Development 118, 1245-1254 (1993)
Printed in Great Britain © The Company of Biologists Limited 1993

1245

Mutations affecting the cytoskeletal organization of syncytial Drosophila

embryos

William Sullivanl.2*, Patrick Fogarty! and William Theurkauf2

1Department of Biology, Sinsheimer Laboratories, University of California, Santa Cruz, CA 95064, USA
2Department of Biochemistry and Biophysics, School of Medicine, University of California, San Francisco, CA 94143, USA

*Author for correspondence at address!

TPresent address: Department of Biochemistry and Cell Biology, State University of New York at Stony Brook, Stony Brook, NY 11794-5215, USA

SUMMARY

Cytoplasmic organization, nuclear migration, and
nuclear division in theearly syncytial Drosophilaembryo
are all modulated by the cytoskeleton. In an attempt to
identify genesinvolved in cytoskeletal functions, we have
examined a collection of mater nal-effect lethal mutations
induced by single P-element transposition for those that
cause defects in nuclear movement, organization, or
mor phology during the syncytial embryonic divisions.
We describe three mutations, grapes, scrambled, and
nuclear-fallout, which define three previously uncharac-
terized genes. Females homozygous for these mutations
produce embryos that exhibit extensive mitotic division
errors only after the nucle migrate to the surface.

Analysis of the microfilament and microtubule organiz-
ation in embryos derived from these newly identified
mutationsreveal disruptionsin the cortical cytoskeleton.
Each of the three mutations disrupts the actin-based
pseudocleavage furrows and the cellularization furrows
in adistinct fashion. In addition to identifying new genes
involved in cytoskeletal organization, these mutations
provide insights into cytoskeletal function during early
Drosophila embryogenesis.

Key words: grapes, scrambled, nuclear-fallout, Drosophila,
maternal-effect lethal mutation, microtubule organization, actin

INTRODUCTION

The generation of order and asymmetry at the cytoplasmic
level is fundamental to many basic cellular functions
including mitosis, directed cell movement, and develop-
mental processes such as axis specification. All of these
events are largely dependent on the cytoskeleton, which is
responsible for organizing the cytoplasm of eukaryotic cells.
The problem of cytoplasmic organization is particularly
acute during early embryogenesis in Drosophila: the initial
divisions are syncytial and many of the nuclei undergo a
precise program of movements leading to the formation of
a highly regular blastoderm embryo.

Theinitia nuclear divisions of early Drosophila embryo-
genesis have been thoroughly studied (Rabinowitz, 1941;
Sonnenblick, 1950; Turner and Mahowald, 1977; Zalokar
and Erk, 1976; Foe and Alberts, 1983; Stafstrom and
Staehelin, 1984; Minden et al., 1989). The Drosophila
embryo undergoes 13 rapid (8-21 minutes) synchronous
nuclear divisions without accompanying cytokinesis. The
first eight nuclear divisions occur in the interior of the
embryo. After these divisions, the nuclel embark along one
of three different division programs. The majority of the
nuclei migrate to the cortex during nuclear cycles 8, 9, and
10. By the end of nuclear cycle 10, these nuclei are posi-
tioned at the surface of the embryo just beneath the plasma

membrane, where they undergo four synchronous divisions
as a regularly spaced cortical monolayer. Cellularization
occurs during interphase of nuclear cycle 14. A second
nuclear division pathway involves afew nuclei that migrate
ahead of the main body of nuclei and reach the posterior
cortex during nuclear cycle 9. During cycle 10, these nuclel
are surrounded by plasma membranes to form the pole cells,
the precursors of the germ line. A third nuclear division
program is exhibited by a group of nuclei that fail to migrate
outward toward the cortex during nuclear cycle 8. These
nuclei, known as the yolk nuclei, remain in the interior of
the embryo and become polyploid.

The cortical cytoskeleton of the Drosophila embryo has
been characterized through immunofluorescence analysis of
fixed material (Warn et al., 1984; Warn et al., 1985; Karr
and Alberts, 1986; Warn and Warn, 1986; Warn et al.,
1987). In addition, the dynamics of the cortical cytoskele-
ton has been followed in living embryos by microinjecting
fluorescently labeled actin and tubulin (Kellogg et al., 1988).
The injection of fluorescently labeled histones provides a
means of following chromosome behavior (Minden et al.,
1989). During interphase, the cortical actin becomes
organized in a cap between the plasma membrane and the
nucleus. At this stage, microtubule networks, which
originate from a centrosome pair located between the
nucleus and the actin cap, radiate inwards to encompass each
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nucleus. Asthenuclei progressinto mitosis, the centrosomes
separate further and their microtubules form a bipolar
mitotic spindle parallel to the cortex. In addition, the actin
is redistributed to become associated with transient invagi-
nations of the plasma membrane, called pseudocleavage
furrows. These furrows surround each of the tightly packed
mitotic spindles (Warn et al., 1984; Karr and Alberts, 1986).
Recently, cytological, biochemical and genetic approaches
have identified a number of proteins responsible for orga
nizing the cortical cytoskeleton of the Drosophila embryo
(for review see Fryberg and Goldstein, 1990; Schweisguth
et a., 1991).

