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Although hybridization may complicate taxonomic practices, it can be common between animal species. 
Animal hybridization not only can help with generating phenotypic and species diversity in nature, but 
also with understanding the genetic and genomic basis of phenotypic evolution in the laboratory. We 
assessed the genetic composition of captive bred F1 hybrids between two Hercules beetle species using 
mitochondrial CO1 and nuclear loci from a double-digest restriction-site associated DNA sequencing 
(ddRADseq) library. We showed that the F1 hybrids were genetically clustered with samples from the 
maternal species, D. grantii, based on CO1 data. Nuclear genome data, on the other hand, clearly showed 
that the F1 individuals were genetically intermediate between D. maya, the paternal species, and D. 
grantii, based on a principal component analysis. Our results also revealed that sampling design may 
have a major impact on the inferred genetic structure and hybrid individuals using ddRADseq data sets. 
We discuss the importance and potential from studying the genomics of this hybrid progeny in terms of 
understanding the origin and maintenance of both intraspecific and interspecific phenotypic divergence 
and convergence. 
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BACKGROUND

Hybridization and the production of viable and 
fertile offspring between animal species has been 
a subject of particular interest and debate among 
evolutionary biologists. The subject is contentious 
because it complicates the biological species concept 
in animal systematics (Mayr 1942; Wilson and Brown 
1953; Mallet 2008 2020; Burbrink et al. 2022). 
Specifically, a successful hybridization between species 
indicates the incompleteness of hybrid sterility; thus 
their reproductive isolation may not be viewed as 
complete to some taxonomic practitioners (Wilson 
and Brown 1953; Huang 2020; Burbrink et al. 2022). 
However, beyond the taxonomic semantics (Burma 

1949; Mayr 1949; Simpson 1951), hybridization 
between animal species could be common in nature and 
can even promote subsequent speciation and adaptation 
(Wu 2001; Nosil 2008; Stelkens et al. 2009; Hedrick 
2013; Meier et al. 2017; Edelman et al. 2019). More 
importantly, to understand the origin of phenotypic 
novelty, and thus the emergence and maintenance 
of the diversity of life forms, hybridization between 
phenotypically divergent closely related species has 
been an essential tool to create genetic and phenotypic 
chimeric individuals to help associate phenotypes with 
genotypes (True et al. 1997; Tobler et al. 2005; Stelkens 
et al. 2009; Linnen et al. 2018).

The Hercules beetles (Dynastes MacLeay 1819, 
Coleoptera; Scarabaeidae) show remarkable phenotypic 
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variation across species, where the variation has 
been hypothesized to be adaptive (particularly the 
body coloration and the male horn shape; Hinton and 
Jarman 1973; Jarman and Hinton 1974; Morón 1987; 
McCullough et al. 2014; Huang and Knowles 2016; 
Huang 2016). The adaptive phenotypic variation 
observed among species can even be found within 
a species (Morón 1987; Moctezuma and Sánchez-
Huerta 2018). For example, a dark body coloration 
phenotype has been found to be associated with a 
Neotropical forest habitat in D. maya (Huang 2016), 

while a light color phenotype has been hypothesized to 
match the greyish color tree trunks in a pine-oak forest 
(e.g., Moctezuma and Sánchez-Huerta 2018; García-
Morales et al. 2022). The repeated evolution of dark 
versus greyish body coloration has not only occurred 
across closely related species (e.g., between D. grantii 
and D. maya; Fig. 1), but also between populations 
within the same species (e.g., within D. hyllus; Morón 
1987; 2009). The ability to generate hybrid progeny 
between species of distinct phenotypes will help with 
understanding the genetic basis associated with both 

Fig. 1.  The parental beetles and exemplar hybrid F1 offspring. (A) The paternal sample, a male D. maya, of the hybrid progeny. (B) Copulation 
between the paternal D. maya and a female D. grantii. (C) and (D) Lateral and dorsal views of a newly emerged male F1 hybrid. (E) and (F) Lateral 
and dorsal view of the same male F1 hybrid after feeding. The body coloration changed according to the environmental humidity and after feeding. (G) 
A pure-bred female D. grantii (lower-right; red arrow) and two hybrid F1 females.
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intra and inter specific divergences (Linnen et al. 2018). 
We thus chose (1) D. maya with dark body coloration 
and a unique fan shape cephalic horn denticle on adult 
males (Fig. 1A) and (2) D. grantii with light body 
coloration as progenitors to create hybrid progeny.

