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Abstract

Understanding the origin and maintenance of adaptive phenotypic novelty is a central goal of evolutionary biology.
However, both hybridization and incomplete lineage sorting can lead to genealogical discordance between the regions of
the genome underlying adaptive traits and the remainder of the genome, decoupling inferences about character evo-
lution from population history. Here, to disentangle these effects, we investigated the evolutionary origins and mainte-
nance of Batesian mimicry between North American admiral butterflies (Limenitis arthemis) and their chemically
defended model (Battus philenor) using a combination of de novo genome sequencing, whole-genome resequencing,
and statistical introgression mapping. Our results suggest that balancing selection, arising from geographic variation in
the presence or absence of the unpalatable model, has maintained two deeply divergent color patterning haplotypes that
have been repeatedly sieved among distinct mimetic and nonmimetic lineages of Limenitis via introgressive hybridization.

Key words: hybridization, mimicry, introgression, ancestral polymorphism, incomplete lineage sorting.

Introduction

Hybridization can promote or constrain adaptive divergence
depending on the balance of gene flow, recombination, and
selection (Felsenstein 1981; Barton and Hewitt 1985; Harrison
1993; Abbott et al. 2013). Unfortunately, hybridization also
greatly complicates efforts to disentangle the history of adap-
tive trait evolution from population demography because
recombination decouples patterns of variation at neutral
and selected sites. Understanding the evolutionary history
of alleles underlying adaptive traits among hybridizing line-
ages is further confounded by the fact that shared genetic
variation between populations may arise due to either incom-
plete lineage sorting (ILS) of ancestral polymorphism or in-
trogression following secondary contact (Maddison 1997;
Degnan and Rosenberg 2009; Zhou et al. 2017). In spite of
these challenges, distinguishing between genealogical pat-
terns produced by the neutral demographic history of pop-
ulations and those that reflect the history of character
evolution for traits experiencing selection is essential to our
understanding of how adaptive phenotypic novelty arises, the
timing and mode of phenotypic evolution, and the role that
selection on such traits plays in the speciation process
(Stinchcombe and Hoekstra 2008; Nadeau and Jiggins 2010;
Stapley et al. 2010).

Few systems offer better opportunities to investigate how
selection and gene flow shape the history of adaptive trait
evolution than examples of wing pattern diversity in butter-
flies. Butterflies display extraordinarily diverse color patterns
that function in many aspects of thermoregulation, predator
avoidance, and mate recognition (Kingsolver 1985; Beldade
and Brakefield 2002; McMillan et al. 2002; Boggs et al. 2003).
Much of this diversity stems from strong natural selection for
Batesian and Mdillerian mimicry (Joron and Mallet 1998;
Mallet and Joron 1999; Kapan 2007; Gilbert 2003; Kunte
2009), and the last decade has witnessed rapid progress in
identifying the genes responsible for the adaptive diversity in
these mimetic color pattern traits (Joron et al. 2011; Reed
et al. 2011; Martin et al. 2012; Gallant et al. 2014; Kunte
et al. 2014; Nishikawa et al. 2015; Nadeau et al. 2016; Mazo-
Vargas et al. 2017; Van Belleghem et al. 2017; Westerman et al.
2018).

Here, we investigate the evolutionary origin and spread of
Batesian mimicry among hybridizing lineages of North
American admiral butterflies in the genus Limenitis (fig. 1).
Mimetic (Limenitis arthemis astyanax) and nonmimetic
(Limenitis arthemis arthemis) populations of the polytypic
Limenitis arthemis species complex meet and hybridize across
a broad secondary contact zone in the eastern United States
(Platt and Brower 1968; Mullen et al. 2008; Frentiu et al. 2015;
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Fic. 1. (Panel A) The evolutionary relationships among North American Limenitis species (Mullen 2006) and known examples of mimetic
convergence. (Panel B) Parapatric distributions of Limenitis species and subspecies showing known areas of hybridization (diagonal lines).
(Panels C-E) Competing hypotheses for the evolutionary origins of mimicry assuming it: (C) evolved once in the common ancestor of the two
mimetic subspecies (Limenitis arthemis astyanax + Limenitis arthemis arizonensis), (D) evolved once and was lost due to an evolutionary reversal
in nonmimetic, white-banded populations of Limenitis arthemis arthemis, or (E) evolved twice independently.

fig. 1B). Predator-mediated natural selection for Batesian
mimicry between Limenitis and its unpalatable model,
Battus philenor, appears to partially limit gene flow between
these two subspecies and maintains the position of the phe-
notypic hybrid zone (Mullen et al. 2008; Ries and Mullen
2008).

