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ABSTRACT

The saturniid moth genus Automeris includes 145 described species. Their geographic
distribution ranges from the eastern half of North America to as far south as Peru.
Automeris moths are cryptically colored, with forewings that resemble dead leaves, and
conspicuously colored, elaborate eyespots hidden on their hindwings. Despite their
charismatic nature, the evolutionary history and relationships within Automeris and
between closely related genera, remain poorly understood. In this study, we present
the most comprehensive phylogeny of Automeris to date, including 80 of the 145
described species. We also incorporate two morphologically similar hemileucine genera,
Pseudautomeris and Leucanella, as well as a morphologically distinct genus, Molippa.
We obtained DNA data from both dry-pinned and ethanol-stored museum specimens
and conducted Anchored Hybrid Enrichment (AHE) sequencing to assemble a high-
quality dataset for phylogenetic analysis. The resulting phylogeny supports Automeris
as a paraphyletic genus, with Leucanella and Pseudautomeris nested within, with the
most recent common ancestor dating back to 21 mya. This study lays the foundation
for future research on various aspects of Automeris biology, including geographical
distribution patterns, potential drivers of speciation, and ecological adaptations such
as antipredator defense mechanisms.

Submitted 1 November 2023
Accepted 18 April 2024
Published 30 May 2024

Subjects Biodiversity, Entomology, Evolutionary Studies, Molecular Biology, Zoology

Corresponding author Keywords Anti-predation, Dating, Deimatism, Evolution, Eyespots, Moths, Museums
Chelsea Skojec, Chelseaskoj@ufl.edu

Academic editor

Additional Information and Saturniidae, commonly known as wild silkmoths, are renowned for their remarkable
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3,454 species, divided into eight subfamilies and 180 genera. The subfamily Hemileucinae
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Mollipa, with species containing less complex eyespots or lacking them entirely. The genus
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species can be found across a vast geographic range, from North America to Peru. They
thrive in diverse biotopes, spanning from tropical rainforests to arid habitats, in a wide
range of altitudinal levels, from the sea level up to 4000 m (Decaens ¢» Herbin, 2002).

One distinctive feature of almost all Automeris species, is their recognizable wing
ornamentation on both the fore- and hindwings. Forewings typically exhibit drab coloration
and a cryptic leaf-like pattern. In stark contrast, hindwings have vibrant colors and feature
an eyespot. Eyespots on the hindwings of Automeris moths make up the conspicuous
coloration component of a deimatic display—thought to deter possible predators by
startling, frightening, or confusing them, causing predators to pause or abandon their
pursuit (Umbers ¢» Mappes, 2016; Drinkwater et al., 2022). The presence of eyespots in most
species of Automeris suggests they confer a selective benefit against predation (Olofsson
et al., 2013), although eyespots of a few species are minimized or vestigial, which may be
a secondary evolutionary loss. In Papillionoidea (butterflies), there has been extensive
research on molecular mechanisms of eyespot development (Monteiro et al., 2013; Nijhout,
2017; Matsuoka & Monteiro, 2021) and some studies have examined the evolutionary
origins and genes involved in eyespots in a few representative species of Lepidoptera
(Kodandaramaiah, 2011; Monteiro, 2015; Beldade ¢~ Monteiro, 2021; Sourakov ¢ Shirai,
20205 Skojec, Godfrey ¢ Kawahara, 2024) but research into the evolution of eyespots in
Automeris and relatives has yet to be conducted. The evolution of eyespot size and shape
is believed to be driven by adaptive pressures instead of developmental constraints, thus
they are not likely to constrain adaptive radiation of size, shapes, and patterns of eyespots
(Beldade, Koops ¢ Brakefield, 2002; Evans ¢ Marcus, 2006).

Historically, researchers have relied on wing pattern variation (e.g., venation, shape, size,
color and pattern) to establish systematic hypotheses and determine relationships within
Automeris (Tuskes ¢ McElfresh, 1995; Tuskes, Tuttle ¢~ Collins, 1996). In his extensive
study of the subfamily Hemileucinae, Lemaire (2002) identified 145 species within
Automeris and classified nine species groups based on their physical appearance and
genital morphology. Despite being a charismatic and extremely diverse genus, knowledge
regarding the evolutionary relationships among Automeris species and the timing of the
group’s divergence from other hemileucine lineages remains limited to hypotheses from
morphological characteristics. While some studies have included Automeris and other
hemileucine species in large-scale phylogenetic analyses of Lepidoptera (Kitching et al.,
2018; Kawahara et al., 2019), a comprehensive phylogenetic analysis focused on Automeris
is yet to be conducted.