Animal hybridization and the maintenance of 
viable and fertile progeny can be challenging because 
incompatibility may have, at least partially, developed 
during the divergence process. For example, prezygotic 
isolation has been shown to develop more rapidly 
between sympatric species than between allopatric 
species (reinforcement; Coyne and Orr 1989; Stelkens 
et al. 2009; Turelli et al. 2014). To avoid pre- and 
postzygotic reproductive isolation when creating 
hybrid progeny, the choice of allopatric parental 
species, or populations, may lead to a higher success 
rate of producing viable and fertile progeny (Jennings 
et al. 2014; Castillo 2017). Hence, in our hybrid 
progeny experiment, we selected allopatric parental 
samples. Specifically, we selected a male of D. maya 
from Chiapas, Mexico, and two wild-caught females 
of D. grantii from Payson, Arizona, USA. These 
geographic populations of Dynastes beetles do not 
have any other Dynastes species living in their close 
proximity, and thus we would not expect reinforcement 
to have evolved. Indeed, the beetle paired and mated 
immediately, and viable F1 were successfully created.

In this study, we used a mitochondrial locus and 
genome-wide sequence variation data to study the 
genetic affinity of seven adult F1 beetles that emerged in 
2021 (the F1 beetle eggs were produced in 2019). The 
mitochondrial genome is maternally inherited in insects 
and the use of a mitochondrial locus can help us verify 
the maternal origin of the putative hybrids (Dong et al. 
2021). Nuclear genetic data, especially genomic data, 
have been demonstrated to be effective in identifying 
hybrid individuals in recent studies (e.g., Malinsky et al. 
2018). We did not apply the conventional approach of 
using microsatellites to detect hybrids because a set of 
microsatellite markers is currently not available for the 
Dynastes beetle system; restriction site-associated DNA 
sequencing represents a better alternative and cost-
effective approach (Andrews et al. 2016). Furthermore, 
there are more advanced analyses to detect genetic 
nuances showing the evolutionary relationships among 
individuals (e.g., RADpainter analysis; Malinsky et al. 
2018) that cannot be applied to microsatellite data. We 
specifically tested (1) whether the maternal genealogy 
of the F1 adults belongs to D. grantii, (2) whether the 
genomic composition of the F1 samples reveals a mixed 
origin between D. maya and D. grantii, and (3) how 
robust the analytical tools are to detect hybrids and their 
parental species when different sampling strategies are 
employed.

MATERIALS AND METHODS

Beetle Samples and DNA extractions

A captive-bred adult male of D. maya (Fig. 
1A), originally from Chiapas, Mexico, and two wild-
caught females of D. grantii (Fig. 1B), originally from 
Payson, Arizona, were used to create hybrid progeny 
in October, 2019. The hybrid offspring were fed with 
commercially available larval growing medium (Beetle 
Breeding Mat PRO, Fujikon). Seven adult beetles from 
this hybrid experiment, three males and four female 
emerged in June, 2021 and became active feeding 
and mating in July, 2021 (Fig. 1C–G). The F1 hybrid 
adult beetles also mated randomly with each other 
and successfully produced viable F2 offspring. The F2 
larvae are currently at the third instar stage (kept in an 
Insect rearing room with a constant temperature [22°C] 
at Academia Sinica). 

