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Genetical control of 2D pattern
and depth of the primordial
furrow that prefigures 3D shape
of the rhinoceros beetle horn

Haruhiko Adachi?, Keisuke Matsuda'?, Teruyuki Niimi3, Shigeru Kondo® & Hiroki Gotoh**

The head horn of the Asian rhinoceros beetle develops as an extensively folded primordium before
unfurling into its final 3D shape at the pupal molt. The information of the final 3D structure of

the beetle horn is prefigured in the folding pattern of the developing primordium. However, the
developmental mechanism underlying epithelial folding of the primordium is unknown. In this study,
we addressed this gap in our understanding of the developmental patterning of the 3D horn shape
of beetles by focusing on the formation of furrows at the surface of the primordium that become the
bifurcated 3D shape of the horn. By gene knockdown analysis via RNAi, we found that knockdown
of the gene Notch disturbed overall horn primordial furrow depth without affecting the 2D furrow
pattern. In contrast, knockdown of CyclinE altered 2D horn primordial furrow pattern without
affecting furrow depth. Our results show how the depth and 2D pattern of primordial surface furrows
are regulated at least partially independently during beetle horn development, and how both can alter
the final 3D shape of the horn.

The insect body is covered with a rigid exoskeleton, so growth in body size is achieved via molting. Prior to a
molt, the epidermis detaches from the rigid exoskeleton and undergoes a period of rapid growth before laying
down a new cuticle inside the old one. Although larger, this new cuticle must still fit within the rigid confines
of the older cuticle until the animal tears out of the old cuticle and expands and hardens the new one'-*. During
the final larval molt of holometabolous insects this feat is especially complicated, since the newly forming cuticle
may have a shape that differs markedly from the prior one, including entirely new structures not present in lar-
vae such as wings, genitalia, and secondary sexual structures like horns*®. Packing these new structures within
the confined space of a smaller, larval cuticle is accomplished through precise patterns of cuticular furrows, or
folds. Although all insects must include some form of furrowing as they molt, and the details of this furrowing
process likely relate to the relative amounts of localized growth and the final size and form of adult structures,
the mechanisms regulating cuticular furrow formation are largely unexplored.

In male rhinoceros beetles, the exaggerated horn develops beneath the larval cuticle, first appearing during
a relatively short period of time (within 2 h) at pupation®. The horn primordia consists of a furrowed epithelial
cell sheet with soft new cuticle, located under the rigid older cuticle of the larval head capsule. At molting, the
primordium is unfurled to form its final 3D shape using fluid pressure from hemolymph, much like blowing up
a balloon. Remarkably, this transformation from a folded primordium to a fully extended horn does not require
any living cell activities®. This indicates that the information for the final 3D structure of the beetle horn is pat-
terned within the primordium by this time.

The horn primordium consists of a mushroom-like macro structure (hereafter “macro structure”) and surface
micro furrows (hereafter “micro furrows”)%” (Supplementary MovieS1, Supplementary Fig. S1). Both the macro
structure and micro furrows contribute to the final 3D shape of the beetle horn®’. In our previous study, we
showed that anisotropy of cell division contributes to macro structure formation, especially in the stalk region
of the mushroom-like structure®’. What remains unknown is the morphological, molecular and cytological
properties of the micro furrows, which are not well understood. In this study, we investigated genetic factors
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Figure 1. Relationship between body size and the morphology of the primordia. (a) The horns of pupae with
different body sizes (left: 18 g, right: 14 g). The larger beetle has the longer horn. (b) The primordia of the

horn from different body sizes (left: 18 g, right: 14 g). Both of the primordia have similar 2D furrow patterns
(concentric furrow patterns and stripe furrows between them), while the overall sizes of primordia are different.
The cap (top) regions of the primordia are indicated in red. The images were acquired by uCT scanning. (c)
Virtual frontal section images of horn primordia via uCT scanning. The mushroom-like macro structure can

be recognized regardless of body size. (d) Relationship between body size and the macro structure size, the
density of the furrows, and the depth of the furrows. For macro structure size the correlation coefficient was 0.83
(p<0.01), for furrow density the correlation coefficient was 0.59 (p <0.05), and for furrow depth, the correlation
coeflicient was not significant. In the smallest beetle (white plot: 8.95 g), obvious furrows could not be detected
so it was excluded from the analysis (n=19). Scale bar is 10 mm for (a), 1 mm for (b) and (c).