In this study we present the most comprehensive Automeris phylogeny that includes 80
of the 145 described species and six subspecies (Lemaire, 2002). Additionally, we include
two morphologically similar hemileucine genera—Pseudautomeris (five) and Leucanella
(four), and a morphologically distinct hemileucine genus, Molippa (six), to investigate
relationships of Automeris with these genera. By constructing a well-represented phylogeny,
we aim to uncover the diversification patterns within the genus and shed light on the timing
of its evolutionary divergence from other lineages. Furthermore, a detailed phylogeny will
provide a framework for future studies on various aspects of Automeris biology, including
their anti-predatory defense, ecological adaptations, geographical distribution patterns,
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and potential drivers of speciation. Portions of this text were previously published as part
of a preprint (Skojec, Godfrey ¢ Kawahara, 2024).

MATERIALS AND METHODS

Taxon sampling and extraction

We sampled and extracted 115 species and subspecies of Automeris (98), Leucanella (five),
Pseudautomeris (six), and Molippa (six) available in the McGuire Center for Lepidoptera

and Biodiversity (MGCL), Florida Museum of Natural History (FLMNH). Specimens were
obtained from two collection types: dry, pinned specimens and those stored in ethanol at
—80 °C, which have been wing-vouchered following Cho et al. (2016) and are specifically
stored for use in molecular studies.

One specimen per taxon was selected from the collections. Pinned specimens were
carefully selected based on their condition, focusing on those with intact wings and body
parts. Priority was given to more recently collected specimens during the selection process
to enhance the likelihood of successful DNA extraction. Two legs were pulled from each
sample and placed in a 1.5 mL microcentrifuge tube. Corresponding identification labels for
samples were recorded on the respective tubes, linking them to those collection data present
in the MGCL specimen database. Similarly, molecular cold storage samples were taken
from their respective boxes, and partial thoracic tissue was dissected and placed in a labeled
1.5 mL microcentrifuge tube, and all relevant information was recorded in the collective
database. The extracted thorax tissue was then placed in a labeled 1.5 mL microcentrifuge
tube, and all relevant information was recorded in a collective database. DNA extraction of
legs from the MGCL pinned collection or thorax tissue from the molecular collection was
chosen based on availability of species within the MGCL pinned and molecular collection.
Due to the likelihood of higher DNA yield in thorax tissue, specimens from the molecular
collection were given priority. If specimens were available in both molecular and pinned
collections, specimens were chosen from the molecular collection.

Extractions were completed following the specified protocol of the Qiagen DNeasy
Blood and Tissue kit (Qiagen, Hilden, Germany). For quality control, extracted DNA
was checked for concentration and fragmentation with a Qubit 2.0 fluorometer and
electrophoresis gels (Fisherbrand Electrophoresis Power Supplies, FB200; Thermo Fisher
Scientific, Waltham, MA, USA). After DNA extraction, if the desired concentration of DNA
was not achieved, samples were re-extracted if tissue was still available. Otherwise, species
with multiple samples were re-extracted with a different individual. Once the quantity of
DNA was determined (8 ng/ul. minimum and 100 ng/ul. maximum), extracted samples
were sent for Anchored Hybrid Enrichment (AHE) library preparation at RAPiD Genomics
in Gainesville, Florida, USA. Higher concentration samples were prioritized. Out of the
115 extracted samples, 113 showed DNA concentration of >8 ng/ulL. Library preparation,
hybridization enrichment, and Illumina HiSeq 2500 sequencing (PE100) was carried out
at RAPiD Genomics.
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DNA sequencing and assembly

We used the “BOM1” Anchored Hybrid Enrichment probe set (Hamilton et al., 2019),
which was developed to target 921 loci across Bombycoidea. We used this probe set because
it has been proven effective in capturing sequence data from both dry-pinned and ethanol-
preserved specimens (Hamilton et al., 2019; Dowdy et al., 2020; Li et al., 2022) This probe
kit includes 58 loci across 24 “legacy” Sanger sequencing-based genes (Regier et al., 2008),
eight bombycoid vision-related loci, and 855 loci designated as the Lepidoptera Agilent
Custom SureSelect Target Enrichment “LEP1” probe kit from Breinholt et al. (2018).
Anchored Hybrid Enrichment (AHE) is a sequencing technique specifically developed to
target and capture a large number of orthologous loci from the genome. This method is
well-suited for resolving evolutionary relationships, both at deep and shallow levels. The
probes used in this technique bind to conserved regions flanked by variable regions that
are distributed randomly throughout the genome (Hamilton et al., 2019). This method
generates a varied and informative set of loci, containing exons, introns, intergenic, and
conserved regions of the genome (Lemmion, Emme ¢ Lemmon, 2012).

Raw AHE sequences were assembled following the methods of Breinholt et al. (2018),
which implements an Iterative Baited Assembly (IBA) approach. This involves using the
original sequencing probes to identify matching raw reads, which are then assembled into
novel probes. The newly assembled probes are subsequently used as a query to match
against the remaining raw reads, and the process is repeated iteratively until confident
assemblies can no longer be obtained. The pipeline also checks for quality and cross
contamination due to barcode leakage and removes paralogs. Resultant assemblies extend
beyond the boundaries of the initial sequencing probes, thereby leading to the production
of two distinct datasets—one comprising sequences solely from the probe region of the
assembly (Probe dataset), and the other comprising sequences from the complete assembly,
encompassing both the probe and outer flanking regions (PF dataset).

