
hermaphrodites generate their full complement of sperm. cde-27/apc-3 homolog  (Y110A7A.17) would produce a

For L4 upshift studies, 10-20 young L4 stage animals that werB'€taphase | arrest phenotype, we performed RNAI with a
reared at 15°C were picked onto a fresh plate and shifted to specifi@responding EST clone (Fire et al., 1998; Hunter, 1999).
temperatures ranging from 20 to 25°C for specified time intervals. Foi/hile the uteri of wild-type control hermaphrodites were filled
analysis, animals were dissected, fixed and stained fowith rapidly dividing embryos of many different ages (Fig.
immunohistochemistry. The 15°C and 20°C incubations were done ifiE,l), the uteri of hermaphrodites that had been injected with
a Precision Scientific Low Temperature Incubator 815 (+0.3-0.5°C)double strandedCe-cdc-27RNA were filled with one-cell
The 24°C studies were Slone in an Fchothgrm (TM) Bench Togmpryos (Fig. 1G). Thesalc-27(RNAi)embryos looked like
gg;lgiggl Iggluetr)]etxltf?cr 3(J(_r)0£e1rigs)' Jg‘ueb;grc’; +8t;9(':e)s %eerete(rf;:r;&r%hose frommat-1mothers when examined either in utero (Fig.

' . e ' H) or as individual fixed specimens that had been processed
were monitored with a Bamant RTD (Platinum) Datalogger. for DAPI staining and tubulin immunofluorescence (Fig. 1B-
D). Themat-1andcdc-27(RNAilembryos accumulated in an

RESULTS arrested but otherwise normal metaphase | state (Fig. 1A). In
all cases, the oocyte chromosomes were aligned in a

mat-1 encodes the C. elegans homolog of the APC/C pentagonal metaphase plate on a barrel-shaped meiotic spindle,

subunit CDC-27/APC-3 and the sperm chromosomes remained highly condensed. Such

As four other genes associated with Mat mutant phenotypesmbryos also lacked polar bodies (the discarded products of
(Davis et al., 2002; Furuta et al., 2000; Golden et al., 200Ghe meiotic divisions) and had incompletely hardened
eggshells.

To confirm thatmat-1 encoded theC. elegans cdc-
27/apc-3homolog, the Y110A7A.17 ORF from each of
the severmat-1 mutant alleles was PCR-amplified and
sequenced. The sequencing data revealed unique
missense mutations in tleglc-27 ORF for eachmat-1
mutant allele (Fig. 2), indicating thatat-1does indeed
encode theC. elegans cdc-2/homolog. The seven
mutations are scattered throughout the coding sequence;
five mutations alter highly conserved residues while
those inax520and yel2llie immediately adjacent to
highly conserved regions. None of the mutations affect
potential phosphorylation sites, but five occur within the

ax144QC ax212@D cdc-27(anai)

Fig. 1. Phenotypic analysis ohat-1mutant andcdc-27RNAI
embryos. Micrographs show tubulin (A-D) and DAPI{&)

cdc-27rnai (Early - ) staining of individual metaphase | embryos of wild type (N2)
. : G . & (AA"), mat-1(ax144pt 25°C (B,B), mat-1(ax212pt 25.5°C
- T : o (C,C) andcdc-27RNAi (late) (D,D). White arrows indicates

oocyte chromosomes. Only wild-type embryos progress to
anaphase | and exit meiosis. (E-H) Micrographs of H2B::GFP
embryos within the uteri of wild type (E)dc-27RNAI (F,G)
andmat-1(ax144pt 25°C (H). Non-viable multicellular

2 i embryos produced after 20-24 hoursdtt-27RNAI feeding
Gie-aL s (Lato) B .3 experiments [gdc-27RNAI (early); white arrowhead] and
meiotic one-cell arrested embryos produced after 24 hours in
RNAI feeding experimentsfic-27RNAI (late)]. (I-L) DIC
micrographs of embryos in the uteri of hermaphrodites
incubated at 20°C. Wild typenat-1(ax212]permissive;
98.3% hatch]mat-1(ax161] semi-permissive; 16.3% hatch]
- . andmat-1(ax520] restrictive; 0.7% hatch]. Meiotic one-cell
ax144 (2500) L. o S 2 2 embryos (asterisks) accumulate at all temperature regimes for

- all of themat-1alleles (Table 1) but at permissive (J) and

semi-permissive temperatures (K), the mutant embryos are
able to exit meiosis and divide mitotically. At semi-permissive
temperatures, the vast majority of the multicellular embryos
(K) produced bymat-1hermaphrodites die prior to
morphogenesis. The average embryo is Bdn length.
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conserved tetratricopeptide repeats (TPR) that are thought sbifted to various temperatures and their resulting clutches were
mediate protein-protein interactions in a wide variety ofscored for overall embryonic lethality and whether the affected
proteins including three other APC/C components (Lamb et alembryos were dying as meiotic one-cell stage or multicellular
1995). embryos (Table 1). Multicellular embryonic lethality was
previously reported in a subset of what are now known to be
Partial depletions of MAT-1 result in multicellular APC/C mutant alleles (Golden et al., 2000; Rappleye et al.,
embryonic lethality 2002), but our finding that multicellular embryonic lethality is
When adult hermaphrodites of any of the seweat-1alleles  associated with all sevemmat-1 alleles at intermediate
were shifted to the restrictive temperature of 25.5°C for 12-2&emperatures (Tables 1 and 2), confirms this as a general, rather
hours as young adults, they produced metaphase l-arrestinén an allele-specific, phenotype. Similar phenotypes were
embryos that remained developmentally blocked in a meiotiobserved when the levels of matemmait-1mRNA were directly
one-cell state (Golden et al., 200Qe121 this study). This lowered by RNAI (Fig. 1F). When fed bacteria expressirad-
metaphase |-arrest phenotype is identical to the most extreriécdc-27 dsRNA, affected wild-type hermaphrodites initially
RNAIi phenotype of any APC/C subunit (Davis et al., 2002;produced viable offspring, but subsequently produced a brief
Furuta et al., 2000; Golden et al., 2000) and is likely to refledturst of multicellular dead embryos (20-24 hours) before
the earliest function of the APC/C. However because this earlgroducing only one-cell arrested embryos. These results, along
block precludes the analysis of later functions, we reasoned thaith the observation of similar phenotypes in other temperature-
additional functions of the APC/C in either M-phase exit and/osensitive APC/C mutants (Golden et al., 2000; Rappleye et al.,
early embryonic development could be studied in temperatur@002), suggest that this phenotype is associated with
sensitive (ts) mat-1 hermaphrodites raised at various intermediate levels of APC/C activity rather than the specific
intermediate temperatures. In these experiments, L1 larvae wetisruption of either MAT-1 or a particular MAT-1 subdomain.