The paternal sample of D. maya was dissected 
with tissue samples preserved in a cryo-freezer (-80°C) 
in the BEECHEN lab at the Biodiversity Research 
Center, Academia Sinica. We failed to preserve the 
maternal samples because the beetles disintegrated soon 
after laying eggs. The seven adult F1 hybrid samples 
were dissected with the tissues stored in absolute 
ethanol in a cryo-freezer. Three voucher specimens, one 
male and two females, were curated in the BEECHEN 
lab at Academia Sinica. Four additional specimens, two 
males and two females, were vouchered in a personal 
collection (Mr. William H. Reynolds). Genomic DNAs 
for the paternal D. maya sample and the seven adult 
F1 hybrids were extracted using the DNeasy Blood 
& Tissue Kits (Qiagen) following the manufacturer’s 
instructions.

Amplifying and Sequencing Mitochondrial CO1

We amplified the DNA barcoding region of the 
mitochondrial cytochrome c oxidase subunit 1 (CO1) 
for the seven F1 hybrid individuals with the primer 
pair LCO1490 and HCO2198 (Folmer et al. 1994). The 
polymerase chain reaction (PCR) was performed in a 
total volume of 25 μL using PuReTaq Ready-To-Go 
PCR Beads (GE Healthcare), with the following PCR 
profile: initial denaturation at 94°C for 2 min, followed 
by 35 cycles of denaturation at 94℃ for 20 seconds, 
annealing at 50℃ for 40 seconds, and extension at 
72℃ for 45 seconds. The final extension step was set 
to 72°C for 10 min. We used NautiaZ Gel/PCR DNA 
Purification Mini Kit (Nautia Gene, Taipei, Taiwan) 
to clean-up PCR products. The purified PCR products 
were sequenced using the above-mentioned primer 
set by the Institute of Biomedical Sciences, Academia 
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Sinica. 

Phylogenetic Analyses Using Mitochondrial CO1

In addition to our newly obtained CO1 sequences 
from the seven hybrid individuals, we retrieved 
additional CO1 sequences from the paternal D. maya 
sample (Morgan et al. 2022) and samples from other 
closely related species (Huang and Knowles 2016). The 
information about the samples is listed in table 1. The 
CO1 sequences were aligned using MUSCLE (Edgar 
2004) implemented in SEAVIEW (version 5; Gouy 
et al. 2021). The CO1 sequence alignment saved in 
phylip format was uploaded into the online PhyML web 
server (http://www.atgc-montpellier.fr/phyml/) for a 
phylogenetic analysis (Guindon et al. 2010). We selected 
the Smart Model Selection (SMS) in the Automatic 
model selection panel in PhyML without a priori 
estimation and specification of molecular evolutionary 
models before reconstructing a maximum likelihood 
phylogeny (Lefort et al. 2017). We further specified to 
use 1000 bootstrap replications for estimating branching 
supports.

Genomic Library Preparation and Processing

The genomic DNA from the seven F1 hybrid 
individuals and the paternal D. maya sample was 
processed into one double-digest restriction-site 

associated DNA sequencing (ddRADseq) genomic 
library (Peterson et al. 2012). We firstly digested the 
DNA with restriction enzymes MseI and EcoRI (New 
England Biolabs) and then ligated the DNA fragments 
of each individual with Illumina adaptors including 
unique 7-bp barcodes. We subsequently amplified the 
fragments individually using PCR with 12 cycles using 
the iProof High-Fidelity DNA polymerase (Bio-Rad). 
The amplified products were quantified individually 
using Qubit (ThermoFisher Scientific) and then pooled 
according to their DNA concentration. We used a Pippin 
Prep machine (Sage Science) to select the fragment 
size ranging from 350 to 450 bp from the pooled DNA 
library (cf. Huang 2016), and then the size-selected 
DNA library was sequenced on an Illumina MiSeq 
platform (150-bp single-end) at the Biodiversity 
Research Center Sequencing Core, Academia Sinica 
(Taipei, Taiwan).

