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light resetting pathway becomes functional
or, alternatively, that an oscillating clock
cannot be entirely initiated de novo. In
mammals, the circadian clock located in the
suprachiasmatic nuclei (SCN) starts oscil-
lating during late fetal life, and expression
of the mouse clock genes Per/ and Per2
was observed in the SCN just before or at
birth (4, 9, 25). However, the discovery of
circadian oscillators in peripheral organs
and in tissue culture cells indicates that
circadian clock function does not necessar-
ily require the completion of long and com-
plex developmental processes such as ver-
tebrate brain development (10, 17, 26). In
Drosophila, Per is expressed throughout
development, and the onset of circadian
behavioral rhythm is light independent;
however, its synchronization requires a
light-entraining signal (27). Our data show
that developing zebrafish embryos inherit
maternal circadian clock gene products and
perhaps also the phase of their clock.
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Requirement of the Spindle
Checkpoint for Proper
Chromosome Segregation in
Budding Yeast Meiosis

Marion A. Shonn,™ Robert McCarroll,2 Andrew W. Murray'3*{

The spindle checkpoint was characterized in meiosis of budding yeast. In the
absence of the checkpoint, the frequency of meiosis | missegregation increased
with increasing chromosome length, reaching 19% for the longest chro-
mosome. Meiosis | nondisjunction in spindle checkpoint mutants could be
prevented by delaying the onset of anaphase. In a recombination-defective
mutant (spo774), the checkpoint delays the biochemical events of anaphase
I, suggesting that chromosomes that are attached to microtubules but are
not under tension can activate the spindle checkpoint. Spindle checkpoint
mutants reduce the accuracy of chromosome segregation in meiosis | much
more than that in meiosis Il, suggesting that checkpoint defects may con-

tribute to Down syndrome.

Meiosis I differs from mitosis and meiosis II. In
meiosis I, the two sister centromeres remain
attached to each other and move to one spindle
pole, segregating away from the paired centro-
meres of the homologous chromosome (Fig.
1A) (1). We investigated the meiotic role of the
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spindle checkpoint, which keeps cells with mis-
aligned chromosomes from starting anaphase
by preventing the activation of the an-
aphase promoting complex (APC, also
known as the cyclosome) (2, 3). The spin-
dle checkpoint detects kinetochores that are
not attached to microtubules (4, 5) and the
absence of tension at kinetochores that are
attached to microtubules (6). Mutations in
the budding yeast MADI, MAD2, MAD3,
BUBI, BUB3, and MPS1 genes eliminate
the spindle checkpoint (7, §).

To follow meiotic chromosome segrega-
tion, we targeted green fluorescent protein
(GFP) to bind a specific chromosome. Tan-
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dem repeats of the bacterial lactose opera-
tor (LacO) sequence were integrated close
to the centromere and seen by binding of a
protein fusion between the lactose repres-
sor and GFP (GFP-Lacl) (9, 10). By mark-
ing both homologs of a chromosome, we
can determine the pattern of chromosome
segregation in meiosis I. If chromosome
segregation was normal in both meiotic
divisions, all four spores inherit a single
copy of the marked locus (Fig. 1A). Meio-
sis I nondisjunction, the segregation of
both homologs to the same spindle pole,
produces two spores that lack the marked
locus and two spores that have two copies
(Fig. 1A).

We analyzed the meiotic segregation of
GFP-marked chromosome IV in wild-type
and mad2A cells (Fig. 1B). Chromosome
IV nondisjoined in 19% of mad2A tetrads
(Fig. 1C), showing that the spindle check-
point is required for proper chromosome
segregation in meiosis I. The frequency of
nondisjunction in meiosis II was statistical-
ly indistinguishable between wild-type and
mad2A cells (11). In mad2A diploids, the
frequency of nondisjunction in meiosis I
increased with increasing chromosome
length (Fig. 1C) (12). The pattern of spore
inviability confirmed that spindle check-
point mutants suffer from nondisjunction in
meiosis 1. The madlA and mad2A strains
produced an excess of tetrads with two
viable and two dead spores. Statistical anal-
ysis suggests that nondisjunction events are
clustered rather than randomly distributed
among all cells (Table 1).

How does the spindle checkpoint im-
prove the fidelity of chromosome segrega-
tion in meiosis 1? One possibility is that
both members of some pairs of homologous
chromosomes attach to the same spindle
pole and that a checkpoint-dependent delay
allows them to reorient and attach to oppo-
site poles (Fig. 1A). This hypothesis pre-
dicts that anaphase would occur earlier in
mad2A cells. Using the SK1 background,
which gives the best synchrony of sporula-
tion (/3, 14), we could not detect a change
in timing of meiosis I chromosome segre-
gation or spindle breakdown in mad2A dip-
loids (/5). However, anaphase begins only
10 min earlier in checkpoint-defective mi-
totic cells (/6), a change that we could not
detect in the much less synchronous meiot-
ic cell cycle. A second prediction is that
imposing a metaphase delay should elimi-
nate meiosis I nondisjunction in spindle
checkpoint mutants. Weak expression of a
nondegradable form of the anaphase inhib-
itor Pds1 (/7) delayed the start of anaphase
I and produced two-spored asci (/8). After
the metaphase 1 delay, the GFP-marked
chromosome IV segregated correctly in
both wild-type and mad2A cells (Fig. 1D).
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Thus, artificially delaying anaphase of mei-
osis I can prevent nondisjunction in spindle
checkpoint mutants. We believe that the
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Fig. 1. The spindle checkpoint
is required for proper chro-
mosome segregation in mei-
osis . (A) Chromosome seg-
regation in wild-type cells
(left) results in one GFP-
marked LacO array (GFP/
LacO) in each of four spores
that can be detected by flu-
oresence microscopy. Non-
disjunction in meiosis | (right)
results in GFP-Lacl in two of
four spores. (B) Chromosome
segregation was assessed in
tetrads by fluorescence mi-
croscopy in wild-type and
mad2A strains that have
LacO arrays near the centro-
mere of chromosome IV (9).

