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Summary

We demonstrate that two independent mechanisms act
on maternally derived cyclin B transcripts to concen-
trate the transcripts at the posterior pole of the
Drosophila oocyte and at the cortex of the syncytial
embryo. The cortical accumulation occurs because the
cyclin B transcript is concentrated around nuclei and co-
migrates with them to the cortex. The perinuclear
localisation of the transcript is blocked by inhibitors of
microtubule polymerisation and the transcript colocal-
ises with microtubular structures during the cell cycle,
suggesting that the transcript is associated either directly
or indirectly with microtubules. Neither microtubules

nor actin filaments are required to maintain the
posterior concentration of cyclin B transcripts. Instead,
this seems to depend on the association of the transcripts
with a component of the posterior cytoplasm. The
distribution pattern of the transcript at the posterior
pole throughout embryogenesis and in a variety of
mutant embryos suggests that this component is
associated with polar granules.

Key words: cyclins, mRNA localisation, microtubules,
polar granules, germ cells, Drosophila.

Introduction

The cyclins are a family of proteins that accumulate
during interphase, and are then rapidly degraded at
about the time of the metaphase-anaphase transition
(for review see Hunt, 1989; Swenson et al. 1989). This
unique temporal pattern suggested that the cyclins
might be involved in controlling the entry into and exit
from mitosis, a hypothesis that has recently received
strong experimental support. First, it has been demon-
strated that cyclin synthesis is required for the entry into
mitosis and meiosis in a number of systems (Swenson et
al. 1986; Pines and Hunt, 1987; Minshull et al. 1989;
Westendorf et al. 1989). Second, in a cell-free extract
from Xenopus eggs in which all endogenous mRNA has
been destroyed, the addition of cyclin B mRNA
reconstitutes the characteristic cycling of cyclin B
protein levels, which drives the extract through multiple
rounds of mitosis-like events (Murray and Kirschner,
1989). Third, if the cyclin B mRNA that is added to the
extract contains a deletion of the region that encodes
the first 90 amino acids, the cyclin that is synthesised is
not degraded and the extract becomes blocked in
mitosis, demonstrating that cyclin destruction is
required for the exit from mitosis (Murray et al. 1989).

The DNA sequences encoding the Drosophila

homologues of cyclin A and cyclin B have recently been
cloned"(Lehner and O'Farrell, 1989; Whitfield et al.
1989). Both proteins show the expected pattern of
synthesis and destruction during the cell divisions that
take place after cellularisation has occurred at nuclear
cycle 14 (Lehner and O'Farrell, 1989, 1990; Whitfield et
al. 1990). The behaviour of the cyclin proteins prior to
cellularisation, however, has not been described in any
detail. During this period, the nuclei in the syncytial
embryo proceed through a very rapid series of nearly
synchronous nuclear divisions (Zalokar and Erk, 1976;
Foe and Alberts, 1983). At nuclear cycle 7-8, the
majority of nuclei, which are initially located in the
interior of the embryo, coordinately start to migrate to
the embryo cortex. Early in cycle 9, the nuclei reach the
cortex at the posterior pole, where they initiate the
formation of pole buds. The nuclei in these buds
undergo two further rounds of division before they
pinch off from the embryo to form pole cells, the future
germ cells (Mahowald, 1962; Counce, 1963; Warn et al.
1985). Early in cycle 10 the somatic nuclei reach the
cortex where they proceed through three further rounds
of division before cellularisation occurs. The cyclins
appear to be maintained at high levels throughout these
nuclear cycles, and there is no large-scale destruction of
the cyclin proteins across the whole syncytium (Lehner
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and O'Farrell, 1989, 1990; Maldonado-Codina and
Glover, unpublished data).

The distribution of cyclin transcripts in the Dros-
ophila embryo was described by Whitfield et al. (1989)
and Lehner and O'Farrell (1990). Both cyclin A and
cyclin B transcripts are homogeneously distributed in
the early embryo, but, in addition, cyclin B transcripts
are concentrated at the posterior pole at some time
prior to pole bud formation. The cyclin B transcripts at
the posterior pole become incorporated into the
developing pole cells, where they remain at high levels
throughout embryonic development. By nuclear cycle
10-11, when most of the nuclei have migrated to the
embryo cortex, the majority of the cyclin B transcript in
the rest of the embryo becomes tightly localised to the
embryo cortex. These transcripts decrease dramatically
in abundance upon cellularisation at cycle 14. Levels of
the transcript then rise in somatic cells (presumably
resulting from zygotic transcription) as gastrulation
starts and cell divisions resume.

