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Abstract. The Old-World Tropics encompass many unique biomes and associated
biotas shaped by drastic climate and geological changes throughout the Cenozoic.
Disjunct distributions of clades between the Afrotropics and the Oriental regions are
testament to these changes. Awl and policeman skippers (Hesperiidae: Coeliadinae) are
disjunctly distributed with some genera endemic to the Afrotropics and others restricted
to the Oriental and Australian regions. We reconstruct the phylogeny of these butterflies
using target exon capture phylogenomics. We also generate a dated framework for this
clade that uses the putatively oldest known butterfly fossil to estimate the historical
biogeography of Coeliadinae using a model-based approach. We infer a stable and
robust phylogeny for the subfamily, with all but one Afrotropical lineage forming a
derived clade. The African genus Pyrrhiades syn. nov. is placed in synonymy with
Coeliades to accommodate the new phylogeny. Our comparative dating exercise casts
doubt on the assignment of the fossil Protocoeliades kristenseni as a derived Coeliadinae
and suggests, along with our biogeographic estimation, a split of Coeliadinae from
the rest of skippers in the Palaeocene ca. 70 million years ago. The origin of crown
Coeliadinae skippers is estimated in Indomalaya during the late Eocene ca. 36 million
years ago, with subsequent Oligocene colonisation events toward the Australian region
and the Afrotropics. Colonisation of the Afrotropics from the Indian region occurred
during climatic transition, associated biome shifts, and the closure of the Tethys Ocean,
which likely allowed geodispersal through the Arabian Peninsula. The current disjunct
distribution of Coeliadinae in the Old World Tropics may result from the emergence
of savannahs in the Miocene that progressively replaced woodlands and forests in the
Arabian Peninsula and western Asia. Coeliadinae skippers are almost exclusively dicot
feeders and were likely extirpated as grasslands became dominant, resulting in the
present-day disjunct distribution of these butterflies.
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Introduction
The Old World Tropics encompass several continental and
archipelagic regions across the tropical belt that stretches from
the western Afrotropics to Australia and the Pacific islands. Of
particular interest is the relationship between past geological and
climatic events in this region and the diversification of associated
lineages. Increasingly detailed study of palaeoclimates and
plate tectonics has enhanced understanding of the mechanisms
driving the evolutionary history of Old World lineages through
space and time. Yet, disentangling the impact of different abiotic
factors on the evolutionary trajectory of these lineages has
only recently become possible with the advent of increasingly
sophisticated macroevolutionary analytical toolkits.
In particular, understanding the timing and mechanisms
responsible for the closure of the Tethys Ocean has been
paramount to studying the dispersal history of terrestrial organisms found on either side of this region. The closure of the
Tethys Ocean was believed to have occurred in the Miocene
(Rögl, 1998; Bosworth et al., 2005; Harzhauser et al., 2007), but
recent geological studies have shown that this age was underestimated and that the closure of the Tethys Ocean likely started in
the Oligocene ca. 27 Ma (Pirouz et al., 2017). The closure of this
seaway facilitated geodispersal through the formation of a land
bridge connecting Africa and Asia via the Arabian Peninsula,
coined the Gomphotherium land bridge (Rögl, 1998; Harzhauser
et al., 2007). Many animal lineages are thought to have dispersed
across this land bridge in the Miocene, including chameleons
(Georgalis et al., 2016), lizards (Tamar et al., 2018), frogs
(Yuan et al., 2018), proboscideans (Harzhauser et al., 2007) and
butterflies (Kodandaramaiah & Wahlberg, 2007; Aduse-Poku
et al., 2009, 2015; Kaliszewska et al., 2015; Sahoo et al., 2018;
Toussaint et al., 2019). An unrelated but equally important climatic feature in this region is the global cooling and associated biome shifts that occurred throughout the Miocene (Zachos
et al., 2001; Edwards et al., 2010). Geological evidence suggests that forested biomes were dominant in the Oligocene but
were progressively replaced by grasslands and savannahs from
the early Miocene to the Pliocene across the Old World in
response to changing climate, seasonality, and fire frequency
(Osborne, 2008; Edwards et al., 2010; Strömberg, 2011; Spriggs
et al., 2014). This major biotic transition had a significant impact
on herbivores, with grasslands being either a hub for diversification and a favourable corridor for specialised herbivores,
or a biotic and geographic barrier to dispersal and diversification (Stebbins, 1981; Micó et al., 2009; Toussaint et al., 2012,
2019; Kergoat et al., 2018). However, few empirical studies have
aimed to decouple the impact of abiotic and biotic factors on
the diversification of clades distributed in the Old-World tropics, especially those with clades that have a disjunct distribution
between the Afrotropics and the Oriental region.
The skipper butterfly subfamily Coeliadinae is distributed
from Western equatorial Africa to Yemen and Socotra, from
western India to Japan, and from China to Australia and
across most Pacific archipelagos including Fiji, the Marquesas, New Caledonia, Samoa, the Solomons, Tonga and Vanuatu (Chiba, 2009). This widespread clade comprises 78 species

