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Summary: Morphological diversity arises during devel-
opment through the actions and interactions of diverse
developmental pathways. Among those, the Wnt path-
way is known to contribute to diverse developmental
processes such as segmentation and the morphogene-
sis of appendages. Here, we characterize a transcrip-
tion factor in the Wnt pathway, pangolin (pan), to inves-
tigate the role of Wnt signaling in the development of
evolutionarily novel body structures: the horns of bee-
tles. Beetle horns are highly diverse in size, shape, and
number and develop principally from two major body
regions: the head and prothorax. We investigate horns
in two species of the genus Onthophagus using com-
parative in situ hybridization, larval RNA interference,
and allometric measurements to analyze whether horn
formation is regulated by pan and by extension the Wnt
pathway. Our results illustrate that pan expression
affects beetle horn growth in a species-, sex-, and loca-
tion-specific manner in two morphologically distinct,
yet closely-related, Onthophagus species. genesis
50:404-414,2012. © 2011 Wiley Periodicals, Inc.
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INTRODUCTION

The development and diversification of novel traits is of
great interest in evolutionary developmental biology.
On a proximate level, novel traits allow us to explore
the degree to which their development relies on the
actions of either novel or pre-existing genes, develop-
mental pathways, and pathway interactions. On an ulti-
mate level, the evolution of novel traits allows us to
investigate the genetic, developmental, or ecological
events that may have mediated the origin of new genes
and pathways or alternatively their reuse in a novel de-

velopmental context. Here, we focus on the role of the
Wnt pathway in the development and diversification of
a novel trait in insects: the beetle horn. Below we first
introduce our study organisms and traits, then outline
our rationale for investigating Wnt signaling during
horn formation, and finally address the specific objec-
tives of our study.

Several thousands of beetle species, including species
in the genus Onthophagus studied here, express horns
or horn-like structures. Horns are produced chiefly on
the dorsal head and/or the dorsal prothorax (prono-
tum), body regions that traditionally lack major out-
growths. Consequently, beetle horns cannot be homolo-
gized easily with more traditional insect structures and
are thus considered an evolutionary novelty. Impor-
tantly, great diversity exists among and within species
with respect to location, size, shape, and number of
horns. For instance, in many species, horns are
expressed in a sexually dimorphic manner and often
greatly exaggerated in males yet reduced or absent in
females. Instances of reversed sexual dimorphisms also
exist but are overall very rare. In addition, horns are fre-
quently expressed in a dimorphic manner within the
male sex, such that large males express disproportion-
ately large horns, whereas small males express greatly
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reduced or no horns (Arrow, 1951). In all species stud-
ied to date, horns were found to function as weapons in
competition with conspecifics over breeding opportu-
nities, typically involving pushing and shoving contests
(Snell-Rood and Moczek, in press). However, despite
the many unique attributes of beetle horns, their devel-
opment resembles, at least superficially, that of tradi-
tional insect appendages such as legs, wings, and
mouthparts.

For example, beetle horns originate from epidermal
outbuddings undergo a short period of explosive
growth immediately before the larval-pupal molt (the
prepupal growth phase), which is then followed by a
final period of sculpting or resorption (the pupal
remodeling phase). Adult horn size and shape, there-
fore, emerge as the sum of both prepupal growth and
pupal remodeling, similar to the development of tradi-
tional appendages. Even though beetle horns cannot be
homologized with more traditional insect structures or
appendages, these similarities to traditional appendage
development indicate the possibility that horn growth
and patterning may be regulated by some of the same
developmental gene networks and mechanisms, such as
the Wnt pathway. In this study, we investigate the role
of the Wnt pathway in the regulation of horn growth in
two-horned beetle species that have diverged in impor-
tant aspects of horns expression, including the nature
and degree of sexual dimorphism.

The Wnt pathway influences a range of early develop-
mental processes such as segmentation and segment
polarity, as well as later developmental events that pro-
duce vital organs (e.g., the heart) and appendages (e.g.,
wings and limbs) (reviewed in Bejsovec, 20006). In addi-
tion, the Wnt pathway has been shown to regulate the
development of recent evolutionary inventions, such as
wing spots in Drosophila guttifera (Werner et al.,
2010), sex-specific gemmae in ponerine ants (Baratte
et al., 2006), and eyespots and rays in butterflies (e.g.,
Carroll et al., 1994).

In insects, Wnt signaling has been studied in great
detail during segmentation and in the context of
appendage formation, in particular with respect to the
establishment of the proximodistal (PD) axis. Specifi-
cally, the Wnt signal transduction pathway overlaps
with other patterning networks including the TGF(
pathway. Coexpression of both pathway ligands, wing-
less (wg) and decapentaplegic (dpp), promote Distal-
less (DI) expression in insects and determine where
appendages will develop (Angelini and Kaufman, 2005b
and citations therein; Diaz-Benjumea et al., 1994).