regulating the pattern of micro furrowing in the developing beetle head horn primordia, and linked them to
the final 3D structure of the horn. We focused on the cap region of the mushroom-like primordia because this
region is crucial for the four-pronged horn shape®®. The cap region in a horn primordium has four morphologi-
cal parameters: the (1) size of macro structure, and the (2) depth, (3) density and (4) 2D pattern (the direction
and shape) of the micro furrows. By specifying the precise pattern of cuticular folding, these parameters directly
determine the 3D shape of the adult horn. Our objective was to study how these four parameters are regulated.
First, we focused on size-dependent differences of the beetle horn to clarify which parameters are dependent
on body size and which are not. Second, we screened genes that produced RNAi-induced abnormal head horn
phenotypes to find genes which affect the primordial parameter(s) accounting for final horn shape.

Results and discussion

The depth of the furrow and 2D furrow pattern are independent of body size. Pupal beetle
horns are known to differ in length depending on body size, mainly due to growth conditions®'* (Fig. 1a).
The size of the four-pronged tip region of the horn also covaried with body size (Supplementary Fig. S2). We
investigated how the macro structure and micro furrows of the horn primordia contributed to variation in the
size of the tip region and whether these parameters fluctuated simultaneously or independently. We analyzed
the depth and density of furrows and mushroom-like macro structure size in different sized primordia because
these factors can change the horn size (Supplementary Fig. S3). We found that the depth of furrows was constant
regardless of the body size (Fig. 1c,d). The density of furrows was negatively correlated with body size, but its
correlation coefficient was moderate (Fig. 1c,d) or did not correlate in some areas (Supplementary Fig. S4 and
S5). On the other hand, the macro structure size of the primordium was strongly correlated with body size
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(Fig. 1c,d, Supplementary Fig. S4). This tendency (constant furrow depth, weak or no correlation of furrow den-
sity and strong positive correlation of macro structure) was also observed other regions of the horn primordium
(Supplementary Fig. S4 and S5).

We also observed primordial surface 2D furrow patterns among different body sized animals. Specifically, we
compared the surface furrow pattern (a pair of concentric-like furrows pattern) in both small and large larval
primordia (Fig. 1b). These data suggested that size-dependent morphological change in horns is primarily con-
trolled by changing the size of the macro structure, rather than the depth of the primordium furrows.

The Notch and cyclinE genes contribute to the control of furrow depth and 2D furrow pat-
tern, respectively. Our observations suggested that the depth and 2D patterns of the furrows are strictly
regulated independently of body size. Hence, we next searched for the gene(s) involved in controlling furrow
depth and 2D pattern. Methodology for use of RNAi is well established for beetles'**, and horn shape can be
changed by specific gene knockdown'?!*~'8. We analyzed six candidate genes (Notch<N>, CyclinE< CycE>,
dachsous < ds>, mushroom body defect < mud>, Optix < Optix >, Retinal Homeobox <rx>), each already known
to affect horn shape”'>'7, using RNAI to see how they affected the furrows on the horn primordia.

Although we found several differences in primordium development in RNAi animals, we focused especially
on N RNAi and CycE RNAi because these two changed the depth and 2D pattern of furrows (Fig. 2a) more drasti-
cally than did the other candidate genes. N RNAi significantly decreased the depth of furrows relative to controls
(egfp RNAI) in almost all measured regions of the primordium (Fig. 2b,c, Supplementary Fig. S7), except for a
pair of specific furrows (Fig. 2b red arrowhead). In addition to decreasing furrow depth, macro structure size
and the furrow density were increased in N RNAi beetles (Fig. 2¢, Supplementary Fig. S7). We then manually
extended the primordia to investigate the influence of changes in furrow depth on the final horn shape, because
none of the N RNAI larvae survived until pupation. We found that in these manually extended horns the center
groove and side groove were missing, and the shape of the horn tips were similar to the centroclinal primordial
shape (Fig. 2d). On the other hand, CycE RNAi changed the 2D furrow pattern (from concentric-like to zigzag-
like) (Fig. 2a, Supplementary Fig. S8) and the resulting pupal horn shape (the center groove became shallower)
(Fig. 2e), while the macro structure size, and the density and depth of the furrows were not affected (Fig. 2b,c,
Supplementary Fig. S7).

