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Abstract: Background: The Hoary Edge Skipper (Achalarus lyciades) is an eastern North America
endemic butterfly from the Eudaminae subfamily of skippers named for an underside whitish patch
near the hindwing edge. Its caterpillars feed on legumes, in contrast to Grass skippers (subfamily
Hesperiinae) which feed exclusively on monocots.

Results: To better understand the evolution and phenotypic diversification of Skippers (family Hes-
periidae), we sequenced, assembled and annotated a complete genome draft and transcriptome of a
wild-caught specimen of 4. lyciades and compared it with the available genome of the Clouded Skip-
per (Lerema accius) from the Grass skipper subfamily. The genome of A. lyciades is nearly twice the
size of L. accius (567 Mbp vs. 298 Mbp), however it encodes a smaller number of proteins (15881 vs.
17411). Gene expansions we identified previously in L. accius apparently did not occur in the genome
of A. lyciades. For instance, a family of hypothetical cellulases that diverged from an endochitinase
(possibly associated with feeding of L. accius caterpillars on nutrient-poor grasses) is absent in A. ly-
ciades. While L. accius underwent gene expansion in pheromone binding proteins, 4. lyciades has
more opsins. This difference may be related to the mate recognition mechanisms of the two species:
visual cues might be more important for the Eudaminae skippers (which have more variable wing pat-
terns), whereas odor might be more important for Grass skippers (that are hardly distinguishable by
their wings). Phylogenetically, 4. lyciades is a sister species of L. accius, the only other Hesperiidae
with a complete genome.

Conclusions: A new reference genome of a dicot-feeding skippers, the first from the Eudaminae sub-
family, reveals its larger size and suggests hypotheses about phenotypic traits and differences from

monocot-feeding skippers.
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1. INTRODUCTION

The Hoary Edge (Achalarus Iyciades) is a skipper (fam-
ily Hesperiidae) from the Eudaminae subfamily [1]. It is
widely distributed over the entire eastern United States ex-
cept in south Florida and south Texas [2]. Its English name
arises from a large whitish patch underneath the hindwing
near its edge (Fig. 1). A combination of large yellowish
semi-hyaline spots on forewings with such a patch is unique
to this species, making its identification straightforward [2].
The Hoary Edge inhabits open woodlands, forest edges and
roadsides [3, 4]. Its caterpillars feed on the leaves of many
plants from the legume family (Fabaceae) but are not known
to be serious pests to crops [2]. Caterpillars make shelters by
tying the leaves of food plants with silk. The skipper has
only one brood in the northern parts of its range, but several
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broods and accompanying facultative larval diapause are
characteristic of the southern populations [2, 3].

Previously, we reported the genome of the Clouded
Skipper (Lerema accius) [5], which remains a single genome
from the family available to date. The Clouded Skipper be-
longs to a Grass skipper subfamily Hesperiinae. Its caterpil-
lars feed on grasses, also making shelters from leaves [2]. In
addition to mapping phylogenetic diversity of butterflies at
the subfamily level with representative genomes, it would be
of interest to compare the genomes of two skippers: 4. lycia-
des and L. accius. Their caterpillars have different food plant
preferences. While L. accius feeds on nutrient-poor grasses,
A. lyciades feeds on leaves of legumes. Uniqueness of the 4.
lyciades appearance, its wide distribution, the lack of appar-
ent variation in phenotype, and differences in diapause be-
havior in different parts of the range make it an attractive
target for comparative genomics.

Presently, representative genomes are known for five
butterfly families: the swallowtails (Papilionidae) [6-8], the
Whites and Sulphurs (Pieridae) [9], the Blues (Lycaenidae)
[10], the Brushfoots (Nymphalidae) [11-13], and the Skip-
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Fig. (1). Specimens of Achalarus lyciades. (a, b) left wings of a male voucher NVG-3311 with the reference genome sequenced: USA:
Texas, Sabine Co., Sabine National Forest, 1 mi south of Fairmount, near Fox Hunters' Hill, GPS 31.185394, -93.72992, 12-Apr-2015.
Specimens reared from eggs: USA: Texas, Wise Co., ca. 10 mi north of Decatur, LBJ National Grassland: (¢, d) male, eclosed on 17-Jul-
2000, (e, f) female eclosed on 28-Jul-2000. Dorsal (above: a, c, ¢) and ventral (below: b, d, f) views of each specimen are shown.

