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Abstract

Sequencing complete genomes of all major phylogenetic groups of organisms opens
unprecedented opportunities to study evolution and genetics. We report draft genomes of
Calephelis nemesis and Calephelis virginiensis, representatives of the family Riodinidae. They
complete the genomic coverage of butterflies at the family level. At 809 and 855 Mbp,
respectively, they become the largest available Lepidoptera genomes. Comparison of butterfly
genomes shows that the divergence between Riodinidae and Lycaenidae dates to the time when
other families started to diverge into subfamilies. Thus, Riodinidae may be considered a subfamily
of Lycaenidae. Calephelis species exhibit unique gene expansions in actin-disassembling factor,
cofilin, and chitinase. The functional implications of these gene expansions are not clear, but they
may aid molting of caterpillars covered in extensive setae. The two Calephelis species diverged
about 5 million years ago and they differ in proteins involved in metabolism, circadian clock,
regulation of development, and immune responses.
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INTRODUCTION

Unprecedented advances in sequencing recast the ways biological questions are posed.
Determination of complete genomes and comparative analyses will guide our understanding
of genotypic determinants of phenotypic traits. Butterflies are well-suited for such work
because they are diverse in colors, patterns and shapes, their genomes are of moderate size
and they are closely related to the model organism: Drosophila. Genomes have been reported
for five (out of six) butterfly families: the swallowtails (Papilionidae) (Cong et al., 2015a; Li
et al., 2015; Mallet, 2015), the Whites and Sulphurs (Pieridae) (Cong et al., 2016a), the
Blues (Lycaenidae) (Cong et al., 2016b), the Brushfoots (Nymphalidae) (Ahola et al., 2014;
Heliconius Genome, 2012; Zhan et al., 2011), and the Skippers (Hesperiidae) (Cong et al.,
2015b). The Brushfoots include Heliconius and the Monarch (Danaus plexippus), which are
the most thoroughly studied (Nadeau et al., 2014; Zhan et al., 2014). For meaningful
genomic comparisons, it is essential to obtain reference genomes of all butterfly families.

The only remaining butterfly family without a reference genome, the Metalmarks
(Riodinidae) includes about 1500 species, mostly in the Neotropics (Espeland et al., 2015;
Zhang, 2013). Traditionally placed phylogenetically closest to the Blues (Lycaenidae) (De
Jong et al., 1996), Metalmarks are rather small butterflies known for exceptional diversity of
wing shapes, colors, and patterns (DeVries, 1997; Espeland et al., 2015). While most
possess typical roundish wings, some have wings that are irregular, angular and even with
long tails as in Papilionidae. Many Metalmarks are patterned with metallic spots, hence the
name. Taxonomically, Metalmarks are sometimes treated as a subfamily of Blues
(Lycaenidae) (Ackery et al., 1999; Ehrlich, 1958; Scott, 1986), although most recent studies,
including those based on DNA work, assigned family ranks to Metalmarks (Espeland et al.,
2015; Robbins, 1988; Wahlberg et al., 2005; Zhang, 2013). Due to all these reasons,
Metalmarks are interesting targets for comparative genomics. Genomic studies on
Metalmarks may shed light on wing shape and pattern determination by the genotype and
may resolve the question about their best taxonomic rank.

For genomic studies, we have selected a genus Calephelis. Called “Scintillants”, these small
reddish-brown above and mostly yellow below butterflies are marked with several rows of
metallic spots (Glassberg, 2007; Hall and Harveyb, 2002; McAlpine, 1971). Genus
Calephelis is distributed throughout the Americas and is mostly Neotropical, but several
species reach into the US, with three being eastern USA endemics (C. virginiensis, C.
borealisand C. muticum) (McAlpine, 1971; Scott, 1986). At least one of them, C. muticum,
is considered as a conservation concern (Bess, 2005). Overall, the genus is rich in species
and is poorly understood. Most of about 50 known Calephelis species are cryptic and can be
distinguished only upon inspection of genitalia (McAlpine, 1971), and the validity of some
of these species is in question (Hall and Harveyb, 2002). We hope that the complete genome
reference will catalyze studies of this interesting genus and further its understanding at all
levels.