Recently, the contribution of Notch signaling to horn formation was also demonstrated in a dung beetle,
Onthophagus taurus®. Our result is consistent with this, and we have found that Notch plays an important role in
determining the final horn shape via regulating primordial furrow depth. In addition to the depth of the furrows,
the density of the furrows and macro structure size of the primordia were also affected by N RNAi. Considering
that the macro structure size and the density of the furrow can vary depending on body size (Fig. 1c,d), while
the furrow depth did not, it is assumed that N RNAi has a direct effect on the depth of the furrow (i.e. the furrow
density increasing in N RNA| likely to be a byproduct of the effect on furrow depth).

As for the relationship between the morphology of the primordium and pupal horn in N RNAj, it is sug-
gested that the change of the depth of furrows causes the change of the final horn shape. Also, in CycE RNA, it is
presumed that the change of 2D furrow pattern causes the change of the pupal horn shape, because the different
2D furrow patterns can be extended to variable 3D structures®. These results strongly indicate that both furrow
depth and 2D furrow pattern are important parameters affecting final horn shape, but that they are regulated
independently.

The Notch and CyclinE genes contribute to the control of frequency and localization of mito-
sis, respectively. Next, in order to investigate the relationship between cell division and 2D furrow pattern
and furrow depth, we analyzed the orientation, frequency and localization of cell division in the mushroom-
shaped cap region (Fig. 3a) among control, N RNAi and CycE RNAi primordia.

In all of the experimental groups, including the control, there was no clear anisotropy of cell division in any
measured region of the primordial cap (Fig. 3b,c, Supplementary Fig. S9). Thus, region-specific anisotropy of
cell division is not likely to be involved in furrow depth control and region-specific 2D furrow patterns. On
the other hand, in control primordia, a specific localization pattern of mitosis was observed among the regions
(Fig. 3d). The frequency of mitosis in the right and left parts were twice as high as in the other parts (Fig. 3d). In
N RNAI, total mitosis was decreased in all of the measured regions, while its distribution pattern was not changed
(Fig. 3d). In CycE RNALI, the specific localization pattern of cell division was disturbed. That is, the frequency of
mitosis in the right and left parts of the primordium was decreased, which resulted in a uniform distribution of
mitosis across the regions (Fig. 3d).

A number of studies have reported that Notch contributes to cell proliferation in insect development (i.e.
labrum of Tribolium castaneum, the eye and the wing of Drosophila melanogaster)**-?*. Hence, in beetle horn
development, Notch is also assumed to contribute to cell proliferation. However, the relationship between the
frequency of mitosis and the depth of the primordial furrow is still unknown. Notch signaling is also well
known to contribute to joint formation in insects®*. The mechanism of furrow formation may be similar to joint
formation because both of them include the folding of epithelial cell sheets*. In the future, research about joint
formation may provide avenues to further understand furrow formation.

As can be seen from nuclei staining images, the fluorescence intensity of Hoechst was higher in specific areas
of control and N RNAi horn primordia (Fig. 3a, yellow circle), but this fluorescence pattern was not detected in
CycE RNAi. This means these brighter areas contained more cells in the S/G2 phase of the cell cycle because the
fluorescence intensity of Hoechst is dependent on ploidy. The CycE gene is involved in the progression of the cell
cycle, especially the transition from G1 to S phase?. Hence, it assumed that CycE RNAIi decreased mitosis in a
specific area. The region where the frequency of cell division was disturbed in CycE RNAi and the region where
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«Figure 2. RNAI analysis show that the Notch and CyclinE genes contribute to control of furrow depth and 2D
furrow pattern, respectively. (a) Comparison of the depth and surface 2D pattern (concentric-like pattern) of
the horn primordia between control and six different RNAi treatments. The 2D furrow patterns inside of the
primordial top region were compared. N RNAi decreases the depth of the furrow and CycE RNAi disturbed
the concentric-like 2D furrow pattern. (b) Comparison of the frontal section of the head just before pupation
in control and N RNAi and CycE RNAi. The red arrowheads show the specific deeper furrows detected in N
RNAI. (c) Quantitative data of the macro structure size and the density and the depth of the furrow (asterisk
means P<0.05) (n=7, 5, 6 for negative control, N RNAi, CycE RNAI, respectively; however the furrows were too
shallow to measure in one N RNAi so that n=4 for furrow depth and density). (d) Pupal horn shape phenotypes
between control and N RNAi. Two different individuals were shown in both of control and N RNAi. Marked
differences of center groove depth were highlighted by yellow dashed line. (¢) Comparison of the pupal horn
shape between control and CycE RNAi. Marked differences of center groove depth were highlighted by red
arrows. Scale bar indicates 1 mm for (b), 5 mm for (d) and (e).

