Systematic

Entomology

Systematic Entomology (2016), DOI: 10.1111/syen.12217

Phylotranscriptomics resolves ancient divergences
in the Lepidoptera

ADAM L. BAZINET", KIM T. MITTER? DONALD R. DAVIS3,
ERIK J. VAN NIEUKERKEN* MICHAEL P. CUMMING S'and
CHARLES MITTER?

Laboratory of Molecular Evolution, Center for Bioinformatics and Computational Biology, University of Maryland, College Park,
MD, U.S.A., Department of Entomology, University of Maryland, College Park, MD, U.S.A., 3Department of Entomology, National
Museum of Natural History, Smithsonian Institution, Washington, DC, U.S.A. and *Naturalis Biodiversity Center, Leiden, the
Netherlands

Abstract. Classic morphological studies of the oldest, so-called nonditrysian lineages
of Lepidoptera yielded a well-resolved phylogeny, supported by the stepwise origin
of the traits characterizing the clade Ditrysia, which contains over 98% of extant
lepidopterans. Subsequent polymerase chain reaction (PCR)-based molecular studies
have robustly supported many aspects of the morphological hypothesis and strongly
contradicted others, while leaving some relationships unsettled. Here we bring the
greatly expanded gene sampling of RNA-Seq to bear on nonditrysian phylogeny,
especially those aspects that were not conclusively resolved by the combination
of morphology and previous PCR-based multi-gene studies. We analysed up to
2212 genes in each of 28 species representing all 12 superfamilies and 15 of 21
families of nonditrysians, plus trichopteran outgroups and representative Ditrysia.
Our maximum likelihood phylogeny estimates used both nonsynonymous changes
only (degenl coding) and all nucleotides (nt123) partitioned by codon position,
recovering a novel hypothesis for early glossatan relationships that is the most strongly
supported to date. We find strong support for Micropterigidae alone as the sister
group to all other Lepidoptera, in agreement with morphology and early molecular
evidence, but in contrast to recent PCR-based studies. Also very strongly supported
are the previously recognized clades Angiospermivora, Heteroneura, Eulepidoptera and
Euheteroneura. Finally, we find strong support for paraphyly of the southern hemisphere
family Palaephatidae, with the South American genus Palaephatus Butler forming
the previously undetermined sister group to Ditrysia. The remaining palaephatids,
Australian and South American, form the sister group to Tischeriidae.

Introduction lineages, comprised a landmark early application of Henni-
gian phylogenetics (Hennig, 1953; Kristensen, 1984; Davis,
1986; Kobayashi & Ando, 1988; Nielsen & Kristensen, 1996;
reviews in Kristensen & Skalski, 1998; Kristensen et al., 2007).
The well-resolved hypothesis of nonditrysian relationships that
resulted, as summarized by Kristensen (2003), is shown in

(Fig. 1A). It is supported by a series of synapomorphies through

Morphological studies of the oldest divergences within the insect
order Lepidoptera, giving rise to the so-called nonditrysian
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Subsequent molecular studies have robustly supported many
aspects of the morphological hypothesis, markedly contradicted
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Fig. 1. Previous hypotheses on relationships among nonditrysian lepidopteran lineages. (A) Synopsis of relationships inferred from morphology,
redrawn from Kristensen (2003). Numbers below branches are numbers of synapomorphies hypothesized by Kristensen (1984). (B) Summary of
relationships among nonditrysian superfamilies found by Regier et al. (2015a). Bootstrap values above branches: degen1/nt123. The same topology

was found by Kristensen et al. (2015).

