Submitted to Proceedings of the Royal Society B: For Review Onl mm Wondershare

Trial Version @™ pprelement

PROCEEDINGS OF
THE ROYAL SOCIETY B

BIOLOGICAL SCIENCES

Out from under the wing: reconceptualizing the insect wing
gene regulatory network as a versatile, general module for
body-wall lobes in arthropods.

Journal: | Proceedings B

Manuscript ID | RSPB-2021-1808.R2

Article Type: | Research

Date Submitted by the

Author: 28-Nov-2021

Complete List of Authors: | Fisher, Cera; University of Connecticut, Ecology and Evolutionary Biology
Kratovil, Justin; University of Connecticut, Department of Ecology and
Evolutionary Biology

Angelini, David; Colby College, Biology

Jockusch, Elizabeth; University of Connecticut, Ecology and Evolutionary
Biology

Subject: | Developmental biology < BIOLOGY, Evolution < BIOLOGY

Keywords: | insect, gene, regulatory, networks, wing, homology

Proceedings B category: | Evolution

SCHOLARONE™
Manuscripts

http://mc.manuscriptcentral.com/prsb



Page 1 of 32

Submitted to Proceedings of the Royal Society B: For Review O -

Trial Version g

Author-supplied statements

Relevant information will appear here if provided.
Ethics

Does your article include research that required ethical approval or permits?:
This article does not present research with ethical considerations

Statement (if applicable):
CUST_IF_YES_ETHICS :No data available.

Data

It is a condition of publication that data, code and materials supporting your paper are made publicly
available. Does your paper present new data?:

Yes

Statement (if applicable):

The raw scoring data used for this manuscript, along with the R code used to filter and collate the
scoring data, are available on Data Dryad at https://doi.org/10.5061/dryad.wstqgjg2n2 and are
mirrored on GitHub at https://github.com/fishercera/oncopeltus_RNAI.

Conflict of interest

I/We declare we have no competing interests

Statement (if applicable):
CUST_STATE_CONFLICT :No data available.

http://mc.manuscriptcentral.com/prsb

Wondershare
PDFelement



0 N O O

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

mm Wondershare

Submitted to Proceedings of the Royal Society B: For Review Onl
®  PDFelement

Trial Version

Out from under the wing: reconceptualizing the insect wing gene regulatory network as
a versatile, general module for body-wall lobes in arthropods.

Cera R. Fisher?, Justin D. Kratovil!, David R. Angelini?, and Elizabeth L.
Jockusch’

1. Department of Ecology and Evolutionary Biology, University of Connecticut,
Storrs, CT, USA
2. Department of Biology, Colby College, Waterville, ME, USA
Abstract

Body plan evolution often occurs through the differentiation of serially
homologous body parts, particularly in the evolution of arthropod body plans. Recently,
homeotic transformations resulting from experimental manipulation of gene expression,
along with comparative data on the expression and function of genes in the wing
regulatory network, have provided a new perspective on an old question in insect
evolution: how did the insect wing evolve? We investigated the metamorphic roles of a
suite of ten wing- and body-wall-related genes in a hemimetabolous insect, Oncopeltus
fasciatus. Our results indicate that genes involved in wing development in O. fasciatus
play similar roles in the development of adult body-wall flattened cuticular evaginations.
We found extensive functional similarity between the development of wings and other
bilayered evaginations of the body wall. Overall, our results support the existence of a
versatile development module for building bilayered cuticular epithelial structures that
predates the evolutionary origin of wings. We explore the consequences of
reconceptualizing the canonical wing-patterning network as a bilayered body-wall
patterning network, including consequences for long-standing debates about wing

homology, the origin of wings, and the origin of novel bilayered body-wall structures. We
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25 conclude by presenting three testable predictions that result from this

26  reconceptualization.

27  Introduction

28 One discovery of comparative developmental studies is that striking

29 developmental similarity is frequently observed between morphologically divergent

30 structures. Explanations for this observation fall into two classes of hypotheses: co-

31  option and divergence of serial homologues. Co-option occurs when a gene is

32 expressed in a new developmental context. Co-option resulting from the redeployment
33 of an upstream regulatory gene may re-instantiate the expression of a suite of additional
34 genes [1,2], resulting in the emergence of a new structure that does not have historical
35  continuity with the structure from which the network was co-opted. There are now

36 numerous examples of similar multi-component developmental networks that are

37 deployed in non-homologous structures [3—7].

38 An alternative to co-option is the divergence of serial homologues. Serial

39 homologues are body parts that are repeated across a developmental axis. Serial

40 homology is thought to arise through repeated deployment of the same developmental
41 network. These body parts often diverge during evolution but may retain similar

42 developmental patterning networks because of their shared developmental history. In
43 cases where new structures appear in the course of differentiation of serial homologues,
44  the question naturally arises whether they are morphological manifestations of

45  previously hidden variation, i.e., regions that were developmentally distinct but not

46  morphologically distinct [8]. If so, the apparently new structures are expected to have

47  serial homologues on other segments. Although these might be too divergent in
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appearance to have been identified as homologous based on morphology alone, they
would be expected to be identifiable via the other traditional homology criteria, such as
similarity in development, position, and connectivity [9].

