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Summary

The earliest embryonic mitoses irDrosophila, as in other  regional differences correlate with local differences in
animals except mammals, are viewed as synchronous and Cyclin B concentration. After cycle 10, interphase and total
of equal duration. However, we observed that total cell- cycle duration of nuclei in the middle of the embryo are
cycle length steadily increases after cycle 7, solely owing to longer than at the poles. Because interphase also extends in
the extension of interphase. Between cycle 7 and cycle 10, checkpoint mutant (grapeg embryo after cycle 10, although
this extension is DNA-replication checkpoint independent, less dramatic than wild-type embryos, interphase extension
but correlates with the onset of Cyclin B oscillation. In  after cycle 10 is probably controlled by both Cyclin B
addition, nuclei in the middle of embryos have longer limitation and the DNA-replication checkpoint.

metaphase and shorter anaphase than nuclei at the two

polar regions. Interestingly, sister chromatids move faster Key words: Early embryonic mitosis, Cdk1-CydBosophila

in anaphase in the middle than the posterior region. These Metaphase, Interphase

Introduction depletion of mitotic cyclins might cause the elongation of

Timing and coordination of biological processes are crucial foft€rPhase, thus permitting sufficient time for ~zygotic
normal cellular function and development. For example, celltf@nscription to proceed (Edgar and Datar, 1996; Shermoen and
cycle events that occur at the wrong time can result in abnorm@ Farrell, 1991). _
development and lead to disease states such as cancer (ShefPVer the last 60 years, many studies have analyzed the
1996; Zou et al., 1999). Early embryonic cycles provide a goolMing of the first 13 cycles iBrosophilausing two different
system for analyzing such timing mechanisms. Afterapproaches. Flrst, embryos were fixed at different times and
fertilization, the earliest embryonic divisions are rapid,stalned to estimate the duration of both the total cell cycle and
synchronous and maternally controlled in many organism&ycle phases based on the percentages of embryos in each
These early cycles exhibit only S and M phases, essentiallySRecific cycle phase. Second, time-lapse recordings of living
stripped-down version of the complete somatic cycles (Murragmbryos were made using either DIC or confocal microscopy.
1991). Indeed, the feedback loop in which Cdk1-cyclin and he former approach generated variable, thus potentially
anaphase-promoting complex inactivate each other is simpléfreliable, results. For example, metaphase length before cycle
in early embryonic cycles compared with somatic cell cycled0 was estimated as between 0.3 and 0.7 minutes by
(Morgan and Roberts, 2002). Rabinowitz (Rabinowitz, 1941) and between 2.0 and 2.4
Studies of early developmental events Xenopushave Mminutes by Stiffler et al. (Stiffler et al., 1999). Although the
identified at least two important temporal phases. First, timingatter method is useful for estimating total cell-cycle length, the
of the early synchronous cycles is based on oscillation of Cdk@uration of cycle phases cannot be defined because
CycB activity (Murray and Kirschner, 1991). Second, later celchromosomal morphology is not discernable with DIC optics.
cycles slow down and become asynchronous, depending on théhough time-lapse recordings of embryos labeled with
nucleo-cytoplasmic ratio (Newport and Kirschner, 1982fluorescent markers using confocal microscopy have been used
Kirschner et al., 1985). This transition point for both cell-cycleto analyze interphase and total cell-cycle time of cycles 11-13
rate and synchrony is known as mid-blastula transition (Yasud&ibon et al., 1997; Yu et al., 2000), this method is ineffective
and Schubiger, 1992). As Kenopusthe nucleo-cytoplasmic for imaging nuclei prior to their migration to the cortex (cycle
ratio also regulates the cell-cycle rateDrosophilaembryos  10). In addition, long-term imaging with standard confocal
(Edgar et al., 1986). However, loss of synchrony does not occwavelengths is detrimental to living embryos (Squirrell et al.,
at a single time point during the syncytial blastoderm cycle3999). These limitations result in a significant gap in our
(cycle 10-13) irDrosophilaembryos (Foe and Alberts, 1983). understanding of the specific timing of cell-cycle events during
Similarly, zygotic gene transcription begins gradually and ahe early embryonic cycles, particularly those before cycle 10.
early as cycle 8 in a gene-specific manner (Pritchard and Two-photon  laser-scanning  microscopy  (TPLSM)
Schubiger, 1996). During this maternal-zygotic transitioncircumvents the technical problems mentioned above, as it
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permits high resolution imaging deep within thick, light- randomly chosen embryos) compared with 89% in non-imaged
scattering tissues (Centonze and White, 1998), as well as longstone-GFP control embryos=210). Time-lapse recordings from
term imaging of living specimens (Squirrell et al., 1999). Hereunhatched embryos were not used. S
by using TPLSM, we characterize cell-cycle progression of A two-photon optical workstation was used to generate bright field
preblastoderm cycles (before cycle 10) and compare it witfansmission images (Flg.. 6A,B). This .tran_smltted light imaging is
syncytial blastoderm cycles (after cycle 10) in live embryos2chieved by simply allowing the scanning infrared laser beam (900
Furthermore. we show that crucial CvcB concentration nhm) to pass through the live embryo and detecting it by an infrared
) . ycEt éhotodiode (Wokosin et al., 2003).

