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Similar selective pressures can lead to independent origin of similar
morphological structures in multiple evolutionary lineages. Devel-
opmental mechanisms underlying convergent evolution remain
poorly understood. In this report, we show that similar sex comb
morphology in closely related Drosophila species is produced by
different cellular mechanisms. The sex comb is a recently evolved,
male-specific array of modified bristles derived from transverse
bristle rows found on the first thoracic legs in both sexes. ‘‘Lon-
gitudinal’’ sex combs oriented along the proximo-distal leg axis
evolved independently in several Drosophila lineages. We show
that in some of these lineages, sex combs originate as one or
several transverse bristle rows that subsequently rotate 90° and
align to form a single longitudinal row. In other species, bristle cells
that make up the sex combs arise in their final longitudinal
orientation. Thus, sex combs can develop through either sex-
specific patterning of bristle precursor cells or male-specific mor-
phogenesis of sexually monomorphic precursors. Surprisingly, the
two mechanisms produce nearly identical morphology in some
species. Phylogenetic analysis shows that each of these mecha-
nisms has probably evolved repeatedly in different Drosophila
lineages, suggesting that selection can recruit different cellular
processes to produce similar functional solutions.

Convergent evolution � Morphogenesis � Sexual dimorphism

Morphological traits under strong selection can undergo
rapid diversification and can display wide disparity among

closely related species. Because such traits evolve on relatively
short time scales and reflect independent modifications of
shared ancestral states, they provide powerful comparative
models for addressing two key questions in evolutionary devel-
opmental biology: namely, what genetic and developmental
changes underlie rapidly evolving phenotypes, and whether
common genetic and developmental mechanisms are responsi-
ble for the evolution of similar traits in different lineages.

In recent years, an increasing number of studies have taken
advantage of such models to characterize genetic and develop-
mental changes associated with independent evolution of similar
morphologies (1–8). An emerging picture from these studies is
that evolution of similar features among closely related species
is often caused by changes in the same developmental pathways.
These findings suggest that genetic changes in response to
selection may follow the ‘‘path of least resistance’’—in other
words, that mutations in some genetic pathways provide the most
rapid or effective response to a particular selective pressure (9).
There are, however, counterexamples in which similar traits
arose through different developmental mechanisms (10–14).

In this report, we examine developmental mechanisms under-
lying the morphological diversification of Drosophila sex combs.
The sex comb is a male-specific array of modified mechanosen-
sory bristles found on the prothoracic leg of some Drosophila
species. This structure is a recent evolutionary innovation re-
stricted to the melanogaster and obscura species groups (subge-
nus Sophophora). Outside of this lineage, males and females have
identical leg bristle patterns. Sex combs play important and
diverse roles in courtship and mating (15–17), suggesting that
their evolution was driven by sexual selection. As a result, closely

related species can differ dramatically in sex comb morphology
(8, 18, 19). The size of the sex comb ranges from only two ‘‘teeth’’
at the distal end of the proximal tarsal segment (ta1) to more
than 50 teeth arrayed along the entire length of the first and
second tarsal segments (ta1 and ta2), while the teeth themselves
show major differences in size, shape, and color [supporting
information (SI) Fig. S1].

Perhaps the most intriguing feature of sex comb morphology
involves their orientation. Some species have ‘‘transverse’’ sex
combs arranged in several rows perpendicular to the proximo-
distal axis of the leg, whereas in other species the sex combs are
‘‘longitudinal,’’ that is, oriented along the proximo-distal leg axis
(Fig. S1). Phylogenetic analysis suggests that longitudinal sex
combs evolved repeatedly in multiple independent lineages (8).
This system provides an excellent opportunity to examine the
developmental changes underlying evolutionary divergence and
convergence of a rapidly evolving morphological structure.

D. melanogaster has a single longitudinal sex comb on the distal
ta1 (Fig. 1A), which develops by male-specific modification of
precursor bristles present in both sexes. Bristles on the distal tibia
and ta1 of the prothoracic leg are arranged into regular trans-
verse bristle rows (TBRs) (Figs. 1 A and 1B). During metamor-
phosis, the most distal TBR in males rotates 90° from an initial
transverse to the final longitudinal position (20, 21) (Fig. 1C). In
females, the homologous distal-most TBR remains in place. The
number of bristles in this TBR is also sexually dimorphic. In
males, the sex comb typically contains nine to 11 teeth, whereas
the homologous female TBR has only three to five bristles (Figs.
1A and 1B) (20).