Toidentify genesinvolved in the formation and dynamics
of embryonic cytoskeletal structures, we have screened for
mutations that specifically disrupt the embryonic syncytia
divisions. Our strategy was based on inhibitor studies that
demonstrate that the organized divisions, migrations, and
spacing of the nuclei in the syncytial embryo are highly
dependent on maternally supplied cytoskeletal components
(Zalokar and Erk, 1976; Foe and Alberts, 1983; Warn et al.,
1987; Planques et a., 1991; Hatanakaand Okada, 1991). For
instance, disrupting the cortical actin filaments with
cytochalasin, results in nuclear fusions specifically during
the cortical nuclear divisions (Zalokar and Erk, 1976;
Theurkauf, unpublished observations). Irregularities in the
organization and behavior of the early embryonic nuclei,
therefore, arelikely to serve as sensitiveindicators of defects
in these cytoskeletal components. These cytoskeleta
inhibitor studies motivated a search for maternal-effect
mutations with similar effects.

A number of genetic screens has generated a large col-
lection of maternal-effect mutations (Bakken, 1973; Rice
and Garen, 1975; Gans et a., 1975; Zaokar et a., 1975;
Mohler, 1977; Schupbach and Weischaus, 1986; Perrimon
et a., 1986; Erdelyi and Szabad, 1989; Schupbach and
Weischaus, 1989; Perrimon et al., 1989; Szabad et d.,
1989). With only afew exceptions (Zalokar et a., 1975), the
nuclear phenotype of syncytial embryos derived from
females homozgous for these maternal -effect mutations has
been described. We have examined the syncytial nuclear
phenotype in 44 recently isolated P-element induced
maternal-effect lethal mutations. Our studies have identified
a set of mutations that result in the production of embryos
that exhibit abnormal nuclear behavior during the cortical
divisions. However, prior to their migration to the cortex,
the nuclei behave normally in these embryos. During the
cortical divisions, the mutant embryos also display specific
disruptions of their corticdl microtubules and actin
networks. We suggest that at least some of the members of
this group of maternal-effect mutations disrupt genes that
are specifically involved in the organization of the cortical
cytoskeleton.

MATERIALS AND METHODS

Stocks

Thelaboratoriesof Y. N. Jan (U.C. San Francisco)and A. Spradling
(Carnegie Institution of Washington) generously provided us with
the female-sterile mutations described in this screen (Bier et a.,
1989; Karpen and Spradling, submitted). Oregon-R was used asthe
wild-type stock. Other mutations and chromosomes are described

by Lindsey and Zimm (1992). The daughterless-abo-like (dal)
mutation has been previously described (Sandler, 1977; Sullivan,
1987; Sullivan et a., 1990). The stocks were maintained on a
standard corn meal/molasses medium at 25°C.

Genetic analysis

Complementation analysis was performed by obtaining all combi-
nations of transheterozygote females bearing the maternal-effect
mutations of interest. 10 of these transheterozygote females were
mated to 10 wild-type malesfor 5 days. After 5 days, the adult flies
were removed. The number of adults eclosing prior to day
seventeen was recorded for each of the matings.

Deficiency analysis was performed by crossing heterozygous
mutant females to heterozygous deficiency males. The hatch rate
of embryos derived from females bearing a copy of the mutation
over a deficiency was determined. A set of deficiencies that
resulted in no hatching when in combination with one of the
maternal-effect mutations enabled us to map the mutations. The
following deficiencies were used to map grapes. Df(2L)osp29,
Df(2L)r10, Df(2L)H20, Df(2L)TW137, Df(2L)M-HS5, and
Df(2L)TW50. The deficiencies Df(3L)vin5, Df(3L)vin7,
Df(3L)Ly, Df(3L)fzGf3b, Df(3L)fzM21, and Df(3L)fzD21 were
used to map nuclear-fallout. The deficiencies Df(2R)stl,
Df(2R)PK 78K, and Df(2R)42 were used to map scrambled.

Revertant analysis of our P-element induced maternal-effect
mutations was performed according to the procedure described by
Cooley et al. (1988).