control both interphase duration and the timing of metaphase-

anaphase transition. Estimation of cell-cycle-phase duration with fixed

embryos

. Fixed embryos were labeled with an antibody against histone H1 and
Materials and methods an antibody against phosphorylated histone H3. Because histone H3
Fly strains is phosphorylated at Ser10 at the beginning of prophase, while the
Drosophila melanogastestrains were maintained on standard dephosphorylation is initiated at anaphase and completed at the end
cornmeal-yeast agar medium at 25°C. We uSedelenflies as of_telophase (Hendzel et al., 1997; Su et al., 1998; Wei et al., 1999),
wild-type control (+), which is also the genetic background for allthis double staining method enabled us to clearly distinguish
the flies used in this study. Stocks with varied gene doses #pterphase and the different mitotic phases. The nomenclature and
maternalcycB were provided by Christian Lehner (Jacobs et al.,mitotic phases of early embryonic cycles were according to Foe et al.
1998) and their embryos were referred by the same nomenclatuteoe et al., 1993). Embryos were analyzed with a Nikon Microphot-
as previously described (Ji et al., 2002). A transgenic lind X fluorescence microscope using a 2bjective.

expressing a fusion protein of histone H2Av and green fluorescent With fixed embryos, the duration of a cell-cycle phase was
protein (referred to as histone-GFP) was obtained from Robeg@stimated as the percentage of embryos in the cell-cycle phase within
Saint (Clarkson and Saint, 1998). For live imagingne cycB a specific cycle. This fraction, also known as the mitotic index,
embryos refer to embryos from/+; cycB7/cycB'; histone-GFP/+ represents the percentage of the total cell-cycle time spent in that
females, two cycB (wild type) embryos are from; cycB*/ cycB'; phase. The total cell cycle duration for a given cycle was determined
histone-GFP/+females, andfour cycB embryos are fromw/+; from the TPLSM recordings, thus the time of the cell-cycle phase
cycBt/cycBr, CyO; 2P[w cycB]/histone-GFPfemales. William could be calculated. To obtain meaningful estimations, several
Sullivan provided us the null allelgrapes (grp?) (Fogarty et al., hundred embryos of each cell cycle were analyzed. The results were
1997; Sullivan et al., 1993). Female flies witp!/ grp'; histone- ~ analyzed with the exact distribution of Wilcoxon-Mann-Whitney
GFP genotype were generated through standard genetic crosse@tistic test (StatXact 4.0 by Cytel Software).

from grp/CyO and histone-GFPflies and their embryos were e
referred agyrp! embryo (Fig. 1J). CycB quantification

We collected images of embryos immunostained with the anti-CycB
Egg collection and fixation protocols antiserum Rb271 (Whitfield et al., 1990) using a BioRad MRC-600
For all egg collections, flies were put on new food for 1 hour 25 confocal microscope system as described in Stiffler et al. (Stiffler et
then placed on agar plates with yeast paste for three times, 30 minugds 1999). Images of mid-sections through each nucleus were obtained
each time, to purge the females of over-aged embryos. For liwith an Olympus microscope using ax60il objective and the
imaging, embryos expressing histone-GFP (from homozygoti¢onfocal settings of Zoom 3.0 and Kalman 6. To outline energids (Fig.
transgenic females) were collected on agar plates for 15 minutes ad8), we used StackViewer, software written by Eli Meir
aged for 20-30 minutes. For mitotic index analyses, embryos wer@ttp://www.beakerware.org/stackviewer). With the same software we
collected for 90 minutes then fixed immediately. The fixation andcalculated the average pixel intensity of each energid.
immunostaining protocols were performed as described by Stiffler et To compare relative CycB levels within embryos, each embryo was

al. (Stiffler et al., 1999) and Ji et al. (Ji et al., 2002). divided into three regions: anterior, middle and posterior (Fig. 3). The
. _ average pixel intensity of CycB staining of three different energids in
Two-photon laser scanning microscopy (TPLSM) each region was measured. For each embryo, the mean values of the