To elucidate the developmental basis of morphological con-
vergence, we compared sex comb morphogenesis in several
Drosophila species that may have evolved longitudinal sex combs
independently (Fig. S1). Aside from the similarity in orientation,
these species differ extensively in the size and position of sex
combs. Our results reveal that longitudinal sex combs can
develop by two distinct mechanisms, a male-specific epithelial
movement or sex-specific patterning of bristle precursor cells.
Surprisingly, both processes can generate similar sex comb
morphologies. Phylogenetic analysis suggests that one or both
developmental mechanisms evolved more than once. Thus,
Drosophila sex combs present one of the few known cases where
different developmental mechanisms produce similar morpho-
logical traits among closely related species.

Results
Sex Comb Morphogenesis in D. melanogaster. The sex comb of D.
melanogaster rotates 90° from an initial transverse to the final
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longitudinal position between 16 and 24 hours AP (20, 21) (Fig.
1C). To characterize this movement in more detail, we labeled
bristle cells with an antibody against the transcription factor Cut.

Each bristle consists of four cells (shaft, socket, neuron, and
sheath) derived from a single sensory organ precursor (SOP) by
asymmetric divisions (22, 23). Cut is expressed in all SOPs and
their daughter cells (24). At 18 hours AP, shortly after adult leg
epidermis detaches from the pupal cuticle, the future sex comb
and TBRs are visible as parallel rows of Cut-positive cells
perpendicular to the proximo-distal leg axis (Fig. 1D). The SOPs
have gone through at least one round of division as strings of
Cut-positive cells, representing single bristles, contain two to
three cells (Fig. 1D). The sex comb contains nine to 10 bristles,
compared with three to five bristles in the distal-most TBR in
females (not shown). At 20 hours AP, the sex comb has rotated
�45° from its original position, and almost all bristles contain
three or four Cut-positive cells (Fig. 1E). By 25 hours, rotation
is complete and the sex comb assumes its final longitudinal
orientation, while the more proximal rows of bristles remain
transverse (Fig. 1F).

In principle, sex comb rotation could occur either by invasive
migration of bristle cells through the surrounding epithelium or
by rearrangement of the entire epithelial sheet around the sex
comb. To distinguish between these mechanisms, we examined
changes in cell shapes in and around the sex comb. Cell shapes
were visualized using an antibody against the transmembrane
protein Flamingo (25), while bristle cells were marked with
Actin-GFP fusion protein (see Materials and Methods). We
focused on the bristle socket cells, as they lie within the plane of
epidermis and are in contact with the surrounding epidermal
cells, whereas the shaft cells are subepidermal. At 16 hours AP,
the sex comb socket cells and the surrounding epidermal cells
have largely uniform shape and size (Figs. 1G and 1J). The
socket cells of the future sex combs and TBRs are separated by
one or two epidermal cells at this stage. At 21 hours AP,
epidermal cells immediately distal to the sex comb are smaller
than surrounding cells and appear compressed against the socket
cells (Figs. 1H and 1K). In contrast, epidermal cells just proximal
to the sex comb are elongated in the direction of sex comb
rotation. At this stage, the socket cells of the sex comb and TBRs
have assumed rectangular shapes and are packed into tight rows
with no epidermal cells in between. Bristle cells comprising the
sex comb do not show any changes in shape, such as directional
actin-based projections, that might be indicative of invasive
migration (26, 27) (Figs. 1H and 1K). At 24 hours AP, when sex
comb rotation is complete, epidermal cells that used to be distal
and proximal to the sex comb maintain their distinctive shapes
(Figs. 1I and 1L). This pattern of cell shape changes suggests that
sex comb rotation is caused by a coordinated epithelial move-
ment and not by the migration of individual bristle cells.

