
INTRODUCTION

In Drosophila, and many other higher eukaryotes, the initial
embryonic divisions are synchronous, exhibit highly abbrevi-
ated G1 and G2 stages, and occur without cell growth.
Drosophila has proved to be an excellent system for elucidat-
ing the structural and regulatory mechanisms governing these
initial divisions because it is amenable to molecular, cellular,
and genetic approaches (Foe and Alberts, 1983; O’Farrell et
al., 1989; Fyrberg and Goldstein, 1990; Ripoll et al., 1992;
Schejter and Wieschaus, 1993). 

The first thirteen divisions of the Drosophila embryo are
rapid and occur in meta-synchronous waves without accompa-
nying cytokinesis. These divisions have been thoroughly
described using both fixed and live embryos (Rabinowitz,
1941; Sonnenblick, 1950; Zalokar and Erk, 1976; Turner and
Mahowald, 1977; Foe and Alberts, 1983; Stafstrom and
Staehelin, 1984; Minden et al., 1989). Nuclear cycles 1-7 occur
in the interior of the embryo. During nuclear cycles 8 and 9,
the majority of the nuclei migrate to the cortex where they
continue to divide synchronously and finally cellularize during

interphase of nuclear cycle 14. The nuclei that remain in the
interior of the embryo undergo two more rounds of synchro-
nous division and become polyploid. During nuclear cycle 9,
a few nuclei migrate to the cortex ahead of the main body of
nuclei and form pole cells, the precursors to the germline. 

The dynamics of the cortical cytoskeleton has also been well
described (Warn et al., 1984, 1985, 1987; Karr and Alberts,
1986; Warn and Warn, 1986; Kellogg et al., 1988). The cortical
cytoskeleton is particularly rich in actin, which is present as a
homogeneous network prior to nuclear migration. Once the
nuclei reach the cortex during interphase of cycle 10, the actin
forms caps between the nuclei and the plasma membrane. As
the nuclei enter metaphase and spindles form, the actin along
with its closely associated plasma membrane redistributes to
form furrows surrounding each of the metaphase spindles. This
process repeats itself until cellularization during interphase of
nuclear cycle 14.

Many of the dependent relationships and feedback controls
found in more conventional somatic cell cycles are not present
during these syncytial divisions (Hartwell and Weinert, 1989;
Foe et al., 1993). For instance, mutations in S. cerevisiae that
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grapes (grp) is a second chromosome (36A-B) maternal-
effect lethal mutation in Drosophila melanogaster. We
demonstrate that the syncytial nuclear divisions of grp-
derived embryos are normal through metaphase of nuclear
cycle 12. However, as the embryos progress into telophase
of cycle 12, the microtubule structures rapidly deteriorate
and midbodies never form. Immediately following the
failure of midbody formation, sister telophase products
collide and form large tetraploid nuclei. These observations
suggest that the function of the midbody in the syncytial
embryo is to maintain separation of sister nuclei during
telophase of the cortical divisions. After an abbreviated
nuclear cycle 13 interphase, these polyploid nuclei progress
through prophase and arrest in metaphase. The spindles
associated with the arrested nuclei are stable for hours even
though the microtubules are rapidly turning over. The
nuclear cycle 13 anaphase separation of sister chromatids
never occurs and the chromosomes, still encompassed by
spindles, assume a telophase conformation. Eventually

neighboring arrested spindles begin to associate and form
large clusters of spindles and nuclei. To determine whether
this arrest was the result of a disruption in normal devel-
opmental events that occur at this time, both grp-derived
and wild-type embryos were exposed to X-irradiation.
Syncytial wild-type embryos exhibit a high division error
rate, but not a nuclear-cycle arrest after exposure to low
doses of X-irradiation. In contrast, grp-derived embryos
exhibit a metaphase arrest in response to equivalent doses
of X-irradiation. This arrest can be induced even in the
early syncytial divisions prior to nuclear migration. These
results suggest that the nuclear cycle 13 metaphase arrest
of unexposed grp-derived embryos is independent of the
division-cycle transitions that also occur at this stage.
Instead, it may be the result of a previously unidentified
feedback mechanism. 
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disrupt DNA synthesis prevent entry into mitosis and the con-
tinuation of the centrosome cycle (Pringle and Hartwell, 1981).
Null mutations that relieve the dependency of mitosis on
proper DNA synthesis indicate that the dependency is a con-
sequence of extrinsic controls (checkpoints) rather than
intrinsic substrate/product relationships (Hartwell and Weinert,
1989). In contrast, drug studies and mutational analysis of
Drosophila demonstrate that improper DNA replication during
the syncytial divisions neither prevents entry into mitosis nor
does it inhibit centrosome replication (Freeman et al., 1986;
Freeman and Glover, 1987; Raff and Glover, 1988; Shamanski
and Orr-Weaver, 1991). The reduced number of dependency
relationships in the syncytial Drosophila embryo also explains
why very few of the many maternal-effect mutations that
disrupt these divisions arrest the embryo at a specific nuclear
cycle or a specific stage in the nuclear cycle. 