Mapping of the P-element by in situ polytene hybridization was
performed as described by Engels et al. (1986), using a probe from
the P-lac Z vector (Karpen and Spradling, 1992).

Cellular analysis

The embryos used in our analysis were derived from either normal
females, femal es homozygous for the maternal -effect mutation, or
females bearing the maternal-effect mutation and a deficiency for
the mutation. The embryos were fixed through a modification of
the Mitchison and Sedat (1983) protocol (Theurkauf, 1992). Fixed
embryos were double stained for actin and microtubules, using flu-
orescein-conjugated phalloidin and rhodamine-conjugated mouse
anti-tubulin antibodies, as described €elsewhere for ovaries
(Theurkauf, 1992). Immunoflourescence with an anti-Drosophila
sperm-tail antibody was used to assay for fertilization in early-
arrested embryos (Karr, 1991).

Conventional fluorescence microscopy was performed using a
Nikon Microphot FXA photoscope. Laser scanning confocal
microscopy was performed using a Biorad MRC600 confocal
imaging system installed on an Olympus IMT2 inverted micro-
scope and a Nikon Optiphot photoscope. The lenses used included
the Nikon 60" Planapo (1.4 numerical aperture (na)), the Nikon
Plan 20 DIC (0.5 na), the Olympus S Plan Apo 60", Qil (1.4 na),
and the Olympus D Plan Apo 20", UV. Qil (0.8 na).

RESULTS

Nuclear phenotypes of embryos derived from 76
female-sterile mutations

Of the 76 P-element induced femal e-sterile mutants that we
examined, 44 laid morphologically normal eggs. To define
the time in development that the nuclei arrested or when the
first abnormalities in nuclear behavior occurred, we
examined the morphology and distribution of the nuclei in
0- to 4-hour embryos derived from homozyous mutant
mothers. 12 of the 44 maternal-effect mutations resulted in
homozygous females producing embryos that developed
normally through cellularization at nuclear cycle 14. These
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Fig. 1. Examples of typical
nuclear phenotypes found in
embryos derived from the
maternal-effect mutations
examined. (A) Nuclear-staining
of an embryo derived from
females homozygous for the
maternal-effect mutation fs25.
Females homozygous for this
mutation consistently produce
embryos that arrest during the
first nuclear division. Double-
staining with an anti-sperm tail
antibody revealsthat this
embryo had been fertilized.
The maternal -effect mutant fs6
produces embryos that arrest at
variable times during the
premigration nuclear cycles
(B). C depicts the maternal-
effect mutation fs4 in which the

embryos consistently fail to produce pole cells. (D) Embryos derived from homozygous fs37 femal es. The embryos undergo abnormal
postmigration nuclear divisions and consequently possess unevenly sized and spaced cortical nuclei. Prior to nuclear migration,

development isrelatively normal in these embryos.

lines were not further characterized. Of the remaining 32
maternal-effect mutations, 23 caused severe disruptions or
arrest of the nuclear divisions prior to the completion of
nuclear migration at nuclear cycle 10 (Fig. 1). 2 of the 32
maternal-effect mutations, resulted in a falure of the
embryos to form pole cells. These 2 mutations exhibited no
other discernible nuclear defects (Fig. 1). Females homozy-
gous for any of the remaining 7 maternal-effect mutations
(A6034, AH812, AR257, AS742, and fs37 on chromosome
two and AS928 and AS1479 on chromosome three) produced
embryos that successfully completed nuclear migration, but
underwent abnormal cortical nuclear divisions prior to cel-
lularization (Fig. 1). Since this phenotype is similar to that
observed in embryos treated with the specific actin-filament
drug cytochalasin, these 7 mutations were therefore of par-
ticular interest and were subjected to the genetic and cell
biological studies described below.

The maternal-effect mutations that preferentially
disrupt the cortical blastoderm divisions
represent at least four distinct loci
Complementation analysis of the two, third chromosome
mutations, AS928 and AS1479, demonstrates that they fall
into a single complementation group. Deficiency analysis
maps both mutations to region 70D2-70D6. In situ hybrid-
ization maps the P-element in AS928 to region 70 and
revertant analysis demonstrates the maternal effect is caused
by the presence of a P-element. The complementation group
defined by AS928 and AS1479 has been renamed nuclear-
fallout (nuf). We designate these alleles nufl and nuf?
respectively.

Complementation analysis of the second chromosome
mutations yields three complementation groups. AS6034,

ASE812, and AS2257 fall into a single complementation
group, while fs37 and AS742 define the other two comple-
mentation groups. Deficiency anaysis maps AS6034,
ASH812, and AS2257 to region 36A8-36D1. This genetic
mapping is supported by in situ polytene hybridizations,
which localizes the P-element to region 36A-36B in the
AS6034 stock. Revertant anaysis confirmed that the
maternal-effect in AS6034 was caused by the presence of a
P-element. The complementation group defined by AS6034,
AH812, and AS2257 has been renamed grapes (grp). We
designate these alleles grp?, grp? and grp3 respectively.

