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moter (19) or with antisense Orca3 expres- 
sion (Fig. 4B). 

Thus, plants can regulate primary meta- 
bolic pathways coordinately with second- 
ary metabolism using a single transcription 
factor. Because the biosynthesis of many 
secondary metabolites is induced by jas- 
monate, the identification of an AP2-do-
main protein as regulator of several genes 
involved in JA-responsive metabolism un- 
covers a control mechanism that may be 
operative in other stress-responsive plant 
metabolic pathways as well. 
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Circadian clocks are time-keeping systems found in most organisms. In ze- 
brafish, expression of the clock gene Period3 (Per3) oscillates throughout em- 
bryogenesis in the central nervous system and the retina. Per3 rhythmic ex- 
pression was free-running and was reset by light but not by the developmental 
delays caused by low temperature. The time of fertilization had no effect on 
Per3 expression. Per3 messenger RNA accumulates rhythmically in oocytes and 
persists in embryos. Our results establish that the circadian clock functions 
during early embryogenesis in zebrafish. Inheritance of maternal clock gene 
products suggests a mechanism of phase inheritance through ovogenesis. 

Circadian rhythms in physiology and be- 
havior allow living organisms to anticipate 
daily environmental changes (I).  These 
rhythms are driven by endogenous circadi- 
an clocks synchronized to external time cues. 
All known circadian clocks, in organisms 
ranging from cyanobacteria to mammals, in- 
volve clock genes that interact to generate a 
molecular oscillator regulating output clock- 
controlled genes (2, 3). Studies in mammals 
have suggested that the circadian clock starts 
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to function during late fetal and postnatal life 
(4). However, in lower vertebrate embryos, 
external development may require an earlier 
onset of the clock. In addition, although the 
mammalian fetal circadian rhythm is syn- 
chronized to that of the mother through ma- 
ternal signals such as melatonin (5), such a 
mechanism cannot operate in embryos devel- 
oping externally. 

To analyze the development of the cir- 
cadian clock in zebrafish, we isolated a 
homolog of the Drosophila clock gene Pe- 
riod (dPer), which encodes an essential 
component of the circadian clock (6, 7). 
Mammals have three homologs of dPer 
(Perl,  Per2, and Per3), one of which, Per2, 
controls the mouse circadian clock (6-11). 
The isolated zebrafish cDNA contained an 
open reading frame predicted to encode a 
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protein with a length of 1281 amino acids 
(Fig. 1A) (12). Drosophila and mammalian 
PER proteins share several conserved re- 
gions, including a PER-ARNT-SIM (PAS) 
dimerization domain, a cytoplasmic localiza- 
tion domain (CLD), a short region down- 
stream of the dPers mutation, and a COOH- 
terminal serineithreonine-glycine repeat (7, 
8). These regions were also conserved in the 
zebrafish protein (Fig. 1B). Phylogenetic 
analysis indicated that the zebrafish protein 
was most closely related to mammalian PER3 
and was thus designated zebrafish PER3 (Fig. 
1C) (10). 

Expression of Per3 was determined in 
zebrafish embryos raised under a cycle of 
14 hours of light and 10 hours of dark (LD 
14: 10). Adults were entrained to the same 
LD 14: 10 cycle, and overnight crosses re- 
sulted in synchronous spawning and fertil- 
ization upon lights on [zeitgeber time 0 (ZT 
O)], thus time 0 of embryogenesis corre- 
sponded to ZT 0. A robust circadian ex-
pression of Per3 was detected in the central 
nervous system and the retina of embryos 
throughout development from 40 to 128 
hours postfertilization (hpf), with maxi-
mum mRNA expression during the early 
light phase from ZT 0 to ZT 4 (Figs. 2 and 
3A). This suggests that embryonic Per3 
expression is controlled by a transcriptional 
feedback loop similar to that described in 
Drosophila and mice (13, 14). 