of large tropical skippers, most of which are found in the Oriental Region (Chiba, 2009). Within Hesperiidae, Coeliadinae
are sister to all other skippers (Warren et al., 2008; Sahoo
et al., 2017; Espeland et al., 2018; Toussaint et al., 2018;
Li et al., 2019). Four of the ten genera in the subfamily are
endemic to the Afrotropics. The monotypic genus Pyrrhochalcia Mabille includes the unique giant African skipper P. iphis
(Drury), distributed from Sierra Leone to Cameroon and Gabon
(Larsen, 2005). The genus Pyrrhiades Lindsey & Miller contains five species commonly called ‘policemen’, distributed
across Africa but with limited geographic range overlap, and
including two island endemics, P. pansa Hewitson from Madagascar and P. bocagii (Sharpe) from São Tomé and Príncipe.
The other Afrotropical genera Coeliades Hübner (also called
‘policemen’) and Tekliades Grishin respectively comprise 12
species distributed across the continent, Madagascar and the
Mascarenes, and one species endemic to Madagascar (i.e.,
T. ramanatek [Boisduval]). The easternmost distribution of
Afrotropical Coeliadinae is in the south of the Arabian Peninsula, where P. anchises (Gerstaecker) is found in Yemen, Oman,
and on the island of Socotra (Chiba, 2009).
There are six genera outside of Africa. Allora Waterhouse
& Lyell comprises two species often found in sympatry and
distributed from Buru and Seram to New Guinea, New Britain,
Solomons, and northern Australia (Chiba, 2009; Braby, 2016).
This genus was included in the study of Li et al. (2019), where
it was recovered as sister to Badamia Moore, Bibasis Moore,
Burara Swinhoe, and Hasora Moore. However, the phylogeny
of Li et al. (2019) had low nodal support largely because many
species, especially within Coeliadinae, were represented by a
single barcode sequence. The genus Bibasis comprises four
species distributed from Sri Lanka and India to Wallacea. Some
species currently placed in Burara were until recently treated as
belonging to the genus Bibasis, but Chiba (2009) kept these separate based on genitalia features. The genus Burara comprises
14 recognized species, ranging from India and Sri Lanka to
Korea and Japan and from Philippines and Greater Sunda Islands
to Sulawesi and Sumbawa (Chiba, 2009). The taxonomy of
Burara is complex, and the genus was thought to be polyphyletic
although this hypothesis was never tested in a comprehensive
phylogenetic framework (Chiba, 2009). The genus Hasora is
the most taxonomically diverse within Coeliadinae with 29 recognized species and seven species groups (Chiba, 2009). They
are found across the Indo-Australian region, from India to Japan
and from China to Australia, including some island endemics
in the Philippines, Moluccas, Solomons and Fiji. The genus
Choaspes Moore comprises eight species found from India to
Japan and from China to New Guinea (Chiba, 2009). Finally, the
genus Badamia consists of only two species, B. atrox (Butler)
from Fiji, Marquesas, New Caledonia and Vanuatu, and B.
exclamationis (Fabricius), one of the most widespread species
in the subfamily, found across the Indo-Australian region and
the Pacific islands (Chiba, 2009; Braby, 2016).
In their phylogenetic reconstruction of Hesperiidae based
on molecular and morphological data, Warren et al. (2008,
2009) recovered Badamia as sister to two clades respectively
comprising the genera Bibasis and Burara, and Choaspes,
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Coeliades and Hasora. In a recent study, Sahoo et al. (2017)
recovered another topology with Badamia as sister to the rest
of the subfamily, followed by Hasora recovered as sister to a
larger clade comprising on one hand Bibasis and Burara, and
on the other hand Choaspes and Coeliades. However, none
of these phylogenetic reconstructions recovered a hypothesis
with strong nodal support. Toussaint et al. (2018) revealed yet
another pattern of phylogenetic relationships, with Badamia
strongly placed as sister to a large clade comprising of Choaspes
and Coeliades, and another clade containing Bibasis, Burara
and Hasora. This phylogenetic hypothesis was recovered with
maximal nodal support and is unlikely to change with additional
data, although the monophyly of the different genera remain
uncertain due to limited taxon sampling in this study. Further,
that study did not include Allora and Pyrrhiades, and therefore
their placement remains unclear.
In the present study, we aim to provide a robust and
species-rich phylogeny of Coeliadinae using additional phylogenomic data. Considering the striking geographical disjunct
distribution of Coeliadinae in the Old-World tropics, this study
also aims to understand the biogeographic mechanisms responsible for the current distribution of Coeliadinae with respect to
past climatic and geological changes.

Materials and methods
Taxon sampling and molecular methodology
Samples of 37 Coeliadinae species were collected in the field
or from museum collections, and sequences from 14 additional species from previous studies were combined, for a total
of 51 described species following Chiba (2009), representing
ca. 65% of the species richness in the subfamily and covering all genera and species-groups (Supplementary Information S1). We selected eight outgroup skipper taxa to allow
use of secondary calibrations when estimating divergence times
(see below).
For newly sequenced specimens, DNA was extracted from
abdomens or legs using an OmniPrep™ DNA extraction kit
(G-Biosciences). Library preparation, hybridization enrichment and sequencing were performed at RAPiD Genomics
(Gainesville, FL). Random mechanical shearing of DNA was
performed with an average size of 300 bp. This step was followed by an end-repair reaction and ligation of an adenine
residue to the 3′ -end of the blunt-end fragments to allow ligation of barcode adapters and PCR-amplification of the libraries.
Solution-based anchored hybrid enrichment (AHE) of Agilent
SureSelect probes was then conducted in a pool containing
16 libraries that were then enriched with the SureSelect Target Enrichment System for Illumina Paired-End Multiplexed
Sequencing. Paired-end 150-bp reads were sequenced from
each library on an Illumina HiSeq.
We used two types of AHE probe sets to generate new
genomic data using target exon capture methods. First, we
used the BUTTERFLY2.0 probe set (Kawahara et al., 2018) to
capture 13 gene regions including those most commonly used

in studies on butterfly phylogenetics (‘legacy genes’). These
genes are: acetyl-CoA (ACOA, 1020 bp), carbamoyl-phosphate
synthetase 2, aspartate transcarbamylase, and dihydroorotase (CAD, 1854 bp), catalase (CAT, 1290 bp), cytochrome
oxidase c subunit 1 (CO1, 1341 bp), dopa decarboxylase
(DDC, 702 bp), elongation factor 1 alpha (EF1A, 1059 bp),
glyceraldhyde-3-phosphate dehydrogenase (GAPDH, 606 bp),
hairy cell leukaemia protein 1 (HCL, 633 bp), isocitrate
dehydrogenase (IDH, 708 bp), malate dehydrogenase (MDH,
681 bp), ribosomal protein S2 (RPS2, 471 bp), ribosomal
protein S5 (RPS5, 555) and wingless (WGL, 240 bp). This
approach has proven sufficient to generate robust genus-level
phylogenetic hypotheses (Kawahara et al., 2018). Second, we
used the BUTTERFLY1.1 probe set (Toussaint et al., 2018) to
capture 383 gene regions including all loci captured with the
BUTTERFLY2.0 probe set. This approach provides a robust
backbone resolution at higher taxonomic ranks but with a higher
cost and, therefore, only used for a subset of taxa. We also sampled sequences of 14 additional Coeliadinae species that were
available on GenBank (www.ncbi.nlm.nih.gov/genbank) and
BOLD (www.boldsystems.org). This available sequence data
from GenBank and BOLD was imported in Geneious R11
(Biomatters, USA), cleaned and aligned with individual loci
using MUSCLE (Edgar, 2004). The tree was rooted with Macrosoma hyacinthina (Warren) (Hedylidae), since Hedylidae are
the sister group to Hesperiidae (Heikkilä et al., 2012; Breinholt
et al., 2018; Espeland et al., 2018; Toussaint et al., 2018). The
final matrix comprised 59 taxa including 51 out of 78 described
Coeliadinae species and 383 concatenated loci totalling 158 371
aligned nucleotides (see Supplementary Information S1 for
detail on locus recovery for each taxon).