Deficiency analysis maps fs37 to region 43B1-43E and in
situ hybridization localizes the P-element to region 43.
Revertant analysis of fs37 demonstrates that the maternal
effect is caused by the presence of a P-element. fs37 has
been renamed scrambled (sced).

AS742 was previously named fsry9 and is a P-element
induced allele of staufen (cytological position 55A; St
Johnson et a., 1991). Although the division defects
observed in AS742-derived embryos are consistent and
specific to the cortical divisions, the defects are not as
extensive as observed in the other mutations in this set (Fig.
2). In addition, we do not know whether these defects are a
direct consegquence of the P-induced mutation. In this paper,
we do not further analyze this mutation.

grp, sced, and nuf are therefore maternal -effect genes that
preferentially disrupt the cortical nuclear divisions. For
sced, grp?, nufl, we observed the same phenotype whether
the embryos were derived from females homozygous or
hemizygous for these mutations. Although further analysis
is required, this suggests that these mutations represent
amorphic alleles.

As this screen was restricted to arelatively small number
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Fig. 2. 0- to 4-hour embryos derived from wild-type, AS742 (designated stauS742 see text), sced, nufl, and grp! females were fixed with
formal dehyde and stained with an anti-histone antibody. Each row, depicting embryos derived from one of these maternal-effect
mutations, presents a surface view of alate syncytial blastoderm stage embryo (nuclear cycle 12 or 13), and a surface and cross sectional
view of acellularized embryo.

of available P-element-induced maternal-effect lethals, and ~ Embryos derived from females homozygous for
did not include X chromosome mutations, itisclear that we  grapes, scrambled, or nuclear-fallout exhibit

have not saturated the genome for this class of maternal- extensive nuclear division abnormalities only
effect mutations. For example, a previously characterized  after the nuclei have migrated to the cortex
second chromosome maternal-effect mutation, daughter -  Initial observations indicated that grp!, nufl and sced

less-abo-like (cytological region 32A-F), produces a prefer- develop normally prior to the cortical divisions. To quantify
ential disruption of the cortical nuclear divisions, but was  these observations, we measured both the spacing and
not recovered in this screen (Sandler, 1977; Sullivan et al., nuclear divison synchrony in premigration embryos
1990). (nuclear cycles 5 through 8) derived from mothers homozy-



Table 1. Nuclear divisionsin embryos from mothers
homozygous for each of the mater nal-effect mutations

Nuclear cycle
No. of
5-8 9-10 11-14 embryos

wild-type  Normal 39 34 49
Abnormal 2(5%) 1(3%) 1(2%) 126

sced Normal 18 18 6
Abnormal 1(5%) 7(28%)  211(97%) 261

orpt Normal 49 45 8
Abnormal 1(2%) 2(4%) 60(88%) 165

nuft Normal 48 33 16
Abnormal 3(6%) 0(0%) 102(86%) 202

Embryos derived from females homozygous for each of the maternal-
effect mutations listed above were fixed with formaldehyde and their
nuclei DAPI-stained. The nuclear phenotype of these embryos were scored
with respect to their nuclear cycle. For nuclear cycles 5-8, an embryo was
scored as abnormal if more than 2% of the nuclel were spaced lessthan 3
mm from their nearest neighbor or were greater than a half-nuclear cycle
out of division synchrony with respect to their neighboring nuclei. For
nuclear cycles 9-10, the same scoring scheme was employed. For nuclear
cycles 11-13, an embryo was scored as abnormal if greater than 2% of its
nuclel exhibited abnormal size or shape or had moved into the interior of
the embryo. Estimates of the number of nuclei that had been removed
from the cortical nuclear monolayer could be obtained by scoring the
nuclei in the cortex of the embryo (within 10 nm of the plasma membrane)
but beneath the surface monolayer of nuclei.

gous for each of these maternal-effect mutations. If greater
than 2% of the nuclel of an embryo exhibited abnormal
spacing or were greater than a half-nuclear cycle out of
division synchrony with respect to their neighboring nuclei,
the embryo was scored as abnormal. By this test, 5% of
wild-type embryos between nuclear cycles 5 and 8 were
scored as abnormal (Table 1). Embryos derived from the
three maternal-effect mutations exhibit values indistin-
guishable from the wild-type values. Thus, embryos derived
from females homozygous for these maternal-effect
mutations appear to develop normally prior to nuclear
migration.