(€) Chromosomes IlI, IV, VII, and VIII
were marked with a LacO array in-
tegrated near the centromere (72).
Chromosome segregation in wild-
type and mad2A cells was assessed
in tetrads by fluorescence microsco-
py. Ml, meiosis I. (D) A metaphase
delay rescues the chromosome seg-
regation defect in mad2A. A nonde-
gradable form of Pds1 (PDS7-ADB)
was expressed from the copper-in-
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ducible CUPT promoter (78). Cells sporulated in 100 wM CuSO, arrest with a single short spindle.
Cells sporulated in 5 wM CuSO, accumulated short spindles, but completed a single meiotic
division in which the segregation efficiency of chromosome IV was similar in wild type (WT) and
mad2A. In the absence of copper, cells continued through a second division to form tetrads.
Nondisjunction frequency in the absence of copper was determined in tetrads.

Table 1. Spore viability in spindle checkpoint mutants. Distribution of spore viability in wild-type (WT),
mad14, and mad2A tetrads. Viability was assessed by dissecting tetrads. If nondisjunction events are not
clustered, we can use the Poisson distribution and the frequency of tetrads with four viable spores to calculate
the mean number of nondisjunction events per cell as 0.844. Another value of the same parameter, 1.35, was
derived using the cytologically measured nondisjunction frequencies for several chromosomes (Fig. 1C). The
fraction of four-spored tetrads predicted using this average nondisjunction frequency is significantly different
from that observed (x? test, P < 0.01). Bold values differ markedly from those for the wild type.

Ratio of live:dead spores

Percent viability

Strain

40 31 22 1:3 0:4 of spores
wT 94% 3% 3% 0% 0% 98% (n = 304)
mad2A 43% 8% 26% 2% 22% 62% (n = 420)
mad1A 42% 4% 24% 2% 28% 58% (n = 100)
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meiosis I spindle and spore formation. If
anaphase of meiosis I is sufficiently de-
layed, spores will form before meiosis II
occurs.

In mitosis, the spindle checkpoint ar-

Fig. 2. Kinetochore at- A
tachment sensed by the 100% -
meiotic spindle check-
point. (A) Wild-type SK1
diploids were induced to
undergo a synchronous
meiosis (73), and DNA
segregation was as-
sayed by DAPI (4'6'-
diamidino-2-phenylin-
dole) staining. Lines
show cells with two
(open symbols) and four
(closed symbols) DNA
masses in the presence or absence
of benomyl as indicated. (B) SK1
mad2A diploids were not arrested
by 60 pg/ml benomyl. DNA seg-
regation was assessed by DAPI
staining. (C) SK1 wild-type dip-
loids expressing a GFP fusion to
TUB4, the yeast gamma tubulin,
which acts as a marker of the
spindle pole body were sporulated
in the presence of benomyl (42).
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rests cells that lack a mitotic spindle. Does
this checkpoint have a similar function in
meiosis? We incubated wild-type cells in
sporulation medium containing the micro-
tubule poison benomyl (19). The cells ar-
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Fig. 3. The absence of tension in
spo17A mutants is sensed by the
spindle checkpoint. (A) SK1 strains of
the indicated genotype containing
Pds1 tagged with 18 copies of the
Myc epitope (Pds1-Myc) (47, 43) were
sporulated for 7 hours (73) and pre-
pared for indirect immunofluores-

cence against tubulin (Tub1) and the Myc epitope; DNA was stained with DAPI (44). (B) DNA
segregation in spo77TA and spo77A mad2A during sporulation (73), as assayed by DAPI staining. At

least 200 cells were scored for each time point.

rested with a single mass of DNA and two
closely spaced spindle pole bodies (Fig. 2,
A and C). In contrast, benomyl-treated,
checkpoint-deficient mad2A cells complet-
ed two meiotic divisions (Fig. 2B), al-
though they suffered massive missegrega-
tion in both meiosis I and meiosis II (15).

