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Winged insects underwent an unparalleled evolutionary radiation, but
mechanisms underlying the origin and diversification of wings in basal
insects are sparsely known compared with more derived holometab-
olous insects. In the neopteran species Oncopeltus fasciatus, we ma-
nipulated wing specification genes and used RNA-seq to obtain both
functional and genomic perspectives. Combined with previous studies,
our results suggest the following key steps in wing origin and diver-
sification. First, a set of dorsally derived outgrowths evolved along a
number of body segments including the first thoracic segment (T1).
Homeotic genes were subsequently co-opted to suppress growth of
some dorsal flaps in the thorax and abdomen. In T1 this suppression
was accomplished by Sex combs reduced, that when experimentally
removed, results in an ectopic T1 flap similar to prothoracic winglets
present in fossil hemipteroids and other early insects. Global gene-
expression differences in ectopic T1 vs. T2/T3 wings suggest that the
transition from flaps to wings required ventrally originating cells, ho-
mologous with those in ancestral arthropod gill flaps/epipods, to mi-
grate dorsally and fuse with the dorsal flap tissue thereby bringing
new functional gene networks; these presumably enabled the T2/T3
wing's increased size and functionality. Third, “fused” wings became
both the wing blade and surrounding regions of the dorsal thorax
cuticle, providing tissue for subsequent modifications including wing
folding and the fit of folded wings. Finally, Ultrabithorax was co-opted
to uncouple the morphology of T2 and T3 wings and to act as a
general modifier of hindwings, which in turn governed the subse-
quent diversification of lineage-specific wing forms.
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ome 350 million years ago, the development of insect wings

was a seminal event in the evolution of insect body design (1,
2). The ability to fly was critical to insects becoming the most
diverse and abundant animal group, and the origin of such
novelty has been a focus of intense scientific inquiry for more
than a century (3, 4). More recently, through studies of genetic
model systems such as Drosophila, the mechanisms of wing
morphogenesis have been elucidated (5-12). Still lacking how-
ever is a comprehensive understanding of transitional steps
connecting the morphology of structures observed in the fossil
record with that of the modern-day insects, including wing ori-
gins and subsequent diversification.

The initial stages of insect wing evolution are missing from the
fossil record and it is therefore necessary to use indirect evidence
from fossils that postdate the origin and initial radiation of pter-
ygotes (2). Larvae of many of those taxa featured dorsally posi-
tioned outgrowths on each of the thoracic and abdominal segments
(2, 13), apparently serial homologs (i.e., similar structures likely
arising from a common set of developmental mechanisms). Diverse
lineages independently lost those dorsal appendages on the ab-
domen while undergoing parallel modifications of wing-like struc-
tures on thoracic (T1-T3) segments. Specifically, the T1 winglets
were always much smaller in fossils and apparently lacked hinge
articulation whereas T2 (fore-) and T3 (hind-) wings were fully
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operational in adults, featuring muscles, venation, and size that
rendered them capable of flapping flight (14). T1 winglets were
subsequently repressed in multiple lineages (15-18) whereas T2
and T3 wings acquired morphology similar to modern day Paleo-
ptera (mayflies and dragonflies) and other extinct paleopterous
orders. The transition from Paleoptera, which rest with wings ex-
tended from the body, to Neoptera, which rest with wings folded
flat against the body, required changes in the hinge mechanism,
with many orders also evolving a precise mechanical fit between
wing margins and the adjacent body wall of the dorsal thorax. Fi-
nally, the radiation of Neoptera encompassed a further divergence
between the fore- and hindwings in terms of their shape, size, and
texture (5, 19, 20). Together, this set of transitions accounts for
major features of the diversity and lineage-specific wing morphol-
ogies among fossil and extant taxa.