Because the IBA approach often resulted in multiple assembled sequences for each locus
per specimen, sequences were aligned using MAFFT v7.245 (Katoh & Standley, 2013) and
a 50% consensus generated using FASconCAT-G v1.02 (Kiick ¢ Longo, 2014) with the ‘-c
-c -¢’ command to result in one sequence per locus per specimen. To minimize the extent
of missing data in the final concatenated dataset, loci that were only obtained from three
or fewer species were excluded from the datasets. Loci were concatenated across all species
into one supermatrix using FASconCAT-G with the ‘-s’ command.

A total of 113 specimens were successfully sequenced with AHE. Four outgroup species
were chosen to provide secondary calibrations for the divergence time analysis and to
provide a root for the tree. All outgroups chosen were genera included in the Hamilton et
al. (2019) phylogeny and all had available raw transcriptomes or genomes. We chose two
outgroup taxa in Saturniidae, Attacus atlas and Therinia lactucina, one from Sphingidae,
Manduca sexta, and one from Bombycidae, Bombyx mori (The International Silkworm
Genome Consortium, 2008; Breinholt & Kawahara, 2013; Kawahara ¢ Breinholt, 2014;
Kanost et al., 2016). The two transcriptomes (Saturniidae) and two genomes (Bombyx and
Manduca) that we used for the outgroups were assembled to the BOM1 AHE probe regions
using the methods described above. This enabled us to combine the transcriptome and
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genome datasets with our newly sequenced data that were also assembled to the BOM1
AHE probe regions.

Alistat v1.6 (Wong et al., 2020) was used to evaluate the completeness of the concatenated
alignment for Probe and PF datasets. We created Probe only and PF datasets because PF
datasets can sometimes yield greater robustness to phylogenetic analyses of AHE data
(e.g., Kawahara et al., 2018; Hamilton et al., 2019; Homziak et al., 2019; St Laurent et al.,
2021). Completeness scores (C-scores) were computed for each taxon (Cr), and those taxa
with a C-score <0.15 were removed to avoid specimens with poor capture quality. We also
removed loci that were captured across < 3 taxa to improve dataset quality.

Phylogenetic analysis

Phylogenetic inference was conducted on concatenated supermatrices using a maximum
likelihood analysis with IQTREE v. 1.5 (Nguyen et al., 2015). We constructed two datasets,
one with just the probe region, and another with both probe and PF regions. Both
datasets were analyzed as nucleotides, and we determined the best substitution model
and partitioning scheme using the command -m MFP+MERGE’ using ModelFinder
(Lanfear et al., 2012) as implemented in IQTREE. The command ‘-B 1000 -bnni’ was used
to perform 1000 ultrafast bootstrap (UFBS) replicates, while optimizing each bootstrap
tree using a hill-climbing nearest neighbor interchange (NNI) search to reduce the risk of
overestimating branch supports. All trees were rooted to Bombyx mori. We refer to high
node support as those with UFBS >95.

Divergence time estimation

We performed divergence time estimation in BEAST v2.6.7 (Bouckaert et al., 2019) using
the topology generated by IQTREE from the PF dataset as the starting tree. This specific
topology was used since it yielded higher bootstrap values than those obtained using the
Probe dataset. However, when running BEAST using the PF dataset for dating, the resulting
95% confidence intervals were disproportionately small, indicating the high likelihood that
the large dataset caused the underlying Bayesian analysis to become easily stuck at a local
minima (Kawahara et al., 2019; Rougerie et al., 2022). Due to this, we ultimately chose to
use the Probe dataset for dating.

Loci were partitioned based on the best partitioning scheme as previously identified
by ModelFinder in IQTREE and their corresponding site models (herein all set to the
HKY substitution model) unlinked. For this analysis we opted to link the clock model (a
relaxed clock with a log normal distribution) across all partitions because analyses running
the dataset with unlinked clock models failed to converge particularly with regard to the
resulting estimated divergence times. We applied a mean clock rate of 0.41 substitutions
per site per 100 million years with “Mean In Real Space” checked based on the mutation
rate that was recently estimated for Bombyx mori by Han ef al. (2023) and set the ‘S’
parameter of our clock model prior to 0.1 so that the log normal distribution would closely
match their reported 95% confidence interval of 0.33 x 10—8-0.49 x 10—8 per site per
generation (we treat a generation as one year).

Among insects, there are disproportionately few Lepidoptera fossils (Labandeira
& Sepkoski, 1993). Therefore, our tree was calibrated using ranges of dates obtained
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Table 1 Major clade confidence intervals. Minimum 5% confidence interval (CI), median, and maxi-
mum 95% CI ages of major clades and outgroup taxa in Millions Years Ago (mya). Node numbers corre-
spond to those in Fig. 1.