-
Hscopc2i L i i i i o o e MTVLQEPVAARWQAEN ufA v VNI EG VH - - - - - - - - SEFALF Y[IS GKAYK¥IR]
DmCDC27 s ey MHIQBPVEAA wncannPlﬁ \{F LEE & L[ 54 I splTIF TSyFL]s n Qv HQERY W
AnBimA e MIPSTSHISSQLRQLMMYYHADNNL ARN| LPLAGRLE?!EFR ------- TEREYs ¥ LOQNGQVKARIWET
Sccdc27p 1 MAVNPELAPFTLSRGIPSFDDQALSTIIQLEDCMOOATIQOLNYSTHEI RN LIRPrcsILDKSSVYWE DRV yPlLSLFLNKSYHTEIFQT
cecbc21 1 -MKESAASVAVRPQLREVFERFPADAHRTIEDERHEMMKCEHAF DRI BWNAL AB{E TDKS - - - - - - HNERS LUy oFLY[ANKKEE CEG
- A-->V(ax144) -
HsCDC27 61 GHS--CcTTPQEEEPLEOKECV SPHLAEGEQIASGmm == cc = =x GVFNKQKSHDDIVTEFGDSECFTLSPRLEHVYCKTDRLAKGSEHCYQ
DmCDC27 60 ERARR-SPQ-(MRFPORIK[H4A Y EPAKIAYAEAE S| ISmmmmm===a TGFADAKNCDELQRDFGDLEICFAYQEMAQICMRTERNKLEAVSALR
AnBimA 66 SEHEFGSRGAHLGHESEVYEIQACL GLIYTDGIN ERSKG==-=-=-0OWISRNHWNEKHSETRRQHLPDEIAAVLCJAQ KLuuaungauvaﬁcvn
S8cCdec27p 91 SI{EFK--EYHLGIAMNIFGREALOASOGVNEAILTLLSIINVFSSNSSNTRINMVLNSNLVEIPDLATLHCAL[ANLYMKLDHSKEGAFYHS
cecpc27 84 PASSVK--LSGARLFEGILEIRV S YR AN[II DD CRGEFAFER - - - == — = — = — — - pDGVIRKDILEEPRVEsHANLRZAouLcDES tMDLPLESCR
L->F(ax161) T=ren ()

HsCDC27 140 ksSSP s PRESHEE IHEKPEP DO T AF TS LONFSHCLPNSCTTQVPNHSLSHRQPE -~ - - - - - = oo T TVLTETPQD|
bmcpc27 139 RERERUERSIMIIHERIA LI oD T AAA IO IHS TDVFNTCQGSSVNANAMVLFGAEQQGQOHQERQSLITNLSNVSNYILTTPVDQQQQQ
AnBimha 152 ALRARIE R gyM DL N E T VD LR VSN I Y[IMSPELYSMVSSAALEDVESQVLPPDGPLOTOVN — - - - o oo e PNPSLDPFH
Sccdec27p 179 EfAAIlR Y AES YEAIMKMRATVELKRVFDIAGKKSNSKENNNAASSFPSTSLEHFEPRS ~ -~ - m - o - - m e e QPSLY
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Fig. 2. Sequence alignment @f. elegans mat-1/cdc-2¥hd its homologs from humari3rosophilg A. nidulansandS. cerevisaddentical
residues are highlighted in black, conservative changes in gray, and the mutant lesions are indicated in red. Tetranepeae (TiekdR)
domains are underlined and numbered.HissapiensDm, Drosophila melanogasteAn, A. nidulans Sc,S. cerevisiaand CeC. elegans
Numbers on left represent amino acid positions.
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Partial depletions of MAT-1 are associated with an Table 2. Meiosis | embryo accumulation immat-1
extended meiosis | hermaphrodites
SinceC. _elega_ns_embryos pre_sum_a_bl_y require the APC/C_ for Temperature In utero
both their meiotic and mitotic divisions, it was not obviousgenotype (°C) MI/MII %Ml  embryo phenotype
whether multicellular embryonic lethality, like the loss-of- > 11/9 55% MC
function phenotype, would be specifically associated witthim-g 20° 13/8 62% MC
defects in meiosis | or, alternatively with later defects inax212 20° 14/9 61% MC
meiosis Il or mitosis. To determine whether intermediate levelax212 2% 13/6 68% MC
of APC/C activity were affecting a particular stage of earlyg‘gg ggz ggg SIZ" mg (1PB)
development, we scored the pattern of embryos within the ute ¢ 151 20 23/14 620/2 MC
of mat-1 hermaphrodites raised at various temperatures (Seye121 23 45/16 74% MC
Materials and Methods). Because elegansoocytes are vyel2l 240% 50/5 91% MC (1PB)
ovulated sequentially, the bilobed gonad of Wild—typeyeigi gg‘; 35;‘) 100% MEOC
hermaphro_dit_es produces a linear array of temporally ord_eregilel; him-8 16° 1688/101 12(2)02 mgoc
embryos within each half uterus. In wild-type hermaphrodite:ax161: him-8 20° 24/7 77% MC
(andyel2lhermaphrodites at 15°C), each half uterus typicallyax161; him-8 23 27/0 100% MEOC
contained 0-1 meiotic stage embryos followed by a single on¢@x161; him-8 24 20/0 100% MEOC
cell mitotic embryo and a series of progressively olde®161 him-8 29 25/0 100% MEOC

. : ax227 20° 51/6 89% MC (1PB)
multicellular embryos (Fig. 11; Table 1). In contrast, the uterig,,o7 2% 50/0 100% MEOC
of mat-1 hermaphrodites contain a striking increase in theax72 16° 34/4 89% MC (1PB)

number of meiotic embryos. At permissive temperatures; _ o
1 hermaphodtes produced primariy viable embryos ant, Leepogtes (020,01 ue ieaen aovees e e
contained 1,'2 (+1) meiotic embryos per half uterus (bll,je Totherwise noted, the duration of incubation was 1)6/3-20 hours prior to analysis.
Table 1). Since new oocytes are ovulated every 20 minutqn all cases, mutant hermaphrodites were crossed with wildtype males to
(McCarter et al.,, 1999), this result suggested that normiensure that only maternal effects were scored. The embryos were fixed and
embryonic development can tolerate minor (20-40 minutestained with DAPI and-tubulin antibodies for staging. % MI represents the
delays in meiotic progression. Under Semi-permiSSiV(numb.er of meiosis | embryos produced divided by the total number of
. . . meiotic embryos scored. The in utero phenotype column reflects the oldest

conditions, mat-1 hermaphrodites accumulated 3-6 times asang most predominant embryonic stage produced by the treated
many meiotic embryos as same-temperature controls (greenhermaphrodites. (MC, multicellular embryos; MEOC, meiotic one-cell
Table 1; Fig. 1J,K) and, under fully restrictive conditiongt-  embryos.)
1 hermaphrodites produced only imtically arrested pe-cll Théa 1PB after MC indicates that the majority of treated hermaphrodites
embryos (MeOC; red in Table 1; Fig. 1L). Ovulation rates wer(ggtotﬁ’g gg’g“g&i: g}gg’g;iﬁ‘;?i'_”mg asingle polar body. MC alone implies
unaffected and could not account for the observer spHermaphrodites were incubated 12 hours prior to analysis.
accumulation of meiotic embryos (data not shown). fax227at 23-28C produces 100% MEOC.