We used ipyrad (version 0.9.62; Eaton and 
Overcast 2020) to demultiplex the raw reads (step 
1) generated from the Illumina MiSeq run. Before 
further processing and assembling the ddRADseq loci, 
we retrieved 12 additional data sets from four White 
Hercules beetle species (table 2; Huang 2016; 2019). 
Specifically, six D. grantii (the maternal species of 
the F1 hybrids), two D. hyllus (sister species to D. 
grantii; Huang and Knowles 2016; Huang 2017), one 
D. maya (an additional sample of the paternal species), 
and three D. moroni (sister species to D. maya; Huang 
and Knowles 2016; Huang 2017) were included in this 
study. The retrieved individuals from the same species 
were from different geographic origins, except D. 
moroni. The ipyrad settings for filtering and assembling 
the loci de novo are listed here: minimum read depth 
for statistical base calling and majority rule base 
calling was set to 6, the maximum of low quality base 
calls allowed in a read was 5, the clustering threshold 
of sequencing similarity was set to 0.85, and only 
those loci that were present in at least 10 individuals 
(allowing a maximum of 50% missing data) were 
retained. Importantly, because most (15 out of 20) of the 
individuals included in the study were F1 hybrids or the 
parental species, we specified a high value of allowed 
maximum shared heterozygous sites per loci (maxSH) 
among individuals to 0.75. Note that we tried different 
settings (e.g., set the clustering thresholds to 88% and 
90% or set the maxSH to 0.25 or 0.50), but the resulting 
inferences remained the same (see also Eaton 2014). As 
a result, the following analyses were based on data sets 
generated by our specified settings listed above.

Population Genomic Analyses

The genetic structure among White Hercules 

Table 1.  Samples with CO1 used for molecular 
phylogenetic analysis

Species Sample ID Accession #

Dynastes tityus DtTN1 KT183842
Dynastes maya DmaRef* ON312100

Dma1 KT183825
Dma7Br KT183829

Dynastes moroni Dhym1 KT183819
Dhym5Br KT183823

Dynastes hyllus Dhy7_Cha KT183816
Dhy9_Sin KT183818

Dynastes grantii DGRR1 ON661071
DGRR2 ON661073
DGRP1 ON661070
DGRP2 ON661072

Hybrid F1 hyb_1 ON661062
hyb_2 ON661063
hyb_3 ON661064
hyb_4 ON661065
hyb_5 ON661066
hyb_6 ON661067
hyb_7 ON661068

*The paternal sample of the F1 hybrids.
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beetle species and the F1 hybrids was first accessed 
using principal component analysis (PCA). Specifically, 
we manually edited the .str file output from ipyrad to 
include grouping information (taxon assignment) and 
then imported the edited .str file in R for PCA using the 
package adegenet (Jombart 2008). Because the results 
from PCA may be affected by missing data, we also 
edited the original .str file (which allowed 50% missing 
data) to generate a new input file that only allowed 20% 
missing data via a customized R script (Huang 2018). 
PCAs were performed for both data sets that allowed 
50% and 20% missing data. We estimated the mean 
frequency of the corresponding allele among samples 
with data and used it to substitute missing data before 
performing PCAs (Jombart 2008).

We further used RADpainter (Malinsky et 
al. 2018) to assess the genetic relationships among 
samples. The program first calculates SNP differences 
between alleles within a sample and then the SNP 
differences between alleles between samples. For each 
locus, the program then identifies the likely allele 
transmitted from the donor individual to the recipient 
individual by identifying the allele that has the least 
number of SNP differences. As a result, this approach 
uses the full information from sequence variation, 
instead of haplotype information (such as the input 
data format for PCA), available from the genomic 
data set. A coancestry matrix between individuals for 
the full data set can be generated by the program after 

