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Abstract

The abdominal appendages on male Themira biloba (Diptera: Sepsidae) are complex novel
structures used during mating. These abdominal appendages superficially resemble the serially
homologous insect appendages in that they have a joint and a short segment that can be rotated.
Non-genital appendages do not occur in adult pterygote insects, so these abdominal appendages
are novel structures with no obvious ancestry. We investigated whether the genes that pattern the
serially homologous insect appendages have been co-opted to pattern these novel abdominal
appendages. Immunohistochemistry was used to determine the expression patterns of the genes
extradenticle (exd), Distal-less (Dll), engrailed (en), Notch, and the Bithorax Complex in the
appendages of T. biloba during pupation. The expression patterns of Exd, En, and Notch were
consistent with the hypothesis that a portion of the patterning pathway that establishes the
coxopodite has been co-opted to pattern the developing abdominal appendages. However, DIl was
only expressed in the bristles of the developing appendages and not the proximal—distal axis of the
appendage itself. The lack of DIl expression indicates the absence of a distal domain of the
appendage suggesting that sepsid abdominal appendages only use genes that normally pattern the
base of segmental appendages.
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Introduction

The evolution of novel structures has been a mystery to biologists since the time of Darwin.
Mayr (1960) recognized that, although the basis for gradual changes in phenotype was
beginning to be understood, the origin of novel structures had been neglected. Novelties are
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defined as structures with no known homology (Miller and Wagner 1991), meaning that
there is no corresponding structure in a related taxon. Of course, no structure evolves de
novo and must necessarily use pre-existing tissues and genes for elaboration. It has been
proposed that the evolution of organismal form repeatedly deploys the same developmental
toolkit to elaborate new structures (Ganfornia and Sanchez 1999; True and Carroll 2002).
This process, also known as co-option, does not require the evolution of new genes or
developmental processes, but instead relies on pre-existing mechanisms for the development
and evolution of novel features. Although the underlying mechanisms at the gene level are
co-opted, they are elaborated and integrated into a different developmental environment, and
this makes the structure novel. The co-option of genes and genetic pathways is believed to
be central to the evolution of morphological novelty.

Abdominal appendages are complex novel structures that have evolved within the fly family
Sepsidae (Hennig 1949; Pont 1979; Meier 1995; Meier 1996). Most species in the Sepsidae
have a sexually dimorphic sternite on the fourth abdominal segment. The extent of the
dimorphism differs between species; in some species males have a slight increase in bristle
number and a subtle difference in sternite shape relative to females, and in other species
males have a radically modified sternite bearing an appendage with many long bristles
(Eberhard 2001). This appendage is a short segment attached to the body wall via a joint
with musculature that allows movement in multiple directions (Eberhard 2001; Bowsher and
Nijhout 2007). Males use the long bristles on these appendages to caress the female’s
abdomen during copulation, leading to the hypothesis that abdominal appendages are the
result of sexual selection (Eberhard 2001; Eberhard 2003). In the sepsid Themira biloba, the
abdominal appendages develop during pupation from the ventral histoblast cells, which also
form the rest of the ventral abdominal epidermis (Bowsher and Nijhout 2007).

To the extent that sepsid abdominal appendages have joints and a musculature that allows
rotational movement, they resemble the serially homologous insect appendages. Despite this
general resemblance, sepsid abdominal appendages cannot be classified as serially
homologous to insect appendages because they do not share a common evolutionary history
with other insect appendages. The segmental appendages of the insect—antenna,
mouthparts, walking legs, and genitalia—are serial homologs reiterated across body
segments (Snodgrass 1935; Roth 1988). The homology of insect appendages is apparent not
only in their morphology (Boxshall 2004) but also in the patterning genes underlying their
development, which are generally shared among different arthropod lineages (reviewed in
Nagy and Williams 2001; Angelini and Kauffman 2005). The abdominal appendages of
sepsids evolved in a region of the abdomen that has been devoid of appendages since the
origin of the pterygote Insecta (Snodgrass 1935). The superficial similarity of these
abdominal appendages to other appendages suggests that their evolution may have been
possible via co-option of the developmental pathways that pattern the serially homologous
appendages.