To gain insight into genetic mechanisms governing these tran-
sitional steps, we used a direct-developing neopteran species, the
milkweed bug (Oncopeltus fasciatus; Hemimetabola, Hemiptera).
The phylogenetic placement of Oncopeltus, basal to the more
derived holometabola (e.g., flies, beetles, bees, butterflies, and so
forth that have a pupal stage), is important because holometab-
olous appendage development occurs from imaginal discs, which
are collections of cells that form and commit to appendage
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identity early in larval development. Oncopeltus and other
hemimetabolous insects lack imaginal discs and acquire adult
morphology gradually through a series of nymphal stages, similar
to early fossil insects. Hence, examination of wing development
in a hemimetabolous insect can help resolve the ancestral versus
derived status of developmental traits present in holometabola
and in general may provide new evolutionary perspectives.
Oncopeltus features brightly colored forewings with a stiff proximal
region and a more flexible membranous apex (hemelytra), entirely
membranous hind wings, and a well-developed dorsal T2 structure
(scutellum) that fits precisely against trailing edges of the folded
wings. To examine wing developmental mechanisms underlying
these features, we combined a candidate gene approach in which we
depleted (via RNA interference, RNAI) the expression of Oncopeltus
orthologs of wing specification genes, and a global approach
(RNA-seq) (21) that characterized all expressed genes in wild-type
T2 and T3 wings, ectopic T1 wings, and wild-type T1 body wall. The
results provide independent and expanded insights into the origins
and fate of T1 wings, the transition from paleoptera to neoptera,
and the eventual diversification of T2 and T3 wing morphology.

Results

Insights About Wing Origins and Functionalization from T1 Ectopic
Wings. Depletion via RNAIi of the homeotic gene Sex combs re-
duced (Scr), which regulates T1 segmental identity (8), results in
the formation of a small ectopic wing on T1 (16). Similar small T1
wings are present in diverse early insect fossils (2). Therefore it is
possible that repression of Scr releases an ancient wing de-
velopmental program. Alternatively, the small T1 ectopic wing (T1
EW) may be a partial conversion to T2 segmental identity; that is,
a lower-penetrance phenotype but otherwise analogous to what
occurs in T3 when Ultrabithorax (Ubx) is repressed (see below).
To begin to resolve these alternatives, we characterized the tran-
scriptome (RNA-seq) (21) of the developing wing pads of fifth-instar
nymphs on all three thoracic segments (including T1 EW in Scr RNAi
individuals) and wild-type T1 thoracic body wall (Fig. 1). In the 500
genes most up-regulated in each of the three wing types compared
with the T1 body wall, genes involved in imaginal disc morphogenesis
were among the most enriched Gene Ontology (GO) categories
[Functional group analyses, Database for Annotation, Visualization
and Integrated Discovery (DAVID) (22), analyzing Biological Pro-
cesses level 5: development] (Table S1). Among those was a set of
known wing specification genes [vestigial (vg), scalloped (sd), wingless
(wg), and apterous (ap)] (Fig. 24) whose expression did not differ
among the three wing types (P = 0.22). However, the wing disc and
general appendage specification gene Distal-less (DI) had reduced
expression in T1 EW (more than fourfold lower than T2 wing), as did
a number of genes detected only in T2/T3 (Fig. S1 and Table S2).
Most conspicuously absent from T1 EW was trachealess (trh) (Fig.
1), an arthropod ventral appendage gene (23) expressed in the
epipods of Artemia (24). During Drosophila embryogenesis trh is
expressed in a cell population that migrates from the ventral ecto-
derm dorsally to become either glands (corpora cardiaca, pro-
thoracic gland) in anterior segments, or tracheae in segments T2
through A8 (25, 26). Also absent from T1 EW (Table S2) was a
wing-specific isoform of salimus (sls), a gene involved in muscle
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development and attachment (27-29) that in Drosophila is
coexpressed with #h in ventral-origin cells. Another tracheal
morphogenesis gene, forked (f) (30), involved in formation of
mechanosensory wing bristles (31), was among the wing-specific
genes missing from T1 EW. Additional #h-regulated genes (Wi, spalt,
and Stat92E) (26) and the ventral-origin wing specification gene
nubbin (nub) (32) were detectable but reduced in T1 EW compared
with T2 wing (P = 0.0001; mean difference > twofold) (Fig. 2B). The
transcriptome data are therefore robust in showing that T1 EW is
developmentally a wing but lacks or has markedly reduced expres-
sion of ventral-origin genes such as DIl-, nub-, trh-, and trh-regulated
genes that are consistently up-regulated in T2 and T3 wings.