The localisation of specific transcripts to particular
regions of the developing Drosophila embryo seems to
play a crucial part in embryonic development. In
perhaps the best studied example, the localisation of
the bicoid transcript to the anterior end of the embryo
results in the formation of a morphogenic protein
gradient (Driever and Nusslein-Volhard, 1988a,fo).
Sequences in the 3' untranslated region of the bicoid
mRNA are required for it to become correctly localised
(Macdonald and Struhl, 1989). Little else is known,
however, about the mechanisms that localise specific
transcripts in the Drosophila embryo. In this paper, we
investigate the mechanisms that are responsible for
localising cyclin B transcripts both to the posterior pole
and subsequently to the rest of the cortex.

Materials and methods

Embryo collection, injection and fixation
Embryos were collected and injected as described in Raff and
Glover (1988). The drugs used in this study were injected at
the following concentrations: a--amanatin, 400^gml~I; col-
chicine, 1X10~3M; cytochalasin D, 250/itgml"1; aphidicolin,
100/igmP1. Embryos were then fixed in 1:1 mixture of 4%
paraformaldehyde in PBS (PP)/heptane. Embryos that were
not injected were fixed directly in this mixture. The aqueous
phase was removed, and the embryos were devitellinised by
the addition of an equal volume of methanol followed by
vigorous shaking for 30s (Mitchison and Sedat, 1983). The
embryos were rehydrated in a methanol/PP series (7:3, 1:1,
3:7 - 5min each) and then postfixed in PP for 20min. If the
embryos were to be stored, they were dehydrated in an
ethanol series and stored at —20°C in 70% ethanol.

Preparation of 35S-RNA probes
All probes were made from plasmid constructs containing
cDNAs inserted between T3- and T7-RNA polymerase
promoters (see Constructs below). The plasmids were
linearised with a suitable restriction enzyme. This reaction
was then treated with 200//g ml"1 proteinase K (Sigma) at
37°C for 30min, then phenol extracted, chloroform extracted,

and the DNA ethanol precipitated using standard techniques
(Maniatis et al. 1982). RNA probes were prepared exactly as
described in the Stratagene RNA Transcription kit (no. 200
341), using 35S-UTP (>800mCimmor1, Amersham), and
either T7- or T3-RNA polymerase, depending on the sense of
the probe required. The reaction was left at 37°C for
30-40 min and terminated by the addition of 1/10 volume of
10x MS (lOmM Tris pH7.5, lOmM MgCl2, 50mM NaCl). The
reaction was treated with 1 [A of RNAase-free DNAase
(nOmgml"1, BRL) for 7 min at 37°C, then a 1̂ 1 aliquot was
TCA precipitated and counted in Aquasol on a scintillation
counter to determine the percentage incorporation. 30^1 of
tRNA (lOmgml"1, phenol extracted, ethanol precipitated,
and resuspended in DEPC-treated water) was added to the
reaction, and the probe was phenol extracted, chloroform
extracted and ethanol precipitated by adding an equal volume
of 4 M ammonium acetate and 2.5 volumes of ethanol. The
probe was resuspended in 50% formamide (de-ionised,
Rose), at between 0.5 and 2.5xl06ctsmin~1 [A~l and stored
at -20°C until used.

Embryo sectioning and hybridisation to 3SS-RNA
probes
The sectioning of embryos and the hybridisation of RNA
probes to embryo sections was carried out as described by
Ingham et al. 1985.

Constructs
The following constructs have been used in this study: pKScyc
1.7, a 1.8 kb cDNA containing the 3' end of the cyclin B
mRNA in Bluescript pKS (Stratagene); pKScyc 1.2, a 1.4kb
cDNA encoding almost the entire coding region of the cyclin
A gene in Bluescript pKS; NBAl, a 3.4kb cDNA encoding
the 3' end of the lodestar mRNA (C. Girdham, personal
communication); 10a2, a 2.1kb cDNA containing the entire
coding region of the polo gene (S. Llamazares, personal
communication). These last two cDNAs were in the pNB40
vector (Brown and Kafatos, 1988).

Preparation of digoxygenin probes for whole mount
in situ hybridisation
Appropriate restriction fragments from each of the above
constructs were isolated. Digoxygenin probes were made with
these fragments using a BCL kit (no. 1093 657). The reaction
is essentially an oligolabelling reaction (Feinberg and Vogel-
stein, 1983, and addendum, 1984) and was carried out exactly
as described in the BCL kit.

Whole-mount hybridisation of embryos to digoxygenin
probes
The methods we used were exactly those described by Tautz
and Pfeiffe (1989), except that embryos were fixed as
described above. After hybridisation and staining, the
embryos were incubated in Hoechst 33258 (ljigml"1) for
20 min, and then mounted in mounting medium (85%
glycerol, 2.5 % H-propylgallate). Photography was performed
as described in Raff and Glover (1988).

