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Developmental Evolution: Insights from
Studies of Insect Segmentation

Nipam H. Patel

Rapid advances have been made in the understanding of the genetic basis of develop-
ment and pattern formation in a variety of model systems. By examining the extent to
which these developmental systems are conserved or altered between different organ-
isms, insight can be gained into the evolutionary events that have generated the diversity
of organisms around us. The molecular and genetic basis of early pattern formation in
Drosophila melanogaster has been particularly well studied, and comparisons to other
insects have revealed conservation of some aspects of development, as well as differ-
ences that may explain variations in early patterning events.

Even before the concept of evolution was
expressed, naturalists had debated the in-
terpretation of parallels between develop-
ment and the grouping and classification
of organisms. With the emergence of evo-
lutionary theory, many focused on the re-
lationship between the development of an
organism and its evolutionary history (1).
In The Origin of Species, Darwin referred to
development and embryology as “one of
the most important subjects in the whole
round of history” (2). With the combina-
tion of ideas from development, evolution,
and genetics, it was possible to conceptu-
alize how the selection of heritable genetic
changes in developmental programs could
have generated much of the diversity of
life. But now, as we begin to understand
the specific genes and molecular genetic
systems that control the development of
organisms, we can actually examine the
evolution of particular developmental pro-
cesses at the level of the specific genes
that control them.

Geneticists and developmental biolo-
gists have, on occasion, considered the evo-
lutionary implications of their findings. For
example, when Lewis described his analysis
of the bithorax complex, a group of genes
that control regional specification of the
Drosophila body plan, he pointed out the
potential importance of these findings for
the understanding of the evolution of the
arthropod body plan (3). Although some of
Lewis’ ideas have required modification as
additional data have been collected, the
seminal nature of his line of thought is
clear.

Interest in the links between develop-
ment and evolution have been heightened
recently by the discovery that develop-
mentally interesting genes identified in
one organism often have homologs (based
on sequence similarity) in a range of dis-

The author is in the Department of Embryology, Carnegie
Institution of Washington, Baltimore, MD 21210-3399,
USA.

tantly related creatures. In many instanc-
es, this sequence similarity reflects a con-
servation of biochemical function. In sev-
eral cases, these homologous genes serve
similar developmental functions in a num-
ber of diverse organisms. Probably the best
known example of this evolutionary con-
servation of a developmental mechanism
comes from the comparison of the HOM/
Hox genes, which include the bithorax
complex genes described by Lewis (4).
Originally discovered by genetic analysis
of pattern formation in Drosophila, these
genes encode a closely related family
of homeodomain-containing transcription
factors that determine regional identity
during Drosophila development. Because of
the conservation of the homeobox se-
quences of these genes and the preserva-
tion of the genomic structure of the gene
complex, multiple homologs were identi-
fied in a number of organisms and subse-
quently shown to serve roughly similar func-
tions during development. Thus, this set of
evolutionarily conserved genes shows simi-
larity at four levels: sequence, genomic or-
ganization, biochemical function, and de-
velopmental context. In other instances,
genes with developmentally related func-
tions have been independently identified in
two widely separated model systems, and
only after they were both cloned was it
realized that similar genes had been charac-
terized. For example, nematode unc-6 and
the vertebrate netrins were both character-
ized for their roles in the circumferential
growth of axons and were only subsequently
recognized to be closely related genes (5).
The list of apparently homologous genes
that serve developmentally conserved func-
tions in distantly related organisms grows
daily. For example, the highly related Pax-6
(small eyes) gene of mice and the eyeless
gene of Drosophila are both required for
normal eye development (6); the genes of
the myo-D family are involved in muscle
development in nematodes, Drosophila, and
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mice (7). These and similar findings repre-
sent a triumph of developmental biology,
but to understand the evolution of animal
diversity, we need to learn about the genet-
ic basis of the variations (not just the sim-
ilarities) in developmental programs. Diver-
sity in the molecular genetic level of devel-
opmental pathways has been documented
in several instances, even in cases in which
superficial similarities exist. For example,
genetic studies have identified the steps
involved in sex determination in both Dro-
sophila and nematodes. Although the gen-
eral organization of the pathway is similar
in these two animals, the molecular ma-
chinery that underlies the process appears
quite different (8).

In some cases, closely related gene
products in two organisms share biochem-
ical functions but act in different develop-
mental contexts. For example, the signal
transduction system involved in Drosophila
dorsal-ventral patterning and mammalian
immune system activation rely on a simi-
lar set of proteins and biochemical path-
ways [Toll/IL-1 receptor, Dorsal/NF-kB,
Cactus/IkB (9)]. Furthermore, single genes
often serve multiple developmental func-
tions in an organism. The runt gene of
Drosophila, for example, functions in seg-
mentation, neural specification, and sex
determination (10). Assuming that these
three functions did not arise simultaneous-
ly during evolution, it is possible that dis-
tantly related organisms that branched off
before all three functions evolved in the
lineage leading to Drosophila will use runt
homologs for only one or two of these
processes. Of course, independent loss of
function or adoption of novel functions in
other lineages is also possible.

Changes in the pattern of expression of
the HOM/Hox genes may help us under-
stand some of the changes in morphology
that have occurred during animal evolu-
tion, but overall, extensive conservation is
seen in the deployment of HOM/Hox
genes. [t has been suggested that the stage
at which HOM/Hox genes establish body
pattern represents a zootypic stage for an-
imals of many different phyla (11). That
is, whereas animal embryos from two dif-
ferent phyla may appear morphologically
quite different at this stage, at the molec-
ular level they have established a common
ground plan, the zootype. The notion of
the zootype also fits with the older idea
that there is a phylotypic stage for all
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embryos within each phylum. The phylo-
typic stage is defined as the stage at which
embryos within a phylum show the great-
est level of morphological similarity (12).
For example, chordate embryos pass
through a step in development at which
they have a similar arrangement of neural
tube, notochord, and somites. Because the
phylotypic point of development is also
the stage at which HOM/Hox genes are
establishing regional identities, there is
significant overlap between the zootypic
stage between phyla and the phylotypic
stage within each phylum.

