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Despite the immense importance of the wing in the evolution and successful radiation of the insect
lineages, the origin of this critical structure remains a hotly-debated mystery. Two possible tissues have
been identified as an evolutionary origin of wings; the lateral expansion of the dorsal body wall (tergal
edge) and structures related to an ancestral proximal leg segment (pleural tissues). Through studying
wing-related tissues in the red flour beetle, Tribolium castaneum, we have previously presented evidence
in support of a dual origin of insect wings, a third hypothesis proposing that wings evolved from a
combination of both tergal and pleural tissues. One key finding came from the investigation of a
Cephalothorax (Cx) mutant, in which the ectopic wing characteristic to this mutant was found to be
formed from both tergal and pleural contributions. However, the degree of contribution of the two
tissues to the wing remains elusive. Here, we took advantage of multiple Cx alleles available in Tribolium,
and produced a variety of degrees and types of ectopic wing tissues in their prothoracic segments.
Through detailed phenotypic scoring of the Cx phenotypes based on nine categories of mutant traits,
along with comprehensive morphological analysis of the ectopic wing tissues, we found that (i) ectopic
wing tissues can be formed at various locations in the prothorax, even internally, (ii) the lateral external
ectopic wing tissues have tergal origin, while the internal and posterior external ectopic wing tissues
appear to be of pleural origin, and (iii) the ectopic wing tissues of both tergal and pleural origin are
capable of transforming into wing surface tissues. Collectively, these outcomes suggest that the evolu-
tionary contribution of each tissue to a complete wing may be more complex than the simple binary
view that is typically invoked by a dual origin model (i.e. the wing blade from the tergal
contribution þ musculature and articulation from the pleural contribution).

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The wings of insects have played (and are still playing) pivotal
roles in the adaptation of insects to countless environmental as well
as other selective pressures, leading to the dominance of this clade in
the animal kingdom. However, the evolutionary origin of this critical
structure remains a mystery. Over two centuries of work from
various fields has resulted in two prominent wing origin hypotheses
(Kukalova-Peck, 1983; Quartau, 1986; Clark-Hachtel and Tomoyasu,
2016). The first hypothesis suggests that wings evolved from
lateral outgrowths of the dorsal body wall (tergal origin), while the
second hypothesis connects the origin of insect wings to ancestral
proximal leg components (pleural origin) (Kukalova-Peck, 1983;
asu).
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Quartau, 1986; Clark-Hachtel and Tomoyasu, 2016). In addition,
there is a third hypothesis, known as the dual origin hypothesis,
which combines the above two hypotheses and suggests that insect
wings have evolved from a merger of both tergal and pleural tissues
(Clark-Hachtel and Tomoyasu, 2016; Tomoyasu, 2018).

This third hypothesis has been recently gaining support from
studies in evolutionary and developmental biology (evo-devo) as
well as in paleontology (Clark-Hachtel et al., 2013; Medved et al.,
2015; Elias-neto et al., 2016; Prokop et al., 2017; Requena et al.,
2017; Linz and Tomoyasu, 2018). One such support comes from
the study of ectopic wings formed in the first thoracic segment (T1
or prothorax) of the red flour beetle, Tribolium castaneum (Clark-
Hachtel et al., 2013). In Tribolium, and in insects in general, the
Hox gene, Sex Combs Reduced (Scr) is responsible for giving specific
identity to the prothoracic segment, including the characteristic
winglessness of this segment (Carroll et al., 2005; Hughes and
Kaufman, 2002; Tomoyasu et al., 2005). The repression of wing
analysis of the prothoracic tissues transforming into wings in the
velopment (2018), https://doi.org/10.1016/j.asd.2018.06.005
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Table 1
Frequency of nine Cx mutant traits in various genotypes.

Genotype Traits (%)

S TG UB IT ET-P ET-L DCM DD HSP

Cx20/Es 0 0 20 0 0 0 2 4 0
CxNs Stm/Es 100 4 70 0 0 0 0 0 0
CxTlr/Es 52 38 30 7 1 0 0 26 0
Cx6/Es 36 28 20 10 11 2 0 80 0
Cxapt/Cxapt 76 2 0 0 0 0 6 48 52
Cxapt/Cx20 24 18 0 3 0 0 100 50 36
Cxapt/Cx6 32 90 80 34 31 52 100 96 100
Cxapt/CxTlr 44 76 70 21 30 69 100 96 100
Cxapt/CxNs Stm 100 32 10 11 0 0 0 0 0
CxNs Stm/Cx20 100 24 30 47 3 0 10 8 0
CxNs Stm/CxTlr 100 100 90 28 6 0 0 32 0
CxNs Stm/Cx6 100 96 90 11 46 1 0 92 0
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formation by Scr appears to be the molecular basis underlying the
lack of prothoracic wings in extant insects, as ectopic wings will
form in the prothorax of various insects when Scr function is
reduced (Rogers et al.,1997; Tomoyasu et al., 2005; Hrycaj et al.,
2010; Medvedet al., 2015; Elias-neto et al., 2016). Through the
study of ectopic wings produced in an allelic combination of Scr
mutants in Tribolium (known as Cephalothorax or Cx mutants
(Beeman, 1987; Beeman et al., 1989; Curtis et al., 2001;Shippy et al.,
2006)), Clark-Hachtel et al. revealed that both a tergal structure
(carinated margin) and the pleural plates contribute to the forma-
tion of ectopic wings in the prothorax of Tribolium (Clark-Hachtel
et al., 2013). This same study also showed that the formation of
both tergal and pleural tissues is dependent on the critical wing
gene, vestigial (vg). The shared dependency on wing genes, along
with the ability of these tissues to transform into ectopicwings upon
Hox reduction, suggests that both of these tissues are wing serial
homologs in the wingless prothoracic segment. Intriguingly, each of
these two groups of tissues can be related to the two previously
proposed hypotheses (the carinatedmargin to the tergal hypothesis,
and the pleural plates to the pleural hypothesis), providing
compelling functional evidence for a dual origin of insect wings
(Clark-Hachtel et al., 2013).