Antibody staining
To reveal the distribution of the vasa protein, embryos were
fixed and stained essentially as described by Lasko and
Ashburner (1990), using a polyclonal serum raised against the
vasa protein, except that we used second antibodies directly
conjugated to horse-radish peroxidase (Jackson).
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Fly stocks
The following mutant stocks have been used in this study: b pr
staucs/CyO: b pr staiF2/CyO; b pr en sea tudB36/CyO; en
stauHL tudWc bw/CyO; BicDE]U48 en tudwc bw/CyO; vlsPE

en stau11^ bw/CyO; vlsRB en bw/CyO; Df(2L) TW2/CyO; th
st in ri roe pp osk30l/TM3; th st in ri roe pp oskl66]TM3;
vasaPD23 en bw/TM3; capuRKl2 bw en sp/CyO; spirRpl8 en
bw/CyO: st nos53 e/TM3; st nosL1 e/TM3; stpum^/TAH; b

icD^48 cn/CyO.

Results

The pattern of cyclin B mRNA distribution does not
depend on zygotic transcription
In the early Drosophila embryo, there is very little
transcription during the first 9-10 nuclear cycles. After
this, transcription levels gradually increase at successive
nuclear cycles (Edgar et al. 1986; Edgar and Schubiger,
1986), and at nuclear cycle 14, the embryo requires
zygotic transcription to drive cellularisation and further
embryonic development. Although embryos apparently
develop normally in the absence of zygotic transcription
until cycle 14 (Edgar et al. 1986; Wieschaus and
Sweeton, 1988; Merrill et al. 1988), there is evidence
that the zygotic transcription of at least one gene may
be required as early as nuclear cycle 6 (Karr et al. 1989).

To test whether de novo transcription played any part
in generating the pattern of cyclin B mRNA distri-
bution, we injected the transcription inhibitor
a'-amanatin (400^gml~1) into embryos at nuclear cycle
1-3 and allowed them to develop for varying lengths of
time before fixation. Even though it has previously
been shown that this concentration of o--amanatin
effectively inhibits RNA polymerase II-dependent
transcription (Edgar et al. 1986), we found that it had
little effect on the early nuclear cycles of the embryo.
At nuclear cycle 14, however, cellularisation and
gastrulation were completely inhibited, demonstrating
that the drug was inhibiting the zygotic transcription
required for these processes to occur. When
(tf-amanatin-injected embryos were fixed, sectioned and
hybridised to cyclin B antisense RNA probes, the
pattern of mRNA distribution (not shown) was found
to be the same as in untreated embryos (Whitfield et al.
1989 and below).

Cyclin B mRNA is localised around nuclei and
comigrates with them to the embryo cortex
To look more closely at the cortical accumulation of the
cyclin B transcripts observed previously (Whitfield et al.
1989), we hybridised embryo sections to antisense
cyclin B RNA probes (Fig. 1), but, instead of staining
the sections with Giemsa stain, we stained them with
the DNA-binding fluorochrome Hoechst 33258 (left-
hand panels). This figure shows syncytial embryos at
progressively later stages of development (panels
A-D). We found that the cyclin B mRNA (right-hand
panels) was concentrated around nuclei which are
found in the interior of the early embryo (Fig. 1A). As
the nuclei migrated to the cortex, they carried large
amounts of the transcript with them (Fig. IB). In this

way, the transcript was progressively cleared from the
interior of the embryo and accumulated at the embryo
cortex (Fig. 1C,D).

Because each nucleus in the syncytial Drosophila
embryo is surrounded by a yolk-excluding region (Foe
and Alberts, 1983), it was possible that all maternally
contributed transcripts would preferentially accumulate
in this region. To test this possibility, we performed a
series of hybridisations to early embryo sections with
three probes from genes whose transcripts are known to
be maternally contributed to the early embryo: cyclin
A, polo (S. Llamazares, personal communication) and
lodestar (C. Girdham, personal communication). In
each case, the transcripts were found to be evenly
distributed in the early embryo, and then appeared to
be progressively excluded from the developing inner
yolk mass, leading to an accumulation in a broad band
of cytoplasm below the cortex. This is illustrated for
cyclin A transcripts in Fig. 2, which displays a series of
syncytial embryos at comparable developmental stages
to those shown in the previous figure. Although all of
these transcripts were concentrated around nuclei to
some extent, this localisation was much less dramatic
than in the case of the cyclin B transcript (compare
Fig. 2A,B with Fig. 1A,B), and the subsequent reloca-
lisation of these transcripts to the embryo cortex was
correspondingly less striking (compare Fig. 2C,D with
Fig. 1C,D). Thus, the perinuclear localisation and
cortical migration of the cyclin B transcript are not
features common to all maternally derived transcripts.