To launch Riodinidae genomics, we sequenced and annotated the complete genomes of Fatal
Metalmark (C. nemesis) and Little Metalmark (C. virginiensis). At 809 and 855 Mbp,
respectively, they are the largest among available Lepidoptera genomes. Genomic data
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confirm that Riodinidae and Lycaenidae are more closely related to each other than any
other pairs of families and timing of their split suggests that they may better be treated as
subfamilies. Calephelis (Riodinidae) and Calycopis (Lycaenidae) genomes encode more
copies of Cytochrome P450 and Glutathione S-transferases, which might be related to higher
tolerance of their caterpillars to rotting food. The two Calephelis species we sequenced are
rather distantly related, and they differ in proteins involved in metabolism, circadian rhythm,
and regulation of development.

RESULTS AND DISCUSSION

Genome assembly, annotation, and comparison to other Lepidoptera genomes

We assembled 809 and 855 Mbp reference genomes of Calephelis nemesis (Cne) and
Calephelis virginiensis (Cvi), respectively (Fig. 1), the largest among currently sequenced
Lepidoptera genomes (Ahola et al., 2014; Cong et al., 2015a; Cong et al., 2016b; Duan et
al., 2010; Heliconius Genome, 2012; International Silkworm Genome, 2008; Tang et al.,
2014; You et al., 2013; Zhan et al., 2011; Zhan and Reppert, 2013). Representing the family
Riodinidae, these genomes complete the genomic coverage of butterflies at the family level.
The scaffold N50 of Creand Cvi genome assemblies are 206 kb and 175 kb, respectively,
similar to many other published Lepidoptera genomes. The genome assembly is comparable
to other published Lepidoptera genomes in terms of completeness measured by the presence
of Core Eukaryotic Genes Mapping Approach (CEGMA) genes (supplemental Table S1B)
(Parra et al., 2007), cytoplasmic ribosomal proteins and independently assembled transcripts
(Table 1). The genome sequences have been deposited at DDBJ/EMBL/GenBank under the
accessions NJDD00000000 and NJDC00000000. The versions described in this paper are
versions NJDD01000000 and NJDC01000000. In addition, the main results from genome
assembly, annotation and analysis can be downloaded at http://prodata.swmed.edu/LepDB/.

We also assembled the transcriptomes of Cneand Cvi. Based on the transcriptomes,
homologs from other Lepidoptera and Drosophila melanogaster, de novo gene predictions,
and repeat identification (supplemental Table S2A,B), we predicted 15430 and 15587
protein-coding genes and annotated the putative functions of 12006 and 11710 proteins
encoded in Cneand Cvigenomes, respectively (supplemental Table S2C,D). Although the
genome size of Cneis larger than that for other Lepidoptera genomes, the number of
proteins encoded by the genome is comparable to others. The large difference in genome
size is likely related to the different amount of transposon-like repetitive DNA in the
genomes (Neafsey and Palumbi, 2003). The difference between (46 Gbp) the genome sizes
of Cneand Cvican be explained by the different total length (50 Gbp) of the repetitive
regions in them. The fraction of repetitive regions in the butterfly genomes that we
sequenced and annotated is listed in Table 1, and this faction is positively correlated
(Pearson correlation coefficient: 0.92) with the genome size. This fraction only includes
repetitive regions that are no more than 30% divergent from the consensus sequences, and
many more ancient transposon-derived repetitive regions may exist in the genome.
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Phylogeny of Lepidoptera
We identified orthologous proteins encoded by 16 Lepidoptera genomes (Plutella xylostella,
Bombyx mori, Manduca sexta, Lerema accius, Acharlarus lyciades, Pterourus glaucus,
Princeps polytes, Papilio xuthus, Phoebis sennae, Pieris rapae, Melitaea cinxia, Heliconius
melpomene, Danaus plexippus, Calycopis cecrops, Calephelis nemesis, and Calephelis
virginiensis) and detected 1,624 universal orthologous groups consisting of a single-copy
gene in each species. A phylogenetic tree built from the concatenated alignment of the
single-copy orthologs using RAXML places Calephelis as the sister to Calycopis (Fig. 2
left), the representative of the Lycaenidae family. The two families, Riodinidae and
Lycaenidae, are known to be close to each other from morphological and DNA evidence
(Alexander et al., 2017; Robbins, 1988; Wahlberg et al., 2005). Terminal branches leading to
Calephelis and Calycopis are long compared to others, as well as the branch leading to the
ancestor of Riodinidae and Lycaenidae. The relative length of these branches suggests an
elevated evolutionary rate starting from the common ancestor of both families.