AHE data assembly and clean-up
The bioinformatic pipeline from raw Illumina reads to the
generation of final datasets followed Breinholt et al. (2018).
Paired-end Illumina data were cleaned with Trim Galore! ver.
0.4.0 (www.bioinformatics.babraham.ac.uk), allowing a minimum read size of 30 bp. Bases with a Phred score below 20
were subsequently removed. The loci were assembled with Iterative baited assembly (IBA, Breinholt et al., 2018) which was
used to assemble the loci, only including reads with both forward and reverse reads that passed filtering. The assembled
reads from the probe region were then blasted against the reference genome of Danaus plexippus (Linnaeus) and results of
a BLAST search were used for single hit and orthology filtering. The resulting loci were screened for orthology with a single
hit threshold of 0.9 and the genome mapping process followed
Breinholt et al. (2018). Contamination was checked by screening identified orthologous sequences and removing sequences
that were nearly identical at the family and genus level (Breinholt et al., 2018). The final loci were then aligned with MAFFT
v. 7.245 (Katoh & Standley, 2013) and concatenated with
FASconCAT-G 1.0.4 (Kück & Meusemann, 2010). We checked
for saturation and sites that appeared to evolve randomly using
Aliscore 2.2 (Kück et al., 2010). Detailed information regarding
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taxon-specific genomic coverage and genomic matrix composition can be found in Supplementary Information S1 and S2.

Datasets, model partitioning and phylogenetic analysis
We estimated the best partitioning scheme using PartitionFinder2 (Lanfear et al., 2017) with the rcluster algorithm
and the 383 protein-coding loci (Supplementary Information
S2) divided by codon positions (1149 a priori partitions).
We used the resulting scheme to estimate the best models
of nucleotide substitution with ModelFinder (Kalyaanamoorthy et al., 2017) as implemented in IQ-TREE 1.6.9 (Nguyen
et al., 2015) (Supplementary Information S3). To find the most
likely tree, 200 maximum likelihood (ML) searches were conducted in IQ-TREE, with two methods of nodal support: ultrafast bootstrap (UFBoot) and SH-aLRT tests. We generated 1000
replicates for UFBoot (‘-bb’ command) (Minh et al., 2013;
Hoang et al., 2018) and SH-aLRT (‘-alrt’ command) (Guindon et al., 2010). Hill climbing nearest neighbour interchange
(NNI) was used to optimize each bootstrap tree (‘-bnni’ command), reducing the risk of overestimating branch support
with UFBoot. All analyses were conducted on the University
of Florida HiPerGator High Performance Computing Cluster
(www.hpc.ufl.edu).

Divergence time estimation
We estimated divergence times in a Bayesian framework
with BEAST 1.10.4 (Suchard et al., 2018). Because the full
concatenated dataset of 383 loci was too large to be analysed
as a whole, we used the concatenated dataset corresponding to
the 13 loci of the BUTTERFLY2.0 probe set. The topology was
constrained to reflect relationships based on the much denser
dataset of 383 loci (see Results). The best partitioning scheme
and models of substitution were determined with PartitionFinder2 (Lanfear et al., 2017) using the greedy algorithm and
the Bayesian Information Criterion corrected across all models
included in BEAST (option models = beast). The full dataset
was partitioned a priori by codon position for a total of 39 initial
partitions. We implemented clock partitioning by conducting
analyses with (i) a single clock for all partitions, (ii) two clocks,
one for the first and second codon positions, and another for
the third codon positions, and (iii) one clock for each partition
(12 in total, see Results). All clock partitions were assigned a
Bayesian uncorrelated lognormal relaxed model and different
tree models were tested (Yule or birth-death). The BEAST analyses consisted of 100 million generations with parameter and
tree sampling every 5000 generations. Marginal likelihood estimates (MLE) were estimated at the end of each analysis using
path-sampling and stepping–stone sampling (Baele et al., 2012)
to compare the fit of the different models. These analyses consisted of 1000 path steps, and chains running for one million
generations with a log likelihood sampling every 1000 cycles.
TreeAnnotator 1.10.4 (Suchard et al., 2018) was used to generate Maximum Clade Credibility (MCC) trees for each analysis