Although reduced, dependency relationships and feedback
controls are present during the syncytial divisions in the
Drosophila embryo. Embryos treated with microtubule dis-
rupting agents arrest with their chromatin in a metaphase-like
configuration (Zalokar and Erk, 1976; Foe and Alberts, 1983).
This suggests the presence of a feedback mechanism from the
microtubules to the chromosomes; an improperly formed
spindle inhibits the continuation of the nuclear cycle. Feedback
controls and dependency relationships are also revealed by
delays as well as arrests (Hartwell and Weinert, 1989). In some
cells, if a chromosome is slow to align on the metaphase plate,
anaphase is delayed (Hartwell and Weinert, 1989; McIntosh,
1991). Similarly, in the syncytial Drosophila embryo,
abnormal chromosome compaction during metaphase may
cause single nuclei to delay anaphase initiation (Sullivan et al.,
1993b). These delayed nuclei are eventually removed from the
dividing population. This suggests that feedback controls
operate during the metaphase to anaphase transition in
syncytial Drosophila embryos. In this paper, we describe a
maternal-effect mutation, grapes (grp), which produces
embryos that arrest in metaphase of nuclear cycle 13. This
phenotype may be a consequence of feedback controls
operating in the syncytial embryo. 

grp was initially identified as a member of a set of maternal-
effect mutations in which the affected embryos undergo
abnormal divisions only after the nuclei have migrated to the
cortex (Sullivan et al., 1990; Postner et al., 1992; Sullivan et
al., 1993a). Each of these mutations uniquely and specifically
disrupts the cortical cytoskeleton and has proved useful in elu-
cidating the interactions between the nuclei and the cortical
cytoskeleton. During anaphase and telophase of nuclear cycle
12 in grp-derived embryos, the spindle deteriorates and the
usually pronounced midbody never forms. Without the
midbody, sister telophase nuclei snap-back and fuse. These
observations suggest that the midbody is responsible for main-
taining separation of sister nuclei during telophase of the
cortical divisions. The fused telophase nuclei undergo an
abbreviated nuclear cycle 13 interphase, fail to properly
condense their chromosomes during prophase, and arrest in
metaphase. Anaphase separation of chromatids never occurs
and the nuclei eventually assume a telophase configuration.
These arrested nuclei are encompassed by spindles with a pair
of centrosomes at each pole. The grp-derived embryos remain
in this arrested state for hours. 

X-irradiation experiments demonstrate that the grp induced

arrest is not a direct consequence of processes specific to
nuclear cycle 13. In normal embryos, X-irradiation induces a
high error rate but no arrest. In contrast, X-irradiation of grp-
derived embryos results in a metaphase arrest even during the
pre-migration and initial cortical nuclear cycles. These results
are discussed in the context of embryonic cell cycle depen-
dency relationships and feedback controls.

MATERIALS AND METHODS

Stocks 

The laboratory of Y. N. Jan and L.Y. Jan (U.C. San Francisco) gen-
erously provided us with the grp mutation (Bier et al., 1989).
Df(2L)H20, a deficiency that uncovers grp (kindly supplied to us by
the Indiana stock center, Bloomington, Indiana), was also used in the
phenotypic analysis. Oregon-R served as the wild-type control stock.
Other mutations and chromosomes are described by Lindsley and
Zimm (1992). The stocks were maintained on a standard corn
meal/molasses medium at 25°C. 