Clades Node Minimum—>5% Median Maximum—95%
number
Automeris Clade A 1 0.1327 0.1525 0.1717
Pseudautomeris 2 0.0970 0.1186 0.1427
Leucanella 2 0.0970 0.1186 0.1427
io Clade B 3 0.1469 0.1715 0.1916
Molippa 4 0.1830 0.2102 0.2381
Attacus atlas 5 0.3426 0.3994 0.4558
Therinia lactucina 6 0.4426 0.5007 0.5589
Manduca sexta 7 0.5584 0.6188 0.6803
Bombyx mori 8 0.6026 0.6702 0.7370

from Kawahara et al. (2019). We used four secondary calibration points with normal
distributions to constrain the most recent common ancestors (MRCAs) of Bombycidae +
(Sphingidae + Saturniidae) (the root node), Sphingidae + Saturniidae (node 7), Oxyteninae
+ remaining Saturniidae (node 6), and the MRCA of Saturniinae + Hemileucinae (node
5) (see Table 1). We used the Calibrated Yule model of speciation (Yule, 1924) as the tree
prior, and ran two independent MCMC chains for 40 million generations each, sampling
every 1,000 generations. TRACER v1.6.0 (Rambaut ¢ Drummond, 2013s; Rambaut ¢
Drummond, 2013b) was used to assess stationarity of and convergence between runs. Trees
were then combined across runs with LogCombiner v2.6.3 after discarding a conservative
50% burn-in and a maximum clade credibility tree with median heights was recovered with
TreeAnnotator v2.6.3 (Rambaut ¢ Drummond, 2013s; Rambaut ¢ Drummond, 2013b)
from the posterior sampling of trees. All pipeline steps and phylogenomic analyses were
conducted on the University of Florida HiPerGator high-performance computing cluster
(http:/www.hpc.ufl.edu/).

RESULTS AND DISCUSSION

We were able to sample 98 species and subspecies of Automeris, six species of Molippa,
five species of Leucanella, and six species of Pseudautomeris, resulting in a total of 115
sampled specimens. Of the 115, 92 were dry-pinned specimens and 23 were ethanol-stored
specimens. The resulting DNA concentration range was 0.158-133 ng/uL. Samples that
passed the DNA concentration cutoff (>8 ng/iL) were included in further analyses and
sequencing.

In total, 113 newly sequenced samples had sufficient data for sequence assembly. We also
supplemented these sequences with 4 outgroup samples, resulting in a total of 117 taxa that
were included in the beginning data matrix. After removing low quality sequences from
each dataset, the Probe dataset contained 589 loci across 150,646 nucleotide sites, covering
105 taxa and the PF dataset contained 906 loci across 106 taxa. The average length of each
locus, as well as the percentage of missing data, were observed to be 256 nucleotides and
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25% for the Probe dataset, and 2,236 nucleotides and 84% for the PF dataset, respectively.
The high missing data percentage of the PF dataset is due to the nature of the flanking
regions. These regions differ vastly among taxa, since their length depends on the coverage
and quality of raw reads across unconserved areas.

Both probe and PF topologies support the monophyly and general placement of
genera Molippa, Leucanella and Pseudautomeris and the paraphyly of Automeris. All taxa
represented by multiple subspecies were recovered as monophyletic with strong support.
Considering the methodology employed and the higher support values, we favor the
phylogeny derived from the PF dataset (Fig. 1). However, it is important to note that both
phylogenies exhibit nearly identical topologies, differing only in a few relationships at the
tips while maintaining the same backbone relationships.

Recently, Rougerie et al. (2022) reconstructed a phylogeny of Saturniidae, which was
the only modern analysis providing a hypothesis of relationships of Automeris, Leucanella,
Pseudautomeris and Molippa. We find general congruence with the relationships uncovered
by Rougerie et al. (2022), although our study contained more species of Automeris. There
was strong support in our study for a monophyletic Leucanella + Pseudautomeris group,
which splits Automeris into two distinct groups—a larger clade (Automeris Clade A)
branching around 15 million years ago (mya) and a smaller clade, including Automeris io
(i0 Clade B), branching earlier at approximately 17 mya (see Table 2). Notably, none of
the species within the smaller clade were included in the analysis by Rougerie et al. (2022).
However, the relationships between the species included in both studies were found to
be consistent. We also found Molippa to be monophyletic, emerging as the sister group
(UFBS = 100) to the remaining Hemileucines. This placement suggests that the most recent
common ancestor of this clade (Automeris + Leucanella + Molippa + Pseudautomeris)
dates to approximately 21 mya. This timeframe aligns closely with the findings of Rougerie
et al. (2022), who estimated a divergence of approximately 22 mya. It should be noted that
our analyses specifically targeted four genera within a subfamily characterized by significant
diversity, species complexes and apparent paraphyly. However, to gain a comprehensive
understanding of relationships of these genera within and among the rest of the subfamily,
broader sampling would be beneficial.