with median divergence age estimates following a burn-in of
the first 20 million generations. The R package vioplot 0.3.0
(Adler & Kelly, 2018) was used to generate violin plots.
The recently discovered and oldest known butterfly fossil
Protocoeliades kristenseni de Jong, from the Fur Formation
in Denmark is dated to ca. 55 million years ago (Ma) and
thought to belong to Coeliadinae (de Jong, 2016). In its original
description, de Jong (2016, p. 423) states, ‘The fragments of
its forewing venation indicate it belongs to the Hesperiidae.
Further reconstruction indicates that it fits in the Coeliadinae
and is close to the extant genera Hasora and Burara.’
de Jong’s study of this fossil, which was preserved showing only partial wing venation, suggested the presence of
unbranched radial veins, which is an autapomorphy for skippers.
However, the complete branching is missing and therefore this
remains a hypothesis (de Jong, 2016). Within skippers, the origin of the cell CuA2 at 15% to about 25% of the cubitus from the
base is found in Coeliadinae, Euschemoninae and Pyrginae. The
origin of the cell CuA1 approximately 50% along the cubitus is
exclusively found in the Coeliadinae, specifically in all species
of Hasora and some species of Burara. Based on these characters, de Jong (2016) suggested that Protocoeliades could be
used as a calibration in Coeliadinae at different nodes depending
on the phylogenetic relationships among genera, which, at the
time, were controversial. In our study, Hasora and Burara are
not sister, because Bibasis is sister to Burara and Hasora is sister to Bibasis + Burara (see Results). As a result, it is difficult to
extrapolate whether the cubitus trait was lost in Bibasis and a few
species of Burara, or if it originated multiple times in this clade.
In any case, following de Jong (2016, 2017), Protocoeliades
should be placed conservatively at the stem of these three genera,
which corresponds to the second node within Coeliadinae (see
Results). The placement of Allora as sister to the rest of Coeliadinae (see Results) implies a derived placement of Protocoeliades
within Coeliadinae and could potentially result in substantially
older divergence times within Coeliadinae, Hesperiidae and perhaps even Papilionoidea. Recent estimates for the origin of butterflies are congruent with a hypothesized origin in the Cretaceous ca. 100–110 Ma (Wahlberg et al., 2009, 2013; Heikkilä
et al., 2012; Espeland et al., 2018; Chazot et al., 2019). To test
whether Protocoeliades can be used to calibrate Coeliadinae,
we adopted a comparative approach with two sets of BEAST
analyses. In the first set (A1), we used Protocoeliades as a
fossil calibration where suggested initially by de Jong (2016,
2017), i.e., on the stem of the clade comprising Bibasis, Burara
and Hasora. We used a uniform prior density with an interval
ranging from 55 to 149.5 Ma, corresponding to the maximum
bound of the 95% credibility interval estimated for the crown
of Hesperiidae+Hedylidae in Espeland et al. (2018). The use of
a maximum age is needed to avoid unrealistic divergence time
estimates and it is often difficult to specify this value a priori.
In this study, we adopted a conservative approach and used the
oldest estimated date within the 95% credibility of the Hedylidae/Hesperiidae split from all recent studies that attempt to date
this node: 149.5 Ma from Espeland et al., 2018. Other recent
studies recovered younger maximum ages that are all included
in the prior density distribution of our BEAST analyses (e.g.,
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Heikkilä et al., 2012; Wahlberg et al., 2013; Chazot et al., 2019;
Kawahara et al., 2019). We relied on the dating of Espeland
et al. (2018) because it is one of the few studies that have
inferred robust phylogenetic relationships among and within
families of Papilionoidea. In the second scheme (A2), we did not
include Protocoeliades as a fossil calibration, but used instead
secondary calibrations derived from Espeland et al. (2018). We
constrained three nodes with uniform prior densities encompassing the 95% credibility intervals estimated in Espeland
et al. (2018): crown Hesperiidae (55.6–106.7); the crown Hesperiidae minus Coeliadinae (49.2–93.9); and crown Hesperiidae
minus Coeliadinae and Euschemoninae (43.7–83.3). In all analyses, we constrained the root not to exceed 149.5 Ma to avoid
unrealistic divergence time estimates.

Ancestral range estimation
We estimated ancestral ranges in Coeliadinae using the
maximum likelihood R package BioGeoBEARS 1.1.2
(Matzke, 2018) and the BEAST MCC tree of the best-fit analysis (see Results). The BioGeoBEARS analyses were conducted
under the Dispersal Extinction Cladogenesis (DEC) model
(Ree et al. 2005; Ree & Smith, 2008) and a likelihood implementation of the Dispersal-vicariance analysis (DIVA) model
(Ronquist, 1997) (i.e., DIVALIKE in BioGeoBEARS). The
geographic distribution of Coeliadinae was extrapolated from
the literature (e.g., Parsons, 1998; Chiba, 2009; Braby, 2016).
As explored in Toussaint & Balke (2016), the scale at which
the areas are defined may influence the estimated patterns of
range inheritance. As a result, we used two different scales to
test the impact on downstream patterns of biogeography. First,
we used a fine-scale definition including the following areas:
West Afrotropics (W) from western Democratic Republic of
Congo to Senegal including the southwestern coastal regions
and Sao Tome and Principe; East Afrotropics (E) from eastern Democratic Republic of Congo to Yemen, Madagascar
and Mozambique; Indian region (I) from western India to
Bangladesh; Palaearctic (P) from China to Japan; Malaysian
Peninsula (M) from Myanmar to Vietnam and Malaysia;
Greater Sunda Islands (G) including Borneo, Java, Palawan,
Sumatra, and satellite islands; Philippines (H) comprising the
entire archipelago except for Palawan; Wallacea (W) including
the Lesser Sunda Islands, Moluccas, Sulawesi and satellite
islands; and Australia / Pacific (A) including Australia, New
Guinea and all Pacific islands where Coeliadinae are found
(e.g., Fiji, Marquesas, New Caledonia, Samoa, Solomons,
Tonga, Vanuatu). Second, we used a broader definition only
including the last two regions described above (W and A) and
two broader ones, Afrotropics (F) comprising both East (E)
and West Afrotropics (W), and Indomalaya (Y) comprising the
Indian region (I), Palaearctic (P), Malaysian Peninsula (M),
Greater Sunda Islands (G) and Philippines (H).
We took into account the dynamic geologic history of the
Indo-Australian Archipelago and Arabian Peninsula by designating three time slices with different dispersal rate scalers; TS1
(40–27 Ma) corresponding to a period predating the closure