In spite of the conservation of the phy-
lotypic and zootypic stages, developmental
biologists have long recognized that the
initial stages of embryonic development
within each phylum are characterized by a
great deal of diversity. For example, whereas
human, chicken, and zebrafish embryos
look similar at the phylotypic stage, their
earlier development appears morphological-
ly quite different. An important question is
how this earlier diversity manifests itself at

Fig. 1. Drosophila anterior posterior
pattern formation. (A through E) Cuticle
preparations illustrating different class-
es of mutations. (A) Wild-type. (B) Ma-
ternal class mutation oskar deletes
most of the abdomen. (C) Gap class
mutation Krippel deletes the thorax
and anterior two-thirds of the abdo-
men. (D) Pair-rule class mutation fushi
tarazu deletes every other segment
unit. (E) Segment polarity mutation
gooseberry deletes the naked cuticle
portion of each segment and replaces
it with a mirror image duplication of the
adjacent denticle belt pattermn. (F and G)
Steps in the generation of pattemn dur-
ing cogenesis and embryogenesis. (F)
During oogenesis, incomplete cytoki-
nesis generates a cyst of sixteen cells;
fiteen form nurse cells and one be-
comes the oocyte (arrow points to oo-
cyte nucleus; other stained nuclei are
nurse cell nuclei). Asymmetry is already
quite apparent at the morphological
level in that the anterior end of the oo-
cyte is closest to the attachment to the
nurse cells and the oocyte nucleus is in
an anterior dorsal position within the
oocyte. (G) During oogenesis, several
matemnal transcripts become spatially
localized in the oocyte, such as oskar,
which is localized to the posterior pole.
(H) Localization of nanos mRNA at the
posterior end of the egg. (I) Diffusion of
the nanos protein product forms a gra-
dient from the posterior pole. (J) Mater-
nal hunchback protein gradient forms
in a syncytial blastoderm embryo as
translation of uniformly distributed

hunchback mRNA is repressed by the posterior gradient of nanos product.
(K) Zygotic gap gene Krippel protein expression in the blastoderm embryo.
Seven-stripe protein patterns of pair-rule genes even-skipped (L) and fushi
tarazu (M) in cellular blastoderm embryos. (N) Transcripts of the segment
polarity gene gooseberry appear in segmental stripes by the onset of gas-
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the molecular level. Given that all embryos
within a phylum reach a similar phylotypic
stage, it may be that all the molecular ge-
netic steps that control pattern formation
up to this conserved stage are also identical,
with the differences in early morphology
representing only differences in topology or
in the relative timing of various develop-
mental events. Alternatively, fundamental
differences in the molecular machinery and
developmental programs may parallel the
diversity seen in the stages that precede the
phylotypic point.

Insect Segmentation as a Model
for Evolutionary Change

Several attributes make the arthropod
phylum, and insects in particular, well
suited for the investigation of the molec-
ular nature of variation in early develop-
ment. First, many years of investigation
have yielded a detailed picture of the steps
that generate anterior-posterior segmental
pattern during the early embryonic devel-
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opment of the model insect, Drosophila
melanogaster (13). Discussion here will be
limited to four basic classes of mutations
that affect the process of anterior-posteri-
or segmentation (Fig. 1, A through E).
The first category is maternal effect muta-
tions that result in the deletion of large
regions of the body plan; examples include
bicoid, nanos, staufen, and oskar. The sec-
ond is zygotic gap mutations that create
gaps in the pattern of embryonic segments;
examples include Kriippel, hunchback,
knirps, and giant. Third is zygotic pair-rule
mutations that cause the deletion of every
other segmental unit; examples include
even-skipped, fushi tarazu, runt, hairy, and
0dd-Oz. Fourth is zygotic and maternal
segment polarity mutations that affect pat-
terning within each segmental unit; exam-
ples include engrailed, wingless, armadillo,
and hedgehog.

An analysis of these mutations, and the
normal functions of the genes altered by
these mutations, provides a detailed picture
of the molecular basis of Drosophila segmen-

trulation. This embryo is beginning a morphogenetic movement known as
germband extension, which will transiently cause the posterior end of the
embryo to curl around toward the head. (O) Protein distribution of segment
polarity gene engrailed at mid-embryogenesis. Each stripe marks the pos-
terior portion of a segment.



tation (Fig. 1, F through O). Briefly, ma-
ternally supplied bicoid and nanos messen-
ger RNA (mRNA) are localized at the
anterior and posterior ends of the embryo,
respectively, before fertilization. The pro-
tein products produced from these two
mRNAs diffuse through the syncytial em-
bryo to generate protein gradients that act
to establish the large domains of gap gene
expression. Interactions in the syncytial
embryo among these gap genes, which en-
code a variety of classes of transcription
factors, then generate the patterned ex-
pression of specific pair-rule genes. The
expression of the pair-rule genes, whose
products are almost exclusively transcrip-
tion factors, is the first sign of periodic
patterning in the embryo; most are ex-
pressed in patterns of seven stripes with
two-segment periodicity in the cellularized
blastoderm embryo. Interactions among
the pair-rule genes establish the so-called
parasegment domains. The parasegments
have segmental periodicity but are slightly
out of phase with the morphologically vis-
ible segments; these domains, rather than
the morphologically obvious segmental
domains, are the relevant genetic and mo-
lecular units used during early Drosophila
pattern formation. The pair-rule genes
also regulate the expression or activity of
the final tier in the segmentation hierar-
chy, the segment polarity genes. These
genes, most of which are expressed in seg-
mental periodicity, act to maintain and
refine the borders established by the pair-
rule genes. Some of the segment polarity
genes encode transcription factors, but the
remainder are involved in intracellular
communication and intercellular signal
transduction.

In a process concurrent with segmenta-
tion, the expression of homeotic genes gives
unique identities to the segments estab-
lished by the segmentation hierarchy. Ex-
pression of homeotic genes is initiated by
the gap genes, and their precise boundaries
are further refined by the pair-rule and seg-
ment polarity genes. Thus, the Drosophila
embryo is progressively subdivided into

Fig. 2. Similarities in the overall A
body plan of insects as revealed
by homeotic gene expression.
In Drosophila (A), Tribolium (B),
and Schistocerca (C) the Ubx/
Abd-A protein expression do-
main [detected with an antibody
that recognizes both gene
products (57)] extends through
most of the abdomen. There are
differences in the position of the
posterior boundary at different
stages which may account for
changes in the later delineation
of posterior abdominal seg-
ments (78).

i
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smaller and smaller units by the action of
the segmentation gene hierarchy, and iden-
tities are assigned to the individual seg-
ments by the homeotic genes. This entire
process occurs rapidly: Within 3 hours after
fertilization, the homogeneous-looking
blastoderm stage Drosophila embryo con-
tains an accurate representation of the lar-
val body plan.

After gastrulation, the Drosophila em-
bryo enters the germband stage. By this
time, the earlier expression of maternal,
gap, and pair-rule genes has decayed. Mor-
phological segmentation and the regional
specializations of the body plan are clearly
visible. Segment polarity gene expression
is maintained, and the cellular signaling
systems mediated by these genes continue
to refine the patterns within each seg-
ment. Homeotic genes are expressed in
their characteristic regional domains but
their expression is also constantly refined
and they continue to influence the devel-
opment of region- and segment-specific
structures (Fig. 2A). It is this germband
stage that represents the phylotypic point
for arthropods. All arthropod embryos
look very similar at the morphological lev-
el during this stage, and a comparison of
only insects reveals even more extensive
similarities. At the germband stage, all
insect embryos possess a head composed of
a procephalic region plus three gnathal
segments that form the mouth parts, three
thoracic segments, and eight to eleven
abdominal segments.

