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ABSTRACT

Temperature-sensitive mutations in subunits of the Caenorhabditis elegans anaphase-promoting complex
(APC) arrest at metaphase of meiosis I at the restrictive temperature. Embryos depleted of the APC co-
activator FZY-1 by RNAi also arrest at this stage. To identify regulators and potential substrates of the APC, we
performed a genetic suppressor screen with a weak allele of the APC subunit MAT-3/CDC23/APC8, whose
defects are specific to meiosis. Twenty-seven suppressors that resulted in embryonic viability and larval
development at the restrictive temperature were isolated. We have identified the molecular lesions in 18 of
these suppressors, which correspond to five genes. In addition to a single intragenic suppressor, we found
mutations in the APC co-activator fzy-1 and in three spindle assembly checkpoint genes, mdf-1, mdf-2, and mdf-
3/san-1, orthologs of Mad1, Mad2, and Mad3, respectively. Reduction-of-function alleles of mdf-2 and mdf-3
suppress APC mutants and exhibit pleiotropic phenotypes in an otherwise wild-type background. Analysis of
a single separation-of-function allele of mdf-1 suggests that MDF-1 has a dual role during development. These
studies provide evidence that components of the spindle assembly checkpoint may regulate the metaphase-
to-anaphase transition in the absence of spindle damage during C. elegans meiosis.

SUCCESSFUL cell division requires that a cell faith-
fully duplicate and segregate its chromosomes to

two daughter cells. Errors in this process can lead to
aneuploidy, in which insufficient or extra genetic ma-
terial is incorporated into the new cells. Aneuploidy can
result in cell abnormalities or death and has been as-
sociated with most types of human cancers. In meiosis,
the process of producing haploid gametes from diploid
germ cells, aneuploidy often results in embryonic le-
thality or birth defects.

The major regulator of eukaryotic chromosome seg-
regation is the anaphase-promoting complex (APC), a
highly conserved protein complex consisting of 10–15
subunits, depending on the species (Harper et al. 2002;
Irniger 2006). The APC is an E3 ubiquitin ligase, which
transfers multiple ubiquitin molecules from a ubiquitin-
conjugating enzyme (E2) to various substrates. Once
polyubiquitinated in this fashion, target proteins are
degraded by the 26S proteasome.

The regulated destruction of proteins is an important
component of progression through the cell cycle.
During M-phase, the E3 ubiquitin ligase activity of the
APC is required for the metaphase-to-anaphase transi-

tion, the hallmark of which is chromosome segregation.
At metaphase, chromosomes are pulled toward the spin-
dle poles by microtubules attached to the kinetochore
of each sister chromatid. This force is counteracted by
the cohesin complex, which holds the sister chromatids
together. For chromosome segregation to occur, the co-
hesion between chromosomes must be dissolved. This is
accomplished via the proteolytic cleavage of cohesin by
the enzyme separase. APC-mediated ubiquitination and
subsequent degradation of the inhibitory protein se-
curin liberates active separase and initiates a cascade of
events that typify anaphase. The pivotal role of the APC
in this process is underscored by the observation that
mutant subunits of the APC in several organisms result
in metaphase arrest (Sikorski et al. 1993; Furuta et al.
2000; Golden et al. 2000; Wirth et al. 2004).

To prevent chromosome missegregation, the activity
of APC is tightly regulated and multiple mechanisms of
regulation have been described. First, the APC has a
transiently associated subunit that acts as a co-activator
of APC activity. To date, several co-activators have been
identified: Cdh1, specific for APC activity required dur-
ing G1, and Cdc20, the M-phase co-activator (Dawson

et al. 1995; Fang et al. 1998; Kitagawa et al. 2002). In
addition, meiosis-specific co-activators of the APC such
as Ama1 in budding yeast and cortex in Drosophila have
also been identified (Cooper et al. 2000; Chu et al.
2001). All other described APC regulatory mechanisms
work by modifying co-activator–APC interactions. For
example, the phosphorylation of several APC subunits
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occurs under certain conditions and this modifies the
ability of Cdc20 to bind to and activate the APC, re-
sulting in alterations of the ubiquitin ligase activity
(Rudner and Murray 2000). Another point of APC
regulation is by the spindle assembly checkpoint, which
modulates APC activity by preventing the association of
Cdc20 with the APC, thus inhibiting APC activity (Chan

et al. 2005).
The spindle assembly checkpoint detects faulty or

incomplete spindle assembly by monitoring the pres-
ence of unattached kinetochores or lack of tension
in the spindle, which often results from monopolar
chromosome attachment. When these defects occur,
the spindle checkpoint is activated and transmits a ‘‘wait
anaphase’’ signal, delaying the onset of anaphase by
inhibiting APC activity through sequestration of Cdc20.
This delay often is sufficient for a cell to correct the
spindle problem, which satisfies the checkpoint and
allows progression through the cell cycle. The spindle
checkpoint was first characterized in budding yeast and
includes six proteins (Mad1, Mad2, Mad3, Bub1, Bub3,
Mps1), of which only Mps1 is essential (Hoyt et al. 1991;
Li and Murray 1991; Poch et al. 1994). In metazoans,
additional proteins such as Rod and Zw10, among
others, also contribute to checkpoint activity (Basto

et al. 2000; Encalada et al. 2005). A role for the check-
point in meiosis has also been demonstrated (Shonn

et al. 2000). Orthologs of checkpoint proteins in meta-
zoans exhibit a conserved function in activating the
spindle checkpoint in cells that have suffered spindle
damage (Kitagawa and Rose 1999; Dobles et al. 2000).
Importantly, it has been shown that the spindle check-
point proteins monitor chromosome attachment and
tension during an unperturbed cell cycle, permitting ana-
phase to occur only after all microtubule–chromosome
attachments have been achieved (Taylor and McKeon

1997; Gorbsky et al. 1998). This role for the checkpoint
in the wild-type cell cycle is consistent with the data that
deletions of these genes are often lethal to the organism
(Kitagawa and Rose 1999; Dobles et al. 2000; Baker

et al. 2004, 2006). There is also a correlation of spindle
assembly defects with genome instability in cancer
(Bharadwaj and Yu 2004).

It is well established that the readout of the check-
point is inhibition of the APC co-activator Cdc20
(Hwang et al. 1998). Both Mad2 and Mad3 are able to
bind directly to Cdc20 and the Mad2/Cdc20 and Mad3/
Cdc20 interactions reduce APC activity in vitro (Hwang

et al. 1998; Kim et al. 1998). All other checkpoint pro-
teins have roles upstream of these interactions with
Cdc20. Bub1 and Bub3 are localized to kinetochores
and may be involved in recruiting other checkpoint pro-
teins to this site (Taylor and McKeon 1997; Millband

and Hardwick 2002; Encalada et al. 2005). Mad1–
Mad2 binding results in a conformational change in
Mad2 in which the activated form can bind Cdc20 (Luo

et al. 2002; Sironi et al. 2002).

The spindle checkpoint proteins are highly con-
served across species, consistent with observations that
these proteins have conserved functions. The Caeno-
rhabditis elegans genome contains orthologs of five of the
six canonical checkpoint proteins. mdf-1, mdf-2, and mdf-
3/san-1 are the orthologs of budding yeast Mad1, Mad2,
and Mad3, respectively (Kitagawa and Rose 1999;
Nystul et al. 2003). Orthologs have also been identified
for Bub1 (bub-1) (Oegema et al. 2001) and Bub3
(Y54G9A.6; our unpublished observations), but not
for Mps1. Analysis of the function of these genes in C.
elegans has thus far been restricted to RNA interference
(RNAi) and an mdf-1 deletion mutant, mdf-1(gk2). To
date, no alleles of these genes have been recovered in
forward genetic screens. mdf-1 is essential in C. elegans, as
strains homozygous for a deletion allele cannot be
maintained for more than two or three generations
(Kitagawa and Rose 1999). A reduction-of-function
mutation in the APC subunit emb-30 restores viability
to this strain (Furuta et al. 2000). Depletion of MDF
proteins allows progression through the cell cycle upon
nocodazole treatment in the mitotic germline and early
embryos, reflecting a deficiency in the spindle check-
point (Kitagawa and Rose 1999; Encalada et al. 2005).
mdf-3/san-1 [suspended animation (anoxia-induced)
defective] was characterized in an RNAi screen for genes
that confer sensitivity to anoxia (Nystul et al. 2003). For
clarity, and consistency within the cell cycle field, we use
the gene name mdf-3/san-1 rather than san-1 throughout
this report.

Previously, we and others identified nine orthologs
of APC subunits in the nematode C. elegans (Furuta

et al. 2000; Golden et al. 2000; Davis et al. 2002;
Shakes et al. 2003). RNAi of seven of these subunits
and of the Cdc20 ortholog fzy-1 results in a strong
maternal-effect embryonic lethal phenotype: embryos
arrest at the one-cell stage, specifically at metaphase of
the first meiotic division. Furthermore, temperature-
sensitive mutations of five of these genes also cause
meiotic metaphase I arrest when L4 hermaphrodites are
shifted to restrictive conditions. Taken together, these
results were the first demonstration of a requirement
for the APC at the metaphase-to-anaphase transition in
meiosis I.

