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Abstract

Genetic determinants of speciation in closely related species are poorly understood. We sequenced
and analyzed transcriptomes of swallowtail butterflies Heraclides cresphontes (northeastern
species) and Heraclides rumiko (southwestern species), a pair of mostly allopatric sister species
whose distribution ranges overlap narrowly in central Texas. We found that the two swallowtails
confidently differ (Fst > 0.5 for both species) in about 5% of genes, similarly to the divergence in
another pair of swallowtail species Pterourus glaucus (southern species) and Pterourus canadensis
(northern species). The same genes tend to diverge in both species pairs, suggesting similar
speciation paths in Heraclides and Pterourus. The most significant differences for both species
pairs were found in the circadian clock genes that were conserved within each species and
diverged strongly between species (P-value < 0.01 and ~s7 > 0.7). This divergence implied that
adaptations to different climates and photoperiod at different latitudes or differences in mating
behavior, including mating time and copulation duration, may be possible factors in ecological

or behavioral-based speciation. Finally, we suggest several nuclear DNA regions that consistently
and prominently differ between the sister swallowtail species as nuclear barcodes for swallowtail
identification, with the best barcode being an exon from the protein TIMELESS.

Résumeé :
Les déterminants génétiques de la spéciation chez des espéces proches sont peu connus. Les
auteurs ont séquencé et analysé les transcriptomes de deux espéces de grands porte-queues
I” Heraclides cresphontes (espéce du Nord-Ouest) et I’ Hercalides rumiko (espece du Sud-Est),
une paire d’espéces sceurs largement allopatriques dont les aires de distribution se chevauchent
légérement dans le centre du Texas. Les auteurs ont trouvé que les deux espéces différent de
maniére convaincante (Fst > 0,5 pour les deux especes) pour environ 5 % des genes, une
divergence semblable a celle rencontrée chez une autre paire de grands porte-queues, le Pterourus
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glaucus (espéce méridionale) et le Pterourus canadensis (espece septentrionale). Les mémes génes
tendaient a diverger chez les deux paires d’espéeces, ce qui suggére des voies de spéciation
semblables chez les deux genres. Les différences les plus importantes chez les deux paires
d’espéces ont été trouvées au sein des genes de I’horloge circadienne, lesquels étaient fortement
conservés au sein de chaque espece, mais présentaient une forte divergence entre les espéces
(valeur P< 0,01 et AT > 0,7). Cette divergence implique que les adaptations aux différents
climats et aux diverses photopériodes des différentes latitudes ou encore des différences dans les
comportements reproducteurs (p. ex. le moment de I’accouplement, la durée de la copulation)
pourraient constituer des facteurs dans la spéciation basée sur des différences écologiques ou
comportementales. Finalement, les auteurs suggeérent que plusieurs régions de I’ADN nucléaire
qui différent de maniére reproductible et marquée entre les especes sceurs de grands porte-queues
pourraient servir de codes a barres nucléaires pour I’identification des grands porte-queues, le
meilleur code a barre étant un exon au sein du géne codant pour la protéine TIMELESS. [Traduit
par la Rédaction]
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Introduction

Adaptation and speciation drive the generation of biodiversity. Much attention has been
paid to deciphering the genetic basis for speciation in model organisms, and a number of
genes involved in reproductive isolation between species have been identified (Maheshwari
and Barbash 2011; Phadnis et al. 2015). However, with recent advances in sequencing
techniques there has been a growing interest in a broader spectrum of organisms, in the
roles of ecological factors and adaptation in speciation, and in the genetic bases for the
early stages of speciation (Seehausen et al. 2014; Wolf et al. 2010). Incipient species pairs,
representing very closely related sister species that may not yet reach complete reproductive
isolation, are particularly suitable for such studies (Feder et al. 2012).

Becasue of their small genome size, diverse phenotypes, and abundance of many closely
related species, Lepidoptera are well-suited for genetics and evolutionary studies. Studies in
the genus Heliconius showed that gene introgression can lead to similarity in wing patterns
of different species and is one possible evolutionary mechanism of mimicry (Dasmahapatra
et al. 2012). Using the transcriptomes of tiger swallowtails, we found that only a small
fraction of genes can distinguish Pterourus glaucus from R canadensis (Cong et al. 20154),
which is in agreement with that observed in other animals (Harr 2006; Turner et al. 2005)
and plants (Rieseberg and Blackman 2010).