Fixation and immunofluorescence

Embryos were formaldehyde fixed by a modification of the Mitchison
and Sedat procedure (1983). This method is described in detail
elsewhere (Theurkauf, 1992). Immunofluorescence labeling was
performed as described by Karr and Alberts (1986). The DMAP190
anti-centrosomal antibody was a gift from Douglas Kellogg (Kellogg
et al., 1989). Both propidium iodide (Sigma, St. Louis, MO) (Fig. 6)
and anti-histone antibody (Chemicon, Temecula, CA) (Figs 1, 5) were
used to observe the nuclei. The propidium iodide staining was accom-
plished by gradually rehydrating the fixed embryos followed by an
extensive rinse in PBS (0.01 M sodium phosphate, 0.15 M NaCl, pH
7.3). RNase was added to a concentration of 10 mg/ml, and incubated
at 37°C for 2 hours. The embryos were rinsed in PBS and mounted
in a 50% glycerol, PBS solution containing 1 mg/ml N-N-1-4-
phenylenediamine (Sigma, St. Louis, MO) and 1 µg/ml propidium
iodide. 

Microscopy was performed using an Olympus IMT2 inverted pho-
toscope equipped with a Biorad 600 laser confocal imaging system.
The lenses used included the Olympus S Plan Apo 60×, Oil and the
Olympus D Plan Apo 20×, UV, Oil. The cortical nuclear cycle was
determined by employing the Biorad imaging software to estimate the
surface nuclear density. 

In vivo fluorescence analysis

The in vivo analysis of the chromosome and tubulin behavior during
the syncytial cortical divisions was accomplished through a procedure
in which fluorescently labeled histone or tubulin were microinjected
into embryos and time-lapse images taken using a fluorescence micro-
scope (Kellogg et al., 1988; Minden et al., 1989). The embryos were
prepared for microinjection by hand dechorionation and mounting on
a coverslip with a thin film of glue (prepared by dissolving double
sided tape in heptane). The proteins, labeled with 5-(and 6)-car-
boxytetramethylrhodamine, succinimidyl ester (NHSR), were
microinjected into the embryos. Observations were made on the
confocal equipped Olympus IMT2 inverted microscope described
above.

X-irradiation studies

0.5- to 2.5-hour wild-type and grp-derived embryos were exposed to
0.3 kR of X-irradiation with a Torrex120D X-ray generator (Astro-
physics Research, Long Beach, CA). The X-irradiated embryos were
formaldehyde fixed and double stained to observe their chromosomes
and spindles after 60 minutes of development. Each embryo was
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scored with respect to the cell cycle number and phase at the time of
fixation. This analysis allowed us to determine mitotic indexes for
wild-type and grp-derived embryos. The mitotic index is defined here
as the percentage of embryos in metaphase between nuclear cycle 2
and 12.

In a second study, living wild-type and grp-derived embryos,
injected with NHSR-labeled histone, were exposed to 0.3 kR of X-irra-
diation during interphase of nuclear cycle 10. Confocal microscopy
allowed us to follow the nuclear behavior in these living embryos after
X-irradiation. We followed 3 embryos each from wild-type and grp-
derived females and found that grp-derived embryos respond by
arresting in metaphase while no arrest was seen in wild-type. 

RESULTS

Embryos derived from females homozygous for grp
develop normally through interphase of nuclear
cycle 12

The nuclear morphology and distribution through interphase of
cycle 12 grp-derived embryos does not differ significantly

from wild-type embryos at the equivalent stage (Fig. 1,
compare A (wild-type) and C (grp-derived)). After this stage,
however, the grp-derived embryos begin to exhibit an uneven
nuclear distribution and irregular shaped nuclei. This
phenotype becomes more extreme as the nuclei eventually
form distinct clusters (Fig. 1D). Cellularization does not occur
and the nuclei remain in this clustered state for hours. Unlike
other maternal-effect mutations that exhibit nuclear abnormal-
ities during the cortical divisions, the abnormal nuclei in grp-
derived embryos do not recede into the interior (Sullivan et al.,
1993a,b; Schejter and Wieschaus, 1993). 

To quantify these observations, we scored embryos as
abnormal if greater than 2% of the nuclei were fused, dramat-
ically out of division synchrony, or beneath the monolayer of
nuclei during the cortical divisions. During nuclear cycles 5-
10, the percentage of abnormal embryos derived from either
wild-type, grp/grp, or grp/Df females are not significantly
different (Table 1). The percentage of abnormal cycle 11 grp-
derived embryos was slightly higher than found for wild-type
embryos. However, during nuclear cycles 12-14, greater than