The Riodinidae and Lycaenidae families are closer to each other than any other pair of
butterfly families. Molecular dating (Fig. 2 right) suggests that Riodinidae and Lycaenidae
families diverged from each other around 87 million years ago (95% confidence interval: 72
Myr ~ 101 Myr), which is comparable to the time when the subfamilies within other families
started to diverge: 87 Myr (95% confidence interval: 69 Myr ~ 104 Myr) for Nymphalidae
and 90 Myr (95% confidence interval: 33 Myr ~ 113 Myr) for Hesperiidae. Taking into
account the similarity in morphology, treating metalmarks (Riodinidae) as a subfamily
within Lycaenidae might be appropriate, a view expressed in several publications (Scott,
1986; Zhao et al., 2013). The two sequenced species, Calephelis nemesisand Calephelis
virginiensis, diverged from each other about 5 million years ago. A comprehensive analysis
of Polyommatus Blues (Lycaenidae) suggests that different genera separated from each other
4-5 million years ago (Talavera et al., 2012). Therefore, the two Calephelis species are rather
distantly related and may even be classified into different genera.

Blues and Metalmarks: comparison with Calycopis

Compared to other Lepidoptera, Calycopis (Lycaenidae) and Calephelis (Riodinidae)
genomes encode almost twice as many copies of (CP450) and Glutathione S-transferases
(GST). Other Lepidoptera genomes typically encode around 100 (76 to 117, supplemental
Table S3A) copies of CP450, while Calephelisand Calycopis have 150 to 200 copies of
them: 156 for Cv/, 192 for Cne and 200 for Calycopis cecrops. Similarly, the number of
GSTs in the Calycopis or Calephelis genome is also higher than any other genomes (1.5-2
times of the average, supplemental Table S3A). GSTs are mostly known as detoxifying
enzymes (Sheehan et al., 2001). CP450s perform many essential functions, from the
synthesis and degradation of hormones to metabolizing foreign chemicals (Meunier et al.,
2004), and thus additional CP450s possibly also contribute to the degradation of toxins from
food and insecticides. It is possible that the additional GSTs and CP450s in Calycopisand
Calephelis are related to their ability to feed on more toxic foods not palatable to other
species: Calycopis species are known to be detritivores. Although Calephelis do not feed on
detritus, they survive well on old and even partly rotten leaves (Kendall, 1959) and the sister
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genus of Calephelis, Detritivora, is a detritus feeder (Espeland et al., 2015; Hall and Harvey,
2002).

Several gene expansions seem to be unique to either Calycopis or Calephelis. For instance,
only Calycopis shows expansion in salivary secreted peptides and galactosyltransferases
(Fig. 3a,b and supplemental table S3B,C). The functional relevance of these expansions
remains to be studied, and we hypothesize that the additional salivary secreted peptidases
may protect the caterpillars against the bacteria, fungi and their toxins taken in with the food
(Francischetti et al., 2007). In contrast, expansion in genes encoding chitinase and the actin
disassembling factor, cofilin (Fig. 3c,d and supplemental table S3D,E) are only observed in
Calephelis and not in Calycopis. “Hairy” caterpillars are characteristic of many metalmarks,
especially Calephelis (McAlpine, 1971). In Drosophila, the hairs on the body are extensions
of cells, shaped by actin filament bundles (Guild et al., 2005; Tilney et al., 2000), and
covered by chitin on the surface (Nagaraj and Adler, 2012). It is likely that the setae on the
surface of Calephelis caterpillar have similar structure. We speculate that the additional
chitinases and cofilins in Calephelis may support efficient disassembly of actin filaments and
digestion of chitin and are possible requirements for proper molting of the larva that is
covered by extensive setae.

Molecular mechanisms behind the divergence between Calephelis nemesis and C.