Phenotypic effects of Wnt pathway mutants are
diverse, including transformation of wings or halteres to
thorax tissue (notum), duplications of limb PD axes
resulting in branched distal limbs, abnormal develop-
ment of head structures, and abnormal segmentation
(Baker, 1988; Bolognesi et al., 2008; Grossmann et al.,

2009; Morata and Lawrence, 1977; Ober and Jockusch,
2006). Here, we focus on the Wnt-pathway member
pangolin (pan), which encodes a lymphoid enhancing
factor/T-cell-specific transcription factor homolog that
binds to other Wnt pathway components, such as
armadillo (arm), to transcribe wg target genes in the
nucleus (Bejsovec, 2006; Brunner et al., 1997; Logan
and Nusse, 2004). pan has been identified as an inform-
ative pathway member to examine Wnt pathway activ-
ity in appendage development, in addition to being
shown in several insect taxa to affect segmentation
early and appendage growth and patterning later in de-
velopment (e.g., Angelini and Kaufman, 2005a; Bolog-
nesi et al., 2008; Brunner et al., 1997). Here, we take
advantage of these insights and examine pan expression
and function in the context of horned beetle develop-
ment to evaluate the role of Wnt signaling in horn devel-
opment in particular and horned beetle appendage for-
mation in general.

Specifically, we explore whether pan functions dur-
ing horn development in two Onthophagus species (O.
binodis and O. sagittarius; Fig. 1) that have diverged
with respect to size, shape, and location of horn expres-
sion as well as the nature of sexual dimorphism in horn
expression. Adult O. binodis express sexually dimor-
phic thoracic (pronotal) horns that are exaggerated in
males and reduced to a ridge in females. In contrast,
adult O. sagittarius express a rare reversed sexual
dimorphism: adult females possess a single, large prono-
tal horn and a single large medial head horn, whereas
males develop only minor paired pronotal outgrowths
and small, paired head horns at the front dorsal edge of
the head (Fig. 1). Both species belong to distinct clades
within the genus Onthophagus and have diverged from
a common ancestor ~40 million years ago (Emlen et al.,
2005). Our main objective is to characterize pan
expression and function to begin understanding the
potential contributions of Wnt signaling to the develop-
ment and diversification of sex- and species-specific pat-
terns of horn formation in these species and relative to
presumed ancestral functions in the formation of anten-
nae, mouthparts, eyes, wings, and limbs. Our results
show that late-stage Wnt signaling appears to be pivotal
for horn growth and remodeling in a species-, sex- and
location-specific manner, in addition to the proper de-
velopment of elytra, legs, and eyes.

RESULTS

Onthophagus pan Cloning and Sequence Analysis

We isolated two alternatively-spliced pan isoforms
(termed panA and panB in Supporting Information
Figs. 1 and 2) in both O. binodis and O. sagittarius.
panA fragments cloned comprised 308 bp in O. binodis
and 180 bp in O. sagittarius (Supporting Information
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FIG. 1. Pupal and adult horn phenotypes in O. binodis and O. sagittarius. (a) O. binodis males and females exhibit similar pronotal horn
growth during the prepupal stage, resulting in sexually monomorphic pupae (white arrows), but undergo sexually dimorphic horn resorption
during pupal development, resulting in sexually dimorphic adults. In adults, males possess a broad pronotal horn, whereas females retain a
pronotal ridge (black arrows). (b) In contrast, O. sagittarius exhibits a unique sex-reversed pronotal horn phenotype with females as the main
horn-bearing sex. As with O. binodis, pronotal horn growth is similar in both sexes (white solid arrows) but is then followed by male-specific
pronotal horn tissue resorption during the pupal stage. As a result, adult females possess a single, large pronotal horn, whereas males de-
velop minor paired pronotal outgrowths, or ridges (black solid arrows). Additionally, both sexes develop sexually dimorphic head horns.
Adult females develop a single large horn projection from the center of the dorsal head, and adult males develop small, paired head horns at
the front dorsal edge of the head (black dashed arrows). In contrast to pronotal horns, minimal horn resorption occurs during head horn de-
velopment, and adult head horn phenotypes are primarily the product of differential prepupal growth.