The second reason that insects are ide-
al for studies of the evolution of patterning
mechanisms is that developmental diver-
sity is quite obvious within this group of
organisms. Differences in development af-
ter the phylotypic point lead to variations
in larval and adult morphologies, but there
is also diversity in the steps leading up to
the phylotypic point. Some evidence for
diversity in early development comes from
perturbation experiments, which have
been performed on a variety of insect em-
bryos (14). As discussed above, genetic
and molecular analyses illustrate that an

B Cc
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essentially complete pattern of body seg-
ments is established by the end of the
blastoderm stage in Drosophila. However,
perturbations such as ligations and local-
ized cell ablation had already indicated
that this was the case for a number of
insect embryos, including those of flies
and bees. These embryos, in which the
entire body plan is already established by
the blastoderm stage, are called long-germ
embryos. This mode of development, how-
ever, is not typical of all insects. In em-
bryos such as those of grasshopper, a syn-
cytial and cellular blastoderm is formed
just as in Drosophila, but only a small
fraction of the blastoderm, called the germ
anlage, contributes to the embryo. The
remaining blastoderm regions give rise to
extraembryonic membranes. Experimental
perturbations indicate that the germ an-
lage does not contain a complete represen-
tation of the body plan. Only the head
region appears to be specified initially. All
of the more posterior regions of the em-
bryo are generated from a growth zone that
produces the material for the rest of the
embryo by cell proliferation after gastrula-
tion. Embryos like these, in which all seg-
ments posterior to the head appear to be
specified after gastrulation, are termed
short germ. Between the short- and long-
germ extremes are a range of intermediate-
germ embryos in which the head and tho-
rax appear to be established in the germ
anlage, with the remaining abdominal re-
gions generated later.

These differences in the timing of seg-
ment formation relative to the stage of em-
bryonic development can be thought of as
examples of heterochrony. The entire body
plan of long-germ embryos is specified in
the blastoderm before the start of gastrula-
tion. By contrast, short-germ embryos com-
plete the majority of their body plan after
gastrulation. It is possible that the molecu-
lar machinery of segmentation is identical
in long- and short-germ embryos but that
the timing of the process is shifted relative
to other morphological processes in the em-
bryo. However, one argument against this
possibility is that the Drosophila long-germ
system as we understand it requires a syn-
cytium for the diffusion of the maternal and
gap gene products. Delay of some of these
steps until after cellularization and gastru-
lation would seem to present obvious diffi-
culties to the conservation of this pattern-
ing system.

An additional advantage to the use of
insects for an analysis of the evolution of
developmental systems is that the evolu-
tionary relationships of most insects are
well understood (15) (Fig. 3A). Because the
fossil record is unlikely to reveal many de-
tails about insect embryonic pattern forma-
tion mechanisms, our analysis is dependent

583



on the analysis of extant insects. Evolution-
ary analyses based on extant organisms are
often hindered by evolutionary gaps, but
the relatively low rate of extinction of in-
sect orders suggests that these gaps will be
less problematic for insects than for most
other animal groups (16). Thus, the insects
constitute a system in which an outline of
evolutionary relationships is available and
all embryos establish a morphologically sim-
ilar body plan but in which there is reason
to believe that there is diversity in the steps
that lead up to this conserved stage of de-
velopment.

Drosophila belongs to one of the most
phylogenetically derived insect orders
(Diptera); thus, although it is the most
well-studied insect, it may not be repre-
sentative of other insect groups, especially
those that belong to more phylogeneti-
cally primitive orders. During the course
of the subsequent discussion, it is impor-
tant to bear in mind that the short-, in-
termediate-, and long-germ classification
scheme is a useful reminder of the diver-
sity of insect pattern formation mecha-
nisms, but by itself is not sufficient to
describe the evolution of insect pattern-
ing. Whereas long-germ embryos are
found only in the most phylogenetically
derived insects, intermediate- and short-
germ embryos are scattered throughout in-
sect phylogeny, and single-insect orders,

such as Coleoptera, sometimes contain
representatives of all three germ types.

To analyze the evolution of pattern
formation, comparative molecular data are
needed from a variety of insect embryos
that span not only a range of germ types,
but, more importantly, from a wide range
of insect phylogeny. Because normal pat-
tern formation in Drosophila requires the
expression of most segmentation genes in
their wild-type spatial patterns, and be-
cause the consequences of both lack of
expression as well as misexpression of
these segmentation genes are known, it is
possible to make some predictions about
the potential conservation of develop-
mental function or lack thereof by exam-
ining the expression of particular segmen-
tation gene homologs in other insect em-
bryos. Comparative molecular studies
have been undertaken by a number of
laboratories, and extensive descriptions of
the expression of multiple homologs of
Drosophila homeotic and segmentation
genes are now available for a number of
insects. Below | summarize some of the
data from insects outside of the Diptera to
illustrate the kind of information that has
been obtained from these studies. I focus
particularly on those findings that may
help us understand the basis for the devel-
opmental differences seen prior to the
conserved germband stage.

Comparative Molecular Studies

Homeotic genes. The earliest results from
comparative studies provided molecular
support for the conservation of the germ-
band stage of insect development. The con-
straint of the germband stage of develop-
ment had led to the prediction that those
genes active in the Drosophila germband,
that is, homeotic and segment polarity
genes, would also be well conserved in the
germband stage of other insect embryos.
This prediction has been borne out by a
number of studies. The expression of several
homeotic genes has been analyzed in a
range of insect embryos (17). Just as the
overall morphological body organization of
all insect embryos is well conserved, the
expression pattern of homeotic genes is
generally well conserved in a variety of
insect embryos (Fig. 2). Whereas the broad
domains of homeotic gene expression are
the same in various insects, the precise
boundaries vary somewhat. This is especial-
ly apparent in a comparison of the domain
of abdominal-A expression in the posterior
regions of the abdomen in Drosophila and
Schistocerca (Orthoptera; grasshopper) (18).
These changes may account for the extent
to which abdominal segments become
overtly differentiated and visible during the
development of these insects. Although no
data are yet available, the variation in the

Fig. 3. (A) Phylogenetic tree of A

several insect orders and their Chordate

relationship to another member zebrafish

of the arthropod phylum, crus-
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the arthropods to the chordate AT

and annelid phyla. (B through F) leech
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placement of flight appendages between the
Diptera and its sister order, Strepsiptera,
may also be the result of modifications in
the precise boundaries and levels of ho-
meotic gene expression (19).

Segment polarity genes. The expression of
the segment polarity gene engrailed has been
examined in many insects (20) (Fig. 3). In
Drosophila, engrailed is expressed in the pos-
terior portion of each segment during the
germband stage. Later, engrailed is still ex-
pressed in ectodermal stripes, but additional
expression is found in a specific subset of
neurons (21). These expression patterns are
conserved in all of the insects examined so
far and have also been seen in another group
of arthropods, the crustacea (20) (Fig. 3C).
The conservation of the precise boundaries
of engrailed expression, as well as the conser-
vation of the expression boundaries of sev-
eral of the homeotic genes, also indicates
that the parasegmental units, rather than
the morphologically visible segmental units,
are the fundamental units of molecular pat-
tern formation, not only for Drosophila, but
also for other insects and even crustaceans
(22). In addition, homologs of the seg-
ment polarity gene wingless are expressed
in Tribolium (Coleoptera; flour beetle) and
Manduca (Lepidoptera; tobacco hawk-
moth) in the same pattern as in Drosophila
(23, 24).