This assay was & so used to examine nuclear cycles 9 and
10. Approximately 3% of the embryos derived from wild-
type females were abnormal during these nuclear cycles.
With the exception of sced-derived embryos, al of the
mutants produced less than 10% abnormal embryos during
nuclear cycles 9 and 10 (Table 1). In about 50% of the sced
-derived embryos, uneven nuclear migration to the cortex
was also observed.

In embryos derived from femaes homozygous for the
maternal-effect mutations, extensive division irregularities
occur during the postmigration cortical divisions (nuclear
cycles 11-14). In these mutants, the cortical nuclei share the
following abnormal features.

(1) Nuclei vary in size and shape, suggesting nuclear
fusion events, division failures and other division abnor-
malities.

(2) Patches of nuclel differ in density and/or stage in the
nuclear cycle from that of their neighboring nuclei.

(3) Regions of the cortex are free of nuclei; these regions
often contain high concentrations of centrosomes.

(4) Nuclel are present in the cortical cytoplasm beneath
the norma monolayer of cortical nuclei; often there is a
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visible increase in the number of nuclei in the interior of the
embryo.

(5) Cellularization occurs at a reduced nuclear density,
and the size of the nuclei and cells at cellularization are pro-
portionally increased as the cellular density is decreased.

To quantify these observations, we estimated the per-
centage of nuclei in each postmigration embryo that were
abnormally shaped, sized, or had moved into the interior of
the embryo. If this was greater than 2%, the embryo was
scored as abnormal. The results of this analysis are summa-
rized in Table 1. For the embryos derived from the maternal -
effect mutants, the percentage of embryos scored as
abnormal during nuclear cycles 11-14 ranged from 83% to
98% compared with 2% for normal embryos.

The postmigration nuclear phenotypes typical of embryos
derived from wild-type females and females homozygous
for the maternal -effect mutations are documented in Fig. 2.
Thefirst column depicts alate syncytia blastoderm embryo
derived from each of these lines. In comparison with the
wild-type embryo (Fig. 2A), the embryos derived from the
maternal-effect mutations exhibit irregular nuclear distribu-
tions, clumping of nuclei, and large gaps in the surface
monolayer of nuclel (Fig. 2D,G,JM). Previous studies
suggest that these phenotypes are the consequences of
abnormal cortical nuclear divisions (Sullivan et al., 1990).

The second and third columns of Fig. 2 show surface and
cross sectional views, respectively, of the nuclear phenotype
at cellularization (or the equivalent time in development) of
embryos derived from these mutant females. Fig. 2B,C
shows anormal embryo cellularized at nuclear cycle 14. The
mutant embryos are ordered by an increasing severity of cel-
[ularization defects. Embryos derived from sced females cel-
lularize with fewer cortical nuclei and an excess of interior
nuclei (Fig. 2H,1). Thisis probably a consequence of cortical
division errors and the subsequent loss of abnormal nuclei
from the surface monolayer (Minden et a., 1989; Sullivan
et a., 1990) In addition, the distribution of cortical nuclei is
irregular in sced-derived embryos (Fig. 2H). Embryos
derived fromnufl females also cellularize with fewer surface
nuclel and a corresponding increase of interior nuclei (Fig.
2K,L). In nufl-derived embryos, the distribution of surface
nuclei during cellularization is extremely irregular. The
nuclei often form clusters of varying size and shape (Fig.
2K). Finally, embryos derived from grp! females do not cel-
lularize (Fig. 2N,0). Nomarski images reveal that they fail
even to initiate cellularization. As the cortical divisions
progress, the nuclei clump into clusters of approximately 5-
25 nuclei (Fig. 2M,N). grp! differs from the other mutations
in that a much smaller proportion of the abnormal nuclei
move into the interior of the embryo.

sced, nuf, and dal mutants develop distinct
defects in the cortical cytoskeleton

This set of maternal-effect mutations all produce extensive
mitotic division errors only after the nuclei have migrated
to the cortex. Although they share this phenotype, analysis
of the cytoskeleton indicates that at least three of these
mutations produce distinct disruptions in embryonic actin
and tubulin organization during the cortical divisions. Fig.
3 depicts the actin and microtubul e organization of syncytial
and cellularized embryos derived from wild-type, dal, nuf!
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Fig. 3. Confocal images of formal dehyde-fixed embryos derived from wild-type, dal, nuf! and sced females that have been stained for
both actin (yellow/green) and tubulin (red). The top row depicts a surface view of anorma embryo in metaphase during the cortical
divisions (A), asurface view (B) and a cross sectional view (C) of a cellularized wild-type embryo. The remaining rows depict equivalent
views of embryos derived from the maternal-effect mutations. As described more fully in the text, this analysis indicates that each of the
mutations disrupts the cortical cytoskeleton in adistinct fashion.