FIG. 2. Onthophagus pan mRNA expression. Shown are sagittal cryosections from prepupal O. sagittarius larvae stained with Ospan RNA
probes (visualized in purple stain in tissue; boxed in black in Supporting Information Figures 1 and 2). In all images, the dorsal direction is up,
anterior is right, and posterior is left, and in all images, carets denote nonspecific labeling in the overlaying cuticle. (@) Ospan mRNA expression
was observed in the larval pronotal horn primordium (ph) (bottom left inset shows no signal in control horn section), (b) head horn primordium
(hh), and (c) all leg sections (shown here are prothoracic (T1) and mesothoracic (T2) leg sections). Scale bars represent 200 pm.

Fig. 1A), whereas panB fragments comprised 296 bp in (Angelini and Kaufman, 2005a; Bolognesi et al., 2008).
O. binodis and 179 bp in O. sagittarius (Supporting In- Therefore, we referenced isolated Onthophagus pan
formation Fig. 2A). Although pan was characterized in regions to Drosophbila in which both pan isoforms are
both Tribolium and Oncopeltus, no published evidence well documented, and the position of alternatively-splic-
exists suggesting alternative splicing in those insects ing is known to be in exon 11 (Dooijes et al., 1998;
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FIG. 3. Change of pan transcript abundance following RNAI.
Shown are the fold changes, or reduction, in pan transcript abun-
dance among O. binodis and O. sagittarius males and females fol-
lowing pan RNAI. All measures were determined using the 24~ 44Ct
equation (see Methods), which incorporates both wild-type pan
expression (from tissue in uninjected individuals) and B-actin
expression (in all individuals). In all groups, pan is reduced following
pan RNAI.

van de Wetering et al., 1997). O. binodis and O. sagittar-
ius panA fragments encode amino acids 279-380 and
279-338 in Dmpan, respectively (Isoform A; Genbank
Accession Number: NP_726522). O. binodis and O. sagit-
tarius panB fragments encode amino acids 279-376 and
279-333 in Dmpan, respectively (Isoform H; Genbank
Accession Number: NP_001014685). ObpanA and
OspanA proteins share 94% amino acid similarity with
each other and 69.9% each to DmpanA. ObpanB and
OspanB proteins share 94% amino acid similarity with
each other and 69.9% each to DmpanH.

All Ontbophagus pan sequences contained part of
the high mobility group at the 5’ end (Hulo et al.,
2006), which functions as a DNA-binding domain
(dashed box in Supporting Information Figs. 1B and
2B). Our O. binodis pan fragment contained a portion
of the C-clamp, a cysteine-rich region that assists with
DNA-binding at the 3’ end (underlined in Figures Sup-
porting Information Figs. 2B and 3B; Chang et al,
2008). Our sequences excluded the N-terminal region
of the pan protein that binds to the -catenin protein
(armadillo in Drosopbhbila) to actively transcribe wg tar-
get genes in the nucleus (Brunner et al., 1997).

Onthophagus pan mRNA Expression

pan mRNA expression was observed in both species in
regions of the larval epidermis undergoing growth, includ-
ing head and thoracic structures (Fig. 2). Specifically, we
observed pan mRNA in tissue of developing mouthparts
and wings (not shown), pronotal horns, legs, and head
horns in O. sagittarius. Examples of these observations
are shown in Figure 2 for O. sagittarius larval sections.

Negative controls with similar prepupal tissue sections
displayed no expression (see inset in Fig. 2A).

pan RNAi

We did not observe any effect of dspan injection loca-
tion on the resulting RNAi phenotypes, similar to other
Onthophagus RNAi studies (Moczek and Rose, 2009;
Wasik and Moczek, 2011; Wasik et al., 2010). Survival
and penetrance values of control- and pan RNAi-
injected animals are summarized in Supporting Informa-
tion Table 2.

In both species, the strongest effects of pan RNAi
were observed in elytra (forewings), and mild effects
were observed in fore-tibia, tarsi, and eye development,
all of which parallel phenotypes described in previous
insect studies (Angelini and Kaufman, 2005a; Brunner
et al., 1997). Therefore, elytra were used as a primary
phenotypic marker to determine whether adults were
affected by pan RNAi, and measurements from pupae
that developed into unaffected adults were not incorpo-
rated into our analyses, in addition to measurements
from unaffected adults. Thus, we focused our analyses
on data from (a) affected adults, (b) pupae that devel-
oped into affected adults, and (c¢) pupae that died
before pan phenotypic characterization. For both spe-
cies, we first detail our results from quantitative RT-PCR
of pan transcript levels, followed by our results for mor-
phological traits (wings, fore-tibia, and eyes) whose de-
velopment in other species is known to be regulated by
the Wnt pathway. We then present results for both pro-
notal and head horns, putative novel targets of pan
signaling.