To identify regulators and targets of the APC in C.
elegans, we performed a suppressor screen on a mat-3
temperature-sensitive mutant. MAT-3 is a regulatory,
TPR-repeat-containing subunit of the APC, orthologous
to Cdc23 in Saccharomyces cerevisiae. The mat-3(or180) mu-
tation was selected because the defect in this mutant is
confined to meiosis. While other temperature-sensitive
mat-3 alleles display pleiotropic somatic and germline
defects, mat-3(or180) two-cell embryos shifted to the re-
strictive temperature exhibit no developmental effects.
Thus, in this screen, suppressor mutations only had to
be sufficient to increase the APC activity at the mei-
otic divisions to restore viability. For this reason, we
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anticipated that we would recover global regulators of
the APC as well as meiosis-specific factors.

In this study, we describe the recovery of 27 mat-
3(or180) suppressors and give them the gene name som
(suppressor of metaphase arrest). All strains carrying
both the mat-3(or180) and som mutations are viable and
fertile at restrictive temperatures, although most double
mutants display phenotypes suggestive of meiotic chro-
mosome segregation defects. Three of the suppressors
are recessive, while the remainder are dominant or
semidominant. Each suppressor has been mapped to a
small genetic interval and altogether they define a
minimum of nine genes. We have identified the molec-
ular lesion in 18 of these suppressors, which correspond
to five genes. These include three spindle checkpoint
genes, mdf-1, mdf-2, and mdf-3/san-1, as well as the Cdc20
ortholog fzy-1. We have genetically and phenotypically
characterized these suppressors and show that fzy-
1(av15) and the mdf-2 and mdf-3/san-1 alleles display
embryonic lethality and/or brood size defects, while
animals carrying the mdf-1 or fzy-1(av4) allele are wild
type. We also found that four of the suppressors are able
to suppress the synthetic lethality observed when MDF-1
is depleted by RNAi in a mat-3(or180) animal. The re-
maining uncloned suppressors do not map near known
spindle checkpoint genes and thus are likely to provide
novel insight into the regulation of the APC.

MATERIALS AND METHODS

Nematode strains and culture techniques: Except for the
mapping strain AG153, all strains were derivatives of N2
(Bristol). AG153 was derived from CB4856 (Hawaii). We
constructed AG153 by crossing CB4856 to a mat-3(or180) dpy-
1(e1) N2 derivative. Dumpy (Dpy) F2 progeny of this cross were
tested for the presence of the mat-3(or180) phenotype and
were then backcrossed to CB4856 six times, allowing for the
loss of dpy-1(e1). In the last backcross, non-Dpy progeny
displaying the Mat phenotype were selected. These progeny
were tested for the presence of CB4856 single nucleotide
polymorphisms (SNPs) by the snip-SNP method (Wicks et al.
2001). SNP markers for the left arm, right arm, and center of
each linkage group were CB4856 specific except for the SNP
marker pkP3045, which is on the left arm of LG III in the
vicinity of mat-3 (http://www.wormbase.org). Nematodes were
cultured by standard methods.

Mutagenesis: Mixed-stage mat-3(or180) hermaphrodites
were suspended in M9 containing 50 mm ethyl methanesulfo-
nate at 15� for 4 hr. The animals were washed in M9 three times
and allowed to recover on a modified Youngren’s, only Bacto-
peptone (MYOB) plate at 15� for 1 hr. Twenty-five L4-stage
worms were transferred to each of 50 10-cm-diameter MYOB
plates. Plates were incubated at 15� until the F1 generation had
begun producing F2 embryos. Animals and F2 embryos were
washed off of the plates and treated with hypochlorite solution
to isolate embryos. The F2 embryos were plated on MYOB
plates without food and allowed to hatch at 15�. The syn-
chronized L1 larvae were washed off of the plates and trans-
ferred to high growth plates (MYOB plates containing 2%
peptone and the Escherichia coli strain NA22). These F2 animals
were incubated at 15� until the L4 larval stage. Plates were then
transferred to 25.5� for 2 weeks and screened for visible larvae.

Larvae from a single plate were treated as one independent
suppressor line and were transferred to fresh plates. Candidate
suppressors were retested for suppression at 25.5� at the L4
larval stage. Each suppressor was then outcrossed by mating
with the original mat-3(or180) strain at least three times.
Further investigation revealed that the Mat phenotype of
mat-3(or180) animals was completely penetrant at 24�, and for
that reason all experiments that follow the completion of the
screen were done at 24� and not at 25.5�.

Genetic mapping: To facilitate mapping, mat-3(or180) was
linked to dpy-1(e1) and then a triple mutant was made with each
suppressor. The suppressor was then mapped to a chromo-
some by mating a mat-3(or180) dpy-1(e1); suppressor hermaph-
rodite to the CB4856-mat-3(or180) derivative strain AG153 at
the permissive temperature of 20�. Non-Dpy F1 worms were
picked and grown at 20�. Non-Dpy and Dpy F2 worms were
picked as L4-stage larvae at a ratio of 3:1 and arrayed into
individual wells of 24-well dishes at 24� for 2 days to score for
suppression. For mapping of av4, av14, and av20, 100 sup-
pressed (‘‘mutant’’) and 100 unsuppressed (‘‘wild-type’’) worms
were picked into individual tubes and lysed as described (Wicks

et al. 2001). We found that the chromosomal assignments for
some of the suppressors could be defined with as few as 20 each
of mutant and wild-type F2 segregants. An equal portion of each
single-worm lysate was pooled into one tube to create a bulk
lysate. Chromosomal assignments were made using the snip-
SNP/bulked segregant analysis method as described (Wicks

et al. 2001). We further refined the genetic map position of the
recessive av20 suppressor by analyzing SNP markers in 500
individual mutant (suppressed) F2 segregants.

Once each mutant was assigned to a specific linkage group,
we used classical genetic mapping with morphological mark-
ers to further refine the map position of each suppressor.
The following strains were used for genetic mapping: AG154
mat-3(or180); dpy-5(e61) unc-13(e450), AG155 mat-3(or180); dpy-
10(e128) unc-4(e120), AG162 mat-3(or180) dpy-17(e164) unc-
32(e189), AG163 mat-3(or180) unc-93(e1500) dpy-17(e164),
AG164 mat-3(or180) unc-32(e189) dpy-18(e364), AG50 daf-
7(e1372ts) dpy-1(e1), AG156 mat-3(or180); lin-1(e1777) unc-
17(e245), AG157 mat-3(or180); unc-17(e113) dpy-13(e184),
AG158 mat-3(or180); dpy-13(e184) unc-24(e138), AG159 mat-
3(or180); unc-24(e138) dpy-20(e1282), and AG161 mat-3(or180);
dpy-11(e224) unc-42(e270). All strains used for the construction
of these mapping strains were obtained from the Caenorhab-
ditis Genetics Center (Minneapolis). In general, mat-3(or180);
suppressor males were mated into mapping strain mat-3(or180);
m1m2. Non-M1M2 F1 cross progeny hermaphrodites were se-
lected and allowed to self. M1–non-M2 or M2–non-M1 homo-
zygotes were generated from F2 recombinants and shifted to
24� to determine if the suppressor was present. Map distance
was calculated on the basis of the percentage of recombinants
in which the suppressor had recombined onto the same chro-
mosome as the marker. Suppressors on LGIII were initially
mapped in the region near mat-3 to determine if these sup-
pressors might be alleles of mat-3. These mapping experiments
required a slightly different strategy due to the proximity of
the original mutation. mat-3(or180) suppressor males were
mated to a daf-7(e1372ts) dpy-1(e1) line at 20�. Non-Dpy non-
Dauer cross progeny were selected and allowed to reproduce
at 24� where daf-7(e1372ts) animals are constitutively dauer.
Dpy non-Dauer recombinants were picked at 24�. By defini-
tion, since mat-3 maps to the left of the daf-7 dpy-1 interval,
these animals pick up mat-3(or180) upon recombination.
Homozygotes for the marker dpy-1 [and thus mat-3(or180)]
were generated from these recombinants and tested for the
presence of the suppressor. Map distance was then calculated.

A complementation test was performed with av6 and
dpy-10(e128). Male mat-3(or180); av6 animals were mated into
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dpy-10(e128) hermaphrodites. The success of this mating was
confirmed by the presence of males in the F1 progeny. The F1

were then scored for the production of non-Dpy progeny, in-
dicative of complementation.

To test for genetic interactions between fzy-1 and mat-3, mat-
3(or180); him-8(e1489) males were mated with fzy-1(h1983) dpy-
10(e128) hermaphrodites. Non-Dpy F1 cross progeny were
picked and allowed to self. Non-Dpy F2 were picked to single
plates and individuals homozygous for mat-3(or180) were
determined. Dpy F3 mat-3(or180); fzy-1(h1983) dpy-10(e128) her-
maphrodites were assessed at permissive temperature (15�)
for fertility and production of viable progeny.

