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Abstract

For 200 years, zoologists have relied on phenotypes to learn about the evolution of animals. A glance at the genotype, even through
several gene markers, revolutionized our understanding of animal phylogeny. Recent advances in sequencing techniques allow
researchers to study speciation mechanisms and the link between genotype and phenotype using complete genomes. We sequenced
and assembled a complete genome of the Cloudless Sulphur (Phoebis sennae) from a single wild-caught specimen. This genome was
used as reference to compare genomes of six specimens, three from the eastern populations (Oklahoma and north Texas), referred to
as a subspecies Phoebis sennae eubule, and three from the southwestern populations (south Texas) known as a subspecies Phoebis
sennae marcellina. While the two subspecies differ only subtly in phenotype and mitochondrial DNA, comparison of their complete
genomes revealed consistent and significant differences, which are more prominent than those between tiger swallowtails Pterourus
canadensis and Pterourus glaucus. The two sulphur taxa differed in histone methylation regulators, chromatin-associated proteins,
circadian clock, and early development proteins. Despite being well separated on the whole-genome level, the two taxa show
introgression, with gene flow mainly from P. s. marcellina to P. s. eubule. Functional analysis of introgressed genes reveals enrichment
in transmembrane transporters. Many transporters are responsible for nutrient uptake, and their introgression may be of selective
advantage for caterpillars to feed on more diverse food resources. Phylogenetically, complete genomes place family Pieridae away
from Papilionidae, which is consistent with previous analyses based on several gene markers.
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Introduction knowledge about the morphology and life histories of

Butterflies and moths (Lepidoptera) are some of the best-
known and best-studied insects. Their colorful wings and
complex life cycles attract wide attention from both re-
searchers and the public. Despite this popularity, little is
known about the genetic makeup of Lepidoptera, and com-
pete genomes are available for fewer than a dozen species
(International Silkworm Genome Consortium 2008; Duan
et al. 2010; Zhan et al. 2011; Heliconius Genome 2012;
You et al. 2013; Zhan and Reppert 2013; Ahola et al. 2014;
Tang et al. 2014; Cong et al. 2015a, 2015b; Nishikawa et al.
2015). However, small genome sizes and extensive

Lepidoptera offer a promise to further our understanding in
genetics, molecular evolution, and speciation through com-
parative genomics. For instance, genomics studies of
Heliconius revealed a new paradigm that gene exchange be-
tween species is pivotal in the evolution of adaptation and
mimicry (Heliconius Genome 2012). Among butterflies, rep-
resentative genomes are currently known for only three fam-
ilies:  the swallowtails (Papilionidae), the brushfoots
(Nymphalidae), and the skippers (Hesperiidae). The brushfoots
have been prevalent in genomics studies, with research on
Heliconius and the Monarch (Danaus plexippus) leading the
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field (Nadeau et al. 2014; Zhan et al. 2014). For comparative
genomics of butterflies, it is essential to sequence complete
genomes of all major phylogenetic groups.

The family Pieridae (Whites and Sulphurs) may be the proto-
type for the name “butterfly.” A common yellow-toned
European species, the Brimstone (Gonepteryx rhamni), was
called the “butter-colored fly” by early naturalists (Asher et al.
2001). This family includes some of the very few butterflies
known as crop pests, such as the Cabbage Whites (Pieris
rapae and Pieris brassicae) and Alfalfa Sulphur (Colias eur-
ytheme). Pierids are particularly well known for using pterins as
pigments on their wings (Pfeiler 1968). While most swallowtails
diapause as pupae, many pierids overwinter as adults and enter
reproductive diapause in the fall. Because of similarities in pupae,
pierids were previously hypothesized to be a sister family to the
swallowtails (Ehrlich 1958), a view not supported by recent mo-
lecular studies (Weller et al. 1996). To help understand genetic
bases for morphological traits of Pieridae and to clarify its phy-
logenetic placement, we sequenced the first complete genome
from this family. We chose a large and showy American species,
the Cloudless Sulphur (Phoebis sennae), which is similar in size
and color to the European Brimstone butterfly.

The Cloudless Sulphur is a large yellow-toned butterfly dis-
tributed from the southern regions of the United States
through the Neotropics. Its caterpillars feed on Senna plants
and close relatives from the Pea family (Fabaceae). Adults are
highly vagile but do not survive cold winters. Eastern US pop-
ulations are known as subspecies Phoebis sennae eubule, and
southwestern populations that range throughout Central and
most of South America are attributed to subspecies Phoebis
sennae marcellina (Brown 1929). Both subspecies are present
in Texas. The two subspecies are morphologically distinct, with
P. s. eubule being typically less patterned on the underside of
the wings and P. s. marcellina females characterized by pro-
nounced dark spots along the margin of hindwings above (fig.
1). In addition, their caterpillars show somewhat different
foodplant preferences. Phoebis s. eubule mostly feeds on par-
tridge pea (Chamaecrista fasciculata), whereas P. s. marcellina
prefers Senna species. However, their cytochrome c oxidase
subunit 1 (COI) mitochondrial DNA sequences show small di-
vergence, no more than 0.6% (Ratnasingham and Hebert
2007). The divergence in nuclear genes, that likely cause the
morphological differences, has remained unclear.

We obtained a complete reference genome of P. s. eubule
from a single male collected in southeast Texas. To compare
genetic divergence between the North American P. sennae
subspecies, we sequenced genomes of two more P. s.
eubule specimens (from north Texas and Oklahoma) and of
three P. s. marcellina specimens from south Texas. In contrast
to mitochondrial DNA, their nuclear genomes revealed unex-
pectedly large divergence (~2%), larger than that between
the two sister species of Tiger Swallowtails (Pterourus cana-
densis and Pterourus glaucus). Despite a clear separation on
the whole-genome level, there are regions in the genome that

show significant (P<0.0014, false discovery rate [FDR]
[20] < 0.05) signs of introgression between the two taxa.
This work lays the foundation for Pieridae genomics and pro-
vides rich sequence data sets for comparative studies.

Materials and Methods

Library Preparation and Sequencing

We removed and preserved the wings and genitalia of six
freshly caught P. sennae specimens (three P. s. eubule:
NVG-3314, male, Texas: San Jacinto Co., Sam Houston
National Forest, 30.50596, -95.08868, April 12, 2015;
NVG-4452, female, Texas: Wise Co., LBJ National Grassland,
33.38401, -97.57381, August 9, 2015; NVG-4541, male,
Oklahoma: Atoka Co., McGee Creek Recreation Area,
34.41040, -95.91059, August 22, 2015; and three P. s. mar-
cellina: Hidalgo Co., 1.5 air mi southeast of Relampago,
26.07093, -97.89131: NVG-3356, male, May 23, 2015;
NVG-3377, female, May 24, 2015; NVG-3393, male, May
30, 2015), and the rest of the bodies were stored in
RNAlater solution. Wings and genitalia of these specimens
will be deposited in the McGuire Center for Lepidoptera and
Biodiversity, Florida Museum of Natural History, University of
Florida, Gainesville, Florida, USA (MGCL).