Fig. 1. The nuclear distribution in embryos derived from wild-type females (A,B) and homozygous grp females (C,D) is shown. Wild-type and
grp-derived embryos exhibit a similar nuclear distribution at interphase of nuclear cycle 12 (A and C, respectively). After nuclear cycle 12, the
grp-derived embryos exhibit abnormal nuclear spacing and morphology. B and D depict the nuclei in a cycle 14 wild-type embryo and a grp-
derived embryo at the equivalent time in development, respectively. grp-derived embryos arrest prior to cellularization with the cortical nuclei
distributed in grape-like clusters (D). Images represent a projection of 10, 1 µm optical sections. Scale bar, 17 µm.
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90% of the grp-derived embryos exhibited extensive irregu-
larities in nuclear distribution and morphology. Of the
hundreds of grp-derived embryos scored, no normal cycle 13
or any 14 embryos were observed.

Fusion of sister nuclei occurs during telophase of
nuclear cycle 12

The behavior of the cortical nuclear divisions was analyzed in
living grp-derived embryos by injecting these embryos with
fluorescently labeled histone. In accordance with the analysis
of fixed embryos, the nuclear distribution, division synchrony,
and nuclear morphology are normal during nuclear cycles 10
and 11 in grp-derived embryos (data not shown). Fig. 2A-E
follows the nuclei in a grp-derived embryo from interphase to
telophase of nuclear cycle 12. These nuclei proceed normally
through metaphase. Even though some asynchrony in the
initiation of anaphase is observed, most nuclei successfully
separate their sister chromatids into two distinct products.
However, during telophase of cycle 12, a high proportion of
sister nuclei collide to form abnormally large nuclei (Fig. 2E-
H). Of 548 cycle 12 anaphases, fusion of sister telophase nuclei
occurred in 386 (70%; 11 embryos scored). The fusion
products undergo an abbreviated nuclear cycle 13 interphase
and progress into metaphase with their chromosomes
condensed but improperly aligned on the plate (Fig. 2I-K). The
nuclei appear to arrest in metaphase; anaphase separation of
sister chromosomes never occurs and spindles are present (see
below). However, over time the distinct chromosome structure
is lost and the nuclei display a telophase-like configuration
(Fig. 2L). 

Improper midbody formation during telophase of
nuclear cycle 12 is observed in grp-derived embryos

The microtubule dynamics of the cortical nuclear divisions
were analyzed by injecting living grp-derived embryos with
fluorescently labeled tubulin. Fig. 3A-E follow the microtubule
dynamics of a group of nuclei in a grp-derived embryo from
metaphase of cycle 10 to interphase of cycle 11. Fig. 3F-J
follow microtubule dynamics of their daughter nuclei
(metaphase of cycle 12 to interphase of cycle 13). Microtubule
dynamics and morphology are normal through metaphase of
nuclear cycle 12. As observed in normal embryos, a distinct
midbody is present between sister telophase nuclei (Fig. 3C,D,
see arrows). Normal cycle 12 metaphase spindles of the grp-
derived embryo are shown in Fig. 3F. As anaphase progresses,

the microtubule structures rapidly deteriorate. By measuring
distances between centrosomes (data not shown), anaphase B
is found to be impaired in 40-50% of the divisions and the
normally pronounced midbody never forms (compare Fig. 3C
with 3H). 

These recordings also demonstrate that immediately after
failed midbody formation sister telophase nuclei fuse. In the
tubulin-injected embryos, the nuclei appear as non-labeled
(black) images because the labeled tubulin is excluded when
the nuclear envelope reforms during each telophase (Fig.
3D,E). In grp-derived embryos, during late anaphase/early
telophase the sister nuclei fuse to create abnormally large
nuclei (Fig. 3I,J). These tubulin recordings correspond well
with those of the cortical nuclear behavior in grp-derived
embryos determined in the fixed and live material (histone
injected).

Immunofluorescent analysis of the microtubule pattern in
fixed grp-derived embryos also reveals improper midbody
formation during telophase of nuclear cycle 12. Fig. 6A (see
arrow) depicts the midbody observed in late anaphase and
early telophase nuclei during the cortical divisions in a wild-
type embryo. No midbody is present between sister anaphase
and early telophase nuclei in grp-derived embryos (Fig. 6C,
arrow). 

grp-derived embryos arrest in nuclear cycle 13 with
their chromosomes encompassed by spindles