The mdf-3/san-1 deletion strain mdf-3/san-1(ok1580) was out-
crossed 10 times to dpy-5(e61) unc-13(e450). In the final mating,
non-Dpy non-uncoordinated (Unc) F1 hermaphrodites were
picked to individual plates. Hermaphrodites that did not seg-
regate DpyUncs were genotyped with PCR to confirm the
presence of mdf-3/san-1(ok1580). mdf-3/san-1(ok1580) was marked
by picking Dpy non-Unc and Unc non-Dpy progeny from the
10th outcross, screening for marked homozygotes in the next
generation. PCR genotyping was used to confirm the presence
of the deletion. We determined the endpoints of the deletion
by PCR and sequencing. The breakpoint was determined to be
between nucleotides 414 and 1406, which deletes all of exon 3
through the middle of intron 7.

To genetically test if our alleles of mdf-1 and mdf-3/san-1
behaved as gain- or loss-of-function mutations, the mdf-1(gk2)
and mdf-3/san-1(ok1580) deletion alleles were utilized. A mat-
3(or180); dpy-11(e224) mdf-1(gk2) strain was generated from the
parent strain KR3876 fzy-1(h1983) dpy-10(e128); unc-46(e177)
mdf-1(gk2). To balance the lethal unc-46(e177) mdf-1(gk2)
chromosome, KR3876 hermaphrodites were mated with dpy-
11(e224) unc-42(e270)/1 males. F1 cross progeny were selfed
and balanced F2 progeny that did not segregate Dpy-10 ani-
mals were selected to obtain animals wild type at the fzy-1 locus
[unc-46(e177) mdf-1(gk2)/dpy-11(e224) unc-42(e270)]. These
hermaphrodites were selfed and dpy-11 non-unc-42 recombi-
nants were selected and mated with mat-3(or180); dpy-11(e224)
unc-42(e270)/1 males. F1 cross progeny of this mating were
selfed and Dpy F2 progeny that segregate Dpy Uncs were
genotyped for the presence of mat-3(or180) (see materials

and methods). The final strain was also PCR genotyped to
confirm the presence of mdf-1(gk2). The strain was maintained
as mat-3(or180); dpy-11(e224) mdf-1(gk2)/dpy-11(e224) unc-
42(e270) until it was determined that the mat-3(or180); dpy-
11(e224) mdf-1(gk2) strain was nonlethal at 20�. mat-3(or180);
him-8(e1489) males or mat-3(or180); mdf-1(av19) males were
mated with the marked deletion strain mat-3(or180); dpy-
11(e224) mdf-1(gk2). Non-Dpy F1 were shifted to 24� and tested
for suppression. Dpy F2 were also tested by this assay at 24�.
Similarly for mdf-3/san-1, mat-3(or180); him-8(e1489), mat-
3(or180); mdf-3/san-1(av20), or mat-3(or180); mdf-3/san-1(av31)
males were mated to mat-3(or180); mdf-3/san-1(ok1580) unc-
13(e450) hermaphrodites. Non-Unc F1 L4 progeny were shifted
to 24� and tested for embryonic viability of their progeny.

Sequencing: For sequencing, candidate genes were PCR
amplified from genomic DNA isolated from mutant strains.
PCR products were then purified and submitted for sequenc-
ing by SeqWright (Houston).

Suppression: To assess embryonic hatching, a minimum of
20 L4 mat-3(or180); suppressor hermaphrodites were shifted to
the restrictive temperature (24�) for 24 hr. Hermaphrodites
were then removed and embryos were allowed to develop for
an additional 24 hr. At that time, unhatched embryos and
larvae were counted and the percentage that hatched was cal-
culated as the number of larvae/brood (larvae plus embryos).
Males were also counted and incidence of males was calculated
as the number of males/total hatched larvae.

Dominance: Each suppressor was determined to be domi-
nant or recessive by mating mat-3(or180); suppressor males into a
mat-3(or180) dpy-1(e1) line. Five non-Dpy L4 hermaphrodites
were shifted to restrictive temperature (24�) and the percent-
age of embryos hatching was determined as above. If no viable
progeny was observed, the suppressor was designated as re-
cessive. Suppressors producing any hatching larvae when
heterozygous were considered dominant. Suppressors were
considered weakly dominant if heterozygous suppression was
,10% of the homozygous suppression, semidominant if be-
tween 10 and 70% of the homozygous suppression, and fully
dominant if .70% of the homozygous suppression.

Suppression of mat-3 RNAi: To test if any of the suppressors
could suppress a strong loss of function in mat-3, we combined
the mat-3(or180) allele with mat-3 RNAi. Five L4 hermaphro-
dites with the genotype mat-3(or180); suppressor were grown on
mat-3 RNAi at 24� for 48 hr. The percentage of embryonic
hatching was determined for the 24- to 48-hr period, when
RNAi is most effective. For further examination of som-3(av29),
animals were treated as above, using singly plated animals to
assess worm-to-worm variation. Control experiments indicate
that mat-3(or180) som-3(av29) animals are slightly resistant to
RNAi.

RNAi: Bacteria containing RNAi constructs either were
taken from the C. elegans bacterial feeding library (Fraser et al.
2000; Kamath et al. 2003) (Geneservices, Cambridge, UK)
(mat-3, mdf-1, mdf-3/san-1, fzy-1) or were generated in the
laboratory (mdf-2). The constructs from Geneservices were se-
quenced to confirm that they included the correct gene insert.
The mdf-2 construct consisted of a genomic fragment (410 bp)
spanning from exon 1 to exon 3. Briefly, a PCR product from
the mdf-2 gene was ligated into the L4440 (Timmons et al.
2001) vector and then transformed into HT115 (DE3) bac-
teria. To induce RNAi, bacteria were seeded on plates con-
taining carbenicillin (25 mg/ml; Sigma, St. Louis) and IPTG
(2 mm; Roche) and allowed to grow over 2–3 days at 22�. For
all experiments, L4 hermaphrodites were grown on RNAi
plates and the percentage of embryos hatching was deter-
mined for embryos laid during the 24- to 48-hr period.

Attempts to suppress the mat-3(or180) one-cell arrest by mdf-
3/san-1 RNAi feeding were not successful, so RNAi injections
were performed. Briefly, the RNAi construct was purified from
bacteria, and double-stranded RNAi was synthesized using the
Ambion Megascript T7 kit (Ambion, Austin, TX). RNA was mi-
croinjected into the body cavity of young adult hermaphro-
dites. Hermaphrodites recovered at 16� for 6–20 hr and then
were shifted to restrictive temperature. Plates were monitored
for the production of larvae or multicellular embryos.

Phenotypic analysis of spindle checkpoint mutants: Spin-
dle checkpoint supressors were linked to morphological mark-
ers and crossed into a wild-type background to separate the
suppressor from the mat-3(or180) mutation. A single HinfI re-
striction site is eliminated by the point mutation in the mat-
3(or180) strain and this snip-SNP marker was used to genotype
the resulting F2 progeny for loss of the mat-3(or180) mutation.
To determine brood size, 10 L4 hermaphrodites were shifted
to the restrictive temperature (24�) and allowed to lay their
entire brood; embryonic hatching was calculated. We ac-
counted for the death of P0 hermaphrodites during brood
experiments by noting the number of hermaphrodites on the
plate at the beginning of the day and calculating progeny per
animal for each day. At the conclusion of the experiment,
these values were added together for the total brood size.
Reported brood size is the average of three experiments. To
observe phenotypes of individual animals, 100 larvae (born at
24�) were picked at the L1 and L2 stages onto single plates at
24�. Three days after the shift of the F1 L1 larvae, these in-
dividuals were assessed for any phenotypic abnormalities such
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as larval arrest or lethality, somatic defects, production of F1

males, or sterility. Control strains contained only the morpho-
logical marker.

Suppression of other APC mutants: To test for suppression
of other APC subunit mutations, several alleles of five APC
subunits and one allele of emb-1 were combined with a single
allele of each spindle checkpoint mutant linked to a visible
marker. Double mutants of marked APC or emb-1 and sup-
pressors were generated with these strains in all combinations
(m1 mat-X; m2 sup-X). Control strains contained both markers
and the APC mutant allele but were wild type at the suppressor
locus (m1 mat-X; m2 1). The lowest restrictive temperature (at
which all embryos were arrested at the one-cell stage) for each
mat/emb allele was determined by shifting control strains to
23�, 24�, and 25�. Double-mutant L4 hermaphrodites were
shifted to the lowest restrictive temperature and allowed to lay
embryos for 2 days, and embryonic hatching was calculated.
If multicellular embryos or larvae were present on the plate,
the double mutant was scored as suppressed. A minimum of
200 embryos and larvae were counted for each double mu-
tant. All control strains produced one-cell embryos at the
restrictive temperature with the exception of mat-1(ax212) and
emb-30(or420), which produce multicellular embryos even at
25.5�.