Quantitative RT-PCR Analyses

We developed primers targeting invariant sequence
regions in both isoforms (Supporting Information Table
1; target sequence boundaries are denoted by asterisks
(™ in Supporting Information Fig. 2C for O. binodis and
Supporting Information Fig. 2D for O. sagittarius).
Quantitative RT-PCR results showed a relative decrease
in pan expression in thoracic tissue from pan RNAi
individuals compared to B-actin in the same tissue sam-
ple, relative to pan and B-actin levels in wild-type tho-
racic tissue samples (see Fig. 3). Specifically following
RNAi, pan transcript levels in male and female O. bino-
dis exhibited a twofold reduction compared to pan lev-
els in wild type. Ospan transcript depletion was more
effective and resulted in a 9.23-fold and 2.39-fold reduc-
tions in male and female pan transcript levels, respec-
tively. We compared pan expression levels between
wild type and pan RNAi individuals using two-tailed
t-tests. Our results showed normalized pan expression
levels (C; pan/Ct actin) in RNAI individuals of both species
were significantly different (P < 0.05) compared to
wild type (data not shown). Combined, these results
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FIG. 4. O. binodis and O. sagittarius nonhorn pan RNAi phenotypes. (a) Lateral view of wild-type O. binodis male with prothorax (T1), mes-
othorax with elytra/forewings (T2), and abdomen (a) labeled. (b) O. binodis male after pan RNAi with visibly shortened elytra. Asterisk (*)
denotes dorsal abdomen that is covered with elytra in wild type. (c) Ventral view of O. binodis wild-type metathoracic legs. Femur (F), tibia
(T), tarsi (t), and tibial spurs (ts) are denoted. (d) O. binodis pan RNAi leg phenotype (black arrow) missing tibia and tarsi. (e) Dorsal view of
an O. sagittarius wild-type female. (f) O. sagittarius female after pan RNAi with reduced elytra (similar to B). (g) Wild-type O. sagittarius meso-
thoracic leg. (h) O. sagittarius mesothoracic leg with pan RNAi phenotype. Reduced tarsi are denoted with black arrow. Anterior is right and

posterior is left in all images, where applicable.

indicate that we were able to reduce pan transcript
abundance with RNAI, albeit to different levels in differ-
ent species.

Wing-, fore-tibia-, and eye-defects in O. binodis

We injected 229 O. binodis larvae with a dspan con-
struct that preceded variable regions among isoforms
(boxed in Supporting Information Figs. 1 and 2). We
observed no obvious morphological effects in pupae,
whereas visible morphological effects were observed in
69 of the surviving 116 adults (59.5%) (Supporting In-
formation Table 2). The most distinct adult morphologi-
cal phenotypes were reduced, shortened elytra and in
rare cases, abnormal distal leg segments (Fig. 4A-D).
Prothoracic fore-tibia length was significantly reduced
following pan RNAIi in adult males (P < 0.0001) but not
females (Supporting Information Fig. 3, Supporting In-
formation Table 3). Furthermore, dorsal eye width was
significantly reduced in both males (P = 0.0010) and
females (P = 0.0291; Supporting Information Fig. 4,
Supporting Information Table 4).

Wing-, fore-tibia- and eye-defects in O. sagittarius

We injected 125 O. sagiftarius larvae with dspan
which resulted in 68 adults with observable morpholog-
ical effects (54.4%) (Supporting Information Table 2).
Similar to O. binodis, no major morphological effects
were observed in pupal nonhorn structures. Adult phe-
notypes were similar to those described in O. binodis
and consisted primarily of reduced elytra with addi-
tional minor abnormalities in mesothoracic tibiae and
tarsi (Fig. 4E-H). In contrast to O. binodis, fore-tibia
length of O. sagittarius was not significantly different

in either males or females following pan RNAi (Sup-
porting Information Fig. 3, Supporting Information Ta-
ble 3). Also, we observed no significant effects on dorsal
eye width in pan RNAi males or females (Supporting In-
formation Fig. 4, Supporting Information Table 4).

pan RNAi Effects on Prepupal Pronotal Horn
Growth

We used morphometric measurements and ANOVAs
to compare pupal pronotal horn lengths from dspan-
injected and control-injected animals to quantify the
extent of pan RNAi effects on prepupal pronotal horn
growth (Fig. 5, Supporting Information Tables 5 and 06).
In O. binodis, pupal pronotal horn length was signifi-
cantly reduced in both males and females after pan
RNAi compared to control-injected individuals (P <
0.0001; Fig. 5C). In contrast, pupal pronotal horn
length in both O. sagittarius males and females was
unaffected (Fig. 5C, Supporting Information Table 06),
suggesting pan may affect prepupal pronotal horn
growth differently in O. binodis and O. sagittarius.