Whereas the expression patterns of the
homeotic and segment polarity genes are
well conserved at the germband stage, the
initiation of gene expression differs between
Drosophila and several other insects. In
long-germ Drosophila, homeotic gene ex-
pression is initiated prior to the onset of
gastrulation (13). Segment polarity genes
such as engrailed and wingless show a slight
anterior-to-posterior gradient of expression
even though there is no strict gradient for
pair-rule gene expression. All the body
stripes are, nevertheless, initiated by the
onset of gastrulation (13). In long-germ
Apis (Hymenoptera; honeybee), the anteri-
or-to-posterior gradient of engrailed expres-
sion is more obvious, but as in Drosophila,
all of the body stripes appear by the onset of
gastrulation (25). In long-germ Manduca,
wingless expression shows a pronounced an-
terior-to-posterior temporal gradient, which
may be linked to an anterior-to-posterior
gradient in the gastrulation process in this
insect (24).

In short-germ Schistocerca, however, nei-
ther engrailed nor any of the characterized
homeotic genes is expressed before the on-
set of gastrulation (20, 17). Instead, these
genes are expressed in a distinct temporal
and spatial sequence after gastrulation. For
example, Schistocerca engrailed stripes appear
first in the thoracic region and then subse-
quently in more anterior and posterior re-
gions. In the posterior regions, a rapid phase

of cell proliferation first generates an ab-
dominal region and engrailed stripes then
appear one at a time in an anterior-to-
posterior progression. Similarly, engrailed
stripes in short-germ Tribolium embryos also
appear sequentially as the embryo elon-
gates, although in this case the stripes begin
in the gnathal region (26). Thus, the se-
quential appearance of morphologically vis-
ible segments in short-germ embryos is pre-
ceded by the sequential appearance of mo-
lecular markers of the segmentation process;
compressed patterns of gene expression are
not seen in the proliferative zone of the
germ anlage.

Pair-rule genes. In long-germ embryos of
Manduca, as in Drosophila, all of the stripes
of runt, a pair-rule gene, appear at the blas-
toderm stage and are equally spaced over
the body region of the embryo (24). In
short-germ Tribolium, gene expression in
pair-rule patterns has been seen for ho-
mologs of Drosophila even-skipped (eve), fushi
tarazu (ftz), and hairy (27-29) (Fig. 4, A
through D). The pair-rule patterns in Tri-
bolium do not, however, appear in their
entirety at the blastoderm stage. Instead,
only about two pair-rule stripes of any of
these genes are seen in the Tribolium germ
anlage before gastrulation; the remaining
stripes appear as the embryo elongates. In
the intermediate-germ beetle Dermestes,
four even-skipped pair-rule stripes appear be-
fore gastrulation, and in the long-germ bee-
tle Callosobruchus, six pair-rule stripes ap-
pear before gastrulation. In both beetles,
the remaining eve pair-rule stripes appear
after gastrulation (27).

Although eve and ftz display pair-rule
periodicities in Tribolium, the actual pat-
terns are not identical to the corresponding
Drosophila patterns (27, 28). In Tribolium, as
in Drosophila, the anterior margin of the
peaks of ftz expression correspond to the
position in which even-numbered engrailed
stripes will form, but unlike Drosophila, ftz
expression is also seen in the areas between
forming engrailed stripes. This may not be a
trivial difference, because when Drosophila
ftz is forced into a Tribolium-like expression
pattern (for example, by misexpression with
a heat shock promoter) defects occur in
segmentation (30). Furthermore, deletion
of Tribolium ftz does not appear to cause a
pair-rule defect (although the defect may be
masked by the deletion of adjacent ho-
meotic genes) (28). Thus, although Tribo-
lium ftz may be expressed in a roughly pair-
rule pattern, it may lack pair-rule function
(see below).

The relationship between eve and en-
grailed expression starts out the same in Dro-
sophila and all three beetles; the anterior
margin of each ewve pair-rule stripe predicts
the location of each odd-numbered engrailed
stripe (which corresponds to the anterior
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margin of each odd-numbered paraseg-
ments), and the eve pair-rule stripes narrow
just before engrailed expression begins. In
both Drosophila and Tribolium, eve expres-
sion also undergoes a transition to form seg-
mental stripes. In Drosophila, weak eve
stripes form de novo in even-numbered
parasegments. In all three beetles, eve stripes
also appear in even-numbered parasegments,
but they form from the posterior edge of the
initial pair-rule stripes, and the level of eve
expression in these stripes is equal to that of
eve stripes in odd-numbered parasegments
(27, 28). Again, this difference may seem
trivial, but experiments in Drosophila suggest
that variation in the levels of eve expression
is responsible for the different regulatory
roles of eve in even- versus odd-numbered
parasegments (31). Thus, like the results
obtained from the analysis of Tribolium ftz,
the observations on Tribolium eve suggest
that there are differences between the pair-
rule gene networks in Drosophila and Tribo-
liym.

Homologs of eve and ftz have also been
characterized from Schistocerca (32, 33)
(Fig. 4E). Both genes are expressed in con-
served patterns in the nervous systems of
Schistocerca and Drosophila (32, 33) (Fig. 4,
F through H), but no pair-rule expression
patterns have been detected in Schistocerca,
which suggests that neither gene serves a
pair-rule function in this insect. Both genes
show a posterior domain of expression prior
to gastrulation and during the period in
which the embryo is elongating by cell pro-
liferation. A variety of observations suggest
that both genes may have had ancestral
HOM/Hox functions before they adopted
pair-rule functions. In the case of ftz, addi-
tional sequence motifs, its sharply demar-
cated expression boundaries in the nervous
system, and its position within the ho-
meotic clusters of Drosophila and Tribolium
suggest that it could have arisen from the
duplication of an adjacent Antp class ho-
meotic gene (28, 33). The finding that eve
homologs are part of the vertebrate (and
possibly even the coral) Hox complexes
suggests that eve had an ancestral function
as part of the HOM/Hox cluster before
taking on pair-rule functions (see below for
further discussion) (34, 35).