pers (Hesperiidae) [S]. The Brushfoots are currently the best-
studied and the most significant efforts have focused on
Heliconius and the Monarch (Danaus plexippus) [14, 15].
Skippers traditionally were thought of as a family between
butterflies and moths due to their moth-like appearance.
However, recent DNA-based evidence suggests that swal-
lowtails are the sister to all other butterflies including skip-
pers [16, 17]. Phylogenetic signal in DNA-based trees is not
particularly strong [5] and additional genomes from several
phylogenetic lineages of Skippers might help to resolve the
phylogenetic uncertainties. Therefore, genomes from differ-
ent Hesperiidae subfamilies are desirable.

To learn more about skippers and butterflies, we se-
quenced and annotated the complete genome of Achalarus
lyciades from a single specimen. At 567 Mbp, it is one of the
largest among known Lepidoptera genomes, and the first
from the Eudaminae subfamily. However, phylogenetic
analysis with 14 available Lepidoptera genomes remains
incongruent with respect to the placement of skippers and
swallowtails with the favored tree topology changing de-
pending on the selected evolutionary model. 4. lyciades rep-
resents a short branch in the phylogenetic tree, suggesting
slow evolution. Compared to the Clouded Skipper (L. ac-
cius), the only other Hesperiidae (from the Hesperiinae sub-
family) with the sequenced genome [5], the larger 4. lycia-
des genome encodes smaller number of proteins. A number
of gene duplication events found in L. accius, such as the
expansion of hypothetical cellulases and catalases that may
be an adaptation to nutrient-poor foodplant and harmful en-
vironment are not observed in 4. lyciades. Notably, while the
L. accius shows expansion in pheromone binding proteins,
A. Iyciades genome encodes more opsins. Many Grass skip-
pers are similar in wing colors and patterns, and therefore
they may rely on pheromones to recognize mates. Eudami-
nae skippers are frequently characterized by diverse wing

patters and visual cues may play more important roles in
their mate recognition.

2. RESULTS AND DISCUSSION

2.1. Genome Assembly, Annotation and Comparison to
Other Lepidoptera Genomes

We assembled a 567 Mb reference genome of Achalarus
byciades (Aly) from a single specimen. The genome is one of
the largest among currently sequenced Lepidoptera genomes
[6, 11-13, 18-22]. The scaffold N50 of 4/y genome assembly
is 558 kb, similar to many other published Lepidoptera ge-
nomes. The genome assembly is more complete than many
other Lepidoptera genomes measured by the presence of
Core Eukaryotic Genes Mapping Approach (CEGMA) genes
(supplemental Table S1) [23], cytoplasmic ribosomal pro-
teins and independently assembled transcripts (Table 1). The
genome sequence has been deposited at DDBJ/EMBL/Gen-
Bank under the accession MOOZ00000000. The version
described in this paper is version MOOZ00000000. In
addition, the main results from genome assembly, annotation
and analysis can be downloaded at http://prodata.swmed.edu/
LepDBY/.

