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A B S T R A C T

Hypolimnas butterflies (Nymphalidae), commonly known as eggflies, are a popular model system for studying a
wide range of ecological questions including mimicry, polymorphism, wing pattern evolution, and Wolbachia-
host interactions. The lack of a time-calibrated phylogeny for this group has precluded understanding its evo-
lutionary history. We reconstruct a species-level phylogeny using a nine gene dataset and estimate species di-
vergence times. Based on the resulting tree, we investigate the taxon’s historical biogeography, examine the
evolution of host plant preferences, and test the hypothesis that the endosymbiotic bacterium Wolbachia med-
iates gene transfer between species. Our analyses indicate that the species are grouped within three strongly
supported, deeply divergent clades. However, relationships among these three clades are uncertain. In addition,
many Hypolimnas species are not monophyletic or monophyletic with weak support, suggesting widespread
incomplete lineage sorting and/or introgression. Biogeographic analysis strongly indicates that the genus di-
verged from its ancestor in Africa and subsequently dispersed to Asia; the strength of this result is not affected by
topological uncertainties. While the larvae of African species feed almost exclusively on Urticaceae, larvae of
species found further east often feed on several additional families. Interestingly, we found an identical mi-
tochondrial haplotype in two Hypolimnas species, H. bolina and H. alimena, and a strong association between this
mitotype and the Wolbachia strain wBol1a. Future investigations should explore the plausibility of Wolbachia-
mediated introgression between species.

1. Introduction

The Old World butterfly genus Hypolimnas is remarkable for the
highly varied wing patterns of the taxon’s 29 described species (Lamas,
2015; Table A1), which are commonly known as eggflies. Interspecific
variability is so marked because different Hypolimnas species are Ba-
tesian and/or Müllerian mimics of different, unpalatable model species
(Marsh et al., 1977; Vane-Wright et al., 1977). For this reason, the
genus has been a model for ecological and evolutionary studies,

beginning with Poulton’s (1897) writings on mimicry in H. bolina and
H. misippus, and Marshall’s (1902) observations on mimicry and poly-
morphism of H. dubius (now known as H. anthedon). Since then, field
and laboratory studies on members of this genus have provided insights
into the selective forces that change frequencies of polymorphic forms
in populations (Edmunds, 1966, 1969; Smith, 1973, 1976; Turner,
1978; Gordon, 1987; Gordon and Smith, 1998; but see Clarke et al.,
1989). Classical genetics research (Clarke and Sheppard, 1975; Smith
and Gordon, 1987) and pharmacological investigations (Marsh et al.,
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1977) on Hypolimnas species have furthered understanding of wing
pattern formation in butterflies. Although investigations on the re-
levance of wing patterns are mostly limited to two species, H. bolina and
H. misippus, field observations suggest geographic patterns for model-
mimic relationships among different lineages. While African species
usually mimic Amauris and/or Acraea, Asian species generally mimic
Danaus and/or Euploea (Table A1 and references therein). Females of
the exceptionally widespread, pantropical species H. misippus mimic
Danaus chrysippus through out the Old World - a species that is itself
unusually widespread (Vane-Wright et al., 1977; Braby et al., 2015).

Hypolimnas butterflies have been the subject of research on re-
productive diapause (Kemp, 2001a; Pieloor and Seymour, 2001), sea-
sonal polyphenism (Kemp, 2000; Kemp and Jones, 2001), territorial
behaviour (Stride, 1956; Kemp, 2001b; Kemp and Rutowski, 2001), and
parental care (Nafus and Schreiner, 1988; Schreiner and Nafus, 1991).
Recent studies on Hypolimnas have focused on the microscopic orna-
mentation of wing scale arrangements (Saito, 2002; Kemp and
Macedonia, 2006; Siddique et al., 2016). Moreover, decade-long in-
vestigations on Hypolimnas populations (Charlat et al., 2009; Duplouy
et al., 2010) and breeding experiments (Dyson et al., 2002) have made
Hypolimnas a model for studying population-level and evolutionary
interactions between insects and alpha-proteobacterial lineage Wolba-
chia. This intracellular, bacterial parasite is found in more than half of
all insect species. It is generally inherited maternally through its pre-
sence in the cytoplasm of the ovum, and the bacterium can manipulate
reproduction of its host to favor production of females (Werren et al.,
2008). Interestingly, studies on Hypolimnas-Wolbachia interactions have
provided clear evidence for interference among selfish genetic elements
(Charlat et al., 2006), and W.D. Hamilton’s theory on rapid sex-ratio
flux due to an arms race between sex-ratio distorters and counteracting
suppressor genes (Hornett et al., 2006; Charlat et al., 2007).

However, the absence of information on phylogenetic relationships
among Hypolimnas species precludes broader understanding of evolu-
tionary patterns in this group (Vane-Wright et al., 1977; Kemp et al.,
2014). For instance, studies on butterfly-hostplant associations, his-
torical biogeography, and wing-pattern evolution within the genus are
hindered by the lack of a robust phylogeny.

Hypolimnas species are found in all tropical regions. Only one spe-
cies, H. misippus, is found in Central and South America (where it is
quite likely introduced) and it is distributed on every continent but
Europe and Antarctica. Hypolimnas bolina is also unusually widespread
from Oceania west to tropical Asia and Madagascar (Vane-Wright et al.,
1977; Tsukada 1985; Parsons, 1998; Larsen, 2005). Although members
of the genus are morphologically similar to each other, there is no
known synapomorphic morphological character that validates the
monophyly of the genus (Vane-Wright et al., 1977). Previous phylo-
genies of Nymphalinae (Wahlberg et al., 2005, 2009; Su et al., 2017)
included few representative species of Hypolimnas, and recovered the
genus as monophyletic and sister to the African genus Precis. The most
comprehensive phylogeny of the group (Kodandaramaiah, 2009) in-
cluded data from a maximum of three genes from 13 species, and was
unable to resolve intrageneric relationships with strong support. Fur-
thermore, the taxonomy of many species (e.g., H. bolina) has been
challenging owing to their extensive wing pattern polymorphism
(Vane-Wright et al., 1977).

In this study, we reconstruct phylogenetic relationships among 113
Hypolimnas specimens collected throughout the genus’ entire range
using up to 7013 base pairs (bp) comprising sequences from one mi-
tochondrial and eight nuclear loci. We also estimate divergence times of
the species. Based on our results, we investigate the historical biogeo-
graphic patterns, evolution of larval host plant preferences, and ex-
amine the veracity of current species-level taxonomy. We also in-
vestigate patterns of Wolbachia infection in the group and evaluate the
plausibility of Wolbachia-mediated gene transfer between species.

2. Methods

2.1. Taxon and marker sampling

We sampled 26 out of 29 recognized Hypolimnas species (Table A1).
We were unable to sample H. aubergeri, H. chapmani, and H. euploeoides.
The latter species is found on the Admiralty Islands north of New
Guinea, but the others are African. Note that Lamas (2015) regards H.
sumbawana as a subspecies of H. anomala, but our results demonstrate
that sumbawana is clearly distinct from anomala (they are not sister
taxa). Wherever possible, we included multiple specimens of each
species from different geographic areas, for a total of 113 specimens.
Preliminary species-level identifications were based on traditional
morphological characters. We attempted to amplify eight nuclear loci
(ArgKin, CAD, EF1a, GAPDH, MDH, RpS2 and RpS5, Wgl) totaling
5538 bp and one 1475 bp mitochondrial locus (COI) from each spe-
cimen using the primers and protocols described in Wahlberg and
Wheat (2008). A three loci dataset (COI, EF1a, and Wgl) from 13 spe-
cimens (a subset of the species used here) that was previously used for
phylogenetic analysis (Kodandaramaiah, 2009) was compiled from
GenBank. Sequences of the sister genus Precis (Wahlberg et al., 2005,
2009) were also obtained from GenBank and served as the outgroup.

2.2. Phylogenetic analyses

We used PartitionFinder v1.1.1 (Lanfear et al., 2012) to determine
optimal data partitioning schemes and evolutionary models before
performing ML analyses using RAxML v8 (Stamatakis, 2014) on the
CIPRES web portal (Miller et al., 2010). Nodal support values were
calculated from 1000 bootstrap trees. We performed separate ML ana-
lyses for (a) the mitochondrial dataset, (b) the nuclear dataset, and (c)
the combined nuclear and mitochondrial dataset of all sequenced loci.