Recently, using a combination of positional cloning, pop-
ulation genomic resequencing, and functional assays, Gallant
et al. (2014) demonstrated that mimetic variation in the dis-
tribution of melanin on the fore- and hind-wings of L. arthe-
mis is associated with a large (30 kb) segregating haplotype,
comprised 173 fixed SNPs in perfect linkage disequilibrium
(LD), located ~23 kb upstream of the 5 coding region of the
signaling ligand gene WntA. However, a second, geographi-
cally isolated subspecies of L. arthemis occurs in the south-
western United States (Limenitis arthemis arizonensis), which
may have independently evolved mimicry with Battus, and,
despite repeated attempts to reconstruct the evolutionary
history of this complex (Mullen 2006; Prudic and Oliver
2008; Savage and Mullen 2009), the origin of the mimetic
haplotype remains unclear.

To address this issue, we leveraged the recent identification
of the genomic region responsible for adaptive mimetic var-
iation in Limenitis (Gallant et al. 2014) to gain insights about
the evolutionary origin and history of mimetic character
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evolution in this system. Specifically, we used a combination
of de novo reference genome assembly, whole-genome pop-
ulation resequencing, and sliding window analyses to test
competing phylogenetic hypotheses that mimicry 1) evolved
once (fig. 1C) in the common ancestor of the two mimetic
subspecies (L. a. astyanax + L. a. arizonensis), 2) evolved once
and was lost due to an evolutionary reversal (fig. 1D) in non-
mimetic, white-banded populations of L. a. arthemis, or 3)
evolved twice independently (fig. 1E). Our results indicate
that the two mimetic subspecies share a nearly identical hap-
lotype upstream of WnitA, rejecting the evolutionary reversal
hypothesis, and suggest that mimicry spread via adaptive in-
trogression from L. a. arizonensis into ancestrally white-
banded populations of L. a. astyanax. In addition, compari-
sons of polymorphism and divergence across the color-
patterning interval suggest that maintenance of the extensive
LD observed within the mimetic haplotype is most likely due
to multi-locus epistatic selection rather than a consequence
of undetected structural variation (SV). Surprisingly, our
results also provide evidence for introgression among
white-banded lineages of Limenitis, implying that color pat-
tern evolution in this group reflects a complex history of
balancing selection on deeply divergent color patterning
alleles, and introgression leading to the repeated sieving of
ancestral polymorphism dependent on the selective
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environment provided by the presence or absence of the
model, B. philenor.

Results

Reference Genome Assembly and Annotation
To facilitate genome-wide analyses necessary to disentangle
the evolution of mimicry and the L. arthemis species complex,
we sequenced and assembled the L. arthemis genome de
novo using bacterial artificial chromosome (BACs; Gallant
et al. 2014), lllumina, and PacBio sequencing data from several
wild-caught individuals, collected from the phenotypic hybrid
zone, and/or inbred, lab-reared, progeny (supplementary ta-
ble S1 and methods; supplementary information,
Supplementary Material online). Limenitis scaffolds were
then mapped and reordered relative to other lepidopteran
genomes by synteny comparison (supplementary table S2
and methods, Supplementary Material online). The resulting
Limenitis draft genome assembly comprises 306.3 megabases
(MDb) in 4,786 scaffolds (Nsq 2.16 Mb), with the longest scaf-
fold approaching 32 Mb. We identified Z-linked scaffolds us-
ing our mapping information and male versus female read
depth and excluded these scaffolds from downstream analy-
ses; the smaller effective population size of Z relative to auto-
somes can bias summary statistics (Materials and Methods).
We assessed the completeness of the full L. arthemis ge-
nome using three methods. First, we used BUSCO to assess
single copy ortholog statuses and found levels comparable to
the other published nymphalid genomes (table 71;
International Silkkworm Genome Consortium 2008; Zhan
et al. 2011; Dasmahapatra et al. 2012; You et al. 2013; Ahola
etal. 2014; Tang et al. 2014; Cong et al. 2015; Challis et al. 2016;
Davey et al. 2016). Second, we annotated the L. arthemis ge-
nome using previously collected RNA-seq data from imaginal
wing discs and the MAKER pipeline (Materials and Methods;
Campbell et al. 2014; Gallant et al. 2014). The final annotation
comprised 13,138 gene protein-coding gene models, slightly
fewer than other nymphalids like Danaus plexippus (15,130;
Zhan et al. 2011), Heliconius erato (14,613; Lewis et al. 2016),
and Melitaea cinxia (16,571; Ahola et al. 2014). We also man-
ually inspected and annotated a suite of melanin (n = 19)
and ommochrome (n = 31) synthesis pathway genes and
found that, consistent with the results of our automated
pipeline, 72% of the annotated genes were complete (i.e,
contained a start and stop codon, were without missing or
duplicated exons; supplementary table S3 and methods,
Supplementary Material online). Finally, we aligned the phys-
ical BAC sequence (134 kb) housing the color pattern gene
WntA to the draft assembly (supplementary fig. S2,
Supplementary Material online), and found that the com-
plete sequence was contained within a large, 650 kb scaffold.
Thus, our L. arthemis assembly provides a robust if slightly
incomplete reference for genome-wide analyses comparable
to other nymphalids.