Recently, upstream regulators of the insect wing-patterning network have been
found to be co-expressed in numerous additional (non-wing) structures across
arthropods. These developmental similarities have revitalized long-standing debates
about how wings originated [10,11] and about homology between wings and other
arthropod structures [12,13]. Many of the apparently novel structures that express these
genes share structural or architectural features with wings, in that they also comprise
bilayered marginal outgrowths, including crustacean carapaces [14—16], mayfly [17] and
crustacean gills [12,14], and treehopper helmets [18,19].

A wing-like gene regulatory network predates the origin of wings [12,14,16] and
thus must have had an earlier function. An ancestral role in patterning body-wall
margins was suggested by Shiga and colleagues based on gene expression in the
Daphnia carapace [15]. The association of this gene regulatory network with margin
outgrowths leads us to suggest that ancestrally, this gene regulatory network activated
key architectural features of bilayered margins. Based on this, we hypothesize that
deployment of this ancient gene regulatory network is more closely associated with an
architectural feature of the body—bilayered cuticularized epithelium—regardless of
where it occurs, than it is with a particular structure or position on the body. We tested
this hypothesis using functional analyses of 10 “wing” and “body-wall” patterning genes
in the large milkweed bug, Oncopeltus fasciatus, which possesses numerous bilayered

epithelia, in both ancestrally conserved and novel positions (Fig 1A) [20—22]. Our results
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71 suggest that developmental similarity between wings and body-wall outgrowths results
72  from a versatile, re-deployable module that patterns bilayered epithelial outgrowths.

73  Methods

74 We chose a set of ten genes to investigate, based on the involvement of their

75 orthologues in thoracic body-wall or wing development in the developmental genetic

76  model organisms Drosophila melanogaster (Fig 1B) and Tribolium castaneum. We

77  chose three of these genes—apterous (ap) [23], vestigial (vg) [24], and nubbin (nub)

78 [25,26]—because they have been a focus of the wing serial homology debate [27-30].
79  Six additional genes were selected because of their interactions with these during body-
80  wall or wing patterning: homothorax (hth) [31], araucan/caupolican (ara/caup) [32],

81 mirror (mirr) [33], tiptop/teashirt (tio) [34], tailup (tup) [35], and u-shaped (ush) [36,37].
82 Finally, we included serum response factor (srf) (also known as blistered) because of its
83  key function regulating apposition of basal membranes between bilayered epithelia in
84  Drosophila [38,39]. Genes were identified in the O. fasciatus official gene set v1.2 [40]
85 by reciprocal BLAST of Drosophila and Tribolium orthologues combined with tree-based
86 methods using OrthoFinder (v2.3.1) [41].

87 After cloning and dsRNA synthesis, we followed established RNAI protocols for
88 0. fasciatus [42], injecting 0.5-2 ug of dsRNA at both the 4th and 5th nymphal instars,
89  with modifications in cases of high lethality. Specimens were preserved and scored for
90 phenotypes across all thoracic body-wall and appendage regions. Representative

91  specimens were photographed using a Canon EOS 6D DSLR camera attached to a

92 Macropod Pro automated focus stacking apparatus (Macroscopic Solutions) with the

93 right wing dissected off to show underlying meso- and metathoracic structures.
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Composite (stacked) images were created from image batches using Zerene Stacker

(v1.04). Additional details about cloning and RNAI protocols are provided in the
supplemental methods and supplemental Tables 1-2.

Results

We scored phenotypes in 559 individuals (average 55.9 per gene, range of 37-86
total per gene, from two non-overlapping fragments) and 319 control specimens (Table
1). We present descriptive results for aberrant phenotypic traits in the thorax with a
minimum penetrance of 15% among scorable adults. The supplemental materials
contain descriptions of RNAi phenotypes in the head, genitalia, and wing bases.
Penetrance for the thoracic regions focused on here is given in Table 1. The lethality of
each gene target is in supplemental Table 3. In some cases, lower penetrance was
accompanied by a higher death rate in experimental individuals than negative control
individuals. This is particularly relevant for ara/caup RNAI, for which the second
fragment resulted in 0% survival, suggesting that for this gene, the strongest
phenotypes were lethal.

All thoracic bilayered layered epithelia in Oncopeltus require srf

RNAI targeting srfin Oncopeltus caused bilayered epithelia to fill with hemolymph
and balloon out. This “blistering” phenotype occurred not only in the wings (Fig 2C,D),
but also in bilayered body-wall regions: the posterior pleural margins of all three thoracic
segments, the supracoxal lobes of the first and second thoracic segments, an anterior
extension of the pronotum (first thoracic segment) called the collar, the posterior margin

of the pronotum, and a large posterior extension of the second thoracic segment (the
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116  mesoscutellum) (Fig 3C, 4C, S2). All genes that affect the same regions as srf are
117  therefore associated with bilayered epithelial outgrowths.

118 “Wing”’ gene RNAI phenotypes reveal similarities in patterning of wings and bilayered

119  body-wall epithelia.

120 We recovered wing phenotypes that closely resemble those previously described
121 by Medved et al. [43] for three canonical wing-patterning genes, ap, nub, and vg.