We used specimen NVG-3314 for the reference genome. We
extracted approximately 20 pg of genomic DNA from about 4/5
of specimen NVG-3314 with the ChargeSwitch gDNA mini
tissue kit; 250-bp and 500-bp paired-end libraries were prepared
using enzymes from NEBNext Modules and following the
lllumina TruSeq DNA sample preparation guide. Mate pair librar-
ies (2, 6, and 15 kb) were prepared using a protocol similar to the
previously published Cre-Lox-based method (Van Nieuwerburgh
etal. 2012). For the 250 bp, 500 bp, 2 kb, 6 kb, and 15 kb librar-
ies, approximately 500ng, 500ng, 1.5ug, 3ug, and 6ug of
DNA were used, respectively. We quantified the amount of
DNA from all the libraries with the KAPA Library
Quantification Kit, and mixed 250 bp, 500 bp, 2 kb, 6kb, and
15kb libraries at relative molar concentration 40:20:8:4:3. The
mixed library was sent to the genomics core facility at UT
Southwestern Medical Center to sequence 150bp at both
ends (PE150) using one lane in lllumina HiSeq2500.

The remaining 1/5 of specimen NVG-3314 was used to
extract RNA using QIAGEN RNeasy Mini Kit. We further iso-
lated mRNA using NEBNext Poly(A) mMRNA Magnetic Isolation
Module, and RNA-seq libraries for both specimens were pre-
pared with NEBNext Ultra Directional RNA Library Prep Kit for
lllumina following the manufacturer’s protocol. The RNA-seq
library was sequenced for 150 bp from both ends using 1/8 of
an lllumina lane.

The other five specimens were used to prepare paired-end
libraries to map to the reference genome. For each of them,
we extracted about 5pg genomic DNA and used about
500 ng to prepare a 400 bp paired-end library. These paired-
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Fic. 1.—Specimens of Phoebis sennae. Males (a—d) and females (e-/) are shown in dorsal (a, b, e, 1, /, j) and ventral (c, d, g, h, k, ) aspects. a, ¢, e, g, i, and
k are Phoebis sennae eubule from Texas, Denton Co., Flower Mound, reared from caterpillars, adults eclosed on: a, ¢ September 26, 1996; e, g December 8,
2001; i, k October 24, 1998. b, d, 1, h, j, and | are Phoebis sennae marcellina from Texas, Hidalgo Co., 1.5 air mi southeast of Relampago, reared from
caterpillars, adults eclosed on: b, d July 8, 2015, and £, g June 10, 2015, and collected on j, / June 14, 2015.

end libraries were mixed at equal ratio and sequenced using a
similar strategy (PE150), using half of an lllumina lane. The
sequencing reads for all the specimens have been deposited
in the NCBI SRA database under accession SRP068212.

Genome and Transcriptome Assembly

We removed sequence reads that did not pass the purity
filter and classified the pass-filter reads according to their

TruSeq adapter indices to get individual sequencing libraries.
Mate pair libraries were processed by the Delox script (Van
Nieuwerburgh et al. 2012) to remove the loxP sequences and
to separate true mate pair from paired-end reads. All reads
were processed by mirabait (Chevreux et al. 1999) to remove
contamination from the TruSeq adapters, an in-house script
to remove low quality portions (quality scale < 20) at both
ends, JELLYFISH (Marcais and Kingsford 2011) to obtain k-
mer frequencies in all the libraries (supplementary fig. ST,
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Supplementary Material online), and QUAKE (Kelley et al.
2010) to correct sequencing errors. The data processing re-
sulted in nine libraries that were supplied to Platanus (Kajitani
etal. 2014) for genome assembly: 250 bp and 500 bp paired-
end libraries, three paired-end and three mate pair libraries
from 2, 6, and 15kb libraries and a single-end library con-
taining all reads whose pairs were removed in the process
(supplementary table S2A, Supplementary Material online).

We mapped these reads to the initial assembly with
Bowtie2 (Langmead and Salzberg 2012) and calculated the
coverage of each scaffold with the help of SAMtools (Li et al.
2009). Many short scaffolds in the assembly showed coverage
that was about half of the expected value (supplementary fig.
S2, Supplementary Material online); they likely came from
highly heterozygous regions that were not merged to the
equivalent segments in the homologous chromosomes. We
removed them if they could be fully aligned to another signif-
icantly less covered region (coverage > 90% and uncovered
region < 500 bp) in a longer scaffold with high sequence iden-
tity (>95%). Similar problems occurred in the Heliconius mel-
pomene, Pt. glaucus, and Lerema accius genome projects, and
similar strategies were used to improve the assemblies
(Heliconius Genome 2012; Cong et al. 2015a, 2015b).

The RNA-seq reads were processed using a similar proce-
dure as the genomic DNA reads to remove contamination
from TruSeq adapters and the low quality portion of the
reads. Afterward, we applied three methods to assemble
the transcriptomes: 1) de novo assembly by Trinity (Haas
et al. 2013), 2) reference-based assembly by TopHat (Kim
et al. 2013) (v2.0.10) and Cufflinks (Roberts et al. 2011)
(v2.2.1), and 3) reference-guided assembly by Trinity. The re-
sults from all three methods were then integrated by Program
to Assemble Spliced Alignment (PASA) (Haas et al. 2008).

Identification of Repeats and Gene Annotation

Two approaches were used to identify repeats in the genome:
The RepeatModeler (Smit and Hubley 2008-2010) pipeline
and in-house scripts that extracted regions with coverage
four times higher than expected. These repeats were submit-
ted to the CENSOR (Jurka et al. 1996) server to assign them to
the repeat classification hierarchy. The species-specific repeat
library, repeats we previously identified in other Lepidoptera
genomes, and repeats classified in RepBase (Jurka et al. 2005)
(V18.12) were used to mask repeats in the genome by
RepeatMasker (Smit et al. 1996-2010).

We obtained two sets of transcript-based annotations from
two pipelines: TopHat followed by Cufflinks and Trinity fol-
lowed by PASA. In addition, we obtained five sets of homol-
ogy-based annotations by aligning protein sets from
Drosophila melanogaster (Misra et al. 2002) and four pub-
lished Lepidoptera genomes (Plutella xylostella, Bombyx
mori, H. melpomene, and D. plexippus) to the P. sennae
genome with exonerate (Slater and Birney 2005). Proteins

from Invertebrate in the entire UniRef90 (Suzek et al. 2007)
database were used to generate another set of gene predic-
tions by genblastG (She et al. 2011). We manually curated and
selected 1,152 confident gene models by integrating the ev-
idence from transcripts and homologs to train de novo gene
predictors: AUGUSTUS (Stanke et al. 2006), SNAP (Korf 2004),
and GlimmerHMM (Majoros et al. 2004). These trained pre-
dictors, the self-trained Genemark (Besemer and Borodovsky
2005) and a consensus-based pipeline, Maker (Cantarel et al.
2008), were used to generate another five sets of gene
models. Transcript-based and homology-based annotations
were supplied to AUGUSTUS, SNAP, and Maker to boost
their performance. In total, we generated 13 sets of gene
predictions and integrated them with EvidenceModeller
(Haas et al. 2008) to generate the final gene models.