Microtubules are involved in localising the cyclin B
transcript around nuclei
As the migration of nuclei to the cortex of the
Drosophila embryo is dependent upon functional
microtubules (Zalokar and Erk, 1976; Raff and Glover,
1989), we investigated the effects of colchicine, an
inhibitor of microtubule polymerisation, upon the
nuclear association of the cyclin B transcripts and their
migration to the cortex. We found that both the
perinuclear localisation and cortical migration of the
transcripts were blocked by colchicine (Fig. 3). Cyto-
chalasin D, an inhibitor of microfilament polymeris-
ation, had no effect on these processes (not shown).
Neither drug affected the posterior localisation of the
transcript. In order to examine the relationship
between the distribution of the transcript and the
microtubules in the embryo, we used the recently
developed technique of in situ hybridisation on whole-
mount preparations of embryos (Tautz and Pfeiffe,
1989). At nuclear cycle 10, when the nuclei are at the
cortex, much of the cyclin B RNA was seen to be
concentrated in the regions around nuclei that are rich
in microtubules (Fig. 4). This is most obvious at
metaphase, when transcripts are clearly concentrated in
a bipolar fashion around the metaphase chromosomes
(Fig. 4B). When we examined the distribution of cyclin
A, polo and lodestar transcripts with this technique,
there was no obvious accumulation of these transcripts
in the regions around nuclei that are rich in micro-
tubules (not shown).



1252 J. W. Raff, W. G. F. Whitfield and D. M. Glover

Fig. 1. The distribution of cyclin B transcripts during early embryo development. Embryo sections were hybridised to an
antisense RNA probe synthesised from a cyclin B cDNA. The embryos were at nuclear cycle 5-6 (A), 7-8 (B), 11-12 (C)
and 14 (D). The right-hand panels show Hoechst fluorescence, revealing the distribution of nuclei, and the left-hand panels
are dark-field images. The transcript is concentrated around the nuclei (A), and migrates to the cortex with the migrating
nuclei (B), generating the cortical localisation of the transcript (C,D). Note how at cycle 14 the transcripts are very tightly
localised to the cortex. Bar=50/um.
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Fig. 2. The distribution of cyclin A transcripts during early embryo development. Embryo sections were hybridised to an
antisense RNA probe synthesised from a cyclin A cDNA. The embryos were at nuclear cycle 5-6 (A), 7-8 (B), 12 (C) and
14 (D). The right-hand panels show Hoechst fluorescence, revealing the distribution of nuclei, and the left-hand panels are
dark-field images. The nuclear localisation and cortical accumulation of the transcript are much less obvious than that
observed for cyclin B. Note how at cycle 14 the transcripts are localised to a broad band of cortical cytoplasm whereas the
cyclin B transcripts (Fig. ID) are very tightly localised to the cortex. Bar=50^m.



1254 /. W. Raff, W. G. F. Whitfield and D. M. Glover

Fig. 3. The nuclear localisation and cortical accumulation of the cyclin B transcript are blocked by colchicine. Left-hand
panels show Hoechst fluoresence, right-hand panels show bright-field images. (A) An untreated embryo at cycle 7-8,
(B) an embryo injected with colchicine at nuclear cycle 6-8 that was allowed to develop for 40min after injection before
fixation. These sections were over-exposed as this makes the perinuclear localisation of the transcript very easy to observe.
The colchicine-injected embryo has no hint of a perinuclear localisation, and the transcripts, like the nuclei, have not
migrated to the cortex. Bar=50fim.

INTERPHASE METAPHASE ANAPHASE
Fig. 4. Cyclin B transcripts are concentrated around the regions of nuclei that are rich in microtubules. The Figure shows
three fields taken from different embryos at different mitotic phases of nuclear cycle 10: (A) interphase, (B) metaphase,
(C) anaphase. These embryos were fixed and hybridised with a digoxygenin DNA probe (see Materials and methods). The
figures show both the bright field images, revealing the distribution of the transcripts, and the fluorescent images, of the
nuclei, superimposed. For technical reasons it was not possible to stain these embryos with antibodies to reveal the
distribution of microtubules. The insets, however, show the microtubule structures typically found at these stages of the
nuclear cycle. At interphase, the transcript is accumulated around nuclei, and in many cases a slight bipolarity in the
distribution of the signal is apparent because the centrosomes have divided and migrated around the nuclei; this bipolarity
becomes even more marked at metaphase and anaphase. Bar=10f(m.
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B

Fig. 5. Cyclin B transcripts and polar granules are both concentrated around spindles at the posterior pole. The figure
shows the distribution of the vasa protein (A) and cyclin B transcripts (B) at the posterior pole of embryos initiating pole
bud formation. Bar=10,um.

Cyclin B transcripts are localised to the posterior pole
in early embryos and unfertilised eggs
It was shown previously that cyclin B transcripts
become concentrated to the posterior pole of Dros-
ophila embryos at some time before pole buds are
formed (Whitfield et al. 1989). When we looked at the
distribution of cyclin B transcripts in whole-mount
embryos, we found that they were concentrated at the
posterior pole in even the earliest embryos with only
one or two nuclei, and the same distribution was also
apparent in unfertilised eggs (not shown). It seems,
therefore, that cyclin B transcripts become concen-
trated to the posterior pole during oogenesis, rather
than during embryogenesis as previously reported
(Whitfield etal. 1989). Ongoing studies indicate that the
localisation of cyclin B transcripts during oogenesis is a
complex process. This reflects the need to establish the
two major patterns of maternal transcript deposition in
the egg. In this present communication, we therefore
restrict our analysis to the factors that influence the final
patterns of RNA distribution.