It is not currently clear how each of these two tissues, tergal and
pleural tissues, contributes to the ectopic wing that is formed in the
prothoracic segment of Tribolium upon Scr reduction, or to the
wings in the other two thoracic segments (T2 and T3, or
pterothorax). In the dual origin model, the strengths of each origin
hypothesis are incorporated, and it is typically assumed that the
complex articulation and musculature of the insect wing are pro-
vided by the pleural contribution, while the wing blade is primarily
provided from the expansion of tergal tissue. However, the evolu-
tionary contribution of these two tissues may be more complex
than can be explained by this simple binary view. Rather, a dual
origin of insect wings can be perceived on a spectrum, namely that
there are various degrees to which these two tissues could
contribute to the formation of a complete wing. Therefore, eluci-
dating the precise developmental contribution of the tergal and
pleural tissues to the formation of wings will provide crucial in-
formation to decipher the evolutionary contribution of these two
tissues to the wing.

In this study, we further analyzed how each of the two wing
homologs contribute to an ectopic prothoracic wing in Tribolium.
We took advantage of multiple Cx mutants available in Tribolium to
induce a variety of transformation phenotypes, which are difficult
to obtain through simple knock-down of Scr via RNA interference
(RNAi) (Tomoyasu et al., 2005). From different combinations of five
Cx alleles, we were able to obtain various degrees and types of Cx
transformation phenotypes, which were scored based on nine
different Cx mutant traits. We obtained an array of traits related to
the formation of ectopic wings. Interestingly, some ectopic wing
tissues remain internal, underneath the tergal-related tissue (i.e.
hypomeron). We also found that these internal tissues appear to
have a pleural origin and possess a morphological characteristic
that is unique to wing surface. These outcomes suggest that both
tergal and pleural tissues can become wing surface, and that the
evolutionary contribution of each tissue to a complete wing may be
more complex than the simple binary view that is typically invoked
by a dual origin model.

2. Materials and methods

2.1. Beetle culturing and crossing

The beetle stocks were reared onwhole wheat flour (þ5% yeast)
at 30 �C in a temperature and humidity-controlled incubator. pu11
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(Lorenzen and Berghammer, 2003; Clark-Hachtel et al., 2013; Lai et
al., 2018) is used as a representation of the wild-type (WT)
phenotype. The Cx mutant stocks used in this study are: Cxapt/Cxapt

(Beeman et al., 1989), Cxapt/Cxapt; pu11:p, Cx20/Es (Shippy et al.,
2006), Cx6/Es (Shippy et al., 2006), Cx6/Stm Ns, and CxTlr/Es. Pupae
were isolated from each parent line and sorted by sex to obtain
male and female virgin adults. Occasionally, non-virgin males were
used for some crosses, where there were not enough male pupae.
Crosses were set up one week after adult eclosion to allow for
sexual maturation and transferred every two weeks. A ratio of 2
females to 1 male was used for each cross. vg RNAi (to obtain vg
RNAi beetles) has been previously described (Clark-Hachtel et al.,
2013; Linz and Tomoyasu, 2018). In brief, about 0.7 ml of 1 mg/ml
vg dsRNA (317bp F2R2 fragment described in (Clark-Hachtel et al.,
2013)) was injected at the early last larval stage by following the
RNAi procedures described previously (Philip and Tomoyasu, 2012;
Linz et al., 2014).

2.2. Cephalothorax phenotypic scoring

25 adults were selected at random from each of the twelve
genotypes analyzed in this study. Each Cx mutant trait was scored
as 0 (trait not observed) or 1 (trait observed), except for the traits
related to the formation of ectopic wing tissues, which were scored
as 0 (absent), 1 (weak), or 2 (strong) (Tables 1 and S1). The left and
right sides of each adult were scored separately, as Cx mutant
phenotypes oftenmanifest with different strength in different body
parts (such as the left and right side of the pronotum) even in the
same individual. For traits that had an effect along the medial axis
of the prothoracic segment, the score was the same for both sides.
To determine the presence of the unbuckled trait, we developed the
“unbuckled index”, which is the distance between the two epimera
normalized by the head width (Fig. S1). We used the Cx20/Es beetle
as a control, since this line has no obvious Cx phenotype, but has a
similar overall body size to other Cx mutant lines (WT are signifi-
cantly larger) (Table S2). The average and the standard deviation of
the unbuckled indices obtained from 10 Cx20/Es beetles were used
to determine the “highest threshold” value (average þ standard
deviation). If the unbuckled index of a beetle was higher than this
highest threshold, it was scored as 1 (unbuckled) (Table S3). The
percentage of each trait was then calculated for each genotype
(Table 1).