122  Phenotypes were milder than often observed in Drosophila, as expected for a

123 hemimetabolous insect where wing primordia develop externally over multiple juvenile
124  stages. In nub and vg RNAI specimens, the wings were severely reduced in size (Fig.
125 2E,F). In nub RNAI specimens, the proximal region was more severely affected than the
126  distal region, while the size reduction was more even over the whole wing blade in vg
127  RNAI specimens. vg RNAI specimens also had distally fused wing veins (Fig 2F). RNAI
128 targeting ap did not result in size or shape changes. However, the corium of the

129 forewing was desclerotized, becoming thin and membranous, and the wing veins in the
130 membranous forewing were not stiffened or pigmented, leaving a cleared outline where
131 there would be dark veins in the wild-type (Fig 2D), a phenotype reminiscent of

132  Tribolium ap RNAI elytra phenotypes [44].

133 Two regions of thoracic bilayered body-wall, the posterior pronotal lobe (Fig. 3)
134  and the posterior pleural margins (Fig. 4), required the key wing genes vg, ap, and nub
135 for normal development in Oncopeltus. Furthermore, knockdown phenotypes suggested
136 that their body-wall development roles resemble their wing development roles.

137 Reductions of the posterior pleural margins of all three thoracic segments were most

138 pronounced in response to nub RNAI (Fig 4E, supplemental Fig S3). In vg RNAI
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specimens, a reduction in a small area comprising the junction between the pleural and
tergal part of the prothorax resulted in a sinuous curvature of the propleural margin (Fig
4F, supplemental Fig S3). nub RNAI also caused the greatest reduction in the posterior
pronotum (also described by ref. [43]), with vg and severely affected ap RNAI
specimens showing similar effects to nub. This reduction exposes the wing hinge and
portions of the mesonotum that are normally hidden by the pronotum (Fig 3E,F). Like
the wings, the pleural lobes of ap RNAi specimens appeared to retain wild-type size and
shape, but their texture was affected; they were thinner and more flexible, a
characteristic usually accompanied by decreased melanization (Fig 4D).

Development of the scutellum was also altered in response to depletion of all
three wing genes; however, the phenotypic effects differed substantially across genes
and was qualitatively different from the effects in the wings, pleural margins, and
posterior pronotal lobe. Knockdown of vg resulted in the scutellum of these specimens
having a broadened posterior edge (Fig 3F). ap RNAI resulted in a dorsally upturned
scutellum (Fig 4D; supplemental Fig S4). The scutellum in nub RNAi specimens
appeared flatter than in wild-type specimens when viewed laterally (Fig 4E), although it
retained a triangular shape dorsally (Fig 3E).

The other two bilayered epithelia each required a subset of the core wing genes
for normal development. The collar was reduced in nub (11 of 51; 22% penetrance) and
ap (20 of 86 specimens; 23% penetrance) RNAi specimens (Fig 3E,D), leaving a gap
between the collar and eyes and exposing the posterior head. This phenotype was also
observed at very low frequency (3 of 48; 6% penetrance) in vg RNAIi specimens (Table

1). The supracoxal lobes of the prothorax and mesothorax were affected by knockdown

http://mc.manuscriptcentral.com/prsb



Page 9 of 32

162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182

183

Submitted to Proceedings of the Royal Society B: For Review Onl mm Wondershare

Trial Version @™ pprelement
of nub (Fig 4E), but not vg or ap. The reduction in these lobes resulted in a more open
coxal cleft (also described by ref. [43]).

Functional comparison of “body-wall” genes in bilayered epithelia reveals wing and non-

wing roles

Several of the genes we selected because of their previously described roles in
body-wall development were required for normal wing development in Oncopeltus. Mirr
RNAI wings lacked the sharp separation between the clavus/anal lobe and the rest of
the wing blade (Fig 2I). Depletion of hth resulted in a subtle change to the curvature of
the anterior margin of both wings (Fig 2G). Mild depigmentation was observed in tup
RNAI specimens, in which the normally black intervein regions of the distal forewing
were lighter or clear (Fig 2J).

Normal development of the scutellum, collar, posterior pronotal lobe, and
posterior pleural lobes required all of the “body-wall” genes we investigated (ara/caup,
hth, mirr, tio, tup, ush; see supplemental Fig S6 for a larger sample of normal GFP RNAI
phenotypes). The scutellum was mildly affected by RNAI targeting ara/caup and hth (Fig
3G-H), and severely affected by RNAI targeting mirr, tup, tio, and ush, losing the wild-
type triangular shape (Fig 3I-L, Fig 41-L). The collar was reduced in ara/caup, hth, mirr,
tio, tup, and ush RNAI, resulting in a gap between the collar and the back of the eyes
(Fig 3G-H,J-L). Knockdown of ara/caup, hth, mirr, tio, and ush produced smaller
pronota, resulting from reduction or folding of the posterior pronotal lobe, revealing the
wing base and characters of the mesonotum normally hidden by the pronotum (Fig 3G-

I,K-L). tup RNAI specimens lacked lateral sculpting in the pronotum (Fig. 3H).

http://mc.manuscriptcentral.com/prsb
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The most severe reduction of the pleural region was observed in response to tio
knockdown; individuals that survived to adulthood lacked both the posterior pleural
lobes and supracoxal lobes, retaining only the single-layered portion of the pleural
plates (Fig 4K). The pleural margins of hth, mirr, and tup RNAi were reduced, with the
most obvious reduction occurring along the anterior-posterior axis (Fig 4H-J).
Additionally, the metapleuron (T3) was rounded in the dorsal posterior corner (Fig 4H-
J), whereas in wild-type individuals, it is squared off (Fig 4B). In RNAI for ush, the
metapleuron was shorter in the dorso-ventral axis than in the wild-type. RNAI targeting
ara/caup, hth, and tio led to open supracoxal clefts (Fig 4G,H,K, supplemental Fig S5).
Discussion

A structural framework

Understanding of pathways involved in the developmental patterning of
arthropods is historically contingent upon discoveries in the resource-abundant
Drosophila system. vestigial, apterous, and nubbin were all named for their dramatic
wing-mutant phenotypes in Drosophila [23—-25,45,46] and are central to the conserved
wing-patterning network [47]. In particular, vg became entrenched as a “wing gene”
because of its ability to induce wing-like outgrowths in other parts of the fly when
ectopically expressed [48], because phenotypes of regulatory mutants were confined to
the wings [49], and because it activates expression of downstream genes in the wing-
patterning network, including nub and srf [27].