Embryos were manually dechorionated and lined up orxa@&hm  three energids in each region were calculated, representing the CycB
gluey cover glass (Schubiger and Edgar, 1994). This cover glass w&yel in that region. We compared the relative CycB concentration in
then taped to a plastic holder that resembledx@@%nm glass slide the three regions by assigning ranks for each region: the lowest CycB
with a 20«26 mm hole cut in the center. To prevent dehydration, weegion is ranked 1, intermediate level ranked 2 and the highest ranked
covered embryos with a thin layer of halocarbon oil (HC-700,3. The rank sum in different cell-cycle phases (Fig. 3E) was
Halocarbon Products Corp.), which is oxygen permeable. statistically analyzed by using Friedman’s Analysis of Variance by
The two-photon imaging was performed on a BioRad Radianc&anks (Zar, 1999).
2000 System equipped with a Mai Tai laser (Spectra Physics) set atThe ranking analysis is based on measurements from two-
900 nm and a Nikon Eclipse E600FN microscope with &/148 dimensional (2D) images of mid-nuclear sections instead of three-
Nikon Plan Apo oil objective. Four-dimensional data were collectedlimensional (3D) data sets. With confocal microscopy, fluorophore
using Direct Detection System and LaserSharp software (BioRadxcitation occurs above and below the plane of focus, resulting in
with the zoom set at 1.7. Single slow scans of two optical sections fiorophore bleaching even outside the focal plane (White et al.,
pum apart) were taken every 10 seconds. The images were compil2d01). Indeed, we observed substantial photobleaching when
into time-lapse recordings using 4D Turnaround-Java softwareollecting 3D images for each energid, making quantification of such
(Thomas et al., 1996) and then analyzed with 4D Viewer softwardata sets potentially unreliable. Furthermore, when we performed a
(Thomas et al., 1996). sample analysis of measurements from 3D data sets we found greater
Embryos were imaged for up to 2 hours. The room temperature walifferences in intensity among different areas compared to the 2D
21.6+0.4°C (=21 days). We were able to detect the histone-GFRneasurements, but the results of the ranking among the three regions
signal as early as cycle 4. Two hours of laser scanning did not redusemained the same, indicating that our method of measuring the 2D
the hatching rates: 86% of the imaged embryos hatchedl( data sets is justified.
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Measurement of velocity of sister-chromatid separation in 7 to cycle 10 (Fig. 1J), as in control embryos, indicating that
anaphase interphase extension between cycle 7 and cycle 10 is DNA-
High-resolution (10241024 pixels) time-lapse recordings were replication checkpoint independent. This observation was
collected with TPLSM settings described above. The recordings wersonfirmed by estimating interphase time in figeg! embryos

analyzed by using ImageJ (http://rsb.info.nih.gov/ij/) to measure bot{data not shown). It should be noted that interphase duration

distance and time elapsed. after cycle 10 irgrp! embryos extends, but less dramatically
than in wild-type embryos (Fig. 1J), confirming previous

Results observations (Sibon et al., 1997; Sibon et al., 1999; Yu et al.,
2000).

Live analyses of the early embryonic cell cycles

We combined histone 2AvD-GFP (histone-GFP) expressiofthe preblastoderm cycles are metasynchronous in
with TPLSM to define the duration of the total cell cycle aswild-type embryos
well as the cell-cycle phases of embryos after cycle 5. Fig. 1A¥hen analyzing fixed wild-type embryos, we observed
H illustrate the resolution of TPLSM in terms of both nuclearembryos with nuclei at different cell-cycle phases, indicating
morphology and timing. In interphase, round nuclei havenetasynchronous mitoses before cycle 10 (e.g. Fig. 2H). Thus,
uniform histone-GFP signal (Fig. 1A,B). Condensation ofwe asked whether nuclei in different regions extend interphase
chromosomes occurs 240 seconds after the onset of interphaseordinately. To exclude fixation artifacts and to measure cell-
indicating the beginning of prophase (Fig. 1C). We could notycle phases, we examined live preblastoderm embryos with
define precisely when metaphase begins, because nucl&®LSM. We determined the cell-cycle phases of nuclei in
envelope breakdown cannot be detected with the histone-GFeffferent regions of single embryos at cycle 7. At this stage,
tag. However, metaphase configurations are clearlyuclei are spread along the anteroposterior axis. Fig. 2A-F
recognizable as the condensed chromosomes align along tteow an embryo with regional differences in cell-cycle phases.
metaphase plate (Fig. 1D). The onset of anaphase is precis&lge followed two nuclei, one located posteriorly and the other
identified when sister chromatids begin to separate (Fig. 1E)h the middle of the embryo (Fig. 2B). Both entered mitosis
It is difficult to distinguish late anaphase from telophase eve(prophase) at the same time (Fig. 2B). Surprisingly, 220
though the sister chromatids are further apart (Fig. 1F,G), bekeconds later the posterior nucleus entered anaphase, while the
the onset of the next interphase is distinguished by the nucleiedial one remained in metaphase (Fig. 2C), entering
changing from a teardrop-oval shape to a round configuratiomnaphase 40 seconds later (Fig. 2D). Both nuclei were in
(compare Fig. 1G with 1H). Therefore, with this technique, waelophase by 520 seconds (Fig. 2E) and entered the next
can define the beginning of interphase, prophase and anaphaserphase at the same time (Fig. 2F). Thus, in this particular
with 10 second accuracy. This enables us to measure precisebse, prophase-metaphase of the medial nucleus was 40
not only the length of the total cell cycle, but also the durationseconds longer than that of the more posterior nucleus although
of interphase, prophase-metaphase and anaphase-telophasifiphase showed little regional difference. Similar
different cycles. metasynchrony was observed in all of the nine embryos
We analyzed 39 histone-GFP embryos and found that totahalyzed at cycle 7. The average prophase-metaphase time of
cell-cycle time steadily increases with every cycle after cyclenedial nuclei was 20 seconds longer compared with nuclei in
7 (Fig. 1I), which is three cycles earlier than previouslythe posterior regionPE0.0289;n=9, Fig. 2G). This temporal
reported (Foe and Alberts, 1983; Warn and Magrath, 1982jifference was compensated by a 20 second shorter anaphase-
Zalokar and Erk, 1976). Comparing the time of different celltelophase in the middle region so that nuclei entered the next
cycle phases, we found that only interphase increases (Fig. linterphase at similar times (Fig. 2F,G). Therefore, total cell-
Other cell-cycle phases were unchanged: prophase-metaphagele duration of medial and posterior nuclei were not different
durations remained about 230 seconds (s.d.=20 seconds) gmtal cell-cycle duration: medial=620+40 seconds,
anaphase-telophase duration about 160 seconds (s.d.52@sterior=600+50 seconds;9).
seconds). These observations were confirmed by analyses ofSimilar regional differences in cell-cycle-phase durations
fixed embryos between cycles 6 and 9 (data not shown). were also observed at cycle B=(7 embryos) (Fig. 2G).

