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Abstract

Size and shape constitute fundamental aspects in the description of morphology. Yet while the developmental-genetic underpin-
nings of trait size, in particular with regard to scaling relationships, are increasingly well understood, those of shape remain
largely elusive. Here we investigate the potential function of the Notch signaling pathway in instructing the shape of beetle horns,
a highly diversified and evolutionarily novel morphological structure. We focused on the bull-headed dung beetle Onthophagus
taurus due to the wide range of horn sizes and shapes present among males in this species, in order to assess the potential function
of Notch signaling in the specification of horn shape alongside the regulation of shape changes with allometry. Using RNA
interference-mediated transcript depletion of Notch and its ligands, we document a highly conserved role of Notch signaling in
general appendage formation. By integrating our functional genetic approach with a geometric morphometric analysis, we find
that Notch signaling moderately but consistently affects horn shape, and does so differently for the horns of minor, intermediate-
sized, and major males. Our results suggest that the function of Notch signaling during head horn formation may vary in a
complex manner across male morphs, and highlights the power of integrating functional genetic and geometric morphometric
approaches in analyzing subtle but nevertheless biologically important phenotypes in the face of significant allometric variation.
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Introduction

Size and shape constitute fundamental aspects in the descrip-
tion of morphology (Mitteroecker et al. 2013). Evolutionary
changes in the relative sizes and shapes of traits are credited
with facilitating much of the organismal diversity present to-
day (Thompson 1917; Huxley 1932; Casasa and Moczek
2019). Yet while the quantitative and developmental-genetic
underpinnings of trait size are increasingly well understood
(Pan 2007; Koyama et al. 2013; Nijhout et al. 2014,
Gokhale and Shingleton 2015), those of shape variation, in
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particular of novel complex traits, remain largely unexplored,
due at least in part to methodological challenges. Unlike dif-
ferences in size, which can be expressed with rather simple
univariate data (e.g., length, width, area, etc.), the complex
characteristics of shape, and its dependence on overall size,
require a multivariate analytical approach (Klingenberg 2016;
Prpic and Posnien 2016; Outomuro and Johansson 2017).
Geometric morphometrics provide powerful tools to target
these aspects of morphology in the context of the develop-
mental evolution of novel complex traits.

Many scarab beetles possess rigid projections of the exo-
skeleton collectively referred to as horns. These structures
fulfill even the most stringent definition of evolutionary
novelty, being “neither homologous to any body part in
the ancestral lineage nor serially homologous to any other
body part of the same organism” (Miiller and Wagner 1991).
Phylogenetic reconstructions of horn evolution reveal mul-
tiple gains, losses, and regains, alongside rapid diversifica-
tion of horn shape (Emlen et al. 2005b, 2007). The vast
diversity of horn morphologies seen today reflects this evo-
lutionary history, and horn locations, sizes, and shapes can
vary extensively even between closely related species. In
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the tribe Onthophagini, where these structures have been
particularly well studied, horns positioned posteriorly on
the head are prevalent (Emlen et al. 2005a), and include
diverse shapes such as single, paired, forked, or branched
(Fig. 1). While horn morphology differs strongly even
among closely related species, horn shape also shows strong
developmental plasticity within species, such as in the tran-
sition from relatively straight to curved horns in the
polyphenic Onthophagus taurus (Fig. 1).

In the majority of horned beetle species described to date,
horn expression is confined to males and has been tradition-
ally characterized by the scaling relationship between body
size and horn size. Scaling is typically non-linear, with larger
body sizes resulting in disproportionately larger head horns,
and distinct morphs existing within the same species (Emlen

Fig. 1 Morphological diversity of
head horns in the tribe
Onthophagini. a—h Typical shape
variation of the head horn in
closely related beetle species:
branched horn in Proagoderus
rangifer (a), single horn in
Onthophagus medius (b), forked
homn in O. lunatus (c), and paired
horn in O. australis (d),
Digitonthophagus gazella (e), and
O. taurus (f-h). f-h The change
in size and shape (especially
curvature) of the paired head
horns in small (f), medium (g),
and large (h) male O. taurus
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et al. 2006; Moczek and Rose 2009; Kijimoto and Moczek
2016). Subtle changes in horn/body size scaling are consid-
ered important drivers in the great diversification of beetle
horns (Tomkins et al. 2005; Kodric-Brown et al. 2006;
Emlen et al. 2007). Yet, a simple measurement of horn size
is insufficient to capture the complexity of horn morphology
and potential changes therein with body size (Simmons and
Fitzpatrick 2016), a challenge that necessitates the use of more
complex multivariate methods. At the same time, extant di-
versity in the sizes and shapes of beetle horns may not be
surprising given their function as weapons to battle rival males
over reproductive access to females (O’Brien et al. 2018).
Previous studies have established a link between horn shape
and its precise function within the context of a species-specific
fighting style, suggesting that male—male competition plays
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an important role in horn shape diversification (McCullough
et al. 2014). However, while the ultimate (i.e., selective)
drivers of horn shape variation are becoming increasingly well
understood, the proximate developmental mechanisms that
underlie or bias the evolution of horn shape remain largely
unknown.