and sced mutant females. grp-derived embryos have not
been included in this analysis because they arrest prior to
cellularization. The first column in Fig. 3 presents a surface
view of metaphase embryos during the cortical divisions.
The second and third columns depict surface and cross-
sectional views, respectively, of the embryos during cellu-
larization at nuclear cycle 14.

dal, nuf, and sced all produce defects in the pseudocleav-
age furrows. In wild-type embryos, the actin-based pseudo-
cleavage furrows completely encircle each of the metaphase
spindle complexes during the syncytial cortical divisions
(Fig. 3). Similar views of dal-derived embryos reveal fused
and unevenly spaced spindles (Fig. 3D). Previous analysis
indicates that these spindle defects are a consequence of
incomplete centrosome separation during the previous inter-
phase (Sullivan et a., 1990). In dal-derived embryos,
abnormal pseudocleavage furrows are associated with
defective spindles, while normal spindles are surrounded by
normal furrows (Fig. 3D). The defects in actin organization
in dal embryos therefore appear to be a conseguence of the
centrosome migration defect and subsequent abnormalities
in spindle distribution. The formation of actin caps during
interphase appears normal in dal-derived embryos.

Fig. 3G depicts a similar view of a nufl-derived embryo.
Thefirst obvious defect occurs during nuclear cycle 12 with
the appearance of large gaps in the actin-based furrows sur-
rounding each spindle (see arrow, Fig. 3G). Interestingly,
the gaps usually appear in regions of the furrow that are
closest to the metaphase plate. In spite of the defective
furrows, the spacing and structure of the spindles appear
normal. Thus, unlike dal, the first observable defect occurs
in the actin-based pseudocleavage furrows rather than in the
microtubules or microtubule-associated structures such as
the centrosomes. In nufl-derived embryos, the formation of
the actin-caps during interphase occurs normally. During the
later cycles, fused and unequally spaced spindles become
apparent in these mutant embryos.

In sced-derived embryos, there is an amost complete
failure in pseudocleavage furrow formation (Fig. 3J).
During nuclear cycle 10, in sced-derived embryos, the
mitotic actin structures are severely disrupted, athough
observable defects in the mitotic spindles are infrequent.
Later, defective spindles are seen. Because the actin defects
precede spindle defectsin sced-derived embryos, the spindle
abnormalities in these embryos are likely to be a conse-
guence of failed furrow formation, rather than a cause. As
with dal and nuf, the sced mutation does not block formation
of the interphase actin caps (Theurkauf, Sullivan, and B.
Alberts, unpublished data).

The above analysis demonstrates that sced, nuf! and dal
embryos can be distinguished by the nature of their
cytoskeletal defects during the syncytial blastoderm
divisions. Analysis of actin and microtubule organization
demonstrates that these mutations also produce distinct
defects during cellularization. An optical section of a cellu-
larized wild-type embryo at nuclear cycle 14 reveals evenly
spaced nuclei surrounded by microtubules which in turn are
surrounded by aring of actin (Fig. 3B). The actin filaments
are just beneath the plasma membrane and the microtubules
are tightly associated with each nucleus. During cellulariza-
tion, the nuclei elongate perpendicularly to the plasma
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membrane. In the cross-sectiona views, the tightly associ-
ated microtubules outline the elongated nucle (Fig. 3C).

In dal-derived embryos, microtubule and actin organiz-
ation during nuclear elongation and membrane invagination
appear normal (Fig. 3E,F), athough these embryos cellu-
larize with enlarged nuclei at one-half of the normal density
(Sullivan et al., 1987). Therefore the dal-induced defect is
likely to be specific to the syncytia divisions and does not
affect the process of cellularization.

While cellularization occurs in sced-derived embryos,
neither the honeycomb actin pattern nor the ring of micro-
tubules outlining each of the cellularized nuclei is as distinct
as observed in wild-type embryos (Fig. 3K,L). The cross
sectional view reveals that nuclear elongation is disrupted
and that the microtubules are not closely associated with the
nuclei in cellularized sced-derived embryos (Fig. 3L). As
with dal, the nuclei and cellsare larger and at alower density
relative to wild-type nuclei. Thisis likely to be the result of
the products of the abnormal cortical divisions moving into
the interior of the embryo, which leaves fewer, larger
surface nuclei.