The arthropod ancestor of the insects is believed to have had appendages on every segment,
but appendage development is repressed on the first seven abdominal segments of the insect
abdomen. The suppression of appendage formation on the insect abdomen evolved via
repression of the Distal-less (DII) gene by genes in the Bithorax Complex (BX-C). In
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hemimetabolous insects such as Schistocerca americana, and in some holometabolous
insects such as Tribolium castaneum, abdominal-A (abd-A) alone is responsible for
abdominal appendage suppression (Palopoli and Patel 1998; Lewis et al. 2000), whereas in
the more derived Drosophila melanogaster, Ultrabithorax (Ubx) and abd-A both repress DIl
in the abdominal segments (Vachon et al. 1992). In insect groups that have larval abdominal
prolegs or pleuropodia, the outgrowth of these appendages is achieved in one of three ways:
by developing appendages on the first abdominal segment where abd-A is not expressed
(Palopoli and Patel 1998; Lewis et al. 2000), or by repression of the BX-C genes, which
allows for DIl expression (Warren et al. 1994), or by outgrowth that is independent of DlII
expression (Suzuki and Palopoli 2001). We will test the second and third of these scenarios
in T. biloba by examining BX-C and DIl expression during pupal development.

We hypothesized that genes involved in the development of the serially homologous
appendages were co-opted during the evolution of abdominal appendages of the sepsid T.
biloba. We tested this hypothesis by examining the expression of genes known to be
involved in the patterning of serially homologous insect appendages. Conservation of
appendage patterning in insects has been particularly well demonstrated in walking legs
(reviewed in Angelini and Kauffman 2005). Although the genes that pattern insect
appendages are numerous and diverse, the subset that set up the proximal—distal axis
(Mardon et al. 1994; Panganiban et al. 1994; Gonzalez-Crespo and Morata 1995; Rauskolb
et al. 1995; Panganiban et al. 1997; Abu-Shaar and Mann 1998; Schoppmeier and Damen
2001) and the anterior—posterior axis (Lawrence and Struhl 1996) are particularly well
studied, and the regions that they pattern are well defined. We chose exd, DI, en, and Notch
because they represent different aspects of appendage patterning. Examining the expression
of exd and DII tests the presence of proximo—distal axis. Expression of en would delineate
any anterior—posterior subdivision of the abdominal appendage and Notch expression
indicates joint formation. In addition to describing the patterning of the abdominal
appendages, we examine how outgrowth is possible on the abdomen by investigating BX-C
expression (Ubx and abd-A). Examining the expression of these appendage patterning genes
together allows a comparison of the novel sepsid abdominal appendages with the serially
homologous insect appendages. Our results demonstrate that the expression patterns of en,
exd, and Notch in the abdominal appendages are consistent with their role in appendage
patterning. However, an absence of DIl expression, and the presence of Ubx/abd-A
expression indicate that these abdominal appendages achieve outgrowth independent of DII.

Materials and methods

Sepsid culture conditions

Adults of the sepsid T. biloba were imported from the stocks of Rudolf Meier of the
National University of Singapore (APHIS permit # 48347). Cultures were maintained in
climate-control chambers at 25°C and a 16:8 h light—dark cycle. Rearing methods were
adapted from Lachmann (1991). Larvae were reared in Petri dishes filled with 0.5 cm of
agar mixed with soy-based infant formula (ProSobee LIPIL, Enfamil) overlaid with a
centimeter thick layer of cow dung. Adults were fed dung and honey mixed with water.
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Third instar larvae that had entered the wandering stage were isolated from the feeding
media and allowed to develop for 48 h, which is a third of the way through pupation, or 72
h, which is half-way through pupation in T. biloba. The pupae were removed from the
puparial case and the abdomens were dissected in PEM (100 mM PIPES-disodium salt, 2.0
mM EGTA, and 1.0 mM MgSO4 anhydrous). The fat body was removed by gently flushing
the abdomen with PEM using a Pasteur pipette, leaving the pupal epidermis intact. The
pupal abdomens were transferred to a watch glass containing PEM-FA fixative (PEM,
1.85% formaldehyde) and fixed for 10 min.