Double Oblique Sex Combs in Distant Lineages Develop by a Common
Mechanism. D. biarmipes and D. bipectinata belong to different
lineages in the melanogaster species group but have similar sex
comb morphologies (Fig. 2 and Fig. S1). Both species have sex
combs in ta1 consisting of two oblique rows of bristles (Figs. 2A
and 2E). �-Cut staining at early developmental stages shows that
sex combs in both species arise as two separate distal-most TBRs
on ta1, parallel to the more proximal TBRs (Figs. 2B and 2F).
These sex combs rotate in unison by �70–80° to reach their final
oblique positions (Fig. 2C and 2G). These observations show
that, despite the distant phylogenetic relationship of these
species, their sex combs develop by a similar mechanism.

Longitudinal Sex Combs in the rhopaloa and obscura Lineages Develop
by Rotation. Some Drosophila species have longitudinal sex combs
on ta1 and ta2 occupying almost the entire length of each
segment. This type of sex comb is found in the montium,
ficusphila, and rhopaloa subgroups of the melanogaster species
group and in the obscura species group (Fig. S1, Figs. 3A, 3F, 3K,
and 3P). Because these groups are distantly related, we tested
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Fig. 1. Sex comb morphogenesis in D. melanogaster. Distal is down and ventral
is to the right in all panels. (A, B) First tarsal segment (ta1) of the male and female
prothoracic leg, respectively. Arrow in (B) indicates the most distal TBR, which is
homologous to the male sex comb. (C) Schematic diagram showing the rotation
of sex comb from the initial transverse position (gray) to its final longitudinal
position. The corresponding leg segments in the female are also shown. The sex
comb and the homologous TBR are shown in blue. (D–F) �-Cut immunostaining
of the male ta1 during pupal development. Each bristle develops from a single
progenitor cell, which gives rise to the shaft, socket, neuron, and sheath cells.
�-Cut antibody labels all cells in all developing sensory organs. The sex comb and
TBRs are pseudocolored in blue and green, respectively. (D) At 18 hours AP, the
presumptive sex comb is found in a transverse orientation, slightly offset anteri-
orly from the other TBRs. Arrowheads point to individual TBRs. (E) At 20 hours AP,
the sex comb is rotated halfway. (F) By 25 hours AP, the sex comb has reached its
final longitudinal position. Inset shows an enlarged view of the boxed area. Cells
comprising each bristle are indicated by the same number (1–3). Font colors
indicate the shaft (yellow), socket (white), and neuron or sheath (red) cells. (G–I)
�-Fmi immunostaining (red) of the ventral distal ta1 in neur-Gal4; UAS-ActGFP
(green) males. Arrows indicate the sex comb. Only the socket cells and some shaft
cells are visible in the focal planes shown. The central bristle located ventrally to
the sex comb (H, I) is derived from the same TBR as the sex comb, and is ‘‘left
behind’’ during its rotation (21). (J–L) Enlarged areas of (G–I). Asterisks mark sex
comb teeth. (G, J) At 16 hours AP, cells distal and proximal to the sex comb have
similar shapes. (H, K) At 21 hours AP, cells distal to the rotating sex comb are
smaller than other epithelial cells. Cells proximal to the sex comb are elongated
in the direction of sex comb rotation. Anti-phosphoHistone3 staining indicates
that size and shape differences between the proximal and distal cells are not due
to localized or oriented cell division (data not shown). (I, L) At 24 hours AP, cells
that used to be distal, and are now ventral to the sex comb, are flattened against
the rotated sex comb. Protruding shafts are visible in some bristles.
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whether their sex combs develop in a similar fashion and whether
they use the same developmental mechanism as the species with
smaller longitudinal sex combs.

Males of D. guanche (obscura species group) have sex combs
with more than 20 teeth occupying the distal half to three
quarters of each segment; the more proximal portion of each
segment carries two to four TBRs (Fig. 3A). In contrast, females
have more TBRs, but the distal-most TBRs in ta1 and ta2
contain only two to four bristles (not shown). We find that
immediately after pupal–adult apolysis (18 hours AP), each
presumptive sex comb is visible as a single long transverse row
of Cut-positive cells at the distal end of ta1 and ta2 (Fig. 3B). At
28 hours AP, both sex combs are undergoing rotation (Fig. 3C),
reaching their final angle by 42 hours AP (Fig. 3D). Thus, the ta1
and ta2 sex combs of D. guanche develop in a similar fashion, and
each sex comb arises by rotation of a single distal-most TBR that
has a greatly expanded number of SOPs relative to the homol-
ogous TBR in females.