RESULTS

Recovery and characterization of suppressors: To
identify potential regulators and targets of the APC, we
performed a suppressor screen with the temperature-
sensitive mat-3(or180) allele, which has a meiosis-specific
phenotype. mat-3(or180) L4 hermaphrodites shifted to
24� produce one-cell embryos arrested at metaphase of
meiosis I (Golden et al. 2000). Chemical mutagenesis of
3.5 3 105 haploid genomes identified 29 suppressors
(av4-av32) that were able to rescue the one-cell arrest
phenotype of mat-3(or180) mutants and produce fertile
adult progeny. Two of these mutants, av12 and av24,
were extremely weak suppressors and were not charac-
terized further. All mat-3(or180); suppressor mutants were
morphologically wild type except for av6, which was
Dpy. The suppressors exhibited a range of effectiveness
in suppressing the embryonic lethality of mat-3(or180) at
24� (Table 1). The strongest suppressor had an embry-
onic viability of 98%, while in the weakest suppressor,
only 18% of the embryos hatched. The percentage of
embryos hatching was also assessed at 25� and in all cases
suppression was less robust at this temperature (data not
shown). Although many of the embryos produced by
weaker suppressor lines did not hatch, the majority of
these embryos complete meiosis and arrest as multicel-
lular embryos. This indicates that the one-cell meiotic
metaphase arrest phenotype was strongly suppressed
in all cases. Multicellular embryonic arrest or lethality
might be attributed to the weakness of the suppressor
or, alternatively, the suppressor mutation itself may be
moderately lethal at this stage.

In C. elegans, nondisjunction in meiosis can result in
the loss of an X chromosome, producing XO progeny,
which are male. Thus, the generation of males in a pop-
ulation is an indicator that errors are occurring in

chromosome segregation. We observed an incidence of
males in mat-3(or180); suppressor lines up to 25 times that
observed in wild-type animals (Table 1). This phenotype
was enhanced at 25� (data not shown). Suppression in
our screen required only that the APC function enough
to allow chromosome segregation to occur. The fidelity
of this segregation is likely not error free and defects in
chromosome segregation during the meiotic and sub-
sequent mitotic divisions likely account for the Him
phenotype and embryonic lethality that we observe with
most of the mat-3(or180); suppressor lines. It is unlikely
that the Him phenotype is attributable exclusively to the
suppressor mutations; mat-3(or180) animals are Him at
semipermissive temperatures and the mat-3(or180); sup-
pressor double mutants probably mimic these conditions.

Of the 27 suppressors characterized, only 3 were re-
cessive: av6, av20, and av31 (Figure 1). All other sup-
pressors were able to suppress mat-3(or180) when

TABLE 1

Embryonic viability and incidence of males in mat-3(or180);
suppressor strains

Strain
Hatching

(%)
Males
(%) n

N2 100 0.3 1831
mat-3(or180) 0 0 2901
mat-3(or180av26) 98 0.1 1936
mat-3(or180); mdf-1(av19) 68 1.7 2034
mat-3(or180); mdf-2(av7) 53 3.4 1132
mat-3(or180); mdf-2(av8) 57 2.9 2294
mat-3(or180); mdf-2(av13) 48 2.3 2316
mat-3(or180); mdf-2(av14) 53 1.6 1932
mat-3(or180); mdf-2(av16) 33 2.8 1643
mat-3(or180); mdf-2(av17) 47 2.9 1476
mat-3(or180); mdf-2(av18) 77 3.6 2435
mat-3(or180); mdf-2(av22) 55 2.9 822
mat-3(or180); mdf-2(av25) 64 1.4 1475
mat-3(or180); mdf-2(av27) 62 3.5 1261
mat-3(or180); mdf-2(av30) 50 2.0 1119
mat-3(or180); mdf-3/san-1(av20) 85 2.6 2489
mat-3(or180); mdf-3/san-1(av31) 58 4.2 1565
mat-3(or180); fzy-1(av4) 53 3.4 1326
mat-3(or180); fzy-1(av15) 74 1.3 1227
mat-3(or180); fzy-1(av23) 52 1.2 1535
mat-3(or180); som-1(av5) 59 3.1 2060
mat-3(or180); som-2(av9) 64 0.7 1480
mat-3(or180); som-2(av21) 18 8.1 1360
mat-3(or180); som-3(av10) 79 1.6 1553
mat-3(or180); som-3(av11) 91 0.4 2038
mat-3(or180); som-3(av29) 95 1.2 1055
mat-3(or180); som-3(av32) 71 2.3 1719
mat-3(or180); som-4(av28) 42 3.2 1911
mat-3(or180); dpy-10(av6) 72 2.7 347

A minimum of 20 L4 hermaphrodites were shifted to restric-
tive temperature (24�) for 24 hr and the percentage of progeny
hatching was assessed. The incidence of males was calculated as
a percentage of hatched progeny. N2 is the wild-type strain. n is
the total number of embryos and larvae assayed to determine
embryonic viability and incidence of males.
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heterozygous, although a range of dominance was
observed. Two suppressors (av10 and av32) were very
weakly dominant; embryonic hatching of heterozygotes
(av10/1, av32/1) was ,10% of that observed when
these suppressors are homozygous. Nine suppressors
were semidominant and 13 were fully dominant.

Because the majority of the suppressors were domi-
nant, we tested whether any of these suppressors were
able to suppress a severe reduction of MAT-3. Because
null alleles of mat-3 result in hermaphrodite sterility
(Garbe et al. 2004), we sought an alternative method to
reduce the function of MAT-3. mat-3 RNAi is very
effective at eliminating MAT-3 function in wild-type
animals and results in 96% embryonic lethality. To
produce a strong loss of function, we combined mat-3
RNAi with the mat-3(or180) allele at 24�. Under these
conditions, all but one of the suppressors produced
broods that exhibited ,4% embryonic viability. In
contrast, som-3(av29) produced larvae at significant
levels (30% hatching). However, this strain was also
observed to be slightly resistant to RNAi of control
constructs. Therefore, the suppressors isolated in our
screen are unable to suppress a strong reduction in
MAT-3 and thus do not act as bypass mutations.

Suppressor mapping: Each suppressor was assigned
to a chromosome by utilizing snip-SNP mapping (Wicks

et al. 2001). Classical genetic mapping was employed to
further refine the location of each suppressor on the
chromosome (see materials and methods). In all, we

identified a minimum of nine genes that map to five
chromosomes (Figure 2). Seven dominant suppressors
map to chromosome III. Mapping experiments with the
daf-7 dpy-1 interval indicated that only one of these
suppressors, av26, mapped to the left of daf-7, very close
to mat-3. The mat-3 locus was sequenced from av26 ani-
mals and was found to contain a single point mutation
corresponding to a leucine-to-phenylalanine substi-
tution at amino acid 436. Thus, we have isolated one
intragenic suppressor of mat-3. Of the remaining six
suppressors on chromosome III, four (av10, av11, av29,
and av32) mapped between dpy-17 and unc-32, while av9
and av21 mapped to the right of dpy-18 (Figure 2). We
have tentatively designated the four suppressors be-
tween dpy-17 and unc-32 as alleles of som-3 due to pre-
dicted map position, although phenotypic differences
(see below) indicate that these suppressors may define
more than one gene. Similarly, we have made the con-
servative assignment of av9 and av21 as two alleles of a
single gene, but these mutations may also represent two
separate genes. Due to the dominance of these alleles,
complementation tests cannot be performed to further
clarify this issue.

Our genetic data suggested that the suppressor av6 is
an allele of dpy-10. av6 mapped to chromosome II, was
recessive, and was morphologically Dpy. In addition, av6
failed to complement dpy-10(e128). dpy-10(e128) was able
to suppress mat-3(or180) and an additional allele of mat-3
(data not shown). Alleles of two other dpy genes, dpy-11

Figure 1.—Most suppressors are dominant suppressors of mat-3(or180). mat-3(or180); suppressor males were mated into the mat-
3(or180) dpy-1 strain. Hermaphrodite non-Dpy F1 cross progeny were shifted to 24� at the L4 stage and embryonic viability of the
F2 generation was monitored and compared to viability of the homozygous mat-3(or180); suppressor strain. n, homozygous;
h, heterozygous.
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and dpy-20, also weakly suppressed mat-3(or180) (data
not shown). Other reports indicate that some dpy
mutations are able to suppress a variety of unrelated
mutations, possibly by inducing a physiological stress
response in the animal that induces chaperones, lead-
ing to a higher level of functional protein (Maine and
Kimble 1989; Kramer and Johnson 1993).

The remaining suppressors were mapped to small
genetic regions. som-1(av5) was mapped to a defined
interval of LG IV (Figure 2). We are currently working
toward its identification. Mapping indicated that we had
also isolated two recessive alleles of a gene on LG I, three
alleles of a gene on LG II, 11 (possibly 12; see discussion
of som-4 below) alleles of a gene on LG IV, distinct from
som-1(av5), and a single suppressor on LG V. Once each
of these suppressors was mapped to a genetic interval of
#3 cM, we began to look at the genomic sequence of C.
elegans (http://www.wormbase.org) for candidate genes
in these regions that might be anticipated to have a role
in the regulation of the APC. Sequencing of candidate
genes from the appropriate mutants was carried out to
confirm the presence or absence of mutations.