Subsequently, when comparative data on expression and function of vg (and
other components of the wing regulatory network) in other arthropods showed

phenotypes in other, non-wing body parts [27-29], these parts were interpreted as wing

http://mc.manuscriptcentral.com/prsb
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207 homologues or wing serial homologues, depending on where they occurred. For

208 example, under knockdown of the HOX gene Sex-combs reduced, the prothoracic

209 tissues that give rise to homeotic wings express and require components of the wing
210 regulatory network, including vg, nub, and ap [28]. We note that Drosophila lacks

211  extensive cuticularized bilayered epithelia outside the wings (Fig 1B); this is a derived
212  phenotype within insects, which had multiple regions of bilayered body wall ancestrally.
213  Consequently, any genes with general functions in bilayered epithelia would have been
214  identified as wing-specific from genetic studies in Drosophila.

215 Sets of “wing” and “body-wall” genes produce similar phenotypes in bilayered structures

216 This study examined the effects of genes traditionally considered to be “wing”
217  genes (vg, ap, nub), as well as genes more commonly thought of as body-wall

218 patterning genes. Similar knockdown phenotypes across diverse structures for sets of
219  “wing” and “body-wall” genes highlight their shared roles in patterning marginal

220 outgrowths. For example, knockdown of nub, hth, and mirr produced similar reductions
221  of the posterior pleural margins (Fig 4). The collar was reduced in ara/caup, hth, tup, tio,
222  and ush knockdown, exposing the back of the head, resembling the nub and ap

223  phenotypes (Fig 3). The reduction of the supracoxal lobes, resulting in a more open
224  coxal cleft, was present in ara/caup, hth, and tio RNAi phenotypes and resembled the
225 nub RNAI phenotypes (Fig 4).

226 Our results demonstrate that the bilayered margins of the thoracic body-wall are
227 regulated by a shared set of genes, including the canonical wing genes, regardless of
228 their anatomical position. This set of genes operates in the supracoxal lobes, the

229 posterior pleural lobes, the posterior pronotal lobe, and the anterior collar, in addition to

10
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230 the wings. In light of these results, we are motivated to reconceptualize the wing-

231 patterning gene regulatory network. Rather than define the developmental function of
232  this genetic module as wing patterning, we conclude that it is more reflective of its

233 evolutionary history to describe the shared function of these genes based on the shared
234  structural similarity of these characters. We propose that these genes are part of a

235 developmental network that regulates the growth and three-dimensional patterning of
236 bilayered, cuticularized body-wall outgrowths—a character type that includes wings and
237  many other structures.

238  Ancestral function of the wing-patterning network in body-wall lobes and consequences

239 for the debate about the origin of insect wings

240 Four observations motivated the hypothesis that the ancestral function of the
241  wing-patterning network described from Drosophila is ancestrally responsible for the
242  patterning of bilayered epithelial margins (this paper and refs. [14,16]). The first is that
243 the network is evolutionarily older than wings, as shown by the spatial expression

244  patterns of key components in a primitively wingless insect [50]. The second

245 observation is that vg, nub, ap, and wingless (wg), or subsets thereof, are prominently
246  expressed at the developing dorsal body wall margins of many insects and crustaceans
247 [14,16]. Third, late Cambrian fossils show that bilayered margins arose early in

248  arthropod evolution and were likely present posteriorly in body-wall segments and

249 distally in limb segments [51]. Finally, this network has been found to be active in insect
250 wings, in the gills of mayflies [52], crustaceans [14,16] and horseshoe crabs [53], in the
251  Daphnia carapace [15,54], and in treehopper helmets [18,19]. All of these structures are

252 Dbilayered epithelia.

11
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253 Reconceptualizing the wing-patterning network as a bilayered margin patterning
254  network provides a new framework that we believe helps resolve some debates about
255 homology (both serial homology within a single organism and special homology

256 between species). For example, shared expression or function of this gene regulatory
257 network likely indicates that the structures share homology as bilayered epithelia (in the
258 same way that bird wings and bat wings are homologous as tetrapod limbs), but is not
259 sufficient to indicate a closer evolutionary connection as wings.

260 According to this view, diverse arthropod structures all share an identity as

261 bilayered epithelia, including insect wings; the gills of crustaceans, chelicerates, and
262 mayflies; treehopper helmets; abdominal gin traps in beetle pupae; and marginal

263 outgrowths of body and limb segments. However, the widespread occurrence of

264  bilayered epithelia means that developmental similarity resulting from the use of this
265 gene-regulatory network does not provide direct evidence of either special homology or
266 serial homology in the classic sense of being repeated structures at the same position
267 along a body axis. Instead, bilayered margins may be serially homologous in the way
268 that structures such as sensory bristles are, which can develop at a wide array of body
269 locations [55].