virginiensis

While most Calephelis species are of southern and southwestern US origin, three species are
exclusively eastern US in distribution (Scott, 1986). Calephelis nemesisand C. virginiensis
are the representatives of the southern species and eastern species, respectively. In addition
to those used for reference genomes (NVG-3574 and NVG-3639), we sequenced 2
specimens of C. nemesis (NVG-3585 and NVG-3847) and 1 of C. virginiensis (NVG-3505)
at about 10-fold coverage (supplemental Table S4A), and mapped the reads of all specimens
to both Cneand Cvireference genomes. Over 90% (supplemental Table S4A) of the
genomes can be obtained by mapping the reads of a specimen to the reference from the same
species. The southern species, C. nemesis shows much lower heterozygosity (0.5% — 0.6%)
than the eastern species, C. virginiensis (heterozygosity: 1.2% — 1.3%). This finding
contradicts the trend we observed before in several pairs of sister species, where the southern
species living in warmer climates and having larger population size, shows higher
heterozygosity (Cong et al., 2016b; Cong et al., 2016c). The heterozygosity and divergence
between specimens in different localities for C. nemesisis low compared to other wild-
caught species (Table 1), and the reason behind this low genetic diversity remains to be
studied, but may be related to some population bottlenecks. It may also be connected to
inbreeding in C. nemesis populations caused by the sedentary habits of adults: they do not
fly far from the place of their emergence.

It is frequently feasible to obtain a rather complete genome of a specimen using the
reference genome from the same genus (Cong et al., 2016a; Cong et al., 2016b). However,
due to the high divergence between the two Calephelis species, only about 30%-50% of the
genomic regions allows for confident mapping the reads of one species to the genome of
another. In contrast, the coding regions in these genomes are less divergent, and therefore we
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can obtain the alignment between C. virginiensisand C. nemesis specimens for 90% (89.5%
for NVG-3505 and 94.2% for NVG-3639 with higher coverage) of the coding positions by
mapping the reads of Cv7specimens to the Cne reference genome (Supplemental Table
S4A). Mapping the reads of Cneto the Cvigenome behaves similarly: while it is difficult to
obtain complete genomes of Cne specimens by mapping to the Cvireference genome, the
coding sequences can be mostly (over 90%) derived.

Requiring at least 90 aligned positions from both species, we obtained the alignments of
14885 protein-coding genes using the Cne reference genome, which were used in the
following analyses. Similar analyses were performed using the Cv/reference genome, and
the results were consistent regardless of which reference genome was used. The overall
divergence in coding gene between the two species is about 3.7%—-4.5%, resulting in 3.3%—
3.6% different positions in the protein sequences. The divergent positions between the two
species are distributed unevenly among proteins, with 1862 proteins significantly enriched in
(P < 0.01) in such positions. We further selected proteins that are relatively conserved within
species (the ratio between intraspecific and interspecific divergence is lower than 0.1). A
total of 475 proteins passed the two criteria, and we term them “interspecific divergence
hotspots”. They possibly include genes that are important for the speciation, divergence and
adaptation of the two species. (supplemental Table 4B).

The biological processes that are performed by these interspecific divergence hotspots in are
shown in Fig. 4 (P < 0.01. supplemental Table SAC lists the GO terms in all categories).
These GO terms suggest that the two species show differences in lipid metabolism, circadian
clock system, muscle development, assembly of cell projection and androgen receptor
signaling pathway. Divergence in circadian clock protein has been repeatedly found in
several pairs of sister species that are distributed in different latitudes (Cong et al., 2015g;
Cong et al., 2016b). Adaptation to different latitudes and climates may lead to divergence in
circadian clock proteins, which possibly contribute to the hybrid incompatibility. Androgen
receptor signaling pathway regulates the development and maintenance of the male sexual
phenotype, and thus differences in this pathway possibly underplay the obvious difference in
male sex organs of the two species. Interestingly, the transcriptional regulator for male sex
organ development, spalt-related protein (SALL), is one of the most rapidly evolving group
(top 20) among universal single-copy orthologs in Lepidoptera. SALL is also the only
protein that is related to male genitalia development among the universal single-copy
orthologs. We speculate that the rapid divergence of SALL is one possible reason for the
observed high divergence in the shape of male sex organ among Lepidoptera species.

METHODS

Library preparation and sequencing

We removed and preserved the wings and genitalia of freshly caught Calephelis specimens,
and the rest of the bodies were stored in RNA/atersolution. Wings and genitalia of these
specimens will be deposited in the National Museum of Natural History, Smithsonian
Institution, Washington, DC, USA (USNM). The information about these specimens is listed
in supplemental Table S4A. We mainly used specimens NVG-3574 and NVG-3639 to
assemble the reference genomes for C. nemesisand C. virginiensis, respectively. The paired-
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end libraries used to construct the contigs of the assemblies were made exclusively from
these specimens, while mate pair libraries were prepared using a mixture of genomic DNA
from multiple specimens. Specimens NVG-3574 and NVG-4212 were used for RNAseq
libraries for C. nemesisand C. virginiensis, respectively.