Eyespots of many Leucanella and Pseudautomeris are elaborate in their shape and color,
and we hypothesized that these two genera are more closely related to Automeris than
Molippa, as the latter have smaller, drab, potentially vestigial eyespots, or lack eyespots
entirely. Our tree revealed that both Leucanella and Pseudautomeris are nested within
Automeris with strong branch support. We postulate that predation pressure in the
Neotropics drove the diversification and complexity of eyespots in species in this clade.
Like many effective anti-predatory traits, eyespots in this group are likely under positive
selection due to a selective benefit for survival. Diversification and complexity of eyespots
may have been driven by predation pressure, given the observed anti-predatory deimatic
display of eyespots in many Automeris species. Previous research suggests that eyespots
may be adaptive in some geographic regions, and maladaptive in others, which may explain
secondary losses of eyespots in Molippa sp. (Kodandaramaiah, 2011). There may be greater
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Figure 1 Phylogeny of Automeris and relatives. Time calibrated tree showing relationships of
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Photo credit: Lawrence Reeves & the McGuire Center for Lepidoptera and Biodiversity.
Full-size Gl DOI: 10.7717/peerj.17365/fig-1

selective pressure on eyespots in the Neotropics than eyespots in North American species,

driving the elaborate features and colors in these species (Janzen, 1985).

CONCLUSION

Using Anchored Hybrid Enrichment techniques and analyses, we generated a robust

phylogeny encompassing 106 taxa across Automeris and three closely related genera—

Leucanella, Pseudautomeris and Molippa. This analysis reveals that Leucanella and
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Table 2 Normal distribution dating parameters. These values are derived from the most recent com-
mon ancestor node and between each of the species listed and Hemileucinae subfamily from Kawahara et
al. (2019) and are listed in terms of 100 million years. Node numbers correspond to those in Fig. 1.

Node Species 5% Mean Standard 95%
quantile deviation quantile
5 Attacus atlas 0.3520 0.4253 0.0444 0.4980
6 Therinia lactucina 0.4320 0.5114 0.0480 0.5900
7 Manduca sexta 0.5840 0.6614 0.0473 0.7390
8 Bombyx mori 0.6260 0.7053 0.0483 0.7850

Pseudautomeris are nested within Automeris with robust branch support, supporting
the paraphyly of Automeris and suggesting close evolutionary relationships between these
genera. Though this study helps clarify part of the complex Hemileucinae subfamily, a more
complete sampling across species would provide greater understanding of the evolutionary
patterns and processes that led to the larger diversification and evolutionary drivers of
the subfamily. We hope this phylogeny will serve as a foundational framework for future
investigations into the evolutionary dynamics and ecological adaptations of Automeris
and its closely related genera. Future studies should focus on investigating eyespot trait
morphology, to further clarify the diversification across species within the genus and sister
groups.
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The final phylogeny is available on Open Tree of Life: https:/tree.opentreeoflife.org/
curatoristudy~iew/ot_2240.

REFERENCES

Beldade P, Koops K, Brakefield PM. 2002. Developmental constraints versus flexibility in
morphological evolution. Nature 416(6883):844—-847 DOI 10.1038/416844a.
Beldade P, Monteiro A. 2021. Eco-evo-devo advances with butterfly eyespots. Current
Opinion in Genetics & Development 69:6—-13 DOI 10.1016/j.gde.2020.12.011.
Bouckaert R, Vaughan TG, Barido-Sottani J, Duchéne S, Fourment M, Gavryushkina
A, Heled J, Jones G, Kuhnert D, Maio NDe, Matschiner M, Mendes FK, Muller
NF, Ogilvie HA, Du Plessis L, Popinga A, Rambaut A, Rasmussen D, Siveroni I,
Suchard MA, Wu C, Xie D, Zhang C, Stadler T, Drummond A. 2019. BEAST 2.5: an
advanced software platform for Bayesian evolutionary analysis. PLOS Computational
Biology 15(4):€1006650 DOI 10.1371/journal.pcbi.1006650.
Breinholt JW, Earl C, Lemmon AR, Lemmon EM, Xiao L, Kawahara AY. 2018.
Resolving relationships among the megadiverse butterflies and moths with a
novel pipeline for anchored phylogenomics. Systematic Biology 67(1):78-93
DOI 10.1093/sysbio/syx048.

Skojec et al. (2024), PeerdJ, DOI 10.7717/peerj.17365 10/14


https://peerj.com
http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1030045
https://doi.org/10.5061/dryad.547d7wmf6
https://tree.opentreeoflife.org/curator/study/view/ot_2240
https://tree.opentreeoflife.org/curator/study/view/ot_2240
http://dx.doi.org/10.1038/416844a
http://dx.doi.org/10.1016/j.gde.2020.12.011
http://dx.doi.org/10.1371/journal.pcbi.1006650
http://dx.doi.org/10.1093/sysbio/syx048
http://dx.doi.org/10.7717/peerj.17365

Peer

Breinholt JW, Kawahara AY. 2013. Phylotranscriptomics: saturated third codon
positions radically influence the estimation of trees based on next-gen data. Genome
Biology and Evolution 5(11):2082—2092 DOI 10.1093/gbe/evt157.