summing the coancestry values across all loci. We 
used a customized python script (https://github.com/
edgardomortiz/fineRADstructure-tools) to convert 
the .allele file generated from ipyrad processing into 
RADpainter input format. Specifically, we specified 
the python script to generate two input data sets that 
represented 50% and 20% missing data (minimum 
individuals included in the data sets = 10 and 16, 
respectively). Note that RADpainter has been shown 
to work well with 50% missing data, but for a fair 
comparison between PCA and RADpainter results 
we chose to also show results generated from similar 
filtering criteria. We further performed the RADpainter 
analyses using data sets that either excluded the 
immediate paternal sample of the F1 hybrids (DmaRef) 
or excluded the F1 hybrid individuals (allowing 50% 
missing data for both analyses). The rationales were to 
investigate the impact of including and excluding these 
samples on the resulting inferences of coancestry plots. 
The RADpainter and fineRADstructure programs were 
then used to produce a coancestry matrix and generate 
a cluster based on estimated coancestry between pairs 
of samples. We followed the example setting from the 
manual to specify the number of MCMC iterations to 
assign individuals to populations (http://cichlid.gurdon.
cam.ac.uk/fineRADstructure.html). Results were 
plotted using a customized R script distributed with the 
RADpainter package.

Table 2.  Samples with ddRADseq data used in population genomic analyses

Species Sample ID Accession # # reads # loci$

Dynastes maya DmaRef* SAMN28865407 1088012 6033
Dma7Br SAMN05277534 739708 6597

Dynastes moroni Dhym2 SAMN05277536 988025 8083
Dhym3 SAMN05277537 1252793 8544
Dhym5 SAMN05277538 1134658 7862

Dynastes hyllus Dhy3Br SAMN05277526 4142222 5854
Dhy8 SAMN05277528 2491284 7638

Dynastes grantii DGRP1 SAMN05277521 1156523 7601
DGRP4 SAMN10033974 2787142 1880
DGRP5 SAMN10033975 2646077 1964
DGRR1 SAMN05277522 1819325 7397
DGRR2 SAMN05277523 1310554 7258
DGRR7 SAMN10033982 3219581 2037

Hybrid F1 hybF1_1 SAMN28865408 1731234 5970
hybF1_2 SAMN28865409 395149 5099
hybF1_3 SAMN28865410 1645803 7192
hybF1_4 SAMN28865411 1400442 6870
hybF1_5 SAMN28865412 658899 5078
hybF1_6 SAMN28865413 1631081 7645
hybF1_7 SAMN28865414 1317726 7475

*The paternal sample of the F1 hybrids. $Number of loci retained after ipyrad processing; see materials and methods for ipyrad settings.
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RESULTS

The F1 Beetle Samples

The adult F1 individuals exhibited intermediate 
phenotypes between D. maya and D. grantii. However, 
the adult male body color could change to closely 
resemble D. maya after feeding (Fig. 1E and F). One 
concern of our study design is that the maternal samples 
were of wild origin, and thus the F1 individuals may not 
actually be the products of interspecific hybridization. 
Specifically, although successful mating was observed 
between the paternal D. maya and the maternal samples 
(Fig. 1B), we could not rule out the possibility that the 
offspring were the result of prior successful mating 
of the maternal samples in the wild (Simmons 2002). 
That is, the F1 samples can be resulted from using 
previously stored sperms from wild males of D. grantii 
by the maternal samples; the observed morphological 
peculiarity of the F1 individuals could still be 
intraspecific variation. Hence, the following genetic 
assessments are necessary to validate the identities of 
the F1 beetles.

CO1 Phylogeny

The CO1 alignment contained a total of 20 
sequences with a length of 631 bp. A maximum 
likelihood phylogeny based on the alignment with a 
sample from D. tityus specified as outgroup is shown 
in figure 2A (lnL = -1321.48122). The phylogeny was 
estimated by the best-fit molecular evolution model: 
GTR + I + G (lnL = -1318.28186). Three highly 
supported (> 90% bootstrapping support) lineages 
were revealed from the reconstructed phylogeny: (1) 
D. hyllus, (2) D. grantii and the F1 hybrids, and (3) D. 
maya and D. moroni. Individuals from D. moroni also 
formed a monophyletic group with high bootstrapping 
support, but this D. mononi lineage was found nested 
within D. maya. All but one (hyb_1) hybrid individuals 
shared an identical CO1 sequence. All the CO1 
sequences derived from the F1 hybrids represented D. 
grantii.