Here we sought to investigate the potential function of
the Notch signaling pathway in the regulation of horn
shape in the bull-headed dung beetle O. taurus. The
Notch signaling pathway plays a well-documented role
in the regulation of traditional appendages such as legs,
mouthparts, and antennae, including the formation and
positioning of joints, in particular through the short-
range regulation of cellular proliferation, orientation, and
apoptosis (Kojima 2004, 2017). The pathway consists of a
membrane-bound receptor Notch (N), and two main re-
ceptor ligands Delta (DI) and Serrate (Ser). We focused
on this pathway because (1) even though horns do not
contain joints, cell death and reorientation have been doc-
umented during the re-patterning of head horn shape dur-
ing the pupal stage (Kijimoto et al. 2010), (2) previous
transcriptomic screens detected the expression of Notch
pathway members during dorsal head formation
(Kijimoto et al. 2009; Choi et al. 2010), and (3) previous
studies have implicated other appendage patterning path-
ways in the formation of beetle horns (Moczek and Rose
2009; Wasik and Moczek 2011; Kijimoto and Moczek
2016). We focused on O. taurus to study the developmen-
tal underpinnings of horn shape due to the pronounced
nutrition-sensitive developmental plasticity of male horn
morphology. In this species, the strong sigmoidal scaling
relationship between horn length and body size results in
small (minor) males expressing very short and relatively
straight head horns, whereas large (major) males harbor
approximately 10-fold longer, curved, and slightly twisted
horns (Fig. 1), with relatively few intermediates existing
in natural populations (Moczek and Emlen 1999). This
affords us the opportunity to assess the potential function
of Notch signaling not just in the general specification of
horn shape, but also in the regulation of shape changes
with size.

Using RNA interference-mediated transcript depletion
of N and its ligands, we begin by documenting the role of
Notch signaling in general appendage formation. By inte-
grating our functional genetic analysis with a geometric
morphometric analysis of horn shape, we next document a
strong covariation between horn size and shape, and then
assess the role of Notch signaling in the regulation of
horn shape while controlling for overall size in different
morphs. Finally, we discuss the implications of our find-
ings in our understanding of the developmental evolution
of horn shape in general, and the change in horn shape
with size in particular.

Materials and methods
Animal husbandry

Onthophagus taurus adults were collected courtesy of John
Allen from Paterson Farm near Ravenswood, Western
Australia, in 2018. Beetles were maintained as laboratory col-
onies at 24 °C in Bloomington, Indiana, under a 16:8 h
light:dark cycle and reared as described previously
(Kijimoto et al. 2009; Choi et al. 2010).

Identification of candidate genes and DNA fragment
synthesis

The amino acid sequences of Notch, serrate, and delta of
Tribolium castaneum were used as queries to execute blast
searches against the O. faurus genome and transcriptome
(https://i5k.nal.usda.gov/webapp/blast/). Best hits were
confirmed using reciprocal blasts. Corresponding DNA
sequences were retrieved from the transcriptomes, and partial
fragments of the coding DNA sequence were synthesized by
gBlocks Gene Fragment (Integrated DNA Technologies, USA).

dsRNA synthesis and injection

We followed the protocol of dsSRNA synthesis and injection de-
scribed previously (Linz et al., 2019). In brief, T7 promoter se-
quences were added to both ends of the templates for in vitro
transcript by PCR via gene-specific primers along with a T7
promoter sequence at the 5’ end (see Table S1 for primer se-
quences). dsSRNA was synthesized with MEGAscript T7 tran-
scription kit (Invitrogen, USA), then purified using MEGAclear
kit (Invitrogen, USA). Finally, generated dSRNA was eluted with
nuclease-free water, and the concentration was measured using
Nanodrop 1000 (Thermo Scientific, USA). The offspring of lab-
oratory colonies were used as a source of larvae for injection.
First- and second instar larvae were transferred from their natal
brood ball into 12-well plates containing artificial brood balls (as
described in Shafiei et al., 2001) and monitored until they molted
into the third larval instar (L3). dsRNA injection was carried out
at the early stage of L3 (see Table 1 for injection details). The
same volume of injection buffer was injected at the same devel-
opmental stage to generate negative control individuals.
Phenotypes were observed and recorded at pupal and adult

stages, respectively. Phenotypic penetrance was calculated

number of pupae showing the phenotype % 100%.