Molecular identification of mutations in spindle
checkpoint genes: Using the approach detailed above,
we identified a molecular lesion in 18 of the 27 sup-
pressors, which define five genes (Table 2). In addition

to an intragenic mat-3 mutation (above), the remaining
17 suppressors are mutations in the spindle checkpoint
genes mdf-1, mdf-2, mdf-3/san-1, and the APC activator
fzy-1. The mutations in mdf-1, mdf-2, and mdf-3/san-1 are
the first to be recovered in a C. elegans forward genetic
screen. Thus, mdf-1, mdf-2, mdf-3/san-1, and fzy-1 are likely
to act as regulators of the APC during meiosis, consistent
with the well-defined role for these genes in meiosis and
mitosis of other organisms (Chan et al. 2005).

mdf-2: We recovered 11 alleles of mdf-2 in our screen,
all of which acted as dominant suppressors of mat-
3(or180). The majority of the alleles (10/11) are single
nucleotide substitutions that resulted in an amino acid
change (Table 2). Most of these were nonconservative
mutations and several resulted in a charge alteration.
One mutant allele, mdf-2(av14), contained a mutation at
the splice donor site for intron 5 (GT / AT). Overall,
the mutations are enriched in the C-terminal half of the
protein (10/11), indicating that this region of the pro-
tein may be important in the regulation of the APC. An
additional allele, som-4(av28), mapped to the mdf-2 re-
gion of chromosome IV, but sequencing of the mdf-2
exons, splice junctions, 102 bp 39 of the stop codon,
and 2 kb upstream of the initiator methionine revealed
no nucleotide changes. We thus assign som-4(av28) a
separate gene name at this time (Figure 2).

Figure 2.—Suppressors of mat-3(or180) map to a minimum of nine genes, five of which have been molecularly identified. Thick
horizontal lines represent linkage groups I–V (LG X is not shown). Thick vertical lines indicate molecularly identified suppressors.
The number of alleles recovered for a given gene is indicated in brackets following the gene name. Markers shown below the line
represent morphological markers used for mapping. Thin vertical lines indicate the location of uncloned suppressors based on
genetic mapping and phenotypic characterization. Bar, 5 cM.
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In other organisms, the mdf-2 ortholog, such as Mad2
in S. cerevisiae, acts as a direct negative regulator of
Cdc20/FZY-1 (Hwang et al. 1998; Kim et al. 1998). Thus,
we predicted that the mdf-2 alleles result in reduced
inhibition of FZY-1, thereby increasing APC activity in
the mat-3(or180) mutants. In C. elegans, RNAi can often
recapitulate loss-of-function mutations. We found that
mdf-2 RNAi was effective in suppressing mat-3(or180) at
24�:�60% of mat-3(or180) embryos survived to hatching
(data not shown), comparable to the embryonic viabil-
ity observed with the mdf-2 alleles. Therefore, the mu-
tations recovered in our suppressor screen are likely
loss-of-function mutations. Our genetics experiments
suggest that reducing the dose of MDF-2 by #50% is
enough to allow a compromised APC mutant to func-
tion; this attenuation of negative regulation is sufficient
to restore the metaphase-to-anaphase transition in em-
bryos. Thus, the role of mdf-2 in meiosis is consistent
with the current understanding of the role of MDF-2 as
an inhibitor of APC activity.

mdf-3/san-1: Two recessive alleles of mdf-3/san-1 were
recovered. Sequencing revealed point mutations at the
splice donor (av20) and acceptor (av31) sites of intron 5
(Table 2). It is likely that mdf-3/san-1(av20) and mdf-3/
san-1(av31) generate mdf-3/san-1 transcripts with a
variety of 39-ends, as work on other splice-site mutants
has shown that alternative donor or acceptor sites can be
utilized (Aroian et al. 1993). The translation of these

aberrantly spliced transcripts may result in MDF-3 pro-
teins with altered or truncated C termini. Alternatively,
the aberrant transcripts may be detected and removed
by the smg system (Mango 2001), yielding a reduction in
mdf-3/san-1 message and protein. In parallel to the ana-
lysis of the mdf-3/san-1 alleles generated in this screen,
the mdf-3/san-1(ok1580) deletion was also studied. The
endpoints of the deletion were determined by sequenc-
ing and it was found that the deletion removes 992
nucleotides between exon 3 and intron 7. Thus, mdf-3/
san-1(ok1580) is likely to be a null mutation, although
severely truncated forms of the protein might be
produced.

The identification of mdf-3/san-1(av20) and mdf-3/
san-1(av31) as recessive mutations suggests that they
result in a loss of function. We attempted to corroborate
this hypothesis by testing whether the mdf-3/san-1 de-
letion was able to suppress mat-3(or180) at 24�. The mdf-
3/san-1 deletion suppressed the one-cell arrest caused
by mat-3(or180), although not as effectively as either
point mutant (Figure 3). We also examined the pheno-
type of mdf-3/san-1(av20)/mdf-3/san-1(ok1580) and mdf-
3/san-1(av31)/mdf-3/san-1(ok1580) and found that the
embryonic viability of these lines at 24� was intermediate
between that of the deletion and the two other alleles.
The discrepancies in the degree of suppression pro-
vided by the three mutations might be ascribed to dif-
ferences in strength or in the genetic background of
these strains. We also tested whether RNAi of mdf-3/
san-1 could suppress mat-3(or180). Modest suppression
was observed upon double-strand RNA injection into
hermaphrodites (data not shown). Together, these data
indicate that the mdf-3/san-1 mutations are reduction-
of-function mutations.

mdf-1: One semidominant allele of mdf-1 was recov-
ered. Sequencing revealed a point mutation resulting in
an alanine-to-valine change in amino acid 508 (Table 2).
This mutation occurs in close proximity to the region
that mediates the Mad1/Mad2 interaction in the hu-
man protein (Sironi et al. 2002) (Figure 4A). To charac-
terize the mdf-1(av19) mutation, we employed a genetic
approach. We first tested whether an mdf-1 deletion, mdf-
1(gk2), could suppress mat-3(or180). The mdf-1(gk2) de-
letion has been previously characterized (Kitagawa

and Rose 1999) and animals that are homozygous for
this mutation exhibit a reduced brood size, extensive em-
bryonic and larval lethality, sterility, and a high inci-
dence of males. The cumulative effect of these phenotypic
defects is death of the homozygous strain after two or
three generations. mdf-1(gk2); mat-3(or180) homozy-
gotes produced no more live progeny than the control
strain at 24� (Figure 4B). However, close examination of
the embryos revealed that they were arrested at a mul-
ticellular stage of development. Thus, mdf-1(gk2) sup-
pressed the one-cell arrest phenotype of mat-3(or180)
animals at 24� but resulted in embryonic lethality in this
background. mdf-1 RNAi suppressed the mat-3(or180)

TABLE 2

Nucleotide and amino acid changes in suppressors
of mat-3(or180)

Gene Allele Mutation

mat-3 or180 S505F
av26 L436F

mdf-1 av19 A508V
mdf-2 av7 E121K

av8 S187L
av13 G112E
av14 Intron 5 splice donor G / A
av16 E97K
av17 R98K
av18 T136I
av22 A172T
av25 L142F
av27 G14R
av30 E127K

mdf-3/san-1 av20 Intron 5 splice donor G / A
av31 Intron 5 splice acceptor G / A

fzy-1 av4 T144A
av15 A138V
av23 S143N

Eighteen suppressors were sequenced and found to have
mutations in five genes. The single amino acid change that
results from the nucleotide point mutation is listed. When
no amino acid changes result from the mutation, the site
of the splice mutation is indicated. Also included is the amino
acid change found in the parent strain, mat-3(or180).

114 K. K. Stein et al.



mutation to the same extent. While these data indicate
that loss of MDF-1 function is sufficient to suppress the
meiosis I arrest, they also suggest that MDF-1 function is
absolutely required for embryogenesis in mat-3(or180)
animals. This result is distinct from the effects of mdf-1
RNAi or the mdf-1 deletion in a wild-type background, in
which the majority of embryos develop into larvae at 24�
(Figure 4C; data not shown). These data suggest that the
role of MDF-1 in embryonic development is distinct
from its role in meiosis and is essential when the APC is
compromised.

To address the nature of the mdf-1(av19) allele,
we compared it with the mdf-1 deletion. mdf-1(av19)
is not likely to be a loss-of-function mutation because
mdf-1(gk2)/1 does not suppress mat-3(or180) embryos
to viability above background; these hermaphrodites
produce mostly one-cell embryos (Figure 4B). We
assessed the embryonic viability of mdf-1(av19)/1 and
mdf-1(av19)/mdf-1(gk2) trans-heterozygotes in a mat-
3(or180) background. mdf-1(av19)/1 heterozygotes are
able to suppress mat-3(or180) to viability at �50% of the
homozygous suppression levels. In mat-3(or180); mdf-
1(av19)/mdf-1(gk2) hermaphrodites, suppression was
restored to mat-3(or180); mdf-1(av19) levels. This finding
indicates that the mutant MDF-1 product may compete
with wild-type MDF-1, suggesting an antimorphic func-
tion. Thus, while both mdf-1(av19) and mdf-1(gk2)
suppress mat-3(or180) meiotic metaphase arrest, the
mechanism of this suppression may be different as
these mutations result in distinctive fates for the em-
bryo. Together, these data indicate that mdf-1(av19) is a
separation-of-function mutant. This may reflect two
different functions of MDF-1 or a similar function
utilized in two distinctive ways (see discussion).