Genomic Diversity and Differentiation

A total of 33,545,117 raw reads passed the initial 

Fig. 2.  Genetic assessment of the hybrid F1 individuals and samples of their closely related taxa. (A) a maximum likelihood tree based on 
mitochondrial CO1 sequences. Numbers above branches indicate bootstrapping support values from 1000 replicates, where only values > 700 were 
shown. (B) A principal component analysis (PCA) based on 9844 unlinked SNP data (50% missing data allowed). Note that, taxa MA and GR are 
the parental species of the hybrids (hyb). An image showing a breeding pair of adult F1 hybrids was inserted in the PCA plot. [HY: D. hyllus. GR: D. 
grantii. hyb: F1 hybrid individuals. MA: D. maya. MO: D. moroni.] 

0.008

hyb_4

DGRR1

DGRR2

Dhym1

hyb_7

Dhy7_Cha

DmaRef

hyb_5

Dhym5Br

Dma1

Dma7Br

DGRP2

hyb_2

hyb_1

hyb_3

DtTN1

DGRP1

Dhy9_Sin

hyb_6

d = 50

GR

HY

MO

MA hyb

Eigenvalues

(A)

939

996

960

927

MA & MO

hyb & GR

HY

(B)

page 6 of 11Zoological Studies 62:13 (2023)



© 2023 Academia Sinica, Taiwan

quality control, with an average of 1,677,256 good reads 
per sample (SE = 210,069). Clustering analyses within 
samples identified an average of 154,672 clusters (SE = 
17,888) with at least 5-folds of sequencing coverage 
(mean sequencing depth = 12 per cluster within a 
sample) among the samples. The total number of loci 
assembled across all individuals was 62,012; however, a 
final data set of 9,844 loci (about 15% of the total loci) 
was retained based on our filtering criteria (see materials 
and methods section for details). The average number of 
loci per sample after filtering was 6,203 (SE = 460).

The result from a PCA using a data set comprising 
9,844 loci (50% missing data allowed) revealed well-
separated clusters among species, showing different 
species are genetically distinct (Fig. 2B). Furthermore, 
the cluster of F1 hybrid individuals were located 
spatially between the D. grantii and D. maya clusters, 
supporting their hybrid origin. A PCA result using 
868 loci (20% missing data allowed) yielded the same 
inference (result not shown). We chose to show results 
using the 50% missing data set across analyses for the 
statistical power (more loci) to unravel genetic nuances. 
Stringent filtering criteria (e.g., allowing 20% or no 
missing data) can result in some genetically identical 
individuals.

A total of 8,112 loci were kept after further 
processing and filtering using the fineRADstructure 
tools for a data set containing all the sequenced 
samples while allowing 50% missing data per locus 
for a RADpainter analysis. The fineRADstructure tools 
python script further excluded loci with ambiguous 
allele information and indels. The resulting coancestry 
plot also revealed genetic clusters according to species 
(Fig. 3A). However, the immediate paternal sample 
of the F1 hybrid (DmaRef) was clustered with the F1 
hybrid offspring with an extremely high number of loci 
indicating coancestry, instead of with the other D. maya 
sample (Dma7Br). Nevertheless, DmaRef had a high 
number of loci showing coancestry with Dma7Br as 
well as with samples from the sister species D. moroni, 
Dhym2, Dhym3, and Dhym5. The F1 hybrid individuals 
also shared a high number of coancestry loci with the 
other D. maya sample, Dma7Br, and some samples from 
their maternal species, D. grantii, DGRR1, DGRR2, and 
DGRP1. When a smaller data set with a lower missing 
data percentage (allowing 20% missing data; a total of 
602 loci were kept) was used for RADpainter analysis, 
the same pattern was revealed (Fig. 3B). When the 
immediate paternal sample, DmaRef, was excluded from 
the RADpainter analysis (allowing 50% missing data; a 
total of 7636 loci were retained; Fig. 3C), the F1 hybrid 
individuals were genetically close to samples from the 
maternal species D. grantii; furthermore, the F1 hybrid 
individuals also shared a high level of coancestry with 