Recently, we described a new swallowtail, Heraclides rumiko, which is a southwestern
(from USA to Panama) sister species of the eastern US H. cresphontes (Shiraiwa et al.
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2014). These two species are sympatric in central Texas and may hybridize with each

other. Heraclides rumiko and H. cresphontes can be identified by male genitalia (although

it is not known whether these differences reduce interspecies hybridization), the shape and
size of yellow spots on the neck, the wing shape, and the details of wing patterns. They
exhibit a nearly 3% divergence in the mitochondrial DNA barcode sequence that encodes the
N-terminal half of mitochondrial cytochrome oxidase I (COl).

Here we sequence and analyze the transcriptomes from 10 specimens (5 for each species)
of Heraclides (Table 1). Nuclear DNA divergence between H. rumiko and H. cresphontes
is comparable to that between two species of Prerourus (P. glaucus and P. canadensis)

and is in agreement with the divergence in their COI barcodes. We detect the most
divergent nuclear genes between each pair of sister species and term these genes divergence
hotspots. Interestingly, the functions of the divergence hotspots in both species pairs overlap
significantly, suggesting common mechanisms behind the two independent speciation
events. The circadian clock system stands out most strongly in the divergence hotspots

of both Heraclides and Pterourus, with all four central components being significantly more
divergent between species than within. Finally, we propose several long exons that can
most confidently identify sister species of Prerourusand Heraclides as nuclear barcodes for
swallowtail species identification.

Materials and methods

RNA-seq library preparation and sequencing

Information about the 10 specimens of Heraclides is presented in Table 1, and they will be
deposited in the National Museum of Natural History, Smithsonian Institution, Washington,
DC, USA (USNM). Upon capture or eclosion, a specimen was euthanized either by thorax
pinching or injection with a 30% NH3 water solution. A piece of muscle cut out from the
thorax of reared specimens (including H. rumiko holotype) or the whole specimen body,
except wings and genitalia, were preserved in RNAlater solution. Total RNA was extracted
from the specimen using QIAGEN RNeasy Plus Mini Kit. We further isolated mRNA using
NEBNext Poly(A) mRNA Magnetic Isolation Module. RNA-seq library for each specimen
was prepared with NEBNext Ultra Directional RNA Library Prep Kit for lllumina following
manufacturer’s protocol. Six specimens (NVG-2559, NVG-2564, NVG2565, NVG-2740,
NVG-2741, and NVG-2760) were pooled at an equal ratio and sequenced together on a

3/4 illumina Hiseq2500 lane for 50 bp at the single end in the first run and for 100 bp

at both ends in another run. Four other specimens were prepared in another two batches
(NVG-3369 and NVG-3373 in one batch, and NVG-5323 and NVG-5360 in another batch),
and each library was sequenced on a 1/8 illumina Hiseq2500 lane for 150 bp at both ends.
The sequence reads have been deposited to NCBI SRA database under accession numbers:
SRR3138026—-SRR3138039.

Assembling reference transcriptome for Heraclides

After removal of contamination from TruSeq adapters by Mirabait (version 3.4.0) (Chevreux
et al. 1999) and trimming the low quality portion (trimming from the beginning and the
end until the first base with quality score >20) at the beginning and the end of each read
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using an in-house python script, we applied Trinity (version r20140413p1) (Haas et al. 2013)
to de novo assemble the transcriptome. The transcripts from all specimens were mapped

to the protein set of 2 glaucusby BLASTX (e-value: 0.00001) (version 2.2.31+) (Altschul
et al. 1990). Transcripts that could not find a confident hit (e-value < 0.00001) among

P. glaucus proteins were discarded. We filtered the BLASTX hits requiring the aligned
positions between the transcript and the hit to cover at least 50% of the residues in the

hit or at least 50% of the nucleotides in the transcript, and the remaining hits were ranked
primarily by e-value and secondarily by bit score. From the ranked list we identified the
best hits that were aligned to non-overlapping regions in the transcript. Usually there was
only one best hit, and in cases where multiple non-overlapping best hits were identified, the
transcript was split to multiple segments corresponding to multiple best hits.

Each transcript (or a segment) was considered to map to the top hit from the P, glaucus
protein set, and the Heraclides transcripts mapping to the same £ glaucus protein were
aligned against each other using BLASTN (version 2.2.31+) (Altschul et al. 1990) to remove
redundancy and to merge partial transcripts to a complete transcript. We wanted to represent
alternatively spliced isoforms with just the longest isoform, and we removed other isoforms
and redundant transcripts from different specimens using the following criteria: (/) if two
transcripts were over 95% identical to each other and the aligned region covered at least
80% of one transcript, the shorter transcript was removed; (/) if two transcripts were over
90% identical to each other and the aligned region covered at least 80% of one transcript
and the two transcripts share at least one identical 40mer, the shorter transcript was removed.
To merge the partial transcripts, we referred to the alignment between transcripts and the P,
glaucus proteins. If two transcripts were aligned to different regions of the protein with at
least 20 overlapping residues, the sequences were merged, and in the overlapping region, the
transcript that was more similar to the P glaucus protein were taken. The above procedure
produced a representative transcriptome for Heraclides consisting of 17 968 transcripts.