Interestingly, while the mdf-1(gk2) deletion fails to
suppress mat-3(or180) to viability at 24�, mat-3(or180) is
able to suppress the genetic instability phenotype of mdf-

1(gk2) homozygotes at 20�. The mdf-1(gk2) homozygous
strain becomes inviable after a few generations, but mat-
3(or180); mdf-1(gk2) homozygotes are viable and can be
maintained at 20� indefinitely (data not shown). This
observation is consistent with those of earlier studies
indicating that reduction of APC activity ameliorates
phenotypes caused by mdf-1(gk2) at 20� (Furuta et al.
2000; Kitagawa et al. 2002). Thus, these experiments
indicate that mat-3(or180) is a suppressor of mdf-1(gk2) at
20�, while acting as an enhancer of mdf-1(gk2) at 24�.

fzy-1: The three mutant alleles of fzy-1 recovered in the
suppressor screen result in single amino acid substitu-
tions (Table 2). The sites of these three mutations are
separated by only five amino acids and the clustered
nature of the mutations suggests that this small region
may have a role in positive regulation of APC. However,
a function for this region of Cdc20 has not been
previously described. On the basis of the known role
of Cdc20 in the spindle checkpoint as an activator of
APC, as well as the observation that fzy-1 RNAi results in
an embryonic one-cell arrest (Kitagawa et al. 2002), we
reasoned that fzy-1(av4), fzy-1(av15), and fzy-1(av23) were
gain-of-function (gf) mutations.

If gf mutations of fzy-1 suppress mat-3(or180), a loss-of-
function mutation would be predicted to enhance mat-
3(or180). Only one loss-of-function fzy-1 mutation has
been isolated in C. elegans, fzy-1(h1983) (Kitagawa et al.
2002). We tested whether this fzy-1 allele was an en-
hancer of mat-3(or180). At the permissive temperature
(16�), fzy-1(h1983); mat-3(or180) double mutants pro-
duce only dead multicellular embryos, despite the fact
that neither mutant has an embryonic phenotype at this
temperature (Golden et al. 2000; Kitagawa et al. 2002).
These data further support the assignment of fzy-1(av4),
fzy-1(av15), and fzy-1(av23) as gf suppressors because
these alleles function in a manner opposite to fzy-
1(h1983).

Figure 3.—mdf-3/san-1(av20)
and mdf-3/san-1(av31) are loss-of-
function mutations. Genetic ex-
periments with three mdf-3/san-1
alleles, mdf-3/san-1(ok1580), mdf-3/
san-1(av20), and mdf-3/san-1(av31)
indicate that mat-3(or180); mdf-3/
san-1 suppressionat24� is recessive.
Embryonic viability for all three
mdf-3/san-1 strainswas determined.
For these experiments, an mdf-3/
san-1(ok1580) deletion marked
with unc-13 was used.
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Suppressors do not exhibit APC subunit specificity:
Is the ability of the suppressors to restore APC activity
specific to the mat-3(or180) allele, the MAT-3 subunit, or
do the suppressors function via a more general mech-
anism? This question was addressed by constructing
double mutants of one mutated APC subunit and one
suppressor of mat-3(or180). For each of four genes, mdf-
1, mdf-2, mdf-3/san-1, and fzy-1, the allele that exhibits
the strongest suppression of mat-3(or180) was tested in
this experiment (Table 3). In turn, the suppressors were
combined with APC subunit mutations of different
strengths. To date, temperature-sensitive mutants in
five subunits of the APC have been isolated: mat-1, mat-2,
mat-3, emb-27, and emb-30 (Furuta et al. 2000; Golden

et al. 2000). Temperature-sensitive mutant hermaphro-

dites lay broods of one-cell embryos when shifted to the
restrictive temperature during the L4 larval stage. emb-1
mutant animals were also tested because they also pro-
duce one-cell embryos at the restrictive temperature,
suggesting that this gene may have a role in APC func-
tion (Golden et al. 2000). The emb-1 gene has not yet
been molecularly identified.

All four suppressor strains were able to suppress at
least one mutant allele of each APC subunit mutant.
Each mat/emb mutation was either uniformly suppressed
by the four suppressors or uniformly not suppressed,
with three exceptions: fzy-1(av15) did not suppress mat-
3(or148), emb-30(ax69), or emb-1(hc57). Thus, we found
that suppression of the APC by spindle checkpoint mu-
tants does not appear to be specific in regard to either
allele or subunit. Rather, the ability of the spindle check-
point mutants to suppress each APC mutant probably
reflects the strength of the APC mutation itself. This
supports the hypothesis that these suppressors modify
the overall activity of the APC (via FZY-1) rather than
mediate direct interactions with specific APC subunits.

Phenotypes of spindle checkpoint mutants: To eval-
uate the roles for mdf-1, mdf-2, mdf-3/san-1, and fzy-1 in
C. elegans development and fertility, we asked if these
mutants exhibited any phenotypes in an otherwise wild-
type background. The average embryonic viability and
brood size at 24� was evaluated for each mutant. In ad-
dition, 100 F1 larvae of temperature-shifted P0 hermaph-
rodites were individually evaluated for any observable
defects, including larval arrest or lethality, somatic de-
fects, production of F1 males, or sterility. With this assay,
mdf-1(av19) and fzy-1(av4) did not display any apparent
defects in development. Brood size and embryonic
viability were indistinguishable from control animals
and no defects were observed in F1 progeny (Figure 5;
data not shown). fzy-1(av15) animals were normal in all
respects except for a mild reduction in brood size
(Figure 5).

To assess whether the mdf-2 mutants have a pheno-
type, we chose three alleles, av14, av16, and av18, that,
respectively, provided weak, moderate, and strong
suppression of mat-3(or180), which we considered might
correspond to increasing loss of MDF-2 function. Not-
ably, all three alleles have a significantly reduced brood
size, �25% of control levels (Figure 6A). In addition,
�10% embryonic lethality was observed (data not
shown). Thus, the strength of the phenotypes of mdf-2
mutants alone does not correlate with the strength of
mat-3(or180) suppression. To examine the phenotypes
in more detail, the fate of 100 hatched larvae was fol-
lowed (Figure 6B). Only about half of these animals
became fertile adults. The remainder of the F1 larvae
were sterile, larval lethal, or larval arrested and ex-
hibited protruding vulva (Pvl), a feature commonly
associated with cell cycle defects. Fertile animals pro-
duced a brood of severely reduced size. The reduction
in brood size may be due to effects on the germline, but

Figure 4.—mdf-1(av19) is a separation-of-function allele.
(A) mdf-1(av19) contains a point mutation in a conserved al-
anine at residue 508, near the defined Mad2-binding region
(underlined). The red residues indicate conserved amino
acids. The green residue indicates the mutation in the mdf-
1(av19) allele. The alignment is adapted from Sironi et al.
(2002). C.e., C. elegans; D.m., Drosophila melanogaster; S.c., S. cer-
evisiae. (B) Genetic experiments with mdf-1 strains including
the deletion strain mdf-1(gk2) and the mutant allele mdf-
1(av19) to assess embryonic viability at 24�. All strains are ho-
mozygous for mat-3(or180). (C) RNAi has weak effects on the
wild-type N2 strain at 24�, but greatly reduces hatching of mat-
3(or180); mdf-1(av19). Diamonds indicate conditions where
the majority of embryos were arrested at a multicellular stage.
OP50 is the normal food source for C. elegans.
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may also result from the observation that Pvl animals
often retain embryos (bag) or rupture at the vulva
(burst). These defects result in the early death of the
mother, which reduces reproductive potential.

We observed another interesting phenotype uni-
formly present in the mdf-2 mutants. All three alleles
exhibited slow growth. Development of the mutants
lagged behind wild-type animals, due to an extended
duration of each larval stage. As stated above, about half
of these delayed animals were fertile, but it took some L1
larvae grown at 24� .7 days to mature and lay embryos,
while wild-type animals accomplished this in 2 days.

Phenotypic analysis was also performed on the mdf-3/
san-1 alleles. When compared to control animals, the

mdf-3/san-1(av20), mdf-3/san-1(av31), and mdf-3/san-
1(ok1580) deletion strains all have similarly mild phe-
notypes. The only observed phenotype in the shifted P0

is a reduction in brood size to�75% of wild type (Figure
7). Embryonic lethality was not observed. In the analysis
of the F1 generation, phenotypes included larval arrest
and lethality. Additionally, an increased occurrence of
bagging and bursting in adult hermaphrodites was
observed. This may be due to subtle abnormalities in
vulval development, as mdf-1(gk2) deletion and mdf-2
mutants also exhibit egg-laying defects.