a few, and left several ambiguous (Wiegmann etal., 2000;
Mutanen ezal., 2010; Regier eral., 2013, 2015a; Kristensen
etal., 2015). Figure 1B summarizes the concordant results
of recent analyses by Regier eral. (2015a) and Kristensen
etal. (2015). Among the clades now corroborated by both
morphology and strong molecular evidence are: Angiosper-
mivora, characterized by larvae feeding predominantly on living
angiosperms; Glossata, defined by haustellate adult mouthparts;
Heteroneura, defined by differing hindwing versus forewing
venation, frenular wing coupling and associated traits; Eulepi-
doptera, defined by, among other traits, origin of the pilifers
and of an advanced locking mechanism in the proboscis; and
Euheteroneura. The evidence remains less conclusive on several
other nodes. Micropterigidae have long been thought to be the
sister group to remaining Lepidoptera, a placement corrobo-
rated by early molecular evidence (Wiegmann etal., 2000).
In two recent analyses based in part on the 19-gene dataset of
Regier etal. (2013), however, Micropterigidae are the sister
group to Agathiphagidae (Fig. 1B), with weak to strong support
depending on the analysis (Kristensen eral., 2015; Regier
etal., 2015a). Within Glossata, Lophocoronidae are strongly
supported as the sister group to Hepialoidea, contradicting the

morphological clades Myoglossata, defined by possession of
a proboscis with intrinsic musculature, and Neolepidoptera,
defined by, among other traits, musculate, crochet-bearing larval
abdominal prolegs. The basal divergences among glossatans
are otherwise weakly resolved. The position of Andesianoidea,
discovered subsequent to the early morphological work, has not
been established conclusively by molecular evidence, though it
is consistently grouped with Adeloidea, sometimes with strong
support (Mutanen etal., 2010). Finally, the basal divergence
within Euheteroneura, and hence the sister group to the enor-
mous clade Ditrysia (98% of the Lepidoptera), has not been
discernible from morphology, while the molecular evidence has
been contradictory (Regier et al., 2015a).

In this paper we bring the greatly expanded gene sampling of
RNA-Seq to bear on nonditrysian phylogeny, particularly those
aspects that were not conclusively resolved by the combination
of morphology and previous PCR-based multi-gene studies. We
analysed up to 2212 genes in each of 28 species representing
all 12 superfamilies of nonditrysians (Regier eral., 2015a)
plus outgroups and representative Ditrysia, obtaining strong
bootstrap support at every node, and compare the results against
previous hypotheses.

© 2016 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12217



Materials and methods
Taxon sampling

The primary aim of this study was to re-examine the rela-
tionships of the nonditrysian superfamilies with each other and
with Ditrysia. We sampled a total of 21 nonditrysian species
representing all 12 superfamilies and 15 of 21 families recog-
nized by Regier etal. (2015a), plus four species representing
four early-diverging lineages of Ditrysia (Regier et al., 2015b).
Exemplars of three divergent superfamilies of Trichoptera were
used as outgroups. Of the 28 total transcriptomes analysed here,
18 were generated de novo for this study, three represent reanal-
yses of sequence data previously reported by us (Bazinet et al.,
2013), and seven represent de novo reassemblies of sequence
reads reported by others (Kawahara & Breinholt, 2014; Misof
etal., 2014; Peters et al., 2014). The exemplars included in this
study, and the sources of the data for each, are listed in Table S1.

The 21 specimens from which we generated RNA-Seq data
were obtained by our collecting and with the gracious assis-
tance of collectors around the world (see Acknowledgements).
They were stored in 100% ethanol at —85°C, as a part of the
ATOLep frozen tissue collection at the University of Mary-
land, College Park, U.S.A. Some had been stored for over
20 years. The species sequenced and specimen accession num-
bers are listed in Table S1. Most of the specimens we prepared
(15) were adults, while six were larvae (Table S1). Nucleic
acid extraction used only the head and thorax for most adult
specimens, leaving the abdomen and genitalia as a voucher,
although the entire specimen was consumed for small adults
and most larvae. For very small moths (Zischeria Zeller, Tine-
ola Herrich-Schiffer), multiple conspecific individuals were
extracted together. DNA ‘barcodes’ were generated for all taxa,
either by us, using standard primer sequences with M13 tails
(Regier & Shi, 2005), or, more typically, by the All-Leps Bar-
code of Life project (http://www.lepbarcoding.org). COI DNA
barcodes were checked against the Barcode of Life Data sys-
tem reference library (Ratnasingham & Hebert, 2007) to confirm
specimen identifications and also to facilitate future identifica-
tion of specimens whose identity is still pending, i.e. species
listed as ‘sp.” or ‘unidentified’ in this report.