as. total number of pupated individuals

Tissue dissection and in situ hybridization chain
reaction

Onthophagus taurus individuals at the prepupal stage were
selected for sample preparation. The whole head was
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Table 1 Summary of dsSRNA

injections of Notch, serrate, and dsRNA  Concentration (pLg/ Injected Pupated Eclosed to Phenotypic
delta ul) number number adult penetrance
Notch 1.0 10 1 1 100%
0.5 24 2 0
0.25 32 2 0
0.1 29 0 0
serrate 1.0 6 2 1 100%
0.8 24 6 2
0.7 11 9 6
0.5 356 143 61
0.4 18 14 2
0.3 54 17 3
Delta 1.0 6 0 0 0%
0.5 51 4 1
0.25 70 6 4
0.1 18 4 0
0.05 5 3 0
0.025 29 6 5

dissected and then fixed in 3.7% formaldehyde (FA) solution
for 40 min at room temperature. The developing pupal head
was dissected out of the larval cuticle in PBS with 0.05%
Triton-X (PBT). The genitalia were also dissected in PBT
and fixed in 3.7% FA for 15 min at room temperature. After
several washes with PBT, both head and genitalia were
dehydrated through 30%, 70%, and 100% methanol series in
PBT. The samples were kept in 100% methanol for at least 1 h
at —20 °C, rehydrated through 70%, 30% methanol series in
PBT, and rinsed several times in PBT. Following that, tissues
were subjected to a 5-min proteinase K (10 png/ul) digestion,
then rinsed several times in PBT. After the postfixation in
3.7% FA for 20 min and several washes in PBT, the samples
were subsequently processed using standard procedures of in
situ hybridization chain reaction (in situ HCR v3.0 protocol
for sample in solution) (Choi et al. 2018). DAPI counterstain
was also applied to tissues to mark the nucleus. After several
washes in PBT, tissues were mounted on slide with Prolong
glass antifade mountant (Invitrogen, USA), then observed and
photographed on an imager Z2 microscope (Zeiss, Germany).

Geometric morphometrics

We sought to determine the effect of ser knockdown on the
shape of head horns in different male morphs by contrasting
ser™A1 males to buffer-injected (control) males (major: 18
ser™AL 23 control; minor: 11 serRNAi, 28 control; intermedi-
ate: 5 ser""*i, 16 control). Only ser"N*! individuals that pre-
sented clear knockdown phenotypes in anatomical areas other
than the head were included in the analysis. Because down-
regulation of ser affected thoracic width (Fig. 2k and 1), i.e.,

the usual proxy for body size in O. taurus (Macagno et al.
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2018), morphs could not be defined on the basis of the scaling
relationship between horn length and body size as in previous
studies (e.g., Casasa and Moczek 2018). Instead, males were
identified as major, minor, or intermediate based on whether
horns were longer, shorter, or approximately equal to the dis-
tance between horns, respectively.

We took calibrated images of horns with 2D image acqui-
sition equipment including a stereoscope (Leica MZ-16,
USA), a digital camera (Scion, USA), and Image]
(Schneider et al. 2012). We ensured flat horizontal positioning
of the horns by setting optics for a very shallow depth of field
and placing the whole perimeter of the horn in the same focal
plane. We then used geometric morphometrics (Bookstein
1991; Adams et al. 2004) and the method of sliding
semilandmarks (Zelditch et al. 2004; Mitteroecker and Gunz
2009; Goczat et al. 2019) to quantify variation in horn size and
shape. The paired head horns of O. taurus are bilaterally sym-
metrical, and since quantifying asymmetric variation was not
an aim of this study, analyses were performed only on one
side—the right horn (Adams 2004; Head and Polly 2015;
Macagno et al. 2016; Romiti et al. 2017; Rohner et al.
2019). Using tpsDig2w32 (version 2.31) (Rohlf, 2018a) and
tpsULtil32 (version 1.76) (Rohlf, 2018b), we digitized four
anatomically distinct locations that could be identified reliably
in all specimens as fixed landmarks (1, 2, 16, and 30), and
defined the curvature of the horns with evenly spaced
semilandmarks (3—15 and 17-29) (Fig. 5). We tested the tan-
gent space approximation in tpsSmallw32 (version 1.34)
(Rohlf, 2017b). In tpsRelw32 (version 1.69) (Rohlf, 2017a),
we first superimposed the data and slid the semilandmarks
(Rohlf, 2015), and then saved the centroid size (a shape-
independent estimate of horn size: Klingenberg, 2016) and
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Buffer control

&

Fig. 2 Appendage defects following RNAI targeting Notch signaling
genes. a—i Both N*NA1 and ser™ A1 similarly induced a reduction in
length and loss of joints between segments of legs (b, ¢), antennae (e,
f), maxillary palps, and labial palps (h, i). Green arrows indicate joints
between appendage segments in buffer control individuals (a, d, g), while

the aligned (=Procrustes-transformed) coordinates of each
specimen. Both sets of variables were then imported into R
3.5.2 (R Core Team 2018) for subsequent analyses.