A previous study demonstrated fusion of dorsal and ventral cell
populations during the development of wings in basal insects
(mayflies: Paleoptera, Ephemeroptera) (33) and hence a strong
up-regulation of both dorsal and ventral-origin genes may be a
fundamental feature of normal insect wing morphogenesis, with
ventral-origin genes specifically absent in T1 wings that were an
evolutionary dead end. Alternatively, it is possible that the timing
of ectoptic wing development on T1 in Oncopeltus differs from
that of T2/T3 wings and therefore the differences in size and gene
expression might reflect delayed development of the T1 EW.
Hence, we used the transcriptome data to determine if there is
evidence for delayed development in T1 EW, and if there is broad
support for a reduced ventral contribution to the T1 EW. First, to
address developmental timing, we examined expression of lama, a
gene that preserves the pluripotency of disc cells and is not
expressed after tissue determination (34). lama was more highly
expressed in T2 and T3 wings whereas it was nearly undetectable
in T1 EW and the T1 body wall (Fig. 1). Absence of larma from T1
EW indicates completion of development rather than delay. In
addition, functional studies in Periplaneta americana (cockroach,
another neopteran) show that the depletion of Scr also generates
small prothoracic wings (17) despite the difference that RNAi can
be applied consecutively over five to six nymphal stages (versus
only two stages in Oncopeltus). Furthermore, a mutation in an-
other cockroach (Blatella germanica) creates small T1 wings (35).
Hence, the small size of T1 ectopic wings in neoptera is highly
unlikely to be an artifact resulting from insufficient developmental
time to fully grow these appendages. The uniqueness of T1 EW is
further supported by the hundreds of genes down-regulated at
least fourfold in T2 wings (and generally similar in T3 wings) but
not down-regulated in T1 EW (green points in Fig. 1). These in-
dependent lines of evidence fully support the notion that the ec-
topic T1 wing is both a unique and fully differentiated structure
rather than being an incompletely developed forewing.

To determine if there is broad transcriptome-wide evidence for
underrepresentation of ventral-origin genes in the T1 EW, we
determined the expression level of all genes with Drosophila best-
hit homologs having GO Biological Processes annotations con-
taining “dorsal closure” or “ventral furrow” (but not both), based
on the assumption that these genes are expressed more strongly at
opposite ends of the dorso-ventral body axis. T2 wings had re-
duced expression of dorsal closure genes (n = 149) compared with
T1 EW, but greater expression of ventral furrow genes (n = 17,
P = 0.03 for the mean T2-T1 EW difference). The expression

Fig. 1. Gene expression [mean log, (normalized read
count + 0.01)] in the three wing libraries compared
with the same gene in T1 body wall. Genes undetect-
able or nearly so in T1 body wall but up-regulated

T T T T T T T T

Log, expression, T1 body wall
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>fourfold in T2 wings are colored pink. Genes down-
regulated >fourfold in T2 wings are shown in green.
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Fig. 2. Least-square means (+ SE) of normalized read counts of (A) a set of wing
specification genes (vg, sd, wg, and ap) equally expressed in all wing types, and (B)
the ventral origin genes nub and tracheal genes (trh, wi, sal, and stat92F) that are
missing in the T1 Scr RNAI ectopic wing. These means are from a model that included
“gene” and “tissue” as independent variables. (C) Transcriptome-wide mean ex-
pression difference between T2 wing and T1 Scr RNAi ectopic wing for genes
involved in development of dorsal closure, ventral furrow, or neither.

difference of all other genes (n = 12,257) was intermediate (Fig.
2C). This result provides broad support for reduced expression of
ventral-origin genes in the T1 ectopic wing.

Effects of Wing Specification Genes on Neopteran Thoracic Segments.
In adult Oncopeltus from nymphs treated with RNAI against key wing
genes (vg, sd, and nub), the main effect in T1 was localized in the
posterior dorsal pronotum (T1) (Fig. S2). No visible effects were
observed on the ventral T1 plates, including the regions correspond-
ing to sternum and epimeron (Fig. S2 E-H and E'-H'’). Although
these two regions are completely missing in Tribolium vg RNAI adults
(18), the only change observed on the ventral prothorax in Oncopeltus
is restricted to an area surrounding the leg base (compare Fig. S3B
with Fig. S3E). Hence, the functions of wing specification orthologs in
Oncopeltus T1 are mainly localized to the dorsal pronotum and have
an effect primarily on its overall width (Fig. S4).