De novo RNA-Seq data generation for 18 taxa

About half of the extracts used in this study (see Table S1)
had been prepared for previous reverse transcription PCR-based
studies (e.g., Regier eral., 2015a,b) and stored at —80°C for
Syears or more. The rest were prepared de novo, using kits
specifically designed for retrieval of low-quantity RNA. These
kits made it possible to obtain RNA-Seq data from specimens
that had been stored in 100% ethanol at —80°C for up to 20 years.
A few of these specimens had even been dried before they were
placed in ethanol.

Nucleic acids were extracted using Promega SV total RNA
isolation mini-kits either with (five taxa) or without DNase
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digestion (18 taxa) (Promega, Fitchburg, WI, U.S.A.). Follow-
ing DNase digestion, the RNA-only preps (five taxa) were sub-
jected to poly-A selection and indexed library construction for
sequencing on an Illumina (San Diego, CA, U.S.A.) HiSeq
1000 in the University of Maryland-Institute for Bioscience
and Biotechnology Research Sequencing Core. The remaining
extracts of total nucleic acids (18 taxa) were used to produce
cDNAs with low-input Clontech kits for either poly-dT priming
(SMARTer Ultra Low input RNA kit —v3, #634849) or universal
priming (#634940) (Clontech, Woburn, MA, U.S.A.). Follow-
ing shearing to 200 bp size with a Covaris instrument (Moun-
tain View, CA, U.S.A.) cDNA fragments were used for indexed
library construction (Clontech kit #634947 for low input). Fol-
lowing Hittinger et al. (2010), libraries were left unnormalized
so as to favour highly expressed genes likely to be present in
most species and all life stages. Libraries were run eight per
lane, yielding an average of approximately 58 million 100 bp
paired-end reads per taxon in high-output mode (15 taxa; Table
S2) or approximately 33 million reads in rapid-run mode (nine
taxa). For three taxa, two sequencing runs were made, once in
each mode, and the data combined. Previously published tran-
scriptome libraries obtained by other investigators, which were
either 100 bp paired-end (Micropterix Hiibner and Philopota-
mus Stephens) or 150 bp paired-end (five others), averaged about
37 million reads per taxon (Table S2). The Illumina reads for the
18 newly sequenced taxa are available in the NCBI Sequence
Read Archive as part of BioProject PRINA222254.

Sequence quality control and transcript assembly

Quality control of sequence reads and transcript assembly
had previously been performed for four of our taxa (Dryadaula
Meyrick, Palaephatus (Palaephatus), Phymatopus Wallengren,
and Thyridopteryx Haworth in Table S1; Bazinet eral., 2013)
and was not repeated here. We performed quality control and
assembly for the remaining newly generated transcriptomes and
seven previously published transcriptomes with the updated
methods described here.

We used the default Illumina HiSeq 1000 quality filter,
which ensured that at least 24 of the first 25 template cycles
had a ‘Chastity’ value greater than 0.6. The Chastity value
is a ratio between the highest intensity and the sum of the
two highest intensities. We discarded reads that did not pass
the Chastity quality filter (6% per sample; Table S2). We
then used AutoAaDAPT (AUTOADAPT, 2014), which in turn
calls FasTQc (FastQC, 2014) and cuTADAPT (Martin, 2011)
with default settings to detect and remove overrepresented
sequences, as well as to trim and remove low-quality reads.
To look for possible cross-sample contamination, J. Breinholt
(personal communication) kindly screened our samples using
an unpublished procedure. The estimated average frequency of
contaminants was less than 2%, a level we considered unlikely
to affect our phylogenetic analyses. We assumed that other
contaminants, if present, would be removed by our orthology
determination and paralogy filter workflow (see later).