To test whether these meiotic embryos were accumulatin E'dlfteic-)%e(fzmi;;j/vehg?cnh(;ition (>85% hatch), Green — semi-permissive
specifically in meiosis | or, alternatively, at various stagescc’Re d_restrictif/e condition (0% hatch).
throughout meiosis, control and mutant embryos wer:
dissected from wild-type or mutant mothers and prepared fc
DNA (DAPI) staining and anti-tubulin immunofluorescence.
Embryos isolated from the uteri of wild-type mothershad only a single polar body (1PB), suggesting that they had
contained approximately equal numbers of meiosis | (MI) anéxited meiosis after completing only a single meiotic division.
meiosis Il (MIl) embryos indicating that these stages ardikewise, pronuclear stage embryos lacked the extra maternal
normally of equal duration (Table 2). Under permissivepronucleus that would be expected if a second meiotic division
conditions, mat-1 hermaphrodites contained more meiotichad occurred in the absence of cytokinesis. Under conditions
embryos than wild-type controls (blue in Table 1), but roughlyffavoring the production of 1PB embryos, a few mothers within
equal numbers of MI and MIl embryos (Table 2). Howeverthe population produce MIl embryos, resulting in an overall
increasingly restrictive temperatures were associated with avil:Mll ratio of 9:1 (Table 2), however such variation was not
increasing skew in the MI:MillI ratios (green in Tables 1 and 2)pbserved amongst sibling embryos from the same mother. For
and, at fully restrictive temperatures, only Ml arrested embryoslarity, we will hereafter refer to individual embryos as
were observed. belonging to the ‘1PB class’ or ‘2PB class’.

Although semi-permissive temperatures were associated ) o ) ]
with significant mother to mother phenotypic variability (TableMulticellular embryonic lethality is associated with
1 and 2), inspection of the overall MI:MIl ratios and polar bodysevere meiotic defects
numbers revealed two phenotypic subgroups amongst multipla contrast to previous reports (Rappleye et al., 2002),
mat-1 alleles. Less affected mothers produced MI, MIl, andhypomorphianat-lembryos proved to exhibit striking meiotic
multicellular embryos, but owing to an extended MI, thedefects. In wild-typeC. elegansembryos, there are four basic
MI:MII ratio was 3:1. Older embryos within such mothers hadstages to each meiotic division (Fig. 3A-D). In mature Ml
two positionally distinct polar bodies (2PB), indicating thatoocytes, nuclear envelope breakdown occurs just prior to
both meiotic divisions had occurred. More severely affectedertilization. Fertilization is followed by the rapid assembly of
mothers produced only MI and multicellular embryos. Whethean anastral meiotic spindle and the congression and alignment
examined by DAPI staining or DIC optics, these older embryosf paired oocyte homologs on a metaphase plate (Fig. 3A).
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Wildtype Meiosis Fig. 3.Reductions in APC/C activity result in meiotic defects. DAPI
(A-K) and tubulin (A-K'") localization of meiotic chromosomes and
spindles in wild type (A-D) and mutantat-1(E-K) embryos. The
dotted white lines represent the approximate position of the plasma
membrane. After fertilization, oocytes progress through Ml
metaphase (A,4, anaphase A (B, anaphase B (C:and
telophase (D,D only chromosomes within the polar body can be
seen in this focal plane). During oocyte meiosis, the metaphase to
anaphase transition promotes a 90° rotation of the anastral spindle
axis (A,B,A,B'; see cartoon below. The dotted black line represents
the long axis of the spindle). Consequently, one pole of the spindle
abuts the plasma membrané;(&e cartoon below). The cartoon
series shows the organization of the meiotic chromosomes and
spindles during wild-type meiosis. (E)Knat-1mutants incubated at
restrictive and semi-permissive temperatures have meiotic defects.
(E,E) A metaphase plate and spindle from a metaphase armeated
1(ax212)embryo. (F) Spindle rotation without chromosome
separation (F; gray arrowhead) frormat-1(ax72embryo at 16°C.
(G,H) Examples of MI anaphase bridges (white arrowg)air
1(ax227)at 20°C (G) andnat-1(ax72)at 16°C (H). (II') In the small
percentage of the embryos that hatch at semi-permissive
temperatures, normal meiosis | and Il figures are seen [i.e.,
metaphase Il (I)] the first polar body is outside of the field)].
(J,J) Despite spindle rotation'fJ chromosome separation during
meiosis Il is not always normal (gray arrowhead). (KAn
example of an abnormal elongated meiotic spindle and an
abnormally small array of meiosis Il chromosomasat-1(ax161])
Scale bar: (in D 2 um.

chromosome bridges between the two DNA masses (Fig.
3G,H). Such polar bodies were stable but frequently contained
misshapen and fragmented DNA, suggesting that the process of
polar body formation ‘cuts’ these DNA bridges in half, as
happens during the mitotic divisions of hypomorpBiggombe
APC/C mutants (Funabiki et al., 1996a). Consistent with
meiotic chromosome segregation defects, the maternal
pronuclei of early post-meiotic embryos also were frequently
misshapen (data not shown). Similar defects were observed in
both meiotic divisions of 2PB class embryos. Analysis of MlI
embryos revealed relatively normal metaphase figures (Fig.
31,1, yet Ml spindle rotation and second polar body formation
During early anaphase | (Fig. 3B) the homologs separate as thecurred in the absence of sister chromatid separation (Fig. 3J),
spindle shortens and then rotates to a position perpendicularresulting in a Mll ‘cut’ phenotype. In addition, mutant spindles
the cortex (Albertson, 1984). By late anaphase | (Fig. 3C), were frequently longer than wild type (Fig. '3KThese MiIl
prominent microtubule bundle lies almost entirely between thdefects suggest a role for tBeelegan®\PC/C in either spindle
separated homologs and possesses a morphology reminisceimbrtening or MIl, although our data do not preclude the
of a cinched haystack. During telophase | (Fig. 3D) thepossibility that many or all of these MIl defects are a secondary
individual chromosomes coalesce into two opposing chromaticonsequence of Ml abnormalities. Importantly, we identified no
masses as the spindle splits during the highly asymmetric cedémi-permissive temperature conditions that resulted in either
division that forms the first polar body. This sequence isnetaphase Il arrest or an accumulation of MIl embryos.
reiterated during MII but is immediately followed by nuclear B o ] -~
envelope formation and a round of DNA synthesis. In théSpecific meiotic defects correlate with specific
absence of a functional APC/C, embryos remained blocked i#€evelopmental consequences
metaphase [; with time, the meiotic spindle disassembles bui wild-type C. elegansembryos, there is a predictable and
nuclear envelopes never reassemble (Golden et al., 2000). tight correlation between the developmental and cell cycle
As in the fully restrictive meiotic arrest clagsat-lembryos  events of the one-cell stage (Sadler and Shakes, 2000). Key
of the 1PB class assembled their paired homologs into a nornddvelopmental events include the formation of an
metaphase | spindle (37/37; Fig. 3E). However, the subsequantpermeable, three layer eggshell during the late meiotic phase
steps of spindle rotation and polar body formation occurred i(Chitwood and Chitwood, 1974) and the post-meiotic
the absence of homolog separation (Fig').3Rs a result, establishment of the embryo’s anterior-posterior (AP) axis (for
anaphase and telophase-like spindles had prominergviews, see Gotta and Ahringer, 2001; Lyczak et al., 2002;
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Table 3. Hypomorphic mat-1 mutants divide symmetrically during the first mitotic cell division
Larger blastomere/embryo size (% embryos)