Obtaining sequence alignments and estimation of divergence time

We aligned the reads from each specimen to the reference transcriptome using BWA
(version 0.6.2-r126) (Li and Durbin 2009) and performed SNP calling with GATK (version
3.3-0) (DePristo et al. 2011). The sequences of each specimen were derived from the GATK
results, and 13 050 reference transcripts covered by at least two H. rumiko and two H.
cresphontes specimens for at least 20 amino acids were used in downstream analyses. The
alignments of orthologous transcripts in Pterourus were prepared similarly, except that the
coding sequences of the annotated A2 glaucus proteins were used as reference instead. We
calculated the pair-wise divergence (percent of different positions) for each orthologous
group in both the DNA and protein sequences and obtained the average values for intra-
and interspecific pairs. The distribution of the intra- and interspecific divergence for each
orthologous group was plotted and the means over all groups were calculated with Scipy
(version 1.1.0, http://www.scipy.org/). The significance level for the difference between
intra- and interspecific divergence was estimated using Mann-Whitney U-test implemented
in the Stats package of Scipy.
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A subset of the orthologous groups in Heraclides that satisfy the following criteria were
used to estimate the divergence time for H. cresphontes and H. rumiko using the Isolation-
with-migration model (version 8.26.12) (Hey and Nielsen 2007): (/) there were more

than 200 positions in the alignment after removing any positions with gaps; (/) the
alignment contained all eight specimens; (///) there were no significant (£ < 0.05) signs of
recombination in the PHI permutation test performed with PhiPack (Bruen et al. 2006). The
qualified alignments were randomly divided into 20 data sets. IMa2 (parameters: -s5437330
-b200000 -t10.0 -m0.40 -g24.8 -1540 -hfg -hn100 -ha0.99 -hb0.75 -r245 -z100 -p35 -u0.5
—hfg) was applied to each data set, and we took the average for the estimates from the 20
data sets as the final estimated divergence time.

Phylogenetic analysis

From the multiple sequence alignment of each orthologous group of Heraclides transcripts,
the consensus sequence for this group was obtained. The consensus sequence for each
Heraclides orthologous group was aligned to its closest sequence in the transcript set derived
from the P glaucus reference genome using BLASTN (version 2.2.31+), and thus a common
alignment for transcripts from both genera was obtained. In each alignment, we represented
one specimen with only one sequence, and in cases of heterozygous positions, one possible
allele was randomly chosen. The alignments for individual orthologous groups consisting

of sequences from all the specimens of Heraclidesand Pterourus were concatenated and
positions with any gaps were removed. The concatenated alignment was used to construct a
maximum likelihood tree using RAXML (version 8.1.17, model: GTRGAMMA) (Stamatakis
2014). Bootstrap resampling of the concatenated alignment was performed to assign
confidence levels for the branches in the maximum likelihood tree.

To fully use the information from heterozygous positions in each specimen, since in early
speciation most of the difference between sister species are probably a result of genetic
drift, we also inferred the evolutionary history of Heraclides using TreeMix (version 1.13)
(Pickrell and Pritchard 2012), which is designed to work with closely related population (or
species) and fully utilize the heterozygous positions.

Identification and in-depth analysis of the divergence hotspots

The Heraclides transcripts in each specimen were translated to protein sequences according
to their mapping to the reference P glaucus genome. The alignments of 13 050 orthologous
proteins containing sequences from at least two specimens of each species and at least 20
aligned positions were used in this analysis. We used two criteria to identify the diverged
proteins between H. rumiko and H. cresphontes that may be important for their speciation.

First, we estimated the fixation indices for both H. rumiko and H. cresphontes using the
following formula: AsT = (Tthetween — Twithin) / Thetween: WHere mhetween IS the average
divergence between species and mithin IS the average divergence within species. We
required the divergence hotspots to have fixation index above 0.5, i.e., the interspecific
divergence is at least two times that of the intraspecific divergence in both species. Second,
we detected all the positions that are conserved (sharing a common amino acid in over 80%
of sequences) within but different between species, and required the divergence hotspots to
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be significantly enriched (p < 0.05) in such positions. The enrichment was quantified using a
binomial test (p = rate of divergent positions in the alignment, /77 = the number of divergent
positions in a protein, /7= the total number of aligned positions in a protein).