We used MrBayes v3.2 (Ronquist et al., 2012) on the CIPRES web
portal (Miller et al., 2010) for Bayesian Inference (BI) of phylogeny of
the combined nuclear and mitochondrial dataset and evolutionary
models from PartitionFinder v1.1.1 (Lanfear et al., 2012). The program
MrBayes was set to estimate the base frequencies and shape parameters
from the data. We performed two independent runs with two chains per
run for 10 million generations, sampling trees every 1000 generations.
The convergence of independent runs was analyzed from the values of
Potential Scale Reduction Factors (value close to one indicates con-
vergence) (Gelman and Rubin, 1992). The consensus tree was re-
constructed after discarding the first 25% of trees as burn-in. Posterior
probability (PP) values provided a measure of nodal support.

2.3. Molecular dating and diversification analyses

For the molecular dating analysis, we included sequences of all
other genera in Junoniini (the tribe to which Hypolimnas belongs)
(Wahlberg et al., 2005; Kodandaramaiah and Wahlberg, 2007) and used
four members of the sister tribe Victorinini (Wahlberg et al., 2005; Su
et al., 2017) as outgroup. We estimated divergence times using BEAST
v2.4 (Bouckaert et al., 2014) taking into account the secondary cali-
brations from Wahlberg et al. (2009) which is a family-level study of
Nymphalidae that used seven fossils and host plant ages for node ca-
librations, and is based on a dataset of 10 gene regions. A recent paper
by Su et al. (2017) on the subfamily Nymphalinae suggests that all
clades are older than in Wahlberg et al. (2009), using a dataset of 3
gene regions calibrated with only two of the above mentioned seven
fossils (Vanessa amerindica and Prodryas persephone: late Eocene) and
host plant ages. The placement of these two fossils in the butterfly tree
has recently been questioned in a morphological revision of all butterfly
fossils (de Jong, 2017), with a recommendation to place the former
fossil at the base of the subfamily Nymphalinae (rather than within the
tribe Nymphalini) and not to use the later fossil at all, due to ambiguous
characters. In a very recent study taking these recommendations into
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account (Chazot et al., 2018), we find ages for Junoniini similar to
Wahlberg et al. (2009). We thus base our analysis on times of diver-
gence calibrated according to Wahlberg et al. (2009), where the age of
Junoniini was estimated 29.07 million years ago (Mya) compared to
42.3 Mya by Su et al. (2017). However, we examined the extent to
which variation in time estimates of higher clades could potentially
influence age estimation of Hypolimnas (details in Table A2).

In our dataset, we calibrated the higher-level nodes
(Junoniini +Victorinini and Junoniini) with ages from the previous
estimates and assigned normal distribution priors to the calibrated
nodes. Following Wahlberg et al. (2009), we assigned an age of 29.07
Mya (95% highest posterior density [HPD]: 24.27–34.0) to the crown
age of Junoniini and 41.08 Mya (95% HPD: 35.61–45.75) to the root
(Junoniini +Victorinini). Using the partitioning scheme from Parti-
tionFinder v1.1.1 (Lanfear et al., 2012), we performed two independent
runs of 25 million generations each, sampling every 2500 generations.
We also examined the effect of tree priors (birth-death and Yule model)
on age estimation. After confirming the convergence of runs with
Tracer v1.6 (Rambaut et al., 2014), we discarded the initial 20% of each
run as burn-in and summarized the tree using TreeAnnotater v2.3
(Bouckaert et al., 2014).

Due to poor convergence of two tree parameters (prior and pos-
terior) in the BEAST analyses, we compared the age estimates from the
BEAST analyses with those from a path-length based molecular dating
implemented in the program PATHd8 (Britton et al., 2007). We per-
formed a ML analysis of the Junoniini dataset following the procedure
described in the previous section. The resulting ML tree was used to
estimate relative ages of the nodes using the PATHd8 method (Britton
et al., 2007), which uses the mean path length algorithm (Britton et al.,
2002) with correction for a molecular clock. The absolute ages were
estimated using two secondary calibrations as mentioned above, except
that the root of the tree was fixed with the mean estimated age without
any mention of age ranges. After comparing the divergence times es-
timated across analyses, we considered the time tree from BEAST
analysis under a birth-death prior for further diversification analyses,
retaining only one randomly chosen specimen per species.

We estimated the gamma statistic (Pybus and Harvey, 2000) using
the R (v3.4.1; R Core team, 2017) package Laser v2.4.1 (Rabosky,
2006) to test whether the diversification rate varies across the tree. A
negative gamma statistic indicates that the internal nodes are closer to
the root than expected under a constant rate model, suggesting high
diversification rate towards the base of the tree. A positive gamma
statistic suggests that the diversification rate increased recently. We
used the Monte Carlo Constant Rates (MCCR) test (Pybus and Harvey,
2000) to account for incomplete taxon sampling by adjusting the cri-
tical value of gamma.

We generated a Lineage Through Time (LTT) plot for the time tree
and evaluated the pattern of lineage accumulation in the empirical LTT
plot by comparing it with simulated LTT plots. We simulated 1000 trees
under a constant diversification model (parameters from pure birth
model) with 26 taxa using the R package TreeSim v2.3 (Stadler, 2011)
to construct the simulated LTT curves. We compared the lineage ac-
cumulation pattern on the time tree to different models of diversifica-
tion (Rabosky and Lovette, 2008) using log-likelihood scores and
Akaike Information Criteria (AIC) in the R package Laser v2.4.1
(Rabosky, 2006).

We used a Bayesian framework, employed in BAMM v2.5 (Bayesian
Analysis of Macroevolutionary Mixtures; Rabosky, 2014), for modelling
speciation and extinction rates over the phylogeny. We ran the analysis
with four independent chains of 20 million generations each sampling
every 20,000 generations. After removing first 10% of generations as
burn-in, we analysed the sampled generations for rate shift configura-
tions using the R package BAMMtools v2.1.0 (Rabosky et al., 2014).

2.4. Character state mapping

Information about geographic ranges of each species was compiled
from various sources (Table A1) and each species was classified as
present or absent in six biogeographic regions – Neotropics (South and
Central America), Nearctic (Canada and the continental United States),
Palearctic (East Asia, West Asia, Central Asia, North Asia and Europe),
Afrotropics (Africa and Malagasy region), Oriental (South Asia and
Southeast Asia) and Australasia (Australia, New Zealand, New Guinea
and South Pacific Islands). The distributions were mapped onto the
phylogeny using the online tool Interactive Tree Of Life (iTOL) v3
(Letunic and Bork, 2016). We also compiled larval host plant data from
various sources (Table A1) and mapped them onto the phylogeny in the
same manner as above.

2.5. Wolbachia infection

We tested all samples for Wolbachia infection using a PCR-based
assay by amplifying the Wolbachia surface protein gene wsp using the
primer pair wsp 81F – wsp 691R (Zhou et al., 1998). The infection status
of samples that tested positive based on amplification of wsp was con-
firmed by amplifying the faster evolving cell-cycle gene ftsZ (using the
primer pair ftsZ_F1 – ftsZ_R1; Baldo et al., 2006). All samples that were
positive for wsp were also positive for ftsZ, and were thus scored as
positive for presence of Wolbachia. We further amplified four additional
loci (coxA, fbpA, gatB, hcpA) from infected samples for multi-locus se-
quence typing (MLST) (Baldo et al., 2006) to identify and explore
Wolbachia strain diversity.

3. Results

3.1. Phylogenetic relationships

The monophyly of Hypolimnas was strongly supported (Bootstrap
[BS]= 100; Posterior Probability [PP]= 1) in all analyses. Irrespective
of the dataset used or type of analysis, the trees had three deeply di-
vergent, strongly supported (BS > 90; PP=1) branches, which we
refer to as clades I, II and III. For simplicity, we describe results from ML
and BI analyses of the combined nuclear and mitochondrial dataset
(Fig. 1), except where otherwise stated. The results of the ML analyses
of mitochondrial and nuclear loci are shown in Figs. A1 and A2.