pan RNAi Effects on Adult Pronotal Horn
Development

In O. binodis, adult pronotal horn length in both
males (P < 0.0001) and females (P = 0.0003) was signif-
icantly reduced (Fig. 5F Supporting Information Table
5). Similarly, O. sagittarius also showed reduced prono-
tal horn length in both males (P < 0.0005) and females
following pan RNAi (p < 0.0001; Fig. S Supporting In-
formation Table 6). Thus, pan RNAi affected prepupal
pronotal horn growth only in O. binodis but adult pro-
notal horn development in both species.
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FIG. 5. O. binodis and O. sagittarius pronotal horn phenotypes and allometries. Left to right columns display O. binodis males, O. binodis
females, O. sagittarius males, O. sagittarius females. In all images, anterior is right and posterior is left. (a) Wild-type pupal pronotal horn
phenotypes. (b) Representative pronotal horn phenotypes in dspan-injected pupae. (c) Allometric measurements for both pupal pronotal
horn length with pupal body mass (g) on the x axis and pupal pronotal horn length (mm) on the y axis. Gray circles represent control-injected
individuals, and black circles represent dspan-injected individuals. (d) Wild-type adult pronotal horn phenotypes. (e) Representative pan
RNAI adult pronotal horn phenotypes. (f) Allometric measurements for both adult pronotal horn length with adult body mass (g) on the x axis
and adult pronotal horn length (mm) on the y axis.
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pan RNAi Effects on Pupal Pronotal Horn
Remodeling

To further dissect whether reduced adult horn length
in pan RNAi animals may also be due to elevated pupal
horn resorption, we calculated absolute and relative
horn tissue loss that occurred during the pupal stage for
both species. Both absolute and relative horn loss were
significantly reduced, rather than elevated, in male and
female O. binodis (P < 0.0001; Supporting Information
Table 7). Similarly, female (but not male) O. sagittarius
exhibited significantly reduced relative (but not abso-
lute) horn loss (P = 0.0139) following pan RNAi (Sup-
porting Information Table 8). Therefore, in females of
both species and in O. binodis males, pan RNAi
reduced pupal horn resorption well below what is nor-
mally observed in wild-type animals, which in turn at
least partly compensated for the pan RNAi induced
reduction in growth detected in the preceding prepupal
growth phase.

pan RNAi Effects on Head Horn Development in
O. sagittarius

O. sagittarius males exhibited significantly longer
pupal head horns following pan RNAi compared to
head horn length in controlinjected pupae (P =
0.01006; Supporting Information Fig. 5; Supporting Infor-
mation Table 9). Here, a small but significant difference
in pupal male head horn length was also observed
between control-injected and wild-type animals (P =
0.0078); however, both control groups differed signifi-
cantly from pan RNAi individuals (P = 0.0005). In con-
trast, pupal head horn length in females showed no sig-
nificant effect (Supporting Information Fig. 5; Support-
ing Information Table 9). Furthermore, adult head horn
length in both sexes showed no significant change after
pan RNAi (Supporting Information Fig. 5; Supporting
Information Table 9). Interestingly, absolute and relative
pupal head horn loss were significantly elevated in pan
RNAi males (P = 0.0089 and P = 0.0184, respectively;
Supporting Information Table 10), suggesting that the
elevated growth of head horns observed in these males
was compensated for by enhanced resorption, resulting
in adult horns indistinguishable from control
individuals.

DISCUSSION

Here, we show that a transcription factor in the Wnt
pathway is involved in the sex- and location-specific de-
velopment of a novel structure, the beetle horn. Specifi-
cally, we observed that in O. binodis, pan RNAI affected
both prepupal pronotal horn growth and pupal horn
remodeling in both sexes, which together resulted in
significantly reduced pronotal horns in adults. In con-
trast, in O. sagittarius we detected no significant effect

of pan RNAi on prepupal pronotal horn growth and
were able to detect a significant reduction of pupal
remodeling only in female O. sagittarius. Despite rather
modest effects of pan RNAi on specific phases of prono-
tal horn development in this species, the resulting
adults expressed significantly reduced pronotal horns in
both sexes, similar to O. binodis. In addition, we found
that pan RNAi increased head horn growth in male but
had no effect on the much larger-horned female
O. sagittarius. Lastly, our results indicate that pan plays
an important role in the development of wings, eyes,
and limbs. Combined, our findings suggest that beetle
horn development is regulated by members of the Wnt
pathway and that species and sexes may diverge in the
extent and developmental timing of this regulation.
Below we briefly discuss the most important implica-
tions of our results.

pan Regulates Growth and Remodeling of
Pronotal Horns Differently among Species and
Sexes