Dma7Br, a sample from the paternal species D. maya. 
When the F1 hybrid individuals were excluded from 
the RADpainter analysis (allowing 50% missing data, a 
total of 6742 loci were kept), the two D. maya samples, 
Dma7Br and DmaRef, formed a well-supported genetic 
cluster. In summary, the F1 hybrid individuals shared 
an excessive high number of coancestry loci with their 
immediate father to a point that the model inferred 
them belonging to one genetic cluster; additionally, 
there were high levels of coancestry in general between 
the F1 hybrids and samples from D. grantii and that 
between the F1 hybrids and Dma7Br, the other sample 
from D. maya.

DISCUSSION

In this study, we validated viable and fertile 
hybrid progeny between D. maya and D. grantii using 
molecular data. Specifically, we showed that the F1 
hybrids (1) were clustered with those individuals from 
the maternal species D. grantii based on mitochondrial 
CO1 phylogeny, (2) were genetically intermediate 
between samples from D. maya and D. grantii based 
on genome-wide SNP data sets, and (3) shared an 
excessive amount of alleles with samples from both D. 
maya and D. grantii based on nuclear genomic sequence 
data. As a result, we reported that the F1 hybrids were 
not only phenotypically intermediate (Fig. 1C–G), but 
also genetically intermediate between the two parent 
species (Figs. 2 and 3). Our findings here indicate that 
the Hercules beetle system could become a suitable 
model system to study rapid and repeated convergent 
and divergent phenotypic evolution both between and 
within species, where we might be able to identify the 
genomic basis of phenotypic adaptation in the near 
future via association-mapping approaches (see Linnen 
et al. 2018).

Our study also revealed that the identification 
and detection of hybrid individuals may not be as 
straightforward as expected using ddRADseq data, 
especially when the studied individuals included the 
immediate parental sample that created the hybrid 
progeny (Fig. 3). Note that, with high quality reference 
genomes, one can apply additional methods to better 
test for hybrid hypotheses using heterozygosity 
information (e.g., Slon et al. 2018). However, currently 
a good quality reference genome for Dynastes beetles is 
still not available, and thus we could only apply the best 
available approach specifically designed for ddRADseq 
data to test for hybrids (Malinsky et al. 2018). Based 
on RADpainter results, sample DmaRef, the immediate 
paternal sample of the F1 progeny in our study, was 
genetically clustered with the F1 hybrids while showing 
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excessive allele sharing with its conspecific sample, 
Dma7Br and samples from its sister species, D. moroni. 
This genetic clustering pattern remained unchanged 
when analyzing data sets that allowed different 
percentages of missing data (Fig. 3A and B). As a result, 
DmaRef, instead of the hybrid F1 individuals, could 
have been inferred as a hybrid (cf. Fig. 3 in Malinsky 
et al. 2018). The F1 individuals nevertheless clearly 

showed excessive allele sharing with Dma7Br and 
many samples from the maternal species, D. grantii, 
when sample DmaRef was excluded from the analysis 
(Fig. 3C), indicating their hybrid origin. Sampling 
design has been a major factor determining the resulting 
genetic clustering using molecular data (Puechmaille 
2016; Lawson et al. 2018). Our results further caution 
the interpretation of hybrids and their parental species 