Some suppressors suppress the synthetic lethality
observed in MDF-1-depleted mat-3(or180) animals: In
yeast, Mad1 functions in the spindle checkpoint

TABLE 3

Suppressors do not exhibit APC subunit specificity

Gene Temperature mdf-1(av19) mdf-2(av18) mdf-3/san-1(av31) fzy-1(av15)

mat-1(ax212) 25� Sup (90) Sup (81) ND Sup (88)
mat-2(ax78) 24� Sup (MC) Sup (1.5, MC) Sup (0.5, MC) ND
mat-2(or170) 23� Sup (MC) Sup (2.5, MC) Sup (44) ND
mat-3(or180) 24� Sup (43) Sup (72) Sup (66) Sup (83)
mat-3(or148) 24� Sup (14) Sup (5.9) Sup (5.6) Not sup
mat-3(or192) 24� Not sup Not sup Not sup Not sup
emb-27(ax80) 23� Not sup Not sup Not sup ND
emb-27(ax81) 23� Not sup ND Not sup ND
emb-27(ax348) 25� Sup (32) ND Sup (68) ND
emb-30(ax69) 23� Sup (MC) Sup (5) Sup (21) Not sup
emb-30(or420) 25� Sup (69) Sup (78) Sup (53) Sup (97.3)
emb-1(hc57) 24� Sup (32) ND Sup (16) Not sup

Double mutants were generated and assayed for suppression. Percentage of embryonic viability is in paren-
theses. mat-1(ax212) dpy-5 exhibited 25–35% background hatching even at the most restrictive temperature,
due to suppression by the dpy-5 marker. Sup, suppressed; MC, multicellular embryos that failed to hatch were
observed; ND, not determined.

Figure 5.—fzy-1(av15) has a reduced brood at 24�. unc-4, fzy-1(av4) unc-4, and fzy-1(av15) unc-4 hermaphrodites were grown at
24� and assessed for brood size. Asterisk indicates a P-value of ,0.05 by Student’s t-test. Error bars indicate SEM.
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pathway upstream of Mad2 and Cdc20 (Nasmyth

2005). As described above, depletion of MDF-1 by ge-
netic deletion or RNAi is sufficient to suppress the mei-
otic phenotype of mat-3(or180), but at 24� the reduction
of MDF-1 and APC activity is synthetically lethal at
the multicellular stage of embryogenesis. To evaluate
whether any of the suppressors suppress this embryonic
lethality, we determined whether suppression to viability
was observed when MDF-1 was depleted. L4 hermaph-
rodites of 17 mat-3(or180);suppressor lines representing
all extragenic genes were fed mdf-1 RNAi-expressing
bacteria for 2 days at 24� and embryonic viability was
quantitated for the 24- to 48-hr period following the

temperature shift. About half of the mat-3(or180);
suppressor lines failed to suppress the mat-3(or180); mdf-1
RNAi lethality (Table 4). However, some of the mat-
3(or180); suppressor strains remained viable upon mdf-1
RNAi. Thus, at least to some extent, these suppressors
were able to bypass the requirement for wild-type MDF-1
in embryos with a defective APC. The two mat-3(or180);
mdf-3/san-1 strains and two of the mat-3(or180); som-3
strains were observed to have moderate viability. Four
additional strains had normal or near-normal viability.
Of these, dpy-10(av6) is hypothesized to act as a
suppressor of mat-3(or180) due to the induction of heat
shock and the upregulation of chaperones (Kramer

Figure 6.—Brood size
and F1 phenotypes of mdf-
2 mutants. (A) unc-17, mdf-
2(av14) unc-17, mdf-2(av16)
unc-17, and mdf-2(av18)
unc-17 hermaphrodites
were grown at 24� and as-
sessed for brood size. All
three strains have a signifi-
cantly smaller brood size
than unc-17 (P , 0.05). Er-
ror bars indicate SEM. (B)
F1 progeny were phenotypi-
cally classified. Pie charts
depict the distribution of
phenotypes in each of the
four indicated genotypes.
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and Johnson 1993). It is possible that som-2(av9), som-
3(av11), and som-3(av29) also suppress mat-3(or180) by
mechanisms that modify transcription or stability of mat-
3(or180). Alternatively, these genes may encode proteins
that act downstream of the APC. In summary, dpy-
10(av6), som-2(av9), som-3(av11), and som-3(av29) sup-
press the embryonic lethal phenotype that results from
depletion of MDF-1 in mat-3(or180) mutants.

DISCUSSION

In this report we have described 27 suppressor muta-
tions that restore viability to embryos deficient in APC

function. Eighteen of these suppressors have been
molecularly identified and here we show that most of
these genes encode regulators of the APC, including
components of the conserved spindle checkpoint. We
have also shown that loss of the spindle checkpoint func-
tion provided by mdf-2 and mdf-3/san-1 is detrimental to
the organism, whereas the mdf-1 and fzy-1 mutations re-
covered in this study do not have an effect on the health
of the animal. Finally, we have discovered a unique as-
pect of mdf-1 function during embryogenesis.

Our data argue that the APC is regulated by spindle
checkpoint components and their targets in the ab-
sence of any spindle damage during C. elegans meiosis.

Figure 7.—Brood size
and F1 phenotypes of mdf-3/
san-1 mutants. (A) unc-13,
mdf-3/san-1(ok1580) unc-13,
mdf-3/san-1(av20) unc-13, and
mdf-3/san-1(av31) unc-13 her-
maphrodites were grown at
24� and assessed for brood
size. Asterisks denote a P-
value of ,0.05. Error bars
reflect SEM. (B) F1 progeny
from unmarked control and
mutant strains were pheno-
typically classified. Pie charts
depict the distribution of
phenotypes in each of the
four genotypes: wild type,
mdf-3/san-1(ok1580), mdf-3/
san-1(av20), and mdf-3/san-1
(av31). Egg-laying defective
(Egl)referstoanimalsthatre-
tain embryos in their uterus.
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Mutants in the APC are not expected to trigger the
spindle checkpoint because the defect is downstream of
spindle formation. Microscopic observations of the mei-
otic spindle in mat mutants show wild-type spindle as-
sembly (Golden et al. 2000; Shakes et al. 2003). Thus,
our mutant suppressors result in the upregulation of
APC activity independently of spindle defects. This is
underscored by the observation that mdf-2 and mdf-3/
san-1 mutants have phenotypes in a mat-3(1) back-
ground, which suggests a role for these genes during cell
divisions throughout development. These data are con-
sistent with the model that there is a certain threshold of
APC activity required for progression through the cell
cycle. This threshold appears to be highest at meiosis
because very weak loss-of-function APC mutants exhibit
metaphase arrest at meiosis but not at any mitotic divi-
sion. The suppressors isolated in this study may work
by increasing APC activity so that it is above the thres-
hold limit by weakening inhibitory interactions or by
strengthening positive interactions with the APC.

Our experiments generating animals mutant for both
a mat/emb mutant and a spindle checkpoint component
revealed that the suppressors restore viability to emb-1
mutants. These data implicate emb-1 in the spindle
checkpoint/APC pathway. The molecular identity of
emb-1 is not known, but it could act as a novel APC com-
ponent or a positive regulator of the metaphase-to-
anaphase transition. emb-1 does not map near any
known APC subunit orthologs, and thus its molecular

identification is likely to reveal a new player in the
metaphase-to-anaphase transition.

Dominant mutations of FZY-1 may perturb inter-
actions with MDF-2: Several dominant gf mutants in
Cdc20 have been identified in budding and fission yeast
(Hwang et al. 1998; Kim et al. 1998). These mutants do
not arrest the cell cycle in response to spindle damage
by chemical agents such as nocodazole and they are
unable to bind to Mad2 or Mad3 (Hwang et al. 1998;
Kim et al. 1998). Sequence analysis demonstrates that
Cdc20(gf) mutants contain point mutations in a region
N-terminal of the first WD domain, a motif found in all
Cdc20-related proteins. This region has been identified
as the site of Mad2 interaction by structural studies (Luo

et al. 2000; Sironi et al. 2002). While mutations in fzy-
1(av4), fzy-1(av15), and fzy-1(av23) are in a clustered
location, they do not fall within the 10 amino acids that
directly mediate the Mad2/Cdc20 interaction. Yet, the
fact that the three mutations lie within a few amino acids
of this domain implicates this region as important for
enhancement of Cdc20 function. In C. elegans, fzy-1 mu-
tations in this region may interfere with MDF-2 binding
while retaining the ability to activate the APC and so
thus would be equivalent to the loss of MDF-2 or MDF-
3/SAN-1. Alternatively, the mutant protein may provide
a more productive interaction with the APC that results
in an increased level of ubiquitin ligase activity. We
currently favor the first possibility as most likely for two
reasons. First, the ability to have a more productive in-
teraction with APC would be predicted to result in a
global ability to suppress APC temperature-sensitive
mutants; however, this is not observed in our studies.
Second, in yeast, a dominant Cdc20(gf) allele can be
mimicked by overexpressing wild-type Cdc20, indicat-
ing that no neomorphic function is required to increase
APC activity (Schott and Hoyt 1998).