Clade I comprised three strongly supported (BS > 90; PP=1)
lineages; however, the inter- and intralineage relationships are not
strongly supported (BS < 60; PP < 0.6) for some nodes. The mi-
tochondrial and nuclear ML trees supported the monophyly of one or
more of these three lineages poorly (BS < 60) or did not recover them
as monophyletic at all (Figs. A1 and A2).

In clade II, H. deceptor was sister to H. anthedon with strong support
(BS=100; PP=1). The taxon known as dubius was previously re-
garded as a full species, and our results confirm that it is a junior sy-
nonym of H. anthedon. At every locus, H. anthedon was polyphyletic
with regard to H. “dubius”, but the clade with both taxa was mono-
phyletic with strong support (BS=98; PP=1; Figs. A1 and A2).

The relationship between clade I and clade II is unclear: their sister
relationship was poorly supported in one set of analyses (mitochondrial
ML: BS=54; nuclear ML: BS=43; concatenated BI: PP=0.59), while
in another analysis they were not sister taxa (combined nuclear and
mitochondrial ML).

Clade III included the remaining 16 species (Fig. 1). Within this
group, H. misippus diverged first followed by the divergences of H. bo-
lina, H. inopinata, H. alimena, and the clade H. anomala+H. antilope.
This was followed by the divergences of all other species.

Within the strongly supported clade of H. anomala+H. antilope
(BS=100; PP=1), the monophyletic H. antilope (BS=74; PP=0.7)
was nested within H. anomala, rendering the latter paraphyletic in all
analyses. Four species (deceptor, monteironis, salmacis and errabunda)
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were monophyletic in the trees from the mitochondrial and combined
nuclear and mitochondrial datasets (BS > 95), but not in the nuclear
dataset. Four other species (dinarcha, pithoeka, deois, and pandarus)
were either not monophyletic, or their monophyly was poorly sup-
ported (BS < 50) in at least some analyses. The tree inferred from
combined nuclear and mitochondrial data recovered H. alimena as
monophyletic and sister to one clade of polyphyletic H. bolina.
However, this relationship between H. bolina and H. alimena was not
consistent across analyses. The tree based only on nuclear dataset re-
covered both H. bolina and H. alimena as monophyletic (BS=24 and 88
respectively) but, the mitochondrial tree did not.

3.2. Mitochondrial haplotypes and Wolbachia infection

To investigate a likely explanation for the polyphyly of H. bolina and
H. alimena in the mitochondrial, but not the nuclear tree, we compared
partial 580 bp COI sequences from all specimens of H. bolina and H.
alimena amplified using the primer pair HCO/LCO (Folmer et al., 1994).
There were 39 polymorphic sites among the 13 H. bolina sequences, and
33 polymorphic sites among the eight H. alimena. Comparison of mi-
totypes across species revealed that all specimens of H. bolina and H.
alimena that grouped together in the mitochondrial tree shared a
common mitotype. Therefore, there were three mitotypes found in
these two species: one specific to each of the two species and a third
shared by both. The mitotypes specific to each of the species had< 1%
intra-specific divergence, but each of these species-specific mitotypes
differed from the shared mitotype by 5 – 7% (Table 1). The percent
sequence divergences were calculated in MEGA v6 (Tamura et al.,
2013).

Testing and characterizing Wolbachia revealed that only three
Hypolimnas species in our dataset were infected. Ten out of 13 speci-
mens of H. bolina, four of nine H. alimena, and two of three H. anomala
were infected with Wolbachia. All infected H. bolina and H. alimena had
the same Wolbachia strain: multi locus sequence type (MLST) 125 in
supergroup B. ThisWolbachia strain has been previously identified in H.
bolina as male killing wBol (Charlat et al., 2009). A different Wolbachia
strain MLST 118 in supergroup A was present in H. anomala.

3.3. Molecular dating and diversification rates

The divergence analyses with BEAST using secondary calibrations
from Wahlberg et al., (2009) estimated the mean crown age of Hypo-
limnas to be 13.4 Mya (under a birth-death prior) and 16.8Mya (under a
Yule-model), while the PATHd8 analysis suggested an origin 15.1 Mya.

Using the time tree from BEAST analysis under a birth-death prior,
the MCCR test (using total species= 29, sampled species= 26,
gamma=−1.163) resulted in a critical gamma of −1.83 (corrected p-
value= 0.17). As the critical gamma is more than −1.645, there is
weak signal for diversification rate variation across the tree; a lower
value would indicate an early burst of diversification (Fordyce, 2010).
Moreover, model comparison indicated that a constant rate model (pure
birth model; AIC=10.852; logLik=−4.426) best fits the lineage ac-
cumulation pattern in comparison to the models that allow variation in
speciation or extinction rates or both (Table A3). The placement of the
empirical LTT plot within the simulated curves generated under a
constant diversification rate (Fig. A3) further corroborates the finding
that the diversification rate was constant. This was corroborated by the
BAMM analysis which supported no change in diversification rate, with
constant speciation and extinction rates (Fig. A4).

3.4. Host plant and biogeography

Mapping the phylogeny with the geographic distributions of the
species (Fig. 2) showed that two deeply divergent lineages, clade I and
clade II, are distributed across the Afrotropics. While most species in
clade III are distributed in the Oriental and Australasian regions, two
species in this group are widespread globally – bolina is found in Aus-
tralasia, Oriental, Palearctic and Afrotropic, while misippus is found in
Australasia, the Oriental region, the Afrotropics and the New World
(Nearctic+Neotropic; possibly introduced (Larsen, 1996; Parsons,
1998).

Most species of Hypolimnas feed on Urticaceae (Fig. 2). While the
African clades are confined to Urticaceae, the Oriental and Australasian
species feed on Euphorbiaceae, Malvaceae, Moraceae, Portulacaceae
and Acanthaceae in addition to Urticaceae. The two widespread spe-
cies, H. misippus and H. bolina, feed on a large number of species across
many different (> 10) families.

Fig. 1. Comparison of Bayesian Inference (BI) and Maximum Likelihood (ML) phylogenetic analyses of the combined nuclear and mitochondrial dataset. (A) The phylogeny from the BI
analysis with posterior probability node support indicated. (B) The phylogeny from ML analysis with bootstrap values indicated.
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4. Discussion

4.1. Phylogenetic relationships and taxonomic implications

The relationships in the tree from the combined nuclear and mi-
tochondrial dataset are largely concordant with those inferred in-
dependently from the nuclear-only dataset and from the mitochondrial
dataset. Deeper nodes were generally strongly supported; however,
recent divergences among species were not well resolved (BS < 60).
Across all analyses, the species were recovered in three strongly sup-
ported deeply divergent clades (I, II and III) (BS > 90; PP=1).

The relationships among species within two of the deeply divergent
clades – clade I and II – are not well resolved at the internal nodes; only

four of the eight nodes were resolved (BS > 80) in the mitochondrial
tree and only three were resolved in the combined nuclear tree
(BS > 80) and five in the concatenated tree (BS > 80). In clade III,
most of the nodes were poorly resolved (BS < 60) across all analyses,
except the divergence of H. misippus from the rest of the species in the
clade. Overall, the branch lengths for recent species divergences were
relatively smaller in the combined nuclear tree compared to those in the
mitochondrial tree (Figs. A1 and A2). The nodes corresponding to these
small branch lengths are often associated with low node support
(BS < 60). This pattern of short branch length being associated with
low node support indicates weak phylogenetic signal even after in-
cluding a relatively large dataset of eight loci. Weak phylogenetic signal
in the dataset may result from incomplete lineage sorting, introgression

Table 1
Percent sequence divergence in mitochondrial haplotypes (mitotypes; COI: 580 bp) among three Hypolimnas species with respect to their Wolbachia infection status. One H. bolina
specimen (DL95-0001) was excluded from this analysis because its infection status was uncertain; another Wolbachia-infected H. bolina (NW98-4) specimen had a mitotype that differed
from other infected specimens (see Section 4.4) and was therefore excluded.