Gap genes. Homologs of the gap genes
hunchback and Kriippel have been charac-
terized from Manduca, and regional pat-
terns of expression at the blastoderm
stage appear to be roughly equivalent in
Manduca and Drosophila (24). Kriippel ex-
pression has also been studied in Tribolium
(29). In Drosophila, the Kriippel expression
domain is positioned in about the middle
of the blastoderm embryo (thorax plus
most anterior parts of the abdomen). In
short-germ Tribolium, the thorax and ab-
domen both appear to arise from the most
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posterior parts of the germ anlage; consis-
tent with this, the Kriippel domain initial-
ly forms a cap at the posterior end of the
Tribolium egg (29). The segment polarity
gene wingless also has a terminal domain of
expression in early Drosophila develop-

ment, and this terminal pattern also ap-
pears to be conserved in Tribolium (23). In
Drosophila, the Kriippel domain and termi-
nal wingless domains do not overlap. By
contrast, although the appropriate double-
labeling experiments remain to be done in

Fig. 4. Comparisons of eve (brown) and engrailed (gray) expression in various insects. In Drosophila,
engrailed appears in a 14-stripe segmental pattern and eve is in a 7-stripe pair-rule pattem. (A) is the
ventral view, with a higher magnification lateral view in (B). Odd-numbered engrailed stripes appear at the
anterior margin of each even-skipped pair-rule stripe. Weak eve stripes at the position of even-numbered
engrailed stripes are not visible in this preparation. In Tribolium, engrailed and eve stripes form sequen-
tially, in an anterior-posterior progression, as the embryo elongates. (C) is the ventral view, with a higher
magnification view in (D). The anterior margin of eve pair-rule stripes corresponds to the position at which
odd-numbered engrailed stripes will appear. Secondary segmental eve stripes also form that mark the
location at which even-numbered engrailed stripes will form. In Schistocerca (E) there does not appear to
be any relationship between the expression of eve and the formation of engrailed stripes. As the
abdominal engrailed stripes appear, eve is not expressed in any sort of stripe pattern, but is instead seen
in a region at the posterior end of the embryo (the staining at the very posterior tip is the anal pad
expression which is seen in all insects). Arrowheads in (A), (B), and (C) indicate the engrailed stripe of the
first thoracic segment (stripe number four). Expression pattemns of eve and engrailed are well conserved
in the central nervous system of Drosophila (F), Tribolium (G), and Schistocerca (H). Arrows point to the
eve-expressing RP2 neurons and arrowheads indicate the engrailed-expressing progeny of the median
neuroblast.
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Tribolium, the available descriptions indi-
cate that the two domains overlap in the
posterior end of the blastoderm Tribolium
embryo. Later in Tribolium development,
however, after the embryo has begun to
elongate, the Kriippel expression domain is
restricted to the thorax and anterior ab-
domen (29). Thus, with the data currently
available, it is not clear whether the pos-
terior boundary of Kriippel expression in
the Tribolium blastoderm corresponds to
the same posterior boundary seen once the
embryo begins to elongate. Data on gap
genes expressed in more posterior regions
of the abdomen would be useful in deter-
mining how complete gap gene patterning
actually is at the blastoderm stage of Tri-
bolium (that is, would more posterior gap
genes also be expressed in the Tribolium
blastoderm, or would their expression be-
gin only once the embryo had started
elongating).

Maternal genes. Homologs of the ma-
ternal class genes bicoid, oskar, and nanos
have been characterized in a number of
Diptera (36), but in no other insect orders.
Data from nematodes and Xenopus, how-
ever, suggests that nanos homologs might
have an evolutionarily ancient role in the
establishment of axes in animal embryos
(see below for further discussion) (37, 38).
In Drosophila, caudal is expressed both ma-
ternally and zygotically; the initially uni-
form maternal mRNA forms a posterior
gradient prior to the blastoderm stage
(13). A caudal homolog has been charac-
terized in Bombyx mori (Lepidoptera; silk-
worm moth) and this mRNA is found in a
gradient that extends from the posterior
end, although the gradient is reported to
form somewhat later in Bombyx than in
Drosophila and it has not been determined
if this mRNA is produced by maternal or
zygotic transcription (39).

Whereas preblastoderm gradients have
not been observed outside of the Diptera,
the results of experimental manipulations
strongly suggest that morphogenetic gradi-
ents exist early in development in many
insect orders (14). Particularly compelling
is the evidence for a gradient from the
posterior pole of the egg. It remains to be
seen how these gradients will be related to
the Bicoid and Nanos protein gradients
seen in Diptera.

Data from Groups Outside
the Insects

In presenting an evolutionary picture of
insect segmentation, it is also useful to
present some relevant data from groups
outside the insects. As discussed above,
homeotic gene involvement in regional
patterning seems to be present in all ani-
mals (4). In all crustaceans examined, the



segment polarity gene engrailed is ex-
pressed in segmentally repeated ectoder-
mal stripes and in nervous system patterns
very similar to those seen in Drosophila
(20) (Fig. 3C). In the leech, an annelid,
engrailed also shows metamarically repeat-
ing patterns of expression in several lin-
eages, and it has been argued that this
pattern is reminiscent of the early segmen-
tal patterns seen in Drosophila (40). Fur-
thermore, leech engrailed is also expressed
in a subset of neurons later in develop-
ment. Vertebrate homologs of Drosophila
segment polarity genes do not appear to
play a role in the overall generation of
metameric patterns, although in some in-
stances they are involved in the differen-
tiation of structures that are themselves
segmentally reiterated. For example, en-
grailed homologs in vertebrates are ex-
pressed in the midbrain-hindbrain regions
and some also show segmentally repeated
patterns in the somites and spinal cord,
but these repeated patterns appear well
after morphologically visible segmentation
(41) (Fig. 3B). Mutations of engrailed ho-
mologs in mice show various defects in
neural development but not in body seg-
mentation (42). The expression of pair-
rule and gap gene homologs has not been
examined in crustaceans or annelids. Al-
though vertebrate homologs of the Dro-
sophila pair-rule genes runt and eve have
been characterized, data do not suggest
that these genes have a pair-rule type pat-
terning function in vertebrates (43, 44).

Evolutionary Picture of Insect
Segmentation

The challenge now is to extract an evolu-
tionary picture from the comparative in-
formation that has been, and continues to
be, collected from various insects. First,
however, it is essential to appreciate the
restrictions on any analysis of the data.
The comparative studies summarized
above are still limited to a relatively small
number of genes, are biased toward insect
orders relatively closely related to Diptera,
and are usually based on data from only
one or two species per order. Moreover, in
most cases, we are attempting to assess the
function of genes from just their expres-
sion patterns and have yet to directly test
the developmental functions of most of
these genes outside of Drosophila. Never-
theless, it is possible to envision some of
the similarities and differences that might
exist in the overall segmentation hierar-
chy in extant insects and to use the infor-
mation to develop a picture of the evolu-
tion of the segmentation process seen in
Drosophila. We can specifically use the
data to address (i) the possible molecular
basis for differences in germ type, (ii) the

overall evolution of the genetic segmenta-
tion hierarchy, and (iii) the evolution of
specific segmentation genes.