of the Tethys Ocean in the mid-Miocene ca. 27 Ma (Pirouz
et al., 2017), an event suggested to have been important in
the historical biogeography of Old World skippers (Toussaint
et al., 2019), TS2 (27–20 Ma) corresponding to a period with
a land bridge facilitating the connectivity between Africa and
Asia, but also predating the acceleration of the orogeny of
the Philippine archipelago (Queano et al., 2007; Yumul Jr
et al., 2008, 2009; Hall, 2012, 2013), Wallacea with the orogeny
of Sulawesi (Hall, 2012, 2013; Nugraha & Hall, 2018), and the
main stages of the New Guinean orogeny (Hall, 2012, 2013;
Toussaint et al., 2014), and TS3 (20 - present) corresponding to
the more active formation of the Indo-Australian Archipelago
and encompassing the above-mentioned geological events as
well as the progressive dominance of grassland ecosystems
and intensifying bathymetric variations in the Plio-Pleistocene
(Voris, 2000; Zachos et al., 2001; Edward et al., 2010). Although
Coeliadinae skippers are mostly generalists, they seem to be
exclusive feeders of dicots from different orders such as Apiales,
Caryophyllales, Ericales, Fabales, Magnoliales, Malpighiales,
Myrtales or Saxifragales. Burara harisa (de Niceville) has been
recorded feeding on a monocot, Zingiber Miller, but this seems
to be unique in the subfamily (Chiba, 2009). Hence, the global
transition toward more open grassland ecosystems (i.e., monocots) in the early to mid-Miocene (Edwards et al., 2010) was
perhaps important in the historical biogeography of Coeliadinae
skippers. These new habitats were likely unsuitable for Coeliadinae skippers and may have resulted in the fragmentation of geographic ranges and/or regional extinctions. The values of scalers
used to modify the base dispersal rate were selected based on
landmass and water body positions throughout the evolutionary
timeframe of the group (Supplementary Information S4). The
maximum number of areas per ancestral state was set to three or
seven depending on the area definition. We compared the results
of these analyses (M1) with null models (M0) that excluded the
dispersal rate scaler and adjacency matrices, thereby relaxing all
constraints derived from available geological data. Comparing
parameterized and null models allowed us to test whether models taking into account the most recent geologic and climatic
data are better fit.

Results and discussion
Phylogenetic relationships among Coeliadinae
Our phylogenetic analyses recover Coeliadinae as sister to
the rest of skippers with strong support (Fig. 1, Supplementary
Information S5). All inter-subfamilial relationships are recovered with high nodal support and corroborate the more recent
phylogenomic hypotheses for the family (Toussaint et al., 2018;
Li et al., 2019). Within the monophyletic Coeliadinae, we
infer that the genus Allora (clade I) is sister to the remainder of the subfamily (clade II) with strong nodal support.
This is at odds with Li et al. (2019) who recovered Allora
as the sister group to a clade comprising Badamia, Burara
and Hasora. The genus Badamia is recovered in clade III as
sister to multiple genera in clade IV. The monotypic genus
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Tekliades belongs to clade IV, and is sister to the diverse clade
V, comprising the Asian Choaspes (clade VI) as sister to the
African Coeliades, Pyrrhochalcia and Pyrrhiades in clade VII
(Fig. 1). Our placement of Tekliades confirms the placement in
Li et al. (2019). This genus endemic to Madagascar is surprisingly similar in appearance to the genera Coeliades and Pyrrhiades (Chiba, 2009); however, it appears to constitute a lineage
distinct from other African taxa (Fig. 1). The larval morphology
of T. ramanatek supports this hypothesis (Cock et al., 2017).
In clade VIII, the genus Hasora (clade X) is recovered as sister to the two genera Bibasis and Burara (clade IX) with strong
nodal support. This placement contradicts the topology of Li
et al. (2019) who recovered Burara as sister to Bibasis and
Hasora with low nodal support. This placement is also inconsistent with the phylogeny of Sahoo et al. (2017) who recovered
Hasora as sister to a larger clade comprising Bibasis, Burara,
Choaspes and Coeliades, and with Warren et al. (2009) who
recovered Hasora as sister to Choaspes and Coeliades. This new
hypothesis for the placement of these genera is of relevance for
the fossil Protocoeliades kristenseni, the placement of which is
unclear (de Jong, 2016, 2017).
Due to the strongly supported placement of Pyrrhiades in
clade VII, the genus Coeliades is now paraphyletic (Fig. 1).
The genus Pyrrhiades was erected by Lindsey & Miller (1965)
to only include P. lucagus, which was transferred from Coeliades based on differences in the ratio between antenna length
and forewing costa length. The authors suggested that P. lucagus may be closely related to Pyrrhochalcia iphis, which is
not supported by our reconstruction, which places this species
within Pyrrhiades (Fig. 1). Pyrrhiades remained monobasic
until Chiba (2009) transferred four Coeliades species to Pyrrhiades (P. aeschylus [Plötz], P. anchises, P. bocagii and P. pansa)
based on the structure of the male genitalia. In order to reconcile
the taxonomy of the subfamily, we transfer all Pyrrhiades syn.
nov. species back into Coeliades.

Evolutionary history of Coeliadinae skippers
BEAST analyses recover different divergence time estimates
depending on the calibration scheme (Table 1, Fig. 2, Supplementary Information S6 and S7). When including the recently
discovered fossil Protocoeliades kristenseni in the most derived
position suggested by de Jong (2016) (see above), the crown
age of Coeliadinae is pushed back to 60–65 Ma (Table 1), ca.
30 million years (Myr) older compared to the ages inferred
using secondary calibrations of Espeland et al. (2018), applied to
three nodes (Fig. 2). Similarly, the divergence time estimates of
Hesperiidae and Hesperiidae+Hedylidae are substantially older
when using this fossil (e.g., an age of ca. 140 Myr for the stem
Hesperiidae = crown Hesperiidae+Hedylidae), an age ca. 30
Myr older than the current age estimate for the entire superfamily Papilionoidea including the swallowtails (Papilionidae)
(Wahlberg et al., 2009, 2013; Heikkilä et al., 2012; Espeland
et al., 2018; Chazot et al., 2019; Kawahara et al., 2019). The
placement of P. kristenseni as a derived Coeliadinae appears to
be problematic because using this fossil to infer the absolute