In grp-derived embryos, after nuclear fusion at telophase of
cycle 12 and an abbreviated cycle 13 interphase, metaphase
spindles form. Two centrosomes, rather than a single centro-
some, are present at each pole of these cycle 13 spindles (Fig.
4). In wild-type syncytial divisions, centrosome duplication
occurs during late anaphase/early telophase and each telophase
nucleus possesses a single pair of closely associated centro-
somes. Therefore, the fusion of two telophase nuclei, in grp-
derived embryos, produces a large interphase nucleus with a
pair of centrosomes at each pole rather than a single pair of
centrosomes at one pole (see Fig. 8 for a schematic diagram).
Centrosome migration seldom occurs and robust spindles
develop between the opposing centrosome pairs (Fig. 4C). The
grp-derived embryos arrest at this point; metaphase of cycle
13 with a pair of centrosomes at each spindle pole. Although
these spindles remain intact for hours, they are quite dynamic.
Photobleaching studies reveal that the microtubules in these
spindles are rapidly turning over (data not shown). In addition,
neighboring spindles interact and, with time, become clustered
(Fig. 5A,C). After an hour and a half the nuclei begin to
degrade, but the spindle complexes remain intact (Fig. 5B,D). 

X-irradiation induces a metaphase arrest at all
syncytial cycles in grp-derived but not wild-type
embryos

Interphase of nuclear cycle 13 represents a transition point in
the regulation of the syncytial nuclear cycles (Edgar and
O’Farrell, 1989). To determine whether the nuclear cycle 13
metaphase arrest observed in grp-derived embryos is a conse-
quence of these transition events, we examined the response of
wild-type and grp-derived embryos to X-irradiation. In many
cells, X-irradiation causes cell cycle delays allowing time for
DNA repair before the cell cycle resumes (Hartwell and
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Table 1. Embryos derived from wild-type, homozygous
grp, and hemizygous grp females, between cycles 5 and 14,

were scored for nuclear abnormalities

Nuclear cycle (per cent normal embryos)

Mother’s genotype 5-9 10 11 12 13-14

wild-type 97.5 (80) 96.0 (25) 100 (26) 96.5 (29) 96.3 (27)
grp1/grp1 98.8 (90) 90.7 (54) 80.0 (20) 9.1 (22) 2.8 (71)
grp1/Df(2L)H20 100 (6) 100 (15) 81.3 (16) 9.5 (21) 0.0 (50)

If greater than 2% of the nuclei were fused, displayed asynchronous
divisions, or were beneath the monolayer of cortical nuclei, the embryo was
scored as abnormal. The frequency of normal grp-derived embryos
dramatically decreases after nuclear cycle 11. The percentage of normal
embryos is shown with the number scored in parentheses.
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Weinert, 1989). 0.5- to 2.5-hour embryos derived from grp and
wild-type females were exposed to 0.3 kR of X-irradiation and
the mitotic index of pre-cycle 12 embryos determined at 60

minutes after X-irradiation. The unirradiated controls exhibited
a mitotic index of 29% (89 embryos scored) and 40% (55
embryos scored) for wild-type and grp-derived embryos,

Fig. 2. Through fluorescently labeled histone injections, the nuclear dynamics of a living grp-derived embryo are followed from interphase of nuclear
cycle 12 to its metaphase arrest at nuclear cycle 13. During telophase of nuclear cycle 12, a high percentage of the sister nuclei fuse (arrows in E-H).
The chromosomes of these fused nuclei condense (I,J), enter metaphase (I-K), and eventually assume a telophase-like configuration (L). The elapsed
time for A-L is 0' 0", 1' 31", 3' 38", 5' 20", 5' 50", 8' 34", 10' 43", 13' 40", 16' 15", 18' 20", 21' 47", 26' 53", respectively. Scale bar, 4 µm. 
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respectively. If the embryos were
incubated for 60 minutes after exposure
to the X-irradiation, the wild-type
embryos exhibit a mitotic index of 27%
(86 embryos scored) and grp-derived
embryos exhibit a mitotic index of 83%
(101 embryos scored). The nuclear
(blue) and microtubule (red) arrange-
ments of wild-type and grp-derived
embryos after X-irradiation are depicted
in Fig. 6B and D, respectively. In
addition, 0.5- to 2.5-hour grp-derived
embryo collections fixed 60 minutes
after X-irradiation yielded a much
younger age distribution than equiva-
lently treated wild-type embryos. In fact,
we observed a number of grp-derived
embryos as early as metaphase of
nuclear cycle 2. These data suggest that
grp-derived, but not wild-type embryos,
respond to X-irradiation by arresting in
metaphase.