We extracted genomic DNA from them with the ChargeSwitch gDNA mini tissue kit. 250
and 500 bp paired-end libraries were prepared using NEBNext Modules and following the
Illumina TruSeq DNA sample preparation guide. 2 kb, 6 kb and 15 kb mate pair libraries
were prepared using a protocol similar to previously published Cre-Lox-based method (Van
Nieuwerburgh et al., 2012). We extracted RNA from specimens using QIAGEN RNeasy
Mini Kit, isolated mRNA using NEBNext Poly(A) mRNA Magnetic Isolation Module, and
prepared RNA-seq libraries with NEBNext Ultra Directional RNA Library Prep Kit for
Illumina following manufactory’s protocol.

Genome and transcriptome assembly

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 score < 20) at the
ends of both reads, JELLYFISH (Marcais and Kingsford, 2011) to obtain k-mer frequencies
in all the libraries, and QUAKE (Kelley et al., 2010) to correct sequencing errors. The data
processing resulted in seven libraries that were supplied to Platanus (Kajitani et al., 2014)
for genome assembly: 250 bp and 500 bp paired-end libraries, 2 kbp, 6kbp, 15k bp true mate
pair libraries, a library containing all the paired-end reads from the mate pair libraries, and a
single-end library containing all reads whose pairs were removed in the process
(supplemental Table S1A).

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 (Janzen et al., 2009).
Many short scaffolds in the assembly showed coverage that was about half of the expected
value; 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 significantly less covered region (coverage > 90% and uncovered
region < 500 bp) in a longer scaffold with high sequence identity (>95%) in the longer
scaffolds. Similar problems occurred in the Heliconius melpomene, Pterourus glaucus and
Lerema accius genome projects, and similar strategies were used to improve the assemblies
(Cong et al., 2015a; Cong et al., 2015b; Heliconius Genome, 2012). In case that the genomes
contain contaminating fragments from bacteria, fungi and plants, we identified scaffolds that
are more similar to sequences from bacteria, fungi and plants than those from other insects
by BLAST search against all sequences in the nt database of NCBI. We visualized the
results with the help of blobtools (Kumar et al., 2013), and manually curated the results to
select the ones that are more likely to be contaminants. In addition to the BLAST results, we
considered coverage of the scaffolds and whether the scaffolds were covered by sequences
from multiple specimens to make the judgments.
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The RNA-seq reads were processed using a similar procedure as the genomic DNA reads.
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
results 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 3
times higher than expected. These repeats were submitted to the CENSOR (Jurka et al.,
1996) server to assign them to the repeat classification hierarchy. The species-specific repeat
library and all repeats classified in RepBase (Jurka et al., 2005) (\VV18.12) 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 followed by PASA. In addition, we obtained eight sets of
homology-based annotations by aligning protein sets from Drosophila melanogaster (Misra
et al., 2002) and seven published Lepidoptera genomes (Bombyx mori, Lerema accius,
Princeps polytes, Papilio glaucus, Papilio xuthus, Heliconius melpomene, and Danaus
plexippus) to the Calephelis genomes with exonerate (Slater and Birney, 2005). To annotate
the proteins in Cvi, the annotated proteins from Cre are also used for homology-based
annotation by exonerate. Proteins from insects in the entire UniRef90 (Suzek et al., 2007)
database were used to generate another set of gene predictions by genblastG (She et al.,
2011). We manually curated and selected 1030 and 1122 confident gene models for Creand
Cvi, respectively, by integrating the evidence 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 predictors, 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.
We generated 15 and 16 sets of gene predictions in total for the Cneand Cvi genomes,
respectively, and integrated them with EvidenceModeller (Haas et al., 2008) to generate the
final gene models.

We predicted the function of proteins by transferring annotations and GO-terms from the
closest BLAST (Altschul et al., 1990) hits (E-value < 1075) 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 3D structure templates, to
assign proteins to protein families and to map them to metabolic pathways.