n Temp. 50-51 52-53 54-55 56-57 58-59 60-61 62-63
N2 21 20° const. 0 0 5 19 62 14 0
ax161 14 YA to 20° 0 0 14 43 29 14 0
ax161 6 L4 to 20° 33 0 17 17 0 33 0
ax72 18 15° const. 22 22 22 11 11 0 11
yel2l 22 YA to 23° 0 5 14 59 18 0 5
yel2l 21 L4 to 23° 10 14 10 29 14 10 5
yel2l 16 YA to 24° 25 19 13 0 31 13 0
yel2l 17 L4 to 24° a7 30 6 12 0 6 0

Mutant animals of the indicated genotype were raised at 15°C and shifted to the indicated temperature as either youlgaddtsafVae on plates with
wild-type males. After 14-18 hours, two-cell embryos were isolated from mutant mothers and imaged under Nomarski optieseBdasts were calculated
from perimeter tracings using IPLab software. In table, percent&$8s are in bold.

Pellettieri and Seydoux, 2002). Importantly, AP polarizationpronuclear stage, we compared pronuclear-stage mutant embryos
appears to be triggered, in part, by growth of the sperm-derivesith same-stage control embryos using either DAPI/tubulin
microtubule asters (O’Connell et al., 2000; Sadler and Shakestaining or DIC microscopy. During the pronuclear stage of wild-
2000; Wallenfang and Seydoux, 2000). AP polarizatiortype embryos, the replicated sperm centrosomes expand and
culminates in a highly asymmetric first mitotic cell division separate to lie on opposite sides of the male pronucleus, and the
that results in the formation of sister blastomeres that differ ifemale and male pronuclei migrate to join in the posterior half of
size, synchrony, and the orientation of their cell divisions.  the embryo (see Fig. 4A-C for an early migration stage). In 12/12
Metaphase | arrestemhat-1/cdc-27(RNA) embryos fail to  2PB classnat-lembryos (Fig. 4F-H), sperm aster maturation and
develop either an impermeable eggshell or a stable A-P axigtonuclear migration remained unaffected. In contrast, 1PB class
indicating that the early cell cycle block is coupled with amat-lembryos exhibited numerous defects (Fig. 4K-M). In wild-
corresponding developmental block (Golden et al., 200Qtype embryos, increased cytoplasmic flow rates immediately
Wallenfang and Seydoux, 2000) (this study). To determine thgrior to the initiation of pronuclear migration promote the rapid
effect of a partial APC/C depletion, embryos framat-1  relocation of the male pronucleus to the presumptive posterior
mothers grown under semi-permissive conditions were analyzeshd (Fig. 4A) (see also Goldstein and Hird, 1996). Such flows
for eggshell and polarization defects. Mutant embryos with twavere absent in 1PB mutant embryos, and in 15/15 same-stage
distinct polar bodies made eggshells that were impermeable ¢éonbryos, the male pronuclei failed to relocate from their initial
the lipid soluble DNA dye Hoechst 33248 whereas mutantortical position to one of the two embryonic ends (Fig. 4K). In
embryos with a single polar body made Hoechst-permeabkeddition, both the expansion and separation of the sperm asters
eggshells. To assess potential polarization defects, dividing sisteas delayed (Fig. 4L,M).
blastomeres of either mutant or wild-type two-cell embryos were Displaced male pronuclei have also been reported in
scored for their relative size, synchrony and spindle orientatiorembryos partially depleted of separase, the key effector of
(Table 3, Fig. 4). Compared to wild-type controls, hypomorphienetaphase APC/C activity (Rappleye et al., 2002). Our own
mat-1 embryos either exhibited increased variability in theobservations revealed that wild-type mothers fed for a specific
positioning of their first cleavage plane (Table 3) or, undeshort time onsep-1 dsRNA-producing bacteria produce
increasingly stringent conditions, divided symmetrically.embryos that specifically fail to relocate their male pronuclei.
Symmetric divisions were strongly correlated with the presencilowever, in striking contrast to the earlier report, such defects
of a single polar body (14/14; Fig. 4N,O). In general, sistewere always associated with severe meiotic defects, namely the
blastomeres of such 1PB class embryos divided synchronouglyesence of a single polar body (12/12; Fig. 5).
with both spindles oriented perpendicular to the long axis of the To determine if the pronuclear and cleavage defects in 1PB
embryo (Fig. 4N,0). In contrast, those of 2PB class embryoslassmat-lembryos could be a secondary consequence of even
were variably intermediate in their relative size, synchrony, andarlier meiotic exit defects, we compared the process of
cleavage orientations (15/15; Fig. 4l1,J). Lastly, althoughmeiotic exit in wild-type and 1PB class embryos. In mitotic
germline-specific P-granules segregated normally in most 2P&:IIs of other organisms, the APC/C is known to drive M-phase
class embryos, P-granule segregation failed in both MI-arrestexkit by poly-ubiquitinating B-type cyclins and activating the
embryos and in symmetrically and synchronously dividing 1PBnitotic exit network (McCollum and Gould, 2001). In one-cell
class embryos (data not shown). In summary, 1PB class embryG@s elegansembryos, exit out of Ml is complex because it
exhibited consistently more severe defects in the symmetrinvolves both a direct M to S transition (no apparent G1) and
timing, and cleavage orientations of their early cell divisionghe final conversion of the fertilized oocyte into a zygote. This
when compared with either 2PB class embryos or wild-typ# to S phase transition is marked by several events including

controls. the disappearance of M-phase cell-cycle markers such as

o ] o phosphorylated histone H3 (p-H3) (Fig. 6), the extensive
1PB class embryos exhibit defects during meiotic remodeling of the sperm chromatin, the disassembly of the
exit and the pronuclear one-cell stage meiotic spindle, and the duplication and nucleation of the