After fixation, the abdomens were washed in phosphate-buffered saline, 0.1% Triton X-100
(PBT), and blocked at 4°C in blocking solution (PBT, 10% normal goat serum) for at least 1
h. The pupal abdomens were incubated in primary antibody at room temperature for 3 h or
overnight at 4°C. The primary antibodies were used at the following concentrations:
Extradenticle (B11M) 1:4 (Aspland and White 1997), Engrailed (4D9) 1:4 (Patel et al.
1989), Notch (C17.9C6) 1:10 (Fehon et al. 1990), Ubx/Abd-A (Fp6.87) 1:10 (Kelsh et al.
1994), Mab22¢10 1:100 (Zipursky et al. 1984), and Distal-less 1:100 (Panganiban et al.
1994). The abdomens were washed three times fast then 6x20 min in PBT at 4°C. The
abdomens were incubated overnight at 4°C in the secondary antibody. The secondary
antibody, goat anti-mouse or goat anti-rabbit IgG conjugated to HRP or Cy5 (Jackson
ImmunoResearch Laboratories), was diluted to a final concentration of 1:300 in blocking
solution. Following incubation with the secondary antibody, abdomens were washed three
times fast then 6x20 min in PBT at 4°C. For visualization of HRP, abdomens were
incubated for 10 min in a solution of 3,3’-diaminobenzidine (Sigma) with NiCl,, and the
stain was visualized by adding 2 ul of 0.3% H,05. After staining was apparent, the
abdomens were washed three times quickly with PBT. The abdomens were mounted in 70%
glycerol. Photographs of slides were taking on a Zeiss Axioplan compound scope using a
Zeiss Axiocam camera.

Cryostat sectioning and immunostaining of whole abdomens

Third instar larvae with purged guts were isolated from the feeding media and allowed to
develop for 72 h. The pupae were dissected from the puparial case and fixed for 2 h in PEM-
FA fixative (PEM, 3.7% formaldehyde) at room temperature. Following fixation, pupae
were either stored in 100% MeOH at —20°C, or immediately rehydrated into PBT.

To prepare for embedding in the sectioning medium, pupae were equilibrated in a solution
of 30% sucrose dissolved in 1x PBT at 4°C. The pupae were embedded in a gelatin matrix
(1% polyvinylpyrrolidone, 10% sucrose, and 7.5% gelatin in 1x PBT) and snap frozen in
liquid nitrogen. Pupae were sectioned at —25°C into 15-20-pum thick sections using a
cryostat (Reichert-Jung, Cryocut 1800, Leica). The sections were mounted on glass slides
(Superfrost Plus, VWR Scientific), dried at room temperature and stored at —20°C.

Sections were immunostained using the same protocol as that for the abdominal epidermis
(see previous methods). Sections were mounted in 70% glycerol with 1 pg/ml 4/,6-
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diamidino-2-phenylindole (DAPI). Photographs of slides were taking on a Zeiss Axioplan
compound scope using a Zeiss Axiocam color camera.

Abdominal appendage morphology and development

The abdominal appendages in T. biloba are extensions of the fourth ventral sternite and are
attached to the sternite by a large joint, which allows the appendages to be rotated over 180°
(Fig. 1a, b). The abdominal appendages are morphologically distinct from the abdominal
epidermis by 48 h after puparium formation (APF; Fig. 1e), which is a third of the way
through pupation in T. biloba and corresponds to P5 in D. melanogaster (Bainbridge and
Bownes 1981). At this early stage, the developing bristle cells in the appendage are already
visible. By 72 h APF, the ventro-lateral muscle that connects the appendage to the ventral
midline, is also apparent (Fig. 1f). These features are illustrated in Fig. 1d, which will serve
as guide to interpreting gene expression in later figures. When the adult male ecloses from
the pupa around 144 h APF, the appendages are fully formed (Fig. 1g).

Exd is expressed throughout the abdominal appendage and in the abdominal epidermis

We examined the expression of Exd to determine whether it was down-regulated in the
distal portion of the abdominal appendage, which is the case in the serially homologous
insect appendages. However, Exd is expressed throughout the appendage at 48 and 72 h
(Fig. 2). Exd is expressed in all the tissue types in the abdominal appendage (Fig. 2a, b), in
the developing ventro-lateral muscle (Fig. 2a), and in the bristle cells (Fig. 2c). There was no
evidence of down-regulation in any region. Exd expression in the appendage is localized to
the nucleus (Fig. 2b) with the exception of the bristle cells, which have nuclear and
cytoplasmic expression of Exd (Fig. 2c).

In addition to being expressed in the abdominal appendage, Exd is also expressed in all the
cells of the surrounding epidermis (Fig. 2a), which is consistent with its role in patterning
the entire ventral abdomen in D. melanogaster (Gonzalez-Crespo and Morata 1995;
Rauskolb et al. 1995).