We assembled the transcriptome of Aly from the same
specimen that was used for the genome assembly. Based on
the transcriptome, homologs from other Lepidoptera and Dro-
sophila melanogaster, de novo gene predictions, and repeat
identification (supplemental Table S2A & 2B), we predicted
15881 protein-coding genes in the Aly genome (supplemen-
tal Table S2C). 71.7% of these genes are likely expressed in
the adult, as they fully or partially overlap with the tran-
scripts. We annotated the putative functions of the 11778
protein-coding genes (supplemental Table S2D). Although
the genome size of Aly is larger than that of most other Lepi-
doptera genomes, the number of proteins encoded by the
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Table 1. Quality and composition of lepidoptera genomes.
Feature Aly Pra Cce Lac Pgl Dpl Hme Mci Bmo Pxy Mse Ppo Pse Pxu
Genome size (Mb) 567 246 729 298 375 249 274 390 481 394 419 227 406 244
Genome size without gap (Mb) 536 243 689 290 361 242 270 361 432 387 400 218 347 238
Heterozygosity (%) 1.5 1.5 1.2 1.5 2.3 0.55 n.a n.a n.a ~2 n.a n.a 1.2 n.a
Scaffold N50 (kb) 558 617 233 525 231 716 194 119 3999 734 664 3672 257 6199
CEGMA (%) 99.6 99.6 100 99.3 99.6 99.6 98.2 98.9 99.6 98.7 99.8 99.3 99.3 99.6
CEGMA coverage by single scaffold (%) 87.1 88.7 85.3 86.6 86.9 87.4 86.5 79.2 86.8 84.1 86.4 85.8 87.4 88.8
Cytoplasmic Ribosomal Proteins (%) 98.9 98.9 98.9 98.9 98.9 98.9 94.6 94.6 98.9 93.5 98.9 98.9 98.9 97.8
De novo assembled transcripts (%) 98 99 97 98 98 96 n.a 97 98 83 n.a n.a 97 n.a
GC content (%) 353 327 37.1 344 354 31.6 32.8 32.6 377 38.3 353 34.0 39.0 33.8
Repeat (%) 25.0 227 34 15.5 22.0 16.3 249 28.0 44.1 34.0 249 n.a. 17.2 n.a.
Exon (%) 3.57 791 3.11 6.96 5.07 8.40 6.38 6.36 4.03 6.35 5.34 5.11 6.20 8.59
Intron (%) 28.4 333 24 31.6 25.6 28.1 254 30.7 159 30.7 38.3 24.8 25.5 455
Number of proteins (thousands) 15.9 13.2 16.5 174 15.7 15.1 12.8 16.7 143 18.1 15.6 15.7 16.5 13.1

n.a. Data not available

Aly: Achalarus lyciades; Pra: Pieris rapae; Cce: Calycopis cecrops; Lac: Lerema accius; Pgl: Pterourus glaucus; Dpl: Danaus plexippus; Hme: Heliconius melpomene; Mci: Meli-

taea cinxia; Bmo: Bombyx mori; Pxy: Plutella xylostella; Mse: Manduca sexta; Ppo: Papilio polytes; Pse: Phoebis sennae; Pxu: Papilio xuthus.

Heterozygosity: Calculated as the percent of heterozygous positions detected by the Genome Analysis Toolkit (GATK) [69] for Pgl, Lac, Cce, Pra and Pse; or taken from information

in the literature for Dpl [13]; or estimated based on the histogram of K-mer frequencies for Pxy [19, 43].

genome is comparable to other Lepidoptera and smaller than
in the other Skipper Lerema accius. This discrepancy indi-
cates that the increase in size of Aly genome arises from ex-
pansion in the non-coding regions and transposons.

2.2. Phylogeny of Lepidoptera

We investigated the position of Achalarus in a phyloge-
netic tree constructed from protein-coding genes in Lepidop-
tera with completely sequenced genomes. Analysis of pro-
teins encoded by 14 available Lepidoptera genomes (Achala-
rus lyciades, Bombyx mori, Manduca sexta, Lerema accius,
Pterourus glaucus, Papilio polytes, Papilio xuthus, Phoebis
sennae, Melitaea cinxia, Heliconius melpomene, Danaus
plexippus, and Plutella xylostella, Calycopis cecrops and
Pieris rapae) revealed 4886 universal orthologous groups.
Each Lepidoptera species is represented by a single ortholog
in 1814 of these groups. Concatenated alignment of such
single-copy orthologs resulted in RAXML [24] tree placing
Achalarus as the sister to Lerema (Fig. 2 left), the only other
member of the Hesperiidae family with sequenced genome.
Even with two skipper genomes now included, Papilionidae
(and not Hesperiidae) is a sister to all other butterflies in the
RAXML tree (Fig. 2 left). Traditional morphology-based
view placed Hesperiidae as a sister to all other butterflies
[25, 26]. However, starting from Wahlberg [16, 17] the ma-
jority of DNA-based phylogenies show this alternative to-
pology with swallowtails being a sister to other butterflies
and skippers [5, 27].

RAXML gives 100% bootstrap support to all nodes in the
tree constructed from a concatenated alignment of all single-
copy orthologs. Because bootstrap reflects consistency of

phylogenetic signal between different parts of the alignment,
very long alignments typically produce 100% support even if
the tree topology results from various systematic biases, for
instance, nucleotide composition or long branch attraction.
To probe weaker nodes in the RAXML tree, we randomly
split the concatenated alignment into 50 alignments (5944
positions in each alignment) and obtained a consensus tree of
trees built from these shorter alignments. The node placing
the skippers within other butterflies receives the lowest sup-
port (84%), indicating that sequencing additional representa-
tives of skippers is needed to determine the relative position
of skippers and swallowtails.