Similarly, we identified the divergence hotspot for Pferourus. The significance level for
the overlap in divergence hotspots between Pterourus and Heraclides was evaluated by a
binomial test (/77 = number of common divergence hotspots, /= number of divergence
hotspots for a genus, p = probability for a gene that is shared by both genera to be a
divergence hotspot of another genus).

We identified the enriched GO terms associated with these divergence hotspots using
binomial tests (/77 = the number of divergence hotspots that were associated with this

GO term, /= number of divergence hotspots, p = the probability for this GO term to

be associated with any gene). GO terms with P-values lower than 0.01 were considered
enriched. The significance level for the overlap in enriched (P-value < 0.01) GO terms
between Prerourus and Heraclides was also evaluated by a binomial test (/7= number of
common enriched GO terms, /= number of enriched GO terms for a genus, p = probability
for any GO term associated with the divergence hotspots in both genera to be enriched GO
term for another genus). The four divergence hotspots related to circadian clock system were
submitted to MESSA server (Cong and Grishin 2012) to perform secondary structure and
disordered region prediction, domain identification, and 3D structure prediction.

Selection of nuclear barcodes

Results

We selected nuclear DNA barcodes from nuclear exons that were longer than 100 bp and
present in the transcriptomes of at least two specimens of each species: P. glaucus, P,
canadensis, H. rumiko, and H. cresphontes. \We calculated the percent of different positions
between any pair of specimens from the same genus, and computed the difference between
the minimal interspecific divergence and the maximal intraspecific divergence. This number
is negative for most exons: the mean and standard deviation for Pterourus are —0.010 and
0.018, respectively; similarly the mean and standard deviation for Heraclides are —0.017
and 0.020, respectively. Only 121 exons have a minimal interspecific divergence higher
than the maximal intraspecific divergence for both Heraclides and Pterourus and only 10
exons’ minimal interspecific divergence is 1.0% higher than the maximal intraspecific value
(minimal interspecific — maximal intraspecific = 1.0%) and they were selected as possible
nuclear barcodes.

Statistics of assembling transcripts

The specimens of Heraclides (5 H.rumikoand 5 H.cresphontes) used in this study are listed
in Table 1. De novo transcriptome assembly resulted in a range of 20000—70000 transcripts
per specimen. A majority of these transcripts (>90%) could be mapped to the P, glaucus
reference protein set (Cong et al. 20154) by BLASTX (version 2.2.31+) (Altschul et al.
1990), and the mapped transcripts covered 7000 — 12000 proteins annotated in the reference
genome. We combined all the de novo assembled transcripts from the 10 specimens of
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Heraclides and removed redundancy to create a reference transcriptome consisting of 17 942
protein coding sequences. For alternatively spliced isoforms, the longest one was taken as
the reference.

We mapped the reads from all the specimens of Heraclides to this reference and performed
SNP calling using GATK (version 3.3-0) to obtain the sequences of each specimen. About
13 050 reference transcripts were covered by at least two H. rumiko and two H. cresphontes
specimens for at least 20 amino acids. The Heraclides dataset used in the following analyses
consisted of 5 288 104 residues in these 13 050 transcripts. They mapped to 10 272 (out of
15 685) proteins in the 2. glaucus reference genome. Transcripts that were mapped to the
same protein were usually different segments of the same protein, and they were combined
into the same orthologous group.

This seemingly modest completeness likely results from that only a subset of proteins being
expressed in adults. Additionally, some annotated genes in the 2 glaucus reference genome
could be pseudogenes. Out of the 15 685 annotated protein-coding genes in the £ glaucus
genome, only 12 928 (82.4%) had annotated orthologs in two other swallowtail genomes
(Nishikawa et al. 2015) or are present in the transcriptomes of Pferourus. In addition, we
identified 9421 orthologous protein families from the specimens of Prerourus (3 P, glaucus
and 2 P canadensis), and these orthologous groups contained 3 417 956 residues that were
covered by at least two £ glaucus and two P. canadensis specimens.