We observed a significant reduction in pupal pronotal
horn length only in O. binodis but not in O. sagittarius
(Fig. 5). Recall that quantitative RT-PCR results showed
substantially higher levels of pan transcript depletion in
O. sagittarius compared to O. binodis. These observa-
tions suggest that the absence of a pan RNAi-induced
effect on prepupal horn growth in O. sagittarius may
not be explained simply by a failure to sufficiently
deplete pan transcript abundance. Instead, these obser-
vations raise the possibility that pan may regulate
growth of prepupal pronotal horns differently in the
two species. However, we cannot exclude the possibil-
ity that pan does in fact regulate prepupal pronotal
horn growth in O. sagittarius yet requires much stron-
ger levels of transcript depletion relative to O. binodis
to reveal this regulation in RNAi experiments.

Analyses of pupal horn loss similarly indicated a more
pronounced effect of pan RNAi during pupal horn
remodeling in O. binodis compared to O. sagittarius
(Supporting Information Tables 7 and 8). Importantly,
regardless of the species-specific differences in the
effects on prepupal and pupal aspects of pronotal horn
formation, the resulting adults of both species and sexes
showed significantly reduced pronotal horns following
pan RNAI (Fig. 5). Combined, these results suggest that
pan affects pronotal horn development in both species
but may do so by affecting initial growth and subse-
quent resorption differently depending on species or
sex (summarized in Fig. 6).

pan Regulates Growth and Remodeling of Head
Horns in Male but not Female O. sagittarius

The growth and remodeling of the large medial, more
posterior head horn of female O. sagittarius was
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FIG. 6. Summary of Onthophagus horn growth and remodeling following pan RNA.I. lllustrated (top to bottom) are pronotal and head
horn development from larva to adult. Black lines denote larval and pupal cuticle, blue lines denote epidermal tissue, red lines denote
pronotal horn tissue, and green lines denote head horn tissue (O. sagittarius only). Colored asterisks (*) indicate statistically significant
changes between pan RNAi and control individuals in pupal horn length (blue), pupal horn remodeling (red), or adult horn length (black).
(@) Wild-type O. binodis pronotal horn development with differential pupal horn resorption in males and females. (b) O. binodis pronotal
horn development after pan RNAI with both decreased prepupal horn growth and decreased pupal horn resorption in both sexes. (c)
Wild-type O. sagittarius pronotal and head horn development with pupal pronotal horn resorption among males and females. (d) O. sagit-
tarius pronotal and head horn development after pan RNAI, with no statistically significant reduction in prepupal pronotal horn growth in
both sexes, but increased head horn growth in males only. Also indicated are increased pupal head horn resorption in males and a signifi-
cant decrease in relative pronotal horn resorption in females (asterisk with red outline). Finally, both sexes exhibit reduced adult pronotal

horn length following pan RNAI.

entirely unaffected by pan RNAi. In contrast, male O.
sagittarius expressed significantly longer pupal head
horns following pan RNAi (Supporting Information Fig.
5). Recall that in male O. sagittarius head horn expres-
sion is limited to a pair of small, anterior horns. Our
results thus raise the possibility that pan may regulate
head horn growth in a location-specific manner and
may have a stronger influence on anterior head horns
compared to medial-posterior horns. More generally,
our results suggest that head and pronotal horn devel-
opment are at least partially decoupled.

Interestingly, the elevated head horn growth
observed in male pan RNAi O. sagittarius was followed
by a period of elevated horn resorption during the
pupal stage. The latter effect fully compensated for the
former, resulting in male adults with no discernible
alteration of head horn length. This suggests that pan
may directly regulate aspects of both the horn growth
and resorption developmental processes. Alternatively,
separate processes occurring during the pupal remodel-
ing phase are able to recognize and compensate for

incorrect horn growth that occurred during the prepu-
pal stage. A compensatory interaction between effects
on prepupal growth and pupal remodeling were also
observed for pronotal horns in O. binodis, albeit in the
opposite direction: both prepupal growth and pupal
resorption were reduced, partly compensating for each
other. Similar observations have also been made in
previous studies (Moczek and Rose, 2009; Wasik
and Moczek, 2011).