We investigated how the linkage between
homologous chromosomes regulates the spin-
dle checkpoint. This linkage is created by
reciprocal recombination and causes tension
on the kinetochore-microtubule connections
as they pull against each other. Tension is
thought to signal to the checkpoint that the
homologs are attached to opposite poles (6).
The spollIA mutant completely abolishes
meiotic recombination, preventing linkage of
homologous chromosomes (20) and causing
random segregation of GFP-marked ho-
mologs at meiosis I (15, 21). In insect sper-
matocytes, the absence of tension at the ki-
netochore can activate the spindle checkpoint
in meiosis (6). However, because animal ki-
netochores have many microtubule binding
sites, the effect of tension could be indirect,
causing some sites to lose their microtubules
and thus activate the checkpoint. In contrast,
yeast kinetochores are captured by a single
microtubule in mitotic cells (22), and data
from meiotic spindles suggests that single
microtubules attach to kinetochores in meiot-
ic divisions as well (23). The absence of a
mechanical link between homologs (spol1A)
does not appear to affect microtubule attach-
ment of a GFP-marked homolog in meiosis I
(24), suggesting that experiments in yeast
directly measure the effects of tension, as
opposed to effects of destabilizing the link
between kinetochores and microtubules.

The kinetochores of linked homologs
pull against each other, thus preventing
spindle elongation until the linkage dis-
solves (25, 26). To follow the state of the
cell cycle machinery, we examined the de-
struction of Pdsl as a biochemical marker
for the start of anaphase. In wild-type mei-
osis I, Pdsl behaved exactly as it does in
mitosis: it was present in cells with a single
short spindle (metaphase I) and absent from
cells with a long spindle and two separated
DNA masses (anaphase I), showing that the
APC had been activated (Fig. 3A). Al-
though DNA staining suggested that
spolIA cells had completed anaphase of
meiosis I, spindle elongation had occurred
before the biochemical events that trigger
chromosome separation: Pdsl was present
in 77% of the spollA cells with a long
spindle connecting two DNA masses (Fig.
3A). If spollA cells cannot maintain a
short metaphase I spindle because their ho-
mologs are not linked, there should be few-
er short spindles in a spollA strain. Only
5% of spollA cells have short spindles
compared to 20% of wild-type cells (/5),
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demonstrating that without a mechanical
link between homologous chromosomes,
the meiosis I spindle elongates even though
the APC has not been activated, as do
spindles in mitotic cells with unlinked sis-
ter chromatids (27, 28).

If the spindle checkpoint senses kineto-
chore tension, checkpoint components
should be required to stabilize Pdsl in
spol 1A mutants. Pds]l had been destroyed
in every spolIA mad2A cell that produced
two DNA masses on a long meiosis I spin-
dle, indicating that APC activation had oc-
curred at the same time as spindle elonga-
tion (Fig. 3A). Furthermore, in spol /A mu-
tants with an intact checkpoint, there were
more cells with two DNA masses (suggest-
ing a delay in completing meiosis I) (29),
and the completion of meiosis II was de-
layed by about 1 hour compared to spollA
mad2A cells (Fig. 3B). Because chromo-
some attachment appeared unaffected in
spolIA cells, these data suggest that the
spindle checkpoint can detect a lack of
tension in meiosis I and delay Pds1 destruc-
tion and meiotic progression. The absence
of Spoll has been reported to affect the
timing of the meiotic cell cycle, advancing
both DNA replication (30) and the comple-
tion of meiosis I (29). The latter claim
reflects the interpretation that cells with
two DNA masses have activated the APC
and reveals the danger of using the distri-
bution of DNA in mutant cells to imply the
stage of the cell cycle.

Does spindle elongation in spolIA cells
reflect the absence of a connection between
homologs? We restored centromere linkage
to spollA mutants by removing Spol3, a
protein required to prevent sister kineto-
chores from separating at anaphase of mei-
osis I. In the spollA spol3A double mu-
tant, a single mitosis-like division occurs:
the sister chromatids of the unrecombined
chromosomes attach to and segregate to
opposite poles (37). In the double mutant,
50% of the meiosis I spindles were short,
indicating that sister kinetochores prevent
the spindle from elongating (/5), and long
spindles were only seen in cells that lacked
Pds1 (Fig. 3A). Thus, restoring the bipolar
attachment of kinetochores made spindle
elongation and chromosome segregation
depend on APC activation.

We have shown that the budding yeast
spindle checkpoint, which is largely dispens-
able in wild-type mitosis (7), plays a critical
role in meiotic chromosome segregation.
This difference may reflect the different chro-
mosome linkages in mitosis and meiosis L. In
mitosis, sister chromatid cohesion forces sis-
ter kinetochores to face opposite spindle
poles. In meiosis I, homologs are linked at
sites of recombination that can be far from
the kinetochores, creating a floppy linkage
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(32-34). If the nearest recombination event is
further from the centromere on long chromo-
somes, this idea may explain why long chro-
mosomes preferentially nondisjoin in check-
point-defective cells.

Our findings may be relevant to Down
syndrome. This birth defect is mostly
caused by nondisjunction of chromosome
21 in meiosis I and is correlated with in-
creased maternal age and chromosomes
whose recombination events are far from
the centromere (35). These chromosomes
apparently nondisjoin more often in older
mothers because of age-dependent loss of a
factor required for accurate segregation
(36, 37). Our findings suggest that the spin-
dle checkpoint is a candidate for this factor.
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