Divergence in two species of Heraclides is comparable to that in two species of Pterourus

We previously showed that H. cresphontes and H. rumiko could be confidently distinguished
by the COI barcodes: intraspecific divergence was less than 0.5%, while interspecific
divergence was about 2.9% (Shiraiwa et al. 2014). Other mitochondrial genes revealed

a similar separation between H. cresphontes and H. rumiko. In a tree based on the
concatenated alignment of all mitochondrial protein-coding genes, the internal branch length
between the two clades formed by both species is 0.026 (26 changes per 1000 positions).
This divergence is comparable to that between £ glaucusand R canadensis (18 changes per
1000 positions, shown in Fig. 1a).

We obtained a concatenated alignment of 5427 orthologous transcripts that were shared by
all 10 specimens of Heraclidesand 5 specimens of Prerourus. This alignment contained

2.8 million positions without gaps, and was used to build phylogenetic trees (Fig. 1). In
both the maximum likelihood tree (Fig. 1b), based on concatenated alignment, and the
TreeMix (version 1.13) tree, based on allele frequencies from randomly sampled SNPs, the
specimens of Heraclides confidently (bootstrap: 100) partitioned into two clades: one clade
for each species. The divergence between the two clades, measured by the total branch
length of the two clades (1.5 expected substitutions per 1000 positions in coding regions in
maximum likelihood tree), is comparable to that between 2. glaucusand P. canadensis (1.8
expected substitutions per 1000 positions in coding regions in maximum likelihood tree).
Finally, the estimated divergence time of the two species of Heraclides, using an isolation-
with-migration model, is 0.8 million (95% confidence interval: 0.61-0.99) generations ago,
which is again similar to the estimate for the two species of Pterourus at 0.77 million (95%
confidence interval: 0.62—-0.92) generations ago (supplemental data, Fig. S11).
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Heraclides rumiko and H. cresphontes diverged in a small number of genes

As in the case of £ glaucusand P, canadensis, H. rumiko and H. cresphontes can be

confidently distinguished based on the whole-transcriptome data, but not by most individual
genes. The average interspecific divergence for each gene is significantly higher than the
intraspecific divergence in species of both Pferourus (p = 7.9e-79) and Heraclides (p =
2.3e-234). However, for both Pterourus and Heraclides, the intraspecific and interspecific
distributions largely overlap (Fig. 821), and the overall interspecific divergence level is
only 15% and 23%, respectively, higher than the intraspecific divergence level. Therefore,
genetic variation within each species is high (above 0.8% in protein coding genes), and

the divergence between species only slightly, albeit statistically significantly, exceeds
intraspecific variation rate.

As quantified by fixation indices (Fst), the majority of individual genes (Fig. 2a) and the
proteins (Fig. 2b) they encode do not diverge between sister species in both genera. For
over half (55% for Heraclides and 67% for Prerourus) of the proteins, the interspecific
divergence is comparable (Fst < 0.1) to the variability within species. However, a smaller
fraction (13.3% for Pterourus and 9.5% for Heraclides) of proteins diverged noticeably
between sister species (Fst = 0.5). Genomic regions encoding these proteins (divergence
hotspots) may be candidates for genomic islands of speciation forming the reproductive
barrier between species, resisting gene flow, and making each species distinct.

Divergence hotspots suggest common speciation paths in Heraclides and Pterourus

Out of 5 839 088 residues from 13 050 orthologous protein families encoded by the
Heraclides transcripts, we identified 8729 positions that were conserved (showing the

same amino acid in over 80% of the sequences) within both species of Heraclides but

were divergent between them (the dominant amino acids are different). These divergent
positions are not evenly distributed among proteins, and 883 Heraclides proteins (6.8%)

are significantly enriched (P < 0.05) in such positions. These proteins are either important
for speciation or are intrinsically fast evolving proteins that are also highly variable within
a species. We further required the entire protein to be relatively conserved within both
species (Fst > = 0.5), which resulted in 432 proteins. These proteins show significantly (P
< 0.001) lower intraspecific divergence than the rest. Their conservation within both species
of Heraclides but elevated divergence between the species suggests their roles in speciation,
and we named them divergence hotspots.

The Gene Ontology (GO) terms standing out (P < 0.01) as associated with these divergence
hotspots are listed in Table 2. These GO terms suggest that the two species show differences
in the circadian clock system, which might directly cause differences in timing of the mating
behavior and contribute to prezygotic reproductive barrier. Other enriched GO terms suggest
the two species diverged in proteins that are involved in transcription regulation and signal
transduction. Divergence in these proteins may affect many downstream processes, and

lSupplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/

gen-2018-0084.
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thus have a profound impact on the divergence and speciation. Using the same criteria, we
identified 445 divergence hotspots for the two species of Pterourus.