2.3. Tissue dissection and documentation

Adult beetles were fixed in 95% ethanol for documentation. In
addition, prothoraces of some beetles were dissected and placed in
lactic acid (90% lactic acid with ethanol) at 55 �C for two weeks to
analysis of the prothoracic tissues transforming into wings in the
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remove soft tissues. Lactic acid treated prothorax tissues were then
washed with 95% ethanol and stored in 70% glycerol for docu-
mentation. Whole beetles (both adults and pupae), as well as the
lactic acid-treated prothoraces, were documented using a Zeiss
Discovery V12 with an AxioCam MRc5 camera. The internal struc-
ture produced by transformation was dissected out and mounted
on a depression slide in 95% ethanol. This structure and wild-type
elytron were documented using a Zeiss Axio Imager M2 with an
Axiocam 503 color camera.

3. Results

3.1. Detailed annotation of the prothorax and two sets of
prothoracic wing serial homologs in Tribolium

The prothorax (T1 segment) of insects is unique among the
thoracic segments, as it lacks wings (Fig. 1). In Tribolium, the pro-
thoracic surface is composed of several sclerotized plates
(Fig. 1AeC). These plates are divided into three categories: dorsal,
lateral, and ventral (Fig. 1GeI). The tergal plate, also called prono-
tum (ProN, composed of the proscutum and the proscutellum
(Sct)), is the largest plate and covers most of the adult dorsal sur-
face. In most polyphagan beetles (including Tribolium), the tergal
plate expands ventrally, forming the hypomeron (Hp). The hypo-
meron covers most of the lateral body plates in Tribolium. The
Fig. 1. The morphology of the prothorax of Tribolium. AeF ventral, posterior, and lateral vi
magnification of relevant structures. In all side panels in AeF, each structure is outlined in th
the following three structures: posterior trochantin (TrP) (light green outline in A, C compar
(Cm) (dark blue outline in C compared to F), and scutellum (Sct) (light purple outline in B c
DeF.
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lateral edge of the prothorax (the boundary between the pronotum
(ProN) and the hypomeron (Hp)) forms the carinated margin (Cm).
The ventral side of the Tribolium prothorax is covered by another
large plate, the sternum (St), with the posterior portion of the
sternum (St) called sternellum (Sn). In addition to the dorsal and
ventral components, insects also have several lateral body wall
components, namely the pleural plates. These plates are thought to
have originated from the fusion of ancestral proximal leg segments
into the body wall of insects (Snodgrass, 1935; Coulcher et al., 2015;
Mashimo and Machida, 2017). Annotation of the lateral compo-
nents in the polyphagan prothorax has been controversial (El-Kifl,
1953; Hlavac, 1975). Although mostly covered by the hypomeron,
we recognized several of these lateral components in Tribolium
(Fig.1) (also see (Clark-Hachtel et al., 2013)). The endopleuron (EnP)
is a residual plate that is completely internalized (outlined by black
dotted line in Fig. 1C, GeI). We also recognized two plates that are
located right above the most proximal leg segment (coxa), the
anterior trochantin (TrA, dark green) and posterior trochantin (TrP,
light green) (Fig. 1AeC, GeI). The anterior trochantin (TrA) is visible
from outside, while most of the posterior trochantin (TrP) is
covered by the hypomeron (Hp) (Fig. 1GeI). The dorsal side of the
posterior trochantin (TrP) appears to be connected to the endo-
pleuron (EnP). We recognized another plate that is located poste-
rior to the coxa, called epimeron (Ep) (Fig. 1AeC, GeI, yellow). This
plate occupies a large portion of the posterior prothorax, from
ews of WT (AeC) and vg RNAi (DeF) prothorax. Side panels of A, B, D, E show higher
e color corresponding to the structure in the schematics in G-I. The vg RNAi beetles lack
ed to D, F), epimeron (Ep) (yellow outline in AeC compared to DeF), carinated margin
ompared to E). Scale bars in AeC are 0.2 mm and apply to the corresponding panels in
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behind the proscutellum (Sct) at the dorsal side, to beneath the
sternellum (Sn) at the ventral side (Fig. 1AeC, GeI). The dorsal side
of the epimeron (Ep) is partially covered by the hypomeron (Hp)
(Fig. 1GeI).