The cellularization phenotype of nufl-derived embryosis
dramatically different from either dal or sced. As panels H
and | illustrate, distinct cellularization furrows occur in nufl
embryos, but the pattern is irregular with groups of nuclei
being encompassed by a single cellularization furrow.
Unlike sced, distinct rings of microtubules do form around
each nucleus during cellularization, and this occurs whether
or not membrane invagination has occurred. The micro-
tubules remain tightly associated with each nucleus and
nuclear elongation appears to occur normally.

DISCUSSION

In an attempt to identify genes involved in the organization
of the cytoskeleton of syncytial Drosophila embryos, we
have initiated a cytological screen of embryos derived from
females homozygous for maternal-effect lethal mutations.
This analysis has led to the identification of a class of
mutations in which the females produce embryos that
develop normally until the nuclei migrate to the cortex.
However, once the nuclei reach the cortex, these embryos
acquire abnormal mitotic figures, irregularly shaped nuclei,
and uneven nuclear spacing.

There are anumber of possible explanations for the stage-
specific phenotypes found in this class. These mutations
could be hypomorphic alleles of genes required during both
the premigration and postmigration divisions, but the level
or activity of the mutant gene product may be such that it is
used up at the time the nuclei reach the cortex. We do not
believe that thisis the case, however, because the transition
from norma to abnormal divisions is rather abrupt,
occurring only after the nuclei reach the cortex. With hypo-
morphic aleles one might expect more variation in the
timing of the abnormal divisions. In addition, for sced, nuf?
and grp!, the same phenotype is observed whether the
embryos are derived from females homozygous or hemizy-
gous for the mutation.

We believe that these mutations are likely to disrupt genes
whose products are specifically involved in the organization
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Fig. 4. Thisfigure summarizes our analysis of the cortical cytoskeleton in dal, sced, and nuf derived embryos. A ‘+' indicates that the
event occurs normally whilea ‘-’ indicates that the event does not occur or occurs abnormally. The two tables indicate that although each
of these mutations exhibit similar nuclear defects, they exhibit distinct cellular defects. Each mutation appears to be disrupting a different
step in the process of pseudocleavage furrow formation and cellularization.

of the cortical cytoskeleton. As described, the dividing
nuclei induce the formation of actin-based pseudocleavage
furrows which are unique to the syncytial cortical divisions.
Unlike normal cleavage furrows, these structures encompass
each metaphase spindle. Previous studies suggest that they
function as barriers to prevent improper connections
between spindles and to prevent the nuclei from colliding
with one another (Sullivan et a., 1990; Postner et al., 1992).
It is likely that pseudocleavage furrow formation requires
specialized proteins. The predicted effect on the nuclear
behavior of a mutation that is disrupted in one of these
proteins would be similar to that observed in the mutations
described above. Studies of permeabilized embryos treated
with the actin disrupting drug cytochalasin support this
notion. This treatment results in a phenocopy of the
mutations described above; embryos exhibit abnormal
nuclear divisions only after the nuclei have migrated to the
surface (Zalokar and Erk, 1976; Theurkauf, unpublished
observation). Indeed, the cytological analysis of actin and
microtubule organization in sced and nuf! embryos demon-
strates that both of these mutations produce a specific defect
in the actin-containing pseudocleavage furrows (Fig. 4).
The mutations described here support studies demon-
strating that the cytoskeletal rearrangements of the cortical
syncytial divisions and of cellularization involve both
distinct and common elements. The previously described
maternal-effect mutation sponge results in failed actin-cap
and pseudocleavage furrow formation during the syncytial
divisions (Postner et a., 1992). Surprisingly, during nuclear
cycle 14, sponge-derived embryos form regular cellulariza-
tion actin networks. Similarly, in dal-derived embryos, cel-
lularization occurs normally even though the pseudocleav-
age furrows are disrupted as a result of failed centrosome

separation during the syncytial divisions (Sullivan et a.,
1990). The newly identified sced mutation dramatically
disrupts the formation of the pseudocleavage furrows but
has surprisingly little effect on the formation of the actin
networks at cellularization. These three maternal-effect
mutations define components or processesthat preferentially
disrupt actin dynamics during the syncytial divisions and do
not appear to be significantly involved in the formation of
the actin-based cellularization furrows.