© 2016 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12217
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De novo transcriptome assembly was initially performed using
both TRINITY [versions 2.0.6, r2014-07-17, r2014-04-13, and
r2013-02-25; (Grabherr et al., 2011)] and TRANS-ABYSS [version
1.4.4; ABySS version 1.5.2; (Birol et al., 2009; Robertson et al.,
2010)]. Assembly statistics, including numbers and length of
transcripts and N50 (the length N for which 50% of all bases
are contained in contigs of length L < N), are given in Table S2.
A typical TRINITY assembly required greater than 100 GB RAM
and finished in 24-96h using 16 processing cores. A typi-
cal TRANS-ABYSS run required less than 4 GB RAM and a sin-
gle processor, finishing in 1-2h. The same was true for each
constituent ABYSS run, of which there were 23 per sample
(kranged from 52 to 96 in steps of two). In general, TRINITY used
more RAM and produced fewer transcripts than TRANS-ABYSS,
but it produced longer transcripts (Table S2). Combining the
TRINITY and TRANS-ABYSS assemblies yielded a slightly more
complete data matrix than using either assembly by itself, so
for ten taxa analysed early in this study [Dryadaula, Eudar-
cia Clemens, Palaephatus (Palaephatus), Phymatopus, Ptys-
soptera Turner, Thyridopteryx, Tineola, Tischeria, Micropterix,
and Philopotamus] we used the combined assembly through-
out the workflow. For the remaining taxa, however, we used
only TRINITY. Comparative assembly statistics for Micropterix
and Philopotamus, given in Table S3, show that our TRINITY
assemblies yield more and larger contigs than the NEWBLER
assemblies used by Peters ef al. (2014). Similar trends were seen
in comparisons of our assemblies to the SOAPDEVNOVO-TRANS
(Xie etal., 2014) assembly of Nemophora llliger & Hoff-
mannsegg by Kawahara & Breinholt (2014). Our assemblies
are deposited in the NCBI Transcriptome Shotgun Assembly
Database (https://www.ncbi.nlm.nih.gov/genbank/tsa/) as part
of BioProject PRINA222254, with contigs <200 bp eliminated
as required by the database. The unfiltered assemblies are avail-
able in Dryad (doi:10.5061/dryad.hj278).

Orthology determination: constructing a Lepidoptera-specific
orthologue database

In a previous study (Bazinet etal., 2013) we conducted
orthology determinations using a database of ‘known’ ortho-
logues assembled from a broad taxon sampling across the
insect orders, other arthropods and related phyla. We hypoth-
esized that the number and reliability of orthologues iden-
tified within Lepidoptera would have been greater if we
had started from a database built using only lepidopteran
genomes (see also Kawahara & Breinholt, 2014). In building
a Lepidoptera-specific nuclear gene database for this study, we
first downloaded peptide and coding sequences for Bombyx
mori L., Heliconius melpomene L., and Danaus plexippus L.
from Ensembl Metazoa, release 22 (Cunningham et al., 2014;
Flicek etal., 2014). Providing all the peptide or gene sequence
identifiers as input, we built up orthologous groups using
the one2one, one2many, many2many, within_species_paralog,
putative_gene_split, and contiguous_gene_split homology rela-
tionships defined in Ensembl that involved any two of these three
taxa (Cunningham eral., 2014). We required an orthologous

group to contain a Bombyx L. sequence and a minimum of one
butterfly sequence (either Danaus or Heliconius), which resulted
in 7042 orthologous groups. From Ensembl we retrieved the
‘genetree alignment’ corresponding to each orthologous group;
from each genetree alignment we extracted only the sequences
belonging to the three Lepidoptera species of interest, removed
gaps, and realigned the amino acid sequences using the linsi
algorithm in MAFFT (Katoh & Frith, 2012) and our custom
LEP62 substitution matrix (see later). We built a preliminary
moth + min-one-butterfly database for use with HAMSTR (ver-
sion 13.2.2; [Ebersberger et al., 2009]) consisting of 7042 profile
hidden Markov models (pHMMs) derived from the MAFFT align-
ments, and a BLAST database containing the complete proteome
of B. mori, our designated reference taxon as required by HAM-
STR.