the 2D furrow pattern (concentric-like pattern) was disturbed in CycE RNAi were identical, suggesting that the
cell division distribution pattern can affect the 2D furrow pattern. Although the developmental link between
the cell division distribution and final 2D furrow pattern is still unknown, one of the possibilities is that specific
mechanical stress caused by differences of cell division frequency may determine the direction of furrows.

Conclusion

In this study, we revealed that morphological parameters (macro structure and micro furrow 2D pattern and
depth) in the horn primordia were controlled by different mechanisms. That is, macro structure size is controlled
in a body-size dependent manner while micro furrow depth and 2D pattern are not. The depth and 2D pat-
tern of micro furrows are controlled independently via Notch signaling and CyclinE-dependent mechanisms,
respectively (Fig. 4). Any one of these morphological parameters can be changed independently, which then
alters the final 3D horn shape as well.

Material and methods

Insects. The beetle larvae were purchased and kept according to our previous studies®. Briefly, commercially
purchased last instar (third instar) larvae of the Asian rhinoceros beetle Trypoxylus dichotomus were kept indi-
vidually in 1 L or 800 mL plastic bottles filled with rotting wood flakes at 10-15 °C to suspend their development.
Larvae were moved to 25 °C to restart their development before the experiments and/or observations. Bottles
were checked daily in order to record the initial date of pupal chamber formation. We defined Day 1 as the first
day when the pupal cell was clearly recognized. Most male prepupae pupated at Day 8, therefore we used Day
8 horn primordium with brownish color (a sign of sclerotization) as fully developed ones. Pupae and prepupae
were weighed before each experiment. We used 7.28 to 18.05 g pupae and 8.95 to 21.30 g prepupae for detecting
size-dependent parameters (Fig. 1). For RNAi gene knockdown and subsequent RNAi-induced horn primordia
phenotype analyses, we used a range of pupae from 13.66 to 23.35 g.

Analysis of pupal horn morphology. Pupal horns were photographed using a digital camera (MZ16FA,
Leica, Germany). The inflection point was used as a landmark and the length was measured (Supplementary
Fig. S2) using Fiji (Image J). For the length of the side groove and cap side stalk, both sides (right and left) were
measured and averaged.

Degradation of inner structure of the primordia. The primordia have an inner structure containing
muscle, tracheae and body fluid in addition to cuticle. To observe cuticular structure clearly, we degraded the
inner tissue by incubating overnight with 10% KOH solution at 60 “C followed by washing with DDW and dehy-
dration with ethanol. The dehydrated sample was soaked with t-butanol and freeze-dried. The sample was used
for uCT observation and expansion experiments to observe the final horn shape of notch RNAi.

Manual extension of horn primordia.  As none of N RNAi larvae survived until pupation, we conducted
manual extension of the primordia to investigate the pupal horn phenotype. We dissected out fully developed
horn primordia from Day 8 prepupae and treated them with 10% KOH to degrade internal tissues. Then, horn
primordia were manually extended with forceps. The top region of the primordia, where we mainly focused, was
easy to extend. We stably observed the four-pronged horn phenotype in control horns and horns with shallower
groove phenotypes resulting from N RNAi. On the other hand, it was difficult to fully extend the stalk region of
the primordia (cylindric region, determining the length of the horn). Thus, we did not mention the length of the
horn due to possibility of artifact.