Infected Uninfected

bolina (8) alimena (4) anomala (2) bolina (3) alimena (4) anomala (1)

Infected bolina 0
alimena 0 0
anomala 0.07 0.07 0

Uninfected bolina 0.07 0.07 0.08 0
alimena 0.05–0.06 0.05–0.06 0.08 0.05–0.06 0.01
anomala 0.06 0.06 0.02 0.08 0.07 0

The number in the parentheses represents the number of specimens.

Fig. 2. Larval host plant families and geographic distributions of Hypolimnas species are mapped onto the time tree. The time tree was from BEAST analysis with calibrations from
Wahlberg et al. (2009) under a birth-death model. For presentation purposes, all species are indicated by one randomly chosen specimen, although some species are not monophyletic (see
Fig. 1). The mean age, along with the 95% highest posterior density in parentheses, are mentioned only for deeper clades. Geographic distributions and known larval host plant families of
each species are indicated next to the terminal branches. Filled, coloured circles indicate that the species is found in the indicated geographic area. New World combines the Neotropics
and Nearctic. (For interpretation of the references to colours in this figure legend, refer to the web version of this article.)
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among recent lineages, or slow rates of molecular evolution.
Discordance among gene trees is another plausible reason for poor
phylogenetic resolution (Smith et al., 2015). However, low nodal sup-
port within individual gene trees suggests that strong phylogenetic
discordance among gene trees is unlikely to result in the patterns found
here. Moreover, it is possible that discordances in different regions of
the tree result from different evolutionary phenomena.

Only seven species were recovered as monophyletic (BS > 80) and
monophyly of five additional species could not be tested objectively
because they were rare and represented in our analyses by single spe-
cimens. The monophyly of some other species were uncertain because
of: (i) paraphyly (H. anomala), (ii) discrepancies between datasets (e.g.,
H. pandarus), and (iii) poor nodal support (BS < 60) for monophyly
(e.g., H. deois). Incomplete lineage sorting or gene flow between re-
cently diverged species are plausible explanations for these patterns.
Additionally, it is possible that morphologically delimited species in
this genus of phenotypically divergent and highly evolvable Batesian
mimics may not reflect true species boundaries (Wei et al., 2017).

We note that some inconsistencies between the nuclear and mi-
tochondrial trees and non-monophyly of some species may be due to
incomplete sequences in our datasets. For example, the two H. deceptor
specimens we include have just one or two nuclear loci plus COI, but
without a single nuclear locus shared between both specimens. As a
result, in the COI tree they group together as sister to H. anthedon
whereas they are within the H. anthedon clade in the nuclear tree. The
phylogenetic position of H. inopinata is tentative because we only had
758 bp data from three loci for this specimen and note that the nuclear
and mitochondrial trees differ in the placement of this taxon. Although
the two specimens of H. errabunda formed a distinct clade in the mi-
tochondrial tree, they were paraphyletic with regards to H. octocula and
H. pithoeka in the nuclear tree. This may result from poor phylogenetic
signal from only two nuclear loci that amplified in the H. errabunda
specimens.

Our molecular phylogenetic results confirm that H. dubius Palisot de
Beauvois (1820) is conspecific with H. anthedon Doubleday (1845). The
name H. dubius is invalid because it is a junior homonym, and the taxon
should be called H. anthedon (Lamas 2015). In addition, our results
suggest that H. pithoeka Kirsch (1877) is a junior synonym of H. octocula
Butler (1869) and that H. antilope Cramer (1877) is a junior synonym of
H. anomala Wallace (1869). Though we do not formally synonymize
these latter two pairs in this publication, it likely that future molecular
and/or morphological study will support these tentative taxonomic
conclusions.

4.2. Historical biogeography

Although relationships among the three deeply divergent clades
were not strongly supported, we observed a common historical bio-
geographic pattern across trees generated with all datasets. Irrespective
of the conflicting topologies, the earliest diverging clade of Hypolimnas
(depending on the tree, either only clade I or the clade containing both
clade I and II; Figs. 1 and A5) and the sister genus Precis are both re-
stricted to Africa. Other genera in the tribe Junoniini also likely origi-
nated in Africa, except Yoma (Wahlberg et al., 2005; Su et al., 2017).
This pattern of initial divergences within Africa suggests that Hypo-
limnas started diversifying in Africa (Figs. 2 and A5), and the ancestor of
one lineage dispersed to Asia ca. 13.4Mya (95% HPD: 9.3–18.1Mya).
Subsequently, the Asian lineage diversified and dispersed across the
Oriental and Australasia regions. This biogeographic pattern supports
the ‘Out-of-Africa’ hypothesis as demonstrated in two other butterfly
genera Junonia (Kodandaramaiah and Wahlberg, 2007) and Charaxes
(Aduse-Poku et al., 2009), and also in honey bees (Whitfield et al.,
2006), oil bees (Schaefer and Renner, 2008), primates (Jacobs, 1981;
Fleagle and Gilbert, 2006), and some plant genera (Schaefer and
Renner, 2010; Zhou et al., 2012).

It is noteworthy that the dispersal from Africa to Asia in Hypolimnas

and in the above-mentioned taxa, except the bees, occurred within a
short time frame, ca. 24–13Mya. This time period largely overlaps with
the formation of land bridge between Arabia and Asia (Rogl, 1998,
1999; Hessami et al., 2001; Willis and McElwain, 2002), and expansion
of tropical forests out of the equatorial region due to warm climate
during the Mid-Miocene Climatic Optimum (ca. 17–15Mya; Zachos
et al., 2001; Willis and McElwain, 2002). Thus, it is likely that in the
mid-Miocene, the expansion of forests across Arabia, Asia, and the
Arabia-Asia land bridge could have formed a continuous forest corridor
facilitating dispersal of many forest-dwelling taxa. However, the con-
tinuous forest habitat connecting Arabia and Asia was transient, as the
climatic variation during the late Miocene replaced forests outside the
equatorial region with open grasslands (Cerling et al., 1997; Jacobs,
2004). Prior to the mid-Miocene, the climate was also unsuitable for
forest expansion, as the global temperature was relatively cool (due to
declining temperature after the Eocene thermal maximum (ca.
52–50Mya); Zachos et al., 2001). Therefore, expansion of forests in the
mid-Miocene provided a unique but transient opportunity for exchange
of lineages between Africa and Asia.

4.3. Host plant associations

Mapping larval host plant taxa onto the phylogeny indicates that the
ancestor of Hypolimnas most likely fed on Urticaceae. The lineages that
diversified in the Afrotropics remain restricted to Urticaceae, while
lineages in the Oriental and Australasian regions expanded their diets to
include other families (Fig. 2). Local unavailability of host plants does
not seem to be a plausible explanation for the relatively narrow host
plant breadth of African clades, as most of the host plant families of
non-African Hypolimnas are also found in Africa (Stevens, 2001) and
some of these plants are eaten by larvae of other African Junoniini
species (e.g., Junonia, Salamis) (Larsen, 2005). However, increase in
host plant range in the non-African clade did not influence the di-
versification rate (Table A4).

The two widespread species – H. bolina and H. misippus – have broad
host plant ranges (> 10 plant families). The correlation between host
plant breadth and geographic range has also been reported in many
other studies including in the butterfly subfamily Nymphalinae (Slove
and Janz, 2011 and references therein). This relationship may be be-
cause host plant expansion facilitates geographic range extensions, or
because increased geographic range leads to broader host range. For
instance, the wide host plant range of H. misippus perhaps allowed it to
colonize the New World once it arrived or was introduced. A strong
correlation between host and geographic range sizes is an important
requirement for diversification under the Oscillation Hypothesis (Janz
et al., 2006; Janz and Nylin, 2008), which proposes that the diversifi-
cation of herbivorous insects is largely explained by the expansion of
host plant breadth and subsequent specialisation in sympatry or allo-
patry. A wide geographic range is likely to provide more heterogeneous
abiotic conditions (e.g., climate) and diverse biotic interactions (e.g.,
parasites) and thereby promote local adaptation. Adaptation to local
conditions may reduce gene flow across populations and promote spe-
cialisation on locally favoured host plant(s). As a result, the populations
undergo fragmentation and subsequent speciation. It will be interesting
to explore whether population fragmentation has occurred across the
geographic range of H. bolina and H. misippus and if so, to what extent
this fragmentation can be explained by geography and host plants.