Conversely, exhaustive deficiency screens have identified
a small set of zygotic genes specificaly involved in cellu-
larization (Wieschaus and Sweeton, 1988; Merrill et al.,
1988). Deficiencies for these genes do not disrupt the
cytoskeletal or nuclear dynamics of the syncytial divisions.
serendipity alpha and nullo, two of the genes specifically
involved in cellularization, have been particularly well
studied. Deficiencies for serendipity alpha result in gross
disruptions of the actin/myosin network during cellulariza
tion. serendipity alpha codes for a 58" 103 M, protein that
colocalizes with F-actin and is associated with the leading
front of the invaginating plasma membrane during cellular-
ization at nuclear cycle 14 (Schweisguth et a., 1990). By
germband extension the protein is no longer present indi-
cating that it is specifically involved in cellularization.
Careful analysis of the nullo phenotype, revealsthat nullo is
involved in stabilizing the actin contractile network during
cellularization, but it is not involved in the initial formation
of this network (Simpson and Wieschaus, 1990). As
expected, the nullo gene is aso transiently expressed just
prior to cellularization (Rose and Wieschaus, 1992).

In contrast to the genes described above, the phenotype
of nuf- derived embryos suggests that this gene plays a
similar role both in pseudocleavage furrow formation and



cellularization. In both cases, the actin-based furrows are
capable of forming properly, but there are extensive gaps in
the overall furrow network. The distribution of furrows
during the syncytial divisions and the distribution of
membrane invaginations during cellularization therefore
both rely on normal nuf activity. These studies reveal that
some gene products are required during the cortical
syncytial divisions and cellularization while others are
specifically required for one of these processes.

The similarity of the nuf phenotype to the zygotic
mutations nullo and serendipity is striking (Simpson and
Wieschaus, 1990; Schweisguth et al., 1990). In all three
mutations, the cellularization furrows fail to encompass
every nucleus creating an embryo with multinucleate cells.
From the analysis of these zygotic cellularization mutations
and extensive deficiency screening, it has been suggested
that the syncytial divisions and even the initial formation of
the actin/myosin contractile network at cellularization are
maternally controlled while the zygotic genes function to
stabilize the cdlularization furrows (Simpson and
Wieschaus, 1990). Possibly nuf provides a maternaly
supplied component required for pseudocleavage furrow
formation during the syncytial divisions and also the
initiation of furrow formation a celularization. This
predicts that, unlike nullo, the initial formation of the cellu-
larization furrows would be perturbed in nuf-derived
embryos. Although preliminary analysis supports this inter-
pretation, a conclusion must await more extensive phen-
toypic anaysis. Although there are anumber of possibilities
concerning the relationship of nuf, serendipity and nullo, an
attractive working model is that the maternally supplied nuf
acts upstream and in concert with the zygotic genes
serendipity and nullo to form and stabilize the actin
networks during cellularization.

In the zygotic mutation pebbles, pseudocleavage furrow
formation and cellularization are not disrupted, but cytoki-
nesis fails during the division following celularization
(Hime and Saint, 1992). Therefore, the three similar actin-
mediated events of Drosophila embryogenesis, pseudo-
cleavage furrow formation, cellularization, and cytokinesis
each require unique gene products.

The sced and nuf mutations also define dependency rela
tionships during formation of the pseudocleavage furrows
and during cellularization. It is evident from the sced
phenotype that the formation of the spindles is independent
of pseudocleavage formation. In addition, the sced cellular-
ization phenotype demonstrates that cellularization is inde-
pendent of nuclear shaping and the proper close association
of microtubules with each nucleus. In nuf-derived embryaos,
microtubules properly encompass each nucleus even in the
absence of the actin-based plasma membrane at cellulariza-
tion. This cellularization phenotype demonstrates that
microtubule alignment around the nucleus during cellular-
ization is independent of the cellularization furrows.

Although each of the maternal effect mutations described
in this paper produces a distinct disruption in the cortical
cytoskeleton, they cause a number of common nuclear phe-
notypes, including a deficiency of cortical nuclei and excess
interior nuclel at the time of cellularization. The excess
interior nuclei are explained by previous studies demon-
strating that the products of abnormal cortical divisions
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move into the interior of the embryo, leaving fewer cortical
nuclel (Minden et a., 1989, Sullivan et a., 1990). The newly
identified mutations demonstrate that the removal of
abnormal nuclear products into the interior of the embryois
a general response of the Drosophila embryo. In addition,
previous studies have demonstrated that when the abnormal
nuclei move into the interior they leave their centrosomes
on the surface. We have found that this is also true for the
mutations described here (data not shown).

Recently, a large number of actin and tubulin-associated
proteins have been isolated from the early Drosophila
embryo (Miller et al., 1989; Kellogg et a., 1989). Immuno-
fluorescence has revealed that some of these proteins are
specifically located in the cortex of the embryo. We believe
the mutational analysis described in our studies provides a
complimentary functional approach towards identifying
cortical cytoskeletal-associated proteins of the Drosophila
embryo. In addition to a molecular characterization of these
mutations, we are also initiating studies of the microtubule
and microfilament dynamics in embryos derived from
females homozygous for these mutations.
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