Species-Tree Inference and Demographic History
To infer the species-level phylogeny required for our down-
stream introgression analyses, we generated whole-genome

Table 1. Comparison of Limenitis BUSCO Results with Other
Lepidopteran Genomes.

Lepidopteran Genomes Complete (Dup.)  Partial  Missing
Bicyclus anynana 1.2 89.6% (0.7%) 3.9% 6.5%
Bombyx mori 89.6% (0.4%) 4.4% 6.0%
Danaus plexippus v3 96.6% (1.9%) 2.3% 1.1%
Heliconius melpomene v2.5 86.2% (0.4%) 4.1% 9.7%
Limenitis arthemis 81.7% (1.4%) 1.9% 16.4%
Melitaea cinxia 57.1% (0.2%) 11.8% 31.1%
Papilio xuthus 93.4% (0.2%) 2.3% 4.3%

Quality statistics for the de novo Limenitis genome assembly (italics) are noted in
underline.

resequencing data from 64 Limenitis samples (supplementary
table S4, Supplementary Material online), representing each
of the North American species (Limenitis lorquini, n = 10;
Limenitis weidemeyerii, n = 10; and Limenitis archippus, n =
9) and the three focal subspecies of L. arthemis (L. a. arthemis,
n = 13; L. a. astyanax, n = 11; and L. a. arizonensis, n = 11).
These data were then aligned to the Limenitis reference ge-
nome using Bowtie2 (Langmead and Salzberg 2012) and SNPs
were called using GATK (McKenna et al. 2010; DePristo et al.
2011; Van der Auwera et al. 2013). We inferred the relation-
ships between the six groups using maximum likelihood and
concatenated genome-wide SNPs for 12 representative sam-
ples with the best sequencing depth (supplementary fig. S1,
Supplementary Material online; RAXML v.8.0, Stamatakis
2014). Our result supports a topology similar to previous
estimates of the relationships among these species obtained
using gene genealogies (fig. 1A; Mullen 2006; Ries and Mullen
2008; Mullen et al. 2011) and genome-wide RADseq data
(Ebel et al. 2015). Specifically, we recovered a species tree
indicating that 1) L. archippus is the sister lineage to the
rest of the North American radiation, 2) the two western
taxa, L. lorquini and L. weidemeyerii are closely related sister
species and the closest relatives of the poltypic L. arthemis
complex, and 3) within the L. arthemis complex, L. a. arizo-
nensis (mimetic) is sister to a monophyletic clade containing
L. a. arthemis (nonmimetic) and L. a. astyanax (mimetic).
These results are consistent with previous efforts to infer
phylogeny and likely represent the true consensus species
tree (Mullen 2006; Prudic and Oliver 2008; Savage and
Mullen 2009). However, the relationships depicted by the
species-tree are potentially confounded by hybridization
and, therefore, may not accurately reflect the history of mi-
metic trait evolution in this system.

To address this concern, we applied a Bayesian coalescent-
based model, implemented using the Generalized
Phylogenetic Coalescent Sampler (G-PhoCS; Gronau et al.
2011;  supplementary table S5-8 and  methods,
Supplementary Material online), to infer the neutral demo-
graphic history of divergence and gene flow among different
lineages of Limenitis. Preliminary results, allowing no migra-
tion, suggested that L. a. arthemis and L. a. astyanax diverged
recently relative to the split with L. a. arizonensis, and pro-
duced estimates of ancestral population size (supplementary
table S6, Supplementary Material online) that were signifi-
cantly lower than expected given prior inferences (Ries and
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Fic. 2. Evidence of allele sharing between Limenitis arthemis astyanax and Limenitis arthemis arizonensis (test 1, panels A + C) or between Limenitis
arthemis arthemis and the two nonmimetic western species (test 2, panels B + C) of Limenitis (Limenitis lorquini/Limenitis weidemeyerii). Panel C
(top row) displays Patterson’s D-statistic (calculated based on ABBA-BABA patterns; 5-kb windows) across the WntA scaffold for each test of allele
sharing. The middle and bottom rows (Panel C) indicate estimates of absolute divergence between Limenitis populations compared for each test.
The position of the WntA protein coding gene and associated haplotype (identified by Gallant et al. 2014) are indicated with light blue shaded

columns.