We first performed a principal component analysis (PCA)
of horn shape variables to illustrate the overall variation in
shape, and its covariation with size, using the
plotTangentSpace() function as implemented in the R-
package geomorph 3.1.2 (Adams et al. 2019). We then
modeled horn shape (i.e., the set of Procrustes-transformed
coordinates) as a function of log-transformed centroid size
(log(cs)), treatment (Ctrl vs serfNAY), morph (minor, major,
intermediate), and all their interactions using a Procrustes
ANOVA (Goodall 1991) as implemented in the function
procD.Im(). This is a distance-based ANOVA technique that
uses permutation tests to assess the effect of predictor vari-
ables. All significance testing was done with the randomized
residual permutation procedure (RRPP) implemented in the
geomorph library (Collyer and Adams 2018, 2019). Because
both the effect of allometry and of ser knockdown on horn
shape depended on morph (significant two-way interactions
with log(cs) and treatment: Table 2), it was difficult to illus-
trate and analyze the effect of treatment independent of allo-
metric variation within morphs. To better understand the ef-
fects of allometry and of ser knockdown, we hence assessed

ser RNAI

Buffer control

red arrows highlight defects in RNAi individuals (b, ¢, e, f, h, i). j-1 Both
also strongly reduced or eliminated wings (indicated by red arrowhead).
m—r N and ser®N* reduced or deleted the central area of the male
genitalia, externally visible during the pupal stage. MP, maxillary palp;
LP, labial palp

the effect of log(cs), treatment and their interaction on horn
shape within each morph, with Procrustes ANOVAs as de-
tailed above.

Pronounced allometric variation (i.e., the dependence of
horn shape on its size) may mask or confound shape differ-
ences between treatments due to differences in scaling caused
by the treatment, or due to differences in the size composition
of the samples (Mitteroecker et al. 2004). Here, we sought to
control for allometric variation within morphs by first
regressing the Procrustes-transformed coordinates onto
log(cs) using procD.Im(), and then using only the residual
shape information for further analysis (Klingenberg 2016).
This approach requires a common allometry in all groups,
and was therefore used in the morphs where allometry was
not affected by treatment (i.e., minor and major males: signif-
icant main effect of treatment, non-significant interaction be-
tween log(cs) and treatment; Table 2). To inspect the deforma-
tion caused by ser"™, we employed the procD.Im() function
to model the allometry-adjusted horn shape coordinates as a
function of treatment in each morph, then extracted the vectors
of shape deformation corresponding to Ctrl and ser*™*! indi-
viduals, and visualized the deformation grids using the func-
tion plotRefToTarget() in geomorph. Additionally, we ran a
PCA and a discriminant analysis with cross-validation on

@ Springer
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Table 2 (a) Effect of log(cs)

(horn centroid size, log- Df SS r F z P

transformed), treatment (Crtl vs

ser™A) "and morph on horn a. All males

shape, as assessed with a log(cs) 1 9.425 0.88 3079.01 3.65 0.001 ok

Procrustes ANOVA. The same Treatment 1 0.048 <0.01 15.64 1.82 0.028 *

analysis was repeated within 11\/[orph % 88?3 0'8601 1069686 ‘1‘82 882; :*

: : . og(cs):treatment .017 <0. 5. 7 .

2;1}2; r(rtl’;i;:t(zr;nedlate (c), and log(cs):morph 2 0.232 0.02 37.82 5.66 0.001 o
Treatment:morph 2 0.015 <0.01 2.52 2.26 0.006 Hok
log(cs):treatment:morph 2 0.005 <0.01 0.84 0.12 0.450 NS
Residuals 89 0.272 0.03
Total 100 10.687

b. Minor males
log(cs) 1 0.229 0.49 44.92 3.42 0.001 wE
Treatment 1 0.056 0.12 11.09 3.17 0.001 ok
log(cs):treatment 1 0.003 <0.01 0.51 0.59 0.729 NS
Residuals 35 0.178 0.38
Total 38 0.466

c. Intermediate males
log(cs) 1 0.147 0.64 56.87 3.02 0.001 w
Treatment 1 0.033 0.14 12.74 3.06 0.002 ok
log(cs):treatment 1 0.006 0.03 243 1.72 0.041 *
Residuals 17 0.044 0.19
Total 20 0.230

d. Major males
log(cs) 1 0.043 0.34 31.88 3.40 0.001 *E
Treatment 1 0.031 0.25 23.14 3.74 0.001 ok
log(cs):treatment 1 0.001 0.01 0.97 0.41 0.352 NS
Residuals 37 0.050 0.40
Total 40 0.127

“* P <0.05; ** P <0.01, NS, not significant

allometry-adjusted shape coordinates of Ctrl and ser®™! in-

dividuals, using the function CVA() in the R library Morpho
2.7 (Schlager 2017). We expressed the magnitude of shape
difference between treatment groups by means of Procrustes
distances, and assessed their significance with permutation
tests (10,000 permutation rounds).