Molecular Basis for Variations in
Germ Type

The data from comparisons of long-germ
Drosophila, short-germ Tribolium, and short-
germ Schistocerca illustrate the molecular
distinctions between short- and long-germ
insects. In Drosophila, all engrailed stripes
form by the onset of gastrulation (13, 21).
In short-germ Schistocerca and Tribolium, all
the stripes form more or less sequentially
after the embryo has gastrulated (20, 26).
At the level of the pair-rule genes, however,
we see that there may be significant differ-
ences in the ways that short-germ Tribolium
and Schistocerca generate engrailed stripes. In
Tribolium, sequentially appearing pair-rule
stripes appear to establish segment polarity
stripes (27-29). The intermediate-germ
beetle, Dermestes, and long-germ beetle,
Callosobruchus, appear to use pair-rule pat-
terning to establish segment polarity gene
expression like Tribolium does, but they dif-
fer in the extent to which patterning has
proceeded down the length of their bodies
by the start of gastrulation (27). In Schisto-
cerca, however, no evidence for pair-rule
patterning has been seen (27, 32). In addi-
tion, the specific relationship between eve
and engrailed stripes in long-germ Calloso-
bruchus is more like that found in short-
germ Tribolium than in long-germ Drosoph-
ila (27).

Thus, these results suggest that the
germ ‘type designation system accurately
reflects the relative timing of segmenta-
tion, but not necessarily the variations
that are present in the hierarchy of seg-
mentation genes. The molecular control
of segmentation in short-germ Tribolium is
probably more closely related to that of
long-germ Drosophila than that of short-
germ Schistocerca; segmentation in long-
germ Callosobruchus is probably more closely
related to that in short-germ Tribolium than
to that in long-germ Drosophila.

Variations in germ type may, therefore,
have several possible molecular explana-
tions depending on the insect species being
examined. All beetles probably use nearly
identical molecular systems for segmenta-
tion, but simple shifts in the relative timing
of this molecular process and the morpho-
logical process of cellularization and gastru-
lation may allow beetles to span a contin-
uum of germ types. On the other hand,
short-germ Schistocerca may use a more di-
vergent patterning system than that found
in either Diptera or Coleoptera, and this
system may simply be one that functions
only after the completion of gastrulation.
Whereas germ type comparisons are invalu-
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able, a more useful way to look at potential
variations in molecular mechanisms is to
place the various results into a phylogenetic
framework (Fig. 3).

Overall Evolution of the
Segmentation Hierarchy

Evidence for gap, pair-rule, segment polar-
ity, and homeotic gene patterning is seen in
extant Diptera, Lepidoptera, and Co-
leoptera. Thus, it is reasonable to suggest
that the common ancestor to these three
orders already had evolved the basic genetic
hierarchy that we know from Drosophila.
One might say that development is essen-
tially Drosophila-like in all three orders, but
it is important to remember that there are
significant differences. For example, the
segmental eve pattern seen in Coleoptera is
quite distinct from that seen in Drosophila,
suggesting that the specific interactions be-
tween pair-rule genes in Drosophila and Co-
leoptera may be different (27, 28).

The observations from short-germ Tribo-
lium also suggest that the Drosophila gap
patterning system can function in a cellular,
as opposed to a syncytial environment. This
might be possible if, as has been suggested,
the cells of Tribolium are connected by
junctions that allow the diffusion of various
segmentation gene products (29). An alter-
native explanation is suggested by the struc-
ture of several of the gap genes themselves.
Both tailless and knirps belong to a steroid
receptor superfamily that contains addition-
al members that are dependent on small
ligand molecules (45). Some of the products
of gap genes in Tribolium may act as recep-
tors for small ligands that diffuse between
cells, obviating any need for gap gene prod-
ucts themselves to diffuse between cells
(45). Finally, gradients could also be estab-
lished by dilution of gene products as cells
proliferate and the embryo elongates.

Evidence for homeotic and segment po-
larity patterning steps have been found in
the Orthopteran, Schistocerca (20, 17). No
evidence for pair-rule patterning has yet
been found in Schistocerca; neither eve nor
ftz homologs appear in pair-rule stripes.dur-
ing development (32, 33). If Orthoptera
does not use pair-rule patterning, then one
interpretation would be that the common
ancestor to Orthoptera and Diptera did not
utilize pair-rule patterning and that this
step in the segmentation hierarchy evolved
sometime during the evolution ‘of the more
phylogenetically advanced insect orders.

There are, however, several reasons to
question this interpretation. First, pair-rule
prepatterning has not been completely
ruled out in Schistocerca. Homologs of other
pair-rule genes, such as hairy and runt, may
be expressed in pair-rule patterns in Schis-
tocerca. Recently, a novel pair-rule gene,
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called odd-Og, was identified from Drosoph-
ila (46). This pair-rule gene is unique be-
cause it encodes a cell surface molecule. It is
intriguing to speculate that such a pair-rule
gene might function in the cellular envi-
ronment of Schistocerca. Moreover, even if
pair-rule patterning is not used by Schisto-
cerca, this does not necessarily mean that
pair-rule patterning was not an ancestral
trait; it may simply have been lost in the
lineage leading to Schistocerca. Data from
additional phylogenetically primitive in-
sects as well as from other arthropods, such
as crustacea, may help resolve this question.

If Schistocerca turns out not to utilize
pair-rule patterning, other mechanisms
might establish segment polarity stripes in
this insect. Whereas some of the Drosophila
segment polarity genes encode transcription
factors, many others encode secreted mole-
cules or cell surface receptors that function
in cell-cell signaling pathways that act to
maintain and refine segment polarity ex-
pression patterns. Although segment polar-
ity gene expression is initiated by pair-rule
genes in Drosophila, it is possible that in
Schistocerca the segment polarity genes
propagate a repeating pattern of their own
expression starting from a single point of
discontinuity (20, 47). It should be kept in
mind, however, that the expression patterns
of eve and Abd-B in Schistocerca provide
evidence that boundaries are established
well ahead of engrailed stripe formation (18,
27). In the case of eve, for example, a pre-
cise anterior boundary of expression is seen
within the abdomen just after the onset of
abdomen elongation, but well before the
appearance of the first abdominal engrailed
stripe (27).