divergence times of skippers (Fig. 2) causes the estimated node
ages to strongly conflict with estimates based on multiple other
fossil calibrations. A timetree based on a well-sampled transcriptomic analysis of Lepidoptera incorporating all of the most
reliable Lepidoptera and Trichoptera fossils shows that the Lepidoptera originated much earlier than previously inferred, but the
age of Papilionoidea at ca. 110 Myr agrees with previous studies
(Kawahara et al., 2019). Therefore, it appears unlikely that skippers and moth-like nocturnal butterflies (Hedylidae) diverged
ca. 140 Ma, since it would require Papilionoidea to be at least
ca. 160 Myr old. However, a placement of P. kristenseni as a
stem lineage of Coeliadinae is compatible with our estimates and
requires more in-depth morphological analyses. As a result, we
base our conclusions on the results of the BEAST analysis using
secondary calibrations.
Coeliadinae split from the rest of Hesperiidae (i.e., the stem
age of Coeliadinae and crown age of Hesperiidae) ca. 70 Ma
(95% credibility interval CI = 56.8–97.5 Ma), in line with
previous studies that also recovered a Cretaceous stem age
for Coeliadinae (Sahoo et al., 2017; Chazot et al., 2019; Li
et al., 2019). There is therefore a 35 million year difference
between the stem age and crown age of Coeliadinae (Table 1,
Fig. 3). Our BEAST analyses recover a crown age of Coeliadinae
skippers ca. 36 Ma (28.1–50.5 Ma), with most diversification
events happening between the Miocene and Pleistocene (Fig. 3).
Our BioGeoBEARS analyses recover different ancestral ranges
for the crown of Coeliadinae, although the pattern recovered in
the best fitting models (M1) is consistent regardless of the geographic scale at which areas were defined (Fig. 2, Table 2, Supplementary Information S8). We estimate an Indomalayan origin for the crown of Coeliadinae, possibly between the Greater
Sunda Islands and the Indian region, although relative probabilities for the analysis based on fine scale definition of areas
were low with several alternative Indomalayan ancestral ranges
(Supplementary Information S8). Assuming that P. kristenseni
is a stem lineage of Coeliadinae, the ancestral range of Coeliadinae after the split with the remainder of Hesperiidae ca. 70 Ma
could include the Palaearctic region (i.e., P. kristenseni was discovered in Denmark). However, the uncertain placement of this
fossil and likely extinction events throughout the evolution of
the group could obscure this pattern. A comprehensive biogeographical analysis of Hesperiidae is needed to understand the
origin of major skipper clades and the underlying processes that
shaped the current distribution of these butterflies. The origin of
modern Coeliadinae in Indomalaya ca. 35 Ma is in line with the
evolutionary history of many clades dwelling in the Southeast
Asian region, including several butterfly lineages whose distribution in Africa or in Australia are the result of more recent dispersal events (Condamine et al., 2013; Aduse-Poku et al., 2015;
Toussaint & Balke, 2016; Toussaint et al., 2019). The hypothesis
of an Australian origin is rejected by our analyses, although the
mostly Australian genus Allora is sister to the rest of Coeliadinae. Certainly, the estimated ancestral range of Coeliadinae in
Indomalaya is important for understanding the biogeographic
history of skippers in general. An origin in an Australian region
would be compatible with a Gondwanan origin of Hesperiidae
and Hedylidae followed by dispersal considering the timing
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Fig. 1. Maximum likelihood phylogenomic hypothesis for the subfamily Coeliadinae. Best scoring maximum likelihood tree topology derived
from the IQ-TREE analyses of the full nucleotide dataset. Nodal support values expressed as ultrafast bootstrap (UFBoot) and SH-aLRT tests
are given following the inserted caption. The genomic coverage of each taxon is indicated with stars to the right of the labels. Photographs of
skippers in natura are presented: Allora major (Credit: Ian Lawson)–Badamia exclamationis (Credit: Hsu Hong Lin)–Choaspes benjaminii (Credit:
Vkchandrasekharanlic)–Pyrrhochalcia iphis (Credit: Hiroaki Takenouchi)–Coeliades forestan (Credit: Charles J Sharp)–Pyrrhiades lucagus (Credit:
Charles J Sharp)–Bibasis sena (Credit: Vkchandrasekharanlic)–Burara jaina (Credit: Vkchandrasekharanlic)–Hasora badra (Credit: Hsu Hong Lin)
[Colour figure can be viewed at wileyonlinelibrary.com].
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Table 1. Results of the BEAST analyses using different calibration schemes, clock partitioning schemes and tree models
Clocks
1
2
12
1
2
12
1
2
12
1
2
12

Tree Model

Node Calibration

PL MLE

SS MLE

Root

Hesperiidae

Coeliadinae

Birth-death
Birth-death
Birth-death
Yule
Yule
Yule
Birth-death
Birth-death
Birth-death
Yule
Yule
Yule

2∘
2∘
2∘
2∘
2∘
2∘

−93 327.117
−93 321.468
−93 367.559
−93 328.292
−93 323.330
−93 369.365
−93 330.675
−93 327.099
−93 381.628
−93 332.103
−93 328.953
−93 380.369

−93 326.501
−93 320.936
−93 367.079
−93 327.966
−93 322.700
−93 369.163
−93 330.004
−93 326.231
−93 380.845
−93 331.350
−93 328.265
−93 380.284

84.048 [61.068–120.037]
85.643 [63.446–122.029]
76.665 [65.754–94.079]
83.376 [60.475–117.451]
85.139 [62.307–120.725]
76.511 [64.802–95.976]
136.288 [116.144–149.500]
140.751 [124.250–149.499]
143.653 [132.685–149.499]
134.774 [114.315–149.495]
139.971 [123.061–149.499]
143.336 [132.022–149.498]

72.280 [57.534–100.725]
69.968 [56.805–97.526]
61.619 [55.651–73.763]
72.774 [57.290–100.301]
70.486 [56.682–98.529]
61.692 [55.610–76.036]
121.817 [103.464–142.079]
120.904 [106.161–137.417]
118.364 [109.371–128.965]
121.185 [101.503–141.472]
121.106 [106.556–138.340]
118.239 [109.191–128.650]

37.774 [27.754–53.659]
35.812 [28.073–50.483]
31.085 [27.047–37.846]
38.731 [28.523–54.72]
36.248 [28.038–51.048]
31.124 [26.886–38.730]
65.125 [57.918–76.000]
62.731 [57.451–70.570]
60.729 [56.871–65.365]
65.493 [58.239–77.424]
62.919 [57.458–71.377]
60.717 [56.980–65.687]