In D. rhopaloa (rhopaloa subgroup), the ta1 sex comb develops
from a single distal-most TBR composed of 10–12 SOPs (Fig.
3G). In contrast, the ta2 sex comb arises as two separate TBRs
containing four to six SOPs each (Fig. 3G). At 27 hours AP, all
three rows are rotated 50–60° from their initial position (Fig.
3H). By 32 hours AP, the short ta2 TBRs align precisely and
merge to form a single longitudinal sex comb (Fig. 3I). The single

ta1 TBR also completes its rotation to align along the proximo-
distal leg axis (Fig. 3I). Thus, although both sex combs in D.
rhopaloa develop by rotation of distal TBRs, recruitment of
bristles and tissue rotation differ between the two tarsal seg-
ments. Similar to D. guanche, the pattern of bristle precursors in
D. rhopaloa is sexually dimorphic, with males having fewer TBRs
but more bristles in the distal TBRs. The ta1 sex comb in
particular has 12–15 teeth, whereas the homologous female TBR
has only three or four bristles (not shown).

Longitudinal Sex Combs in the montium and ficusphila Subgroups
Develop Without Rotation. SOPs visualized immediately after
pupal–adult apolysis in males of D. ficusphila ( ficusphila sub-
group) and D. kikkawai (montium subgroup) are not arranged in
transverse rows (Figs. 3L, 3Q). Instead, bristle precursors cor-
responding to the future sex comb are arrayed in a longitudinal
strip running along the entire length of the ta1 and ta2 segments
(Figs. 3L and 3Q). Within this strip, SOPs are not yet arranged
into a single, tightly packed row as seen in adults but appear as
a loose row two bristles wide. SOPs have divided no more than
once by this time, indicating that they are still at an early stage
of differentiation (Figs. 3L and 3Q). Later in development
(23–40 hours AP), the presumptive sex combs retain their
longitudinal orientation as SOPs go through further divisions
and undergo a local rearrangement to form a narrower, single
bristle-wide row (Figs. 3M, 3N, 3R, and 3S). This rearrangement
coincides with leg elongation, which is thought to occur by
interdigitation of epidermal cells from circumferential to
proximo-distal positions (28). This interdigitation presumably
explains the lining up of the bristles in the sex comb, suggesting
that sex comb development in D. ficusphila and D. kikkawai does
not require any special morphogenetic movements. Thus, dif-
ferences between males and females in these species are due to
sexually dimorphic specification of bristle precursors, rather than
to sex-specific morphogenesis. We refer to such sex combs as
‘‘prespecified.’’

In principle, the sex combs of D. ficusphila and D. kikkawai
could arise as TBRs but rotate much earlier than in other species
(before 18 hours AP). However, this is unlikely, as leg epidermis
detaches from the pupal cuticle only shortly before this time, and
it is difficult to imagine how epithelial movement could occur
while cells are attached to the overlying cuticle. To confirm that
sex comb development in these species does not involve tissue
rotation, we examined cell shape changes during sex comb
morphogenesis in D. kikkawai starting immediately after pupal–
adult apolysis. In D. melanogaster, sex comb rotation is accom-
panied by characteristic changes in the shape of epidermal cells
f lanking the sex comb (Fig. 1G–3I). In contrast, in D. kikkawai,
epidermal cells surrounding the sex comb maintain similar
shapes from the earliest stage until sex comb maturation, and
there is no visible difference between the cells on the ventral and
dorsal sides of the sex comb until the alignment is complete (Fig.
S2). Thus, there is nothing to indicate that the sex comb had
rotated at an earlier time.