Upon visual inspection, some of the amino acid alignments
in the moth 4+ min-one-butterfly database appeared to be sub-
optimal. To avoid including such alignments, we first used
T-COFFEE (Notredame et al., 2000) to calculate a similarity score
for each alignment in the database, finding a median align-
ment similarity score of 81.6%. We then removed alignments
(i.e. orthologous groups) with a similarity score less than 70%,
which roughly corresponded to the lowest quartile of align-
ment similarity scores. This left 5283 orthologous groups in the
moth + min-one-butterfly database.

As we were performing this study, two additional Lepidoptera
genomes became available [Plutella xylostella L. (Yponomeu-
toidea) and Manduca sexta L. (Bombycoidea)], although not
through Ensembl. We incorporated these new taxa into our
nuclear gene database. The Manduca sexta genome data was
obtained from Manduca Base (http://agripestbase.org/manduca;
retrieved late January 2014), and consisted of 27633 tran-
scripts (CDS regions extracted from the original genome/gff3
file using gffread). In the case of Plutella xylostella, two groups
were sequencing the genome independently. The Japanese group
made their genome sequence available through KONAGAbase
(Jouraku et al., 2013), and the Chinese group made theirs avail-
able through DBM-DB (Tang ez al., 2014). The data from KON-
AGAbase consisted of a putative gene set that was the result
of combining their genome and transcriptome gene annotations
(32800 sequences) with a putative ‘unknown’ gene set (39 781
sequences). The data from DBM-DB consisted of the coding
sequence associated with their genome-based gene predictions
(18 073 sequences), together with all ‘unigenes’ from their tran-
scriptome data (171262 sequences). To choose between these
alternatives, we combined the sequences from each data source
(72581 sequences for KONAGAbase and 189 335 sequences
for DBM-DB) and ran each set of sequences against the
moth + min-one-butterfly HAMSTR database. We found that the
‘representative’ sequences (i.e. the sequences that were the best
match to each orthologous group in the database) were longer, on
average, in the DBM-DB data than in the KONAGAbase data,
and also slightly more numerous. Therefore, we used only the
DBM-DB Plutella data in our analyses.

To add Plutella Schrank and Manduca Hiibner to the
moth + min-one-butterfly database we used HAMSTR, set-
ting both the HMM search and the BLAST E-value cutoffs

© 2016 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12217



to 1le—10. This yielded 9739 hits in the Plutella data (4809
unique orthologous groups) and 5593 hits in the Manduca
data (4576 unique orthologous groups). We stipulated that in
order to add a Plutella or Manduca hit sequence to an existing
moth + min-one-butterfly orthologous group, the sequence
needed to be at least half the length of the shortest sequence
in the existing moth + min-one-butterfly orthologous group.
Both the relatively stringent E-value and this minimum length
criterion were an attempt to keep short, potentially spuriously
matching sequences out of the database.

After addition of the Plutella and Manduca sequences, the
orthologous groups in the HAMSTR database were realigned
de novo using MAFFT as before. Following this, we used the
T-COFFEE similarity statistic to evaluate the new alignments.
The median alignment similarity score was 86.2%; once again,
we removed alignments with a similarity score less than 70%
(131 alignments), leaving 5152 orthologous groups in the
moth + min-one-butterfly database. We did no further realign-
ments after this point. The 5152-gene moth + min-one-butterfly
database, together with gene identifiers, available annotations,
and pHMMs for use in orthologue search (see below), is avail-
able in Dryad (doi:10.5061/dryad.hj278).

Orthology determination: identifying orthologues in our
assemblies

To infer orthology, we used HAMSTR (version 13.2.2; [Ebers-
berger eral., 2009]), which in turn used BLASTP (Altschul
etal., 1990), GENEWISE (Birney eral., 2004) and HMMER
(Eddy, 2011) to search our assembled transcriptome data for
translated sequences that matched a set of previously con-
structed amino acid gene models specific to Lepidoptera (the
moth + min-one-butterfly database of 5152 nuclear genes).