MCT scanning. Prepupae were anesthetized on ice and frozen using liquid nitrogen. The frozen samples were
truncated by sawtooth. The truncated heads were dried using a freeze-drying system (FZ-2.5, Asahi Life Science,
Japan) over 7 h. Then the dried samples were scanned using a micro-CT scanner (Skyscan1172, Bruker, USA)
following the manufacture’s instruction. The X-ray source ranged from 40 kV, and the datasets were acquired at
a resolution of 9 um/pixel. The stacks of transverse sections were reconstructed from primary shadow images
using SkyScan software NRecon (version 1.7.1.0, Bruker, USA). From these image stacks, 3D volume-rendered
images were constructed using SkyScan software CT Vox (version 1.5.4.0, Bruker, USA). Skyscan softwares were
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Figure 3. Analysis of cell division of the primordia. (a) Plot of the orientation and the localization of cell
division in control and N RNAi and CycE RNAi. Each white line indicates one dividing cell. Direction of

white line shows the orientation of cell division at that point. Yellow circles show the area of high intensity of
Hoechst fluorescence. (b) The area of measured cell division. Five regions were determined by using a pair of
characteristic crescent shape furrows as landmarks. This furrow stably formed as the first furrow in all of the
analyzed primordia (Supplementary Figure S10). (c) Plot of the percentage of the orientation of cell division in
five areas of the primordia. Significant change of cell division orientation was not detected (n =5, for negative
control). The results for RNAi are shown in Supplementary Figure S9. (d) Quantification of frequency of cell
division in five areas of the primordia. In control and N RNAI, the frequency of mitosis in the right and left
parts were twice as high as in the other parts. N RNAi decreased the number of cell divisions in all areas of the
primordia. CycE RNAi decreased cell division only in both of the side areas of the primordia. Single asterisk (*)
indicates significant (P <0.05) difference between the primordia areas in each RNAI treatment. Double asterisk
(**) indicates the statistical significance comparing the same area of primordia between N or CycE RNAi and
negative controls (n=>5, 4, 5 for negative control, N RNAi, CycE RNAi, respectively). Scale bar indicates 1 mm
for (a).

downloaded from manufacture’s website (https://www.bruker.com/products/microtomography/micro-ct-softw
are/3dsuite.html).

Analysis of the horn primordium morphology. The equal-section images were obtained using land-
marks such as the points changing furrow direction and inflection points of macro structures (Supplementary
Fig. S6) using SkyScan software DataViewer (version 3.3.0 r1403, Bruker, USA). First, the length of the cap
region of the mushroom-like macro structure of the section images was measured. Then the density of furrows
was calculated from the number of furrows per the length of measured region. The average depth of individual
furrows was calculated from the depth of all furrows in the measured region. All data were measured using Fiji
(Image J). Also, in the bottom region of the mushroom-like macro structure, the same analysis was conducted.

Nuclei staining. Nuclei staining and observation was performed as previous study’. Briefly, prepupal heads
were fixed PFA for 2 days at 4 “C and then horn primordia were dissected under a binocular microscope. The
dissected primordia were washed with PBS for three times and incubated at room temperature for 60 min with
Hoechst 33342 (1:1000, Invitrogen) in blocking solution (1% BSA). After three PBS washes, primordia were
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Figure 4. Summary of beetle horn development via “folding and extension”. In the “folding and extension” seen
in beetle horn development, the final 3D shape has been already prefigured when the folding process is done. In
this study, we demonstrated that the folding process can be divided into (1) macro structure formation and (2)
micro furrow formation. Micro furrow formation can be further divided into depth regulation and 2D pattern
formation via Notch and CyclinE control, respectively.

mounted on a glass slide and covered with a glass cover slip. Fluorescent images were observed and recorded
with a confocal laser scanning microscope (LSM-780; Carl Zeiss, Jena, Germany).

Analysis of cell division. Dissected cap area tissue from developing horn primordia at prepupal Day 4 were
stained by Hoechst because the timing is just before formation of many micro furrows (Supplementary Fig. S10)
and cell division occurs frequently during this time. All of the dividing cells and the angle of each division of
the primordia were measured using Fiji (Image J)*°. The five regions (center, upper, lower, left, and right) were
determined based on a pair of crescent-shape furrows.