We predicted the function of P. sennae proteins by trans-
ferring annotations and GO terms from the closest BLAST
(Altschul et al. 1990) hits (£ value <107°) in both the
Swissprot (UniProt 2014) database and Flybase (St Pierre
et al. 2014). Finally, we performed InterproScan (Jones et al.
2014) to identify conserved protein domains and functional
motifs, to predict coiled coils, transmembrane helices and
signal peptides, to detect homologous 3D structures, to
assign proteins to protein families, and to map them to met-
abolic pathways.

Identification of Orthologous Proteins and Phylogenetic
Tree Construction

We identified the orthologous groups from all 11 Lepidoptera
genomes using OrthoMCL (Li et al. 2003). In total, 2,106
orthologous groups consisted of single-copy genes from
each species, and they were used for phylogenetic analysis.
An alignment was built for each universal single-copy ortho-
logous group using both global sequence aligner MAFFT
(Katoh and Standley 2013) and local sequence aligner
BLASTP. Positions that were consistently aligned by both
aligners were extracted from each individual alignment and
concatenated to obtain an alignment containing 362,743 po-
sitions. The concatenated alignment was used to obtain a
phylogenetic tree using RAXML (Stamatakis 2014). Bootstrap
was performed to assign the confidence level of each node
in the tree. In addition, in order to detect the weakest nodes in
the tree, we reduced the amount of data by randomly splitting
the concatenated alignment into 100 alignments (about
3,630 positions in each alignment) and applied RAXML to
each alignment. We obtained a 50% maijority rule consensus
tree and assigned confidence levels to each node based on the
percent of individual trees supporting this node.

Assembly and Annotation of Mitochondrial Genomes

The mitogenomes of several closely related species, including
Catopsilia pomona (Hao et al. 2014), Colias erate (Wu et al.
2015), and Gonepteryx mahaguru (Yang et al. 2014) were
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used as reference. On the basis of these mitogenomes, we
applied mitochondrial baiting and iterative mapping
(MITObim) v1.6 (Hahn et al. 2013) software to extract the
sequencing reads of the mitogenome in the paired-end librar-
ies for specimen NVG-3314. About 4.3 million reads for the
mitogenome were extracted, and they were expected to cover
the mitogenome 40,000 times. We used JELLYFISH to obtain
the frequencies of 15-mers in these reads and applied QUAKE
to correct errors in 15-mers with frequencies lower than 1,000
and excluded reads containing low-frequency 15-mers that
cannot be corrected by QUAKE. We used the error-corrected
reads to assemble into contigs de novo with Platanus. We
manually selected the contig corresponding to the mitogen-
ome (it is the longest one with highest coverage), and manu-
ally extended its sequence based on the sequencing reads to
obtain a complete circular DNA. In addition, by aligning the
protein coding sequences from the mitogenomes of closely
related species mentioned above to the P. sennae mitogen-
ome, we annotated the 13 protein coding genes.

Obtaining the Genomes of Six P. sennae Specimens and
Phylogenetic Analysis

We mapped the sequencing reads of all six P. sennae speci-
mens to the reference genome using BWA (Li and Durbin
2010) and detected single-nucleotide polymorphisms (SNPs)
using the Genome Analysis Toolkit (GATK) (DePristo et al.
2011). We deduced the genomic sequences for each speci-
men based on the result of GATK. We used two sequences to
represent the paternal and maternal DNA in each specimen.
For heterozygous positions, each possible nucleotide was ran-
domly assigned to either paternal or maternal DNA. Using the
gene annotation of the reference genome, we further de-
duced the protein-coding sequences of genes in each
specimen.

To study the population structure, we selected bi-allelic loci
(two nucleotide types in a position of alignment covering all six
specimens, coding and noncoding regions). First, we encoded
each specimen by a vector consisting of the frequency of a
certain nucleotide in each position. For example, if a position is
occupied by A and T in all six specimens, then their possible
genotypes AA, AT, and TT were represented as 0, 0.5, and 1,
respectively. We calculated the covariance between each pair
of specimens and obtained a covariance matrix. We per-
formed singular value decomposition on the covariance
matrix and visualized the clustering of the six specimens in
two-dimensional space defined by the first two singular vec-
tors. Second, we applied fastStructure software (Raj et al.
2014) to analyze the same SNP genotype data. We tested
all the possible numbers of model components (from 1 to 6)
and selected the population structure with the maximal
likelihood.

In order to quantify the divergence between the two P.
sennae subspecies, we compared their divergence level in

the protein-coding regions to that for a pair of sister species,
Pt. glaucus and Pt. canadensis. The transcripts of Pterourus
specimens were mapped to the Pt glaucus reference
genome using methods described previously (Cong et al.
2015b). From alignments of Pterourus transcripts to the refer-
ence genome, we selected 9,622 nuclear genes for which
there are at least 60 aligned positions from at least two Pt.
canadensis and two Pt. glaucus specimens. Similarly, we se-
lected 16,137 nuclear genes of P. sennae, requiring the se-
lected genes to have at least 50% coverage for the coding
regions in two P. s. marcellina and two P. s. eubule specimens.
We extracted the coding regions in the alignments of individ-
ual nuclear genes and concatenated them for both Pterourus
and Phoebis, respectively. The concatenated alignments were
used to build both neighbor-joining trees with PHYLIP
(Felsenstein 1989), based on the percentage of different po-
sitions between specimens, and maximal-likelihood trees with
RAXML (model: GTRGAMMA). Bootstrap resampling was per-
formed to assign confidence levels for nodes in the maximal-
likelihood trees.

Identification of Divergence Hotspots and Selection of
Nuclear Barcodes

We defined “divergence hotspots” as genes that satisfied the
following two criteria: 1) can confidently (bootstrap > 75) sep-
arate P. s. eubule and P. s. marcellina specimens into clades in
phylogenetic trees by both the DNA sequence and the protein
sequence encoded by them, and 2) the divergence within
both P. s. eubule and P. s. marcellina specimens is lower
than the median divergence level over all the genes. We iden-
tified the enriched GO terms associated with these “diver-
gence hotspots” using binomial tests (m=the number of
"divergence hotspots” that were associated with this GO
term, N =number of “speciation 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. We
further identified genes that are always more divergent be-
tween taxa than within taxa. These genes could be used as
nuclear markers to distinguish P. s. eubule and P. s. marcellina.

Detection of Introgression Between P. s. eubule and
P. s. marcellina

To detect introgressed regions in each specimen, we divided
the scaffolds in the genome into 20,000 bp windows with
10,000 bp overlaps between neighboring windows. We cal-
culated S* statistics in each window for each specimen
(Vernot and Akey 2014). Briefly, for a specimen i from
taxon A, the loci with SNPs that are dominant (frequency
100%) in taxon B but rare (show up in no more than in two
chromosomes) for taxon A were considered, and the set of
these loci is designated as V;. The summary statistic for the
specimen | is calculated as S* = max;cv, S(J), where J is any
subset of V; and maximum is found over all such subsets.
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S(J) is calculated as
—00,d(j,j+ 1) > 1
—10000,d(j,j+ 1) =1
SU) = Z o .
7o | 5000 + bp(j,j +1),d(,j+1)=0
0,/ = max(J),

where j and j + 1 are loci in J that are nearest to each other in
the genome, and d(j, j + 1) is the sum of genotype distances
over all specimens of taxon A. Genotype distance between loci
Jjand j+ 1 for a specimen i is defined exactly as in the sup-
plementary material of Vernot and Akey (2014). In the calcu-
lation of S(J), only the loci in perfect linkage disequilibrium
(genotype distance is 0) are rewarded. Compared to the pre-
viously described method, we lowered the genotype distance
cutoff (from 5 to 1) for giving infinite penalty, because of the
smaller sample size (3 specimens vs. 20 specimens in previous
study [Vernot and Akey 2014]).