In the first step of the HAMSTR procedure, substrings of assem-
bled transcripts (translated nucleotide sequences) that matched
one of the gene models in the database were provisionally
assigned to the matching orthologous group. To reduce the
number of highly divergent, potentially paralogous sequences
returned by this initial search, we set the E-value cutoff defin-
ing a ‘hit’ to 1le—05 (the HAMSTR default was 1.0), and retained
only the top-scoring quartile of hits. In the second HAMSTR
step, the provisional hits from the HMM search were compared
with a reference taxon (B. mori), for which both a genome
and a transcriptome are available (Mita ez al., 2004; Xia et al.,
2009; Li etal., 2012), and retained only if they survived a
reciprocal best BLAST hit test with Bombyx. In our implemen-
tation, we substituted FASTA (specifically, the FASTY program;
Pearson & Lipman, 1988) for BLAST, and substituted a cus-
tom LEP62 substitution matrix (see later) for the more usual
BLOSUM62 (Henikoff & Henikoff, 1992). We set the E-value
cutoff for the FASTA search to 1e—05 (the HAMSTR default was
10.0). Amino acid sequences from our transcripts, once assigned
to orthologous groups, were aligned using the addfragments
option in MAFFT (Katoh & Frith, 2012) and our custom LEP62
substitution matrix, in which procedure the Bombyx sequences
were considered the reference alignment to which the transcript
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fragments were added. The resulting amino acid alignments
were then converted to the corresponding nucleotide alignments
using a custom Perl script that substituted for each amino acid
the proper codon from the original coding sequence.

Orthology determination: creating the LEP62 custom amino
acid substitution matrix

A recent study showed the utility of using clade-specific
amino acid substitution matrices in de novo orthology prediction
for mollicute genomes (Lemaitre eral., 2011). As we perform
amino acid alignments at several points in our own phyloge-
nomic workflow, and these rely on a well-calibrated amino acid
substitution matrix (usually BLosUM62 by default), we hypoth-
esized that these alignments would be improved if we used a
substitution matrix derived from Lepidoptera-specific protein
alignments.

We had initially constructed 7042 orthologous groups from
Ensembl genome data. As part of our initial investigation, we
calculated [using T-COFFEE (Notredame et al., 2000) and custom
Perl scripts] that the average sequence identity of the aligned
orthologous groups was 61.997%. To build the LEP62 matrix,
we ran the scripts of Lemaitre etal. (2011); this package also
included the BLosUM program (Henikoff & Henikoff, 1992).
We found that 86/200 entries differed between the LEP62 and
BLOSUMO2 matrices. More details can be found in Table S6.

In seeking to test the utility of the LEP62 matrix in sim-
ilarity searches, we, like Lemaitre eral. (2011), could find
no straightforward way to have BLAST use a custom substi-
tution matrix. Instead we used the FASTA package (Pearson
& Lipman, 1988), which readily accepted custom substitution
matrices. Using a sample protein sequence from our transcrip-
tome data, we performed five searches against the NCBI NR
database with different combinations of alignment program and
substitution matrix: BLAST + BLOSUMO62; FASTA + BLOSUMO2;
FASTA + LEP62; SSEARCH + BLOSUM62; and SSEARCH + LEP62
(Table S7). We found that (i) the top two hits were the same
in each search (Bombyx and Danaus Kluk sequences, respec-
tively); (ii) SSEARCH produced better E-values than FASTA; and
(iii) LEP62 produced better E-values than BLOosUM62. Here,
‘better’ is defined as providing more discrimination.

We then performed the same five searches using the Bom-
byx proteome as the database (Table S7). The top hit was
the same in each search, and had a much lower E-value than
any other hit. In this case the top hit was probably the only
‘good’ hit in the database. Once again, we found that our dis-
criminatory power was highest with ssearch and the LEP62
matrix. After conducting these tests, we felt reasonably confi-
dent that using programs from the FASTA package in conjunction
with the LEP62 matrix had the potential to improve workflow
performance.