Interestingly, when we used PhyloBayes [28] with the
CAT model [29] (4 categories of evolutionary rates for sites)
to analyze the two relative positions of skippers and swallow-
tails, the traditional topology (skippers as a sister to all butter-
flies) was supported in 65% of the 50 random samples (Fig. 2
right). Discrepancies between morphology-based and DNA-
based trees are commonly seen in phylogenetic analysis [30].
The incongruence between trees constructed with different
methods or using different data sets is also frequent [30, 31],
and phylogenetic studies of other organisms revealed uncer-
tainties similar to the one we encountered for butterflies [32,
33]. In addition to imperfections in phylogeny-reconstruction
methods, this uncertainty in butterfly phylogeny may also re-
sult from incomplete lineage sorting [34] or ancient introgres-
sion [35]. Finally, the limited number of taxa with complete
genomes sequenced may further impede phylogenetic recon-
struction. Thus, complete genomes of species involved in
deeper branching of each butterfly family could resolve the
uncertainty in the phylogenetic tree of butterflies.
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Fig. (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 ob-
tained on 1% of the dataset. The tree shown on the right is constructed by PhyloBayes using the topology constrained to the RAXML topology
everywhere except the relative position of Skippers and Swallowtails. The topology shown (Skippers as sister to other butterflies) was recov-
ered in 65% of PhyloBayes runs. The difference between the trees in relative position of Skippers (red) and swallowtails (blue) is indicated.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)

2.3. Spread-wing and Grass Skippers: Comparison with single copy in genomes other than Lerema accius [5]. The
Lerema coding genes of these additional endochitinase-like proteins
all cluster together in the Lac genome near the locus of the
classic endochitinase gene. Their sequences diverged rapidly
from the classic endochitinase and lost the chitin-binding
domain. We hypothesized that the additional endochitinase-

In Lerema accius genome, we found a unique large ex-
pansion into 10 endochitinase-like proteins that arose by
duplication and diversification of an endochitinase gene,
which is shared among all Lepidoptera and is present as a
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like proteins encoded by the Lac genome could have adopted
new functions, possibly cellulase or other sugar food source
degrading enzymes, because: (1) Lac feeds on nutrient poor
but cellulose-rich grasses; (2) the Lac genome and other
Lepidoptera genomes do not encode proteins that belong to
the families of known cellulases; (3) endochitinases are ho-
mologs of cellulases and they are structurally similar [36];
(4) cellulose and chitin are chemically similar; (5) Lepidop-
tera genomes, including Lac, encode more than 10 other
families of endochitinases and chitinases, and therefore hav-
ing additional enzymes to hydrolize chitin may not be crucial
for them.

The A4ly genome, similarly to the other 13 available Lepi-
doptera genomes compared in this study, lacks this gene
expansion (Fig. 3a). The expansion is apparently unique to
Lerema and possibly other Grass skippers, but not to all
Hesperiidae, possibly enabling the Grass skipper caterpillars
to digest cellulose and thus allowing them to feed on nutri-
ent-poor and cellulose-rich grasses. In contrast, 4. [yciades,
whose caterpillars feed on nutrient-rich leaves of bean family
plants, are not expected to benefit from the ability to digest
cellulose more than other non-grass feeding butterflies. The
lack of this family expansion in Aly gives further evidence
for the hypothesis that the endochitinase-like proteins ex-
panded in Grass skippers may function in cellulose diges-
tion.

Another large gene expansion detected in Lerema but not
in A. lyciades involves catalase (Fig. 3b). Catalases protect
against oxidative stress by the decomposition of hydrogen
peroxide into water and oxygen. The functional relevance of
this gene expansion event is not clear. It is possible that
Lerema is exposed to higher oxidative stress due to its food
source and environment, and expansion in catalases may be
another example of adaptive evolution.