Fig. 3.  Coancestry plots generated by RADpainter analyses. A higher value of coancestry indicates a higher number of shared alleles found between 
individuals. Results from a data set of all the sequenced individuals that allowed (A) 50% missing data (8112 loci) or (B) 20% missing data (602 
loci). (C) Results from a data set that excluded the immediate paternal sample of the F1 hybrids and allowed 50% (minimum individual = 10 per 
locus) missing data (a total of 19 individuals; 7,636 loci). (D) Results from a data set that excluded the F1 hybrids and allowed 50% (minimum 
individual = 7 per locus) missing data (a total of 13 individuals; 6,742 loci). F1 hybrid samples are highlighted in orange boxes; D. grantii samples, 
the maternal species of the F1 hybrids, are highlighted in grey boxes; D. maya samples, the paternal species of the F1 hybrids, are highlighted with 
brown underlines; the immediate paternal sample of the F1 hybrids, DmaRef, is indicated with an asterisk. Numbers above branches of the distance 
tree are bootstrapping support values.
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using molecular data, where specific attention has to 
be paid regarding sampling strategy, especially when 
immediate parental samples might have been included 
in the study. We showed that by sequentially excluding 
individuals from different clusters, we could identify 
inconsistencies in inferred genetic clusters and better 
understand the genetic composition of hybrids. Note 
that there is an alternative hypothesis: that the paternal 
sample could have been a natural hybrid and that our 
fineRAD structure result thus reflects that possibility. 
However, we believe such an scenario is unlikely 
because, as mentioned in the introduction section, 
the paternal and maternal species/populations were 
distributed allopatrically with respect to other Dynastes 
beetles. Future reference genome resources will help 
us test for this hypothesis by evaluating the genome-
wide heterozygosity information of the paternal and F1 
samples.

Our  successful  val idat ion of  the  genet ic 
composition of F1 hybrids clearly indicated that 
taxonomically well-accepted biological species can 
indeed interbreed and produce viable and fertile 
offspring and added to the growing evidence for 
hybridization in animals (Mallet 2008; Hendrick 2013). 
Although distinct animal species do hybridize in nature 
and can often be successfully created under artificial 
condition (Tobler et al. 2005; Lai and Ko 2008; Stelkens 
et al. 2009; Hedrick 2013; Meier et al. 2017; Linnen 
et al. 2018), hybridization between animal species 
sparks controversies (Stelkens et al. 2009), especially 
in communities focusing on animal taxonomy (Wilson 
and Brown 1953; Andújar et al. 2014; Maxwell et al. 
2019; Huang 2020; Burbrink et al. 2022). We agree 
with Wilson and Brown (1953) that hybrid sterility was 
never the defining criterion for biological species, and 
our results revealed the fact that pre- and post-zygotic 
reproductive isolation between allopatric taxa may 
require a long evolutionary time to develop (Huang 
2020). While hybridization does have implications in 
animal taxonomy, we believe the opportunity created by 
having this hybrid progeny extends beyond systematics.

Different genomic compositions originated from 
different parental species, and the phenotypic variation 
can be expected in F2 adults. An associated mapping 
approach can be applied to identify the loci underlying 
phenotypic diversity given sufficient sampling size 
(Tobler et al. 2005; Linnen et al. 2018). Specifically, 
genomic data have been routinely applied in the 
Dynastes beetle system for systematic, evolution, and 
conservation oriented studies (Huang and Knowles 
2016; Huang 2016 2019 2021). Furthermore, genomic 
resources for Dynastes beetles are becoming available 
(e.g., Morgan et al. 2022). We argue that the Hercules 
beetles can become a model system to understand 

repeated and parallel phenotypic evolutions. The 
phenotypic diversity in beetles and the diverse life-
history characteristics have attracted the attention of 
generations of evolutionary biologists (Beebe 1947; 
Emlen 2001; McCullough et al. 2014). The Hercules 
beetle was among the first series of scarab beetles 
named by Linné (Krell et al. 2012). With the hybrid 
progeny, we may finally move on to understand the 
genomic basis of phenotypic and species diversity 
while testing the theories explaining the origin of such 
diversity generated during the long history of study 
interest in scarab beetles.
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