In order to evaluate the significance of S* values, we used
the ms program (Hudson 2002) to generate genetic variation
samples under the null hypothesis, that is, no migration (intro-
gression) between the two taxa. Simulation of these samples
was done under constrains of a set of parameters derived from
the real data, including a demographic model, population mu-
tation, and recombination rates. The mutation rate for each
taxon could vary between different genomic regions. Thus,
they are directly estimated from the 20,000bp windows
used to compute S* using the Watterson estimator: 0, = £

an'

where K is the number of sites with SNPs in the sample, n is the
n—1

number of sampled haplotypes, and a, = Y +.
i=1

The demographic parameters, including the effective pop-
ulation sizes and the split time of the two taxa, were deduced
based on 400 randomly selected 500bp segments in the
genome using the isolation with migration model (Hey and
Nielsen 2007). We required the selected segments to satisfy
the following criteria: 1) the sequences for this region were
available in all specimens and 2) there was no significant sign
of recombination detected by PhiPack (Bruen et al. 2006). We
randomly divided these segments into 20 data sets and ap-
plied IMa2 (Hey and Nielsen 2007) to each data set. In the
simulation, we assumed the mutation rate per base per gen-
eration to be 2.9e-9, which is the experimentally determined
value for Heliconius and is similar to the rate for Drosophila
(Keightley et al. 2015).

The average split time for the 20 data sets, 1.2 million
generations ago, was used in the simulation of genetic varia-
tion samples. The per generation recombination rate of insects
varies broadly (Wilfert et al. 2007), and thus we assumed a
large range for this parameter: from 1 to 6 cM/Mb. In a
20,000-bp segment, the recombination rate between the
two ends () is 0.0002-0.0012. The estimated effective pop-
ulation size (Ng) from IMa2 varies from 700,000 to 8,800,000

based on different data sets. Therefore, the recombination
rate parameter for the ms program (Hudson 2002), which is
defined as p = 4Nyr, should range from 560 to 42,240.

For each 20,000 bp window, we obtained 10,000 simu-
lated samples assuming 1) no introgression, 2) mutation
rates as calculated based on the real data, 3) split time deter-
mined as above, and 4) a grid of population recombination
rate p covering all expected values of this parameter. We cal-
culated the S* for the simulated data in a similar way and thus
obtained the distribution of S* under the null hypothesis. We
assigned the P value for introgression in each window as P=n/
10,000, where n is the number of simulated samples with
higher S*.To control the number of false discoveries resulting
from a large number of statistical tests, we applied the FDR
test (Storey and Tibshirani 2003) and assigned a Q value (pro-
portion of false discoveries among significant tests) to each
window. Genome windows with Q values smaller than 0.05
were considered to represent introgression. Genes mostly
(> 50% of the total length of that gene) located in the intro-
gressed regions were extracted, and the functional relevance
of these introgressed genes was studied using the GO-term
analysis that was applied to the “divergence hotspots” as
described above.

Results and Discussion

Genome Quality Assessment and Gene Annotation of
the Reference Genome

We assembled a 406-Mb reference genome of P. sennae (Pse)
and compared its quality and composition (table 1) with ge-
nomes of the following Lepidoptera species (supplementary
table S1A, Supplementary Material online): Pl. xylostella (Pxy),
B. mori (Bmo), Manduca sexta (Mse), L. accius (Lac), Pt. glaucus
(Pgl), Papilio polytes (Ppo), Papilio xuthus (Pxu), Melitaea cinxia
(Mci), H. melpomene (Hme), and D. plexippus (Dpl)
(International Silkkworm Genome Consortium 2008; Duan
et al. 2010; Zhan et al. 2011; Heliconius Genome 2012;
You et al. 2013; Zhan and Reppert 2013; Ahola et al. 2014;
Tang et al. 2014; Cong et al. 2015a, 2015b; Nishikawa et al.
2015). The scaffold N50 of Pse genome assembly is 257 kb.
The genome assembly is better than many other Lepidoptera
genomes in terms of completeness measured by the presence
of Core Eukaryotic Genes Mapping Approach (CEGMA) genes
(Parra et al. 2007), cytoplasmic ribosomal proteins, and inde-
pendently assembled transcripts. The average coverage
(87.4%) of CEGMA genes (supplementary table S1B,
Supplementary Material online) by single Pse scaffolds is com-
parable to the coverage by the current Bmo assembly with an
N50 of about 4.0 Mb, indicating that the quality of the Pse
draft is sufficient for protein annotation and comparative anal-
ysis. The genome sequence has been deposited at DDBJ/
EMBL/GenBank under the accession LQNKO0O000000. The ver-
sion described in this article is version LQNKO1000000. In
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Table 1

Quality and Composition of Lepidoptera Genomes

Feature Pgl Ppo Pxu Dpl Hme Mci Lac Bmo Mse Pxy Pse
Size w/o gap (Mb) 361 218 238 242 270 361 290 432 400 387 347
GC content (%) 354 34.0 3338 31.6 328 326 344 37.7 353 383 390
Repeat (%) 22.2 NA NA 16.3 249 28.0 15.5 441 249 34.0 17.2
Exon (%) 5.11 7.79 8.59 841 6.19 434 7.24 4.07 5.34 6.47 6.20
Intron (%) 24.8 51.6 455 26.6 24.1 31.2 323 16.1 383 313 25.5
Genome size (Mb) 375 227 244 249 274 390 298 481 419 394 406
Heterozygosity (%) 2.3 NA NA 0.55 NA NA 15 NA NA <2 12
Scaffold N50 (kb) 231 3,672 6,199 207 (716) 194 119 525 27(3,999) 664 734 257
CEGMA (%) 99.6 99.3 99.6 99.6 98.2 98.9 99.6 99.6 99.8 98.7 99.3
CEGMA coverage by single scaffold (%)  86.9 85.8 88.8 87.4 86.5 79.2 86.8 86.8 86.4  84.1 87.4
Ribosomal Proteins (%) 98.9 98.9 97.8 98.9 94.6 94.6 98.9 98.9 989 935 989
De novo assembled transcripts (%) 98 NA NA 96 NA 97 97~99 98 NA 83 97
number of proteins (k) 15.7 12.3 131 15.1 12.8 16.7 174 143 15.6 18.1 16.5

Note.—NA, data not available.
®Estimated from k-mer frequency histogram.

addition, the main results from genome assembly, annotation,
and analysis can be downloaded at http:/prodata.swmed.
edu/LepDB/, last accessed March 11, 2016.

We assembled the transcriptome of P. sennae from the
same specimen. We predicted 16,493 protein-coding genes
in the P. sennae genome (supplementary table S2C,
Supplementary Material online). Sixty-seven percent of these
genes are likely expressed in the adult, as they overlap with the
transcripts. We annotated the putative functions for 12,584
protein-coding  genes  (supplementary  table  S2D,
Supplementary Material online).