The distribution of cyclin B transcripts at the
posterior pole was strikingly similar to the distribution
of polar granules, organelles found exclusively in the
posterior cytoplasm. Polar granules develop late in
oogenesis, become incorporated into the pole cells and
are believed to be involved in germ cell determination.
Recently, the protein encoded by the vasa gene (Lasko
and Ashburner, 1988; Hay et al. 1988/?) was found by
immuno-electron microscopy to be a component of
polar granules (Hay et al. 1988a), providing a con-
venient way of visualising these organelles in the
embryo. Both the vasa protein (Hay et al. 1988a) and
the cyclin B transcripts at the posterior pole were
initially homogeneously distributed within a tight cap at
the posterior cortex. As the nuclei arrive at the
posterior pole, the vasa protein and the cyclin B
transcript become highly concentrated around the
nuclei. At higher magnifications, the vasa protein and
cyclin B transcript staining around the nuclei at the
posterior pole has a granular appearance (not shown,
but see also Lehner and O'Farrell (1990) for an example

of this distribution). As the microtubules become
reorganised into a mitotic spindle, virtually all of the
vasa protein and the cyclin B transcript become
concentrated in the regions expected to be occupied by
microtubules (Fig. 5). Indeed it has previously been
shown that polar granules accumulate around centrioles
(Rabinowitz, 1941; Counce, 1963; Mahowald, 1968).
This distribution appears to differ from that seen for the
cyclin B transcripts around the rest of the embryo
cortex, where not all of the transcripts are concentrated
around microtubules (Fig. 6).

A similar distribution of cyclin B transcripts at the
posterior pole is also seen in embryos injected with the
DNA synthesis inhibitor aphidicolin (Ikegami et al.
1978). When aphidicolin is injected at nuclear cycle
7-8, the centrosomes can often migrate to the cortex
without nuclei (Raff and Glover, 1989). At the
posterior pole, centrosomes alone can initiate pole bud
formation in the absence of a nucleus. These buds are
only initiated when a centrosome reaches the posterior
pole, and each bud always contains a centrosome. In
such embryos, virtually all of the detectable signal from
the cyclin B transcript at the posterior pole appears
concentrated in the regions around centrosomes about
which the pole buds are forming (Fig. 7A). This same
pattern was found when such embryos were stained to
reveal the distribution of the vasa protein (not shown).
We found, however, by examining the distribution of
cyclin B transcripts in sections of such aphidicolin-
injected embryos, that the majority of the RNA in the
rest of the embryo did not migrate to the cortex with the
centrosomes alone (not shown - see Discussion).

The posterior localisation of the cyclin B transcript is
disrupted in mutant embryos that fail to form pole
cells
The observations described above raised the possibility
that the cyclin B transcripts at the posterior pole are
associated with polar granules. To test this possibility,
we looked at the localisation of the transcript in
embryos that have no polar granules. Genetic studies
have identified seven genes that play a part in polar
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granule formation: vasa, oskar, valois, tudor, staufen,
cappuccino and spire. Embryos from females homo-
zygous for any one of these mutations (which we shall
call VAS, OSK, VAL, TUD, STAU, CAPU, and SPIR
embryos respectively) lay embryos that have no polar

granules, fail to form pole cells, and usually have a
variety of other defects associated with the absence of
abdominal structures (Boswell and Mahowald, 1985;
Schupbach and Wieschaus, 1986; Lehmann and Nuss-
lein-Volhard, 1986; Manseau and Schupbach, 1989).

INTERPHASE METAPHASE ANAPHASE
Fig. 6. The cyclin ,B transcripts localised at the posterior pole appear to be more dramatically concentrated around
microtubules than the transcripts around the rest of the embryo cortex. The Figure shows the posterior region of three
different embryos at different mitotic phases of nuclear cycle 9-10: (A) interphase, (B) metaphase, (C) anaphase. As in
Fig. 3, the figures show both the bright-field images, revealing the distribution of the transcripts, and the fluorescent
images, of the nuclei, superimposed. Virtually all of the cyclin B transcript at the posterior pole is localised around the
microtubules surrounding the polar nuclei. At the rest of the cortex, there is a much higher background of transcripts that
are not concentrated so dramatically around the nuclei. Bar=20f«n.