In contrast to major and minor males, ser knockdown did
appear to affect the horn shape allometry of intermediate
males (significant interaction between log(cs) and treatment:
Table 2). To assess the strength of this effect, we modeled the
horn Procrustes-transformed coordinates as a function of
log(cs) using procD.Im() separately in Ctrl and ser*"™*! indi-
viduals, extracted the corresponding allometric vectors, and
visualized the deformations corresponding to a 0.2 increase
of log(cs) compared with the mean shape of each treatment
group, using the function plotRefToTarget() in geomorph. To
further quantify the similarity between the allometry of Ctrl
and ser™NA1 individuals, we calculated vector correlations be-
tween  the  respective  allometric  vectors as:

|V('lrl' Vl\.ﬁ,,v[Uv’Ai|
[[vew] x|
of the two allometric vectors by their norm (Pitchers et al.
2013; Testa and Dworkin 2016; Schéfer et al. 2018). We de-
tected small angles and very high correlation between the

¥ Curl serkiti = That is, we scaled the dot product

Vo RNA | |
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allometric vectors of Ctrl and ser™™*! individuals (detailed

in “Results”). In light of this strong congruence and of the
small sample size in the ser"*' group (n = 5) due to lethality
of the dsRNA injection, we interpreted these differences as
biologically negligible (as advised in Klingenberg 2016),
and proceeded with analyses as previously done in minor
and major males, assuming a common allometric slope in
the two treatments and adjusting for allometric variation

accordingly.

Results

Functional significance of the Notch signaling
pathway for general appendage development

Across arthropods, Notch signaling is required for the elonga-
tion of appendage discs and joint formation later in develop-
ment (de Celis et al. 1998; Rauskolb and Irvine 1999; Bishop
etal. 1999; Prpic and Damen 2009; Mito et al. 2011; Angelini
et al. 2012; Liu 2013). We first assessed the role of Notch
signaling during appendage formation in O. taurus through
RNAi-mediated transcript depletion of Notch itself. Of 95
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Fig. 3 Head horn phenotypes
following RNAI targeting Notch
signaling genes. a, d Control
treatments with buffer injection
were indistinguishable from
untreated beetles. b, e serRNAl
resulted in less curved, slender
horns in pupae (b) and adults (e).
¢, f Knockdown of N resulted in
similar phenotypes compared to
ser™NAT (b, ¢). In addition, NRNA
induced a pair of small, pointy
cuticular bumps medial to each
horn in the adult (green
arrowhead in f). Black (a—¢) and
cyan dotted line (d—f) highlight
the outline of head horns at the
pupal and adult stage,
respectively

injected animals, only 5 (5.3%) successfully pupated and 1
(1.1%) survived to the adult (Table 1). Despite this low sur-
vival rate, all pupae and adult showed consistent phenotypes.
NENAL resulted in the reduction in the length of the entire leg
and elimination of leg joints (red arrow in Fig. 2b). Antennae
and mouthparts exhibited a similar shortening in length, as
well as a loss of joints, and corresponding fusion of segments
(Fig. 2d—i). These phenotypes closely resemble those docu-
mented across diverse arthropods in previous studies (de Celis
etal. 1998; Prpic and Damen 2009; Mito et al. 2011; Angelini
et al. 2012; Liu 2013). Further, NRNAL L duced severe defects
in the lateral margin of the first thoracic segment as well as a
strong reduction in the size of wings in both the second and
third thoracic segments (Fig. 2k), consistent with the hypoth-
esis of serial homology between the prothoracic lateral margin
and bona fide wings (Clark-Hachtel et al. 2013). In addition,
we were able to document a defect during genitalia formation
in males, resulting in a nearly complete deletion of the central
region of the male copulatory organ visible externally during
the pupal stage (Fig. 2n, q). Based on our observations, this
region contributes to the formation of the endophallus, a mem-
branous distal component of the adult male copulatory organ.

Subsequent knockdowns targeted the Notch ligands ser
and dl to determine which ligand may mediate Notch signal-
ing during appendage patterning. dI"™*! resulted in very high
mortality even at very low concentrations of injected dsSRNA
(0.025 pg/ul). In total, of 179 injected animals, most died at
the prepupal stage, only 23 (12.8%) successfully pupated and
only 10 (5.6%) eclosed as adults (Table 1). However, none of
these surviving adults exhibited obvious appendages and
horns related defects. In contrast, ser™NA resulted in

comparably moderate mortality (40.7% (191/469) pupation
rate, and 16.0% (75/469) eclosion rate) and surviving individ-
uals exhibited knockdown phenotypes in legs, wings, and
genitalia similar to those observed following NN (Fig. 2).
Copulatory structure dissection confirmed the reduction in
size of the male endophallus following ser®N*! (Fig. S1).
Collectively, these results document the conserved function
of Notch signaling during appendage growth and joint devel-
opment in O. taurus and suggest that the patterning of these
traits is mediated at least partly via the ligand ser.