Phylogeny of Lepidoptera

We identified orthologous proteins encoded by 11
Lepidoptera genomes (Pl xylostella, B. mori, M. sexta, L.
accius, Pt. glaucus, Pa. polytes, Pa. xuthus, Me. cinxia, H. mel-
pomene, D. plexippus, and P. sennae) and detected 5,143
universal orthologous groups, of which 2,106 consist of a
single-copy gene in each of the species. A phylogenetic tree
built on the concatenated alignment of the single-copy ortho-
logous groups using RAXML placed Pheobis as the sister to the
Nymphalidae clade (fig. 2). This placement is consistent with
the previously published results based on molecular data
(Weller et al. 1996; Cong et al. 2015a, 2015b), as expected
in the absence of genomes from the families Lycaenidae and
Riodinidae.

In addition, our analysis placed Papilionidae as a sister to all
other butterflies, including skippers (Hesperiidae). Such place-
ment contradicts the traditional view based on morphological
studies but is indeed reproduced phylogenetic trees published
recently (Kawahara and Breinholt 2014; Cong et al. 2015a,
2015b). All nodes received 100% bootstrap support when the
alignment of all the single-copy orthologous groups was used.
To find the weakest nodes, we reduced the amount of data by
randomly splitting the concatenated alignment into 100

alignments (about 3,670 positions in each alignment). The
consensus tree based on these alignments revealed that the
node referring to the relative position of skippers and swal-
lowtails has much lower support (68%) compared to all other
nodes (above 90%). Thus, the placement of swallowtails and
skippers within Lepidoptera tree remains to be investigated
further when better taxon sampling by complete genomes is
achieved.

Six Genomes of P. sennae

In addition to the reference genome of P. s. eubule from
southeast Texas, we sequenced the genomes of five P.
sennae specimens and mapped the reads to the reference.
Two specimens were P. s. eubule from north-central Texas
and southern Oklahoma and three were P. s. marcellina
from south Texas (fig. 6a). The coverage by the reads and
the completeness of these genomes are summarized in
table 2. The sequencing reads for all the specimens are ex-
pected to cover the genome 10-12 times, and about 97% of
coding regions in the reference genome can be mapped by
reads from each specimen. However, fractions of the noncod-
ing region that can be mapped differ significantly (P < 0.001)
between specimens. Reads from specimens of the same sub-
species as the reference genome can map to 88% of the
positions in the reference genome, while reads from the speci-
mens of a different subspecies can map to only 83% of the
positions. This indicates a higher divergence in the noncoding
region and a substantial difference between the two subspe-
cies in the noncoding region.

We identified SNPs in these genomes compared to the
reference genome using GATK (McKenna et al. 2010).
There are 1.2% heterozygous positions in the reference
genome, and the heterozygosity level (~1.4%) for the two
other P. s. eubule specimens are comparable to the reference
genome. The southwestern population shows a higher
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Fic. 2.—Phylogenetic tree of the Lepidoptera species with complete
genome sequences. Maximal-likelihood tree constructed by RAXML on the
concatenated alignment of universal single-copy orthologous proteins.
Numbers by the nodes refer to bootstrap support. The numbers above
are obtained from random samples of the same size as the complete
concatenated alignment, the number below are obtained from random
samples of 1% of the data set.

heterozygosity level (~2.2%). In all specimens, the overall per-
centage of heterozygous positions in the exons (0.96 + 0.02%
foreach P. s. eubule specimen and 1.50 + 0.03% for each P. s.
marcellina specimen) is lower than that for the noncoding
regions (1.38+0.06% for each P. s. eubule specimen and
2.31+£0.03% for each P. s. marcellina specimen), which is
likely due to the potential deleterious effect of SNPs in the
coding regions.

We clustered all six specimens based on their genotype in
positions with two possible nucleotides (supplementary fig.
S3, Supplementary Material online). The three P. s. eubule
specimens formed a tight cluster, indicating high similarity
between them. The three P. s. marcellina specimens were
more divergent, but they still clustered closer to each other
than to the P. s. eubule specimens. In addition, analysis of the
same data using fastStructure (Raj et al. 2014) also confirmed
this population structure by likelihood calculation: the three P.
s. eubule specimens represent one population, while the three
P. s. marcellina specimens are from another population (sup-
plementary fig. S4, Supplementary Material online).

Incongruence Between the Divergence in Nuclear and
Mitochondrial Genes

COI mitochondrial DNA barcode sequences have been deter-
mined for a number of P. sennae specimens across its range
(Ratnasingham and Hebert 2007), and they show very little
divergence between subspecies. The eastern subspecies in the
United States, P. s. eubule, and the southwestern subspecies,
P. s. marcellina, differ by only 0.6% (four positions) in their
barcode sequences. Barcode differences of 2% and above
likely correspond to species-level divergence (Aliabadian
et al. 2013). For example, tiger swallowtails Pt. glaucus and
Pt. canadensis differ by 2.2% in their barcode sequences. To
understand the reasons for apparent morphological and life
history differences in the absence of substantial barcode di-
vergence, we compared the nuclear and mitochondrial ge-
nomes of all six P. sennae specimens and correlated the
results with the complete transcriptome data for Pt. canaden-
sis and Pt. glaucus.

Table 2

Quiality of Phoebis Genomes

Specimen (NVG-) 3314 4452 4541 3356 3377 3393
Coverage 103 11.8 10.4 125 12 10.8
% Mapped position noncoding region 99.99 87.33 87.20 82.41 82.42 81.60
% Mapped position coding region (exon) 99.98 96.78 96.47 97.41 97.33 96.92
100% covered genes 16,493 13,080 13,161 12,846 12,577 12,189
90% covered genes 16,493 14,824 14,735 14,917 14,850 14,625
50% covered genes 16,493 15,987 15,897 16,146 16,158 16,067
Heterozygosity 1.23% 1.46% 1.38% 2.32% 2.23% 2.21%
Heterozygosity in coding region (exon) 0.91% 1.00% 0.96% 1.56% 1.48% 1.45%
Heterozygosity in noncoding region 1.25% 1.49% 1.41% 2.38% 2.28% 2.28%
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P. s. eubule and P. s. marcellina show low divergence
(~0.5%) not only in the COI barcode but also over all the
mitochondrial genes. The mitochondrial genes are very con-
served (divergence 0.02 ~ 0.11%) within each subspecies,
and thus the phylogenetic tree based on them clearly sepa-
rates the two subspecies into clades with branch length be-
tween them indicating 0.42 % difference (fig. 3c). In contrast,
nuclear genes show much higher divergence both within
(1.17% for P. s. eubule, 1.78% for P. s. marcellina) and be-
tween (1.86%) subspecies. In the phylogenetic tree based on
nuclear genes (16,137 genes, 18,877,324 base pairs), the
branch length between the two subspecies (branches colored
in green and orange in fig. 3a) is 0.7%, twice that of mito-
chondrial genes.