) ) _ Again, prophase-metaphase was 30 seconds longer in the
The interphase extension between cycles 7-10 is not middle region P=0.0036,=17) while anaphase-telophase was
dependent on a DNA replication checkpoint 20 seconds shorteP£0.0013,n=17), with the total cell-cycle
In wild-type embryos, a depletion of factor(s) involved in DNAtime remaining similar (total cycle duration: medial=640£70
replication, may lead to slower DNA replication and longerseconds, posterior=630+80 secondsp=17). These
interphase (S-phase). In DNA-replication checkpoint mutanbbservations indicate that metasynchronous mitoses in
embryos, such agrapes(grp) or Mei-41, the rapid cycles preblastoderm cycles result from different cycle-phase
continued after cycle 11 (Sibon et al., 1997; Sibon et al., 199%lurations.

Thus, it has been proposed that interphase extension after cyclélo confirm these observations, the cell-cycle phases in four
10 depends on proper function of the DNA-replicationdifferent regions (anterior, anterior medial, posterior medial
checkpoint (Nyberg et al., 2002; Sibon et al., 1999; Sibon eind posterior) of embryos fixed between cycles 5 and 10 were
al., 1997). determined. For each cycle, 700 to 1000 fixed embryos were
To address whether the DNA-replication checkpoinimmunostained and analyzed. This method has two advantages
function accounts for interphase extension before cycle 10, waver live analysis: the entire embryo is accessible for analyses
analyzedgrp! embryos fromgrp?/grp?; histone-GFPmothers  and all cycle phases can be identified. Between cycles 5 and 8,
with TPLSM. We found that interphase increased from cyclenore metaphase and fewer anaphase nuclei were observed in
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Fig. 1.Live analyses of cell-cycle durationstastone-GFRembryos between cycles 6 and 13. (A-H) Different cycle phases of an embryo at
cycle 8. (A) The earliest interphase (000 seconds); (B) last interphase image recorded (230 seconds). Ten second<later¢G, nu
prophase, which is characterized by punctuated GFP signal and loss of the round nuclear morphology. At 440 secondsdi¥), an obvi
metaphase configuration is established and 10 seconds later sister chromatids begin to separate (E), indicating the apgpirasg.of
Between 550 and 600 seconds, nuclei progress from anaphase (F, clear teardrop shape) to telophase (G, more rounded)alen(second
610 seconds), the beginning of interphase of cycle 9 is observed. With this information, we calculated durations ofytoles celterphases,
prophase-metaphases and anaphase-telophases between cycles 6 and 13. (I) Overall cell-cycle and interphase duratided6étamei yc
based on time-lapse recordings of 39 embryos. For each cycle, number of embryos (N) differs because the quality of mgmanetsgster
cycle 5; before cycle 5, abundant maternal loading of histone-GFP obscures the chromosomal histone-GFP. All data ppiets aireyalie

9, when nuclei migrate to the cortex and pole buds are formed (Foe and Alberts, 1983). Because the preblastoderm cgxastiyre not
synchronous (Fig. 2), cell-cycle-phase duration within each cycle was defined as the average of 1-2 nuclei in the middfeieléhid-the
posterior region of each embryo. (J) Interphase duratioggodembryos do not differ from wild-type embryos before cycle 11. The number of
grp! embryos (N) is shown in J; data for wild-type embryos are taken from I. Scale ham.30
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Fig. 2. Metasynchronous mitoses occur prior to cycle 10. (A-F) are images from a time-lapse recording of a histone-GFP embrgoAdk cycle
nuclei are at the beginning of interphase (A) and then enter prophase (B). (C) The nucleus in the posterior region exgerghttkpdrrow),
while the one in the middle (white arrow) remains in metaphase and enters anaphase 40 seconds later (D). (E) Both telclehase.ifhe

two daughter nuclei in (E) moved out of the focal plane but all other nuclei show early interphase configuration of dyelsadnat time (F).
That nuclei in different regions enter interphase at the same time is supported from other time-lapse recordings. (G) Shemegigral
differences of cell-cycle-phase durations in histone-GFP embryos at cysiB8)7afd cycle 8rn=17), showing that prophase-metaphase is
longer and anaphase-telophase is shorter in the middle region than in the posterior region. The total cell cycle tidésatalysignificantly
different in the two regions. (H) An epifluorescence image showing metasynchronous mitoses at cycle 7 from a fixed wildytypeuetabr