A binomial test shows that the divergence hotspots in Heraclides overlap very significantly
(P=9.7e-24, Fig. 3a, total number of genes in the reference genome: 15 685) with the

ones for Pterourus. We identified the divergence hotspots from the Heraclides transcripts that
could be mapped to the Pterourus protein set, which may artificially increase the overlap in
divergence hotspots for both genera. Therefore, we performed another binomial test using
only the orthologous groups shared by the two genera. This alternate non-reference test
again reveals significant overlap between the divergence hotspots in both genera (P = 8.6e-
20). The enriched (p < 0.01) GO terms associated with the Heraclides divergence hotspots
also overlap significantly (p = 7.0e-9, total number of GO terms associated with proteins in
the reference genome: 9337).

The largest group of enriched GO terms (Fig. 3b) associated with the divergence hotspots
in both genera are related to the circadian clock system. All four central components

of the circadian clock system, CLOCK, CYCLE, PEROID, and TIMELESS (Figs. 4a,

4p), are enriched in interspecific variation and belong to the divergence hotspots in both
Heraclides and Prerourus. These four proteins are highly conserved within each species (on
average 0.27% difference) but differ strongly between species (on average 2.5% difference).
Moreover, the positions in these proteins that diverged between species of Heraclides

and between species of Prerourus hardly overlap, suggesting that these positions are not
intrinsically fast evolving. Instead, the divergence is probably due to adaptation to different
environments. Two out of the four circadian clock proteins, CLOCK and PERIOD, are
suggested to be under positive selection in Prerourus (Cong et al. 20154).

Mapping divergent positions between the two species to their protein sequences and
predicted structures shows that these mutations concentrate on one side of the protein
PERIOD, forming clusters on the surface (Fig. 4c). A similar distribution of mutation sites
is observed in the CLOCK-CYCLE complex (Fig. 4d). The surface clustering of mutations
suggests that they may affect the interactions between the CLOCK-CYCLE complex and
other regulators of the circadian clock system (Tataroglu and Emery 2015).

Nuclear barcodes to identify swallowtail species

The commonly used nuclear markers for insects include 18s rRNA, wingless, EFla genes,
and non-coding ITS1 and ITS2. However, these genes fail to distinguish incipient species
such as P. glaucus versus P. canadensis and H. cresphontes versus H. rumiko, which can
be clearly separated by COI barcodes. In a quest for nuclear barcodes, we searched for
exons in protein coding genes that can clearly identify species in the two genera. Based

on our analysis on Heraclides and Pterourus, we selected 10 nuclear barcodes (Table 3)
using the following criteria: (/) a nuclear barcode should be a long exon of over 100 bp; (/)
the interspecific divergence for this barcode should be much higher than the intraspecific
divergence in both genera; (/7j) it should be from the divergence hotspots we identified
above. Since the speciation mechanisms shared by these two swallowtail pairs may not be
general for other species, we would not expect any single nuclear barcodes to be generally
applicable. However, a combination of several nuclear barcodes we selected here might be
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useful in other butterflies. Only a single nuclear barcode appears to distinguish species of
Heraclides and Pterourus even better (measured by the difference between interspecific
divergence and intraspecific divergence) than the COI barcode. It is from a circadian
clock protein, TIMELESS, reinforcing the divergence in the circadian clock system as an
important player in both speciation events.

Discussion

High divergence within butterfly species

The intraspecific divergence rate in the protein-coding region we observed is close to 1%,
and this high divergence likely reflects a large effective population size. Given the mutation
rate (1) of Lepidoptera is about 3e-9 per generation (Keightley et al. 2015), intraspecific
variation (6) of 1% roughly corresponds to an effective population size (Ag) of about 1
million (6= 4 uN). Swallowtail butterflies are common, widely distributed, and are strong
flyers. Therefore, their effective population sizes are likely to be large. In addition, the recent
speciation in both sister species pairs and thus possible remaining gene flow between the
incipient species (Mercader et al. 2009) may increase the intraspecific divergence. Also,
several recently published butterfly genomes (Cong et al. 20156, 2016) report similarly high
(about 1%) polymorphism.

Divergence hotspots and proteins undergoing positive selection

A previous study found 21 positively selected proteins between £, glaucus and P. canadensis
using McDonald—Kreitman Tests (Zhang et al. 2013), and about half of these proteins
overlap with the divergence hotspots we identified. The lack of a larger overlap may

be due to three reasons. First, previous results were based on 2225 genes, whereas our
analysis, aided by the reference genome of 2 glaucus, is performed on 9421 genes. Second,
inference of positive selection using a small number of individuals could be influenced

by the underlying statistical model and the sequences used in the test. For instance, the
proteins identified using two methods, McDonald—Kreitman Test and K/ K ratio, show very
limited overlap (5%) (Zhang et al. 2013). Third, the drivers of speciation do not have to be
positively selected (Wu and Ting 2004).