The higher divergence in nuclear genes compared to mito-
chondrial genes is unexpected. Mitochondrial DNA usually
evolves faster than the nuclear DNA, and thus it is frequently
used to resolve relationships of closely related taxa (Brown
et al. 1979). Indeed, the divergence level in mitochondrial
DNA (~2.0%) between two Pterourus species is twice that
seen in nuclear DNA (~1.0%). Both nuclear genes (9,622 tran-
scripts, 13,525,930 base pairs) and mitochondrial genes
clearly separate the two species in phylogenetic trees, but
the internal branch length between the two taxa in the tree
based on nuclear DNA (0.18%, fig. 3b) is about 10 times
shorter than that for mitochondrial DNA (1.8%, fig. 3d).
The clear incongruence between divergence in nuclear and
mitochondrial DNA in Phoebis and Pterourus reiterates the
need for inclusion of nuclear DNA in phylogenetic studies.
Based on the divergence in the nuclear genes (supplementary
fig. S5, Supplementary Material online), along with the mor-
phological differences, P. s. eubule and P. s. marcellina may be
better treated as two species-level taxa.

We speculate that high nuclear divergence in Phoebis is
related to its fast development. While Pt. canadensis breeds
only once each year, P. s. marcellina can have up to 15 gen-
erations per year. Low divergence in mitochondrial DNA of
Phoebis remains a mystery. It might be due to more accurate
error-correction machinery during the replication of mito-
chondrial DNA, keeping the mutation rate very low
(Nabholz et al. 2009). Alternatively, a more mundane view is
that introgression, population bottlenecks, and mitochondria
selective sweeps (Ballard and Whitlock 2004; Bazin et al.
2006; Graham and Wilson 2012; Pons et al. 2014) might
result in transfer of mitochondria between taxa or spread of
a certain mitochondrial haplotype across all P. sennae popu-
lations throughout their vast range.

Interestingly, southern taxa of both Phoebis and Pterourus
display larger internal divergence than northern taxa (fig. 4).
The difference between three specimens of P. s. marcellina
(1.80%) collected from the same locality is larger than that
between three P. s. eubule specimens (1.12%) collected from
different localities that are separated by several hundred miles.

The lower sequence variation of P. s. eubule specimens sug-
gests smaller effective population size and possible bottle-
necks. Such bottlenecks for northern populations are more
likely because Phoebis has low tolerance to subzero tempera-
tures and most individuals do not survive cold winters.

Molecular Processes Differentiating P. s. eubule and P. s.
marcellina

P. s. eubule and P. s. marcellina can be clearly distinguished
based on the whole-genome data. The average inter-taxa di-
vergence for protein coding genes is significantly (P=5.8e-58)
higher than the intra-taxa divergence (fig. 4a and b). However,
the two taxa are not diverged in most individual genes, and
only 20% of genes can confidently (bootstrap > 75%) distin-
guish them (fig. 4e). The situation is very similar to that of Pt.
glaucus and Pt. canadensis (fig. 4c—e).

To further investigate the possible phenotypic conse-
guences caused by genetic divergence between the two
Phoebis taxa, we focused on the genes that can clearly distin-
guish them both by their sequences and by the proteins they
encode (i.e., separate the two taxa into clades with bootstrap
support no less than 75%). We identified 924 (5.7%) such
proteins (supplementary table S3A, Supplementary Material
online), but they were significantly enriched (P=4.6e-24) in
nonconserved proteins within each taxon. Out of 710 non-
conserved proteins, 314 are enzymes (supplementary table
S3B, Supplementary Material online). The functional sites of
enzymes are constrained to several catalytically important res-
idues, and therefore the rest of their sequence is likely to be
more tolerant to mutations and can undergo faster
divergence.

In contrast, the remaining 214 proteins are conserved within
each taxon but can clearly distinguish the two taxa (supple-
mentary table S3C, Supplementary Material online). We term
these divergence hotspots. Such proteins are candidate loci for
Dobzhansky—Muller (DM) hybrid incompatibility (Orr and Turelli
2001) between the two taxa, as the proteins from P. s. eubule
may not work well with proteins and genetic materials from
P. s. marcellina when functioning together. GO-term analysis
(supplementary table S3D, Supplementary Material online) of
these divergence hotspots revealed a prevalence of epigenetic
mechanisms including histone modification enzymes and chro-
matin organization (table 3). Variations in epigenetics-related
proteins might be an easy source of hybrid incompatibility be-
cause these proteins directly interact with the genetic materials,
especially the noncoding regions that could evolve rapidly
(Sawamura 2012). Epigenetic variation has been shown to
be a speciation mechanism in several organisms (Mihola
et al. 2009; Durand et al. 2012). Among the genomic regions
covered in the mapping results of all six specimens, the
noncoding region differs by 3.5% between the two taxa,
while the coding region differs by only 1.8%. The actual
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Fic. 3.—Incongruence between the speed of evolution for mitochondrial and genomic DNA. Trees were obtained from nuclear (a, b) and mitochondrial
(c, d) protein-coding genes of Phoebis (a, c) and Pterourus (b, d). The position of the root in (a) is estimated using Pterourus glaucus as an outgroup in another
phylogenetic analysis by RAXML based on the concatenated alignment of single-copy orthologous proteins shared among Ph. sennae and Pt. glaucus. The
position of root in (b) is determined using another swallotail genus (Heraclides). Specimen numbers, species names, and localities are labeled in the tree.
Specimens with whole-genome sequences are represented by two sequences to reflect the heterozygous positions. Mitochindria of specimen 4541 revealed
two distinct types, and therefore, we used two sequences to represent its mitogenome. All trees are shown to scale with the scale bar corrsponding to about
0.1% of sequence divergence. Length of the internal branches that separate the two taxa is measured (approximately) and labeled in the figure.

divergence in the noncoding region should be even larger as
the most divergent regions would fail to map to the reference
genome (discussed above). Therefore, proteins involved in epi-
genetic mechanisms from one taxon may not be compatible
with the binding sites in the DNA of another taxon, resulting in
lower fitness of the hybrids.

Another group of significantly enriched GO terms is related
to the circadian sleep/wake cycle (table 3). The divergence
hotspots for the two Pterourus species are also enriched in
circadian clock related proteins, and in particular, those related
to eclosion rhythm (supplementary table S3E, Supplementary
Material online). This is consistent with their observed pheno-
typic divergence in pupal diapause (i.e., the timing of eclo-
sion). The two P. sennae taxa mostly show divergence in
proteins that are related to the sleep/wake cycle but not the
eclosion rhythm. This might be related to the lack of pupal
diapause in P. sennae. However, proteins related to the sleep/

wake cycle could have diverged adaptively since the two taxa
were partly separated into different latitudes with different
levels of sunlight and average temperatures. In addition, pro-
teins associated with early development and cell differentia-
tion are also enriched in the divergence hotspots. Divergence
in these proteins may have a profound impact on the mor-
phology and biology of an organism, driving speciation, and
adaptation.