pan Regulates Growth of Non-horn Appendages
and Sensory Structures

Apart from its effects on horn development, pan
RNAi resulted in many shared and unique additional
phenotypes in both species. pan RNAi phenotypes
shared by both species included reduced elytra and
reduced or abnormal tarsi (see Fig. 4). In contrast, eye
width was affected only in O. binodis, and fore-tibia
length was significantly reduced only in O. binodis
males (Supporting Information Figs. 3 and 4).
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pan RNAi phenotypes observed in this study were
similar to adult pan phenotypes seen in studies on Dro-
sophila, such as reduced or abnormal leg and wing
appendages. Moreover, our results are consistent with a
subtle role of pan in adult eye development in at least
one species, O. binodis, again matching results from
previous work on Drosophila (Brunner et al., 1997). In
contrast, even though pan was expressed widely
throughout the larval thoracic epithelium, we did not
observe any limb bifurcations, reduced antennae or any
obvious elytra-to-notum transformations, otherwise
common phenotypes in adult wg and pan Drosophila
null mutants (Fig. 2; Brunner et al., 1997; Morata and
Lawrence, 1977). This may be indicative of evolved dif-
ferences in pan function between Drosophila and
Onthophagus, or perhaps more likely, incomplete elimi-
nation of pan transcripts following larval RNAi in our
study.

METHODS

Rearing Conditions

O. binodis and O. sagittarius were reared in colonies
at Indiana University, and colony maintenance, breed-
ing, and sexing were done as previously described
(Moczek and Nagy, 2005; Wasik and Moczek, 2011).

pan Cloning and Sequence Analysis

O. binodis pan (Obpan) was isolated through PCR
using an O. binodis cDNA library as a template. Degen-
erate, nested forward primers were designed to nucleo-
tides encoding amino acids 477-484 and 485-492 in
Tribolium castaneum pan (Tcpan; GenBank Acces-
sion: NM_001039401). Degenerate, nested reverse pri-
mers were designed to nucleotides encoding 576-582
and 585-591 in Tcpan. Primers were designed using
primer sequences that amplified the 5" and 3’ regions of
an Oncopeltus fasciatus pan protein (Ofpan; generously
provided by Dr. David Angelini; GenBank Accession:
AAW82622). O. sagittarius pan (Ospan) was obtained
from nested PCR reactions with cDNA with degenerate
forward primers designed to nucleotides encoding
amino acids 477-484 and 485-492 and reverse primers
designed to nucleotides encoding amino acids 557-564
and 538-544 in Tcpan. Both Obpan and Ospan PCR
products were cloned into a pSC-A vector with a Strata-
clone PCR Cloning kit (Stratagene) and sequenced
(Moczek and Rose, 2009). Since completion of this
study, a more upstream region of pan has been identi-
fied independently through high-throughput sequenc-
ing in another Onthophagus species, O. taurus (see
Choi et al., 2010).

Upon sequencing of the pan region described in this
study, two pan isoforms were discovered in both
Onthophagus species matching sequences documented

in Drosophbila (see Dooijes et al., 1998) but not Tribo-
lium or Oncopeltus. As a result, only pan regions
shared across isoforms were used for in situ hybridiza-
tion, dsRNA construction, and quantitative RT-PCR
primer construction (described below). pan isoforms
from both species were submitted to GenBank
(ObpanA: HM632026, ObpanB: HM632028, OspanA:
HMG632027, OspanB: HM632029). Nucleotide and
amino acid alignments were generated with Clustal X
(Thompson et al., 1997).

In situ Hybridization

DIG-labeled (Roche, IN) sense and antisense RNA
probes were constructed from the first 180 bp in all
Obpan and Ospan sequences and then synthesized
with RNA polymerases from MEGAscript High Yield
Transcription Kits (Applied Biosystems/Ambion, TX).
RNA probes were used on sagittal, prepupal larval cryo-
sections of both Onthophagus species, and in situ
hybridization reactions were performed as in previous
studies (Wasik and Moczek, 2011; Wasik et al., 2010).

dsRNA Construction and Injection

dsRNA constructs for Obpan and Ospan were cre-
ated from the same nucleotide region as the RNA probe
(black box in Supporting Information Figs. 1B,C and
2B,0). In vitro transcription and injection of Obpan,
Ospan, and control dsRNA constructs generated from
BlueScript plasmid vector sequence (167 bp portion)
were done with T7 and T3 RNA polymerases per manu-
facturer instructions (MEGAscript kit, Ambion), similar
to previous studies (Moczek and Rose, 2009; Wasik
et al., 2010). Both antisense and sense RNA were com-
bined in equal concentrations, heated to 95°C for 3
min, cooled gradually over 4 h until reaching —25°C,
and then stored at —20°C until injection. Onthophagus
larvae were injected with dsRNA (Bluescript plasmid or
dspan) at the beginning of the 3rd instar, following the
protocol described in previous studies (Moczek and
Rose, 2009; Wasik and Moczek, 2011; Wasik et al.,
2010). Post injection, adults in all treatment groups
were weighed on the 2nd day of adulthood, preserved
in 70% EtOH, and stored at —20°C.