Ubx/Abd-A is expressed throughout the abdominal appendage and in the abdominal

epidermis

The abdominal Hox genes Ubx and abd-A repress leg formation in the abdomen of most
insects. In some species with larval abdominal prolegs, Ubx and abd-A are down-regulated
in the distal region of the prolegs. To determine the expression pattern of abdominal Hox
genes in the abdominal appendages of T. biloba, we examined the expression of Ubx and
Abd-A using an antibody that recognizes both epitopes (Kelsh et al. 1994). Ubx/Abd-A is
expressed throughout the appendage, and also in the surrounding epidermis (Fig. 2d).
Expression appears in body of the appendages, as well as in the muscle and bristle cells.
Expression of Ubx/Abd-A overlaps that of Exd, with almost identical expression patterns.
However, there are small regions of non-nuclear Ubx/Abd-A expression in the bristle field
(Fig. 2e) that are not found for Exd. Despite this minor difference, the expression patterns of
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Exd and Ubx/Abd-A are remarkably similar. And, most significantly, both are expressed
throughout the appendage with no evidence of a down-regulated region.

Because the Ubx/Abd-A antibody recognizes both Ubx and Abd-A epitopes, based on this
data alone there is no way to know whether the expression seen in the abdominal
appendages is due to Ubx or Abd-A. However, Ubx is not expressed in the fourth abdominal
segment of D. melanogaster during pupation (Kopp and Duncan 2002), which suggests that
the expression pattern seen in Fig. 2d is due the presence of Abd-A protein. A summary of
Exd and Ubx/Abd-A expression can be found in Fig. 2g.

DIl is not expressed in the body of the abdominal appendage, but is expressed in the
bristles of the abdominal appendage

DIl is expressed in the distal portion of the serially homologous insect appendages, and in
other non-appendage outgrowths from the body wall. Immunostaining with a DIl antibody
(Panganiban et al. 1994) during embryogenesis demonstrates that DIl is expressed in T.
biloba thoracic leg disks (Fig. 3a), consistent with a conserved function of DIl in Drosophila
and T. biloba. At the time that the leg disks are being patterned, there is no visible
expression of DIl in the fourth abdominal segment (Fig. 3b) in the region where the
abdominal appendages will eventually develop, suggesting that DIl is not required for the
specification of the abdominal appendage during embryogenesis.

Beginning as early as 48 h APF, DIl is strongly expressed in the bristle cells of the
abdominal appendage (Fig. 3c, ). This expression persists through 72 h APF (Fig. 3d). This
bristle-specific DIl expression is not restricted to the bristles of the abdominal appendage,
but also is expressed in all abdominal bristles including those on the fifth abdominal
segment (Fig. 3g), a segment that does not bear appendages. The expression of DIl in
bristles has been described in Drosophila (Campbell and Tomlinson 1998), and also in the
mechanoreceptors of horseshoe crabs (Mittman and Scholtz 2001) and the setae of
crustaceans (Williams et al. 2002).

Although DIl is expressed in the bristle cells of the abdominal appendage, DIl is not
expressed in the other abdominal appendage cells, such as those that form the joint or
musculature of the appendage, or in the tissue surrounding the bristles. In particular, there
appears to be no ‘distal’ region of the appendage, which is consistent with the observation
that Exd and Ubx/Abd-A are expressed throughout (see Fig. 2). This suggests that the
outgrowth established by DII in the serially homologous insect appendages is not required in
T. biloba abdominal appendages, or that outgrowth is established by a gene other than DII.

En is expressed in a posterior region of the abdominal appendage and in the abdominal

epidermis

In Drosophila as in other arthropods, En expression defines the posterior region of each
segment including those in the abdomen (Kopp et al. 1997). During the development of the
serially homologous insect appendages, the segmental En expression extends into the
appendage, becoming a separate domain that defines the posterior of the appendage. In T.
biloba, En defines the posterior region of each segment, which is consistent with a
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conserved function of En. This segmental En expression extends into the abdominal
appendage, localizing to a small region around the bristles at both 48 and 72 h (Fig. 4a, b).
Nuclei expressing En are apparent around the developing bristle cells, which are much
larger than the other cells of the appendage (Fig. 4a, b). Thus, En is not expressed in the
bristles but in the tissue surrounding the bristle cells. By 72 h, En has established a separate
domain in the abdominal appendage (Fig. 4b). This appendage-specific En expression can
be seen in a cross-section of the developing appendage at 72 h (Fig. 4d). This small region
of En expression has become distinct from the En domain in the body wall. We postulate
that the En expressing cells in the abdominal appendage originate from the posterior of the
embryonic segment and have separated from the segmental En domain due to outgrowth of
the appendage from the body wall, although we have not traced the lineage of these cells.
We propose the function of these cells is to define the posterior axis within the appendage.
This allows us to define the anterior—posterior axis of the appendage (Fig. 2d). Thus, the
orientation of the appendage is like that of a person whose arms are resting at his sides.