Adult T2 morphology in Oncopeltus is comprised of semi-
membranous wings (hemelytra) that fit tightly against a large,
triangularly shaped scutellum on the dorsal side (Fig. 3 A, B, F,
andJ). Tucked beneath the hemelytra is a pair of membranous T3
hindwings, with distinct shapes and pigmentation (Fig. 3B). Both
pairs of wings in vg RNAI adults had alterations in their shape
and size, especially the hindwings, which became greatly reduced
(Fig. 3C). The sd RNAI wings displayed similar changes, but to a
lesser degree (Fig. 3D), consistent with studies in Drosophila where
the wings of sd mutants do not result in a complete loss of wings
(36). The depletion of nub also caused a reduction in the fore- and
hindwing size, and a change in forewing shape (Fig. 3E).
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These genes also affected the scutellum on T2. No such effects
were previously observed in beetles (18, 37), possibly because
radical reconfiguration of the thorax during the pupal state
in holometabolous insects may override any such effects. In
Oncopeltus vg RNAI adults, the scutellum lost its tip, and its
distinct triangular morphology was changed to a shield-like
shape (Fig. 3G). sd RNAI also affected the posterior half of the
scutellum, but to a lesser degree (Fig. 3H). In nub RNAI adults,
the scutellum was not affected but there was a curving of the
forewing clavus [the location of nub expression in Drosophila
wings (38)], preventing the wings from lying flat (Fig. 3M).

To determine which part of the developing wing pad gives rise to
thoracic structures, we performed heat lesions to the central region
and lateral extensions (Fig. S5). The former resulted in a mis-
shapen scutellum and unaffected wings whereas the latter had the
opposite affect: the wings were malformed and the scutellum
remained unchanged. This result suggests that the central region of
the developing wing pad gives rise to the scutellum and the lateral
extensions form the wing blade. When combined with the RT-PCR
results that show vg is expressed in both the central region and
lateral extensions, whereas nub is expressed in only the extensions
(Fig. S6), these observations corroborate the above RNAi pheno-
types, where vg affected both the wing blade and scutellum but nub
affected only the wing blade (Fig. 3 C and G vs. Fig. 3 E and I).

What Developmental Mechanisms Create a Fully Formed and Functional
Wing, Including Fit with Thoracic Plates? The present insights from
Oncopeltus show, to our knowledge for the first time, that vg,
which can be thought of as a master wing regulator, also has a
function in the T2 notum, namely its central region: the scutellum.
Hence, the scutellum may also represent part of the wing program
based on the interpretation from previous studies where vg-dependent
tissues are considered to be wing serial homologs (18, 37).

A possible caveat to results depicted in Fig. 3G is that the RNAI
was performed at fourth and fifth nymphal stages when wing pads
already contained a well-developed scutellum primordium. In
other words, the obtained phenotype may be a hypomorph and
only partially representative of the full function of vg in the dorsal
T2 notum. Ideally, one would perform such experiments at the
initial stages of development of the structures under study. Such
an opportunity exists in Oncopeltus, where the depletion of Scr at
late nymphal stages leads to the development of both ectopic
scutellum and wings on the prothorax (Fig. 4B) (16), thus allowing
us to examine the functions of vg while these structures are de-
veloping de novo. First, we performed the double Scr/ivg RNA.. If
vg has a key function in wing development with a secondary role in
the scutellum, then the T1 wings should not develop but scutellum
will, and only its posterior region will be modified. Instead, how-
ever, neither structure developed in Scr/vg RNAI individuals (Fig.
4 C and (). This result reveals that in addition to its function in
wings, vg also acts as a key regulator for initialization of the entire