Notch signaling and the patterning of the dorsal head

Previous work has shown that the limb gap genes, hth, dac,
and DIl, were differentially recruited during the developmen-
tal evolution of beetle horns across Onthophagus species and
sexes (Moczek et al. 2006; Moczek and Rose 2009). Since
Notch signaling carries out critical functions during arthropod
appendage formation, we sought to determine whether Notch
signaling is also similarly significant during the patterning of
beetle horns.

To test this hypothesis, we assessed horn phenotypes fol-
lowing larval RNAi against N and ser. N*N*! moderately af-
fected the shape of pupal head horns, which became more
pronounced in the adult stage, resulting in narrower and
straighter head horns in intermediate-sized males (Fig. 3c, f).
In addition, one pair of tiny cuticular bumps formed ectopi-
cally between head horns (green arrow in Fig. 3f), and a subtle
shape change was also observable in the corresponding region
at the pupal stage (Fig. 3c). Due to the high mortality of
NRNAi, we then turned to assess the function of its ligand
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ser. We found that the phenotypes induced by ser®™A!

paralleled those induced by N"™*! except for the formation
of ectopic bumps (Fig. 3b, ¢).

In addition, knocking down either N or ser eliminated the
outer margin of the dorsal head, leading to bristles normally
hidden under the dorsal head becoming more visible from a
dorsal view (Fig. 3d—f). Previous studies in D. melanogaster
revealed that Notch signaling is required for dorsal/ventral
(D/V) axis patterning in imaginal discs (de Celis et al. 1996;
Dominguez and de Celis 1998), and our results suggest that
Notch signaling might function similarly during adult head
formation by delineating the boundary separating dorsal from
ventral head regions.

The expression pattern of ser in pupal head
and genitalia primordia

Previous EST and microarray studies revealed the expres-
sion of Notch signaling components in the developing
head horn (Kijimoto et al. 2009; Choi et al. 2010).
However, these expression profiles were detected by iso-
lating total mRNA of the entire horn, thus providing no
further information regarding the spatial expression pat-
tern of Notch signaling in the head horn or adjacent head
regions. In order to better understand how Notch signal-
ing regulates head horn formation and to distinguish di-
rect and indirect effects of RNAi, we performed whole
mount in situ hybridization chain reaction to detect the
expression pattern of ser during pupal head formation.
We replicated this approach for male genitalia. We found
ser is strongly expressed along the outer margin of the

Fig. 4 Expression pattern of ser Ot-ser
in the developing pupal head and
genitalia. a—b Head primordium
stained with ser antisense
riboprobes and counterstained
with DAPI. ¢ Combination of a
and b. Arrowheads indicate
expression of ser in the medial
head adjacent to horn primordia
(outlined with red dotted line).
White dotted lines denote
compound eyes. d—f The same
staining in the genital
primordium. AN, antenna

male head

genitalia
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dorsal head and moderately expressed in compound eyes
(Fig. 4a—c). The expression pattern of several discrete
rings was observed in the presumed antennal joints (Fig.
4a—c). Interestingly, we also found that ser expression
resembling a semi-circular stripe surrounded the head
horn primordia (Fig. 4a, c). Here, ser expression was vis-
ible beginning with lateral aspects of the horn, passing
around posterior horn regions, and extending slightly to-
ward the medial region between horns (Fig. 4a, c). In the
male genitalia primordium, ser expression was restricted
to the central region (i.e., the presumed endophallus) (Fig.
4d—f). Collectively, the expression pattern of ser appears
to closely parallel the physical locations of ser"™*! phe-
notypes, and by extension suggests that the ser phe-
notypes reported here reflect direct consequences of the
downregulation of Notch signaling components rather
than potential off-target or indirect effects.

RNAI

Notch signaling mediates head horn shape
in a morph-dependent fashion

In order to assess the effect of Notch signaling on horn shape
across the range of horn sizes present within natural populations
of this species, we preliminarily performed a PCA of Procrustes-
transformed horn shape coordinates. The first principal compo-
nent alone accounted for over 93% of the overall shape variance,
and was tightly correlated with log-transformed centroid size
(log(cs)) (Spearman’s tho 0.97, two-tailed P < 0.001), indicating
a substantial contribution of allometry to horn shape variation
(Fig. 5). For subsequent analyses, males were identified as major,
minor, or intermediate as detailed in the “Methods”. Visual
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inspection of the first principal component against log(cs) (Fig. 5)
confirmed the validity of this categorization.