Morphogenesis of Melanogaster-Like Sex Combs in the montium
Subgroup Without Rotation. Most species of the montium subgroup
have large longitudinal sex combs similar to that of D. kikkawai.
One of the few exceptions is found in D. nikananu, which
represents a derived lineage in the montium subgroup and has a
small sex comb restricted to the distal ta1, similar to D. mela-
nogaster (Fig. S1, Fig. 2I). Immediately after pupal-adult apolysis
(16 hours AP), the sex comb of D. nikananu already has a
longitudinal orientation similar to D. kikkawai (Fig. 2 J). Thus,
sex comb development in this species occurs by sex-specific
patterning of SOPs and does not involve tissue rotation.
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Fig. 2. Morphogenesis of small and medium sex combs. (A–D) D. biarmipes.
(E–H) D. bipectinata. (I–L) D. nikananu. (A, E, I) First and second tarsal segments
(ta1, ta2) of the male prothoracic leg of each species. (B, C, F, G, J, K) �-Cut
immunostaining of pupal male legs. At early stages, presumptive sex combs of
D. biarmipes and D. bipectinata are found as two transverse bristle rows
(arrows in B and F). At later stages (C, G), the sex combs of both species have
reached their final oblique positions (arrows). Arrowheads indicate proximal
TBRs. (J) Immediately after pupal apolysis, the presumptive sex comb of D.
nikananu is already found as a loose row of bristle cells arranged along the
proximo-distal leg axis (box). TBRs are not yet visible at this stage. (K) By 24
hours AP, sex comb teeth in this species are aligned in a single longitudinal row
(box), and TBRs are forming on the ventral and proximal sides of the sex comb
(arrowheads). (D, H, L) Schematic diagrams of sex comb morphogenesis show-
ing the initial (gray) and final (black) positions in each species.
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Independent Origin of Similar Developmental Mechanisms. Our re-
sults show that longitudinal sex combs use different develop-
mental mechanisms, which involve either sex-specific patterning
of SOPs or sex-specific morphogenetic movement. Phylogenetic
relationships in the melanogaster and obscura species groups (8)
indicate that species with similar modes of sex comb develop-
ment do not cluster together, suggesting that one or both
mechanisms have evolved more than once (Fig. 4). We can
envision two general scenarios of sex comb evolution. First, the
last common ancestor of the melanogaster species group may
have had a transverse sex comb. This scenario would require two
independent origins of prespecified sex combs (nodes C and G
in Fig. 4) and several origins of rotating sex combs. Alternatively,
that last common ancestor may have had a longitudinal sex comb.
This would involve several independent transitions between
rotating and prespecified sex combs, as well as multiple origins
of transverse sex combs. The first scenario can best be described
as convergent morphological evolution, whereas the second
implies multiple instances of developmental system drift (pres-

ervation of an ancestral phenotype despite the divergence of
underlying developmental pathways) (29). Despite the different
hypotheses of morphological change, both scenarios involve
independent origin and loss of particular modes of development
over short evolutionary distances.