Fig. 7. The distribution of cyclin B transcripts at the posterior pole of aphidicolin-injected embryos and OSK embryos. The
embryo in A was injected with aphidicolin at nuclear cycle 7-8 and observed to initiate pole bud formation under the light
microscope. The embryo was then fixed and hybridised with a cyclin B digoxygenin DNA probe. Virtually all of the signal
from the cyclin B transcript is accumulated in the anucleate pole buds that are organised by centrosomes. The embryo in B
was laid by a female homozygous for the mutation osk301 at 18°C. In such embryos, there is much less cyclin B mRNA
concentrated at the posterior cortex by the time the nuclei arrive there. These transcripts, however, are still highly
concentrated around the centrosomes. Bar(A)=10>m. Bar(B)=5/tm.
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Table 1. The localisation of cyclin B transcripts and the vasa protein in mutant embryos that lack polar granules

mutant alleles
cyclin B

RNA localised
vasa protein

localised
polar

granules

capu
spir

stau

vasa

osk

tud

vis

nos

pum

RK12/RK12
RP18/RP18

C8/G2

PD23/PD23

166/Df
301/301 (29°C)
301/301 (18°C)

WC/WC
WC/B36

PE/Df
RB/RB

L7/53

680/680

A (—) sign indicates that the cyclin B transcript or the vasa protein was not concentrated at the posterior pole. A (+) sign indicates that
either the cyclin B transcripts or the vasa protein were initially localised to the posterior pole. In all of these cases, however, the
concentration at the posterior pole was always weaker than that observed in wild-type embryos, and it faded as development proceeded.
In TUD embryos both the cyclin B transcript and the vasa protein were no longer concentrated at the posterior pole by nuclear cycle 5—10
(variable from embryo to embryo). In VLS and OSK301 (at 18°C) embryos, the cyclin B transcript was often still localised to the posterior
pole of cycle 10-14 embryos, although no pole cells were formed. In VLS embryos the concentration of vasa protein at the posterior pole
had usually faded by this stage, and the protein was not localised to the posterior pole of OSK301 embryos at all.

CAPU and SPIR embryos also have defects associated
with dorsal/ventral pattern formation (Manseau and
Schupbach, 1989).

The distribution of the vasa protein in these mutants
has recently been reported (Lasko and Ashburner,
1990). We repeated these experiments, and in addition
looked at the distribution of cyclin B transcripts (Fig. 8
and Table 1). We confirmed that the posterior localisa-
tion of the vasa protein was completely abolished in
CAPU, SPIR, STAU and VAS embryos, and showed
that this was also true for cyclin B transcripts (see
Fig. 8B for an example). Both the vasa protein and the
cyclin B transcripts were, however, localised to the
posterior pole of VLS and TUD embryos, although this
localisation was less striking than that seen in wild-type
embryos, and it rapidly faded as development pro-
ceeded (for an example see Fig. 8C, and for details see
Table 1). In weak vis alleles, the cyclin B transcripts
were still concentrated at the posterior pole in some
embryos at cycle 13-14 (see Fig. 8D), even though the
vasa protein could not be detected there after cycle
5-10. In the strongest allelic combination of osk
available, both the vasa protein and the cyclin B
transcript were absent from the posterior pole. The
same was true of the temperature-sensitive allele osk301

at 29°C, where the phenotype is strongest; at 18°C,
however, cyclin B transcripts were localised to the
posterior pole in these embryos while the vasa protein
was not. As in the other mutants where the cyclin B
transcripts were concentrated at the posterior pole, this
localisation was less striking than in wild-type embryos
and it was lost as development proceeded. A small
amount of the transcript was still concentrated at the
posterior pole at cycle 10-14 in some of these OSK
embryos. In such embryos (and in VLS embryos where

the posteriorly localised transcript was still apparent at
cycle 10), the distribution of transcripts was consistent
with them being localised around centrosomes
(Fig. 7B).

Embryos laid by females homozygous for the
mutations nanos or pumilio have polar granules, form
pole cells, but have a variety of abdominal defects
similar to those found in the mutants described above.
We found that the distributions of both the vasa protein
and the cyclin B transcript in these embryos were
indistinguishable from those seen in wild-type embryos
prior to cellularisation. We also looked at the distri-
bution of the cyclin B transcript in embryos laid by
females heterozygous for the dominant mutation
Bicaudal DIIIE48 (Mohler and Wieschaus, 1986). In our
hands, approximately 8 % of these embryos developed
into embryos with a duplicated posterior pole and
abdominal structures at the anterior end. These
duplicated posterior poles, however, lack polar gran-
ules and do not form pole cells. In over 600 embryos
screened, we did not observe a single embryo with
cyclin B transcripts concentrated at the anterior pole.
Together, these observations suggest that the posterior
accumulation of the cyclin B transcripts is not required
for the formation of abdominal structures.