We also analyzed the expression of the 
clock-controlled gene Rev-erba, a tran-
scriptional repressor that is expressed in a 
strong circadian rhythm in the adult rat 
liver (15-1 7). In contrast to Per3, Rev-erba 
showed a developmentally regulated circa- 
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dian expression. From ZT 20 to ZT 0, 
Rev-erba mRNA was detected in the epiph- 
ysis at 44 to 48 hpf, in the epiphysis and the 
retina at 68 to 76 hpf, and in the optic 
tectum of 96-hour-old embryos (Fig. 2). 
The 1 7P- hydroxysteroid dehydrogenase 
(1 7PHSD) gene, which is also expressed in 
the epiphysis and the retina, did not show 
any rhythmicity. The Per3 expression data 
show that a circadian clock functions dur- 
ing zebrafish embryogenesis. Yet, down- 
stream results of this clock, such as the 
rhythmic expression of Rev-erba, seem to 
require development. Epiphysis and retino- 
tectal axonal connections may, for instance, 
be needed to supply appropriate regulatory 
signals for rhythmic Rev-erba gene expres- 
sion to the retina and optic tectum (18, 19). 

To test whether the zebrafish embryonic 
circadian clock was responsive to photic 
entrainment, we transferred, after fertiliza- 
tion, embryos from adults kept in a LD 
14:lO cycle to a LD 14:lO cycle that had 
been advanced by 8 hours. This resulted in 
a rapid synchronization of the clock to the 
lighttdark cycle that was shifted 8 hours 
forward, with the maximum mRNA levels 

being observed exactly from ZT 0 to ZT 4 
and from ZT 20 to ZT 0 for Per3 (Fig. 3B) 
and Rev-erba (20), respectively, like in 
control embryos (Figs. 2 and 3A). Next, 
embryos were subjected to a continuous 
resetting of their circadian clock by keep- 
ing them under a cycle of 8 hours of light 
and 8 hours of dark (LD 8:8) after fertili- 
zation. Surprisingly, this experiment result- 
ed in an ultradian rhythmic expression of 
Per3 with a period of - 16 hours, similar to 
that of the environmental lighttdark cycle 
(Fig. 3C). These results indicate that a light 
resetting pathway of the zebrafish circadian 
clock functions during embryogenesis (21). 
The fast synchronization of the clock in LD 
8: 8 could additionally result from a direct 
light-driven mechanism. The flexibility of 
the zebrafish embryonic clock may reflect 
an adaptive mechanism related to the fast 
and external development of this species. 

The -24-hour free-running period of 
Per3 expression in embryos kept under con- 
stant light (LL) or constant darkness (DD) 
indicated that the zebrafish embryonic circa- 
dian clock was driven by an endogenous 
oscillator (Fig. 3, D and E). The LL condition 

A 

MPGGDGFPDGEQENSSPGPDIHTGQTDQTSSGQDPGTSGNISASGEEEEA zebrafish PER3 

EERIGRRSSGCEESGGEQTHEDVDMNSTHTSSSGNDSIHHRHHHHHRHHH 100 I I PASIIUW4 1 6U 11281 aa 

HHHHHSSSNCSPGSTTGSGSTKSSKSATGSSSSSFHSTHHTECGEQTETG mPERll 58 73 75 R 11291 aa 

REHTHREMMHTVQEMKKRLPSEKRSRSKASTVEALHYALNCVKQVQSE 200 mPER2 1 5 6 1257 aa 

YYNLLMSSGLDERRDATVCTLEELEGFTSEHTL 1 mPER31 63 81 70 251 1115aa 

ASEQASSVLHCKRKFLESAKNEMLYHQDVNVFYSHTAQPRLPSLG 300  PER I 27 52 26 23 1 1218 aa 

- 

MCEDVKELQAMIHKLFLQPWEWGSSGYGSLGSNGSHEHYISVASSSDSN 

AGVHASSSHDLGIRDHLKQSLQKARKQPHIPSYQQINCMSIIRYLESCA 

TSALKRKCESLSITTSSSSSTSEEDKPTAAAHENTDEAALDAARALDSQV 700 
Fig. 1. Structure of zebrafish PER3 - and relationships with other PER 