Nuclear DNA Markers to Identify P. s. eubule and P. s.
marcellina

Eleven out of 13 mitochondrial protein-coding genes can
clearly separate P. s. eubule and P. s. marcellina as the maximal
intra-taxa divergence is smaller than the minimal inter-taxa
divergence. The only two exceptions are the ND4L and
ATP8 coding genes, which are identical between the two
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Fic. 4—Divergences in protein-coding genes within and between
taxa. (a, b) Histograms of divergence in protein coding genes (percent of
genes for each level of divergence) between the two Phoebis taxa and the
two Pterourus taxa, respectively. () Percent of protein-coding genes (ver-
tical axis) that can separate the two taxa in phylogenetic analysis with
bootstrap support higher than a certain cutoff (horizontal axis).

subspecies. The low divergence in the mitochondrial genes
within one taxon could be a result of going through narrower
bottlenecks due to their maternal inheritance, and strong se-
lection pressure to function together with the nuclear-

encoded proteins and maintain the high efficiency of the mi-
tochondrial electron transport chain.

However, the two taxa cannot be clearly identified
using the nuclear markers (fig. 5) previously selected for
phylogenetic studies of butterflies (Wahlberg and Wheat
2008). This situation is very similar to that of Pt. glaucus
and Pt. canadensis (supplementary fig. S6, Supplementary
Material online). Out of the 16,137 nuclear genes that are
covered by most specimens, only 94 always show higher
divergence between P. s. eubule and P. s. marcellina
than within either taxon (supplementary table S4,
Supplementary Material online). Eleven of the diverging
nuclear genes function in biological processes such as his-
tone modification and circadian sleep/wake cycle (dis-
cussed in divergent hotspots above). We suggest them
as potential nuclear markers (fig. 5) to identify the two
taxa, because they may contribute to the reproductive
barrier and their exchange between the two taxa may be
limited. For example, two of them are related to chromatin
remodeling, and they are orthologous to the Drosophila
genes Grunge (CG6964) and Nucleoplasmin (CG7917),
respectively. Both proteins directly interact with the chro-
matin and could contribute to a certain level of reproduc-
tive isolation as they may not interact well with the genetic
material of a different taxon.

Evolutionary History and Introgression between P. s.
eubule and P. s. marcellina

We built isolation-with-migration models (Hey and Nielsen
2007) (supplementary table S5A, Supplementary Material
online) for P. s. eubule and P. s. marcellina using genomic
regions without any significant sign of recombination. The
estimated split time and effective population sizes of the
two taxa deduced from these simulations are shown in
figure 6b. The two taxa split approximately 1.2 million gener-
ations ago. The effective population size of P. s. marcellina is
five times larger than that of P. s. eubule, which is consistent
with the higher heterozygosity observed in the former. The
models detect statistically significant (P <0.001) migration,
that is, introgression, between the two populations in both
directions.

In contrast to the rare ancient alleles inherited from the
ancestral population or originated by random mutations, re-
cently introgressed alleles tend to show significant linkage
disequilibrium (Racimo et al. 2015). Based on this idea, an
S* statistic was proposed to identify genetic regions intro-
gressed from archaic to modern humans (Plagnol and Wall
2006; Vernot and Akey 2014). Using a similar method (see
Materials and Methods for details), we found statistical sup-
port (P < 0.0014 and FDR < 0.05) for introgression in all speci-
mens: 4-6% of each P. s. eubule genome may have been
introgressed from P. s. marcellina, and 1-2% of each P. s.
marcellina genome likely represents gene flow from P. s.
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Cong et al.
Table 3
Enriched GO Terms for the Divergent Hotspots that are Conserved within Each Subspecies
GO Term P Category Annotation of the GO Term Summary
GO:0051574 7.0E-05 BP Positive regulation of histone H3-K9 methylation Histone methylation and
G0:0051570 2.8E-04 BP Regulation of histone H3-K9 methylation chromatin associated proteins
GO:1900112 1.0E-03 BP Regulation of histone H3-K9 trimethylation
G0:1900114 1.0E-03 BP Positive regulation of histone H3-K9 trimethylation
G0:0031062 2.0E-03 BP Positive regulation of histone methylation
G0:0051571 8.7E-03 BP Positive regulation of histone H3-K4 methylation
G0:0006325 2.6E-03 BP Chromatin organization
GO0:0042393 8.3E-03 MF Histone binding
G0:0000791 8.6E-03 CcC Euchromatin
G0:0031519 3.0E-03 CcC PcG protein complex
G0:0044666 3.8E-03 cC MLL3/4 complex
G0:0035097 2.5E-03 CcC Histone methyltransferase complex
G0:0034708 3.5E-03 cC Methyltransferase complex
G0:0008607 5.4E-03 MF phosphorylase kinase regulator activity
G0:2000044 5.4E-03 BP Negative regulation of cardiac cell fate specification Early development and
G0:2000043 8.7E-03 BP Regulation of cardiac cell fate specification cell fate specification
G0O:0045611 6.9E-03 BP Negative regulation of hemocyte differentiation
G0:0009997 5.4E-03 BP Negative regulation of cardioblast cell fate specification
G0:0042686 8.7E-03 BP Regulation of cardioblast cell fate specification
GO0:0061351 8.7E-03 BP Neural precursor cell proliferation
G0:0045177 3.8E-03 cc Apical part of cell
GO0:0008158 8.7E-03 MF Hedgehog receptor activity
G0:0090102 5.4E-03 BP Cochlea development
G0:0042745 7.2E-03 BP Circadian sleep/wake cycle Circadian clock
G0:0022410 6.3E-03 BP Circadian sleep/wake cycle process
G0:0050802 6.9E-03 BP Circadian sleep/wake cycle, sleep
GO0:0016469 9.5E-03 CcC Proton-transporting two-sector ATPase complex Transporter
GO0:0015399 5.9E-03 MF Primary active transmembrane transporter activity
GO0:0015405 5.9E-03 MF P-P-bond-hydrolysis-driven transmembrane transporter
G0:0015078 6.3E-03 MF Hydrogen ion transmembrane transporter activity
G0:0044283 5.9E-03 BP Small molecule biosynthetic process Metabolic
G0:0016053 6.1E-03 BP Organic acid biosynthetic process
G0:0046394 6.1E-03 BP Carboxylic acid biosynthetic process
G0:0008206 8.7E-03 BP Bile acid metabolic process
G0:0009314 6.8E-03 BP Response to radiation Adaptation to sunlight
G0:0034644 2.0E-03 BP Cellular response to UV
G0:0019233 6.9E-03 BP Sensory perception of pain Other
G0:0005606 8.7E-03 CcC Laminin-1 complex
GO0:0043256 8.7E-03 CcC Laminin complex
G0:0009881 7.0E-03 MF Photoreceptor activity

BP: biological process; CC: cellular components; MF: molecular function.

eubule (supplementary table S5B, Supplementary Material
online).