Discussion

We have shown that maternally contributed cyclin B
transcripts accumulate around nuclei at the earliest
stages of Drosophila embryo development. As the
nuclei migrate to the cortex, they take large amounts of
the cyclin B transcript to the cortex with them, thereby
clearing the transcript from the interior of the embryo.
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D

Fig. 8. The distribution of the cyclin B transcript in embryos that lack polar granules. The embryos were fixed, hybridised
with a cyclin B digoxygenin DNA probe and stained to visualise the cyclin B transcript. In order to stage the embryos,
they were also stained with Hoechst to reveal the distribution of the nuclei, although this is not shown. The left-hand
panels show embryos between nuclear cycles 2-5, the right-hand panels show embryos at cycle 14. (A) Wild-type embryos.
The cyclin B is concentrated at the posterior pole and becomes incorporated into pole cells. This staining pattern was also
found for NOS and PUM embryos. (B) VASA embryos. No concentration of cyclin B transcripts is observed at the
posterior pole. This staining pattern is also found for CAPU, SPIR, STAU and OSK (derived from both oskl66/Df
females, and osk301/oskxi females with development at 29°C). (C) TUD embryos. Cyclin B transcripts are initially
concentrated at the posterioir pole, but this concentration fades as development proceeds. This pattern is also seen in VLS
and OSK embryos (derived from oskxi/oski01 females with development at 18°C). (D) VLS embryos. In the cycle 14
embryo shown, the cyclin B transcript is still weakly concentrated at the posterior pole (note that no pole cells have
formed). This pattern is only seen ocassionally in VLS (v/sRB/v/sRB-derived) and OSK (osk30l/osk301-derived) embryos.
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This process explains how the previously observed
cortical accumulation of the transcript is generated.
Colchicine. an inhibitor of microtubule polymerisation
blocks the accumulation of the transcripts around
nuclei, raising the possibility that the transcript might
be associating with microtubules. Furthermore, we
found that the transcript was concentrated in the
regions around nuclei that are rich in microtubules.
Taken together, these findings suggest that the cyclin B
transcript associates either directly with microtubules or
with components that are microtubule-associated.

Although it appears that cyclin transcripts associate
with microtubules in some way, we found that the
majority of the transcripts do not migrate to the cortex
when aphidicolin is injected into embryos, thus allowing
centrosomes to migrate to the cortex without nuclei.
This result is perhaps not surprising. The extent to
which microtubules break down when centrosomes
dissociate from incompletely replicated chromatin is
not clear. It is apparent, however, that the centrosomes
do not take the bulk of the cytoplasm surrounding the
nuclei with them to the cortex (J.W.R. unpublished
observations). We presume that most of the transcripts
remain localised in these remaining islands of cyto-
plasm. It is also possible that only microtubules
associated with either nuclei or condensed chromo-
somes can, either directly or indirectly, bind cyclin B
RNA.

We can only speculate about the possible functions
the peri- nuclear localisation of the cyclin B transcript
might have. The levels of cyclin A and cyclin B proteins
detected with antibodies in whole mounts of Drosophila
embryos do not appear to undergo dramatic variation
during the first 13 cycles of nuclear division (Lehner and
O'Farrell, 1989, 1990; Maldonado-Codina and Glover,
unpublished data). This is in contrast to other
organisms, where cyclin protein levels rise and fall in
synchrony with the cell cycle in whole embryo extracts
(Evans et al. 1983; Murray and Kirschner, 1989). This
cycling pattern is, however, found in the Drosophila
embryo after cycle 14 when the nuclei have cellularised
(Lehner and O'Farrell, 1989, 1990; Whitfield et al.
1990). The apparent lack of cyclin protein cycles in
syncytial Drosophila embryos is puzzling, especially in
the light of experiments showing that the destruction of
cyclin B protein is necessary for the exit from mitosis in
amphibian cell extracts (Murray et al. 1989). It is
possible that in the syncytial Drosophila embryo, either
the activities of the cdc2-cyclin complexes are modu-
lated only by post-translational modifications such as
their state of phosphorylation, or the cyclin proteins
only undergo cyclical degradation in a localised region
around each nucleus rather than over the whole
cytoplasm. Preliminary data indicate that cyclin B
protein is concentrated in the same region of the
syncytial embryo as is its mRNA (Maldonado-Codina
and Glover, unpublished). This is consistent with
evidence from a number of species that cdc2 kinase is
associated with the mitotic spindle (e.g. see Riabowol et
al. 1989); that the kinase can regulate microtubule
dynamics in vitro (Verde et al. 1990); and with the

association of the S. pombe cyclin, the cdcl3+ gene
product, with microtubules as originally postulated by
Booher and Beach (1988) and recently demonstrated in
immunofluorescence studies by J. Hyams (personal
communication). Thus the association of cyclin B
transcripts with microtubules could act to concentrate
the transcript where the protein is required. Alterna-
tively, the mRNA could be 'dragged' into this region by
localisation signals present on nascent cyclin B peptides
on polysomes.