SAGSATTAAWGAPLTDITISTEAMSWSVTSQCSYSSTIVHVPQPESEV proteins. (A) primary amino acid se- 
TALEDAPMGSEPADSAPAPASPAHDsGsAsTsQEELLVLG 800 quence (30).  he -PAS domain is 

QKEEQQFVDRFRHRIVQSPYSSYLQQDNSSNAHSHHRGDWRQPNKHKRP 
boxed, underlined regions indicate 
the CLD domain, the conserved do- 

KPEDSSDSYECSQPGNYWSLPGPTAAPH~~WP~~ES~QPPP~NIGF~PPM 900 main downstream from the dPers 
AVPMQTPPYFNIIGADQQPVMLQPDPGVQNLQPMTPMMWLLPSFPMYPP mutation has a thick underline, and 

the COOH-terminal region contain- 
N N G M Y P P M A A P G W P Y N I G G F V P P G T P M P A E A P L Q G H N L E E P  ing the serine-glycine (SC) repeat 
DSIPEPWFGEDLDAAQPTALFSSSRSSSPIQLNLLQEELTKPSEAQTSTN has a dashed underline. [B1 Homol- 

~ ~ 

ADsLHEHHTKTDDARSEcGHQDAHssssmDQLLQEDARsGn:sNAss 1100 O ~ O U S  regions among' 'zebra fish --------.--..-..-..--..--..-..--..-..--... PER3: mouse PER1 lmPERll 18). . -. . - , . . . - - - - . -. . . 
GSGESGGSLGSGSGLGSNGTSTSHn:SSNSSKYFASNDSSDTSRKARKsA 

,---- , \-,, 

-.--.--..-..-..--..-.------------------------------. PER2 (mPER2) (9), and PER3 
EAOERERSGFKKHVDDPLWSMIKOTPEPVMLWOISSRDOAOVLOEDREK~~~~ (mPER3) (70); and Drosophila PER - -  - 

LILMQPMQPWFTSDQKKELAEVHPWIQQNTVPQEINTQGCVSCNTIEPNE 
 PER) (6j. percent amino acid (aa) 
identities relative to  the zebrafish 

KLNLQTDSPNPPDISCPQDCPPQENRPDTDT seauence for the regions delineated 
in (A) are indicated. Tc) Phylogenetic 
tree showing the relationship of ze- 

brafish PER3 with other PER proteins. Sequences were compared by using ClustalW and the 
neighbor-joining method; bootstrap values corresponding to  1000 replicate searches are indicated. 
European Molecular Biology Laboratory accession number for zebrafish Per3 is AF254792. 

resulted in a phase delay of Per3 expression 
as previously reported (22), whereas the 
phase in DD embryos was identical to that of 
LD 14 : 10 embryos, suggesting that this pa- 
rameter could be controlled by a signal other 
than the lightldark cycle. 

To analyze the role of early embryonic 
development in the onset of Per3 circadian 
expression, we raised embryos at 23OC, a 
temperature at which development is 
-25% slower than that of embryos kept at 
28OC (23). To eliminate the strong entrain- 
ment by the lighttdark cycle, we used LL 
conditions. Although the zebrafish is a 
poikilothermic species, the dramatic devel- 
opmental retardation induced by low tem- 
perature did not alter the circadian clock 
(Fig. 3, D and F). These data suggest that 
the zebrafish embryonic clock does not de- 
pend on developmental timing. 