at the two polar regions are in anaphase, whereas the nuclei in the middle region are in metaphase. Scajenbars: 100

the two middle regions compared with nuclei at the two polachromatids migrate the same distance in anaphase. Therefore,
regions (Fig. 2H), indicating longer metaphase and shorteve tested whether differences in velocity of sister-chromatid
anaphase in the middle than at the two polar regions. Bwigration in anaphase could account for the regional difference
contrast, there was little or no regional difference in the numbeén anaphase-telophase timing (Fig. 2G). As shown in Table 1,
of interphase, prophase and telophase nuclei (data not showbgtween cycles 6 and 8, sister chromatids migrate significantly
supporting the data from live embryos that difference irfaster in the middle region of the embryo compared with the
metaphase duration between the polar regions and the midgiesterior region, accounting for the differences in anaphase
is largely compensated by a concomitant change in anaphaderation between the regions.
duration. Interestingly, at cycles 9 and 10, cell-cycle phases
were more synchronous than earlier cycles (data not shownzycB levels around nuclei correlate with

As distances between two daughter nuclei at telophad@etasynchronous mitoses
showed no regional difference, we can assume that sist&€he previous observations raise the question: what causes the
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Table 1. Velocity of sister chromatid separation in anaphase is sensitive to the amount of maternal CycB

Middle region Posterior region
Average
velocity* Velocity Number of Velocity Number of ~ Number of
Maternal genotype  pm/min) s.d. fam/min) s.d. measurements pri/min) s.d. measurements embryos
one cycB 7.40 0.58 7.85 0.38 26 6.97 0.40 26 14
two cycB 8.17 0.61 8.61 0.45 42 7.81 0.46 51 17
four cycB 8.75 0.53 9.07 0.40 34 8.51 0.49 45 18

*The differences amongne cycBtwo cycBandfour cycBare highly significantf<0.0001 based on the isotonic regression test (Gaines and Rice, 1990)].
TThe regional differences one cycBtwo cycBandfour cycBembryos are highly significan®€0.0001 based on one-tailetest).

regional difference in timing of cell-cycle phases? Because Dosage effects of Cdk1-CycB activity on cell-cycle

has been previously shown that metaphase is longer phases

preblastoderm embryos with more CycB (Stiffler et al., 1999)Although immunocytochemistry can detect local difference of
we asked whether higher CycB levels around nuclei within aycB levels, it is not possible to measure regional differences
embryo correlated with longer metaphase. We immunostainesf Cdk1-CycB activity within a living embryo. Therefore, we
wild-type embryos at cycle 7 with anti-CycB antiserum andvaried Cdk1-CycB levels in the entire embryo by changing
determined CycB levels within an energid, which comprisesnaternalcycB gene copy number and then analyzed these
the nucleus and its associated yolk-free cytoplasmic islaneimbryos for alterations in cell-cycle-phase time using TPLSM.
(Counce, 1973) (Fig. 3A). For each embryo, CycBWe found that higher CycB levels correlated with longer
immunofluorescence intensities of three energids in anterigmophase-metaphase between cycles 6 and 10 (Fig. 4A).

(Fig. 3B), middle (Fig. 3C) and posterior (Fig. 3D) regions We also examined fixed embryos to further test this dosage
were measured. To compare the regional differences of Cyo#ifect of CycB on prophase-metaphase duration. Previously,
level, we ranked the average pixel intensity values in the threge pooled cell-cycle-phase data between cycle 2 and cycle 8
regions within each embryo. For prophase, metaphase aigtiffler et al., 1999). However, the observation that interphase
anaphase, the rank sum was highest in the middle of thuration changes after cycle 7 made it necessary to analyze the
embryo and lowest in the posterior region (Fig. 3E). Bycycle phases for each cycle. Because total cell-cycle time is
contrast, no regional differences were found in either telophaseéown from live analyses, the mitotic indices determined from
or interphase (Fig. 3E). This indicates that there is more CyciBxed embryos can be converted into absolute time (Fig. 4C).
around nuclei in the middle of the embryo at metaphasaje estimated that metaphaseadne cycBembryos was 35
correlating with the longer metaphase in this region. seconds shorter than two cycBembryos and 62 seconds

Fig. 3.Immunostaining and
guantification of CycB.

(A-D) Wild-type embryos were =
stained with both anti-CycB Sl

(green) and anti-histone H1 (re

. L /
S N
antibodies. (A) An energid is \¢‘

= A . |
outlined and the average pixel )
intensity within the energid /
(green channel only) was i
measured. The outline was
defined by taking the shortest
distance between yolk granule: C
(black) around the nucleus.