270 This interpretation has consequences for the debate about the origin of insect
271 wings. Central to this debate is the interpretation of structures on non-winged segments
272  of insects as wing serial homologues [27-29,56], and of ancestral limb structures of
273 non-winged arthropods as homologs of and precursors to wings [14,16]. Our

274  interpretation predicts that bilayered body-wall evaginations throughout the body are

275 likely to share developmental dynamics and thus gene expression. Under this

12
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276 interpretation, additional evidence, such as conserved markers of distinct marginal

277 identities that predate the origin of wings, would be needed to support these inferences
278  about homology to wings.

279 Our view helps resolve a divide in the literature about how developmental

280 similarities resulting from shared deployment of the bilayered epithelium regulatory

281 network are interpreted [57]. Those who focus on the serial homology explanation are
282 have generally studying structures that, like wings, emerge along a restricted region of
283 the lateral tergal margins [14,29]. This similarity in position reflects one of the other
284 traditional criteria for identifying homologues [9]. Those who favor the co-option

285 explanation are focused on traits with an extensive margin, encompassing non-lateral
286 regions. Because the wing-like developmental network is deployed in a different position
287 along the body axis than it is in wings, they conclude that the structures lack serial

288 homology at the anatomical level, and so attribute the developmental genetic similarity
289 to co-option [15,18,58]. In our view, both interpretations are partially correct: shared
290 similarity results from a shared ancestral function of the developmental network, but it
291 does not indicate serial homology as anything more than bilayered epithelia. Our data
292 from Oncopeltus show that this genetic module functions in anterior and posterior

293 pleural margins that have never been suggested to be serially homologous to wings
294  because of their segmental position (i.e., presence on wing-bearing segments). Thus, a
295 clear division between wing and body-wall grounded in gene expression or function is
296 elusive.

297 This change in framework also helps explain some details of developmental

298 phenomena that are incongruent with the serial homology framework. For example,

13
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299 during embryonic development, vg, wg, and ap are expressed not only along the lateral
300 and posterior margins of the developing segments, but also across the anterior margin
301  of the pronotum (but not more posterior segments). This pattern is present in Tribolium
302 (beetle) [28,59], Gryllus (cricket) [60], and Parhyale (crustacean) [14,61]. Under the
303 wing serial homologue framework, the posterolateral tergal margins could potentially be
304 interpreted as cryptic wing serial homologues (i.e., tissues that could develop into wings
305 but are repressed), but the anterior pronotal margin cannot. Under our proposed

306 framework, the anterior pronotal margin is simply one more region of flattened marginal
307 outgrowths, exemplified in this study by the milkweed bug collar. In the beetle

308 Onthophagus, putative wing serial homologues—the dorsal support structures—have
309 been characterized on parts of segments that already bear wings [56]. Under our

310 proposed framework, rather than being serially homologous qua wings, these structures
311  are serially homologous qua bilayered epithelial outgrowths. They share developmental
312  similarity with wings because both use the ancestral regulatory network for the

313  development of bilayered cuticularized outgrowths.

314  Predictions and hypothesis testing

315 Three testable predictions follow from our hypothesis that deployment of the
316  network is closely linked to the bilayered architecture of these margins. First, the

317  network is predicted to be highly conserved in bilayered margins that have been

318  continuously present in arthropod history. This includes the bilayered margin that forms
319 the insect wing. Second, where morphological evolution has resulted in replacement of
320 Dbilayered margins by single-layered margins (e.g., as in the thoracic body-wall of

321  Drosophila), we predict that expression of the ancestral wing patterning network has

14
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322 been modified or that its function has been suppressed. Third, we predict that novel

323 bilayered body-wall outgrowths are likely to be patterned by this developmental network.
324  This prediction is directly supported by the results in this study: the evaginated

325 mesoscutellar lobe is a synapomorphy of heteropterans [22], is bilayered, and requires
326  core elements of this network, including ap, nub, and vg, for proper development. It is
327  also supported by studies of the novel, bilayered prothoracic helmet of treehoppers

328 [18,19]. Viewed through this framework, it is possible that many cases of novel body-
329  wall outgrowths that have been characterized variously as wing serial homologues or as
330 cases of co-option may be resolved as developmentally similar due to shared

331  architectural features.

332 Data and Code Availability

333 The raw scoring data used for this manuscript, along with the R code used to
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Tables

Table 1

Sample sizes and frequency of abnormal phenotypes in relevant characters

for each RNAI treatment. N is the number of adults scored; only individuals that

successfully eclosed to adulthood or could be removed from their final exuvium were

scored. Results from different dSRNA fragments targeting the same gene are combined.

Negative control specimens were injected alongside each experimental injection batch

and have been tabulated together. supr. lobes-supracoxal lobes; pro.-pronotum; f.

wings-forewings; h. wings-hind wings; pl. margins-pleural margins.

supr. pl. wing
_gene N lobes collar pro. f.wings h.wings scutellum margins hinges

control 319 1% 2% 3% 3% 4% 4% 2% 2%
ap 86 12% 23% 73% 80% 62% 81% 63% 69%
ara/caup 54 24% 11% 31% 6% 0% 31% 4% 0%
hth 76 1% 67% 76% 29% 47% 82% 74%  53%
mirr 37 19% 27% 95% 59% 65% 92% 97%  68%
nub 51 90% 22% 57% 92% 84% 39% 88%  65%
srf 52 88% 88% 94% 92% 73% 94% 92%  83%
tio 50 82% 90% 86% 58% 56% 94% 84%  80%
tup 59 2% 31% 53% 17% 12% 86% 15% 2%
ush 46 0% 17% 59% 22% 15% 48% 46% 20%
vg 48 4% 6% 96% 62% 81% 98% 88%  92%

Figure Legends

Figure 1
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548 Cuticularized bilayered epithelia (indicated by dashed lines and blue shading)
549 include multiple thoracic body-wall regions in (a) Oncopeltus fasciatus, the large
550 milkweed bug, and fore- and hind wings in O. fasciatus and (b) Drosophila

551  melanogaster. Credit: Pest and Diseases Images Library, Bugwood.org, used with

552  permission.