Ecological speciation

If two populations of the same species have spent significant time in geographic

isolation, mutations randomly accumulating in them could cause Dobzhansky—Muller hybrid
incompatibilities, leading to reproductive isolation (Orr and Turelli 2001). Additionally,
ecological factors could play a role. When two populations of the same ancestral species
have been separated in different environments, they might undergo adaptive evolution
(Dieckmann et al. 2004). It is possible that this environmental adaptation is the mechanism
for the speciation of the sister species from Pterourus and Heraclides genera discussed here.
Both speciation events are associated with the separation of populations by latitude with
different temperature, photoperiod, and environment, which could have a profound impact
on the populations. For instance, 2 canadensis lives in a colder climate where winters
cannot support a continuous life cycle. Therefore, it developed an obligate pupal diapause to
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overwinter, which is an adaptive behavior lacking in its sister species P. glaucus (Hagen et al.
1991).

Nuclear markers for species identification

The mitochondrial DNA COI barcode sequence is routinely used for insect identification
and cryptic species discovery (Hebert et al. 2004). However, maternally inherited
mitochondrial DNA can be transferred between species via cellular symbionts (Whitworth et
al. 2007), hybridization, and backcrossing, and therefore they may have a history different
from the whole organism (Bachtrog et al. 2006; Boratynski et al. 2011). Consequently, COI
barcode studies need to be supplemented with work based on nuclear genes. However, it

is not trivial to select proper nuclear barcodes to distinguish closely related species. The
reproductive barrier is frequently not absolute for insects. While genes that contribute to
Dobzhansky—Muller hybrid incompatibility may be less likely to flow between species,
many other genes that do not contribute to the reproductive barrier, including the complete
mitogenome, could be transferred. Proteins that are likely to play roles in speciation are
better candidates for nuclear markers, such as the circadian clock proteins identified in this
study.

Circadian clock and ecological speciation

The potential involvement of circadian clock proteins in speciation between sister species
was unexpected. Therefore, we performed additional tests to rule out explanations not
relevant to speciation. First, circadian clock proteins did not show a higher level of
polymorphism within species comparative to other genes, indicating that they are not
intrinsically more variable. Second, two out of the four circadian clock proteins, CLOCK
and PERIOD, were under positive selection in Prerourus (Cong et al. 20154), implying their
divergence is likely a result of adaptive evolution. On the other hand, we see biological
differences between the sister species that are likely affected by the divergence in the
circadian clock system. Obligate pupal diapause controlled by these proteins in P canadensis
is a likely adaptation to colder northern climate this species lives in. Even in warmer years,
P. canadensis would not have sufficient warm time within the year to develop more than

a single brood. Conversely, southern species, i.e., P. glaucus, get a selective advantage by
building up in numbers over longer warm periods of the year by going through several
broods due to facultative pupal diapause induced by the photoperiod (Hagen et al. 1991).
Biological differences between southwestern species H. rumiko and more northern and
eastern H. cresphontes have not yet been studied. Heraclides rumiko inhabits more open and
dryer areas with apparently more light, whereas H. cresphontes is more of a forest species,
active in more shaded areas with less light. While both species possess facultative diapause,
H. rumiko has more generations per year and may not diapause at all in the southern parts of
its range from Mexico to Panama.

This divergence in circadian clock systems might result from adaptation to different
latitudes. The proteins CLOCK, CYCLE, PERIOD, and TIMELESS directly interact with
each other to regulate the circadian rhythm, and they are expected to evolve together in each
species to maintain the functional interactions between proteins. Therefore, the components
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from one species may not be fully compatible with components from another species,
contributing to Dobzhansky—Muller hybrid incompatibilities and post-zygotic isolation.