Statistical analysis. The morphological parameters, the number and the angle of cell division in Ctrl, N
RNAI, CycE RNAI were conducted in one-way analysis of variance (ANOVA test) followed by the Dunnet test
using R console to compare the difference to controls. In this comparison, the number and angle of cell division
in each region of N RNAi or CycE RNAi primordia (1, 2, 3, 4, 5 in Fig. 3b) were compared to the corresponding
region of negative control primordia. For comparing the number and the angle of cell division among regions
in each RNAi treatment, multiple comparison analyses were carried out using one-way ANOVA followed by
Tukey’s honest significant difference test.

Gene knockdown via RNAi. We searched for the ortholog mRNA sequence from the RNAseq database
of T. dichotomus (PRJDB6456) using D. melanogaster sequences as a query via the tblastn program?. Amplifica-
tion of target gene sequence for making template, synthesis of dsSRNA and injection for RNAi were performed as
described in our previous study’. 5 ug of dsRNA of each target gene was injected into late 3rd instar larvae. The
primer sequences for amplifying target gene sequence were listed in Supplementary Table S1.

Data availability

There are no datasets for this manuscript to share via public repository.

Received: 27 May 2020; Accepted: 6 October 2020
Published online: 29 October 2020

References
1. Riddiford, L. M., Hiruma, K., Zhou, X. & Nelson, C.A. Insights into the molecular basis of the hormonal control of molting
and metamorphosis from Manduca sexta and Drosophila melanogaster. Insect. Biochem. Mol. Biol. 33, 1327-1338, https://doi.
0rg/10.1016/j.ibmb.2003.06.001 (2003)
2. Truman, J.W. The evolution of insect metamorphosis. Curr. Biol. 29, 1252-1268, https://doi.org/10.1016/j.cub.2019.10.009 (2019)

Scientific Reports |

(2020) 10:18687 | https://doi.org/10.1038/s41598-020-75709-y nature research


https://doi.org/10.1016/j.ibmb.2003.06.001
https://doi.org/10.1016/j.ibmb.2003.06.001
https://doi.org/10.1016/j.cub.2019.10.009

www.nature.com/scientificreports/

3. Truman, J. W. & Riddiford, L. M. Endocrine insights into the evolution of metamorphosis in insects. Annu. Rev. Entomol. 47,
467-500, https://doi.org/10.1146/annurev.ento.47.091201.145230 (2002)

4. Chapman, R. E. The Insects: Structure and Function. (Cambridge University Press, 1998).

5. Snodgrass, R. E. Principles of Insect Morphology. (Cornell University Press, 1993).

6. Matsuda, K. et al. Complex furrows in a 2D epithelial sheet code the 3D structure of a beetle horn. Sci. Rep. 7, 13939. https://doi.
0rg/10.1038/s41598-017-14170-w (2017).

7. Adachi, H. et al. Anisotropy of cell division and epithelial sheet bending via apical constriction shape the complex folding pattern
of beetle horn primordia. Mech. Dev. 152, 32-37. https://doi.org/10.1016/j.m0d.2018.06.003 (2018).

8. Emlen, D.]., Corley Lavine, L. & Ewen-Campen, B. On the origin and evolutionary diversification of beetle horns. Proc. Natl. Acad.
Sci. USA 104, 8661-8668, https://doi.org/10.1073/pnas.0701209104 (2007).

9. Emlen, D.]. & Nijhout, H. F. Hormonal control of male horn length dimorphism in the dung beetle Onthophagus taurus (Coleop-
tera : Scarabaeidae). J. Insect Physiol. 45, 45-53. https://doi.org/10.1016/s0022-1910(98)00096-1 (1999).

10. Johns, A., Gotoh, H., McCullough, E. L., Emlen, D. J. & Lavine, L. C. Heightened condition-dependent growth of sexually selected
weaponsin the rhinoceros beetle, Trypoxylus dichotomus (Coleoptera: Scarabaeidae). Integr. Comp. Biol. 54, 614-621. https://doi.
0rg/10.1093/icb/icu041 (2014).