We also examined live embryos to
monitor directly the response of wild-
type and grp-derived embryos to X-irra-
diation. Wild-type embryos, injected
with NHSR-labeled histone, were
exposed to 0.3 kR of X-irradiation
during interphase of nuclear cycle 10
and were examined immediately with
time-lapse confocal microscopy. These
embryos progress through nuclear cycle
10 and into interphase of nuclear cycle
11 with some division errors (data not
shown). During metaphase and anaphase
of nuclear cycle 11, a dramatic increase
in division errors is observed (Fig. 7A-
F). Irregularly shaped nuclei and nuclei
below the surface monolayer (in the
process of receding into the interior) are
observed by telophase of nuclear cycle
11 (Fig. 7E,F). These embryos exhibit
extensive errors during the subsequent
cortical divisions, but do not arrest.

A grp-derived embryo X-irradiated
during interphase of nuclear cycle 10
also progresses to interphase of nuclear
cycle 11 (data not shown). However, the
cycle 11 nuclei progress through
prophase and arrest with their chromo-
somes in a condensed metaphase-like
state (Fig. 7G-L). Fig. 7L demonstrates
that the X-irradiated embryos maintain
this metaphase arrest for at least 30
minutes.

DISCUSSION

The grp mutation was initially identified
as a member of a class of mutations in
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which the nuclei undergo abnormal divisions only after they
migrate to the cortex. The other members of this class include
daughterless-abo-like, nuclear-fallout, scrambled, and sponge
(Sullivan et al., 1990; Postner et al., 1992; Sullivan et al.,
1993a). Two additional mutations in this class have been iden-
tified in more recent screens of maternal-effect mutations (W.
Sullivan and W. Theurkauf unpublished observations).
Because proper cortical nuclear division is dependent on the
dynamics of the cortical cytoskeleton, we believe some of the
mutations in this class disrupt genes that encode products that
are involved in processes or components specific to the cortical
cytoskeleton. For example, scrambled, nuclear-fallout, and
sponge specifically disrupt the actin dynamics during the
cortical divisions (Postner et al., 1992; Sullivan et al., 1993a).

The cortical specific nuclear defect of grp-derived embryos
is more difficult to understand. Microtubule structures and
midbody formation are specifically disrupted during anaphase
and telophase of nuclear cycle 12 even though these structures
are common to all mitotic divisions. The nuclear cycle speci-
ficity of the defect and deficiency analysis argue that this
phenotype is not a result of a hypomorphic allele. The grp
mutation may only slightly compromise the integrity of the
microtubules and the midbody; therefore, division defects
would be manifest only during the later cortical divisions when
crowding places additional structural demands on the mitotic
apparatus.

Since midbody failure during nuclear cycle 12 is the most
dramatic initial defect in grp-derived embryos, this suggests
that the grp gene may encode a product involved either in the
formation or stability of the midbody. A number of proteins
that localize to the midbody have been identified (Nislow et
al., 1990; Earnshaw and Bernat, 1991; Rattner, 1992; Nislow
et al., 1992; Margolis and Andreassen, 1993). In addition,
some of these proteins have been shown to interact directly
with microtubules and one exhibited a kinesin-like micro-
tubule-based motor activity (Nislow et al., 1992). However, the
in vivo function of most of these proteins remains unclear.
Whether the grp product localizes to the midbody and is a
microtubule associated protein must await molecular charac-
terization.

The consequence of failed midbody formation during
anaphase and telophase of nuclear cycle 12 is that sister nuclei
collide to form a single tetraploid nucleus. It appears that an
intact midbody is essential for maintaining the separation of
sister telophase nuclei. In contrast to divisions that undergo
conventional cytokinesis, no actin-based membrane separates
the two telophase products during the cortical divisions in the

Drosophila embryo. It may be that the unusually pronounced
midbody found during the syncytial divisions has evolved as
an alternative means of maintaining separation of sister
telophase nuclei (Fig. 8). Previous studies have demonstrated
that the specialized pseudocleavage furrows, which encompass
each metaphase spindle, serve to maintain proper spindle and
nuclear distribution during the syncytial cortical divisions
(Sullivan et al., 1990; Postner et al., 1992; Sullivan et al.,
1993a). Pronounced midbodies and pseudocleavage furrows
appear to be specialized adaptations of the Drosophila embryo