Mullen 2008). However, the results of the full G-PhoCS model
(supplementary fig. S3, Supplementary Material online),
allowing migration (supplementary tables S7 and S8,
Supplementary Material online), were more consistent with
previous attempts to understand the demographic history of
these populations and indicate that the common ancestor of
the L. arthemis complex split from the western two species
~250 ka before diverging into the three subspecific lineages
soon afterward. The full model also recovered extensive evi-
dence of historical gene flow between 1) the two eastern
subspecies of L. arthemis (L. a. arthemis and L. a. astyanax,
and 2) the two western taxa (L. lorquini and L. weidemeyerii),
supporting the hypothesis that population history and char-
acter evolution in this system may be decoupled by
hybridization.

Mimetic Trait Evolution

Given the potential for hybridization and recombination to
confound efforts to reconstruct character evolution, we
next calculated Patterson’s D-statistic (ABBA/BABA;
Patterson et al. 2012) to test for evidence of allele sharing
across the WntA color patterning scaffold. We found strong
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evidence for hybridization between astyanax and arizonen-
sis by analyzing D-statistics in 50-kb windows for all puta-
tive autosomal scaffolds (supplementary fig. S4,
Supplementary Material online; genome-wide average D
for (((arthemis, astyanax), arizonensis), archippus) =
0.0684 = 0.0022; P < 0.001, based on a two-tailed z-test
that D is significantly different from zero). We then per-
formed two additional tests for allele sharing across the
WhtA scaffold using smaller 5 kb windows. Test 1 assessed
evidence of allele sharing between the allopatric mimetic
subspecies (L. a. arizonensis) and the two eastern subspecies
(((arthemis, astyanax), arizonensis), archippus). Test 2
assessed evidence of allele sharing between the two eastern
subspecies and the western, white-banded species (((arthe-
mis, astyanax), lorquini+weidemyerii), archippus). Test 1
identified two peaks with significantly positive D-values,
corresponding to the WntA coding region and the up-
stream haplotype identified by Gallant et al. (2014). Test
2 recovered a peak with significantly negative D-values that
also corresponded the region of the associated haplotype,
suggesting a history of allele sharing between white-banded
arthemis and the two white-banded western species (fig. 2).


https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa004#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa004#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa004#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa004#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa004#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa004#supplementary-data

Population History and Character Evolution - doi:10.1093/molbev/msaa004

MBE

Table 2. Mean Absolute Divergence, dyy, between Mimetic and Nonmimetic Forms of Limenitis arthemis.

Population 1 Population 2 Genome-Wide dyy WntA Gene Associated Haplotype
L. a. arthemis L. a. astyanax 0.012 0.015 0.022
L. a. arthemis L. a. arizonensis 0.016 0.016 0.023
L. a. astyanax L. a. arizonensis 0.015 0.007 0.008
L. a. arthemis L. lorquini 0.021 0.017 0.011

SNP associations with medial white band; red dots = fixed SNPs
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Fic. 3. Comparison of genealogical patterns among sampled Limenitis species. (Panel A) Physical map of the WntA scaffold displaying the relative
position of the WntA protein coding gene and casual haplotype. Grey dots represent polymorphic SNPs between Limenitis arthemis arthemis and
Limenitis arthemis astyanax. Red dots are fixed SNPs between these two taxa. (Panel B-D) Maximum-likelihood trees with branch lengths extended
(dashed lines) to align the terminal taxon labels. (Panel B) Species tree estimated from genome-wide SNPs with branch lengths (see also supplementary
fig. S1, Supplementary Material online). (Panel C) Gene tree for the WntA protein coding region; *note that in panel C one nonmimetic individual (L. a.
arthemis) grouped with all mimetic individuals of L. a. astyanax (see also supplementary fig. S4, Supplementary Material online). (Panel D) Gene tree
for the associated haplotype showing monophyly of all mimetic samples (L. a. astyanax + Limenitis arthemis arizonensis). Blue circles indicate branches
with >95% bootstrap support for all tree figures; trees were simplified by collapsing individuals into monophyletic groups represented by colored
triangles. Numbers above internal nodes in Panels B-D represent absolute divergence (dxy) between taxa.