A representative genomic region from the 20,000 bp
window with the highest S* statistic is shown in figure 6c¢.
In this region, the three P. s. eubule specimens (NVG-3314, -
4452, and -4541) are identical (every position is a gray bar).
Two P. s. marcellina specimens (NVG-3356 and -3393) have a
different, but also homozygous, allele containing several SNPs
(marked by the colored bars) compared to the reference

(NVG-3314). However, the third P. s. marcellina specimen
(NVG-3377) is heterozygous (two-toned bars) with alleles
from both taxa present. Notably, sequencing reads (gray hor-
izontal bars) mapped to this region show that all the P. s.
eubule-type SNPs are linked on the same chromosome (hor-
izontal bars without letters). The linkage and high density
(14% base pair difference) of P. s. eubule-type SNPs in the
P. s. marcellina specimen suggest recent introgression of this
allele, because the P. s. eubule-type SNPs are expected to be
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Fic. 5.—Divergence of selected genes (markers) within (red) and between (blue) Phoebis taxa. Nuclear genes commonly used in phylogenetic analysis of
Lepidoptera (General nuclear markers) are shown on the left; commonly used mitochondrial markers are shown in the middle; examples of nuclear genes
that can unambigously discrimate Phoebis sennae eubule and Phoebis sennae marcellina are shown on the right (specific nuclear markers). These markers are
labeled by the flybase IDs of their orthologs in Drosophila, and their IDs in the P. s. eubule gene set and function are as follows. CG3731: pse1226.10,
mitochondrial-processing peptidase subunit beta; CG9138: pse132.8, regulator of tracheal tube development; CG10731: pse1425.14, mitochondrial ATP
synthase subunit s; CG43388: pse35.12, voltage-gated potassium channel; CG9717: pse730.7, nucleoplasmin; CG6964: pse9575.4, transcriptional repres-
sor; CG31548: pse1095.3, 3-oxoacyl-[acyl-carrier-protein] reductase FabG; CG2488: pse1216.5, cryptochrome-1; CG7675: pse1218.21, retinol dehydro-
genase 11; CG5722: pse243.10, Niemann-Pick C1 protein; CG1753: pse42.13, bifunctional L-3-cyanoalanine synthase.

randomly distributed between both parental and maternal
chromosomes if they were rare SNPs native to the P. s. mar-
cellina population.

We investigated functions of the genes located in the intro-
gressed regions using GO terms. This analysis revealed a sig-
nificant enrichment in transporters for introgression in both
directions: from P. s. eubule to P. s. marcellina (P=2.0e-4,
supplementary table S5C, Supplementary Material online)
and from P. s. marcellina to P. s. eubule (P=7.3e-8, supple-
mentary table S5D, Supplementary Material online).
Transporters frequently function by themselves or with closely
linked genes (Kihara and Kanehisa 2000; Boll et al. 2003).
They may remain fully active after introduction into a different
genetic background because they function relatively indepen-
dently from other proteins and are not likely to cause DM
hybrid incompatibility. Moreover, a number of introgressed
transporters are responsible for the uptake of nutrients and
removal of toxins (supplementary table S5, Supplementary
Material online) and may convey selective advantage by diver-
sifying the gene pool and enabling caterpillars to broaden the
food source.

Should P. s. eubule and P. s. marcellina be Treated as
Species-Level Taxa?

Comparative analysis of complete genomes of six P. sennae
specimens revealed an unexpectedly large divergence be-
tween subspecies P. s. eubule and P. s. marcellina in nuclear

genes compared to that of mitochondrial genes. This diver-
gence appears more prominent than that between the two
swallowtail species Pt. canadensis and Pt. glaucus. The two
Phoebis subspecies show significant divergence in epigenetic
mechanisms, regulation of the sleep/wake cycle and early de-
velopment. Multiple proteins participating in each of these
processes show clear divergence between the two taxa. It is
possible that protein from one taxon may show reduced com-
patibility with a partner from another taxon, leading to DM
hybrid incompatibility.

In addition, inspection of large holdings of P. sennae speci-
mens in the McGuire Center for Lepidoptera and Biodiversity
collection shows that both Phoebis subspecies occur in Texas
and their ranges partly overlap in central Texas around Austin
and San Antonio, where specimens of both subspecies can be
found, and P. s. marcellina can stray north into Oklahoma. It is
apparent that these butterflies are strong flyers and are
known to migrate (Walker 2001). A single individual can fly
a hundred miles or more, so there should be ample opportu-
nities for the two taxa to mix. Nevertheless, they remain mor-
phologically identifiable (McGuire Center for Lepidoptera and
Biodiversity collection materials) and genetically distinct, which
indicates a certain level of reproductive isolation and thus pos-
sible genetic incompatibilities. Taken together, the profound
genomic divergence, morphological differences, and mainte-
nance of distinctness between eastern and southern popula-
tions in Texas, we suggest that it is more meaningful to treat
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Fic. 6.—Introgression between Phoebis sennae eubule and Phoebis sennae marcellina. (a) Specimens and their locality. The localities where the
specimens were collected are marked by dots with numbers inside. The specimens of P. s. eubule are labeled in blue and P. s. marcellina are labeled in
red. Map services and data available from US Geological Survey, National Geospatial Program. The USGS home page is http:/Avww.usgs.gov, last accessed
March 11, 2016. (b) Evolutionary history for P. s. eubule and P. s. marcellina simulated using the isolation with migration model. The widths of the three blue
boxes are correlated with the estimated effective population sizes. The light-blue lines show the confidence intervals (95%). The vertical dimension
corresponds to time. The time (1.2 million generations ago) at which the two taxa diverge is marked by the gray solid line and the light-gray lines indicate
the 95% confidence interval. The red arrows indicate there is significant (P < 0.001) migration (introgression) between the species. (c) A representative
genomic region from the 20,000 bp window with the highest S* statistic. The figure is a snapshot of the genomic region with mapped reads from all the
specimens visualized in Integrative Genomics Viewer (Robinson et al. 2011). The reference genome (NVG-3314) sequence is shown at the bottom. The base
composition at each position of each specimen is represented by the bar graph: bases that are the same as in the reference genome are colored in gray and
bases that are different from the reference (SNPs) are colored according to the type of the base: A, green; T, red; G, orange; C, blue. For the specimen with
significant signs of introgression (NVG-3377), the aligned reads are also shown and each read is represented as a horizontal bar. SNPs in each read are
marked using the type of the base in that position. The letter “1” in purple color indicates an insertion compared to the reference. This insertion is present as a
homozygous mutation in specimens NVG-3356 and NVG-3393.
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both P. s. eubule and P. s. marcellina as species-level taxa.
However, the relationship of each to nominotypical P.
sennae sennae from the Caribbean islands remains to be
elucidated.

Conclusions

We report six genomes of the Cloudless Sulphur, three of P. s.
eubule and three of P. s. marcellina. Being the first sequenced
genomes from the family Pieridae, they offer a rich data set for
comparative genomics and phylogenetic studies of
Lepidoptera. Comparative analyses of Phoebis genomes and
Pterourus transcriptomes reveal a remarkable incongruence
between relative rates of nuclear and mitochondrial diver-
gence. Phoebis species show low mitochondrial divergence
(0.5%) and high nuclear divergence (1.8%). The situation is
reversed in Pterourus species. Phoebis s. marcellina and P. s.
eubule differ from each other in histone methylation regula-
tors, chromatin associated proteins, circadian clock, and some
early developmental proteins. The divergence in these pro-
cesses, taken together with the unexpectedly high divergence
in nuclear genes, suggests a certain level of reproductive iso-
lation between the two taxa, and both P. s. eubule and P. s.
marcellina are best treated as species-level taxa.

Supplementary Data

Supplementary tables S1-S5 and figures S1-S6 are available
at Genome Biology and Evolution online (http:/Avww.gbe.
oxfordjournals.org/).See the Supplemental Information for
detailed protocols. Major in-house scripts and intermediate
results are available at http:/prodata.swmed.edu/LepDB/,
last accessed March 11, 2016.
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