To determine whether the defects observed in dividing two-ceflaternally derived centrosomes (Albertson and Thomson,
embryos were being presaged by abnormalities during the earli®®93; Sadler and Shakes, 2000).
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Fig. 4. Developmental consequences of the reduction in APC/C activity in the early embryo. DAPI and tubulin localization during the
pronuclear stage and two- to four-cell stage in wild-type embryos (A-Bnatrd2PB class (F-J) and 1PB class embryos (K-O). (A-C) Wild-
type pronuclear stage embryo in which the sperm pronucleus (A; right white arrowhead) is anchored in the peripheralheosigerby t
asters (B, white arrow). The female pronucleus (A; left white arowhead) is positioned more centrally. The centrosomesrofabEsfie on
opposite sides of the sperm pronucleus (B, other centrosome is below the focal plane) and each centrosome has multipésmicrotub
emanating from the centrosome to the cortex (C). (D) Dividing wild-type two-cell embryos have two polar bodies (black axrowagadar
body is outside the focal plane), a larger blastomere (left) and a smaller blastomere (right). The second mitotic diyisebmas@us and the
individual spindles set up perpendicular to each other (E). (F-J) In the less severely affected 2PB class embryos (flyhésrisandicate
position of the two polar bodies), the relative position of the female pronucleus is normal (F; left white arrowheadiprin taédsperm asters
and microtubules extend normally from each centrosome to the cortex (G,H). (1,J) Although the relative blastomere sizagend clea
orientation of the two blastomeres are similar to wild type, the mutant blastomeres tend to divide more synchronouslydéK<@jriin
permissive temperature conditions when Ml predominates (K,N; black arrowhead indicates single polar body), embryos ekiitmeiosis
zygotic development is severely compromised. The pronuclear stage of this 1PB class is characterized by abnormalit&iépbsitions
of the pronuclei (K) and the maturation of the sperm asters (L,M). The first division in this 1PB class is symmetric (Ngclonthelivision,
the blastomeres divide synchronously with both spindles perpendicular to the long axis of the embryo (N,O). C, H andriyearereasl&)

of the sperm asters in B, G and L. The carets in E, J and O indicate the orientation of the mitotic spindle of the riggatebtdgtwo- to four-
cell embryos. The average embryo is #50in length.

In wild-type embryos, late anaphase Il can be distinguishedfter centrosome duplication and the initiation of aster
from post-meiotic S phase on the basis of DAPI/tubulin/p-H3ormation (Fig. 6N). In addition, such embryos frequently
staining patterns (Fig. 6). During late anaphase II, the highlgontained large, disorganized meiotic spindle remnants that,
condensed, maternally derived sister chromatids stain brightlynlike their wild-type counterparts, appeared to extend into the
with anti-p-H3 (Fig. 6C,E). In contrast, the highly condensedgcortical interior (Fig. 6M). Such defects suggest that the
paternally derived chromatin mass fails to stain with anti-p-H3aberrant meiotic exit of the 1PB class directly out of Ml
and its associated centrosome remains quiescent (Fig. 6B,D,H)jsrupts the normal coordination of the various cellular events
During M-phase exit, each chromatin set decondenses atitht accompany the process of meiotic exit and that set the
becomes enclosed within a pronuclear envelope (Fig. 61,J). Atage for the proper development of the zygote.
the same time, p-H3 staining is rapidly lost from the female .
pronucleus while the chromatin within the second polar bodf\nalysis of APC/C double mutants reveal latent
continues to stain brightly (Fig. 6K). Also at this stage, thenitotic defects in apparently meiotic-specific alleles
newly formed second polar body is associated with a compadty previous studies, a subset of temperature-sengitise
flattened spindle remnant at the cortical surface (Fig. 6Ghalleles were found to exhibit defects not only in the meiotic
while the sperm centrosome duplicates and begins to nucleat&isions of the post-fertilization embryo but also in the
microtubules (Fig. 6H). mitotically proliferating germline, male tail and hermaphrodite

Analysis of M-phase exit in 1PB class embryos revealedulva (Furuta et al., 2000; Golden et al., 2000). Amonugst
several striking abnormalities. In particular, the post-meiotid alleles, only two allelesakl44andax520)proved to result
maternal chromosomes continued to stain with p-H3n significant germline proliferation defects (Golden et al.,
antibodies, albeit unevenly, even after nuclear envelop2000) (Table 4; Fig. 7) and only three alleleg1(44, ax520
reformation (10/10; Fig. 6Q). In addition, the male pronucleusnd ax212 produced significant defects in the male tail and
sometimes stained aberrantly with p-H3 (5/10; Fig. 6R) evehermaphrodite vulva (Table 4; Fig. 8). In contrast, other alleles
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either resulted in no mitotic defects or moderate defects in only
a subset of the population (Table 4). Although such results
could suggest that the otheat-1alleles were meiotic specific,
the discovery that thmat-1 molecular lesions were scattered
throughout the protein (Fig. 2) suggested that the meiotic
divisions of the oocyte may simply be more sensitive to a
partial loss of APC/C function. If the apparent allele-specificity
was merely a matter of dosage, additiomat-1alleles might

(A,B) H2B::GFP micrographs of individual post-meiotic one-cell be expected to display mitotic defects in double mutant

stage zygotes. The wild-type zygote in A has completed both meioti€®MbPinations with other APC/C genes. _
divisions (carets point to the two polar bodies, one is out of the focal 10 test whether mutations in other APC/C subunits could

Fig. 5.sep-1RNAI mimics the 1PB APC/C phenotype.

plane) and is at the pronuclear migration stage of zygotic enhance the phenotype of the relatively unaffected alleles and
development. The female pronucleus (left) travels from the far left thus uncover ‘latent’ APC/C mitotic defects, we seleebe2il2

end of the zygote to meet up with the male pronucleus (right). andax227as appropriate Mel (aternal-&ect lethal) alleles. At
Pronuclear meeting normally occurs within the right end of the 15°C ax212and ax227hermaphrodites are fully fertile, and at

embryo (arrow). Theep-1RNAI zygote in B has completed only a 25 5°C they produce clutches of meiotic one-cell embryos but do
single mf\'o“c. d';"s'orl‘ prior to de.‘lieloﬁ'”g pronuclei (a‘l”OWheadS not exhibit the sterility (ste) associated with significant germline
point to the single polar body). Like the APC/C 1PB class, SEP-1 4 gomatic defects. In these studies, we constructed doubles of
depleted zygotes remain in a meiosis | stage and fail to progress to mat-1(ax212andmat-1(ax227yvith alleles ofmat-2/apc-1mat-

meiosis Il. Thesep-1RNAI zygote transitions directly into an
abnormal pronuclear stage embryo (cortical contractions and flows 3/€dc-23emb-27/cdc-1@ndemb-30/apc-4hat are known to be

are absent). As in the 1PB class, the female pronucleus and the malde!l but not sterile in L1 upshift experiments (Golden et al,
pronucleus meet centrally within the cell (arrow). The chromosomes2000). At 15°C, all of the double mutants developed to adulthood,

in both pronuclei appear more condensed than in wild-type zygotesbut some of these double mutant mothers produced clutches of

Wild Type mat-1
Meiosis Il Post-Meiotic Hypomorph(ips)
Oocyte Sperm Oocyte  Sperm Oocyte Sperm