Notch is expressed in the abdominal appendage

Notch signaling defines the joints of the serially homologous insect appendages. In the
abdominal appendages of T. biloba, strong expression is visible by 48 h in the joint of the
appendage, the body of the appendage and the appendage bristles (Fig. 5a—d). The strongest
Notch expression was in the developing joint region (Fig. 5¢), which showed high levels of
Notch compared to the rest of the appendage and compared to the number of cells in the
joint region. Although Notch is expressed extensively throughout the abdominal appendage,
we were not able to find cells in which Notch was localized to the nucleus, a requirement of
active Notch signaling. However, it is possible that there are cells with nuclear Notch
expression that we were not able to see due to the density and overlap of cells in the
abdominal appendage. For example, Notch is expressed in all bristle precursor cells in
Drosophila, but shows nuclear localization in only a subset of these cells, in which Notch
signaling is activated. The socket cell and sheath cell have nuclear Notch expression,
whereas the shaft cell and bristle neuron have non-nuclear Notch (Lai 2004). Antibody
staining with the mab22c10 antibody, which labels the shaft cell and the bristle neuron in
Drosophila (Hartenstein and Posakony 1989), identifies the corresponding cells in T. biloba
(Fig. 4e). Notch is expressed in the shaft cells of the abdominal appendage, but is not
localized to the nucleus (Fig. 4d) as is expected based on expression in D. melanogaster. We
were not able to locate the socket cell and the sheath cell of the abdominal appendage bristle
at this time.

The Notch expression in the joint region and bristles of the abdominal appendage
corresponded to the expected expression based on Drosophila. Contrary to initial
expectations, Notch was also strongly expressed in the body of the appendage, a region of
expression that has unknown function at this time. Additionally, a very low level of non-
nuclear Notch expression was detected in the surrounding abdominal epidermis. This
epidermal expression was exceedingly weak when compared to the expression in the
appendage, thus, in Fig. 5a, there appears to be no expression in the surrounding epidermis.
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Discussion

Sepsid abdominal appendages are complex novel structures that superficially resemble the
serially homologous insect appendages in that they are jointed and have a short segment that
can be rotated. Appendages have been absent from the insect abdomen since the origin of
the Pterygota several hundred million years ago, thus these abdominal appendages are novel
structures not homologous to other insect appendages. Previous work has demonstrated that
sepsid abdominal appendages develop from histoblast cells, and not from imaginal disks like
other dipteran appendages (Bowsher and Nijhout 2007). Considering this developmental
difference between sepsid abdominal appendages and other dipteran appendages, we wished
to determine whether the same genetic patterning processes were shared between these two
types of appendages. Co-option of pre-existing pattering genes is thought to be a common
event in the evolution of novel structures (Ganfornia and Sanchez 1999; True and Carroll
2002). The expression patterns of exd, DI, en, and Notch indicated that at least part of the
pathway that patterns other insect appendages also patterns these novel abdominal
appendages (Fig. 6). However, the absence of DIl expression indicates a difference in
patterning between the sepsid abdominal appendages and most serially homologous insect
appendages.

Sepsid abdominal appendages are patterned like the base of an appendage

The expression patterns of En, Notch, and Exd support the hypothesis that the part of the
appendage patterning pathway has been co-opted in the development of sepsid abdominal
appendages. In T. biloba, En is expressed in the posterior compartment of each abdominal
segment, consistent with its role in the D. melanogaster abdomen (Kopp et al 1997; Kopp
and Duncan 2002). In the fourth abdominal segment, the band of En expression extends into
the developing abdominal appendage. By the middle of the pupal period, En has acquired a
distinct domain in the abdominal appendage. The presence of a separate En domain
indicates that the abdominal appendages have an anterior—posterior axis, which is positioned
in a similar location to that of a serially homologous insect appendage.

In the serially homologous insect appendages, Notch is strongly expressed in the joint region
(de Celis et al. 1998; Bishop et al. 1999; Rauskolb 2001; Mirth and Akam 2002). We
observe a similar pattern of expression in the abdominal appendages of T. biloba, where
Notch is strongly expressed in the joint region where the appendage meets the body wall.
This joint expression is consistent with the conclusion that the abdominal appendages of T.
biloba are separate structures from the body wall. In D. melanogaster, Notch signaling
functions in many tissues including bristle cells (Posakony 1994; Lai 2004) and neurons
(Artavanis-Tsakonas et al. 1995). As expected, we observed Notch expression in the bristle
cells. Although the strongest expression of Notch was in the appendage joint, Notch was
also expressed throughout the body of the appendage. The function of Notch expression in
the body of the appendage is unknown at this time.