We then took several approaches to determine if these
patterns of allele sharing were due to incomplete lineage sort-
ing or introgression. First, we calculated dyy within the color
patterning interval, with the expectation that introgressed
regions would display lower dy, than genome-wide estimates
(Smith and Kronforst 2013; table 2, supplementary table S9,
Supplementary Material online). We found that, as predicted,
the two mimetic subspecies of L. arthemis display reduced
divergence (dxy; table 2) within the regions corresponding
to positive peaks of introgression identified in Test 1 (fig. 2,
Panel C, middle row). Interestingly, dxy was also reduced be-
tween white-banded L. a. arthemis and the two western,
white-banded species of Limenitis for the peak centered on
the nonmimetic haplotype upstream of WntA (fig. 2, Panel C,
bottom row). Maximum likelihood trees for these two puta-
tively introgressed regions, corresponding to the position of

both WntA protein coding region and haplotype associated
with mimetic variation, recovered strongly supported topolo-
gies that are highly discordant from the inferred species tree
(fig. 3; supplementary figs. S5 and S6, Supplementary Material
online). To assess how common such discordant patterns
were in the genome as a whole, we employed Martin and
Van Belleghem’s (2017) topology weighting method by itera-
tive sampling subtrees (“Twisst”) using 50-kb sliding-windows.
We found that 60,490 subtrees support the genome-wide
species tree topology, 18,741 subtrees support monophyly of
mimetic L. a. arthemis, and 17,889 support a sister relationship
between mimetic L. a. arizonensis and nonmimetic L. a.
arthemis.

Although the reciprocal monophyly of mimetic and
nonmimetic individuals we recovered for the associated
haplotype region implies a single origin of the causative
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variant responsible for mimetic convergence between
Battus and Limenitis, this discordant genealogical pattern
could be explained by either introgression or differential
sorting of ancestral polymorphism at this locus. To assess
this latter possibility (termed “hemiplasy”; Guerrero and
Hahn 2018), we quantified the hemiplasy risk factor
(HRF) along branches of the Limenitis phylogeny using
700 randomly chosen 100-kb windows (supplementary fig.
S7, Supplementary Material online). Our results suggest
that hemiplasy is unlikely to explain discordance between
the gene tree for the WntA haplotype and the species tree.
Next, we conducted a PhyloNet-HMM analysis using phy-
logenetic networks (Than et al. 2008) combined with hid-
den Markov models (HMMs; Liu et al. 2014; Liu et al. 2015)
to simultaneously assess the potential reticulate history
while also accounting for ILS and local recombination de-
pendencies within the genome. This statistical introgression
mapping approach follows methods developed by Yu et al.
(2012) to convert each phylogenetic network into a multi-
labeled (MUL) tree, allowing coalescent-based calculations
of gene tree probabilities in cases where hybridization may
have occurred. Each MUL-tree, encoded by a species net-
work, can then be represented as a “row” of HMM states
with gene tree topologies corresponding to locally evolving
coalescent histories represented as distinct states within the
“row.” Introgression is indicated by HMM switching from
one “row” of states to another, whereas switching between
states within the same “row” is indicative of ILS and/or
recombination (see Wuyun et al. 2019 for further details).
Therefore, the introgression probability indicates the
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probability that the genealogical pattern observed for a
particular genomic region was generated by introgression
rather than ILS.

We used PhyloNet ~-HMM to test three distinct phyloge-
netic networks (fig. 4) that assessed the probability of intro-
gression between the two mimetic taxa or between
nonmimetic L. a. arthemis and either L. lorquini or L. weide-
meyerii. Specifically, we calculated the posterior probability
that a site’s coalescent history involved introgression versus
strict tree-like descent, while also accounting for potential ILS
of ancestral polymorphism within each of these fixed species
tree topologies. We focused our analyses on the largest 30
scaffolds in the Limenitis reference assembly, due to the long
computational runtimes associated with the HMM, and then
assessed patterns of allele sharing due to introgression and/or
ILS across the WntA scaffold. Our results indicate more evi-
dence for genome-wide introgression between the two mi-
metic lineages as tested in network 1 relative to the other two
networks investigated (supplementary figs. S8-S10,
Supplementary Material online). More importantly, we found
that the strongest evidence for introgression (probability
>95%, fig. 4) between the two mimetic lineages was centered
over the discordant haplotype region identified by Gallant
et al. (2014) and that this introgression tract was longer (37
kb) than 99.2% of all tracts identified genome-wide (supple-
mentary figs. S11 and S12, Supplementary Material online).
Signatures of introgression between nonmimetic species
(L. arthemis vs. L. lorquini or L. weidemeyerii) were also
detected across the WntA interval (fig. 4) but these introgres-
sion blocks were smaller and more fragmented (presumably
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by recombination; fig. 4) than between the two mimetic
lineages. This strongly implies that gene flow between the
mimetic forms occurred more recently.