Cho S, Epstein SW, Mitter K, Hamilton CA, Plotkin D, Mitter C, Kawahara AY. 2016.
Preserving and vouchering butterflies and moths for large-scale museum-based
molecular research. Peer] 4:e2160 DOI 10.7717/peerj.2160.

Decaens T, Herbin D. 2002. Description of new Automeris species from Bolivia.
Zobodat—Literatur Artikel. Available at https://www.zobodat.at/publikation_articles.
php?id=304493.

Dowdy NJ, Keating S, Lemmon AR, Lemmon EM, Conner WE, Scott Chialvo CH,
Weller SJ, Simmons RB, Sisson MS, Zaspel JM. 2020. A deeper meaning for
shallow-level phylogenomic studies: nested anchored hybrid enrichment offers great
promise for resolving the tiger moth tree of life (Lepidoptera: Erebidae: Arctiinae).
Systematic Entomology 45(4):874-893 DOI 10.1111/syen.12433.

Drinkwater E, Allen WL, Endler JA, Hanlon RT, Holmes G, Homziak NT, Kang C,
Leavell BC, Lehtonen J, Loeffler-Henry K, Ratcliffe J]M, Rowe C, Ruxton GD, Sher-
ratt TN, Skelhorn J, Skojec C, Smart HR, White TE, Yack JE, Young CM, Umbers
KDL. 2022. A synthesis of deimatic behaviour. Biological Reviews 97(6):2237-2267
DOI10.1111/brv.12891.

Evans TM, Marcus JM. 2006. A simulation study of the genetic regulatory hierarchy
for butterfly eyespot focus determination. Evolution & Development 8(3):273-283
DOI10.1111/5.1525-142X.2006.00098.x.

Hamilton CA, St Laurent RA, Dexter K, Kitching IJ, Breinholt JW, Zwick A, Tim-
mermans MJTN, Barber JR, Kawahara AY. 2019. Phylogenomics resolves
major relationships and reveals significant diversification rate shifts in the
evolution of silk moths and relatives. BMC Evolutionary Biology 19(1):182
DOI10.1186/512862-019-1505-1.

Han M, Ren J, Guo H, Tong X, Hu H, Lu K, Dai Z, Dai F. 2023. Mutation rate and
spectrum of the silkworm in normal and temperature stress conditions. Genes
14(3):649 DOI 10.3390/genes14030649.

Homziak NT, Breinholt JW, Branham MA, Storer CG, Kawahara AY. 2019. Anchored
hybrid enrichment phylogenomics resolves the backbone of erebine moths. Molecu-
lar Phylogenetics and Evolution 131:99-105 DOI 10.1016/j.ympev.2018.10.038.

Hossie TJ, Skelhorn J, Breinholt JW, Kawahara AY, Sherratt TN. 2015. Body
size affects the evolution of eyespots in caterpillars. Proceedings of the Na-
tional Academy of Sciences of the United States of America 112(21):6664—6669
DOI 10.1073/pnas.1415121112.

Janzen DH. 1985. On ecological fitting. Oikos 45(3):308—310 DOI 10.2307/3565565.

Kanost MR, Arrese EL, Cao X, Chen YR, Chellapilla S, Goldsmith MR, Grosse-

Wilde E, Heckel DG, Herndon N, Jiang H, Papanicolaou A. 2016. Multifaceted
biological insights from a draft genome sequence of the tobacco hornworm
moth, Manduca sexta. Insect Biochemistry and Molecular Biology 76:118—147
DOI 10.1016/.ibmb.2016.07.005.

Skojec et al. (2024), PeerdJ, DOI 10.7717/peerj.17365 1114


https://peerj.com
http://dx.doi.org/10.1093/gbe/evt157
http://dx.doi.org/10.7717/peerj.2160
https://www.zobodat.at/publikation_articles.php?id=304493
https://www.zobodat.at/publikation_articles.php?id=304493
http://dx.doi.org/10.1111/syen.12433
http://dx.doi.org/10.1111/brv.12891
http://dx.doi.org/10.1111/j.1525-142X.2006.00098.x
http://dx.doi.org/10.1186/s12862-019-1505-1
http://dx.doi.org/10.3390/genes14030649
http://dx.doi.org/10.1016/j.ympev.2018.10.038
http://dx.doi.org/10.1073/pnas.1415121112
http://dx.doi.org/10.2307/3565565
http://dx.doi.org/10.1016/j.ibmb.2016.07.005
http://dx.doi.org/10.7717/peerj.17365

Peer

Katoh K, Standley DM. 2013. MAFFT Multiple sequence alignment software version
7: improvements in performance and usability. Molecular Biology and Evolution
30(4):772—-780 DOI 10.1093/molbev/mst010.

Kawahara AY, Breinholt JW. 2014. Phylogenomics provides strong evidence
for relationships of butterflies and moths. Proceedings of the Royal Society B
281(1788):20140970 DOI 10.1098/rspb.2014.0970.