A H

Tubulin
v
AL

M
A

Fig. 6. Meiotic exit is compromised in embryos with reduced APC/C activity. Localization of tubulin, DAPI and phospho-histone H8(p-H3)
wild type (A-L) andmat-1meiotic hypomorphs (M-R). Wild-type telophase Il is characterized by the presence of a single polar body (white
arrow in A,C,E,l) and a MIl spindle (A; white arrowhead) that lies between two p-H3 staining (E) haploid chromosome setsu(g¢ post-
meiotic embryos, the compact Ml spindle remnant lies at the surface of the plasma membrane (G; white arrowhead). Béthvihaefirst
arrow) and second (I, gray arrowhead) polar bodies can be seen, but only the second stains with p-H3 (K). At this stadentaéh(t,

black arrowhead) and male pronucleus (J) have formed. The female, but not the male, pronucleus stains weakly with pAaBLK,L).
hypomorphs (1PB class) display variable meiotic exit defects, with post-meiotic mutant embryos retaining many meiotiésticaracter
Typical defects include large, disorganized meiotic spindle remnants (M; white arrowhead) co-existing with the developasjesp@im

caret). When the pronuclei form, only a single polar body (O; white arrow) is present and both the female pronucleusa(@wiiaekl) and
polar body stain brightly with p-H3 (Q). In some 1PB class embryos, the male pronucleus (P; black arrowhead) was founthtly abaior

for p-H3 (R; black arrowhead).
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Table 4. Mitotic defects

Wild type yel2l ax161 ax227 ax72 ax212 ax144 ax520

In utero embryos Hatch MEOC MEOC MEOC MEOC* MC* None None

Germ line prolif. 100% 100% 97% 100% 65% 82% 9% 4%
0% 35% 2% 7% 7%
3% 16% 84% 89%

Herm. vulva 100% 100% 100% 100% 100% 87% 48% 31%
13% 52% 69%

Male tail 100% 87% 98% 100% 100% 49% 5% 0%
13% 2% 46% 44% 10%
6% 51% 90%

Animals were shifted from 15°C to 25°C as L1 larvae. Hermaphrodite gonads and hence germline proliferation were scorédcdiseafhe distal tips
had reflexed and extended beyond the spermatheca; many of the mutant gonads within this category were smaller than ¢batralstypenads were scored
as intermediate (green) if the gonadal arms extend and reflex but the distal tip do not extend beyond the spermathedty affetsevéred) if they were
either amorphous masses or small and linear. For gonad size measurerh&#&6. The in utero embryos from these hermaphrodites were scored as in Table 2
(MEOC, meiotic one-cell embryos; MC, multicellular embryo). Hermaphrodite vulvas were scored as wild type (blue) or edened4r87. Male tails were
scored as wild type (blue); as having some missing or fused rays (green); or possessing no or only a few rays (red).ddedeslyviffected tails frequently
had abnormal spicules. For male taits20-61.

*Embryos were present only within animals with full-sized gonads.

dead embryos (Table 5) suggesting that, even at 15°C, APCAX227double mutants from heterozygous parents were shifted to
activity in mat-1(ax227)and mat-1(ax212)animals is not the restrictive temperature as embryos or L1 larvae. While all of
completely normal. To specifically test whether these doubléhe double mutants developed through the adult stage, many were
mutant combinations would exhibit ‘latent’ germline defects,sterile (Table 5). Likewisenat-1(yel121); mat-3(orl8§@oubles
were also sterile at 25°C. Taken together, these results
indicate that the molecular lesionsaix212, ax22and
yel2lare not meiotic-specific, even though, as single
mutants, these alleles provide sufficient APC/C
function to support normal germline proliferation.
Although we did not observe enhancement of male tail
and hermaphrodite vulva defects in these-1double
mutant experiments, these somatic mitotic defects were
enhanced in the double APC/C Mel combination of
emb-27(g48andemb-30(g58(P.S., unpublished).

Fig. 7.Germline defects imat-1hermaphrodites.

Animals were shifted from 15°C to 25°C as L1 larvae and
prepared for whole-mount DAPI staining as young adults.
Images show one arm of a bilobed gonad (A,C), one arm
plus the entire uterus (B), or the entire gonad (D,E).
Oocytes can be identified by their diakinetic chromosomes
(white arrows). In wild-type hermaphrodites (A), the

gonad extends and reflexes so that the distal tips lie
dorsally (gray arrowhead; distal tip is out of the plane of
focus) over the vulva. Wild-type sperm with their highly
condensed, haploid nuclei can be seen in the upper regions
of the spermatheca (white arrowhead). Left of the
spermatheca, a meiotic one-cell embryo (asterisk) and
progressively older embryos lie within the uterus (white
line). (B) A non-sterileax212hermaphrodite in which the
distal tips overlap (gray arrowhead). The mutant sperm
lack DNA (spermatheca; white arrowhead), and the uterus
(white line) contains a mixture of viable and dead
embryos. (C) Irmx227hermaphrodites, the gonad is only
slightly shorter than wild type but excess metaphase nuclei
can be seen in the distal region of the gonaghl@ck

arrow). The uterus contains only meiotic one-cell embryos
(C; asterisks). Ilmx144andax52Q the gonad is

significantly reduced (D) and amorphous (E) germlines
lack both oocytes and sperm.
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K. p-H3 staining of somatic nuclei in L4 male posterior

Allele n 0 1-4 §-8 9-12

13-16
him-8 30 93% 3% 3% 0% 0%
ax{44 33 0% 12% 42% 39% 6%

Fig. 8. Somatic defects imat-1mutants. DIC images of tails from
wild-type (A) ormat-1(B-D) young adult males that had been
shifted from 15°C to 25°C as L1 larvaex161tails (C) are
essentially normabx212tails (B) exhibit moderate defects
including missing or fused rays, and the severely redaxgd4tails
(D) typically lack rays altogether. Posterior regions of wild-type

Table 5. Double mutants reveal germline defects imat-1
mutants

mat-1(ax227) mat-1(ax227) mat-1(ax212)

15°C 25°C 15°C

mat-2(or170) Mel Mel Fertile
apc-1*

mat-3(ax148) Mel Sterile Fertile
cdc-23apc-8&

mat-3(or180) Mel Sterile Mel; Sterile
cdc-23apc-8&

emb-27(g48) Fertile Mel Fertile
cdc-1@apc-6

emb-30(g53) Mel Sterile Mel
apc-4

Double mutants were constructed as described in the Materials and
Methods. In 28C analysis, candidateat-1/+; mat-x/+or mat-1/+ emb-x/+
animals were shifted from 26 to 2%C as either embryos or L1 larvae. Mel,
maternal-effect embryonic lethality in which homozygous mothers from
heterozygous parents produce clutches of dead embryos.