Calibrations
Calibrations
Calibrations
Calibrations
Calibrations
Calibrations
Fossil
Fossil
Fossil
Fossil
Fossil
Fossil

of complete Gondwana break-up in this region ca. 30–40 Ma
(Seton et al., 2012) and the estimated split between Hesperiidae and Hedylidae ca. 90–100 Ma (Wahlberg et al., 2009, 2013;
Heikkilä et al., 2012; Espeland et al., 2018; Chazot et al., 2019;
Kawahara et al., 2019). Moreover, the Australian endemic and
monotypic genus Euschemon Doubleday is sister to the remainder of skippers excluding Coeliadinae (Toussaint et al., 2018).
An origin in Australia combined with extinction along the stem
of Coeliadinae is an alternative scenario that could be linked to
drastic climate and biome shifts in the Oligocene and Miocene in
Australia, with the progressive replacement of Eocene tropical
forests by arid ecosystems, possibly driving the wane of endemic
lineages (e.g., Toussaint et al., 2015). The hypothesis of a Gondwanan origin in skippers will need to be tested more thoroughly
using a comprehensively sampled and well-resolved phylogenomic tree for the family.
Rejecting the hypothesis of an Australian origin for the
group implies that the ancestors of Allora, which split from
the rest of Coeliadinae in the Eocene, had to disperse over a
large water barrier to colonise the Lesser Sunda Islands and
Melanesia in the Miocene. It is difficult to predict whether this
dispersal event happened early or late along the stem of the
genus, but we suggest that because the Australian and Asian
plates were progressively getting closer in the Palaeogene, the
chances of dispersal were higher in the Miocene than in the
Oligocene and Eocene. Crossing such a barrier was unlikely
in the Oligocene due to the landmass configuration, but it
was more likely once the geological reconfiguration of the
Indo-Australian Archipelago entered its most intensive stage
(Hall, 2012, 2013, 2017; Nugraha & Hall, 2018). We hypothesize that Allora ancestors dispersed toward the Lesser Sunda
Islands and Melanesia in the mid-Miocene soon before the split
between the two current species, and when enough subaerial
terranes existed. Following Hall (2013), substantial amounts
of subaerial terranes existed between Melanesia and the Sunda
shelf in the Miocene, with shallow sea corridors connecting
them. Despite currently lacking representatives of Allora,
Sulawesi might have played an important role in the history of
the genus, serving as a stepping stone toward Melanesia in the
Miocene (Nugraha & Hall, 2018). This scenario would require
regional extinction on Sulawesi following the colonisation of
current geographic ranges. The highly dynamic tectonic history

of Sulawesi between the early and late Miocene might have triggered the extinction of Allora ancestors on the island after the
colonisation of Lesser Sunda Islands and Melanesia (Nugraha &
Hall, 2018). The biome composition of Sulawesi in the Miocene
is largely unknown, but potential shifts in floral compositions
may also have played a role in the extirpation of Allora from
the island in the hypothesis of stepping stone dispersal. Perhaps
more likely, a scenario invoking long distance dispersal across
the Indo-Australian Archipelago is also possible as suggested in
other butterfly groups (Toussaint et al., 2018). The ancestors of
Allora might have dispersed from the eastern margin of Sundaland after the Miocene reconfiguration of the IAA that allowed
the formation of the Lesser Sunda Islands (Hall, 2013). Long
distance dispersal appears be a common feature of Coeliadinae
skippers, as illustrated by the large geographical range of
Badamia exclamationis (Fabricius) from Nepal east to Japan
and south to Australia and Micronesia. Dispersal is likely the
only process that could account for such a wide range over vast
oceanic expanses. Refining understanding of the directionality
of Coeliadinae ancestor biogeography (i.e., Australian vs.
Indomalayan origin) will be critical to better comprehend the
evolutionary history of the genus Allora in the region.
The origin of Coeliadinae in Indomalaya was followed by
colonisation of the Afrotropics in the late Oligocene ca. 25 Ma.
This timeline corresponds closely with the formation of the
Gomphotherium land bridge between the Oriental region and
the Afrotropics via the Arabian Peninsula (Pirouz et al., 2017)
as implemented in our model M1 (Table 2). As a result, we
hypothesize that Coeliadinae skippers colonised the Afrotropics
as soon as the Tethys Ocean was closed in the late Oligocene,
and likely dispersed through the Arabian Peninsula, which
was at the time covered by forested biomes (Griffin, 2002;
Edwards et al., 2010). Although we believe the hypothesis of
post-Tethyan range expansion to be the best explanation for
current-day distribution of Coeliadinae, alternative scenarios
exist. For instance, transoceanic dispersal could be invoked
to explain the initial colonisation of Africa by Coeliadinae
ancestors. Such patterns have been proposed for other butterfly
lineages. For example, Pharmacophagus swallowtails are sister to Australasian Cressida and may have used hypothetical
ephemeral landmasses in the Indian Ocean to colonise Madagascar (Condamine et al., 2013).
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Fig. 2. Violin plots of the posterior divergence time estimates. Graphical representation of the Bayesian posterior distribution from the BEAST analyses
using different priors (number of clocks–tree prior) and calibrations schemes (i.e., fossil calibration vs secondary calibrations) [Colour figure can be
viewed at wileyonlinelibrary.com].

Coeliadinae initially colonised eastern Africa and the Malagasy region as evidenced by the branching of the Madagascar
endemic Tekliades in the phylogeny (Fig. 3). Considering the
long branch leading to Tekliades, we suggest that extinction may
obscure a more widespread distribution after dispersal from the
Oriental region. This is in line with our biogeographic estimation that recovers a widespread ancestral range encompassing
both Eastern Afrotropics and the Indian region which were at
the time a post-Tethyan continuous area (Seton et al., 2012).
The next split in clade V indicates a vicariant event between
clades VI and VII respectively in the Indian region/Thai-Malay
Peninsula and the Afrotropics. This split is dated from the
early Miocene ca. 18.5 Ma and corresponds to the early stages
of the major biome shift that occurred in the Miocene with