4.4. Introgression mediated by Wolbachia?

Mitochondrial sequences of some H. bolina and H. alimena share
identical, invariant COI sequences (580 bp). This common mitotype was
found in H. alimena specimens from Seram and Ambon, Indonesia, and
in H. bolina specimens from Africa, India, China, Palawan (Philippines),
and peninsular Malaysia. This common mitotype was also previously
recorded in 18 additional H. bolina specimens (99–100% identity;
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GenBank) from Africa, India, China, Myanmar, Thailand, Malaysia, and
islands of the South Pacific (Charlat et al., 2009; Duplouy et al., 2010).
The divergent mitotypes specific to H. alimena occurred in the speci-
mens from Indonesia and Australia. However, the divergent mitotypes
specific to H. bolina occurred only in Indonesia, French Polynesia, Fiji,
Papua New Guinea, and Australia (compiled from our samples from
Southeast Asia and 13 specimens from GenBank; Charlat et al., 2009;
Duplouy et al., 2010) (Fig. 3). Phylogenetic placement of these mi-
tochondrial sequences of these additional H. bolina specimens and
conspecifics in our dataset (Fig. A6) further corroborate the geographic
distribution of mitotypes.

To explain this distribution pattern of mitotypes, we predicted that
the common mitotype occurs in specimens infected with Wolbachia.
This prediction was based on two previous findings. First, many po-
pulations of H. bolina from Southeast Asia and islands of the South
Pacific are infected by the intracellular bacterium Wolbachia (Charlat
et al., 2009; Duplouy et al., 2010). Second, Wolbachia can mediate
transfer and spread of mitochondrial genes across recently diverged
species (Hurst and Jiggins, 2005). Thus, we hypothesized that H. bolina
and H. alimena specimens that share the common mitotype have the
same Wolbachia strain, and that the rest of the H. bolina and H. alimena
specimens either have different Wolbachia strains or are uninfected.
Characterization of the sequence types of Wolbachia infecting speci-
mens in our analysis confirmed that H. bolina and H. alimena specimens
that share the common mitotype also have the male-killing Wolbachia
sequence type wBol (MLST 125). All other specimens of these species
were not infected. We were unable to characterize the particular variant
of the wBol strain genetically. However, Charlat et al., (2009) and
Duplouy et al., (2010) previously reported that the common mitotype is
in strong linkage disequilibrium with wBol1a, and we therefore surmise
that the same Wolbachia strain infects our specimens. Moreover, one
specimen of H. bolina from Sulawesi, Indonesia, tested positive for
Wolbachia but lacked the common mitotype. It is plausible that this
specimen may be infected with a non-male-killing Wolbachia strain like
wBol1b or wBol2 (following Charlat et al., 2009).

Thus, we show that when a particular invariant mitotype is found in
populations of H. bolina throughout its geographic range, it is mostly
associated with the Wolbachia strain wBol (Fig. 3). We found that all

populations of H. bolina in Africa, East Asia, and South Asia have this
identical, common mitotype, but individuals in Southeast Asian and
South Pacific populations have different mitotypes co-occurring with
the common mitotype. From this pattern, we infer that (i) the strong
association between Wolbachia strain and the common mitotype in-
dicates that their co-transmission is perfect (e.g., strong linkage dis-
equilibrium), and (ii) the absence of the particular Wolbachia strain in
the island populations of Southeast Asia and South Pacific indicates that
dispersal of that strain to these regions is recent or that competitive
interactions among multiple strains occur in those populations (Charlat
et al., 2009). We also detect the presence of the common mitotype and
associated Wolbachia strain in H. alimena, which indicates plausible
occurrence of Wolbachia-mediated mitochondrial gene flow between H.
bolina and H. alimena. The most likely explanation is that the Wolbachia
strain and associated mitochondrial genes were transferred between
species via hybridization. Following a selective sweep of Wolbachia, the
associated mitotype spread into the new species. Further investigation
is necessary to address the extent of gene transfer between the species
and the role of Wolbachia in mediating interspecific transfer. Such
strong concordance between Wolbachia and mitochondrial genes, and
their co-transmission across species boundary have been recorded in
Drosophila (between D. simulans and D. mauritiana) (Rousset and
Solignac, 1995; Ballard, 2000), Acraea butterflies (A. encedon and A.
encedana) (Jiggins, 2003) and Eupristina wasps (cryptic species E. ver-
ticillate-1 and E. verticillate-2) (Sun et al., 2011). Therefore, Wolbachia-
mediated introgression is probably more prevalent than previously
thought. Interestingly, a divergent Wolbachia strain was found in H.
anomala, a close relative of H. bolina and H. alimena. We noticed that
out of three H. anomala specimens in our study, two specimens are
infected and share an identical mitotype while one uninfected specimen
has a distinct mitotype.

5. Summary and conclusions

We present the most comprehensive phylogeny of Hypolimnas but-
terflies based on a large dataset of nine genetic markers. Our analyses
suggest that widespread topological uncertainty and non-monophyly of
species results from the recency of species divergences, possibly

Fig. 3. Distribution of mitochondrial haplotypes (mitotypes; COI) in Hypolimnas bolina and H. alimena, and the association of the mitotype with Wolbachia infection. The number of
specimens (indicated in the inner circle) includes our samples and sequences from Genbank. The most common mitotype (in green) has no sequence variation across all specimens. The
other two mitotypes (yellow and light blue) have at most 4% within-type variation, but are 5–9% divergent from the common mitotype. The common mitotype is likely to be strongly
associated with wBol1a strain (I), while the other mitotypes are either uninfected (U) or associated with otherWolbachia strains wBol1b or wBol2 (but, see Section 4.4). (For interpretation
of the references to colours in this figure legend, refer to the web version of this article.)
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through incomplete lineage sorting and/or introgression. We find sup-
port for the ‘Out-of-Africa’ hypothesis in the group, and hypothesize
that the Mid-Miocene Climatic Optimum facilitated dispersal from
Africa to Asia. In Hypolimnas, the non-African Hypolimnas lineages have
broader host plant ranges compared to the African lineages; however,
we find no support for change in diversification rate associated with the
host range extension. We surmise that the wide geographic range and
broad host plant use by H. bolina and H. misippus could potentially re-
sult in population fragmentation; future investigations to evaluate these
possibilities will be interesting. Intriguingly, some individuals from the
species H. bolina and H. alimena share both a mitochondrial haplotype
and the same Wolbachia strain, and our analyses suggest Wolbachia-
mediated inter-specific introgression. Further investigations might ex-
plore the plausibility of Wolbachia-mediated gene transfer between
Hypolimnas species and associated geographical patterns.

Acknowledgements

We thank W. John Tennent, Brian Patrick, Szabolcs Sáfián, and
James Stewart for providing additional specimens for the study. We
thank Teresa Di Micco de Santo who helped out with sampling and
photography of specimens from ABRI. We are grateful to Perry
Buenavente and Ven Samarita of the National Museum of the
Philippines for coordinating relevant permits and authorizations
needed under the National Cultural Heritage Act. Field collection in
Indonesia was conducted under permits to DJL and DP from Ristek and
other relevant Indonesian authorities.

Funding sources

The majority of the sequencing costs was covered by grants from the
Department of Science and Technology to UK (INSPIRE Faculty Award
DST/INSPIRE/04/2013/000476 and DST-RFBR-P-155). RKS is sup-
ported by a research fellowship from Council of Scientific and Industrial
Research, India. DJL and KA-P are supported by grant DEB-1541557
from the US National Science Foundation. Specimen collection in the
Philippines was funded NSF DEB-110380 to DJL and fieldwork in
Indonesia was funded in part by Grant 9285-13 from the National
Geographic Society Committee for Exploration and Research to DJL.
NW acknowledges support from the Swedish Research Council.

Data deposition

The sequences generated in the study are deposited into GenBank
(Accession # MG886873 - MG887746, MG920062 - MG920140, and
MG934344 - MG934359) (detail in Appendix A).

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.ympev.2018.02.001.