Fig. 3. The functions of wing genes on the mesotho-
rax (T2) of Oncopeltus. (A) Dorsal morphology of the
adult T2 segment; arrowheads point to the clavus of the
forewings. (A’) The dissected dorsal T2 plate of a fifth
nymph. The dotted line denotes the proximal-most
boundary of wing primordia. (B) Wild-type fore- and
hindwings. (C—£) The effects of vg RNAI, sd RNAi, and
nub RNAi on adult wing morphology, respectively.
(F) Dissected dorsal T2 notum of wild-type adult. (G-
The effect of vg RNAi, sd RNAi, and nub RNAI, re-
spectively. J-M) The alignment of the scutellum and
clavus of the forewing in wild-type (J), vg RNAI (K), sd
RNAI (L), and nub RNAI (M) adults, respectively. In K-V,
this alignment is disturbed causing scutellum and clavus
to lose their close contact to one another (the created
open space is artificially colored in green). scu, scutellum.
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Fig. 4. Effects of Scr, Scr/vg, and Scr/inub RNAI on the T1 morphology. (A-D)
Dorsal and (A’-D’) frontal view of wild-type T1 plate (A and A’), Scr RNAi T1
plate (B and B’), Scr/lvg RNAIi T1 plate (C and C’), and Scr/nub RNAI T1 plate
(D and D). To better distinguish the shape of the ectopic scutellum, its outer
edges are outlined with a dotted white line in D.

scutellum development. In other words, vg functions as both the
wing and scutellum master gene. Second, we performed the
double Scr/nub RNAI (Fig. 4 D and D’) to determine the degree to
which the independent development of the wings and scutellum
observed in nub RNAI can be applied to the ectopic T1 structures.
Because in T2 nub affects only the wings and not the scutellum
(Fig. 3 E and 1), we should observe similar effects in T1. Consis-
tent with its conserved role in wing blade formation, the depletion
of nub reduces the development of ectopic T1 wings (although not
to the same extent as observed in vg knockdowns). In addition,
although T1 scutellum was initialized and featured a diagnostic
brightly colored posterior tip (Fig. 4 D and D’), it was much
smaller and incompletely developed. In summary, these double-
RNAI results indicate that initialization of both the wings and
scutellum are dependent on vg function, whereas the increase in
size of these structures requires nub function.

Coordinated development of the scutellum and wing blade likely
affects the wing hinge and wing-folding mechanics, the latter of which
became highly specialized following the origin in neoptera of the
ability to fold the wings flat against the body. To begin to address this
we examined the role of #iptop (tio), the Oncopeltus ortholog of tea-
shirt (tsh)), which plays a role in hinge development and wing posture
in Drosophila (39, 40). In tio RNAI adults we found that the wings
failed to fold flat against the body (Fig. S74 vs. Fig. STE), consistent
with previous observations in 2 mutants in Drosophila and similar to
the ancestral wing posture still present in Paleoptera. This improper
folding of the wings is the result of changes to the shape of the
scutellum (Fig. S7F) as well as the development of the hinge (Fig.
S7G), but not changes in the wing itself (Fig. S7D vs. Fig. S7TH). This
result points to #io as a gene that may overcome the otherwise co-
ordinated development of wing blade + scutellum to form the hinge,
thereby enabling the transition from paleoptera to neoptera.

Ultrabithorax Function in T2/T3 Wing Divergence and Evolutionary
Diversification. Divergence of T2 and T3 wing shape and texture,
along with changes in wing-associated thoracic structures, and di-
versification of wings and thoraces among insect species, required
changes to the default T2 morphology (6). In Drosophila, loss of Ubx
converts the T3 segment to a T2 identity, including transformation of
halteres to fully developed forewings (19, 20). Similarly, Ubx in-
hibition in Trbolium transforms the membranous hindwings to
forewing-like sclerotized elytra (5). Oncopeltus Ubx RNAIi adults had
hindwings possessing all key features of forewing morphology, in-
cluding their distinct shape, texture, and pigmentation (Fig. 54" and
B’); this includes the transformation of the proximal anal lobe present
in wild-type T3 wing, which assumed a clavus-like T2 morphology
(blue arrowheads in Fig. 5 B and B’). Therefore, although the default
state of the wing may vary, Ubx functions the same way in each case
by always modifying an existing T2 wing to create a divergent
hindwing (halteres in Drosophila or membranous wings in both
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Tribolium and Oncopeltus). In addition to wings, the Ubx RNAi
T3 dorsal notum also showed significant alterations and de-
veloped an ectopic scutellum (Figs. 5 C and D and C’ and D’).
The extent of the change is best visible in dissected plates (Fig. 5 E
and E’), enabling a full view of their structure. On the ventral
side, the oval-shaped T3 sternum (Fig. 5F) assumed the V-shaped
morphology of the T2 sternum (Fig. 5SF’). These results show that
in a hemimetabolous species Ubx also specifies a unique T3
segment morphology by altering the default T2 segment pro-
gram. Similar to holometabola, these effects involve both the
wings and thoracic plates (5, 8). In terms of its dorsal function,
Ubx “makes” hindwings by altering the default forewing program
while also repressing the formation of a T2 scutellum. These
functions of Ubx most likely arose early in pterygote evolution
because divergences in T2/T3 wings occur in certain Paleoptera
(Ephemeroptera) as well as Neoptera.