Origin and Maintenance of the Mimetic Haplotype
To gain further insights into the relative timing of gene flow
among mimetic and nonmimetic lineages of Limenitis, we
then calculated LD across the WntA scaffold and compared
it to genome-wide estimates of LD. We found that LD (mean
r*) between SNPs within the color patterning region was 1)
elevated among mimetic individuals (L. a. astyanax +
L. a. arizonensis) relative to genome-wide estimates, and 2)
decayed more slowly as a function of physical distance (in
base pairs) than among nonmimetic samples (L. a. arthemis,
L. lorquini, L. weidemeyerii; supplementary fig. S13,
Supplementary Material online). In contrast, we observed
similar levels of LD and rates of decay among nonmimetic
individuals both at the scale of the whole genome and within
the genomic region housing WntA. We also found that ab-
solute divergence (dyy) between the two mimetic forms of
L. arthemis (L. a. astyanax and L. a. arizonensis) was signifi-
cantly lower within the WntA scaffold, as noted above (fig. 2),
than between L. a. arthemis and either of the two western
species of Limenitis (dyy(arth, weid) vs. dxy(asty, ariz) || 0.0180
vs. 0.0137, W = 770, P = 0.01815; dxy(arth, lorq) vs. dxy(asty,
ariz) || 0.0179 vs. 0.0137, W = 763, P = 0.02296). These results
indicate that gene flow between the mimetic subspecies of
L. a. arthemis occurred more recently than gene exchange
between L. a. arthemis and either L. lorquini or L. weidemeyerii,
and are consistent with the inferred demographic history
(supplementary fig. S2, Supplementary Material online).

Comparisons of additional population genomic summary
statistics (eg, Fsy, r>, and 1) among the subspecies of the
L. arthemis complex further support the hypothesis that
mimicry spread via recent introgression between L. a. arizo-
nensis and L. a. astyanax. For example, we found that meas-
urements of Fsr (supplementary fig. S14, Supplementary
Material online) and mean r* between all SNPs within 500-
bp sliding windows (50-bp steps; supplementary fig. S15,
Supplementary Material online) were sharply reduced be-
tween the two mimetic forms in the region corresponding
to the divergent haplotype upstream of WntA relative to
comparisons involving mimetic and nonmimetic forms. In
addition, we found that the mimetic subspecies have lower
overall levels of nucleotide diversity (7) within the color pat-
terning interval than L. a. arthemis or any of the other species
of Limenitis that we sampled (supplementary fig. S16,
Supplementary Material online). These results, which corrob-
orate the findings of Gallant et al. (2014), are consistent with
the hypothesis of a selective sweep of the mimetic haplotype
in L. a. astyanax.

To identify potential mechanisms maintaining the ex-
tended LD observed between the two hybridizing color pat-
tern forms in the eastern United states (L. a. arthemis and L. a.
astyanax) we examined patterns of SV across the color pat-
terning interval using delly (Rausch et al. 2012) and pindel (Ye
et al. 2009). Both programs identified a high-quality, precise
deletion relative to the reference between positions 78760

and 84272 bp, corresponding roughly to the position of the
long interspersed nuclear element (LINE) reported by Gallant
et al. (2014). However, the deletion breakpoints 1) fall outside
the region corresponding to the LINE itself, as defined by
RepeatMasker (Smit et al. 2015), 2) were not influenced by
different mapping quality filters/thresholds, and 3) were sup-
ported in each case by at least one read spanning the break-
point (supplementary fig. S17, Supplementary Material
online). The absence of the LINE in all of our samples suggests
that it is not associated with the color pattern phenotype,
and its presence in the previous study appears to have been
an artifact of aligning short-read data to the physical BAC
reference (~134 kb) rather than to the entire genome (~306
Mb). We also failed to detect any other structural variants
(e.g, -insertions, deletions, inversions, or duplications) that
partitioned the two color pattern phenotypes or that were
associated with the region of upstream of WntA, suggesting
that SV itself is unlikely to be responsible for the maintenance
of LD across the 30-kb region corresponding to the associated
haplotype (supplementary fig. S17, Supplementary Material
online).

Although the lack of recombination seen in this system
within the extended genomic region associated with color
pattern phenotypes in this system prevents further fine map-
ping of potentially causative mutations, comparisons of pat-
terns of polymorphism and divergence within the color
patterning interval revealed 32 SNPs that were fixed in both
L. a. astyanax and L. a. arizonensis, and at a frequency of <0.3
in L. a. arthemis (supplementary table S10, Supplementary
Material online). In comparison, application of these same
filters to an additional 3.2 Mb of genomic scaffolds, represent-
ing ~100x more sequence data than the 30-kb WntA hap-
lotype, revealed just four SNPs that fit this pattern. Half of
these putative “mimetic” alleles cluster near the beginning of
the haplotype region (60,315-74,060 bp) upstream of WntA
and are not found in L. arthemis. A second cluster of such
fixed SNPs also occurs at the other end of the haplotype
(85,455-86,759 bp).