Bayesian character reconstruction indicates that the two sce-
narios are equally likely, and the ancestral mode of development
has been obscured by the large number of subsequent transitions
(see SI Text). However, some evolutionary changes are unam-
biguously convergent. For example, the sex combs of D. mela-
nogaster and D. nikananu present a case of convergent morpho-
logical evolution through different developmental mechanisms.
Similarly, the rotating sex combs of D. biarmipes and D. bipec-
tinata have evolved independently, inasmuch as the last com-
mon ancestor of the ananassae species subgroup (node I in Fig.
4), of which D. bipectinata is a derived lineage, had a transverse
sex comb (M. Matsuda, C.-S. Ng, M. Doi, A.K., and Y. Tobari,
unpublished data). Thus, any plausible scenario of evolution
involves convergent changes in both morphology and
development.
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Fig. 3. Morphogenesis of large sex combs. (A–E) D. guanche, (F–J) D. rhopaloa, (K–O) D. ficusphila, (P–T) D. kikkawai. (A, F, K, P) First and second tarsal segments
(ta1, ta2) of the adult legs of each species. (B–D, G–I, L–N, Q–S) �-Cut immunostaining of pupal male legs. (B) At 18 hours AP, sex combs of D. guanche are found
as single transverse rows on ta1 and ta2 and are already slightly rotated (arrows). Each row contains the final number of sex comb teeth for that segment. (C)
By 28 hours AP, the sex combs are rotated halfway and TBRs are beginning to appear proximally in ta1 (arrowheads). (D) By 42 hours AP, the sex combs have
reached their final angle (arrows). (G) At 20 hours AP in D. rhopaloa, there is one transverse row of presumptive sex comb teeth in ta1 and two rows in ta2 (arrows).
Most sex comb SOPs have gone through one cell division. (H) By 27 hours AP, all three rows have rotated partially, and proximal TBRs are visible (arrowheads).
(I) By 32 hours AP, the sex comb in ta1 is in its final longitudinal position, and the two rows in ta2 have aligned to form a single longitudinal sex comb. (L, Q)
At early developmental stages in D. ficusphila and D. kikkawai, sex comb bristles are found in loose longitudinal strips in ta1 and ta2 (boxes). Each bristle precursor
contains only one or two cells. (M, R) Sex comb precursors (boxed) have divided further so that most bristles consist of three cells. (N, S) At later stages, sex comb
bristles become organized more tightly into straight longitudinal rows (arrows). D. ficusphila also has several isolated sex comb teeth ventral to the main row
(N, O). (E, J, O, T) Schematic diagrams of sex comb morphogenesis in each species.
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Discussion
Evolution of Similar Sex Combs by Distinct Developmental Mecha-
nisms. We have identified two different modes of sex comb
development. In D. guanche, D. biarmipes, D. bipectinata, D.
rhopaloa, and D. melanogaster, longitudinal sex combs are
formed by rotation of one or several bristle rows (TBRs) that
initially arise perpendicular to the proximo-distal leg axis. In
contrast, in D. ficusphila, D. kikkawai, and D. nikananu, bristle
precursors that give rise to the sex comb are specified close to
their final longitudinal position. These two modes of develop-
ment must be based on different molecular changes. Coordi-
nated epithelial movement in species with rotating sex combs is
likely to require sex-specific regulation of cytoskeletal and cell
adhesion molecules. On the other hand, development of pre-
specified sex combs probably involves changes in the early spatial
patterning of SOPs by proneural genes (31, 32). Despite these
fundamental differences, the two mechanisms can generate very
similar adult structures, for example in D. kikkawai and D.
rhopaloa, or in D. nikananu and D. melanogaster. These findings
suggest that selection can recruit distinct developmental path-
ways to meet similar functional requirements in different species.

Not only can different mechanisms produce similar morphol-
ogy, but one or both of these mechanisms have evolved inde-
pendently in two or more separate lineages. Similarities in the
adult appearance between rotating and prespecified sex combs
may reflect either convergent morphological evolution or de-
velopmental system drift (29). However, any conceivable sce-
nario of sex comb evolution requires multiple transitions be-
tween transverse, rotating, and prespecified modes of
development, demonstrating that complex developmental path-
ways can be highly plastic on short evolutionary time scales.

Alternative modes of sex comb development raise intriguing
questions about homology at different levels of biological orga-
nization. Sex combs of all species are homologous as morpho-
logical structures, in the sense that the last common ancestor of
the obscura and melanogaster species groups had a sex comb.
However, the bristles that make up the sex comb in species with

rotating vs. prespecified sex combs are not derived by descent
with modification from the same ancestral cell population, as
they arise in different parts of the leg.

Distinct cellular mechanisms contrast with a recurrent type of
molecular change. Evolution of both rotating and prespecified
sex combs is associated with sexually dimorphic expression of the
HOX gene Sex comb reduced (Scr) during their development (8).
On the other hand, species with transverse sex combs, or no sex
combs, have sexually monomorphic Scr expression. Phylogenetic
analysis shows that sex-specific expression of Scr has been gained
and lost multiple times, correlating with the gain and loss of
longitudinal sex combs (8). Scr is an essential upstream regulator
of sex comb development that affects both SOP patterning and
subsequent morphogenesis (8, 33, 34). It is generally accepted
that homologies at genetic and morphological levels are disso-
ciable, so that homologous genes can control the development of
non-homologous structures and vice versa (35, 36). In the case
of sex comb evolution, we observe a close association between
the morphological and (upstream) genetic levels, whereas the
intermediate tier of biological organization, i.e., cell differenti-
ation, shows drastic divergence.