Discussion

Uniqueness of the T1 Wing and Its Lack of Ventral Genes. Previous
work in beetles revealed that the prothorax (T1) contains vg-
dependent tissue, leading to the proposal that the affected T1 re-
gions represent wing serial homologs (18, 37). Our present results
show that, in addition to vg, several other genes involved in wing
development also have a function in the wingless prothorax of
Oncopeltus. By showing that Oncopeltus T1 EW is a unique type of
wing and a characteristically T1 structure, rather than a conversion
to T2 segmental identity, these results suggest, to our knowledge

WT Ubx™

Dorsal T3 w
ectopic scwtellum

-
“ectopk Scu

Uy

Fig. 5. The role of Ubx in the Oncopeltus metathorax. (A and A’) Dorsal views
of the wild-type and Ubx RNAI adults. (B) Wild-type fore- and hindwing display
distinct morphologies with regards to their shape, color, and size. (B") Al-
though forewings look the same, hindwings are transformed into forewings in
Ubx RNAI adults. (C) A side view of the dorsal plates in the wild-type showing
that the T2 segment features a well-developed scutellum. (C’) A side view of
Ubx RNAI adult indicates a presence of an ectopic scutellum on T3 (black ar-
row). (D) Close-up view focused on wild-type scutellum. (D) In Ubx RNAI
adults, a second ectopic scutellum forms beneath the T2 scutellum (black ar-
row). (E) Dissected T3 plate of wild-type adult. (E') Dissected T3 plate of an Ubx
RNAI adult. (F) A close-up view of T2 and T3 ventral plates in wild-type. The
ventral T2 has a triangular shape, whereas the T3 is oval. (F) In Ubx RNAi
adults, the ventral T3 is transformed into a ventral T2 sternum. Abbreviations:
Scu, scutellum; T2, mesothoracic segment; T3, metathorax thoracic segment.
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for the first time, the presence of a T1 wing serial homolog in a
contemporary hemimetabolous insect. In contrast to the situation
observed in Tribolium, where T1 EW is derived from both dorsal
and ventral tissues and is indicative of a conversion of T1 to T2
segmental identity, these wings in Oncopeltus are of strictly
dorsal morphological origin and have gene-expression profiles
indicating either complete absence or marked reduction of
ventral-origin cells.

Implications of the T1 Ectopic Wing for Insect Wing Origins. Small T1
wings are present in a phylogenetically diverse set of fossil insects,
but no insects with T1 wings persist in fossils more recent than
about 250 Mya (1). Our results in Oncopeltus, combined with recent
developmental insights from Drosophila, provide a hypothesis to
explain why T1 wings were likely limited to small size, reduced
functionality, and were lost independently in multiple insect orders.
Ventrally originating cells in Drosophila embryos migrate dorsally
and undergo an epithelial-mesenchymal transition to form the
corpora cardiaca and prothoracic glands in the head and T1 seg-
ments (25). Serially homologous cells in segments T2 through A8
also migrate dorsally and undergo epithelial-mesenchymal transi-
tion to form the main tracheal trunks while also playing a role in
T2/T3 wing development. Stunting of the T1 wing may therefore
demonstrate the limited potential of notal primarily cuticular cells
to form a large and useful wing without the functions contributed by
ventral-origin mesenchyme. The gene ventral veins lacking (wl) acts
downstream of #h, suggesting that the ventral component of wing
vein formation (critical for wing stiffening) also derives from
ventral cells that may have been diverted to gland formation in
the T1 segment.