11. Warren, I. A. et al. Insights into the development and evolution of exaggerated traits using de novo transcriptomes of two species
of horned scarab beetles. PLoS ONE 9, e88364. https://doi.org/10.1371/journal.pone.0088364 (2014).

12. Emlen, D. ., Warren, I. A, Johns, A., Dworkin, I. & Lavine, L. C. A mechanism of extreme growth and reliable signaling in sexually
selected ornaments and weapons. Science 337, 860-864. https://doi.org/10.1126/science.1224286 (2012).

13. Tomoyasu, Y. & Denell, R. E. Larval RNAi in Tribolium (Coleoptera) for analyzing adult development. Dev. Genes Evol. 214,
575-578. https://doi.org/10.1007/s00427-004-0434-0 (2004).

14. Angelini, D. R,, Smith, E. W. & Jockusch, E. L. Extent with modification: Leg patterning in the beetle Tribolium castaneum and the
evolution of serial homologs. G3-Genes Genomes Genetics 2, 235-248, https://doi.org/10.1534/g3.111.001537 (2012).

15. Ohde, T. et al. Rhinoceros beetle horn development reveals deep parallels with dung beetles. PLOS Genet. 14, €1007651. https://
doi.org/10.1371/journal.pgen.1007651 (2018).

16. Tto, Y. et al. The role of doublesex in the evolution of exaggerated horns in the Japanese rhinoceros beetle. EMBO Rep. 14, 561-567.
https://doi.org/10.1038/embor.2013.50 (2013).

17. Hust, J. et al. The Fat-Dachsous signaling pathway regulates growth of horns in Trypoxylus dichotomus, but does not affect horn
allometry. J. Insect Physiol. 105, 85-94. https://doi.org/10.1016/j.jinsphys.2018.01.006 (2018).

18. Gotoh, H. et al. The Fat/Hippo signaling pathway links within-disc morphogen patterning to whole-animal signals during phe-
notypically plastic growth in insects. Dev. Dyna. 244, 1039-1045. https://doi.org/10.1002/dvdy.24296 (2015).

19. Crabtree, J. R., Macagno, A. L. M., Moczek, A. P,, Rohner, P. T. & Hu, Y. Notch signaling patterns head horn shape in the bull-headed
dung beetle Onthophagus taurus. Dev. Genes Evol. 230, 213-235. https://doi.org/10.1007/s00427-020-00645-w (2020).

20. Baonza, A. & Garcia-Bellido, A. Notch signaling directly controls cell proliferation in the Drosophila wing disc. Proc. Natl. Acad.
Sci. USA 97, 2609-2614. https://doi.org/10.1073/pnas.040576497 (2000).

21. Kenyon, K. L., Ranade, S. S., Curtiss, J., Mlodzik, M. & Pignoni, F. Coordinating proliferation and tissue specification to promote
regional identity in the Drosophila head. Dev. Cell 5, 403-414. https://doi.org/10.1016/s1534-5807(03)00243-0 (2003).

22. Siemanowski, J., Richter, T., Dao, V. A. & Bucher, G. Notch signaling induces cell proliferation in the labrum in a regulatory network
different from the thoracic legs. Dev. Biol. 408, 164-177. https://doi.org/10.1016/j.ydbio.2015.09.018 (2015).

23. de Celis, J. E, Tyler, D. M., de Celis, J. & Bray, S. J. Notch signalling mediates segmentation of the Drosophila leg. Development
125, 4617-4626 (1998).

24. Cordoba, S. & Estella, C. The transcription factor Dysfusion promotes fold and joint morphogenesis through regulation of Rhol.
PLOS Genet. 14, €1007584. https://doi.org/10.1371/journal.pgen.1007584 (2018).

25. Edgar, B. A. & Lehner, C. E. Developmental control of cell cycle regulators: A fly’s perspective. Science 274, 1646-1652. https://doi.
org/10.1126/science.274.5293.1646 (1996).

26. Schindelin, J. et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 9, 676-682. https://doi.org/10.1038/
nmeth.2019 (2012).