553  Figure 2.
554 RNAI effects on wings in O. fasciatus; wings are oriented with proximal to the left

555 and the dorsal surface up, unless otherwise specified; the forewing is on top and the
556 hind wing below. (a) Diagram of normal wing morphology. (b) GFP RNAI wings. (c, d)
557  srf RNAI forewing; note three-dimensional ‘blistered’ phenotype. (d) same forewing
558 rotated to show depth of the blistered wing blade. (e) ap RNAI; pigmentation reduced or
559 lost throughout the forewing, including in the veins (white arrowhead); loss of corium
560 pigmentation (white asterisk) was accompanied by loss of leathery texture. (f) nub

561 RNAI; note smaller wings, with greater reduction proximally in both length and width,
562 resulting in shortened clavus and anal lobe (white asterisks) and indentation anteriorly
563 between corium and membranous forewing (white arrowhead). (g) vg RNAI; note

564 reduced wing size, including clavus and anal lobe, curved (rather than angled) junction
565  of clavus to rest of wing (black arrowhead), pigmentation defects (white asterisks), and
566 distal fusions in forewing venation (white arrowhead). (h) hth RNAI; note altered

567 concave (rather than convex or straight) anterior wing edges proximally (white

568 arrowheads), narrower hind wing blade, and absence of anal lobe (black asterisk). (i)
569  mirr RNAI resulted in a curved junction of clavus and anal lobe (partially torn) to rest of

570 wing (white arrowheads). (j) tup RNAI; forewing narrower with localized reduction in
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571  pigment (white asterisk). Scale bar =5 mm in (b) applies to all panels. Abbreviations: al,

572 anal lobe; cl, clavus; co, corium.

573  Figure 3.
574 RNA. effects on dorsal thoracic body-wall in O. fasciatus. Dorsal view with right

575 forewing removed; same specimens as in Fig. 2, 4. (a) Diagram of normal dorsal body-
576  wall morphology. (b) GFP RNAI. (¢) srf RNAI; all bilayered body-wall evaginations,

577 including the scutellum (white asterisk) and pronotum (black arrowhead), showed a

578 blistered phenotype. (d) ap RNAI; collar reduced, creating gap between collar and eyes
579 (white arrowhead); posterior pronotal margin less defined (white arrow). (e) nub RNAI
580 produced a narrower (black arrowhead) and shorter pronotum, creating gap with eyes
581 (white arrowhead) and exposing normally hidden mesonotal regions (white arrow). (f) vg
582 RNAI; posterior pronotum margin reduced, exposing normally hidden mesonotal regions
583 (white arrow); scutellum broadened posteriorly (white asterisk), with curved lateral

584 edges. (g) ara/caup RNAI; collar reduced (white arrowhead); pronotum shortened;

585 lateral edges of scutellum bent (white asterisk). (h) hth RNAI; collar reduced (white

586 arrowhead); pronotum ventrally curled exposing mesonotal structures (white arrow);
587  scutellum broadened (white asterisk). (i) mirr RNAI; pronotum narrow laterally and

588 curled under posteriorly, exposing wing base (black arrowhead) and mesonotal

589  structures (white arrow); scutellum shorter and narrower (white asterisk). Collar

590 phenotype not present in this specimen. (j) tup RNAI; collar reduced (white arrowhead);
591 lateral pronotal lobes less sculpted (white arrows); scutellum severely reduced (white
592  asterisk) and lacking midline ridge. (k) tio RNAI; widespread body-wall defects, including

593 reduced collar (white arrowhead), reduction in posterior pronotum exposing mesonotal
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594  structures (white arrow); reduced scutellum, with expanded, multilobed posterior edge
595 (white dashed line). (/) ush RNAI; reduced collar (white arrowhead); reduced posterior
596 pronotum exposing mesonotal structures (white arrow); scutellum reduced and lacking
597  midline ridge (white asterisk). Scale bar in b =1 mm (applies to all panels).

598 Abbreviations: c, collar; fw, forewing; hw, hind wing; sct, scutellum; pn, pronotum; pp,

599  posterior pronotal lobe.