Fig. 3. Through fluorescently labeled tubulin injections, the
microtubule dynamics of a living grp-derived embryo are followed
from metaphase of nuclear cycle 10 to telophase of nuclear cycle 12.
A-E follow a grp-derived embryo from metaphase of nuclear cycle
10 to interphase of nuclear cycle 11. A pronounced midbody spans
sister nuclei during late anaphase and into telophase (arrows C,D).
The microtubule dynamics in grp-derived embryos is normal through
metaphase of nuclear cycle 12 (F). Although cycle 12 anaphase
appears to initiate normally (G), a distinct midbody never forms
(compare H with C). Consequently, sister telophase nuclei fuse and
form abnormally large nuclei (I,J). The elapsed time in A-J is: 0' 0",
1' 7", 1' 59", 2' 20", 4' 32", 20' 49", 23' 22", 24' 49", 26' 32", 29' 0",
respectively. Scale bar, 2.8 µm. 

Fig. 4. The arrest phenotype of grp-derived embryos double stained
for the microtubules (A) and centrosomes (B). The poles of the
arrested spindles are occupied by a pair of centrosomes. Even
disassociated centrosomes exist in pairs. C depicts a merged image
of the centrosomes on the arrested spindles in a grp-derived embryo.
Images represent a projection of 4, 1 µm optical sections. Scale bar,
(A,B) 4 µm; (C) 1 µm.
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to maintain orderly nuclear divisions in the absence of cyto-
kinesis.

In wild-type embryos, the centrosomes duplicate during
telophase and migrate to opposite poles during interphase and
prophase. The fusion of sister nuclei during telophase of cycle
12 in grp-derived embryos produces a tetraploid nucleus with
two pairs of diametrically opposed centrosomes (Fig. 8). Sep-
aration of sister centrosomes seldom occurs and these nuclei
form a spindle with a pair of centrosomes at each pole.
Possibly, the presence of centrosomes at the opposing pole
inhibits their separation. 

The grp mutation is unique because it produces a syncytial
blastoderm arrest. After nuclei fuse during telophase of cycle
12, they undergo an abbreviated cycle 13 interphase. These
nuclei enter metaphase, but never progress into anaphase; sep-
aration of sister chromatids never occurs. However, over time
the distinct chromosome structure is lost and the nuclei display
a telophase-like configuration. These arrested nuclei are
encompassed by mature metaphase spindles and remain in this
state for hours. There are a number of possible explanations
for this arrest. Previous studies indicate that metaphase of
nuclear cycle 13 represents a transition point in the regulation
of the syncytial nuclear cycles. At this time, the maternally
derived string is rapidly degraded and progression of the cell
into mitosis relies on zygotically supplied string (Edgar and
O’Farrell, 1989). The grp product may provide a component

intimately involved in this transition. Another possibility is that
these embryos arrest because of mechanistic considerations.
Polyploid nuclei with two centrosomes at each pole is a
situation unique to grp-derived embryos. This configuration of
centrosomes, nuclei, and spindles may stall the cell cycle at
metaphase. That is, if this configuration could be phenocopied
in a wild-type embryo a metaphase arrest would also occur. A
third possibility is that the grp mutation may be revealing a
previously unidentified syncytial division feedback
mechanism. 

To distinguish among these alternatives, we examined the
response of grp-derived and wild-type embryos to low doses
of X-irradiation. X-irradiation produces both single and
double-stranded breaks and illicits a specific feedback response
in the cell cycle of yeast and other organisms (Hartwell and
Weinert, 1989, Powell and McMillan, 1990; Game, 1993;
Price, 1993; Olive and Banath, 1993). We found that wild-type
Drosophila embryos X-irradiated in interphase of nuclear
cycle 10 will progress through metaphase of nuclear cycle 10
with some division errors. In the following cycle, the frequency
of division errors increases dramatically. However, the
syncytial nuclei do not undergo a cell-cycle arrest in response
to X-irradiation. In contrast, if a grp-derived embryo is X-irra-
diated in interphase of nuclear cycle 10, the nuclei will
progress through the first metaphase, but will arrest in the
metaphase of the following cycle (nuclear cycle 11). These
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Fig. 5. grp-derived embryos stained for both their microtubules (A,B) and nuclei (C,D). These embryos arrest with clusters of cycle 13
telophase-like nuclei (C) encompassed by spindles (A). After more than an hour and a half in the arrested state, the chromatin degrades (D), but
the spindles remain (B). Scale bar, 4 µm.
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arrested nuclei possess fully formed spindles. This metaphase
arrest of grp-derived embryos can be induced prior to nuclear
cycle 13 and even prior to cortical migration.