The expression of Exd in the abdominal appendage is consistent with its role in patterning
the proximal part of appendages. In the serially homologous insect appendages, expression
of exd is restricted to the proximal region of the appendages, also called the coxopodite
(Rauskolb et al. 1995; Abu-Shaar and Mann 1998). Snodgrass (1935) divided the leg into
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two regions, coxopodite and telopodite, based on morphological comparisons between
arthropod groups. The coxa and trochanter constituted the coxopodite with the more distal
segments comprising the telopodite. This subdivision of the leg is supported by expression
of exd, which functions in the coxopodite and body wall but not in the telopodite (Abu-
Shaar and Mann 1998). In D. melanogaster leg development, exd is restricted to the
proximal part of the appendage by the upstream regulators of DIl (Abu-Shaar and Mann
1998). Yet, in T. biloba, Exd expression was ubiquitous in the abdominal appendage and not
absent from the distal domain as it is in serially homologous appendages. Expression of Exd
throughout the abdominal appendage rudiment implies that a distal region is not established
in the abdominal appendages of T. biloba.

To determine whether a distal domain exists in the abdominal appendage, we investigated
the expression of DII. DIl has been shown to be critical for outgrowth of the serially
homologous insect appendages (Panganiban et al. 1994). In animals, most projections from
the body wall express DII, including structures that are not normally classified as
appendages, such as sea urchin podia and spines, caterpillar prolegs, and beetle horns (Lowe
and Wray 1997; Panganiban et al 1997; Moczek et al 2006). Contrary to expectations, the
abdominal appendages do not express DIl in their distal portion. However, DIl was
expressed in the walking legs of T. biloba, supporting a conserved role of DIl in sepsids.
Although the absence of DII expression in the body of the abdominal appendages is
surprising, it is consistent with the expression of Exd, which is normally excluded from the
distal portion of appendages by the upstream regulators of DIl (Abu-Shaar and Mann 1998),
but is expressed throughout the abdominal appendages of T. biloba.

In the insect abdomen, Ubx and abd-A repress DIl expression (Vachon et al. 1992; Palopoli
and Patel 1998; Lewis et al. 2000), which explains the absence of abdominal appendages in
most insects. Thus, a constraint on the development of abdominal appendages is the
repression of DII by the BX-C. The rarity of abdominal appendages in insects suggests that
it must be difficult to break this constraint. We found that Ubx/abd-A is expressed
throughout the abdominal appendages of T. biloba, and we hypothesize that this expression
represses the expression of DII.

The absence of a genetically defined distal domain in sepsid abdominal appendages is
surprising, but it is not without precedent. Although the majority of the serially homologous
insect appendages express DI, the mandibles of insects are an exception to this rule
(Popadic et al. 1998; Scholtz et al. 1998). The absence of DIl expression in insect mandibles
has been interpreted as evidence that the mandible represents only the base of the appendage
or coxopodite, and that the telopodite has been lost (Popadic et al. 1998). Interestingly, a
similar pattern of gene expression is found in the larval abdominal prolegs of sawflies,
which express Ubx/abd-A and Exd, but not DIl (Suzuki and Palopoli 2001). Sawfly prolegs
have also been interpreted as the base of an appendage (Suzuki and Palopoli 2001). The
same interpretation could be applied to the abdominal appendages of T. biloba (Fig. 6).
Because a molecular marker specific to the coxopodite has not been identified, it is
impossible to tell definitively whether these three types of appendages are coax-like.
However, the molecular similarity between three different types of appendages suggests that
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a simple way to make an appendage-like structure without DIl expression is to use the genes
that pattern the base of the appendage only.

Although we provide evidence for the co-option of the appendage patterning pathway, this
co-option is only partial without the presence of DII expression. Although the expression of
En, Exd, and Notch in the abdominal appendages is consistent with what has been observed
in the insect mandible and sawfly prolegs, the exact extent to which these appendages share
a pattering network is still unclear. Although we did not observe DII expression in the
abdominal appendages, other genes that establish the proximal—distal axis in insect legs may
be expressed, such as dachshund (dac). If dac were expressed, then the patterning similarity
between the insect mandible and abdominal appendages of T. biloba would be strengthened,
because insect mandibles express dac (Abzhanov and Kaufman 2000; Prpic et al 2001).