We and others have previously reported that there are tissues
that share ancestry with wings (i.e. wing serial homologs) even in
the wingless segments of insects (Clark-Hachtel et al., 2013; Ohde
et al., 2013; Medved et al., 2015; Elias-neto et al., 2016; Tomoyasu
et al., 2017; Linz and Tomoyasu, 2018; Tomoyasu, 2018). We have
been using the following criteria to determine the tissues that are
serially homologous to wings: (i) the dependency of the tissue on
the vg gene, and (ii) the ability of the tissue to transform into wings
upon homeotic transformation. In the prothorax of Tribolium, we
have previously identified two distinct sets of tissues (one dorsal
and the other lateral in nature) that are dependent on the function
of vg (Clark-Hachtel et al., 2013). As shown in Fig. 1, two pleural
plates (the posterior trochantin (TrP) and epimeron (Ep)) are
completelymissing, while the other two pleural plates (the anterior
trochantin (TrA) and endopleuron (EnP)) are unaffected in vg RNAi
beetles (Fig. 1DeF). In addition, the formation of the edge of pro-
notum (ProN), including the carinated margin (Cm) and the
scutellum (Sct), is also inhibited (Fig. 1EeF). We determined that
these tissues are the wing serial homologs in the prothoracic seg-
ments, as they transformed into wings upon reduction of Scr (Clark-
Hachtel et al., 2013). The main scope of the current study is to
investigate the detailed contribution of these wing serial homologs
to the formation of wings upon homeotic transformation in
Tribolium.

3.2. Prothorax-to-pterothorax transformation in the Cephalothorax
mutants of Tribolium

As mentioned, Scr is the Hox gene that determines the protho-
racic identity in insects (Hughes and Kaufman, 2002). Knocking
down Scr via RNAi in Tribolium during the larval stage results in
complete transformation of the prothorax into the mesothorax
(T2), with an extra pair of elytra (the modified forewings of beetles)
induced in the prothorax (Tomoyasu et al., 2005). Although this
RNAi-induced transformation is impressive, the completeness of
transformation obscures the tissues identified as prothoracic wing
serial homologs, making it difficult to interpret how and to what
degree each of the wing serial homologs contributes to the for-
mation of ectopic wings. We attempted to induce intermediate
transformations by reducing the concentration of Scr dsRNA;
however, most of these RNAi beetles exhibited body wall trans-
formation without forming ectopic wings (possibly due to a
threshold effect), failing to reveal the contribution of prothoracic
wing serial homologs to the formation of ectopic wings (Clark-
Hachtel et al. data not shown).

In addition to RNAi, several mutants of Scr (called Cephalothorax
or Cx) have been previously identified in Tribolium (Beeman, 1987;
Beeman et al., 1989; Curtis et al., 2001; Shippy et al., 2006). Some of
these Cx mutants have been reported to exhibit varying degrees of
transformation, which may allow us to visualize how each of the
two prothoracic wing homologs contribute to the ectopic wing. We
categorized the Cx prothorax-to-pterothorax (T1 to T2) trans-
formation phenotypes into nine distinct ‘traits’ (Fig. 2). Ventrally,
transformation can be seen in the sternellum (Sn) in the form of a
pointed sternellum (PS, Fig. 2D) or a narrow sternellum (NS,
Fig. 2E). We categorized both of these mutant traits as sternum
transformation (S). Several pleural plates are reduced in some Cx
mutants. The reduction of the epimeron (Ep) results in a unique gap
at the ventral side of the prothorax, underneath the sternellum (Sn)
(Fig. 2F). This trait is described as unbuckled (UB). In addition, the
reduction of the trochantin plates causes a gap above the coxa,
Please cite this article in press as: Clark-Hachtel, C.M., et al., Detailed
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which is described as trochantin gap (TG) (Fig. 2F). Formation of
ectopic wings is the signature trait of Cx mutants. We noticed that
ectopic wing tissues are formed at various locations, and some even
internally. We categorized these ectopic wing phenotypes into
three traits based on their location; internal transformation (IT,
Fig. 2G), posterior-external, and lateral-external transformation
(ET-P and ET-L, respectively, Fig. 2HeJ). Dorsally, transformation
can be present in a decreased carinated margin (DCM, Fig. 2K). In
addition, the shape of the pronotum becomes similar to that of the
mesonotum, which presents as dorsal dent (DD) and heart-shaped
pronotum (HSP) (Figs. 2L and S2). In this study, we used these nine
traits to evaluate Cx mutant phenotypes (Table 1).
3.3. Five Cephalothorax mutant alleles and their phenotypes

We obtained the following five Cx alleles for this study from the
Agricultural Research Service of the United States Department of
Agriculture (ARS, USDA); Cx20 (Fig. 3AeC), CxNs (Fig. 3DeF), CxTlr

(Fig. 3GeI), Cx6 (Fig. 3JeL), and Cxapt (Fig. 3MeO). Cx6, Cx20, and
Cxapt are previously published alleles (Beeman et al., 1989; Shippy
et al., 2006). Cx6 is a null, homozygous lethal allele with an 8bp
deletion in the homeobox which ablates the binding activity of the
Homeodomain to DNA (Shippy et al., 2006). Cx20 is a homozygous
lethal allele that encodes an Scr protein lacking the N-terminus
conserved motif, the function of which is still unknown (Shippy
et al., 2006). Cx20 heterozygotes appear similar to WT in their
morphology (Fig. 3AeC); however, homozygous larvae (lethal just
prior to hatch) display a phenotype different from the null allele (an
extra segment between prothorax and the head), suggesting that
this allele is not a simple loss-of-function allele (Shippy et al.,
2006). Cxapt is a homozygous viable allele with recessive visible
phenotypes (Fig. 3MeO). Cxapt fails to complement with other Cx
alleles (Beeman et al., 1989), indicating that this is a Cx allele. The
exact lesion of Cxapt is currently unknown. However, the Cxapt

genome does not possess any mutation in the Scr coding region (T.
Shippy, personal communication), suggesting that Cxapt is a regu-
latory mutant. CxNs and Cxtlr are two other alleles that were initially
identified by Dr. Beeman at USDA and Drs. Brown and Denell at
Kansas State University (KSU). These two alleles are previously
unpublished and their exact mutations are not known, but they
both fail to complement with the null Cx6 allele (S. Haas, personal
communication).