Tissue Collection

Tissue samples from the dorsal prothorax from both
species and sexes were collected within 24 h of pupa-
tion from wild-type animals, in addition to pan RNAi
animals with effects on both morphology and allometric
measurements. Thoracic tissue was dissected and
stored as described in Wasik and Moczek (2011).

RNA Extraction and cDNA Synthesis

RNA extractions from dissected pupal prothoracic tis-
sue were done with the RNeasy Mini Kit and RNase-
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Free DNase Set (Qiagen; Alameda, CA) with the modifi-
cations described in Wasik and Moczek (2011). RNA
and cDNA concentrations, along with cDNA synthesis,
were also done as described in Wasik and Moczek
(2011). O. binodis cDNA samples were collected from
five wild-type females and males, and five pan RNAi
females and males. O. sagittarius cDNA thoracic tissue
samples were collected from four wild-type females and
males, and four pan RNAi females and males.

Quantitative RT-PCR Analyses

pan quantitative RT-PCR primers were designed with
Oligoanalyzer and PrimerQuest/Primer3 (Table 6; Inte-
grated DNA Technologies; Rozen and Skaletsky, 2000).
Primer optimization for effective reaction concentration
along with standard curve measurements and negative
controls in both primer tests and quantitative RT-PCR
reactions were done as described in Wasik and Moczek
(2011). Similarly, quantitative RT-PCR reactions were
performed with a Stratagene MX3000P system (Strata-
gene/Agilent; Santa Clara, CA) at Indiana University
using SYBR Green and ROX dyes for fluorescence read-
ings and ROX as the reference dye. The thermal profile
used was identical to that described in Wasik and Moc-
zek (2011) with one exception in Segment 2, which
consisted of 50 cycles with a 15 s decline to 94°C, 30 s
at 53°C for O. binodis samples or 52°C in O. sagittarius
samples, followed by 30 s at 72°C with endpoint data
collection. Quantitative RT-PCR of all tissue was repli-
cated, and results were analyzed as detailed in Wasik
and Moczek (2011).

Two-tailed #-tests were used to determine significant
differences in pan expression levels and were normal-
ized to O. binodis and O. sagittarius f-actin (Wasik and
Moczek, 2011) using the formula (C; pan/Ct actin) AMONG
wild type and pan RNAi individuals in each species (see
Barmina and Kopp, 2007). Relative expression fold dif-
ferences were calculated with the 2/~ AACt equation
(Livak and Schmittgen, 2001; Schmittgen and Livak,
2008) with C; values from tissue samples of both wild
type and pan RNAi individuals inputted such that AAC,
= (G pan C actin)wild—typc — (G pan G actin)pan RNAi-
C, values were then averaged for each of the treatment
groups (n = 5 for O. binodis and n = 4 for O.
sagittarius).

Allometric Measurements

Pupal and adult fore-tibia, pronotal horn, and head
horn length were measured as previously described
(Moczek and Rose, 2009; Wasik et al., 2010). Eye width
was measured as the average width of right and left dor-
sal eyes. All measurements were recorded to the nearest
0.001 mm and graphed with SigmaPlot (v. 7.0, SPSS
Inc., Chicago, IL).

Pupal measurements in all treatment groups were
used to evaluate whether pan RNAi affected horn
growth during the prepupal phase. However, adult
horn expression is also affected by pupal resorption,
which follows prepupal growth and which may be inde-
pendently influenced by pan RNAi. Two additional anal-
yses were therefore conducted, detailed in Moczek
(2006) and Wasik and Moczek (2011), which permit the
quantification of changes in adult horn length specifi-
cally resulting from pupal resorption. Briefly, we calcu-
lated “absolute horn loss” and “relative horn loss” by
comparing pupal and adult measurements of the same
individual to quantify the degree to which pupal scaling
relationships were either retained into the adult stage
or modified due to differential horn resorption. By com-
paring pupal horn lengths on one side, and both meas-
ures of horn resorption on the other, we were, there-
fore, able to evaluate whether pan RNAI affected adult
horn expression solely by affecting prepupal horn
growth, pupal horn resorption, or both.

Statistical Analyses

ANOVAs were performed similar to those described
in Wasik and Moczek (2011). Treatment (RNAi, con-
trol-injected, and wild type) and mass X treatment
interactions were used as model effects. The signifi-
cance of absolute and relative horn loss were also
tested with ANOVAs (Moczek, 2006). For all statistical
analyses, wild-type and control-injected animals did
not differ significantly in any measurements, unless
otherwise noted in the results. Only measurements
from adults with obvious pan RNAi phenotypes were
used for RNAi treatment analyses, as explained in the
results below.
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