Co-option: old patterning genes in a new tissue

Although the abdominal appendages use some of the genes expressed during imaginal leg
disk patterning, they develop from histoblast cells and not imaginal disks (Bowsher and
Nijhout 2007). The co-option of the appendage patterning pathway in a non-disk imaginal
tissue might seem surprising from the perspective of D. melanogaster development, in
which all appendages develop from imaginal disks. However, many holometabolous insects
develop adult appendages from tissues that are unlike canonical imaginal disks (Svacha
1992). Abdominal histoblasts are an imaginal cell type that is unique to dipterans, but their
behavior during the larval stage and metamorphosis is not unlike that of the imaginal cells of
the Manduca sexta leg (Tanaka and Truman 2005). The evolution of imaginal tissue and
metamorphosis is thought to be a key-innovation in generating morphology diversity in
insects. In this context, the co-option of some appendage patterning genes in the histoblast
cells of T. biloba represents a mechanism by which the process of evolution can generate
novelty. Gene co-option of genes into imaginal tissues may be a powerful mechanism for
generating morphological novelty across insects.

Genes and morphology: where’s the homology?

When comparing gene expression across different morphological structures and different
taxa, questions of homology naturally arise (Dickinson 1995; Abouheif 1997). Although
similar pattering genes are used in the development of abdominal appendages in T. biloba
and the serially homologous insect appendages, that similarity does not necessarily imply
homology. The arthropod ancestor to the insects had appendages on every segment. These
paired appendages are considered serially homologous because they share the same
developmental and evolutionary origin. With the evolution of the insects, appendages were
lost on the first through seven segments of the abdomen. This loss of appendages is thought
to be the result of the repression of DIl by the abdominal Hox genes. Considering the
abdominal appendages of the insect ancestor, one could imagine that the appendage
pattering pathway is poised to be expressed in the insect abdomen, with only a few genetic
changes being necessary for its deployment. From this perspective, does the appearance of
appendages on the T. biloba abdomen represent co-option of the appendage patterning
pathway to a new function, or is it simply a reactivation of a pre-existing pathway? The
distinction between co-option and reactivation is the following: co-option is the use of the
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same gene in two non-homologous structures, whereas reactivation is the re-evolution of a
lost homologous trait. So, could the evolution of sepsid abdominal appendages be
considered reactivation and not co-option because these abdominal appendages are
essentially homologous to other insect appendages?

There is no reason to believe that sepsid abdominal appendages are homologous to other
insect appendages because, since the origin of the Insecta some 300 million years ago, there
have not been any appendage-like structures on the fourth abdominal segment. The fact that
a structure that looks like an appendage, with a joint and moves, has evolved on the sepsid
abdomen does not make it homologous to pre-existing appendages. The development of
appendages in this novel location depends on the deployment of a subset of the appendage
patterning genes in a novel anatomical and cellular context, and thus constitutes a true co-
option of part of a pre-existing pathway.
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DAPI 72 hrs

Fig. 1.
The abdominal appendages of T. biloba are located on the fourth segment of the male

abdomen. a An SEM of the ventral side of the adult male abdomen shows the paired
abdominal appendages (false-colored fuschia) are attached to the lateral edge fourth sternite
(false-colored blue). b These abdominal appendages have a joint and musculature, which
allows for 180° rotation. ¢ The abdominal appendages first appear during pupation. The gray
box indicates the abdominal appendage shown in d—g. d A cartoon of the abdominal
appendage illustrates its morphological features: a large field of bristle cells (bc), a joint that
connects the appendage to the body wall (line labeled ‘joint’), and a muscle (mus). e By 48 h
after the beginning of pupariation, the abdominal appendage is already a distinct cluster of
cells against the single-cell layer of the abdominal epidermis. The large nuclei of the bristle
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cells (bc) are apparent, as is the rudiment of the muscle (mus). Nuclei are stained with DAPI.
f By 72 h, half-way through pupation, the morphological features or more distinct. g When
the adult emerges from the pupa at 144 h, the abdominal appendage is fully formed. The
long bristles (br) project toward the posterior of the abdomen. The proximal—distal axis of
the appendage (double-headed arrow labeled P-D) extends from the joint where the
appendage connects to the body wall (proximal) to the end of the bristle field (distal). Scale
bar in a and g equals 100 pm (a adapted from Bowsher and Nijhout 2007)
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- Ubx/Abd-A 72 hrs

Fig. 2.
Exd and Ubx/Abd-A are expressed throughout the appendage. a At 48 h after pupariation,