Since most of the mutant alleles used in this study (except
Cxapt) are homozygous lethal, we analyzed their mutant pheno-
types in the heterozygous condition with a balancer chromosome
(Es, (Beeman et al., 1989),). In general, the Cx mutant phenotype
of these alleles in the heterozygous condition tend to be very mild
with little to no ectopic wing formation (Fig. 3). Cxapt heterozy-
gous is essentially identical to WT (data not shown), and Cx20/Es
also closely resembles WT (Fig. 3AeC). CxNs Stm/Es is character-
ized by a significantly reduced and narrow sternellum (NS), as
this is seen in 100% of beetles with the CxNs allele (Fig. 3DeF,
Fig. 4LeX). In addition, the CxNs Stm/Es beetles often exhibit
unbuckled (UB) (Fig. 3F). The remaining genotypes, CxTlr/Es, Cx6/Es
and Cxapt/Cxapt yield a more diverse range of mutant traits
(Fig. 3GeO). CxTlr/Es beetles often present with pointed sternel-
lum (S), trochantin gap (TG), and unbuckled (UB). Occasionally,
internal transformation (IT) can be observed in this genotype as
well (Fig. 3GeI). Cx6/Es beetles commonly possess dorsal dent
(DD) and can also have pointed sternullum (S) and trochantin gap
(TG) (Fig. 3JeL). Posterior external transformation (ET-P) can also
be seen in this genotype, although at a lower frequency
(Fig. 3JeL). Cxapt/Cxapt is the only homozygous viable Cx mutant
line used in this study. The adults from this line generally present
analysis of the prothoracic tissues transforming into wings in the
velopment (2018), https://doi.org/10.1016/j.asd.2018.06.005
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Fig. 2. Various traits associated with prothorax-to-pterothorax transformation in the Cephalothorax mutants. AeC WT prothorax. DeL Cx prothorax showing mutant traits in order
from ventral to dorsal tissue. DeF ventral view corresponding to black box in A, showing pointed sternellum (PS, white diamond, D), narrow sternellum (NS, star, E), and trochantin
gap and unbuckled (TG,þ, and UB, bracket, respectively, F). G ventral view corresponding to blue box in A showing internal transformation (IT, *). HeI lateral view corresponding to
purple box in B showing weak (H) and strong (I) posterior external transformation (ET-P, arrowhead). J ventral view corresponding to red box in A showing lateral external
transformation (ET-L, white arrow). K lateral view corresponding to orange box in B showing decreased carinated margin (DCM, X). L dorsal view corresponding to pink box in C
showing dorsal dent (DD, black arrow) and heart-shaped pronotum (HSP, triangle). All scale bars are 0.5 mm.
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with pointed sternellum (S), dorsal dent (DD), and heart-shaped
pronotum (HSP) (Fig. 3MeO).

3.4. Transformation phenotypes in the Cephalothorax allelic
combinations

Among the various allelic combinations tested, three were
found to be lethal (CxTlr/Cx6, CxTlr/Cx20, and Cx20/Cx6). The
remaining seven allelic combinations are viable and generally
exhibit stronger transformation phenotypes than each allele in its
heterozygous (or Cxapt/Cxapt homozygous) condition. Cxapt/Cx20 is
likely the mildest allelic combination. This genotype is charac-
terized by a decreased carinated margin (DCM) (seen in 100% of
scored beetles, Fig. 4AeC). Dorsal dent (DD) and heart-shaped
Please cite this article in press as: Clark-Hachtel, C.M., et al., Detailed
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pronotum (HSP) are two other traits observed from this line,
while ectopic wing formation is rare with this allelic combination
(Fig. 4C). In contrast, Cxapt/Cx6 and Cxapt/CxTlr are two allelic
combinations that can generally be characterized by the formation
of ectopic wings (both internal and external, IT, ET-P, ET-L)
(Fig. 4DeK). These allelic combinations are the strongest in our
analysis, and they usually result in a dramatically transformed
prothorax with all Cx mutant traits represented (Fig. 4DeK).
Beetles from these allelic combinations often possess large ectopic
wings (Fig. 4DeE, I-J). Occasionally, weaker transformation can be
seen from these genotypes, in which small ectopic wing tissues
are formed in two separate areas; one associated with the cari-
nated margin and the other appearing to be associated with the
pleural plates (Fig. 4FeG, see the next section for a more detailed
analysis of the prothoracic tissues transforming into wings in the
velopment (2018), https://doi.org/10.1016/j.asd.2018.06.005
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Fig. 3. Phenotypes of the Cephalothorax mutant alleles. AeC Cx20/Es. DeF CxNs Stm/Es. GeI CxTlr/Es. JeL Cx6/Es. MeO Cxapt/Cxapt. All annotations indicate the same traits as in Fig. 2,
except for the hollow circle, which indicates pigmented stink glands. The dark pigmentation of the stink glands is due to the presence of melanotic stink glands in Cx20 (S. Hass,
personal communication) and is not associated with Cx function. The traits in the graphs are organized in order from ventral to dorsal and the abbreviations in the legend are as
follows: sternum transformation (S, inclusive of PS and NS), pleuron (P), trochantin gap (TG), unbuckled (UB), internal transformation (IT), posterior external transformation (ET-P),
lateral external transformation (ET-L), terga (T), decreased carinated margin (DCM), dorsal dent (DD), and heart-shaped pronotum (HSP). Y-axis of the graphs represents the
frequency of each trait (%). Scale bars are 0.5 mm and apply to all images in the column.
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analysis of these ectopic wing tissues). Additionally, we noticed
that a significant number of beetles from these genotypes have
reduced pleural plates (TG and UB) (Fig. 4H, K).