In the Procrustes ANOVA including all individuals, the inter-
actions between log(cs) and treatment, between log(cs) and
morph, and between treatment and morph were all significant
(Table 2). In major and minor males, ser knockdown affected
horn shape (significant main effect of treatment), but not horn
shape allometry (non-significant interactions between log(cs) and
treatment) (Table 2). In contrast, the treatment of intermediate
males did seem to affect horn shape allometry (F; ;7;=2.43,
P=0.041; Table 2). However, because the vector correlation
between the allometric vectors of intermediate Ctrl and ser®™*i
males was remarkably high (vector correlation =0.96, vector
angle = 15.49°, P<0.0001; Fig. S2), and the ser"™* group
consisted of only 5 individuals, this difference was probably of
minor biological relevance and more likely represented a statis-
tical sampling artifact.

The effect of ser downregulation, assessed after controlling
for allometry, is shown in Fig. 6. In minor and intermediate
individuals, ser"N* causes horns to become straighter and
situated onto a narrower base, while in major males it causes
horns to become more arched. PCAs of allometry-adjusted
coordinates showed comparable results (Fig. S3). In all
morphs, Procrustes distances between control and ser™NAin.
dividuals (minor, 0.074; intermediate, 0.092; major, 0.053)
were significant at P < 0.001, and discriminant analyses con-
firmed excellent separation of the treatment groups on the
basis of horn shape (Fig. 6).

Discussion

Beetle horns are tremendously diverse in both size and shape
across species, sexes, as well as in alternate morphs among
individuals of the same species (Balthasar 1963; Emlen et al.
2005a). In the majority of horned species, horns grow either
disproportionately faster than overall body size resulting in
hyperallometric growth, or in a polyphenic fashion, charac-
terized by a threshold body size separating discrete alternate
male morphs (Emlen et al. 2006). In both instances, allome-
try is a major contributor to intraspecific horn shape varia-
tion. Yet relatively little is known about the developmental-
genetic mechanisms that regulate horn shape in general and
its developmental plasticity in particular.

Here, we sought to start exploring the role of Notch signaling
in the specification of horn shape in one species, the bull-headed
dung beetle O. taurus. We focused on Notch signaling because
of its well-established role in instructing the formation of tradi-
tional appendages such as legs and antennae, while parallel ef-
forts have identified other appendage patterning genes as critical
for establishing proximo-distal polarity and relative sizes of horns
(Moczek et al. 2006; Moczek and Rose 2009). Combined, this
raised the possibility that Notch signaling may have been simi-
larly recruited into the formation of horns. Furthermore, Notch
signaling plays an especially critical role in the formation of
joints between appendage segment boundaries via the induction
of cell death, cell constriction, and cell reorientation—processes
that at least in principle could also contribute to the specification

serfNAlintermediate

s minorl

Fig. 5 a 2D landmark configuration used to analyze horn shape.
Individuals are color-coded based on morph and treatment (serRNAi,
individuals injected with dsRNA, so as to downregulate serrate
expression; Crtl, control individuals, injected with buffer solution).
Landmarks 1, 2, 16, and 30 were homologous in all individuals. The
remaining landmarks 3—15 and 17-29 were used to describe curvature
and treated as sliding semilandmarks. b In the scatterplot, the first
principal component of horn shape variation (PC1, accounting for more

than 93% of the overall shape variance in the sample) is plotted against

.40 * 2
o ®
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0 ';*i? ® ser™™Aintermediate
_ Ctrl major
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the logarithm of horn centroid size, showing a tight relationship between
the two variables, i.e., a substantial contribution of allometry to overall
horn shape variation. The deformation described by PC1 is shown along
the Y-axis by means of deformation grids, and depicts the transition
between the horn of a minor (PC1 =—0.46) and that of a major
individual (PC1 =0.37), with intermediate males clustered around PC1
=0.00. The landmarks shown in the deformation grids correspond in a
one-to-one manner to those reported in a. The individuals identified with
stars in the scatterplot are those pictured in a
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Fig. 6 Horn shape deformation
following downregulation of ser
in each morph. In minor (a) and a

intermediate males (b), 16

knockdown of serrate causes 3

horns to become straighter and 0

positioned onto a narrower base,

while in major males (c), the same o

treatment causes horns to become

=

more arched. Within each morph,

the deformation following

serRNAT (second column) is

shown alongside the mean shape

of buffer-injected (Ctrl)

individuals (first column), and is b
magnified 3x for easier

visualization. The histograms

(third column) show the

distribution of the specimens

Ctrl

. ]
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11
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11T
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according to their scores on the

discriminant function (CV score). 5
Overall classification accuracy s
was 97.44% in minor males, and Ctrl

100% in intermediate and major
males, confirming excellent shape
differentiation between treatment C

groups in all morphs. Analyses ::ﬁ:“
were performed on allometry- FH
adjusted shape coordinates as
described in the “Methods”
sEisdisian
Ctrl

of horn shape even though horns do not possess joints (Kijimoto
et al. 2010).