R

Because the average pixel Average pixel intensity of CycB staining:  85.0 + 4.1 94.6 + 3.7 74.4 + 6.3
intensities (total pixel numbers Rank: 2 3 1
within an area divided by the
area) were compared, the exac  E PE— Rank sum of CycB levels in different regions at cycle 7 Number of

i i ell-Cycle ases
outlines were not crucial for the yele p Antetior Middle Posterior  embryos analyzed
comparison. (B-D) CycB levels . ™ =
were quantified from three Inkerphase 27 23 26
regions (anterior, middle and prophase 19 24 11 9 =
posterior) in each embryo, metabhise 5 ] 15
averaging the data from three g a2 8 i
nuclei in each region. In this anaphase 22 34 16 12
example, the mean value of the telophase 29 28 27 14

average pixel intensity of the
CycB signal was ranked, with the lowest CycB level (74.4+6.3) as 1, the highest (94.6+3.7) as 3 and the middle (85.0¢2). Huasriary
of the rank sum of different cell-cycle phases at cycle 7. The asterisks indicate that the regional difference is stdisificaliyt P<0.04)
based on Friedman’s Analysis of Variance by Ranks (Zar, 1999). Scale bars: 20
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AS C — with less maternal CycB than in those embryos with
) 250 ga more CycB (Fig. 4B), supporting the idea that
5 3001 = ,WLB interphase extension occurs when CycB becomes
& § 200 limited (Edgar et al., 1994). A crucial level of CycB
=3 + c . . « .

3 223 £ e would be reached earlier in embryos receiving less
(5} . £
g o Y 2 maternal CycB.
o ]
g o onecycBembryos | 3 Velocity of sister chromatid separation in
ﬁ ST e twocycBembryos | © “ anaphase correlates with CycB levels
8 0 @ four cycB embryos We usedone cycBand four cycB embryos to test
e ' o L whether increased amounts of CycB resulted in shorter
8 6 7 8 9 10 interphase metaphase anaphase R . .
o embryonic cell cycles anaphase time because sister chromatids moved faster.
As shown in Table 1, whenever more CycB was
600 - . S
B © one cycB embryos Fig. 4. Timing of cell-cycle present, sister chromatids moved significantly faster,
500 + : ffW‘: CYCS E:E:VOE 3| Pphases are sensitive to varying whether the difference of CycB occurred within an
O CYER Embnyes amounts of CycB. Prophase-  embryo or among embryos of different maternal
400 metaphase (A) and interphase  genotypes.
| durations (B) imone cycBtwo

cycBandfour cycBembryos Cell cycle progression after cycle 10

determined from live embryos. We observed that metasynchrony before cycle 10

100+ For each genotype, 15 to 18 . A .
embryos \%ere gr?alyzed. Arrows esulted from regional differences in metaphase and

0 : : : : : | in B refer to the specific cycle ~ anaphase time. As metasynchronous mitoses were also
6 7 &8 9 10 M when interphase becomes observed after cycle 10 (Foe and Alberts, 1983), we
embryonic cell cycles .
longer: cycle 6 foone cycB asked whether it was also a result of longer metaphases

embryos, cycle 7 fawo cycBembryos and cycle 9 féour cycBembryos. (C) in the middle region of the embryo. We analyzed live
Estimated durations of interphase, metaphase and anaphase of wild-type embryos with TPLSM and found that nuclei at the two
embryOS at CyCIe 7 based on fixed emeYBQSS forone Cyc&mbl’yos, polar reg|ons enter the Succeed|ng blastoderm Cycle
n=915 fortwo cycBembryos anai=501 forfour cycBembryos). earlier than nuclei in the middle, confirming
observations made by Foe and Alberts (Foe and
shorter than infour cycB embryos at cycle 7 (Fig. 4C), Alberts, 1983). Surprisingly, we further found that both
confirming that metaphase duration is sensitive to CycB levelinterphase and total cycle of cycles 11 and 12 were longer in
more CycB correlates with longer metapha3e0(004 based the middle regions than at the posterior poles (Fig. 5A-D),
on isotonic regression test (Gaines and Rice, 1990). This effeakthough no regional difference was observed in any other cell-
of CycB on metaphase duration was independent of whetheycle phases. At cycle 11, interphase was 370 seconds in the
the differences in CycB levels were global (among embryos ahiddle (s.d.=30 seconds) and 350 seconds in the posterior
different maternal genotypes) or local (regional differencesegion (s.d.=30 seconds=36). At cycle 12, this regional
within an embryo). difference increased: interphase was 510 seconds in the middle
When we analyzed anaphase-telophase duration in liys.d.=50 seconds) and 460 seconds in the posterior region
embryos with more CycB, we did not observe shorte(s.d.=50 seconds)=17, Fig. 5E). Similar observations were
anaphase-telophase as expected (data not shown). It is possiblede for cycle 13 (data not shown). Thus nuclei in the
that the time differences are too small to detect among embrypssterior region entered a blastoderm cycle earlier than nuclei
with different amounts of CycB. For this reason, we analyzeth the middle. With each blastoderm cycle, this regional
fixed embryos. Indeed, we estimated that anaphdsearicycB  difference increased, up to a difference of 120 seconds at the
embryos was 5 seconds shorter thatwio cycBembryos and  beginning of cycle 13. These observations clearly demonstrate
13 seconds shorter thanane cycBembryos (Fig. 4C). Thus, that the reason for earlier entry of succeeding blastoderm cycle
the longer metaphase four cycBembryos was compensated at the two poles is a lengthening of interphase in the middle
up to 50% by a shorter anaphase. Varying CycB levelsegion of the embryo.
produced incomplete compensation, indicating that anaphase
duration is more sensitive to local differences in CycBn; :
concentration than global differences. Nevertheless, thesl:e)IS'CUS":’Iorl )
results suggest that anaphase duration is affected by differifdetasynchronous mitoses before cycle 10: local
CycB levels, whether these differences occur within an embry@scillation of CycB and global cytoplasmic flow
or among embryos of different maternal genotypes. Perhapduring axial expansion
there are other unknown factors that can also affect anaphaBgor to cycle 10, regional differences in timing of cell-cycle
duration. progression are due to changes in metaphase and anaphase
Interestingly, we found that increased CycB levels correlateduration, but not interphase duration, as it is after cycle 10.
with shorter interphase after cycle 7 (Fig. 4B) in live embryosThus, the metasynchronous mitoses before and after cycle 10
These observations were confirmed from data calculated froare probably generated by different mechanisms. Our findings
fixed embryos (Fig. 4C). Thus, longer metaphase is almoghat local differences of CycB levels correlate with
completely compensated by shorter anaphase and interphasaetasynchronous mitoses in the preblastoderm cycles raise the
Furthermore, interphase extension begins earlier in embryagiestion: how are higher CycB levels in the middle of the
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Fig. 5. Metasynchronous
mitoses in blastoderm cycles.
TPLSM images of a live
embryo showing that, at cycle
12, interphase is longer in the
middle region than at the
posterior pole. Nuclei at the
posterior region enter
interphase (A, arrows) 40
seconds earlier than nuclei in
the middle region (B, arrows).
(C) Nuclei at the posterior
region enter prophase,
whereas nuclei in the middle
enter prophase 90 seconds
later (D). In this particular
embryo, interphase in the
middle region is 50 seconds
longer than in the posterior
region. (E) Mean values of
regional differences of cell-
cycle-phase durations in
histone-GFP embryos at cycle E
11 (=36) and cycle 12
(n=17), showing that .
interphase and total cycle are mlddle.
longer in the middle region !
than the posterior region. ! ! !