All allelic combinations with CxNs display a severe reduction of
the sternellum (S) (Fig. 4LeX). Cxapt/CxNs Stm and CxNs Stm/Cx20 are
both fairly mild allelic combinations that occasionally present with
internal transformation (IT) and pleural plate defects (TG and UB)
(Fig. 4LeQ). CxNs Stm/CxTlr is generally characterized by defects in
the pleural plates (TG and UB) and occasional internal trans-
formations (IT) (Fig. 4ReT). Interestingly, the internal trans-
formation in CxNs Stm/CxTlr is usually present as a small hole at the
posterior edge of the pronotum (ProN) where the carinated margin
(CM), hypomeron (Hp), and scutellum (Sct) meet (Fig. 4ReT), rather
than as a completely internal or external structure as seen with
Please cite this article in press as: Clark-Hachtel, C.M., et al., Detailed
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other allelic combinations. CxNs Stm/Cx6 is one of the stronger allelic
combinations with CxNs. This combination often results in the
reduction of pleural plates (TG and UB), as well as in a mild
transformation of the dorsal pronotum (such as dorsal dents (DD))
(Fig. 4UeX). In addition, CxNs Stm/Cx6 often produces ectopic wings
at the posterior edge of the pronotum (ProN) (Fig. 4VeX).

3.5. Both tergal and pleural tissues are capable of becoming wing
surface in Cephalothorax mutants

From the five Cx mutant alleles and their allelic combinations,
we were able to produce various degrees and types of ectopic wing
tissues in the prothoracic segment of Tribolium, which were diffi-
cult to obtain through RNAi-based knock-down of Scr. The external
analysis of the prothoracic tissues transforming into wings in the
velopment (2018), https://doi.org/10.1016/j.asd.2018.06.005
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Fig. 4. Phenotypes of the Cephalothorax allelic combinations. AeC Cxapt/Cx20. DeH Cxapt/Cx6. DeE Cxapt/Cx6 strong transformation and FeG Cxapt/Cx6 weak transformation. I-K Cxapt/
CxTlr. L-N Cxapt/CxNs Stm. O-Q CxNs Stm/Cx20. R-T CxNs Stm/CxTlr. U-X CxNs Stm/Cx6. All annotations indicate the same traits as in Fig. 3. Scale bars are 0.5 mm and apply to all images in
the column. The abbreviations in the legend and Y-axis are the same as in Fig. 3.
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ectopic wing tissues at the lateral prothorax (ET-L, white arrows in
Fig. 4) are closely associated with the carinated margin (Cm), the
tergal wing serial homolog, and therefore are likely transformed
from dorsal tissue (i.e. tergal tissue). These lateral external ectopic
tissues often have surface structures similar to those of the elytron
(the beetle forewing), indicating that the tergal wing serial ho-
molog can contribute to the formation of the wing blade. Inter-
estingly, we also observed internally formed masses of ectopic
tissue that appear to have wing identity in some Cx alleles and
allelic combinations (asterisks in Figs. 3e5). The location of these
internal ectopic tissues varies, however, they often form near the
two pleural wing serial homologs; at the dorsal side of epimeron
(Ep) (Fig. 5Ai, Aiii) and near posterior trochantin (TrP) underneath
hypomeron (Hp) (Fig. 5Aii, Aiv).