We chose O. taurus because it affords the opportunity to
assess the patterning of horn shape within the same species, yet
across distinct morphs, and a wide range of horn sizes. We find
that, as in other insects, Notch signaling plays a critical role in
patterning diverse appendages such as legs, antennae, and
mouthparts—in particular with respect to the formation of joints.
Most importantly, we find that Notch signaling also moderately
but consistently affects horn shape even after controlling for
overall size, yet does so differently for the horns of minor, inter-
mediate, and major males. Taken together, these results suggest
that the function of Notch signaling during head horn formation
may vary in a complex manner across alternative morphs. Below
we discuss the most important implications of our results.

Notch signaling affects horn shape differently
for different horn sizes

Previous work has identified diverse appendage patterning

genes as being critically required for the proper development
of'horns, such as the leg gap genes DI/ and hth, or members of

@ Springer
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the wingless and dpp signaling pathways (Moczek et al. 2006;
Moczek and Rose 2009; Wasik and Moczek 2011, 2012).
However, experimental perturbations of these pathways typi-
cally eliminate or drastically reduce horn formation, making
an analysis of their potential involvement in the regulation of
horn shape difficult. In contrast, in this study N*N*! and
ser™A while resulting in major effects during regular ap-
pendage formation, nevertheless yielded in the surviving in-
dividuals the expression of the whole range of horn sizes
usually present in natural populations. This allowed us to as-
sess the potential significance of Notch signaling for establish-
ing the horn shapes specific for any given horn size. We find
that overall ser™™! had moderate yet reliably detectable ef-
fects on horn shape specific to minor and intermediate males
in one way, and major males in another way. Specifically, in
minor and intermediate males, ser™Al causes horns to be-
come straighter and form a narrower base. In contrast, in ma-
jor males, ser® A causes horns to become relatively more
arched. This raises the possibility that Notch signaling may
be operating differently in minor/intermediate and major
males, for example, via the activation and inhibition of differ-

ent target genes, or by interacting with other pathways
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operating in specific morphs, paralleling recent finding for the
hedgehog-, insulin-, and doublesex-pathways (Kijimoto and
Moczek 2016; Ledon-Rettig et al. 2017; Casasa and Moczek
2018), whose horn patterning functions are either limited to or
otherwise qualitatively different across major and minor
morphs.

Alternatively, Notch signaling may be functioning in es-
sentially the same way across morphs, yet may be contributing
to different kinds of shape components by virtue of operating
in horns of diverse lengths and diameters. For example, Notch
signaling has been studied in detail during the formation of leg
joints in Drosophila, where it plays a critical role in the con-
traction, reorientation, and death of cells critical to the estab-
lishment of the ball and socket joint during the pupal stage
(Suzanne 2016; Kojima 2017). Similar mechanisms may also
underlie the specification of horn shape. In fact, moderate cell
death is indeed detectable in O. taurus head horns during the
early pupal stage (Kijimoto et al. 2010). It is conceivable that
localized changes in cell death operating in small versus larger
horns may be sufficient to bring about the alternate ser"™*'-
mediated changes in horn shape detected here. Further studies
are needed to detect whether knockdown of Notch signaling
affects the spatio-temporal distribution of cell death in differ-
ent horn size classes. Lastly, we presently cannot fully exclude
the possibility that the reduction of limbs mediated by Notch
signaling might also influence horn shape indirectly, by free-
ing up resources for horn development. However, the extent to
which horn shape might be influenced by increased resource
availability is currently unknown.

Conclusions and future directions

The horns of scarab beetles are a classic example of a mor-
phological evolutionary novelty, which ever since its emer-
gence has undergone one of the most spectacular diversifi-
cations in the animal kingdom (Emlen et al. 2005a; Moczek
2005). This study identifies Notch signaling as a contribut-
ing regulator of polyphenism in one species famous for its
dramatic diversity of horn sizes and shapes across males. It
remains unclear, however, whether Notch signaling or other
pathways also contribute to variation in horn shape among
species, necessitating more comparative studies in the fu-
ture. Our results also underscore the potential value of ex-
amining genes and pathways whose experimental perturba-
tion does not ablate or dramatically reduce focal structures,
for understanding other dimensions in the developmental
evolution of novel traits, such as the specification and di-
versification of shape. Lastly, our study highlights the pow-
er of integrating functional genetic and geometric morpho-
metric approaches in analyzing subtle but nevertheless bio-
logically important phenotypes in the face of significant
allometric variation.
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