Meanwhile, this adaptive divergence might cause prezygotic reproductive isolation. Clock
genes are known to directly play a role in mating behavior in Drosophila (Allada and Chung
2010). Similar molecular processes are expected to take place in Lepidoptera, as several
studies on moths have suggested (Merlin et al. 2007; Quan et al. 2017; Wu et al. 2014).
Circadian clock genes may regulate not only the timing of mating (Sakai and Ishida 2001),
but also copulation duration (Beaver and Giebultowicz 2004) and frequency of vibratory
signals (Medina et al. 2015). This intricate network of regulatory signals should be easy

to break with differences in these genes, leading to mate rejection. Courtship rituals are
highly elaborate in swallowtails (Lederhouse 1981; Scott 1986), and only a narrow range

of behaviors (like flying in circles of a particular radius) would avoid mate rejection. This
behavioral pressure is expected to evoke strong stabilizing selection on the genes involved in
the circadian clock, resulting in low intraspecific variation. Interspecific differences will not
be constrained and would increase further, driven by lower reproductive fitness of hybrids
that would be selectively eliminated from the population in the contact zones due to their
possibly unusual mating behavior.

Divergence in circadian clock genes may not be restricted to swallowtails and may be a
more general trend for pairs of closely related species. Correlation between speciation and
circadian proteins divergence has been recently reported for other species of Lepidoptera
(Cong et al. 2016; Hanniger 2015; Tauber et al. 2003). It is possible that divergence in
clock proteins may not be the driving event in speciation. However, this divergence is

most likely an adaptive trait developed in the course of speciation. In addition, current
study is based on transcriptomes of adult butterflies, and only about 60%-80% of total
proteins are expressed. It is possible that some speciation genes fall outside this subset and
future genomic studies will address this question. Regardless of causal relationship and the
potential to miss important speciation drivers among non-coding regions in the genome and
proteins that are not expressed in adults, circadian clock system recurrently comes up as

a component strongly correlated with speciation in sister species and is expected to be an
important player.
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Refer to Web version on PubMed Central for supplementary material.
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2565 H. rumiko holotype, TX: Duval Co

2559 H. rumiko paratype, TX: Duval Co

Phylogenetic trees for Heraclides and Pterourus. () Maximal likelihood trees based

on the concatenated alignments of mitochondrial genes. () The 50% majority-rule
consensus tree of the maximum likelihood trees based on the bootstrap sampling of the
concatenated alignment of orthologous transcripts from all specimens of Heraclides and
Prerourus. The branch that connects the Heraclides and Pterourus clades is omitted from
the figure. Specimen numbers, species names, and localities are labeled. The Pterourus
glaucus specimen with a reference genome is represented by two sequences to reflect the
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heterozygous positions. Combined length of the internal branches that separate the two
species from each genus is measured (approximately) and labeled in the figure. (¢) Evolution
history inferred by TreeMix based on random samples (bootstrap) of SNP markers in
specimens of Heraclides. The middle point of the longest internal branch is inferred as the
root of the tree.
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Fig. 2.
Fixation indices for sister species in genera Pterourus and Heraclides. (&) Distribution of Fgt

for protein-coding genes in the species pairs of Pferourus (red) and Heraclides (blue) genera,
respectively. (b) Distribution of Fst for protein sequences in the species pairs of Prerourus
(red) and Heraclides (blue) genera, respectively.
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circadian rhythm

eclosion rhythm

regulation of circadian sleep/wake
cycle, sleep

circadian temperature homeostasis
negative regulation of transcription
regulatory region DNA binding
myosin light chain kinase activity

Significant overlap between the divergence hotspots for Heraclides and Pterourus. (&) Venn
diagram of divergence hotspots for Pterourus (blue) and Heraclides (red), which overlap
significantly (p = 8.6e-20). (5) Venn diagram for the enriched GO-terms associated with the
divergence hotspots for Prerourus (blue) and Heraclides (red), which overlap significantly (p
= 7.0e-9). The six GO-terms that are shared by both genera are listed.
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Fig. 4.

Ci?cadian clock proteins are divergent between species of Heraclidesand Pterourus. (a)
Domain diagram of CLOCK, CYCLE, PERIOD, and TIMELESS. Positions that are
conserved within but differ between species of Heraclides are marked by pink dots on red
stems; positions that are divergent within species of Heraclides are marked by green dots on
red stems; positions that are conserved within but differ between species of Pferourus are
marked by pink dots on blue stems; positions that are divergent within species of Pterourus
are marked by green dots on blue stems. (6) Circadian clock system (CRY, cryptochrome
proteins; CLO, CLOCK; CYC, CYCLE; PER, PERIOD; TIM, TIMELESS). (cand d) Map
of interspecific mutations on the spatial structure templates (PDB ids: 4F3L and 3RTY) of
the CLOCK/CYCLE complex and protein PERIOD. Positions that are conserved within but
divergent between species of Heraclides, species of Pterourus, and species in both genera are
marked by red, blue, and magenta dots, respectively. The approximate position of disordered
loops is shown as black beads on threads.
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