To further investigate whether the onset 
of the circadian clock was dependent on the 

Fig. 2. Circadian expression of Per3 and Rev- 
erba during zebrafish embryonic development. 
Embryos raised in LD 14:10 were collected 
between 40 and 128 hpf and analyzed for Per3 
and Rev-erba expression by whole-mount in 
situ hybridization (28, 29, 37, 32). The 77PHSD 
gene was used as a control. Whitelblack bars 
indicate the lightldark cycle. Scale bar, 100 Fm. 
e, epiphysis; r, retina; m, midbrain, and h, hind- 
brain. One representative of three independent 
experiments is shown (see Web fig. 1, available 
at www.sciencemag.org/feature/data/1048812. 
shl). 
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timing of embryogenesis, we fertilized em- 
bryos from adults in the LD 14: 10 cycle at 
either ZT 0 (control) or ZT 12 and analyzed 
them for Per 3 expression. Both groups had 
the same phase of Per3 circadian expres- 
sion throughout embryogenesis (Fig. 3, D 
and G).  This synchronous cycling demon- 
strates that, in zebrafish, the onset of cir- 
cadian gene expression is independent of 
the time at which oocytes are fertilized. 
Because embryos were kept under constant 
conditions, it is difficult to understand how 
the circadian clock could be turned on at 
the same time or synchronized in both 
groups in the absence of any time cue. A 
possible explanation is that very early de- 
veloping embryos inherit temporal infor- 
mation from the adults through ovogenesis. 
To test this hypothesis, we analyzed one- 
cell-stage to 24-hour-old embryos and un- 
fertilized oocytes obtained from mature fe- 
males kept under the LD 14: 10 cycle. Re- 
sults showed that the Per3 mRNA level 
was high during the first 4 hours of devel- 
opment, corresponding to ZT 0 to ZT 4, 
then decreased during the gastrulation and 
segmentation stages (ZT 8 to ZT 16), in- 
creased specifically in the central nervous 
system and the hematopoietic territory at 
20 to 24 hours (ZT 20 to ZT 0) (Fig. 4, A 
and B), and decreased again between 28 
and 40 hours (not shown). The zebrafish 
midblastula transition (MBT), the stage at 
which transcription is activated, begins at 
cell cycle 10 (3 hours after fertilization 
at 2S°C) (24). Thus, Per3 mRNA detected 

chronizing the embryonic clock to the en- phase of their clock is unknown. Phase 
vironment. The reason as to why embryos inheritance suggests that some rhythms 
that are able to synchronize their clock to may require synchronization during the 
the lightldark cycle (21) would inherit the first 24 hours of development before the 

24 48 72 96 120 hpf 
I I - I 1  

48 72 96 120 hpf 
I - - - 1  

24 48 72 96 hpf 
1 - - - - a  

F LL, 23 O C  

G LL, fertilization a t n  12 Fig. 3. Properties of the zebrafish embryonic circadian 
clock. Per3 expression was analyzed by whole-mount in 
situ hybridization, and embryos were scored for no, low 

.- (+), medium (+ +), or high (+ + +) staining under the 
++ following conditions: (A) LD 14:lO cycle, (B) 8-hour 

forward shift of the LD 14:lO cycle, (C) LD 8:s cycle, (D) d + LL, (E) DD, (F) development at 23OC in LL, and (G) 
fertilization at ZT 12 and development in LL. White1 

24 48 72 96 hpf black bars indicate the lightldark cycle, and gray bars 
I I I  I ~ I I  represent the subjective dark and subjective day in LL 

and DD conditions, respectively. Each graph represents 
one representative of at least two independent experiments (see Web fig. 2, available at www. 
sciencemag.org/feature/data/l048812.shl). 

from the 1-cell to the 256-cell stages (ZT 0 
to ZT 2.5), is of maternal origin. A circa- 
dian rhythm of Per3 mRNA accumulation A 
was also observed in unfertilized oocytes, b 
with a phase similar to that of the embryos 
(Fig. 4B). These data demonstrate that the 
circadian clock functions in very early ze- c '0 ZT8 'I: 4 ZT12 
brafish embryos. Notably, the rhythmic ac- 
cumulation of clock gene mRNA such as 
Per3 in the oocytes suggests that embryos I - ZT1.2 r f l . 2  
synchronize their circadian clock by using k w  ZTt6 
maternal clock gene products. Thus, it is 
conceivable that, depending on the time of I 

day, oocytes contain specific mRNA titers 
r '4 l+...- ,A. 

m - m  - ZT20 
of the various clock genes, whose translat- 
ed products are used for initiating the em- g~ . 
bryonic clock with a phase similar to that of ( 