We identified pheromone-binding proteins (PBPs) en-
coded in all Lepidoptera genomes. Lerema genome encodes
the largest number of PBPs among the 14 Lepidoptera spe-
cies in this study. Lerema has 61 genes encoding for PBPs,
while other Lepidoptera genomes encode 36 + 7 PBPs. Ex-
pansion of PBPs suggests a more advanced pheromone sens-
ing system in Lac. Butterflies can select their mates both by
using visual cues and by sensing pheromones. Because many
Grass skippers are similar in wing colors and patterns, a
stronger pheromone system in Lerema should allow for bet-
ter detection of mates.

Many Spread-wing skippers, as represented by A. lycia-
des, possess more colorful and diverse wing patterns. There-
fore, they may rely to a greater degree on visual cues for
mate recognition. The A. [yciades genome encodes 37 PBPs,
comparable to most other Lepidoptera species but much less
than Lerema. In contrast, A. [yciades genome encodes more
opsins than Lerema (Fig. 3¢). Lerema and A. lyciades both
have one UV-sensing opsin and one blue-light-sensing opsin.
However, A. lyciades genome encodes two additional copies
of green-light sensing opsins compared to Lerema, suggest-
ing better perception of shorter wavelength light (possibly
ultraviolet), and could be an adaptation for better recognition
of mates and flowers for feeding, or better vision in dim ar-
eas such as forests that it inhabits and at dusk when A. lycia-
des is still active.

Shen et al.

3. METHODS
3.1. Library Preparation and Sequencing

Methods used in this study are generally similar to those
we used in our previous genomics work [5, 6, 10, 37, 38].
Parts of the body of a freshly caught Achalarus lyciades
specimens (NVG-3311, USA: Texas, Sabine Co., Sabine
National Forest, 1 mi south of Fairmount, near Fox Hunters'
Hill, GPS 31.185394, -93.72992, 12-Apr-2015), were stored
in RNAlater solution and wings preserved to be deposited in
the National Museum of Natural History, Smithsonian Insti-
tution, Washington, DC, USA (USNM). We used this
specimen NVG-3311 to assemble the reference genome. We
extracted genomic DNA from its body with the
ChargeSwitch gDNA mini tissue kit. 250 bp and 500 bp
paired-end libraries were prepared using genomic DNA with
enzymes from NEBNext Modules and following the Illu-
mina 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 [39].
For the 250 bp, 500 bp, 2 kbp, 6 kbp and 15 kbp libraries,
approximately 400 ng, 400 ng, 2 ng, 3 pgand 5 pug of
DNA were used, respectively. We quantified the amount of
DNA from all the libraries with the KAPA Library Quantifi-
cation Kit, and mixed 250 bp, 500 bp, 2 kbp, 6 kbp, 15 kbp
libraries at relative molar concentration 40:20:8:4:3. The
mixed library was sequenced for 150 bp at both ends using
IMlumina HiSeq 2500 at UT Southwestern Medical Center
genomics core facility.

Part of the specimen NVG-3311 was used to extract
RNA using QIAGEN RNeasy Mini Kit. We further isolated
mRNA using NEBNext Poly(A) mRNA Magnetic Isolation
Module and RNA-seq libraries for both specimens were pre-
pared with NEBNext Ultra Directional RNA Library Prep
Kit for Illumina following manufactory’s protocol. The
RNA-seq library was sequenced for 150 bp from both ends
using [llumina HiSeq 2500.

3.2. 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 [39]
to remove the loxP sequences and to separate true mate pair
from paired-end reads. All reads were processed by mirabait
[40] 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, by JELLYFISH [41] to ob-
tain k-mer frequencies in all the libraries, and by QUAKE
[42] to correct sequencing errors. The data processing re-
sulted in seven libraries that were supplied to Platanus [43]
for genome assembly: 250 bp and 500 bp paired-end librar-
ies, 2 kbp, 6kbp, 15kbp true mate pair libraries, a library
containing all the paired-end reads from the mate pair librar-
ies, and a single-end library containing all reads whose pairs
were removed in the process (Supplemental Table S2A).

We mapped these reads to the initial assembly with Bow-
tie2 [44] and calculated the coverage of each scaffold with
the help of SAMtools [45]. Many short scaffolds in the as-
sembly showed coverage that was about half of the expected
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bis sennae; pxu: Papilio xuthus.

value; they likely came from highly heterozygous regions
that were not merged to the equivalent segments in the ho-
mologous 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%). Simi-
lar problems occurred in the Heliconius melpomene, Pter-
ourus glaucus and Lerema accius genome projects, and

similar strategies were used to improve the assemblies [5,
6, 12].