Discussion

Here, we have investigated the evolutionary origins and main-
tenance of Batesian mimicry among hybridizing lineages of
mimetic and nonmimetic populations of the polymorphic
L. arthemis species complex. Assembly of the reference ge-
nome allowed us to 1) determine the species tree for North
American Limenitis using genome-wide SNPs, 2) infer the
demographic history of this butterfly radiation, 3) investigate
patterns of introgression and phylogenetic discordance across
the WntA color patterning scaffold to reconstruct the history
of mimetic character evolution, and 4) explore patterns of SV,
divergence (Fst, dxy), and diversity (1) among the three
L. arthemis subspecies to test competing hypotheses about
the evolutionary mechanism that maintains extensive LD
across the mimicry haplotype upstream of WntA.

Bayesian inference of the demographic history for North
American Limenitis, based on putatively neutral loci sampled
across the genome, indicated that divergence among lineages
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occurred primarily during the Pleistocene (supplementary fig.
S2, Supplementary Material online; ~250-200 ka). G-PhoCS
also recovered evidence for high-levels of historical gene flow
between the hybridizing mimetic and nonmimetic subspecies
of the L. arthemis from the eastern United Sates and between
the two western species, L. lorquini and L. weidemeyerii, which
are also known to hybridize extensively. We interpret these
results to mean that divergence with gene flow has charac-
terized the history of speciation within this radiation, sup-
porting the hypothesis that recombination resulting from
gene flow among lineages has decoupled patterns of charac-
ter evolution from the history of populations.

This view is further substantiated by the results of our
genome-wide versus locus-specific inferences of the evolu-
tionary relationships among species. Specifically, we recovered
gene trees from the WntA protein-coding region and the
upstream haplotype associated with mimetic polymorphism
that were well supported and highly discordant from the
species tree inferred from genome-wide SNP data (fig. 3).
Surprisingly, the genealogical history of the genomic region
responsible for mimetic color pattern variation is also incon-
gruent with all of our a priori hypotheses about character
evolution (fig. 1). Although the gene tree recovered for this
region is consistent with a single origin of the mimetic hap-
lotype (fig. 1C), the results of our hemiplays risk factor analysis
(Guerrero and Hahn 2018), which calculates the potential
contribution of individual branches to incongruent trait pat-
terns arising via hemiplasy due to ILS, indicate that the ob-
served discordance between the genome-wide species tree
(fig. 3A) and gene tree recovered for the causal haplotype
(fig. 3D) is unlikely to have arisen as a consequence of ILS.
Instead, the low HRF values, in combination with evidence of
genome-wide and allele-specific introgression between the
two mimetic taxa, strongly support a single, ancient origin
of the mimetic haplotype followed by postdivergence gene
flow and introgression between L. a. arizonensis and L. a.
astyanax.

This is interesting because adaptive introgression of color-
pattern mimicry appears to be widespread among many spe-
cies of Neotropical Heliconius butterflies (Dasmahapatra et al.
2012; Pardo-Diaz et al. 2012; Kronforst and Papa 2015; Zhang
et al. 2016) and was recently shown to have been important
in the origin of “supergene” mimicry in this group (Jay et al.
2018). Intriguingly, we also found evidence for gene flow
among nonmimetic, white-banded species of Limenitis in
the region of the associated haplotype that appears to pre-
date gene flow among the mimetic lineages based on patterns
of absolute divergence (dyy), the strength and extent (i.e, rate
of decay) of LD, and the distribution of introgression tract
lengths. Therefore, we conclude that both haplotypes associ-
ated with mimetic polymorphism in this system have been
impacted by introgressive hybridization at different points
during the history of lineage divergence.

Taken together with genealogical evidence that the two
haplotypes at the mimicry locus are deeply divergent, our
results suggest that the causal variant(s) responsible for mi-
metic convergence between Limenitis and Battus originated
prior to the divergence events that gave rise to the current
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geographically distinct subspecies of L. arthemis. Furthermore,
they are consistent with the hypothesis that the mimetic
haplotype originated in allopatric populations of L. a. arizo-
nensis and spread via adaptive introgression into L. a. astya-
nax, coincident with historical expansion of the model’s range
throughout the southeastern United States. Previous work
(Mullen et al. 2008; Ries and Mullen 2008) suggests that the
broad phenotypic hybrid zone observed between mimetic
(L. a. astyanax) and nonmimetic (L. a. arthemis) populations
of this complex in the eastern United states arose by second-
ary contact and that its geographical position is maintained
by strong natural selection for Batesian mimicry. This implies
that the maintenance of the two deeply divergent haplotypes
segregating upstream of WntA reflects a long history of bal-
ancing selection acting at this locus related to the presence or
absence of the model, B. philenor.