600 Figure 4.
601 RNA. effects on the thoracic pleuron in O. fasciatus. Specimens viewed laterally

602  with right forewing removed. (a) Diagram of normal dorsal body-wall morphology. (b)
603 GFP RNAI; note the relatively straight profiles of the pronotum and scutellum (blue

604 dashed lines) and rounded corner at dorsoposterior edge of m3 (white dashed line). (c)
605 srf RNAI; all bilayered body-wall evaginations including the posterior pronotum (white
606 asterisk), pleural lobes (white arrows), and supracoxal lobes (black arrowheads)

607 showed a blistered phenotype. (d) ap RNAI; posterior pleural margins reduced;

608 reduction in m1 reveals underlying mesothoracic wing base (white arrow); reduced
609 melanin near pleural margins (white arrowheads); scutellum up-turned distally (white
610 asterisk). (e) nub RNAI; posterior pleural margins reduced (white arrowheads);

611  reduction in m1 exposes wing base (white arrow); m3 with a more rounded

612 dorsoposterior edge; supracoxal clefts more open (black arrowheads). (f) vg RNAi;
613 reduced junction between the dorsal pronotum and lateral propleuron (white arrow);
614  pronotum appears crumpled in profile (white asterisks); scutellum shortened and with a
615 more rounded posterior tip (black arrowhead). (g) ara/caup RNAI; posterior pleural

616 margins reduced (white arrowheads); m3 with a more rounded dorsoposterior edge;
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617  supracoxal clefts more open (black arrowheads); pronotum appears crumpled in profile
618 (white asterisk). (h) hth RNAI; posterior pleural margins reduced (white arrowheads); m3
619  with a more rounded dorsoposterior edge; pronotum crumpled in profile (white asterisk).
620 (i) mirr RNAI, specimen angled slightly, showing more of dorsum than in other

621  specimens; pleural margins reduced (white arrowheads); m3 with a more rounded

622 dorsoposterior edge; pronotum and scutellum appear crumpled in profile (white

623  asterisks). (j) tup RNAI; scutellum reduced and crumpled in profile (white asterisk); loss
624  of pigmentation and sclerotization in pleural margins (white arrowheads). (k) tio RNA:;
625 severe reduction in all thoracic bilayered evaginations; smaller pleural plates (white

626 arrowheads), open supracoxal clefts (black arrowhead); pronotum and scutellum appear
627 crumpled in profile (white asterisks). () ush RNAI; posterior pleural margins reduced

628 (white arrowheads); pronotum and scutellum appear crumpled in profile (white

629 asterisks). Scale bar (in b) = 1 mm (applies to all panels). Abbreviations: c, collar; j,

630 junction of pronotum and propleuron; m, margin of posterior pleural lobe, number

631 designates thoracic segment; pn, pronotum; sct, scutellum; sg, scent groove; sl,

632 supracoxal lobe, number designates thoracic segment; wg, wing groove.

633  Figure 5.
634 Summary of RNAI effects on thoracic characters. (a) Dorsal and (b) lateral views

635 of normal anatomy with bilayered evaginations shaded; single-layered regions of the
636 body wall are unshaded. (c) Graphical summary of the results of RNAi on the seven
637 main bilayered thoracic characters for the ten genes in this study; shading shows
638 penetrance (proportion of scorable individuals in which the specified character was

639 affected); full opacity represents 100% penetrance. Abbreviations: c, collar; m, pleural
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margins, with subscripts denoting thoracic segment; pn, pronotal lobe; j, junction of

pronotum and propleuron; sl, supracoxal lobes, with subscripts denoting thoracic

segment; sct, scutellar lobe; w, wing (including wing hinge).

27

http://mc.manuscriptcentral.com/prsb

Wondershare
PDFelement



Page 29 of 32

Submitted to Proceedings of the Royal Society B: For Review Onl

mm Wondershare

Trial Version @™ pprelement

Cuticularized bilayered epithelia (indicated by dashed lines and blue shading) include multiple thoracic body-
wall regions in (a) Oncopeltus fasciatus, the large milkweed bug, and fore- and hind wings in O. fasciatus
and (b) Drosophila melanogaster. Credit: Pest and Diseases Images Library, Bugwood.org, used with

permission.
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(a) wild-type anatomy (b) GFP
1

RNAI effects on wings in O. fasciatus; wings are oriented with proximal to the left and the dorsal surface up,
unless otherwise specified; the forewing is on top and the hind wing below. (a) Diagram of normal wing
morphology. (b) GFP RNAi wings. (c, d) srf RNAIi forewing; note three-dimensional ‘blistered’ phenotype. (d)
same forewing rotated to show depth of the blistered wing blade. (e) ap RNAIi; pigmentation reduced or lost
throughout the forewing, including in the veins (white arrowhead); loss of corium pigmentation (white
asterisk) was accompanied by loss of leathery texture. (f) nub RNAi; note smaller wings, with greater
reduction proximally in both length and width, resulting in shortened clavus and anal lobe (white asterisks)
and indentation anteriorly between corium and membranous forewing (white arrowhead). (g) vg RNAi; note
reduced wing size, including clavus and anal lobe, curved (rather than angled) junction of clavus to rest of
wing (black arrowhead), pigmentation defects (white asterisks), and distal fusions in forewing venation
(white arrowhead). (h) hth RNAI; note altered concave (rather than convex or straight) anterior wing edges
proximally (white arrowheads), narrower hind wing blade, and absence of anal lobe (black asterisk). (i) mirr
RNAI resulted in a curved junction of clavus and anal lobe (partially torn) to rest of wing (white arrowheads).
(j) tup RNAI; forewing narrower with localized reduction in pigment (white asterisk). Scale bar = 5 mm in
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(b) applies to all panels. Abbreviations: al, anal lobe; cl, clavus; co, corium.
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(g) ara/caup