To determine if these internal ectopic tissues in fact have wing
identity, we analyzed the transformed tissues of Cxapt/Cx6 and Cxapt/
CxTlr beetles in the pu11 background. pu11 is a nubbin enhancer trap
line that expresses Enhanced Yellow Fluorescent Protein (EYFP) in
wing tissues during the larval and pupal stages (Lorenzen and
Fig. 5. Internal ectopic tissue is associated with the pleural plates, has wing identity, and c
internal ectopic tissue formation in the prothorax of Cxapt/CxTlr mutants. Association of the
(Bi, Biii) and lateral (Bii, Biv) views of WT (pu11) pupae (BieBii), Cxapt/CxTlr mutant pupae in
internal (*) and external ectopic tissues have EYFP expression (arrow in Biii), suggesting that
orange, respectively. T1 structures are outlined in white (Bi, Bii and leg in Biii). Noticeable pup
both WT and Cx pupae, but is less visible in the Cx pupae due to the dark pigmentation of the
the prothorax of a CxTlr/Esmutant adult (Ci), showing that this structure has features similar t
Cx6 mutant prothorax with a posterior ectopic wing (arrowhead). Connection of the ectopi
with the CxNs allele, showing the formation of internal (EieEii, from CxNs Stm/Cx20) and ext
posterior ectopic tissue (arrowhead) to the epimeron (Ep) is outlined in yellow in the side
0.5 mm and applies to all adult beetle images, except for the side panels and compound mic
Scale bar in Ci is 100 mm and applies to Cii.
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Berghammer, 2003; Clark-Hachtel et al., 2013; Linz and
Tomoyasu, 2018). We found that, in addition to the external
ectopic tissue (arrow in Fig. 5Biii), the internal ectopic tissue also
has EYFP expression (asterisk in Fig. 5B), indicating that the internal
ectopic tissues are indeed prothoracic tissues transformed toward
wing identity. Moreover, we dissected out the internal ectopic tis-
sue from CxTlr/Es adults and found that this structure has surface
features similar to WT elytra, such as the hexagonal sclerotized
cuticular structure (Fig. 5C) and a sensory structure with a round
concave base that is unique to the elytral surface (circled in Fig. 5C)
(Tomoyasu et al., 2005; Tomoyasu, 2009).

In some instances, we noticed that the internal ectopic tissues
associated with the epimeron (Ep) become partially or fully
‘externalized’ at the posterior end of the pronotum (ET-P) (arrow-
heads in Fig. 4UeW, Fig. 5DeE). The externalization of the internal
ectopic tissues appears to correlate with the severity of trans-
formation. The allelic combinations with the CxNs allele provided us
with a nice phenotypic series from internal to external trans-
formation (Fig. 5E). As mentioned previously, the CxNs allele tends
an contribute to the wing surface. A ventral (AieAii) and posterior (AiiieAiv) views of
internal ectopic tissue with the epimeron (Ep) is outlined in yellow in Aiii. B ventral
pu11 background (Biii), and Cxapt/Cx6 mutant pupae in a pu11 background (Biv). Both
these structures have wing identity. Head and T2 structures are outlined in purple and
al structures are also indicated in Bi and Bii. The EYFP expression in the eyes is present in
eye of this line. C High magnification image of an internal ectopic tissue dissected from
o those of WT elytra (black circle) (Cii). D ventral (Di) and posterior (Dii) views of a Cxapt/
c tissue to the epimeron (Ep) is outlined in yellow in Dii. E Transformations associated
ernal posterior (EiiieEiv, from CxNs Stm/Cx6) ectopic tissues. Connection of the external
panels of EiiieEiv. All annotations indicate the same traits as in Fig. 2. Scale bar in Ai is
roscope images. Scale bars in BieBii are 0.5 mm and apply to the images directly below.
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to be correlated with posterior transformation (Fig. 5E). Upon
closer inspection, we found that the posterior external ectopic
tissue is often visibly connected to the epimeron (Ep) (Fig. 5EiiieEiv)
and appears to have elytral surface characteristics, further sup-
porting the idea that the internal ectopic tissues are of a pleural
origin and can become wing blade.

4. Discussion

4.1. The degree of contribution of the two wing serial homologs to
the formation of wings

The idea that insect wings have a dual evolutionary origin, and
are formed from the combination of tergal and pleural tissues, has
been gaining support from recent evo-devo and other studies
(Clark-Hachtel et al., 2013; Medved et al., 2015; Elias-neto et al.,
2016; Prokop et al., 2017; Requena et al., 2017; Linz and
Tomoyasu, 2018). What has remained unclear is how these two
sets of tissues contribute to form the complex flight structure
comprised of various distinct components including the wing
blade, hinge plates, and associated musculature. The dual origin
hypothesis capitalizes on the strengths of the original two wing
origin hypotheses and typically proposes that a large portion of the
wing blade is provided by the expansion of the terga, while the
complex articulation and associated musculature are provided by
the pleural contribution. However, the degree of contribution of the
two tissues to the wing can be more complex, ranging from the
situation mentioned above to the majority of wings coming from
the pleural contribution.

Our detailed investigation of ectopic tissues in the prothorax of
various Cx alleles and allelic combinations provided us with several
interesting insights into how the tergal and pleural wing serial
homologs contribute to the formation of prothoracic wings. First,
our pu11 and morphological analyses revealed that both external
and internal ectopic tissues that are formed in the prothorax of Cx
mutants do indeed have wing identity. Second, considering the
close association of the internal ectopic tissues with the pleural
wing serial homologs (TrP and Ep), these internal wing tissues are
likely coming from the pleural wing serial homologs that are
trapped underneath the hypomeron (Hp). Third, both internal and
external ectopic tissues can form wing surface structures, sug-
gesting that both pleural and tergal wing serial homologs can
contribute to the formation of the wing blade. Collectively, these
outcomes point toward amode of contribution from the two tissues
that is more complex than the traditional view invoked by a dual
origin model.