Exd is expressed in the abdominal epidermis (ae), the musculature (mus) of the appendage,
the developing bristle cells (bc), and the appendage itself. b A close-up of the region
delineated by box B shows that Exd (magenta, Cy5) is localized to the nucleus (blue, DAPI)
in the body of the appendage. The arrow indicates an individual nucleus showing Exd
expression. ¢ A close-up of the region delineated by box C shows Exd is also expressed in
the bristle cells, where it is expressed in both the donut-shaped nucleus (bc) and the
cytoplasm. d Expression of Ubx/Abd-A at 72 h APF appears in the abdominal appendage,
the abdominal epidermis (ae), the bristle cells (bc), and the musculature (mus) of the
appendage. The expression of Ubx/Abd-A coincides with that of Exd, with the exception of
small regions of Ubx/Abd-A expression (arrow in €) that are not localized to a nucleus. eis
a close-up of the region delineated by box E. f Ubx/Abd-A is expressed in both the donut-
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shaped nucleus (bc) and the cytoplasm. f is a close-up of the region delineated by box F in d.
g A summary of Exd and Ubx/Abd-A expression
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Fig. 3.
DIl is expressed in the bristle cells, but not in the rest of the abdominal appendage. a During

embryogenesis, DIl expression occurs in the thoracic legs (L1, L2, and L3) of T. biloba. b
During embryogenesis, there is no DIl expression in the abdomen, including the ventral side
of abdominal segment four (A4), where the appendages will eventually develop. c At 48 h
APF, DIl is expressed in the developing bristle cells, which has been observed in Drosophila
(Campbell and Tomlinson 1998), but not in the rest of the abdominal appendage. This
pattern continues at 72 h APF (d) with strong DII expression in the bristle cells but none in
the surrounding appendage. A close-up of the bristle shaft cells (€) demonstrates that the
expression of DIl is localized to bristle cells only, and is not in the appendage tissue
surrounding the bristles. The DIl expression in the bristle cells is nuclear (bcn). f DAPI
staining of the appendage at the same stage as e shows that the bristle cell nucleus (bcn) is a
donut shape. DII expression in the bristles of the appendage is the same pattern of expression
seen in other bristles cells of the abdomen, such as on the fifth abdominal segment (g). h A
summary of DIl expression in the abdominal appendage

Dev Genes Evol. Author manuscript; available in PMC 2014 September 19.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Bowsher and Nijhout Page 20

En 48hrs En 72 hrs

RIS g

Cc d 4 y ’jf;wi} o
app a9%s i/l
K ;""’
osterior.
y]
9, ,_/"
anterior D 4

JI‘.
En 72 hrs

Fig. 4.
En is expressed in the abdominal appendage and abdominal epidermis. a En expression at 48

h APF is between the bristle cells (arrowhead) as well as in the posterior margin of the
fourth segment. The boundary between the fourth and fifth abdominal segment is marked
with a line. b At 72 h the appendage-specific expression is apparent in the posterior region
of the appendage (arrowhead). ¢ En (blue) is expressed in a posterior region of each
abdominal segment (data not shown). The gray box delineates the region of the abdomen
shown in a, b, and d. The red line indicates the location of the transverse cross-section in d.
d Transverse cross-section of the appendage at 72 h shows that there are two independent
regions of expression: one in the abdominal epidermis (ae) and one in the appendage (app).
En expression defines the anterior—posterior axis of the appendage e a cartoon summary of
En expression in the abdominal appendage
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Notch 48 hrs

Fig. 5.
Notch is expressed in the abdominal appendage. a At 48 h APF, Notch is strongly expressed

in the developing joint (line), the body of the appendage, and the bristle cells (bc). b A
DAPI image of a. ¢ An overlay of a and b shows the strong expression of Notch in the joint
region compared to the number of nuclei. d A close-up of the bristles shows Notch
expression (red) occurs in the bristle shaft cell, but not in the nucleus of that cell (bcn, blue).
Expression of 22¢10 (e) labels both the bristle shaft cell and the bristle neuron. f a summary
of Notch expression in the abdominal appendage
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Fig. 6.
a Gene expression in the abdominal appendage of T. biloba resembles that found at the base

of the serially homologous insect appendages. b In the insect walking leg, the expression of
Notch, Exd, and En all overlap in the coxa and trochanter, which are the most proximal
segments of the appendage. In the abdominal appendages of T. biloba (a), Exd is expressed
throughout the appendage and DII is not expressed, indicating the absence of a distal portion

Dev Genes Evol. Author manuscript; available in PMC 2014 September 19.