Scale bar: 5@m. O sec 300 600 900 1200 1500

embryo generated during each prophase and anaphase of cyeteésrofilament network is greatest along the anteroposterior
4-8? During these cycles, we observed a gradual decline ekis (von Dassow and Schubiger, 1994). This poleward
CycB in the interior of the embryo. Between late interphaseytoplasmic movement in the interior would force cortical
and early anaphase of cycle 4 to cycle 8, cytoplasm in thmaterial to flow from poles towards the middle region, where
interior, containing less CycB, flows towards the polar regionghe cytoplasm then moves inwards. This then generates two
(Baker et al., 1993). This cytoplasmic movement may causarcular cytoplasmic movement during prophase and
slightly lower CycB levels at the polar regions duringmetaphase (Fig. 6B,C). However, the nature of the ‘solating
metaphase and anaphase. Meanwhile, cytoplasm at the cortieglent’ remains unknown in this model (von Dassow and
region with more CycB flows in an opposite direction towardsSchubiger, 1994). We observed that Cdk1-CycB affects both
the anterior-medial region and then moves slightly inward (Figmicrotubule and microfilament dynamics (Ji et al., 2002) and
6B,C) (von Dassow and Schubiger, 1994). Therefore, wehat CycB is higher in the middle region from prophase to
propose that the inward cytoplasmic flow might cause thanaphase (Fig. 3E), suggesting that Cdk1-CycB is a likely
temporal and local increase of CycB observed in the middleandidate for the solating agent that initiates axial expansion.
region of the embryo from prophase to anaphase. Therefore, we see a positive feedback loop between CycB
A model to explain the axial expansion process (betweedistribution and cytoplasmic flow (Fig. 6). This feedback loop
cycle 4 and cycle 8) is based on solation-contraction of this disrupted by CycB degradation at anaphase, when we
microfilament network within the embryo (for details, see vorobserve a slight backward cytoplasmic flow.
Dassow and Schubiger, 1994). Briefly, according to this model, According to this scenario, the global cytoplasmic
local solation (disassembly) of the contractile microfilamentmovement and local oscillation of mitotic cyclin concentration
network in the center of embryo will cause the microfilamenare the two key factors generating metasynchronous mitoses
network attached to the cortex to contract away from theuring preblastoderm cycles. Interestingly, axial expansion
solated site in the center of the embryo. Nuclei and cytoplasonly occurs between cycle 4 and 8 (Baker et al., 1993), the
in the center of the embryo move towards the two polar regiorsame period during which we observe regional differences in
because the tension generated by the contraction of tmeetaphase and anaphase duration. This global cytoplasmic
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limitation. This is further supported by the following
observations. First, interphase extension occurs at an earlier
cycle when maternal CycB is reduced and later when CycB is
increased (Fig. 4B). Second, looking within a specific cycle,
interphase is longer when CycB is lower and shorter when
CycB is higher (Fig. 4B,C). Third, global CycB levels start to
oscillate at the beginning of cycle 6 or 7 in wild-type embryos
(Edgar et al., 1994), exactly the same time when interphase
duration starts to increase (Fig. 11).