RNAI effects on dorsal thoracic body-wall in O. fasciatus. Dorsal view with right forewing removed; same
specimens as in Fig. 2, 4. (a) Diagram of normal dorsal body-wall morphology. (b) GFP RNAI. (c) srf RNAi;
all bilayered body-wall evaginations, including the scutellum (white asterisk) and pronotum (black
arrowhead), showed a blistered phenotype. (d) ap RNAi; collar reduced, creating gap between collar and
eyes (white arrowhead); posterior pronotal margin less defined (white arrow). (e) nub RNAi produced a
narrower (black arrowhead) and shorter pronotum, creating gap with eyes (white arrowhead) and exposing
normally hidden mesonotal regions (white arrow). (f) vg RNAI; posterior pronotum margin reduced,
exposing normally hidden mesonotal regions (white arrow); scutellum broadened posteriorly (white
asterisk), with curved lateral edges. (g) ara/caup RNAI; collar reduced (white arrowhead); pronotum
shortened; lateral edges of scutellum bent (white asterisk). (h) hth RNAi; collar reduced (white arrowhead);
pronotum ventrally curled exposing mesonotal structures (white arrow); scutellum broadened (white
asterisk). (i) mirr RNAi; pronotum narrow laterally and curled under posteriorly, exposing wing base (black
arrowhead) and mesonotal structures (white arrow); scutellum shorter and narrower (white asterisk). Collar
phenotype not present in this specimen. (j) tup RNAI; collar reduced (white arrowhead); lateral pronotal
lobes less sculpted (white arrows); scutellum severely reduced (white asterisk) and lacking midline ridge.
(k) tio RNAI; widespread body-wall defects, including reduced collar (white arrowhead), reduction in
posterior pronotum exposing mesonotal structures (white arrow); reduced scutellum, with expanded,
multilobed posterior edge (white dashed line). (I) ush RNAI; reduced collar (white arrowhead); reduced
posterior pronotum exposing mesonotal structures (white arrow); scutellum reduced and lacking midline
ridge (white asterisk). Scale bar in b = 1 mm (applies to all panels). Abbreviations: ¢, collar; fw, forewing;
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hw, hind wing; sct, scutellum; pn, pronotum; pp, posterior pronotal lobe.
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RNAI effects on the thoracic pleuron in O. fasciatus. Specimens viewed laterally with right forewing removed.
(a) Diagram of normal dorsal body-wall morphology. (b) GFP RNAI; note the relatively straight profiles of the
pronotum and scutellum (blue dashed lines) and rounded corner at dorsoposterior edge of m3 (white dashed
line). (c) srf RNAI; all bilayered body-wall evaginations including the posterior pronotum (white asterisk),
pleural lobes (white arrows), and supracoxal lobes (black arrowheads) showed a blistered phenotype. (d) ap
RNAI; posterior pleural margins reduced; reduction in m1 reveals underlying mesothoracic wing base (white
arrow); reduced melanin near pleural margins (white arrowheads); scutellum up-turned distally (white
asterisk). (e) nub RNAI; posterior pleural margins reduced (white arrowheads); reduction in m1 exposes
wing base (white arrow); m3 with a more rounded dorsoposterior edge; supracoxal clefts more open (black
arrowheads). (f) vg RNAI; reduced junction between the dorsal pronotum and lateral propleuron (white
arrow); pronotum appears crumpled in profile (white asterisks); scutellum shortened and with a more
rounded posterior tip (black arrowhead). (g) ara/caup RNAI; posterior pleural margins reduced (white
arrowheads); m3 with a more rounded dorsoposterior edge; supracoxal clefts more open (black
arrowheads); pronotum appears crumpled in profile (white asterisk). (h) hth RNAIi; posterior pleural margins
reduced (white arrowheads); m3 with a more rounded dorsoposterior edge; pronotum crumpled in profile
(white asterisk). (i) mirr RNAi, specimen angled slightly, showing more of dorsum than in other specimens;
pleural margins reduced (white arrowheads); m3 with a more rounded dorsoposterior edge; pronotum and
scutellum appear crumpled in profile (white asterisks). (j) tup RNAI; scutellum reduced and crumpled in
profile (white asterisk); loss of pigmentation and sclerotization in pleural margins (white arrowheads). (k)
tio RNAI; severe reduction in all thoracic bilayered evaginations; smaller pleural plates (white arrowheads),
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open supracoxal clefts (black arrowhead); pronotum and scutellum appear crumpled in profile (white
asterisks). (I) ush RNAI; posterior pleural margins reduced (white arrowheads); pronotum and scutellum
appear crumpled in profile (white asterisks). Scale bar (in b) = 1 mm (applies to all panels). Abbreviations:
¢, collar; j, junction of pronotum and propleuron; m, margin of posterior pleural lobe, number designates
thoracic segment; pn, pronotum; sct, scutellum; sg, scent groove; sl, supracoxal lobe, number designates
thoracic segment; wg, wing groove.
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(c)
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ap
nub
vg
(b) ara/caup
[ hth
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Summary of RNAI effects on thoracic characters. (a) Dorsal and (b) lateral views of hormal anatomy with
bilayered evaginations shaded; single-layered regions of the body wall are unshaded. (c) Graphical summary
of the results of RNAi on the seven main bilayered thoracic characters for the ten genes in this study;
shading shows penetrance (proportion of scorable individuals in which the specified character was affected);
full opacity represents 100% penetrance. Abbreviations: c, collar; m, pleural margins, with subscripts
denoting thoracic segment; pn, pronotal lobe; j, junction of pronotum and propleuron; sl, supracoxal lobes,
with subscripts denoting thoracic segment; sct, scutellar lobe; w, wing (including wing hinge).
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