Although these findings clearly implicate introgression as
the source of mimetic variation in this system, they do not
explain how LD is maintained across the haplotype associated
with mimetic variation in the face of extensive and ongoing
hybridization that occurs between mimetic and nonmimetic
populations of L. arthemis in eastern North America.
Structural variation has been demonstrated to play an impor-
tant role in maintaining adaptive phenotypic diversity in
other mimetic butterflies (Joron et al. 2006, 2011; Kunte
et al. 2014; lijima et al. 2018) but our analyses revealed no
evidence for inversions, indels, or copy-number variants asso-
ciated with phenotype. One potential caveat to this conclu-
sion is that our ability to detect SVs is dependent on the
quality of our genome assembly and, therefore, more work
will be necessary to definitively rule this possibility out.
Alternatively, LD might simply be elevated due to the recent
timing of introgression. However, theory predicts
(Chakraborty 1986; Racimo et al. 2015) that a selective sweep
should generate a region of reduced nucleotide diversity
flanked by regions of higher diversity outside the region of
the sweep, which we observe (see supplementary fig. S16,
Supplementary Material online). This suggests that the ele-
vated LD across the mimetic haplotype reflects a history of
strong selection and adaptive introgression. One final possi-
bility is that there are multiple sites within the haplotype that
influence color pattern and that epistatic selection on these
sites maintains LD (sensu Schumer and Brandvain 2016). Two
observations support this hypothesis. First, comparisons of
polymorphism and divergence between mimetic (L. a. astya-
nax + L. a. arizonensis) and nonmimetic (L. a. arthemis)
populations revealed two clusters of fixed SNPs near the start
and end of the region of high LD, suggesting that the multiple
sites may be the targets of selection. Second, phenotypic var-
iation in the hybrid zone between L. a. arthemis and L. a.
astyanax, as well as evidence from genetic crosses (Platt and
Brower 1968; Platt 1975; Gallant et al. 2014), indicates that
several modifying loci impact the penetrance of the white-
band in the heterozygous condition, suggesting that there
may be different combinations of SNPs within the haplotype
that produce similar phenotypic outcomes (e.g, Linnen et al.
2013). However, future work employing CRISPR/Cas9 will be
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necessary to functionally dissect this locus and identify the
causal SNP(s).

In conclusion, our results highlight the importance of dis-
tinguishing between introgression and ILS to fully understand
the evolutionary origins and maintenance of shared adaptive
variation among hybridizing lineages. Furthermore, they illus-
trate the power of coalescent-based introgression mapping
approaches to disentangle the complex genealogical patterns
produced by the combined effects of demography, selection,
and gene flow during phenotypic divergence and/or
speciation.

Materials and Methods

To generate the reference genome, genomic DNA was iso-
lated from wild-caught L. a. astyanax (n = 5) and used to
construct short-read and mate-pair libraries for sequencing.
These data were assembled using Platanus (Kajitani et al.
2014) and combined with trimmed, quality filtered PacBio
long reads and BAC sequences using Redundans (Pryszcz and
Gabaldon 2016). Z-linked and autosomal scaffolds were iden-
tified and ordered relative to other lepidopteran genome as-
semblies using a custom BLAT pipeline. The resulting
Limenitis assembly was annotated with MAKER (v3.01.02;
Campbell et al. 2014) using RNA-seq data generated by
Gallant et al. (2014) and available protein sequences from
the UniProt/SwissProt protein database and other lepidop-
teran genomes. We also manually annotated a set of pigmen-
tation genes to validate the MAKER annotations and
performed a BUSCO analysis using BUSCO v3 (Waterhouse
et al. 2018) to test the overall quality of the reference genome.
We then generated genome resequencing data for 65 butter-
flies (supplementary table S4, Supplementary Material online)
to infer the demographic history of this radiation using
G-PhoCS (Gronau et al. 2011), conducted sliding window
phylogenetic inferences using RAXML (Stamatakis 2014),
quantified the risk of hemiplasy across branches (Guerrero
and Hahn 2018), and calculated genome-wide estimates of
allele sharing between populations using Patterson’s
D-statistic. Finally, we used PhyloNet-HMM (Liu et al. 2014)
to distinguish between genealogical patterns produced by
introgression versus ILS. For additional information, please
see supplementary methods, Supplementary Material online.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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