27. Morita, S. et al. Precise staging of beetle horn formation in Trypoxylus dichotomus reveals the pleiotropic roles of doublesex
depending on the spatiotemporal developmental contexts. PLOS Genet. 15, e1008063. https://doi.org/10.1371/journal.pgen.10080
63 (2019).

Acknowledgements

We thank Dr. Shinichi Morita (National institute of basic biology, Japan) for the helpful discussion about N RNAi
phenotype and his helpful comments on the manuscript. We also appreciate Drs. Laura Lavine, Dr. Mark Lavine
(Washington State Univ.) and Dr. Doug Emlen for their comments and English correction on the manuscript.
This research was supported in part by MEXT KAKENHI Grant Number 15H05864 (to HG and SK), 16H01452
(to TN), 18H04766 (to TN), 20J10841(to HA) and "Program for Leading Graduate Schools" of the Ministry of
Education, Culture, Sports, Science and Technology, Japan (to HA). KM, HA and HG were supported by the
Osaka University Medical Doctor Scientist Training Program, Grant-in-Aid for JSPS Fellows (DC2) and post-
doctoral fellowship from the National Institute of Genetics (NIG postdoc), respectively.

Author contributions

Conceptualization: H.A., S.K., H.G. Resources: H.A., KM., T.N., H.G. Methodology: H.A., KM., H.G. Fund-
ing acquisition: H.A., TN, S.K,, H.G. Formal analysis: H.A. Investigation: H.A., H.G. Supervision: S.K., H.G.
Visualization: H.A., H.G. Writing—original draft: H.A., H.G. Writing—review & editing: All authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-75709-y.
Correspondence and requests for materials should be addressed to H.G.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2020) 10:18687 | https://doi.org/10.1038/s41598-020-75709-y nature research


https://doi.org/10.1146/annurev.ento.47.091201.145230
https://doi.org/10.1038/s41598-017-14170-w
https://doi.org/10.1038/s41598-017-14170-w
https://doi.org/10.1016/j.mod.2018.06.003
https://doi.org/10.1073/pnas.0701209104
https://doi.org/10.1016/s0022-1910(98)00096-1
https://doi.org/10.1093/icb/icu041
https://doi.org/10.1093/icb/icu041
https://doi.org/10.1371/journal.pone.0088364
https://doi.org/10.1126/science.1224286
https://doi.org/10.1007/s00427-004-0434-0
https://doi.org/10.1534/g3.111.001537
https://doi.org/10.1371/journal.pgen.1007651
https://doi.org/10.1371/journal.pgen.1007651
https://doi.org/10.1038/embor.2013.50
https://doi.org/10.1016/j.jinsphys.2018.01.006
https://doi.org/10.1002/dvdy.24296
https://doi.org/10.1007/s00427-020-00645-w
https://doi.org/10.1073/pnas.040576497
https://doi.org/10.1016/s1534-5807(03)00243-0
https://doi.org/10.1016/j.ydbio.2015.09.018
https://doi.org/10.1371/journal.pgen.1007584
https://doi.org/10.1126/science.274.5293.1646
https://doi.org/10.1126/science.274.5293.1646
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1371/journal.pgen.1008063
https://doi.org/10.1371/journal.pgen.1008063
https://doi.org/10.1038/s41598-020-75709-y
www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports|  (2020) 10:18687 | https://doi.org/10.1038/s41598-020-75709-y natureresearch


http://creativecommons.org/licenses/by/4.0/

	Genetical control of 2D pattern and depth of the primordial furrow that prefigures 3D shape of the rhinoceros beetle horn
	Results and discussion
	The depth of the furrow and 2D furrow pattern are independent of body size. 
	The Notch and cyclinE genes contribute to the control of furrow depth and 2D furrow pattern, respectively. 
	The Notch and CyclinE genes contribute to the control of frequency and localization of mitosis, respectively. 

	Conclusion
	Material and methods
	Insects. 
	Analysis of pupal horn morphology. 
	Degradation of inner structure of the primordia. 
	Manual extension of horn primordia. 
	µCT scanning. 
	Analysis of the horn primordium morphology. 
	Nuclei staining. 
	Analysis of cell division. 
	Statistical analysis. 
	Gene knockdown via RNAi. 

	References
	Acknowledgements