For molecular cloning results see *Davis et al., 20Galden et al., 2000,
*Furuta et al., 2000.

blocks and/or M-phase delays (Furuta et al., 2000; Golden et
al., 2000) as were everted vulva (Evl) defectenmb-30/apc-

4 mutants (Furuta et al., 2000). Foat-1 Evl phenotype, see
Fig. 81,J. However, no such direct link had been made between
the male tail phenotype and cell cycle defects. To test whether
the mat-1 male tail defects (Fig. 8A-D) also correlated with
mitotic cell cycle defects, L1 larvae from either the severely
affectedax144; him-8strain orhim-8 controls were shifted to
25.5°C for periods ranging from 18 to 36 hours. The animals
were dissected to separate the gonad from the soma, and then
processed for immunostaining with anti-p-H3 antibody. The
somatic staining patterns in thax144 samples were
indistinguishable from the controls during the 18- and 24-hour
time points. However, a dramatic excess of p-H3 staining cells
was found in the posterior @ix144L4 male larvae collected

30 to 36 hours (L4) after upshift (Fig. 8H,K) when compared
to the wild-type controls (Fig. 8FK). Importantly, only some
of these p-H3-positive cells were in metaphase, suggesting that
the APC/C defect is prolonging more than just the metaphase
to anaphase transition. Because both the final cell divisions and
morphogenetic events of male tail formation occur during this
same L4 period, it is likely that at least some of these p-H3-
positive cells were progenitors of male tail cells. Thus, as in

(E,F) andax144(G,H) males that were shifted to 25°C as L1 larvae the vulva, the morphological defects in the mutant male tails
and processed for immunofluorescence as L4 larvae for DAPI (E,G)are likely to stem from a combination of M-phase delays and

and p-H3 (F,H). In comparison to the wild-type controls (Eak)44

animals exhibit reduced cell proliferation as assessed by DAPI-

potential truncations within these late-dividing cell lineages.

staining (G) and increased numbers of M-phase nuclei as assessed by

anti-p-H3 immunofluorescence (H). (I) Wild-type vulva (white

arrowhead). (J) Everted vulva (white arrowhead). (K) Quantitation o

excess p-H3-staining somatic nuclei within the posterionatf 1.4
males (30-36 hours after the L1 upshift).

APC/C related male tail defects are associated with
M-phase delays

PISCUSSION

The APC/C is widely recognized as the key E3 ubiquitin ligase
that drives cells through and subsequently out of mitosis
(Peters, 2002). In the present study, we have empl@yed

eleganstemperature-sensitive mutants in the APC/C subunit
MAT-1/CDC-27 to reveal a wide range of defects at both the
organ and cellular level that can result from partial depletions

In previous studies, defects in the mitotic proliferation ofof APC/C activity. When MAT-1 was significantly depleted by
germline stem cells were associated with mitotic metaphaseeither shiftingmat-1(ts)mothers to 25.5°C or injecting wild-
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Meiosis| Meiosis Il Pronuclear 2-4Cell

Fig. 9. Summary of meiotic and MeiosisNormal
developmental defects observedriat-1 1.N2

hypomorphs. Under semi-permissive o 0 Eggshell
temperatures (rows 1-3), three different class¢d/Vildtype ‘ | mper meable
of meiotic and developmental phenotypes are
observed fomat-1mutants: normal meiosis

(top row), the 2PB class (row 2), and the 1PB

class (row 3). In the 2PB class, both MI and 2.2PB Meiosisl & I Eggshell
MII defects occur, leading to asymmetric but Class Defects I mper meable
more synchronous divisions in the two- to  — [ = |

four-cell stage. In the 1PB class, MI defects EEEsssssssEsssEssssEssssgEERERRD

occur, Mll is skipped, and meiotic exit defects u — — — — s Eggshell
are apparent. These defects lead to a 3.1PB j| Meiosisl || Meiosisll | Meiotic Exit |f a

symmetric first cleavage and a synchronous Class *® Defects Bypass Defects I o Permeable
second mitosis in which the orientations of - e

divisions are abnormal. Eggshell formation is

also defective. In the fully restrictive Meiosis| Eggshell
conditions (row 4), all embryos arrest at . Arr e Permeable
metaphase of Ml and make weak,

incompletely hardened eggshells.

type mothers with double-strandedat-1/cdc-27RNA, the  pathway without altering the functions of the folded state (King
affected oocytes were fertilized but arrested as one-cedit al., 1996). None of the sevemat-1 alleles are molecular
embryos with their paired homologs locked in metaphase ofulls, however, we believe that theat-1 metaphase | arrest
meiosis . In contrast, when various temperature shift regimgshenotype reflects an absence of APC/C function within the
were used to create a graded MAT-1 depletion series, ttmocyte since RNAi embryos of seven different APC/C subunits
resulting one-cell embryos exhibited an extended meiotidisplay an identical phenotype (this study) (Davis et al., 2002).
phase as well as several dosage-dependent meiotic defeCsntrary to our initial expectations, none of thesd-1alleles,
ranging from incomplete chromosome separation anéxcept perhapax72 proved to be meiotic specific. Perhaps
abnormal meiotic spindle dynamics to a complete bypass afhutations in TPR domains are poor candidates as single
the second meiotic division. While metaphase l-arrestatd  function lesions if the TPR domains in MAT-1/CDC-27 serve
1 embryos exhibit a corresponding developmental block at thprimarily to glue the complex together. Theoretically,
meiotic one-cell stage, hypomorphiat-1embryos exhibited mutations of phosphorylation sites might cause single function
dosage-dependent meiotic defects that correlated with specifiefects, but no such lesions are represented within our current
defects in early development (Fig. 9). These developmentahutant collection.
defects included altered pronuclear migration patterns, o
aberrant polarization, and alterations in the normal timing andissue specificity of  C. elegans cell cycle mutants
orientation of the embryo’s mitotic cell divisions. Whesat-  Although none of ourmat-1 alleles are molecular nulls,
1 mutants were upshifted as L1 larvae, additional somatic anttbmozygous null embryos of other APC/C subunits survive
germline defects were observed in three of the seven allelesmbryogenesis and develop into sterile hermaphrodites with
other alleles could be induced to exhibit these phenotypes everted vulva [EMB-30/APC-4 (Furuta et al., 2000), MAT-
double mutant combinations with other APC/C subunits. 2/APC-1 (Dauvis et al., 2002), MAT-3/CDC-23 (D. Garbe and