Two other observations may also be rel-
evant to thinking about how pattern forma-
tion may occur in the cellular environment
of Schistocerca. First, the introduction of
excess copies of bicoid into Drosophila results
in embryos with noticeably altered patterns
of segmentation gene expression (all pat-
terns are shifted toward the posterior). The
larvae that hatch out, however, are normal,
suggesting that there is some later compen-
satory mechanism at work (48). The nature
of this compensation is still unknown, but
its mode of action may shed some light on
the generation of pattern in more phyloge-
netically primitive insects. A second result
concerns the generation of pattern in the
nematode. The glp-1 gene, which encodes a
cell surface receptor closely related to Lin-
12 and Notch, plays an important role in
the initial generation of asymmetry, and the
Glp-1 protein itself is asymmetrically dis-
tributed in 2- to 28-cell embryos (38). The
glp-1 mRNA, however, is initially distribut-
ed uniformly. The asymmetric protein dis-
tribution is due to sequences in the untrans-
lated part of the mRNA that prevent trans-
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lation in the more posterior cells of the
embryo. The sequences in glp-1 that are
responsible for this translational control are
reminiscent of the nanos-responsive ele-
ments present in the Drosophila hunchback
mRNA that prevent its translation in the
posterior part of the Drosophila embryo (38).
Although no nanos homolog has yet been
identified in the nematode, an intriguing
possibility is that similar molecules could
generate the asymmetric distribution of a
transcription factor (Hunchback) in one
context, and the asymmetric distribution of
a cell surface receptor (Glp-1) in another
context. Given that pattern formation in
Schistocerca occurs in a largely cellular en-
vironment, it is possible that the posterior
morphogenetic gradient in this insect also
ultimately sets up a gradient of some cell
surface receptor.

Qutside the insects there is evidence for
segment polarity patterning in other arthro-
pods (crustacea) and possibly in another
phylum (annelids). So far, chordates do not
appear to use homologs of Drosophila gap,
pair-rule, or segment polarity genes for gen-
erating metameric pattern (although it may
turn out that they use a logically similar
scheme of subdividing a region into smaller
and smaller units). Taken together, these
results argue that homeotic gene patterning
is shared by all animal phyla but that the
Drosophila segmentation hierarchy (at least
the segment polarity part of the system) first
appeared in the common ancestor to anne-
lids and arthropods. It still cannot be ruled
out, however, that parts of the Drosophila
system of generating metameric patterning
are ancestral but were lost in the lineage
leading to chordates.

Evolution of Specific Genes

Although our picture of the evolution of
the overall segmentation hierarchy is in-
complete, we can make some observations
regarding specific genes within the hierar-
chy. Two genes in particular, engrailed and
eve, can be traced through a number of
phyla. As discussed already, engrailed has a
highly conserved expression pattern during
segmentation and neurogenesis in insects
and crustaceans (20) (Fig. 3). Both expres-
sion patterns are also found in annelids
(40). In chordates, however, engrailed ex-
pression is seen during neurogenesis, but
not during the initial generation of
metameric pattern (44). Thus, although
neural development in arthropods and
chordates has diverged so greatly that it is
not obvious how to homologize the expres-
sion patterns seen in the two phyla, a role in
neurogenesis may be an ancestral function
of engrailed. This hypothesis can be tested
by examining the expression of engrailed
homologs in other phyla such as echino-
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derms, molluscs, and nematodes.

In Drosophila, eve is expressed in pair-
rule and segmental stripes, in a subset of
neurons, in the anal pad, and in the dorsal
mesoderm, which contributes to the heart
plus dorsalmost muscle fibers (49). In Schis-
tocerca, expression is seen in the same subset
of neurons, in the anal pad, and in the
dorsal mesoderm, but there are no pair-rule
or segmental stripes (32) (Fig. 4). There is,
however, a posterior domain of expression
that moves posteriorly as the embryo elon-
gates (32). In vertebrates, eve homologs are
expressed by a subset of spinal cord neurons
and also in the more posterior regions of the
embryo during gastrulation (44). The ver-
tebrate eve genes are located at the end of
two of the four Hox complexes (the relative
position of Schistocerca eve and the ho-
meotic complex is not known) (35). The
available data suggests that the common
ancestor to both arthropods and chordates
may have used ewve for neural specification,
for axial patterning, or for both. The inves-
tigation of eve homologs in a variety of
additional phyla should help test this idea
and may also reveal which of the two ex-
pression patterns is evolutionarily older.

The evolution of ftz homologs is also
revealing. In Drosophila, ftz is involved in
both pair-rule patterning and neurogenesis
(13). Expression during neural development
is well conserved in Schistocerca and Tribo-
lium (28, 33). No pair-rule patterns are seen
in Schistocerca, but an imprecise pair-rule
pattern is seen in Tribolium (28, 33). An
analysis of a deletion mutant of Tribolium,
however, suggests that its ftz gene does not
serve a pair-rule patterning function (28).
Thus, ftz may have adopted a pair-rule pat-
tern, but no pair-rule function, in the com-
mon ancestor to Drosophila and Tribolium.
This pair-rule pattern without pair-rule
function has been conserved into present-
day Tribolium. Thus, we may actually be
observing an example of a gene adopting a
new function during development. Analysis
of additional insect species will help test
this idea.

An intriguing question is, Why are so
many of the segmentation genes used in
both neurogenesis and segmentation? Even
in Drosophila, a number of genes involved in
neurogenesis show pair-rule or segmental
stripe expression, but analysis of mutants
does not indicate a pair-rule or segment
polarity patterning function (50). One ex-
planation is that the nervous system pro-
vides a large reservoir of useful transcription
factors already established in interactive
networks. When one gene is co-opted into
a new function, such as in segmentation, it
pulls the expression of several other genes
along with it. As long as there are no harm-
ful results, these other genes might main-
tain this new expression pattern for some



time before being utilized for new develop-
mental roles.

Looking at the evolution of individual
genes also provides insight into the forma-
tion of a complex developmental event
whose step-by-step evolution is difficult to
imagine. For example, in Drosophila there
are at least nine different pair-rule genes
(13, 46). The elimination of any one causes
disastrous consequences for the embryo, yet
it is hard to imagine that all nine genes came
to have a pair-rule patterning function si-
multaneously during evolution. By studying
homologs of each pair-rule gene in various
insects, we may be able to reconstruct the
order in which the pair-rule system was con-
structed. Again, understanding how Tribo-
lium accomplishes pair-rule patterning with-
out ftz may be particularly revealing.

General Con_clusi_ons and Future
Directions

The available data suggest that variations in
early development sometimes disguise well-
conserved molecular systems and at other
times are indicative of more fundamental
changes in developmental mechanisms.
Contrary to some initial assumptions, it
appears that the basic Drosophila segmenta-
tion paradigm can function in a cellular
environment such as that found in Tribo-
lium. Future studies may reveal what is re-
sponsible and required for the hetero-
chronic shift between these two particular
insects. In some insect embryos, more fun-
damental changes in the patterning mech-
anism may have occurred. For example,
Schistocerca may not employ a pair-rule
prepatterning step, or at least it does not
appear to use eve and ftz for this step. Fur-
ther analysis of Schistocerca development
may soon explain how segment polarity
gene expression patterns are established un-
der these situations.

It is clear that more comparative data
from a variety of organisms will help answer
many questions that have been raised. In
addition, techniques for the disruption of
gene function_in organisms not easily sub-
jected to standard genetic manipulation are
needed to test many hypotheses that are
currently based solely on comparisons of ex-
pression patterns. Finally, these comparative
studies are unlikely to identify novel pattern-
ing mechanisms that might be at work in
various insects and thus new model species
must be developed that are amenable to the
genetic analysis of pattern formation. Al-
ready, preliminary screens are being carried
out to identify pattern formation mutants of
Tribolium (51) and Nasonia (wasp) (52).