We found that cyclin B transcripts are concentrated
at the posterior pole of the earliest embryos and in
unfertilised eggs. This was missed in earlier obser-
vations (Whitfield et al. 1989) which were made using
embryo sections rather than whole-mount prep-
arations. The posterior localisation of the transcript is
not disrupted by inhibitors of microtubule or microfila-
ment polymerisation (although these can only be
injected after the transcript has initially become
localised to the posterior pole), suggesting that the
transcript is binding to some component of the
specialised posterior cytoplasm, rather than to cytoskel-
etal-associated elements. Cytoskeletal components
may, however, play a role in localising the transcript to
the posterior pole during oogenesis. In Xenopus, both
microtubules and actin filaments are involved in
localising maternally derived Vg-1 transcripts to the
vegetal hemisphere of the developing oocyte (Yisraeli
etal. 1990).

The specialised cytoplasm at the posterior pole of the
Drosophila embryo contains a large number of elec-
tron-dense organelles called polar granules (Counce,
1963; Mahowald, 1962, 1968), putative germ cell
determinants. Genetic studies have identified seven
genes involved in the formation of polar granules
(Boswell and Mahowald, 1986; Schupbach and Wies-
chaus, 1986; Lehmann and Nusslein-Volhard, 1986;
Manseau and Schupbach, 1989). One of these genes,
vasa, has recently been cloned (Hay et al. 1988; Lasko
and Ashburner, 1988), and has been shown by immuno-
electron microscopy to be a component of polar
granules (Hay et al. 1988). We found that the vasa
protein and the cyclin B transcript are co-localised over
many hours of embryogenesis. Moreover, at the
blastoderm stage we have observed that cyclin B
transcripts aggregate and associate with the nucleus in a
manner similar to that described for polar granules
(data not shown, but see similar observations of Lehner
and O'Farrell, 1990). Furthermore, we found that both
the vasa protein and the cyclin B transcripts at the
posterior pole become dramatically concentrated in the
area expected to be occupied by the microtubules
associated with the nuclei that migrate to the posterior
pole. This is consistent with previous observations that
polar granules appear to be concentrated around
centrioles to varying extents in a number of Drosophila
species (Rabinowitz, 1941; Counce, 1963; Mahowald,
1968). This localisation around microtubules is much
more striking than that observed for the cyclin B
transcripts at the rest of the embryo cortex. This
suggests that the transcripts localised to the posterior
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pole are binding to microtubules via a component in the
posterior cytoplasm that has a higher affinity for
microtubules than the transcript does on its own.

Although the posterior localisation of the cyclin B
transcript is invariably disrupted in mutant embryos
that lack polar granules, we were still able to see some
posterior localisation in VLS, TUD and OSK embryos.
In these cases, the transcript is initially concentrated at
the posterior pole, but this concentration fades rapidly
as development proceeds. This indicates that intact
polar granules per se are not required for the
localisation process. It is possible, however, that in this
set of mutant embryos cyclin B transcripts are initially
localised to the posterior pole by associating with a
component (or components) of the polar granules, also
initially localised to the posterior pole. Our studies and
those reported previously (Lasko and Ashburner, 1990)
have shown that the vasa protein is initially localised to
the posterior pole in some mutant embryos. With one
exception, those mutant embryos in which cyclin B
transcripts are localised to the posterior pole, are also
those in which the vasa protein is correctly localised. It
seems therefore that the processes that localise both the
vasa protein and cyclin B transcripts to the posterior
pole rely on similar macromolecules. While all our
results are consistent with the possibility that cyclin B
transcripts are localised to the posterior pole by binding
to a component of the polar granules, it is also possible
that they may bind to an as yet unidentified component
of the posterior cytoplasm that is concentrated around
microtubules, and whose localisation at the posterior
pole is disrupted in these mutant embryos.

What is the functional significance of sequestering
cyclin B transcripts into the germ line? The concen-
tration of cyclin B protein in the pole cells appears no
higher than elsewhere in the late syncytial embryo
(Lehner and O'Farrell, 1990; G. Maldonado-Codina,
personal communication), suggesting that most of the
transcript is not translated into protein at this time, but
is being stored for later use. Indeed, pole cells
apparently do not divide after cellularisation until much
later in development when the gonads are forming
(Sonnenblick, 1950). Presumably the transcript is being
stored for use at this or a later time. It is unclear,
however, why the embryo stores maternally supplied
cyclin B transcripts, when, in principle, the gene could
be transcribed in pole cells when the protein is required.
Perhaps pole cells are transcriptionally inactive for a
time during embryo development, and therefore need
maternal cyclin B transcripts as a source of cyclin B
protein to drive the later divisions of these cells. These
questions could be addressed by a detailed study of the
expression of the cyclin genes in relation to cell division
in the germ-line during embryogenesis.

We thank Paul Lasko for generously providing the vasa
antibody used in this study and for communicating results
prior to publication. The mutant fly stocks were kindly
donated by C. Nusslein-Volhard and P. Lasko. We also thank
Charles Girdham and Salud Llamazares for providing
constructs.
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