forested ecosystems comprised of C3 shrubs and woodlands
being progressively replaced by more open habitats including
C4 grasslands and savannahs in response to global climate
change (Edwards et al., 2010). The C3/C4 transition is recorded
from the early Miocene ca. 20 Ma in the eastern Mediterranean
region and in China, while it is supposed to be more recent in
sub-Saharan Africa and Pakistan, likely from the mid-Miocene
(Edwards et al., 2010). Recent evidence suggests that the C3/C4
transition may be more recent in Africa, from the late Miocene
ca. 10 Ma (Polissar et al., 2019). Although there is no clear Neogene record of changes in vegetation for the Arabian Peninsula,
such biome shifts associated with C3/C4 transition may correspond to the split of clade V (18.5 Ma, 95% CI: 14.2–26.1 Ma);
however, more fine-scale regional studies are needed to test
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Fig. 3. Historical biogeography of Coeliadinae skipper in the Old-World tropics. Chronogram derived from the preferred BEAST analysis with
outgroups removed. The most likely ancestral range estimated in BioGeoBEARS under the DEC model is given at each node with rectangles (fine-scale
definition of areas) or triangles (broad-scale definition of areas). For the broad-scale definition of areas–ancestral ranges are presented only for major
nodes and when a change occurred (descending nodes with not triangle have the same ancestral range as the parent node). Asterisks indicate a relative
probability of the ancestral range >0.50. A schematic view of the main biogeographic events is presented at the bottom in sequence with numbers
indicating the chronology of colonisation events from Indian Region and Greater Sunda Islands toward other regions in the Old-World tropics. An
illustration of Hasora schoenherr is presented from Illustrations of new species of exotic butterflies: selected chiefly from the collections of W. Wilson
Saunders and William C. Hewitson. (Volume V. John van Voorst–London) [Colour figure can be viewed at wileyonlinelibrary.com].
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Table 2. Results of the BioGeoBEARS analyses
Model

Areas

Adj.

Scal.

Pa.

d

e

LnL

AIC

AICc

ΔAICc

Coeliadinae

Node I

Node II

Node III

Node VII

DEC M0
DIVALIKE M0
DEC M1
DIVALIKE M1
DEC M0
DIVALIKE M0
DEC M1
DIVALIKE M1

3
3
3
3
9
9
9
9

No
No
Yes
Yes
No
No
Yes
Yes

No
No
Yes
Yes
No
No
Yes
Yes

2
2
2
2
2
2
2
2

0.02
0.02
0.05
0.05
0.02
0.02
0.06
0.09

0
0
0
0
0
0
0.01
0.06

−103.37
−110.22
−91.37
−95.68
−269.34
−281.34
−195.37
−205.41

210.75
224.44
186.74
195.36
542.68
566.68
394.74
414.82

210.99
224.64
186.99
195.61
542.93
566.93
394.99
415.07

24.00
37.65
8.62
147.94
171.94
20.08

LY
AY
Y
Y
L
LM
GI
GIMP

AL
A
Y
ALY
L
A
A
A

Y
Y
Y
Y
ALGHIMP
M
I
I

Y
Y
Y
Y
E
M
I
I

Y
Y
Y
Y
M
M
M
M

Note: Adj., presence of absence of designed adjacency matrices; Scal., presence or absence of designed rate scaler matrices; Pa., number of free parameters; d, dispersal;
e, extinction, LnL, log-likelihood; AIC, Akaike Information Criterion; AICc, Akaike Information Criterion corrected (takes into account sample size); ΔAIC, difference in
AIC between competing models.

this hypothesis. An alternative explanation for the vicariance of
clade V may be linked to on-going aridification of the Arabian
Peninsula in the Miocene. However, while the timeline of aridification is not robustly established for this region, recent studies
indicate that the most significant transition to aridity in the
Sahara Desert occurred in the late Miocene (Zhang et al., 2014).
Considering the exclusive diet of Coeliadinae caterpillars on
dicot host plants (Chiba, 2009), we suggest that the hypothesis
of vicariance driven by a biotic shift leading to the progressive
replacement of Arabian woodlands into open arid savannahs
dominated by monocots is a more likely scenario. This transition would have resulted in the extirpation or displacement
of ancestral Coeliadinae lineages on either side of the Arabian
Peninsula, resulting in a vicariant cladogenetic event (Fig. 3).
Following this event, the Afrotropical ancestors colonised the
Western Afrotropics including São Tomé and Príncipe (i.e.,
Pyrrhiades bocagii is an endemic), and we estimate a dynamic
pattern within the African continent with multiple events of
range contraction and expansion in the past 10 Myr (Fig. 3).
Except for Allora ancestors (see above), the colonisation of
regions east of Wallace’s Line likely occurred after the formation
of the Indo-Australian Archipelago and was often associated
with large range expansions without regional extinction (Fig. 3).

independent data sources (Wahlberg et al., 2009, 2013; Heikkilä
et al., 2012; Espeland et al., 2018; Chazot et al., 2019; Kawahara et al., 2019). We argue that placement of P. kristenseni in
this clade is uncertain and that its placement within Coeliadinae
requires further investigation. The historical biogeography of
Coeliadinae provides an example of a clade that expanded its
range from the Oriental region across the Arabian Peninsula
and the Afrotropics during the Oligocene. At the time, these
regions were likely covered by forested ecosystems rich in dicot
hostplants on which Coeliadinae caterpillars could feed. While
Coeliadinae skippers were expanding their range across the
Australian region, the major Miocene biome turnover progressively led to the replacement of woodlands by grasslands and
arid savannahs and likely drove the extirpation of Coeliadinae
from the Arabian Peninsula and western Asia, shaping the
current disjunct distribution observed in these skippers.
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Conclusion
Our phylogenomic results demonstrate how data from Sanger
sequencing can be combined with newly generated genomic
matrices comprising hundreds of nuclear coding loci captured
across the exome. This relatively cost-efficient approach can be
used to sequence decades-old museum specimens to produce
robust phylogenies for a reasonable cost. Combining old and
new data in this way will enable resolution of the tree of life at
an unprecedented pace as we have done for Coeliadinae. Our
tree conflicts with previous hypotheses based on fewer data
and suggests that the Indo-Australian genus Allora is sister to
all other Coeliadinae. Comparative dating analyses cast doubt
on the current assignment of Protocoeliades kristenseni to our
clade II (de Jong, 2016, 2017). Assigning this fossil to the
crown of clade II (i.e., the stem of our clade VIII) as previously
suggested results in unrealistic age estimates that contradict current understanding of butterfly diversification based on multiple
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Tree file resulting from the best BEAST analysis based on
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