Kawahara AY, Breinholt JW, Espeland M, Storer C, Plotkin D, Dexter KM, Toussaint
EFA, Laurent RASt, Brehm G, Vargas S, Forero D, Pierce NE, Lohman DJ. 2018.
Phylogenetics of moth-like butterflies (Papilionoidea: Hedylidae) based on a new 13-
locus target capture probe set. Molecular Phylogenetics and Evolution 127:600—-605
DOI 10.1016/j.ympev.2018.06.002.

Kawahara AY, Plotkin D, Espeland M, Meusemann K, Toussaint EF, Donath A,
Gimnich F, Frandsen PB, Zwick A, Dos Reis M, Barber JR. 2019. Phylogenomics re-
veals the evolutionary timing and pattern of butterflies and moths. Proceedings of the
National Academy of Sciences of the United States of America 116(45):22657-22663
DOI 10.1073/pnas.1907847116.

Kitching IJ, Rougerie R, Zwick A, Hamilton CA, Laurent RASt, Naumann S, Mejia LB,
Kawahara AY. 2018. A global checklist of the Bombycoidea (Insecta: Lepidoptera).
Biodiversity Data Journal 6:€22236 DOI 10.3897/BD].6.e22236.

Kodandaramaiah U. 2011. The evolutionary significance of butterfly eyespots. Behavioral
Ecology 22(6):1264-1271 DOI 10.1093/beheco/arr123.

Kiick P, Longo GC. 2014. FASconCAT-G: extensive functions for multiple sequence
alignment preparations concerning phylogenetic studies. Frontiers in Zoology
11(1):81 DOI 10.1186/s12983-014-0081-x.

Labandeira CC, Sepkoski JJ. 1993. Insect diversity in the fossil record. Science
261(5119):310-315 DOI 10.1126/science.11536548.

Lanfear R, Calcott B, Ho SYW, Guindon S. 2012. PartitionFinder: combined selection of
partitioning schemes and substitution models for phylogenetic analyses. Molecular
Biology and Evolution 29(6):1695-1701 DOI 10.1093/molbev/mss020.

Lemaire C. 2002. The saturniidae of America—Hemileucinae. Keltern, Weiler, Germany:
Goecke & Evers.

Lemmon AR, Emme SA, Lemmon EM. 2012. Anchored hybrid enrichment for
massively high-throughput phylogenomics. Systematic Biology 61(5):727-744
DOI 10.1093/sysbio/sys049.

Li X, Hamilton CA, Laurent RSt, Ballesteros-Mejia L, Markee A, Haxaire J, Rougerie
R, Kitching IJ, Kawahara AY. 2022. A diversification relay race from Caribbean-
Mesoamerica to the Andes: historical biogeography of Xylophanes hawkmoths.
Proceedings of the Royal Society B 289(1968):20212435 DOI 10.1098/rspb.2021.2435.

Matsuoka Y, Monteiro A. 2021. Hox genes are essential for the development of eyespots
in Bicyclus anynana butterflies. Genetics 217(1):1-9 DOI 10.1093/genetics/iyaa005.

Monteiro A. 2015. Origin, development, and evolution of butterfly eyespots. Annual
Review of Entomology 60(1):253-271 DOI 10.1146/annurev-ento-010814-020942.

Skojec et al. (2024), PeerdJ, DOI 10.7717/peerj.17365 12/14


https://peerj.com
http://dx.doi.org/10.1093/molbev/mst010
http://dx.doi.org/10.1098/rspb.2014.0970
http://dx.doi.org/10.1016/j.ympev.2018.06.002
http://dx.doi.org/10.1073/pnas.1907847116
http://dx.doi.org/10.3897/BDJ.6.e22236
http://dx.doi.org/10.1093/beheco/arr123
http://dx.doi.org/10.1186/s12983-014-0081-x
http://dx.doi.org/10.1126/science.11536548
http://dx.doi.org/10.1093/molbev/mss020
http://dx.doi.org/10.1093/sysbio/sys049
http://dx.doi.org/10.1098/rspb.2021.2435
http://dx.doi.org/10.1093/genetics/iyaa005
http://dx.doi.org/10.1146/annurev-ento-010814-020942
http://dx.doi.org/10.7717/peerj.17365

Peer

Monteiro A, Chen B, Ramos DM, Oliver JC, Tong X, Guo M, Wang W-K, Fazz-
ino L, Kamal F. 2013. Distal-less regulates eyespot patterns and melanization
in Bicyclus butterflies. Journal of Experimental Zoology Part B 320(5):321-331
DOI 10.1002/jez.b.22503.

Nguyen LT, Schmidt HA, Haeseler AVon, Minh BQ. 2015. IQ-TREE: a fast and effective
stochastic algorithm for estimating maximum-likelihood phylogenies. Molecular
Biology and Evolution 32(1):268-274 DOI 10.1093/molbev/msu300.

Nijhout HF. 2017. The common developmental origin of eyespots and parafocal
elements and a new model mechanism for color pattern formation. In: Diversity and
evolution of butterfly wing patterns. Singapore: Springer, 3—19.