A 
' Jn4 the adults. This is supported by the obser- -2l.4 - ?TO 

vation that the Per3 gene was not tran- Antisense Sense Antisense 
scribed before ZT 20 in LD 14 : 10 embryos, 
indicating that this gene was under repres- B 
sion while zygotic transcription was acti- Oocytes Embryos 
vated. By such a mechanism, a readily 42% @ %e5** synchronized clock is initiated by the em- @=@ d~eeb$~@4@&~ 
bryo, irrespective of its developmental his- vh.hehz@5F+ a z q. Q 

tory, in the absence of communication with Per3--' -- - 
the mother. Conversely, activation of all 28s- 

clock genes upon activation of transcription -I 7 
at the MBT would require a delay for syn- iT 0 4 8 12 16 20 0.5 2 2.5 4 8 12 16 20 0 

Fig. 4. Per3 expression in early 
embryos and unfertilized oo- 
cytes. Embryos and mature fe- 
males were maintained in LD 
14:lO (37). (A) Whole-mount in 
situ hybridization of Per3 mRNA 
in early embryos shows the fol- 
lowing stages: cleavage (a through 
f), blastula (g and h), gastrula- 
tion (i), somitogenesis ( j  through 
I), and pharyngula (m). Arrows 
show the hematopoietic territo- 
ry. The sense probe used at the 
cleavage and blastula stages 
showed no signal. Scale bar, 100 
pm. (B) RT-PCR analysis of Per3 
mRNA in oocytes and early em- 
bryos (32). The arrow indicates 
the start of the MBT. 285 rRNA 
was used as a control. PCR prod- 
uct sizes were 357 and 151 base 
pairs for Per3 and 285 rRNA, re- 
spectively. Whitelblack bars in- 
dicate the lightldark cycle. One 
representative of two indepen- 
dent experiments is shown. 
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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 Pe r1  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 
Dvosoplzila, P e r  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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according to Thisse et al. (29). Duration of staining 
was identical for all embryos. In Fig. 3, temporal 
expression profiles of Per3 were determined by scor- 
ing 10 embryos per point for no, low, medium, or 
high staining with reference to the respective 40-, 
56-, 80.. and 96-hpf time points from Fig. 2. No 
significant variation of the staining was observed. 
Reverse transcriptase-PCR (RT-PCR) detection of 
Per3 mRNA and 285 ribosomal RNA (rRNA) was carried 
out with reverse-transcribed total RNA and the follow- 
ing specific primers: 5'-CCCATCCCTACCTCACTCCT-3' 
and 5'-TCCATTATTATCAACAGCCT-3' for Per3 
and 5'-CCTCACCATCCTTCTCGCTT-3' and 5'-
AATTCTCCTTCACAATCATA-3' for 285 rRNA. The 
cycle number was optimized for obtaining signals 
within the linear range. PCR products were ana-
lyzed by Southern blot and probed with a specific 
32P-end-labeled oligonucleotide. 
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Requirement of the Spindle 

Checkpoint for Proper 


Chromosome Segregation in 

Budding Yeast Meiosis 


Marion A. Shonn,'* Robert M~Carroll ,~ Andrew W. ~urray' -~*"r  

The spindle checkpoint was characterized in meiosis of budding yeast. In the 
absence of the checkpoint, the frequency of meiosis I missegregation increased 
with increasing chromosome length, reaching 19% for the longest chro- 
mosome. Meiosis I nondisjunction in spindle checkpoint mutants could be 
prevented by delaying the onset of anaphase. In a recombination-defective 
mutant (spol lA), 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 I much 
more than that in meiosis 11, suggesting that checkpoint defects may con- 
tribute to Down syndrome. 

Meiosis I differs from mitosis and meiosis 11. 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 MPSl  genes eliminate 
the spindle checkpoint (7, 8). 

To follow meiotic chromosome segrega- 
tion, we targeted green fluorescent protein 
(GFP) to bind a specific chromosome. Tan- 
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