) . M. Sundaram, personal communication), and APC-11 (A.G.,
Structure/function analysis unpublished)]. Furthermore, similar phenotypes have been
Sequence analysis of the seven mutant alleles revealdédscribed for null mutants of other cell cycle genes including
molecular lesions predominantly within the TPR domains butyclin D (Boxem and van den Heuvel, 2001; Park and Krause,
otherwise scattered throughout timat-1 coding region, and 1999) cyclin E (Fay and Han, 2000) CDK-4 (Boxem and van
our subsequent phenotypic analysis revealed no obviowken Heuvel, 2001; Park and Krause, 1999) and CDK-1 (Boxem
correlation between the location of these lesions and thet al., 1999). Presumably these cell cycle mutants survive
severity of the mutant defects. In particular, the mutations iembryogenesis and larval development because of high levels
two phenotypically similar allelegx16landax227 are well  of persistent maternal mMRNA or protein stores, and, in the case
separated within the linear sequence of MAT-1 whereas twof temperature-sensitive mutants, the resistance of previously
phenotypically dissimilar, alleleax520andax212 are almost  synthesized and complexed proteins to unfold at restrictive
adjacent. These results combined with the previous findingemperatures. The biology &f. elegansnay also explain the
that Mat embryos contain sufficient functional, maternalsurprisingly mild phenotypic defects. Sinc€. elegans
APC/C to develop into sterile adults even when upshifted tembryos develop in the absence of net growth, maternal stores
25°C as two-cell embryos (Golden et al., 2000), suggest thaf cell cycle proteins may persist at sufficient concentrations
all of these alleles, excepix72 and ax52Q are temperature to support cell divisions throughout embryogenesis. Likewise,
sensitive for protein folding. In such mutants, highsurprisingly normal larval development can occur in the
temperatures destabilize an intermediate in the foldingomplete absence of larval cell divisions, albeit the resulting
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adults are sterile and uncoordinated (Albertson et al., 1978unction in late anaphase meiotic spindle shortening. In mitotic
Similarly, many Drosophila cell cycle mutants (Gatti and cells, APC/C contributes to changes in anaphase spindle
Baker, 1989), including those in APC5 (Bentley et al., 2002Jnorphology in part by ubiquitinatirgse-1(Juang et al., 1997;
survive embryogenesis and larval development before dyingisintin et al., 1997) and various kinesins (Gordon and Roof,
during the prepupal stage with underdeveloped imaginal disc2001). Whether meiotic spindle shortening is directed through
The germline, vulva, and male tail may be particularlythe same or unique APC/C substrates will be the subject of
sensitive to defects in the APC/C and other cell cycle gendature studies.
because all three are generated through mitotic proliferation of _ o .
embryonic blast cells, with the majority of divisions occurringAPC/C may not be required for meiosis Il exit
during the last two larval stages. In the case of the germlin@ne of the more intriguing findings of this study was the
two germline progenitor cells proliferate more than any othedifferential effect that APC/C depletions had on the two
blast cells in the hatching L1 larvae. The cell lineages givingneiotic divisions (Fig. 9). While partial depletions of APC/C
rise to the developing male tail and hermaphrodite vulva do netctivity disrupt the separation of paired homologs in MI and
involve more cell divisions than those giving rise to othersister chromatids in Mll, extended delays and/or arrest of the
somatic structures, but these divisions are sufficiently late thametaphase to anaphase transition occurred only during MI.
maternal stores may be inadequate. In addition, propéWhile both the 1PB and 2PB class embryos experience
development of these organs requires a high degree ektended Ml delays, it was surprising that the MIl chromosome
coordinated signaling interactions (Lambie, 2002) and thuseparation defects in 2PB class embryos were never coupled
may be particularly sensitive to M-phase delays and/owith a metaphase Il arrest or a prolonged MIl cell cycle. One
abnormalities that result in either truncation or altered timingexplanation for this result is that meiosis | is as sensitive, or
of the cell lineages. Interestinglyat-1 mutants also exhibit more sensitive, than meiosis Il to decreased APC/C activity,
gonad migration defects at low frequency (M.A. and D.S.and thus it may not be possible experimentally to observe a
unpublished), which may stem from cell signaling defectdMll arrest (since such temperatures result in a Ml arrest).
during gonadal development. Taken together, these studiddternatively, the differential impact reflects true differences
suggest that, in multicellular organisms, the sensitivity of d&etween the two meiotic divisions. More specifically, oocytes
particular tissue to hypomorphic APC/C levels will depend omormally transition between Ml and MII without fully exiting
total cell proliferation and the degree to which coordinated ceM-phase; whereas exit from MIl absolutely requires the

division is linked to morphogenesis. destruction of M-phase cyclins and is accompanied by nuclear
) envelope reformation (Kobayashi et al., 1991; Minshull et al.,

Hypomorphic mutants reveal late and novel 1991). While mitotically dividing cells drive M-phase with

functions for the APC/C APCCdhland the G1 to S transition with SCF (Deshaies, 1999),

APC/C dosage studies revealed a hierarchy of APC/@ne-cellC. elegansembryos apparently lack a G1 stage and
functions. Upon partial depletion of APC/C levels, thus the final stages of MIl exit i@. elegansand potentially
chromosome separation is affected more than spindlether embryos could be driven not by the APC/C, but rather by
shortening, and spindle shortening is more affected than eith&CF or another cullin/RING finger complex. Consistent with
spindle rotation or polar body formation. A similar hierarchythis model, RNAi depletion of a CUL-2-containing complex
has been observed in fission yeast; APC/C null mutants arresisults in severe Mll, but not MI, delays (E. Kipreos, personal
in metaphase whereas most ts mutants exhibit a ‘cutommunication).
phenotype in which cytokinesis proceeds in the absence of ) ) o
chromosome segregation (Chang et al., 2001). To date, tA&e requirement for APC/C in A-P polarity is likely to
basis for this differential sensitivity remains unclear. In othepPe indirect
systems, APC/C substrate specificity is regulated by it&n previous studies, we and others have reported that complete
associated WD repeat proteins. Current models suggest traatd/or severe depletions of APC/C activity that block cell cycle
securin is targeted primarily by APB€E20(Cohen-Fix et al., progression past metaphase | also block the developmental
1996; Funabiki et al., 1996b) whereas cyclin B is targetegrocesses of eggshell maturation (Golden et al., 2000) and the
primarily by APCdhL although recent studies suggest that thesstablishment of a stable A-P axis (Wallenfang and Seydousx,
specific roles of these WD proteins may be more variable (Hs2000). Subsequent analysis of separase, the cohesin-cleaving
et al., 2002; Sigrist and Lehner, 1997; Stegmeier et al., 200protease that is indirectly activated by APIE0 activity,
Yamaguchi et al., 2000; Yeong et al., 2000). Recent studigsdicates that the depletion of separase activity alone is
also indicate that AP€Ic20/Fizzyjs the sole form of the APC/C sufficient to block these two developmental events (Siomos et
during C. elegansmeiosis; fzy-(RNAi) embryos arrest in al., 2001; Rappleye et al., 2002) (this study). Importantly, our
metaphase | (Kitagawa et al., 2002) whereah-1/fzr- current results call into question the proposal that either the
1(RNAI) embryos develop into sterile adults (Fay et al., 2002)APC/C or separase function as direct regulators of either
If the CDH1/FZR-1 ortholog does not, in fact, function in eggshell hardening or A-P polarization activity. In our APC/C
meiotic C. elegansembryos, the observed hierarchy mayand separase studies, defects in A-P polarization and eggshell
reflect a differential affinity of APEYc20 for its various hardening could only be generated under conditions in which
targets. Alternatively, ifC. eleganshas additional, yet the embryos exhibited severe meiotic defects (Fig. 9). In our
undiscovered meiotic specificity factors (WD repeat proteins)nore extensive APC/C dosage studies, not only did these 1PB
perhaps only the higher affinity complexes function at lowclass embryos fail to separate their homologs during metaphase
APC/C levels. I, but they skipped meiosis Il altogether. More importantly, this
Our studies have also revealed a potentially novel APC/@rastic alteration in normal cell cycle progression disrupted the
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