References

Aduse-Poku, K., Vingerhoedt, E., Wahlberg, N., 2009. Out-of-Africa again: a phylogenetic
hypothesis of the genus Charaxes (Lepidoptera: Nymphalidae) based on five gene
regions. Mol. Phyl. Evol. 53, 463–478.

Baldo, L., Dunning Hotopp, J.C., Jolley, K.A., Bordenstein, S.R., Biber, S.A., Choudhury,
R.R., Hayashi, C., Maiden, M.C., Tettelin, H., Werren, J.H., 2006. Multilocus sequence
typing system for the endosymbiont Wolbachia pipientis. Appl. Environ. Microbiol. 72,
7098–7110.

Ballard, J.W.O., 2000. When one is not enough: introgression of mitochondrial DNA in
Drosophila. Mol. Biol. Evol. 17, 1126–1130.

Bouckaert, R., Heled, J., Kühnert, D., Vaughan, T., Wu, C.-H., Xie, D., Suchard, M.A.,
Rambaut, A., Drummond, A.J., 2014. BEAST 2: a software platform for Bayesian
evolutionary analysis. PLoS Comput. Biol. 10, e1003537.

Braby, M.F., Farias Quipildor, G.E., Vane-Wright, R.I., Lohman, D.J., 2015. Morphological
and molecular evidence supports recognition of Danaus petilia (Stoll, 1790)
(Lepidoptera: Nymphalidae) as a species distinct from D. chrysippus (Linnaeus, 1758).

Syst. Biodivers. 13, 386–402.
Britton, T., Oxelman, B., Vinnersten, A., Bremer, K., 2002. Phylogenetic dating with

confidence intervals using mean path lengths. Mol. Phyl. Evol. 24, 58–65.
Britton, T., Anderson, C.L., Jacquet, D., Lundqvist, S., Bremer, K., 2007. Estimating di-

vergence times in large phylogenetic trees. Syst. Biol. 56, 741–752.
Cerling, T.E., Harris, J.M., MacFadden, B.J., Leakey, M.G., Quade, J., Eisenmann, V.,

Ehleringer, J.R., 1997. Global vegetation change through the Miocene/Pliocene
boundary. Nature 389, 153–158.

Charlat, S., Engelstadter, J., Dyson, E.A., Hornett, E.A., Duplouy, A., Tortosa, P., Davies,
N., Roderick, G.K., Wedell, N., Hurst, G.D.D., 2006. Competing selfish genetic ele-
ments in the butterfly Hypolimnas bolina. Curr. Biol. 16, 2453–2458.

Charlat, S., Hornett, E.A., Fullard, J.H., Davies, N., Roderick, G.K., Wedell, N., Hurst,
G.D.D., 2007. Extraordinary flux in sex ratio. Science 317, 214.

Charlat, S., Duplouy, A., Hornett, E.A., Dyson, E.A., Davies, N., Roderick, G.K., Wedell, N.,
Hurst, G.D.D., 2009. The joint evolutionary histories of Wolbachia and mitochondria
in Hypolimnas bolina. BMC Evol. Biol. 9, 64.

Chazot, N., Wahlberg, N., Freitas, A.V.L., Mitter, C., Labandeira, C., Sohn, J.-C., Sahoo,
R.K., Seraphim, N., de Jong, R., Heikkilä, M., 2018. The trials and tribulations of
priors and posteriors in Bayesian timing of divergence analyses: the age of butterflies
revisited. BioRxiv. http://dx.doi.org/10.1101/259184.

Clarke, C., Sheppard, P.M., 1975. The genetics of the mimetic butterfly Hypolimnas bolina
(L.). Philos. Trans. Royal Soc. B 272, 229–265.

Clarke, C.A., Clarke, F.M.M., Gordon, I.J., Marsh, N.A., 1989. Rule-breaking mimics:
palatability of the butterflies Hypolimnas bolina and Hypolimnas misippus, a sister
species pair. Biol. J. Linn. Soc. 37, 359–365.

de Jong, R., 2017. Fossil butterflies, calibration points and the molecular clock
(Lepidoptera: Papilionoidea). Zootaxa 4270, 001–063.

Duplouy, A., Hurst, G.D.D., O’Neill, S.L., Charlat, S., 2010. Rapid spread of male-killing
Wolbachia in the butterfly Hypolimnas bolina. J. Evol. Biol. 23, 231–235.

Dyson, E.A., Kamath, M.K., Hurst, G.D.D., 2002. Wolbachia infection associated with all-
female broods in Hypolimnas bolina (Lepidoptera: Nymphalidae): evidence for hor-
izontal transmission of a butterfly male killer. Heredity 88, 166–171.

Edmunds, M., 1966. Natural selection in the mimetic butterfly Hypolimnas misippus L. in
Ghana. Nature 212, 1478.

Edmunds, M., 1969. Evidence for sexual selection in the mimetic butterfly Hypolimnas
misippus L. Nature 221, 488.

Fleagle, J.G., Gilbert, C.C., 2006. The biogeography of primate evolution: the role of plate
tectonics, climate and chance. In: Lehman, S.M., Fleagle, J.G. (Eds.), Primate
Biogeography: Progress and Prospects. Springer, New York, pp. 374–417.

Folmer, O., Black, M., Hoeh, W., Lutz, R., Vrijenhoek, R., 1994. DNA primers for am-
plification of mitochondrial cytochrome c oxidase subunit I from diverse metazoan
invertebrate. Mol. Mar. Biol. Biotechnol. 3, 294–299.

Fordyce, J.A., 2010. Interpreting the gamma statistic in phylogenetic diversification rate
studies: a rate decrease does not necessarily indicate an early burst. PLoS One 5,
e11781.

Gelman, A., Rubin, D.B., 1992. Inference from iterative simulation using multiple se-
quences. Statistical Science 7, 457–472.

Gordon, I.J., 1987. Natural selection for rare and mimetic colour pattern combinations in
wild populations of the diadem butterfly, Hypolimnas misippus L. Biol. J. Linn. Soc. 31,
1–23.

Gordon, I.J., Smith, D.A.S., 1998. Body size and colour-pattern genetics in the poly-
morphic mimetic butterfly Hypolimnas misippus (L.). Heredity 80, 62–69.

Hessami, K., Koyi, H.A., Talbot, C.J., Tabasi, H., Shabanian, E., 2001. Progressive un-
conformities within an evolving foreland fold-thrust belt, Zagros Mountains. J. Geol.
Soc. 158, 969–981.

Hornett, E.A., Charlat, S., Duplouy, A.M.R., Davies, N., Roderick, G.K., Wedell, N., Hurst,
G.D.D., 2006. Evolution of male-killer suppression in a natural population. PLoS Biol.
4, e283.

Hurst, G.D.D., Jiggins, F.M., 2005. Problems with mitochondrial DNA as a marker in
population, phylogeographic and phylogenetic studies: the effects of inherited sym-
bionts. Proc. R. Soc. B 272, 1525–1534.

Jacobs, B.F., 2004. Palaeobotanical studies from tropical Africa: relevance to the evolu-
tion of forest, woodland and savannah biomes. Philos. Trans. Royal Soc. B 359,
1573–1583.

Jacobs, L.L., 1981. Miocene lorisid primates from the Pakistan Siwaliks. Nature 289,
585–587.

Janz, N., Nylin, S., 2008. The oscillation hypothesis of host-plant range and speciation. In:
Tilmon, K.J. (Ed.), Specialization, Speciation, and Radiation: The Evolutionary
Biology of Herbivorous Insects. University of California Press, Berkeley, California,
pp. 203–215.

Janz, N., Nylin, S., Wahlberg, N., 2006. Diversity begets diversity: host expansions and
the diversification of plant-feeding insects. BMC Evol. Biol. 6, 4.

Jiggins, F.M., 2003. Male-killing Wolbachia and mitochondrial DNA: selective sweeps,
hybrid introgression and parasite population dynamics. Genetics 164, 5–12.

Kemp, D.J., Jones, D., Macedonia, J.M., Krockenberger, A.K., 2014. Female mating pre-
ferences and male signal variation in iridescent Hypolimnas butterflies. Animal Behav.
87, 221–229.