Tracheal placodes and leg primordia arise from a common pool
of cells in Drosophila (23) with differences in their fate controlled
by the activation state of the wingless signaling pathway. Tracheal
cells and spiracles on T2 and T3 arise from locations lateral to the
leg bases (23) possibly homologous with the association between
gills and appendages in crustaceans, a hypothesis strengthened by
the finding that homologs of tracheal inducer genes (th, wi) are
specifically expressed in the gills of crustaceans (24, 41). Notably,
those genes were absent from the small T1 ectopic wings of
Oncopeltus. Furthermore, nub affected leg-adjacent morphology
of the Oncopeltus T1 ventral thorax and was expressed only in the
blade portion of the T2 wing but not the adjacent scutellum,
similar to the way nub is expressed only in the posterior com-
partment of crustacean gills (23). Starting with fossil evidence (42)
and continuing with developmental data (18, 23, 25, 32, 33) and
present insights from Oncopeltus, genes expressed in crustacean
gills appear to mark a cell population that evolved into both tra-
cheae and wings in insects. In wings, the fusion of both dorsal and
ventral contributions appears to be required for formation of fully
developed and functional wings. Hence, after many decades of
debate between proponents of the paranotal lobe vs. wings-from-
gills hypotheses for insect wing origins, the answer is becoming
increasingly apparent: each side was half correct.

Overview of the Origin and Divergence of Insect Wings. The origin
and divergence of wings involved a multistep process outlined in Fig.
6. First, we propose that dorsally derived outgrowths evolved along
a number of body segments, most notably T1 and some abdominal
segments. Fossils containing these features (including larvae) gave
rise to the paranotal theory of wing origins (1, 43). Dorsal origins
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Dorsally originating tissue

~ Ventrally originating tissue

Adults

Merger of dorsal with ventral
components leads to the
elongation of T2,T3 wings,
which diverge from T1 wings

L FOSSILS J

Larvae

All wings small, serially
homologous with dorsal
abdominal appendages

Paleoptera Neoptera
Repression of Foldable wings, divergence of
T1 wing (Scr) T2/T3 morphology (Ubx), and

fit with adjacent dorsal thorax

L MODERN J

Fig. 6. Major events in the divergence and segmental diversification of insect wings. Note the presence of a T1 winglet in fossil insects, which persisted until
after T2 and T3 wings elongated. Additionally, the divergence of T2/T3 wing morphology occurs also in some Paleoptera (Ephemeroptera), which if mediated
by Ubx would place this feature at a more basal location than depicted here. Illustration by Daorong Fang.
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are evident in the position and the expression of primarily dorsally
derived genes in the ectopic T1 wings of Oncopeltus. Next, Hox
genes were co-opted to suppress a number of these dorsal flaps
(7). Either before or after this step, ventrally derived cells possibly
homologous to ancestral arthropod epipods migrated dorsally and
fused with the cells that give rise to the dorsal flaps (32). This
fusion brought gene networks that likely enabled an increase in
size of the outgrowths (shown empirically here by the effect of nub
on the size of the T1 EW) as well as features necessary for ar-
ticulation. Elongation of these dorsal flaps also featured re-
gionalization, with a discrete lateral blade (the wing) connected by
a hinge to a central region (the scutellum); these structures
coevolved and became independently regulated, allowing forma-
tion of a hinge region without affecting wing blade development,
which ultimately permitted wing folding. Finally, Ubx was co-opted
to uncouple the wing morphologies of T2 and T3, facilitating the
divergence of wing forms within species and diversification among
species. These results represent a broad outline of key mecha-
nisms underlying the origin and diversification of insect wings,
which brought about the first flying animals and triggered the
largest evolutionary radiation of multicellular life.
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Materials and Methods

Gene Cloning, dsRNA Synthesis, and RNAi. Injections and dsRNA synthesis were
performed as previously described (16). Detailed information including primer
sequences and RT-PCR controls, are in S/ Material and Methods and Fig. S8.

Library Preparation, Transcript Assembly, and Blast Annotation. Bar coded li-
braries (n = 12, one for each combination of treatment and replicate; NCBI SRA
accession SRP066252) were prepared using the TruSeq RNA Sample Prepara-
tion Kit (lllumina). Contigs from the assembly were searched using BLASTx
against the following sets of proteins: Uniprot, Drosophila melanogaster, Tri-
bolium casteneum, and Daphnia pulex. Detailed information including RNA
isolation, high-throughput sequencing, read processing, assembly and func-
tional group analysis are in S/ Material and Methods.
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