MDF-2 and MDF-3 loss-of-function mutations sup-
press APC: Based on studies in yeast and vertebrates,
Mad2 is positioned at the nexus of APC regulation.
Mad2 receives the checkpoint signal from upstream
checkpoint proteins and directly inhibits Cdc20. Thus,
loss-of-function mdf-2 mutations are predicted to relieve
negative regulation of APC activity. Mad2 deletions in
yeast bypass the spindle checkpoint and are able to
suppress APC mutants (Kim et al. 1998). Most of the C.
elegans mdf-2 mutations (10/11) are found in the C-
terminal half of the protein but do not define a partic-
ular domain. The structure of the Mad2-binding pocket
for Cdc20 and Mad1 has been solved, but only one of the
mdf-2 alleles contains a mutation at a residue directly
involved in this interaction. Thus, we think it is most
likely the mdf-2 mutations result in a loss of structural
integrity that leads to a reduction in protein levels
or function. The abundance of mdf-2 alleles recovered
in this screen probably can be explained by the fact
that loss-of-function mutations are much easier to
obtain than gf mutations. In the same way, mdf-3/san-1

TABLE 4

Suppression of the synthetic lethality of MDF-1-depleted
mat-3(or180) animals

Strong Medium Fail to suppress

som-2(av9) mdf-3/san-1(av20) mdf-1(av19)
som-3(av11) mdf-3/san-1(av31) mdf-2(av14)
som-3(av29) som-3(av10) mdf-2(av16)
dpy-10(av6) som-3(av32) mdf-2(av18)

fzy-1(av4)
fzy-1(av15)
fzy-1(av23)
som-1(av5)
som-2(av21)
som-4(av28)

mat-3(or180); suppressor L4 hermaphrodites were fed mdf-1
RNAi and their F1 progeny were evaluated for embryonic vi-
ability. As a control, mat-3(or180) L4 hermaphrodites were also
fed mdf-1 RNAi. This control results in suppression of the
metaphase arrest in F1 embryos, but results in death at the
multicellular stage. All feeding experiments were performed
at the nonpermissive temperature of 24�. Strong suppressors
had embryonic lethality rates similar to their counterparts not
subjected to mdf-1 RNAi. Strains that were medium suppres-
sors had significant embryonic hatching but less than their
control counterparts not subjected to mdf-1 RNAi. Most
strains failed to suppress the embryonic lethality when
MDF-1 was depleted.
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loss-of-function alleles are also sufficient to suppress
mat-3(or180). The ability of the mdf-3/san-1 deletion and
the two recessive alleles to suppress mat-3(or180) sup-
ports the model that MDF-3 acts as a negative regulator
of APC.

MDF-1 has two functions: Our genetic studies with
mdf-1 have revealed two discrete functions of MDF-1
during C. elegans development. We have shown that loss
of function of MDF-1 (using the gk2 deletion or mdf-1
RNAi) results in highly penetrant embryonic lethality
when the APC is compromised. However, the multi-
cellular lethality indicates that the metaphase I arrest
typical of mat-3(or180) embryos has been suppressed.
Lethality in these double mutants may be a result of the
accumulation of chromosome segregation errors. In
contrast, the majority of mat-3(or180); mdf-1(av19) em-
bryos develop normally and hatch, suggesting that
chromosome segregation is largely error free during
the meiotic and mitotic divisions in this strain. mat-
3(or180); mdf-1(av19)/mdf-1(gk2) animals also have sim-
ilarly high rates of viability. Thus, in the complete
absence of functional MDF-1, the mitotic divisions are
severely compromised in a mat-3(or180) background.
The semidominant av19 allele, however, appears to be
defective in its meiotic role, but wild type for its mitotic
role, even when it is the only copy of MDF-1. These data
suggest two contexts for mdf-1 function.

Several models can account for differential activity of
MDF-1. First, MDF-1 protein may possess two different
functions. In this scenario, one domain may provide
spindle checkpoint function, whereas the other domain
may regulate a novel function required for embryogen-
esis that is sensitized in a mat-3(or180) background. This
novel function could include nuclear transport, as there
is some evidence that MDF-1 may participate in this
process (Iouk et al. 2002). In this model, av19 is altered
for the spindle checkpoint but not the other function.
Second, MDF-1 may have the same interaction with two
populations of proteins. For example, MDF-1 may
interact with meiosis-specific APC subunits or regulators
of the APC. These interactions would be predicted to be
disrupted in the mdf-1(av19) mutant, while mitotic in-
teractions are maintained. Finally, MDF-1 may be re-
quired at two different levels: a high level of MDF-1
function may be required at meiosis, consistent with
the threshold hypothesis, while a lower level would be
needed for mitotic division. In this case, activity of the
mutant MDF-1 is not sufficient for meiosis but satisfies
the mitotic requirement.

The hypothesis that MDF-1 may function in more
than one context is not inconsistent with observations in
the literature. In yeast, it has been established that Mad1
has a seemingly conflicting biochemical role as both a
competitive inhibitor and an obligate activator of Mad2
(Nasmyth 2005). This is because Mad1 is required to
modify the structure of Mad2 so that Mad2 can ef-
ficiently bind to Cdc20. However, Mad1 also competes

with Cdc20 for binding to Mad2. Due to its location, the
subtle av19 mutation may result in an alteration in the
interactions between MDF-1 and MDF-2 in C. elegans.
Because of the dual role of Mad1, loss-of-function and gf
mutations of mdf-1 may lead to the same net result:
reduction in active MDF-2. A loss of function of mdf-1
would be anticipated to suppress mat-3(or180) by re-
ducing the levels of activated MDF-2, leading to timely
passage through meiosis. A gf in MDF-1 may have an
enhanced binding interaction with MDF-2, which may
titrate MDF-2 and relieve inhibition on FZY-1, activating
the APC. Future biochemical studies are required to de-
termine the nature of mdf-1(av19) suppression of APC.
Thus, by taking a genetic approach, we have obtained a
separation-of-function allele that would not have been
uncovered by RNAi experiments.

Novel regulators of APC: We are beginning to under-
stand how the eight uncharacterized som suppressors
might regulate the APC. We have ruled out the pos-
sibility that any of the som genes encode Bub1 or Bub3
orthologs because they do not map to these chromo-
somal locations. Thus, these suppressors may define
novel APC regulators or substrates. We have begun to
functionally categorize these suppressors on the basis
of genetic mapping, dominance, and ability to sup-
press the synthetic lethality of mat-3(or180); mdf-1 RNAi.
mat-3(or180); som-1(av5) animals do not suppress mat-
3(or180) animals depleted of MDF-1, suggesting that
SOM-1 may function in the spindle checkpoint pathway.
In addition, som-1(av5) double mutants with other APC
mutant subunits exhibit suppression of lethality (data
not shown) in a pattern similar to our currently iden-
tified spindle checkpoint suppressor mutants (Table 3).

The RNAi experiments with mdf-1 in a mat-3(or180)
background have subdivided the suppressors into three
categories, which may reflect different relationships
with the spindle checkpoint pathway. Suppression of
mat-3(or180) by most suppressors is dependent on MDF-
1 function. This genetic interaction with mdf-1 RNAi
suggests participation in a similar pathway. While map-
ping experiments place four of the six uncloned LG III
suppressors into one genetic cluster, functional assays
reveal that the suppressors fall into two classes, which
may indicate that they represent two genes. This is based
on analogy to mdf-2, mdf-3/san-1, and fzy-1, where a link
between function in the mdf-1 RNAi assay and gene
assignment is observed (Table 4). All alleles of a given
gene behave in the same way. Specifically, mdf-2 and fzy-1
are unable to suppress the embryonic lethality that re-
sults from MDF-1 depletion in the mat-3(or180) back-
ground, but mdf-3/san-1 alleles support some viability.
By this logic, som-3(av10) and som-3(av32) are likely to
be alleles of a single gene. These are the only two
suppressors that are weakly dominant for mat-3(or180)
suppression and both suppressors moderately suppress
mat-3(or180); mdf-1 RNAi. A similar argument can be
made for the assignment of som-2(av9) and som-2(av21)
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to two loci as som-2(av9) is a very effective suppressor of
mdf-1 RNAi while som-2(av21) is the only LG III suppres-
sor that does not suppress mat-3(or180) animals de-
pleted of MDF-1.

It was not surprising that most suppressors were not
functional when mdf-1 was depleted in mat-3(or180);
suppressor strains, considering that embryonic divisions
occur within cells bearing a compromised APC and a
defective spindle checkpoint. However, it was surprising
that the suppressor mutations dpy-10(av6), som-2(av9),
som-3(av11), and som-3(av29) suppressed the lethality of
MDF-1-depleted mat-3(or180) embryos (Table 4). These
MDF-1-depleted mat-3(or180); suppressor strains are ex-
ceedingly healthy and resemble wild-type animals.
Suppression may be achieved by restoring APC to near
wild-type activity independent of the spindle checkpoint
pathway. Alternatively, these genes may encode proteins
that act downstream of the APC.

Recent studies have shown that the spindle check-
point may have an important role in maintaining the
nuclear integrity of mammalian oocytes (Wassmann

et al. 2003; Homer et al. 2005). It has also been shown
that mice containing a hypomorphic BubR1/Mad3
allele are sterile, due to chromosome instability in
gametes (Baker et al. 2004). C. elegans is a useful system
in which the role of these components during meiosis
and throughout development can be further dissected.
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double-mutant control strains for the APC subunit–suppressor matrix
and Julia S. Lindenberg for sequencing the mat-3 locus of av26. We
thank Paula Fearon and members of our lab for their critical reading
of the manuscript, the Bethesda and Baltimore/DC worm clubs for
helpful suggestions, and Kevin O’Connell for many invaluable
discussions and suggestions. This work was supported by the Intra-
mural Research Program at NIH’s National Institute of Diabetes and
Digestive and Kidney Diseases.
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