The RNA-seq reads were processed using a similar pro-
cedure as the genomic DNA reads to remove contamination
from TruSeq adapters and the low quality portion of the
reads. Afterwards, we applied three methods to assemble the
transcriptomes: (1) de novo assembly by Trinity [46], (2)
reference-based assembly by TopHat [47] (v2.0.10) and
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Cufflinks [48] (v2.2.1), and (3) reference-guided assembly
by Trinity. The results from all three methods were then in-
tegrated by Program to Assemble Spliced Alignment
(PASA) [49].

3.3. Identification of Repeats and Gene Annotation

Two approaches were used to identify repeats in the ge-
nome: the RepeatModeler [50] pipeline and in-house scripts
that extracted regions with coverage 3 times higher than ex-
pected. These repeats were submitted to the CENSOR [51]
server to assign them to the repeat classification hierarchy.
The species-specific repeat library and all repeats classified
in RepBase [52] (V18.12) were used to mask repeats in the
genome by RepeatMasker [53].

We obtained two sets of transcript-based annotations
from two pipelines: TopHat followed by Cufflinks and Trin-
ity followed by PASA. In addition, we obtained six sets of
homology-based annotations by aligning protein sets from
Drosophila melanogaster [54] and five published Lepidop-
tera genomes (Bombyx mori, Lerema accius, Papilio xuthus,
Heliconius melpomene, and Danaus plexippus) to the
Achalarus Iyciades genome with exonerate [55]. Proteins
from insects in the entire UniRef90 [56] database were used
to generate another set of gene predictions by genblastG
[57]. We manually curated and selected 1204 confident gene
models by integrating the evidence from transcripts and ho-
mologs to train de novo gene predictors: AUGUSTUS [58],
SNAP [59] and GlimmerHMM [60]. These trained predic-
tors, the self-trained Genemark [61] and a consensus-based
pipeline Maker [62], were used to generate another five sets
of gene models. Transcript-based and homology-based anno-
tations were supplied to AUGUSTUS, SNAP and Maker to
boost their performance. In total, we generated 14 sets of
gene predictions and integrated them with EvidenceModeller
[49] to generate the final gene models.

We predicted the function of Aly proteins by transferring
annotations and GO-terms from the closest BLAST [63] hits
(E-value < 107) in both the Swissprot [64] database and Fly-
base [65]. Finally, we performed InterproScan [66] to iden-
tify conserved protein domains and functional motifs, to pre-
dict coiled coils, transmembrane helices and signal peptides,
to detect homologous 3D structures, to assign proteins to
protein families and to map them to metabolic pathways.

3.4. Identification of Orthologous Proteins, Gene Expan-
sion and Phylogenetic Tree Construction

We identified the orthologous groups from 14 Lepidop-
tera genomes using OrthoMCL [67]. If two OrthoMCL-
defined orthologous groups overlapped in the Drosophila
proteins that they mapped to, we merged them into one fam-
ily. The function of each family is annotated using GO
terms. GO terms that are associated with any gene in a fam-
ily are considered to be associated with this family. The total
number and total length of proteins in a family were used to
identify expanded gene families in Achalarus. If the total
number and length of Achalarus proteins in a family are
more than 1.5 times of the average number and length across
other Lepidoptera species, we consider this protein family to
have undergone expansion in Achalarus. The enrichment of
GO terms associated with these expanded families is identi-

Shen et al.

fied using a binomial test: m = the number of expanded gene
families that were associated with this GO term, N = number
of expanded gene families, p = the probability for this GO
term to be associated with any gene family.

1814 orthologous groups consisted of single-copy genes
from every species, and they were used for phylogenetic
analysis. An alignment was built for each universal single-
copy orthologous group using both global sequence aligner
MAFFT [68] and local sequence aligner BLASTP. Positions
that were consistently aligned by both aligners were ex-
tracted from each individual alignment and concatenated to
obtain an alignment containing 297,210 positions. The con-
catenated alignment was used to obtain a phylogenetic tree
using RAXML [24]. Bootstrap resampling of the aligned
positions 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 2,972 positions in each alignment) and
applied RAXML to each alignment. We obtained a 50% ma-
jority rule consensus tree and assigned confidence level to
each node based on the percent of individual trees supporting
this node.
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