The basic approach described here to
study the evolution of insect development
is being applied to many other systems. As
we learn more about the genetic basis of

vertebrate development, for example, com-
parative studies may reveal many of the
molecular and genetic underpinnings for
the diversification of vertebrate body forms
and the evolution of variation in early ver-

" tebrate development. Specific evolutionary

studies are already being undertaken to an-
alyze a wide variety of developmental pro-
cesses ranging from nematode vulva forma-
tion (53), to ascidian larval development
(54) to sea urchin cell lineage control (55).
All of these approaches will provide valu-
able insights into how developmental pro-
cesses evolve and lead to a deeper under-
standing of the commonalities that link all
embryos as well as of the differences that
account for the diversity of embryonic de-
velopment (56).
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Cytoskeletal Functions During

‘Drosophila Oogenesis
Lynn Cooley and William E. Theurkauf

Organismal morphogenesis is driven by a complex series of developmentally coordinated
changes in cell shape, size, and number. These changes in cell morphology are in turn
dependent on alterations in basic cytoarchitecture. Elucidating the mechanisms of de-
velopment thus requires an understanding of the cytoskeletal elements that organize the
cytoplasm of differentiating cells. Drosophila oogenesis has emerged as a versatile sys-
tem for the study of cytoskeletal function during development. A series of highly coor-
dinated changes in cytoskeletal organization are required to produce a mature Drosophila
oocyte, and these cytoskeletal transformations are amenable to a variety of experimental
approaches. Genetic, molecular, and cytological studies have shed light on the specific
functions of the cytoskeleton during oogenesis. The results of these studies are reviewed
here, and their mechanistic implications are considered.

Drosophila ovaries are composed of parallel
bundles of developmentally ordered egg
chambers, each of which supports the de-
velopment of a single oocyte. These bun-
dles, called ovarioles, are divided into ante-
rior and posterior compartments [Fig. 1A;
for a comprehensive review of Drosophila
oogenesis, see (1)]. Oogenesis is initiated in
the anterior compartment of the ovariole,
or germarium (Fig. 1B), by a stem cell divi-
sion that produces a cystoblast and regen-
erates a stem cell (Fig. 1C). The cystoblast
proceeds through four mitotic divisions to
produce a cyst of 16 germline cells that will
differentiate to form the single oocyte and
15 nurse cells found in-each egg chamber.
During oogenesis, the nurse cells synthesize
maternal components for transport to the
oocyte (Fig. 1D). Cytokinesis is incomplete
at each of the cystoblast divisions, which
leaves the 16 germline cells interconnected
by large cytoplasmic bridges called ring ca-
nals, which are maintained through the
completion of oogenesis.

Germariums are divided into four cyto-
logically distinct regions that contain de-
velopmentally arrayed germline cysts (Fig.
1B). The stem cells and the mitotically
dividing cystoblasts lie within germarial re-
gion 1, whereas newly formed 16-cell cysts
are located in region 2a. When cysts
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progress into region 2b, they become lens-
shaped and span the width of the germa-
rium. The future oocyte is positioned at the
center of the lens-shaped cysts from region
2b. By the time the 16-cell cyst occupies
region 3 of the germarium, the oocyte is
located at the posterior pole. The oocyte
remains at the posterior of the germline cell
cluster through the completion of oogene-
sis. In region 2a, somatic follicle cells begin
to migrate between the 16-cell germline
cysts. When they reside in region 3, the
cysts are surrounded by a monolayer of fol-
licle cells and are referred to as stage 1 egg
chambers.

Stage 2 egg chambers bud from the ger-
marium and enter the posterior compart-
ment of the ovariole, or vitellarium (Fig.
1A). During stages 2 through 6, the egg
chambers increase in size while remaining
roughly spherical. The oocyte grows at ap-
proximately the same rate as a single nurse
cell. Oocyte growth during stages 2 through
6 is the result of the transport of nutrients
into the oocyte from the nurse cells.

During stages 7 through 10a, the oocyte
endocytoses yolk proteins synthesized by
fat bodies and follicle cells. Consequently,
oocyte growth is more rapid than nurse
cell growth, and by stage 10 the oocyte
occupies the entire posterior half of the
egg chamber (Fig. 1D). The morphogenet-
ic molecules that specify the embryonic
axes are asymmetrically positioned within
the oocyte during these stages. Messenger
RNA (mRNA) of bicoid, the primary an-
SCIENCE »
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terior morphogen, is localized to the ante-
rior cortex (2); the Vasa (3, 4) and
Staufen proteins and oskar mRNA (5),
which are required for pole cell formation
and posterior patterning, are positioned at
the posterior pole; and gurken mRNA,
which plays a key role in dorsoventral axis
specification, accumulates between the
dorsally located oocyte nucleus and the
cortex (6).

During stages 10b through 12, the re-
maining nurse cell cytoplasm is transferred
to the oocyte. As the nurse cells shrink,
the oocyte expands (7). Nurse cell cyto-
plasm enters the oocyte and is mixed with
the existing ooplasm by rapid ooplasmic
movements. During stages 13 and 14,
these ooplasmic movements stop and the
meiosis [ spindle assembles. The oocyte
remains in the metaphase of the first mei-
otic division until it enters the oviduct
and egg activation and fertilization ini-
tiate embryonic development.

Oocyte Specification

As outlined above, oogenesis in Drosophila
begins with the formation of a cyst of 16
cells. Although the 16 sibling cells are in-
terconnected by cytoplasmic bridges, only a
single oocyte is produced. Oocyte differen-
tiation thus reflects the establishment of a
specialized region of cytoplasm within a
syncytium.

The pattern of the four incomplete cys-
toblast divisions is precisely controlled and
leads to the production of a cyst containing
two cells with four ring canals, two cells
with three ring canals, four cells with two
ring canals, and eight cells with a single ring
canal (Fig. 1C). One of the two cells with
four ring canals invariably forms the oocyte,
indicating that specification of the cytoplas-
mic compartment that will ultimately form
the oocyte is linked to this cystoblast divi-
sion pattern. The geometry of the cystoblast
divisions, in turn, appears to depend on a
structure called the fusome (8). The fusome
is a region of cytoplasm that is rich in vesi-
cles and membrane-associated cytoskeletal
proteins that forms along mitotic spindle
remnants during the cystoblast divisions (9).
At the completion of each division, newly
formed segments of fusome merge with ma-
terial from previous mitoses. As a result, the
fusome becomes a continuous branched
structure that extends through the intercel-
lular bridges that connect all of the germline
cells (Fig. 2D). One spindle pole in each
mitotic cystoblast is always anchored in the
fusome (Fig. 2C). Because the orientation of
the spindle determines the mitotic cleavage
plane, the fusome has a direct effect on the
geometry of the cystoblast divisions. Once
all four mitotic cell cycles are complete, the
fusome disappears.