Kemp, D.J., Jones, R.E., 2001. Phenotypic plasticity in field populations of the tropical
butterfly Hypolimnas bolina (L.) (Nymphalidae). Biol. J. Linn. Soc. 72, 33–45.

Kemp, D.J., Macedonia, J.M., 2006. Structural ultraviolet ornamentation in the butterfly
Hypolimnas bolina L. (Nymphalidae): visual, morphological and ecological properties.
Aust. J. Zool. 54, 235–244.

Kemp, D.J., Rutowski, R.L., 2001. Spatial and temporal patterns of territorial mate lo-
cating behaviour in Hypolimnas bolina (L.) (Lepidoptera: Nymphalidae). J. Nat. Hist.
35, 1399–1411.

Kemp, D.J., 2000. The basis of life-history plasticity in the tropical butterfly Hypolimnas

R.K. Sahoo et al. Molecular Phylogenetics and Evolution 123 (2018) 50–58

57

https://doi.org/10.1016/j.ympev.2018.02.001
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0005
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0005
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0005
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0010
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0010
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0010
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0010
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0015
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0015
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0020
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0020
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0020
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0025
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0025
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0025
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0025
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0030
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0030
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0035
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0035
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0040
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0040
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0040
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0045
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0045
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0045
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0050
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0050
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0055
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0055
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0055
http://dx.doi.org/10.1101/259184
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0065
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0065
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0070
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0070
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0070
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0075
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0075
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0080
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0080
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0085
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0085
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0085
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0090
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0090
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0095
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0095
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0100
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0100
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0100
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0105
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0105
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0105
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0110
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0110
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0110
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0115
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0115
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0120
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0120
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0120
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0125
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0125
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0130
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0130
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0130
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0135
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0135
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0135
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0140
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0140
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0140
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0145
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0145
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0145
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0150
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0150
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0155
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0155
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0155
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0155
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0160
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0160
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0165
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0165
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0170
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0170
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0170
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0175
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0175
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0180
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0180
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0180
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0185
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0185
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0185
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0190


bolina (L.) (Lepidoptera: Nymphalidae). Aust. J. Zool. 48, 67–78.
Kemp, D.J., 2001a. Reproductive seasonality in the tropical butterfly Hypolimnas bolina

(Lepidoptera:Nymphalidae) in Northern Australia. J. Trop. Ecol. 17, 483–494.
Kemp, D.J., 2001b. The ecology of female receptivity in the territorial butterfly

Hypolimnas bolina (L.) (Nymphalidae): implications for mate location by males. Aust.
J. Zool. 49, 203–211.

Kodandaramaiah, U., Wahlberg, N., 2007. Out-of-Africa origin and dispersal mediated
diversification of the butterfly genus Junonia (Nymphalidae: Nymphalinae). J. Evol.
Biol. 20, 2181–2191.

Kodandaramaiah, U., 2009. Eyespot evolution: phylogenetic insights from Junonia and
related butterfly genera (Nymphalidae: Junoniini). Evol. Dev. 11, 489–497.

Lamas, G., 2015. Catalog of the butterflies, Available from the author.
Lanfear, R., Calcott, B., Ho, S., Guindon, S., 2012. PartitionFinder: combined selection of

partitioning schemes and substitution models for phylogenetic analyses. Mol. Biol.
Evol. 29, 1695–1701.

Larsen, T.B., 1996. The Butterflies of Kenya and Their Natural History. Oxford University
Press, New York.

Larsen, T.B., 2005. Butterflies of West Africa. Apollo Books, Stenstrup, Denmark.
Letunic, I., Bork, P., 2016. Interactive tree of life (iTOL) v3: an online tool for the display

and annotation of phylogenetic and other trees. Nucleic Acids Res. 44, W242–W245.
Marsh, N.A., Clarke, C.A., Rothschild, M., Kellett, D.N., 1977. Hypolimnas bolina (L.), a

mimic of danaid butterflies, and its model Euploea core (Cram.) store cardioactive
substances. Nature 268, 726–728.

Marshall, G.A.K., 1902. Five years’ observations and experiments (1896–1901) on the
bionomics of South African insects, chiefly directed to the investigation of mimicry
and warning colours. Trans. Ent. Soc. Lond. 50, 287–584.

Miller, M.A., Pfeiffer, W., Schwartz, T., 2010. Creating the CIPRES Science Gateway for
inference of large phylogenetic trees. In: Proceedings of the Gateway Computing
Environments Workshop (GCE), New Orleans, LA, pp. 1–8.

Nafus, D.M., Schreiner, I.H., 1988. Parental care in a tropical nymphalid butterfly
Hypolimnas anomala. Animal Behav. 36, 1425–1431.

Parsons, M., 1998. The Butterflies of Papua New Guinea: Their Systematics and Biology.
Academic Press, London.

Pieloor, M.J., Seymour, J.E., 2001. Factors affecting adult diapause initiation in the
tropical butterfly Hypolimnas bolina L. (Lepidoptera: Nymphalidae). Aust. J. Entomol.
40, 376–379.

Poulton, E.B., 1897. Mimicry in butterflies of the genus Hypolimnas and its bearing on
older and more recent theories of mimicry. Science VI, 516–518.

Pybus, O., Harvey, P., 2000. Testing macro-evolutionary models using incomplete mo-
lecular phylogenies. Proc. R. Soc. B. 267, 2267–2272.

R Core team, 2017. R: a language and environment for statistical computing.
Rabosky, D., 2006. LASER: a maximum likelihood toolkit for detecting temporal shifts in

diversification rates from molecular phylogenies. Evol. Bioinform. 2, 273–276.
Rabosky, D.L., Lovette, I.J., 2008. Explosive evolutionary radiations: decreasing specia-

tion or increasing extinction through time? Evolution 62, 1866–1875.
Rabosky, D.L., 2014. Automatic detection of key innovations, rate shifts, and diversity-

dependence on phylogenetic trees. PLoS one 9, e89543.
Rabosky, D.L., Grundler, M., Anderson, C., Shi, J.J., Brown, J.W., Huang, H., Larson, J.G.,

2014. BAMMtools: an R package for the analysis of evolutionary dynamics on phy-
logenetic trees. Methods Ecol. Evol. 5, 701–707.

Rambaut, A., Suchard, M.A., Xie, D., Drummond, A.J., 2014. Tracer. Available from<
http://tree.bio.ed.ac.uk/software/tracer/ > .

Rögl, F., 1998. Palaeogeographic considerations for Mediterranean and Paratethys sea-
ways (Oligocene to Miocene). Annalen des Naturhistorischen Museums in Wien 99,
279–310.

Rögl, F., 1999. Circum-Mediterranean Miocene paleogeography. In: Rössner, G., Heissig,
K. (Eds.), The Miocene Land Mammals of Europe. Dr. Fritz Pfeil Verlag, Munich, pp.
39–48.

Ronquist, F., Teslenko, M., van der Mark, P., Ayres, D.L., Darling, A., Höhna, S., Larget, B.,
Liu, L., Suchard, M.A., Huelsenbeck, J.P., 2012. MrBayes 3.2: efficient Bayesian
phylogenetic inference and model choice across a large model space. Syst. Biol. 61,
539–542.

Rousset, F., Solignac, M., 1995. The evolution of single and double Wolbachia symbioses
during speciation in the Drosphila simulans complex. Proc. Natl. Acad. Sci. 92,
6389–6393.

Saito, A., 2002. Mimicry in butterflies: microscopic structure. Forma 17, 133–139.
Schaefer, H., Renner, S.S., 2008. A phylogeny of the oil bee tribe Ctenoplectrini

(Hymenoptera: Anthophila) based on mitochondrial and nuclear data: evidence for
early Eocene divergence and repeated out-of-Africa dispersal. Mol. Phyl. Evol. 47,
799–811.

Schaefer, H., Renner, S.S., 2010. A three-genome phylogeny of Momordica

(Cucurbitaceae) suggests seven returns from dioecy to monoecy and recent long-
distance dispersal to Asia. Mol. Phyl. Evol. 54, 553–560.

Schreiner, I.H., Nafus, D.M., 1991. Evolution of sub-social behaviour in the nymphalid
butterfly Hypolimnas anomala. Ecol. Entomol. 16, 261–264.