4.2. Traits associated with each Cephalothorax allele and allelic
combinations

We categorized the prothorax-to-pterothorax transformation
associated with Cx mutants into nine different traits (Fig. 2). These
nine traits were observed in various combinations of Cx alleles;
however, we also noticed that some of these traits associate more
frequently with the presence of specific alleles. The strongest
transformation was obtained when Cx6, a null allele, is combined
with a hypomorphic allele, Cxapt (Fig. 4DeH) (Beeman et al., 1989;
Clark-Hachtel et al., 2013). The signature trait of this allelic com-
bination is the production of large lateral ectopic wing tissues,
although, as previously mentioned, ectopic wing production can
also be seen at two separate areas in beetles with weaker trans-
formation (Fig. 4F,G). All other Cxmutant traits were also present in
this allelic combination (Fig. 4H). Although slightly weaker, Cxapt/
CxTlr exhibited strong transformation similar to that of Cxapt/Cx6

(Fig. 4IeK). The specific chromosomal lesion of CxTlr is currently
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unknown; however, the association of CxTlr with strong trans-
formation, along with the frequent lethality of this allele with other
Cx alleles, indicates that CxTlr is a null or at least a strong hypo-
morphic allele.

We also observed an interesting trait association when the CxNs

allele is present. CxNs is a previously uncharacterized allele, which
was initially identified by the strongly transformed sternellum
(narrow sternellum (NS)) (Fig. 2E). We noticed that, when CxNs is
present in an allelic combination, ectopic wing tissues (either in-
ternal or external) are often seen at the posterior edge of the pro-
thorax and seem to be frequently associated with the pleural plates
(Fig. 5E). Furthermore, when combined with the null Cx6 allele, CxNs

biases the formation of ectopic wing tissues toward the posterior
edge of the prothorax (Fig. 4UeX) (c.f. ectopic wings at various
locations in Cxapt/Cx6, Fig. 4DeH). Therefore, CxNs might be a unique
hypomorphic allele, which has a tendency to influence the poste-
rior side of the prothoracic tissues (such as the sternellum (Sn),
epimeron (Ep), and the posterior portion of the pronotum (ProN)).
In contrast to CxNs, Cxapt appears to be a general hypomorph, as the
presence of this allele tends to simply enhance the effects of other
Cx alleles.

4.3. Broadening the scope of the dual developmental and
evolutionary origin of insect wings

As applicable to any evo-devo studies, we need to be cautious
when generalizing the results obtained from one species; the
contribution of both tergal and pleural tissues to the wing might
be unique to the Tribolium lineage. Ectopic prothoracic wings
induced by the reduction of Scr have been investigated in several
insects (Rogers et al., 1997; Hrycaj et al., 2010; Medved et al., 2015;
Elias-neto et al., 2016). In the cockroach, Blattella germanica, Elias-
neto et al. reported that the ectopic wing in Scr RNAi cockroaches
is composed of two distinct tissues, of tergal and pleural origin
(Elias-neto et al., 2016). In the milkweed bug, Oncopeltus fasciatus,
Medved et al. utilized transcriptome analysis combined with
RNAi, and proposed that the ectopic prothoracic wing induced by
Scr RNAi is not a complete functional wing, because it lacks the
contribution from the ventral side of the tissue. This implies that
the formation of bona fidewings is dependent on the contribution
from two distinct tissues in this species (Medved et al., 2015). In
addition, an allelic combination of Scr in Drosophila was shown to
possess ectopic wing tissues (albeit very small) formed from the
pleural region (Rogers et al., 1997). These previous findings sug-
gest that the dual developmental origin of the ectopic prothoracic
wing reported here might be generalizable to other insects.
Nonetheless, it is critical to gain further taxonomic breadth for our
investigation on the developmental and evolutionary origin of
insect wings.

It is also critical to investigate the tissues that contribute to the
formation of wings during ‘normal’ development, as the dual
developmental origin of ectopic wings in the prothorax upon ho-
meotic transformation might be unique to the Hox mutant condi-
tion. Recent studies in the cockroach (Blattella germanica) and in
the fruit fly (Drosophila melanogaster) revealed that two distinct
sets of tissues contribute to the formation of wings in these insects
(Elias-neto et al., 2016; Requena et al., 2017; Tomoyasu, 2018). It is
currently unclear whether the wings on the meso- and meta-
thoracic segments (T2 and T3) are also formed from tergal and
pleural tissues in Tribolium. The use of lineage tracing methods
might allow us to track the wing primordial tissues throughout
development and determine, if and how the tergal and pleural
tissues contribute to the formation of wings in Tribolium. Further-
more, although technically challenging, a recent advancement on
enhancer identification in Tribolium (Lai et al., 2018) may enable
analysis of the prothoracic tissues transforming into wings in the
velopment (2018), https://doi.org/10.1016/j.asd.2018.06.005
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independent marking of the pleural and tergal tissues, which
would facilitate the tracking of each tissue separately throughout
development to determine the developmental contribution of each
tissue to the wing. These detailed developmental analyses will give
us further insight into how the two sets of tissues have come to
form wings over evolutionary time.
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