Identification of orthologous proteins and gene expansion

We identified the orthologous groups from 16 Lepidoptera genomes using OrthoMCL (Li et
al., 2003). If two OrthoMCL-defined orthologous groups overlapped in the Drosophila
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proteins that they mapped to, we merged them into one family. The total number and total
length of proteins in a family were used to identify expanded gene families in Calephelis and
Calycopis. If the total number and length of proteins from Calephelis or Calycopisin a
family were more than 1.5 times of the average number and length across other Lepidoptera
species, we considered this protein family to have undergone expansion in Calephelis or
Calycopis. The most interesting gene expansions discussed in the paper were further
investigated to include all relevant proteins using reciprocal BLAST results and function
annotations. Proteins encoded by the genome but missed in the protein sets were predicted
with the help of genblastG. Protein sequences from each family were aligned with MAFFT
(Katoh and Standley, 2013). Evolutionary trees were built with RAXML (Stamatakis, 2014)
(-m PROTGAMMAAUTO) and visualized in FigTree (http://tree.bio.ed.ac.uk/software/
figtree/).

For some large and diverse protein families, such as Cytochrome P450 and Glutathione S-
transferases, in order to efficiently identify all the members in all the Lepidoptera genomes,
we used HMMER (Eddy, 1998) to scan the pfam database (Finn et al., 2016) using every
protein in each genome as a query. Proteins that identify Cytochrome P450 (PF00067) or
Glutathione S-transferases (PF00043, PF02798, PF13409, PF13410, PF13417, PF14497,
PF14834, PF16865, PF17171, or PF17172) as the first confident hits were considered
belonging to that family. The number of proteins belonging to these families were counted
and compared among species.

Phylogeny of Lepidoptera and molecular dating

1624 orthologous groups consisting of single-copy genes from every species were used for
phylogenetic analysis. An alignment was built for each universal single-copy orthologous
group using both global sequence aligner MAFFT 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 252,520 positions. The
concatenated alignment was used to obtain a phylogenetic tree using RAXML (parameter: -
m PROTGAMMAAUTO, which allowed the program to select the most suitable model
based on the data, and JTTDCMUT was selected). Bootstrap resampling of the aligned
positions was performed to assign the confidence level of each node. All the nodes received
100% bootstrap support if all the data were used. In addition, we evaluated the evolutionary
rate of each orthologous group based on the average pair-wise protein sequence identity. We
partitioned the 1624 orthologous protein sets into three groups with different evolutionary
rate, and obtained evolutionary trees for each group, respectively. The trees showed different
absolute branch length, but maintained similar relative branch length and the same topology.
Finally, in order to detect the weakest nodes in the tree, we reduced the amount of data by
randomly splitting the concatenated alignment into 50 alignments and applied RAXML to
each alignment. We obtained a 50% majority rule consensus tree and assigned confidence
level to each node based on the percent of individual trees supporting it.

61 alignments of single-copy orthologous groups consisting of more than 500 aligned
positions each were used to date the evolutionary history of butterflies. We selected the best
substitution models and partitioning schemes using the software Partitionfinder (Lanfear et
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al., 2012). We applied BEAST v1.8.1 (Drummond et al., 2012) to infer a dated phylogeny
using this partition and the substitution models selected for each partition by Partitionfinder.
We chose an uncorrelated relaxed clock model and set the tree prior to be birth—death with
incomplete sampling. We used default values for all other parameters. We used two
calibration points: one is the fossil of butterfly dated to the late Paleocene Fur Formation (56
million years ago) (Grimaldi and Engel, 2005), and thus the most recent common ancestor
(MRCA) of butterflies should have originated more than 56 million years ago (Mya);
another is the MRCA of Lycaenidae and Riodinidae, which was previously dated to the
around 88 Mya, with a 95% confidence interval of 73.2-102.5 Mya (Espeland et al., 2015).

of the two Calephelis species

We mapped the sequencing reads of all 5 Calephelis specimens to both Crneand Cvi
reference genomes using BWA (Li and Durbin, 2010) and detected SNPs using the Genome
Analysis Toolkit (GATK) (DePristo et al., 2011). We deduced the genomic sequences for
each specimen 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 randomly assigned to either paternal or maternal DNA. Based on the
mapping results and gene annotation of either reference genome, we further deduced the
alignments of gene and protein sequences from all the specimens.

Alternatively, we attempted to map the reads to the reference genome of each species,
respectively, derive the protein-coding sequences for each species and align them using
MAFFT. However, manual curation of highly diverged proteins between species that were
identified using this approach revealed cases of wrong alignments caused by inconsistency
in the gene models of the two reference genomes. In contrast, alignments generated by
mapping the sequence reads from two different species to the same reference bypassed such
problems caused by differences in gene models of the two references, producing higher
interspecific sequence identity. Therefore, the results described in this manuscript were
based on the alignments derived by mapping the sequencing reads of both C. nemesisand C.
virginiensis specimens to the Cne reference genome, but the conclusions remained the same
if Cvireference genome was used instead.