Developmental Complexity and the Mechanisms of Phenotypic Evo-
lution. The finding that different developmental mechanisms are
responsible for the evolution of similar sex comb morphologies
can be contrasted with other systems where changes in the same
genetic pathways are associated with independent evolution of
similar traits in different species (2, 3, 5–7, 37). This contrast may
be attributed to the fact that most previous studies examined
either loss or reduction of characters (3, 5, 37) or gain of simple
traits such as pigmentation (6, 7). Indeed, cases in which
different ontogenetic processes underlie similar adult traits tend
to involve complex features such as organ size and shape. A
classical example comes from the evolution of elongated body
shape in burrowing salamanders. In some species, this phenotype
is caused by the lengthening of individual vertebrae, whereas in
others the same outward appearance is produced by an increased
number of vertebrae (12, 38). In Drosophila, differences in wing
size are caused largely by changes in cell number in some
populations, whereas differences in cell size make a larger
contribution in others (11, 39). Floral morphology in legumes
(13) and vulval development in nematodes (10) offer further
examples in which similar adult structures are produced despite
major differences in development. The greater the developmen-
tal complexity of a trait, the more diverse the options for altering
the phenotype. Evolution of Drosophila sex combs shows that
even on short evolutionary time scales, different developmental
processes can be modified by selection to give rise to similar
morphological structures.

Materials and Methods
White prepupae were collected, sexed by the presence or absence of testes,
and aged at 25 °C to desired stages. Developmental timing was determined
empirically for each species. Pupae were removed from puparia, and the
dorsal half and the posterior third of the body were cut away in insect saline
solution (156 mM NaCl, 6.9 mM KCl, 8.2 mM CaCl2, 4.0 mM MgCl2). Remaining
tissues were fixed for 30 minutes in 4% formaldehyde in the fix buffer (0.1 M
Pipes pH � 6.9, 1 mM EGTA pH � 7.0, 2 mM MgCl, 1% Triton X-100), followed
by two washes in the wash buffer (50 mM Tris pH � 6.8, 150 mM NaCl, 0.5%
Nonidet P-40, 1 mg/ml bovine serum albumin [BSA]). Further dissections were
carried out in the wash buffer. For the early stages, prothoracic legs were cut
off at the femur/tibia boundary and left inside the pupal cuticle. For the later
stages, legs were removed from the pupal cuticle by first tearing the cuticle
around the dorsal femur/tibia boundary and then pulling out the tibial and
tarsal segments. Samples were blocked in the block buffer (50 mM Tris pH �
6.8, 150 mM NaCl, 0.5% Nonidet P-40, 5 mg/ml BSA) for 1 hour to overnight at
4 °C and incubated in the primary antibodies for 1 or 2 nights at 4 °C. Legs were
then washed in the wash buffer four times and incubated in the secondary
antibodies overnight at 4 °C. The primary antibodies used were mouse anti-

Fig. 4. Alternative scenarios of sex comb evolution. Only the species included
in this study are shown. Probabilities of ancestral character states at Node F
were determined by Bayesian estimation (see SI ). T, transverse sex combs; R,
rotating sex combs; P, prespecified sex combs. All nodes have posterior prob-
abilities of 100% based on combined sequences of 14 loci (8).
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Cut 2B10 (1:10; Developmental Study Hybridoma Bank) (30) and mouse anti-
Flamingo (25) (1:10; Developmental Study Hybridoma Bank). The secondary
antibodies were AlexaFluor 488 and 594 used at 1:200 (Invitrogen). In D.
melanogaster, bristle precursor cells were also visualized using GFP-tagged
actin expressed in neur-Gal4A101/UAS-Act5C:GFP pupae. Stained samples were
washed four times in the wash buffer and mounted in Fluoromount 50
(SouthernBiotech).

Fluorescent images were taken on Olympus FluoView 1000 confocal mi-
croscope. Images were processed using Image J software and Adobe Photo-
shop. At least eight individuals were examined per species per stage. To
assemble leg images, autofluorescence from the cuticle and trachea was

removed from each confocal section, and image stacks were processed
through Z-series projection using Image J.

Bayesian reconstruction of character evolution was performed as described
in SI Text using the existing phylogenetic framework (8).
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