Siddique, R.H., Vignolini, S., Bartels, C., Wacker, I., Hölscher, H., 2016. Colour formation
on the wings of the butterfly Hypolimnas salmacis by scale stacking. Sci. Rep. 6,
36204.

Smith, D.A.S., Gordon, I.J., 1987. The genetics of the butterfly Hypolimnas misippus (L.):
the classification of phenotypes and the inheritance of forms misippus and inaria.
Heredity 59, 467–475.

Smith, D.A.S., 1973. Batesian mimicry between Danaus chrysippus and Hypolimnas mis-
ippus (Lepidoptera) in Tanzania. Nature 242, 129–131.

Smith, D.A.S., 1976. Phenotypic diversity, mimicry and natural selection in the African
butterfly Hypolimnas misippus L. (Lepidoptera: Nymphalidae). Biol. J. Linn. Soc. 8,
183–204.

Smith, S.A., Moore, M.J., Brown, J.W., Yang, Y., 2015. Analysis of phylogenomic datasets
reveals conflict, concordance, and gene duplications with examples from animals and
plants. BMC Evol. Biol. 15, 150.

Solve, J., Janz, N., 2011. The relationship between diet breadth and geographic range size
in the butterfly subfamily nymphalinae – a study of global scale. PLoS One 6, e16057.

Stadler, T., 2011. Simulating trees with a fixed number of extant species. Syst. Biol. 60,
676–684.

Stamatakis, A., 2014. RAxML version 8: a tool for phylogenetic analysis and post-analysis
of large phylogenies. Bioinformatics 30, 1312–1313.

Stevens, P.F., 2001. Angiosperm Phylogeny Website. Version 14, July 2017. Available
at<http://www.mobot.org/MOBOT/research/APweb/> .

Stride, G.O., 1956. On the courtship behaviour of Hypolimnas misippus L., (Lepidoptera,
Nymphalidae), with notes on the mimetic association with Danaus chrysippus L.,
(Lepidoptera, Danaidae). British J. Animal Behav. IV, 52–68.

Su, C., Shi, Q., Sun, X., Ma, J., Li, C., Hao, J., Yang, Q., 2017. Dated phylogeny and
dispersal history of the butterfly subfamily Nymphalinae (Lepidoptera:
Nymphalidae). Sci. Rep. 7, 8799.

Sun, X.-J., Xiao, J.-H., Cook, J.M., Feng, G., Huang, D.-W., 2011. Comparisons of host
mitochondrial, nuclear and endosymbiont bacterial genes reveal cryptic fig wasp
species and the effects of Wolbachia on host mtDNA evolution and diversity. BMC
Evol. Biol. 11, 86.

Tamura, K., Stecher, G., Peterson, D., Filipski, A., Kumar, S., 2013. MEGA6: Molecular
evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30, 2725–2729.

Tsukada, E., 1985. Butterflies of the South East Asian Islands (Part 4): Nymphalidae (1).
Plapac Co., Ltd., Tokyo.

Turner, J.R.G., 1978. Why male butterflies are non-mimetic: natural selection, sexual
selection, group selection, modification and sieving. Biol. J. Linn. Soc. 10, 385–432.

Vane-wright, R.I., Ackery, P.R., Smiles, R.L., 1977. The polymorphism, mimicry, and host
plant relationships of Hypolimnas butterflies. Biol. J. Linn. Soc. 9, 285–297.

Wahlberg, N., Wheat, C.W., 2008. Genomic outposts serve the phylogenomic pioneers:
designing novel nuclear markers for genomic DNA extractions of Lepidoptera. Syst.
Biol. 57, 231–242.

Wahlberg, N., Brower, A.V.Z., Nylin, S., 2005. Phylogenetic relationships and historical
biogeography of tribes and genera in the subfamily Nymphalinae (Lepidoptera:
Nymphalidae). Biol. J. Linn. Soc. 86, 227–251.

Wahlberg, N., Leneveu, J., Kodandaramaiah, U., Peña, C., Nylin, S., Freitas, A.V.L.,
Brower, A.V.Z., 2009. Nymphalid butterflies diversify following near demise at the
Cretaceous/Tertiary boundary. Proc. R. Soc. B 276, 4295–4302.

Wei, C.-H., Lohman, D.J., Peggie, D., Yen, S.-H., 2017. An illustrated checklist of the
genus Elymnias Hübner, 1818 (Nymphalidae, Satyrinae). ZooKeys 676, 47–152.

Werren, J.H., Baldo, L., Clark, M.E., 2008.Wolbachia: master manipulators of invertebrate
biology. Nat. Rev. Microbiol. 6, 741–751.

Whitfield, C.W., Behura, S.K., Berlocher, S.H., Clark, A.G., Johnston, J.S., Sheppard, W.S.,
Smith, D.R., Suarez, A.V., Weaver, D., Neil, D., Tsutsui, N.D., 2006. Thrice out of
Africa: ancient and recent expansions of the Honey Bee, Apis mellifera. Science 314,
642–645.

Willis, K.J., McElwain, J.C., 2002. The Evolution of Plants. Oxford University Press,
Oxford.

Zachos, J., Pagani, M., Sloan, L., Thomas, E., Billups, K., 2001. Trends, rhythms, and
aberrations in global climate 65 Ma to present. Science 292, 686–693.

Zhou, L., Su, Y.C.F., Thomas, D.C., Saunders, R.M.K., 2012. ‘Out-of-Africa’ dispersal of
tropical floras during the Miocene climatic optimum: evidence from Uvaria
(Annonaceae). J. Biogeogr. 39, 322–335.

Zhou, W., Rousset, F., O’Neill, S., 1998. Phylogeny and PCR-based classification of
Wolbachia strains using wsp gene sequences. Proc. R. Soc. B 265, 509–515.

R.K. Sahoo et al. Molecular Phylogenetics and Evolution 123 (2018) 50–58

58

http://refhub.elsevier.com/S1055-7903(17)30753-4/h0190
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0195
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0195
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0200
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0200
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0200
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0205
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0205
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0205
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0210
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0210
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0220
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0220
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0220
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0225
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0225
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0230
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0235
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0235
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0240
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0240
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0240
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0245
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0245
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0245
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0255
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0255
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0260
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0260
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0265
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0265
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0265
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0270
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0270
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0275
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0275
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0285
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0285
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0290
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0290
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0295
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0295
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0300
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0300
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0300
http://tree.bio.ed.ac.uk/software/tracer/
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0310
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0310
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0310
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0315
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0315
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0315
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0320
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0320
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0320
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0320
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0325
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0325
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0325
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0330
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0335
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0335
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0335
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0335
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0340
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0340
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0340
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0345
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0345
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0350
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0350
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0350
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0355
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0355
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0355
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0360
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0360
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0365
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0365
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0365
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0370
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0370
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0370
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0375
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0375
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0380
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0380
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0385
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0385
http://www.mobot.org/MOBOT/research/APweb/
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0395
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0395
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0395
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0400
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0400
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0400
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0405
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0405
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0405
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0405
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0410
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0410
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0415
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0415
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0420
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0420
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0425
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0425
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0430
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0430
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0430
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0435
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0435
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0435
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0440
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0440
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0440
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0445
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0445
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0455
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0455
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0460
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0460
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0460
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0460
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0465
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0465
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0470
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0470
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0475
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0475
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0475
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0480
http://refhub.elsevier.com/S1055-7903(17)30753-4/h0480

	Evolution of Hypolimnas butterflies (Nymphalidae): Out-of-Africa origin and Wolbachia-mediated introgression
	Introduction
	Methods
	Taxon and marker sampling
	Phylogenetic analyses
	Molecular dating and diversification analyses
	Character state mapping
	Wolbachia infection

	Results
	Phylogenetic relationships
	Mitochondrial haplotypes and Wolbachia infection
	Molecular dating and diversification rates
	Host plant and biogeography

	Discussion
	Phylogenetic relationships and taxonomic implications
	Historical biogeography
	Host plant associations
	Introgression mediated by Wolbachia?

	Summary and conclusions
	Acknowledgements
	Funding sources
	Data deposition
	Supplementary material
	References