We used two criteria to identify the diverged proteins between C. nemesisand C.
virginiensis. First, we estimated the fixation index for both species using the following

formula: FST:(Wbetwﬁen - 7r“’”hm)/ﬂ_bpmp(m where Ttpeneen IS the average divergence
between species, and 1t 4, IS the avefége divergence within species. We required the
divergence hotspots to have fixation index above 0.9. Second, we detected all the positions
that are conserved (sharing a common amino acid in over 80% of sequences, which in our
case allows no more than one haplotype to show a different amino acid) within but different
between species, and required the interspecific divergence hotspots to be significantly
enriched (p < 0.01) in such positions. The enrichment is quantified using a binomial test (p =
averge rate of divergent positions in all proteins, m = the number of divergent positions in a
protein, n = the total number of aligned positions in a protein).
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We identified the enriched GO terms associated with these “interspecific divergence
hotspots” using binomial tests (m = the number of “interspecific divergence hotspots” that
were associated with this GO term, N = number of “interspecific 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. Significantly enriched GO terms (p < 0.01) were
visualized in REVIGO (Supek et al., 2011).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
The first sequenced genome for butterflies in the family Riodinidae

Phylogenetic analysis suggests Riodinidae may be treated as a subfamily of
Lycaenidae

Gene expansions related to the detritus feeding behavior of Riodinidae and
Lycaenidae

Completes the genomic coverage for butterflies at the family level
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Calephelis nemesis

NVG-3574

NVG-3639

w5

Figure 1. Specimens of Calephéelis
a-f C. nemesis, USA: Texas, Hidalgo Co., Penitas, GPS 26.22615, -98.43653: a, b male, left

wings of voucher NVG-3574, 13-Jun-2015; others are reared from eggs: ¢, d male, eclosed
9-Feb-2005; e, f female, eclosed 19-Feb-2005. g-1 C. virginiensis, USA: Texas, Hardin Co.,
along FM770 4.4 mi southwest of Kountze, GPS 30.33832, -94.37046: g, h male, left wings
of voucher NVG-3639, 7-Jun-2015; i, j male 7-Jun-2015; k, | female, reared from
caterpillar, eclosed on 24-Jun-2015. Dorsal (a, c, €, g, i, k) and ventral (b, d, f, h, j, I) views
of each specimen are shown.
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Figure 2. Phylogenetic trees of the Lepidoptera species with complete genome sequences
Majority-rule consensus tree of the maximal likelihood trees constructed by RAXML on the

concatenated alignment of universal single-copy orthologous proteins is shown on the left.
Numbers by the nodes refer to bootstrap percentages. The numbers above are obtained from
complete alignments, the number below are obtained on 1% of the dataset. Dated phylogeny
of butterflies is shown on the right and the estimated ages (in Myr) are shown by the nodes.
Ages of nodes corresponding to subfamily diversification (among taxa with available
genomes) of Nymphalidae and Hesperiidae and the split between Riodinidae and Lycaenidae
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are shown in red. Error bars are shown in violet. Geological time scale is placed at the
bottom. Periods and Epochs are shown below and above, respectively. “Q” stands for
Quaternary period. Vertical orange line at about 90 million years ago corresponds to the time
when butterfly families have diverged, but before diversification of families into subfamilies,
suggesting that Riodinidae may be considered a subfamily of Lycaenidae.
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Figure 3. Protein families that underwent gene expansion in Calycopis or Calephelis
Phylogenetic trees depict (a) putative salivary secreted peptides, (b) galactosyltransferases,

(c) actin disassembling factor, cofilin, and (d) chitinases encoded by Lepidoptera genomes.
Abbreviation of the species and protein names are used as labels (colored by the species) in
the phylogenetic trees.
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Figure 4. Enriched (P < 0.01) GO terms associated with interspecific divergence hotspots for the

two Calephelis species

The darkness of the color indicates the significance level (P-value) of the enrichment, with
darker color corresponding to lower P-value. The size of the dots correlates to the number of
proteins that are associated with this GO term encoded in the Drosophila melanogaster
genome. The GO terms that are frequently associated with the same proteins are linked by
the grey lines, and we also manually grouped the GO terms with similar biological

meanings.
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