These X-irradiation studies suggest that the cycle 13
metaphase arrest observed in untreated grp-derived embryos is
not a result of a disruption of the normal developmental tran-
sitions that occur at nuclear cycle 13. They also indicate that
the grp-induced arrest is not dependent on the specific nuclear,
centrosomal, and spindle configuration found in the cycle 13
metaphase grp-derived embryos. The grp mutation may be

revealing a previously unidentified feedback response of the
syncytial Drosophila embryo. 

A model that is consistent with both the cycle 13 metaphase
arrest and the earlier X-irradiation induced arrest of grp-
derived embryos is that the syncytial embryo possesses a
feedback mechanism sensitive to a combination of both spindle
and nuclear cues. Previous studies have shown that wild-type
embryos possess a spindle feedback; disrupting the spindle
with microtubule depolymerizing drugs elicits a metaphase
arrest (Zalokar and Erk, 1976; Foe et al., 1993). The primary

Fig. 6. Immunofluorescent images of the microtubules (red) and nuclei (blue) in wild-type embryos (A,B) and grp-derived embryos (C,D). The
arrow in A points to the midbody in a wild-type embryo at anaphase/telophase of cycle 12. The arrow in C points to the equivalent structure in
a grp-derived embryo at anaphase/telophase of nuclear cycle 12. B and D depict wild-type and grp-derived embryos, respectively, fixed 60
minutes after exposure to 0.3 kR of X-irradiation. Scale bar, 4 µm. 
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Fig. 7. The response of
wild-type (A-F) and grp-
derived embryos (G-L) to
X-irradiation. Embryos
injected with fluorescently
labeled histone were
exposed to 0.3 kR of X-
irradiation during
interphase of nuclear cycle
10. Both grp-derived and
wild-type embryos
progress to interphase of
nuclear cycle 11 with some
nuclear defects. A-F
follow an X-irradiated
wild-type embryo from
interphase of nuclear cycle
11 to interphase of nuclear
cycle 12. During
metaphase and anaphase of
nuclear cycle 11, division
synchrony is lost and
extensive abnormalities are
observed (C,D). The nuclei
continue to divide without
arrest. G-K depict an
equivalent set of images of
an X-irradiated grp-
derived embryo. Unlike
the X-irradiated wild-type
embryos, the grp-derived
embryos arrest at
metaphase of nuclear cycle
11 (H-L). K and L depict
the nuclei 17 and 47
minutes after X-
irradiation, respectively.
Scale bar, 4 µm. F L
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defect in grp-derived embryos may be a slight defect in micro-
tubule function. This defect is not sufficient to elicit the spindle
feedback response. However, the microtubule defect leads to
failed midbody formation during telophase of nuclear cycle 12
and consequently fusion of sister telophase nuclei. These
abnormal nuclei arrest in the next metaphase. Possibly the
combination of defective microtubules and abnormal nuclei
elicits this response. Abnormal nuclei or slightly damaged
spindles alone is not sufficient to elicit a feedback response,
but together they elicit a response leading to a metaphase
arrest. X-irradiation of grp-derived embryos produces
abnormal nuclei at an earlier cycle and consequently the
metaphase arrest occurs at an earlier cycle. X-irradiation of
wild-type embryos does not produce an arrest because the
spindles are not defective; abnormal nuclei alone are not suf-
ficient to induce the arrest response.

Another explanation of the grp phenotype, is that the
normal grp product may override feedback controls which
monitor the state of the chromatin. In the absence of the grp-
product, these feedback controls are active and prevent exit
from mitosis if the chromatin is abnormal. In our studies, both
X-irradiation damage and fusion of sister telophase nuclei
were sufficient to elicit the feedback response. The difficulty

with this explanation is that it does not readily explain failed
midbody formation in grp-derived embryos. One would have
to postulate that the grp product also plays a role in micro-
tubule dynamics and stability. A number of lethal null alleles
of checkpoint genes in yeast have been identified (Li and
Murray, 1991). The product of one of these genes plays
diverse roles in providing both an essential cellular function
and also acting as a cell cycle checkpoint (Li et al., 1993).
Currently, we are extending our cellular analysis and
analyzing grp molecularly to determine if either of these
explanations is correct.
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