Olofsson M, Levlie H, Tibblin J, Jakobsson S, Wiklund C. 2013. Eyespot display in the
peacock butterfly triggers antipredator behaviors in naive adult fowl. Behavioral
Ecology 24(1):305-310 DOI 10.1093/beheco/ars167.

Rambaut A, Drummond AJ. 2013b. TreeAnnotator v1. 7.0. Available at http://beast.bio.
ed.ac.uk.

Rambaut A, Drummond AJ. 2013a. Tracer v1. 5. Available at http://beast.community/
tracer.

Regier JC, Cook CP, Mitter C, Hussey A. 2008. A phylogenetic study of the ‘bombycoid
complex’ (Lepidoptera) using five protein-coding nuclear genes, with comments on
the problem of macrolepidopteran phylogeny. Systematic Entomology 33:175-189
DOI10.1111/j.1365-3113.2007.00409.x.

Rougerie R, Cruaud A, Arnal P, Ballesteros-Mejia L, Condamine FL, Decaéns T, Elias
M, Gey D, Hebert PDN, Kitching IJ, Lavergne S, Lopez-Vaamonde C, Murienne J,
Cuenot Y, Nidelet S, Rasplus J-Y. 2022. Phylogenomics illuminates the evolutionary
history of wild silkmoths in space and time (Lepidoptera: Saturniidae). bioRxiv.
DOI10.1101/2022.03.29.486224.

Skojec C, Godfrey RK, Kawahara AY. 2024. Long read genome assembly of Automeris io
(Lepidoptera: Saturniidae) an emerging model for the evolution of deimatic displays.
G3: Genes, Genomes, Genetics 14(3):jkad292 DOI 10.1093/g3journal/jkad292.

Sourakov A, Shirai LT. 2020. Pharmacological and surgical experiments on wing pattern
development of Lepidoptera, with a focus on the eyespots of saturniid moths.
Tropical Lepidoptera Research 30(1):4—19 DOT 10.5281/zenodo.3764163.

St Laurent RA, Carvalho APS, Earl C, Kawahara AY. 2021. Food plant shifts drive the
diversification of sack-bearer moths. The American Naturalist 198(5):E170-E184
DOI 10.1086/716661.

The International Silkworm Genome Consortium. 2008. The genome of a lepidopteran
model insect, the silkworm Bombyx mori. Insect Biochemistry and Molecular Biology
38(12):1036-1045 DOI 10.1016/j.ibmb.2008.11.004.

Tuskes PM, McElfresh S. 1995. The biology and distribution of Hemileuca electra
(Saturniidae) populations in the United States and Mexico, with descriptions of two
new subspecies. Journal of the Lepidopterists Society 49(1):49-71.

Skojec et al. (2024), PeerdJ, DOI 10.7717/peerj.17365 13/14


https://peerj.com
http://dx.doi.org/10.1002/jez.b.22503
http://dx.doi.org/10.1093/molbev/msu300
http://dx.doi.org/10.1093/beheco/ars167
http://beast.bio.ed.ac.uk
http://beast.bio.ed.ac.uk
http://beast.community/tracer
http://beast.community/tracer
http://dx.doi.org/10.1111/j.1365-3113.2007.00409.x
http://dx.doi.org/10.1101/2022.03.29.486224
http://dx.doi.org/10.1093/g3journal/jkad292
http://dx.doi.org/10.5281/zenodo.3764163
http://dx.doi.org/10.1086/716661
http://dx.doi.org/10.1016/j.ibmb.2008.11.004
http://dx.doi.org/10.7717/peerj.17365

Peer

Tuskes PM, Tuttle JP, Collins MM. 1996. The wild silk moths of North America: a natural
history of the Saturniidae of the United States and Canada. Ithaca, NY, USA: Cornell
University Press.

Umbers KDL, Mappes J. 2016. Towards a tractable working hypothesis for deimatic
displays. Animal Behaviour 113:e5-e7 DOI 10.1016/j.anbehav.2016.01.002.

Wong TKF, Kalyaanamoorthy S, Meusemann K, Yeates DK, Misof B, Jermiin LS. 2020.
A minimum reporting standard for multiple sequence alignments. NAR Genomics
and Bioinformatics 2(2):1qgaa024 DOI 10.1093/nargab/Iqaa024.

Yule GU. 1924. A mathematical theory of evolution, based on the conclusions of Dr.
Willis JC, FRS. Philosophical Transactions of the Royal Society B: Biological Sciences
213:21-87 DOI 10.1098/rstb.1925.0002.

Skojec et al. (2024), PeerdJ, DOI 10.7717/peerj.17365 14/14


https://peerj.com
http://dx.doi.org/10.1016/j.anbehav.2016.01.002
http://dx.doi.org/10.1093/nargab/lqaa024
http://dx.doi.org/10.1098/rstb.1925.0002
http://dx.doi.org/10.7717/peerj.17365