We also propose that after cycle 10, interphase extension is
under control of both CycB limitation and the DNA-replication
checkpoint. It was reported thgtp! is a null allele (Fogarty
et al., 1997). We observed that interphase continuously extends
in grp! embryos after cycle 10, although this extension is not
as extensive as in wild-type embryos (Fig. 1J). This
observation supports the idea that limitation of CycB is
responsible for this increase.

With these two proposals in mind, we re-examined the
interphase extension. Before cycle 10, interphase extension
occurs coordinately in all nuclei and the nuclei doubling time
shows no regional difference. After cycle 10, nuclei divide
slower in the middle because interphase in this region is longer,
which correlate with an increase of nuclear density in this
region of the embryo after cycle 10 (Blankenship and
Wieschaus, 2001) (G. K. Yasuda, PhD thesis, University of
Fig. 6.Cytoplasmic flow, as indicated by traces of particle Washington, 1992). In many organisms, a higher
movement, during axial expansion (cycle 4 to cycle 8) may nucleocytoplasmic ratio correlates with a slower cell cycle
contribute to uneven distribution of CycB within an embryo. Both A (Sveiczer et al., 2001). A venerable hypothesis is that higher
and B are projections of three-minute time-lapse recordings every 1fuclear density could result in an earlier depletion of factors
seconds of a wild-type embryo at cycle 6. These bright-field necessary for DNA replication, such as deoxynucleotide
transmission images were recorded on a two- photon optical triphosphates. This may result in slower DNA replication,

workstation (Wokosin et al., 2003). There is little particle movement e P ;
in interphase [A, see Baker et al. (Baker et al., 1993) for staging]. B)Zhee”r_igzlgplsﬁgﬁa”y prolonging interphase and ultimately total

contrast, dramatic particle movement can be observed between

interphase and anaphase [B, see Baker et al. (Baker et al., 1993) fo .
staging]. Note the inward flow in the middle region. (C) The H.OW do Cdkl-_CycB Ieve_ls affect the velocity of
sister chromatid separation?

direction of the flow in prophase and metaphase. Scale bam50

Currently, there are two major mechanisms proposed to

regulate sister chromatid separation in anaphase. First,
movement is not observed after cycle 8, correlating with thdisassembly of microtubules in kinetochore regions shortens
observation of little regional difference in metaphase andéinetochore microtubules and generates the force that pulls the
anaphase duration after cycle 8. Direct observation of CycBister chromatids apart once cohesin is cleaved by separase
movement in embryos with CycB-GFP fusion proteins (HuangCompton, 2002). Second, the disassembly of spindle
and Raff, 1999) would be ideal. However, we were unable tmicrotubules at the centrosomal region induces the poleward

detect CycB-GFP signal prior to cycle 10. microtubule movement, which then generates the force that
) ) . separates the sister chromatids (Compton, 2002). In syncytial

Different control mechanisms of interphase blastodernDrosophilaembryos (cycles 10 to 13), it has been

extension before and after cycle 10 documented that the poleward microtubule movement is the

Interphase extension after cycle 10 has been explained in twey component that separate the sister chromatids in anaphase
ways. Edgar et al. (Edgar et al., 1994) observed that decreasidgwhereas the disassembly of microtubules at the kinetochore
CycB correlates with longer interphase after cycle 10, thus a minor factor (Maddox et al., 2002).
proposed that interphase extension after cycle 10 was due toHow does Cdk1-CycB affect velocity of sister chromatid
CycB limitation. However, based on the observation that fasgeparation? We have shown that CycB levels negatively affect
cycles continue after cycle 10gnp mutant embryos, Sibon et microtubule stability: higher Cdk1-CycB levels lead to less
al. (Sibon et al., 1997) proposed that in wild-type embryostable microtubules and, correspondingly, lower Cdk1-CycB
depletion of factors involved in DNA replication causes longettevels lead to more stable microtubules (Stiffler et al., 1999; Ji
interphase after cycle 10 and the interphase extensions ae al., 2002). It also takes a longer time to form a stable
regulated by the DNA-replication checkpoint pathway. metaphase configuration when CycB levels are elevated.
Several of our observations might resolve this controversyrurthermore, when more CycB is present the microtubules of
We report here that interphase extension occugsgmutant  the metaphase spindle are weaker than when less CycB is
embryos before cycle 10 (Fig. 1J), thus we propose thavailable. We speculate that the disassembly of spindle
interphase extension before cycle 10 is solely due to CycBiicrotubule is faster or more efficient at the centrosomal
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regions because there are fewer microtubules at theritical developmental stage (Counce, 1973). Although some
centrosomal regions in embryo with higher Cdk1-CycBof the Drosophilamutations have been molecularly identified,
activity (Stiffler et al., 1999), contributing to the faster a phenotypic analysis using the TPLSM to assess the function
poleward microtubule movement. Alternatively, Cdk1-CycBof these genes will increase our understanding of this
might affect the sister chromatid movement via its targetlevelopmentally critical period.

proteins in the centrosomal regions and/or the midzone where
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