To test the efficacy of the LEP62 matrix in our workflow,
we made incremental modifications to HAMSTR (version 13.1;
[Ebersberger et al., 2009]) and ran our Antaeotricha schlaegeri
(Zeller) (‘Ant’) RNA-Seq sample against the 7042-gene
moth + min-one-butterfly database after each modification.

© 2016 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12217
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These modifications and the corresponding statistics generated
from each HAMSTR run can be found in Table S8. With HAMSTR
we used the FASTY program from the FASTA package instead of
SSEARCH, despite the fact that in our previous tests SSEARCH per-
formed best. This is because SSEARCH only supports DNA:DNA
or protein:protein comparisons, whereas we needed to search
a protein database with a translated nucleotide query. Overall,
there was a slight increase in the number of hits when LEP62
was used, as we would expect. The only modification we made
to HAMSTR that does not strictly pertain to the LEP62 matrix
involved running pseg (Wootton & Federhen, 1996) on the
Bombyx BLAST database to mask low-complexity regions. This
procedure resulted in a substantial decrease in the number of hits
(Table S8); presumably, we lost hits to low-complexity regions
that were not desirable in the first place. We later discovered
another place to use LEP62, namely, in the call HAMSTR makes
to GENEWISE (Birney eral., 2004). This change, however, had
only a minor effect on HAMSTR search statistics.

Ultimately we wanted to characterize the impact of using
the LEP62 matrix throughout the workflow on the outcome
of phylogenetic analyses. Previously we had analysed a
16-taxon, 2884-gene data matrix to test an early version of the
moth + min-one-butterfly database, using GARLI 2.0. (Zwickl,
2006). This matrix was constructed with an older version of
HAMSTR (version 9; Ebersberger et al., 2009) that had none of
the modifications just described. We rebuilt the matrix using
the modified version of HAMSTR and repeated the phylogenetic
analyses. The new 16-taxon, 2884-gene matrix had about
10% fewer residues than the previous one and was slightly
more complete. This correlated with the statistics for the ‘Ant’
sample, for which the final total number of sequences was
about 10% less than the starting total (Table S8). The new
phylogenetic analysis, also computed with GARLI (110 best tree
search replicates; 279 bootstrap replicates; five search repli-
cates per bootstrap replicate), yielded the same topology as the
previous one, with comparable bootstrap support. While use of
the LEP62 matrix did not noticeably improve the phylogenetic
results, neither did it worsen them. Given that using an amino
acid substitution matrix specific to the study group makes sense
a priori, we used the LEP62 matrix for all analyses in this
study. The LEP62 substitution matrix can be found in Dryad
(doi:10.5061/dryad.hj278).

Paralogy filtering and data matrix construction

To screen for possible paralogues remaining among the 5152
nuclear genes in our dataset, we constructed a maximum like-
lihood (ML) gene tree, based on all nucleotides unpartitioned,
for each orthologous group that was represented in at least 21
of our 28 taxa (75%). We used all sequences within each taxon
that were assigned to that orthologous group. Initial orthol-
ogy assignment often yields multiple sequences for individ-
ual taxon/locus combinations. This intraspecies variation can
reflect the presence of multiple orthologues, heterozygosity,
alternatively spliced transcripts, paralogy (including inparalogs;
Sonnhammer & Koonin, 2002), and sequencing errors, among

other possibilities. Gene tree construction used all of these
variants. Each gene tree was a 50% majority-rule consensus of
100 bootstrap replicates.

We then provided the gene trees as input to PHYLOTREEP-
RUNER (Kocot et al., 2013). If the sequences from any one taxon
formed a polyphyletic group supported by bootstrap of 80% or
more, the program pruned that gene tree to the maximal sub-
tree in which the nonpolyphyly criterion was met for all taxa.
Gene trees were constructed for only 3264 of the 5152 orthol-
ogous groups (~63%), as the others had fewer than 21 taxa.
PHYLOTREEPRUNER pruned 1369 of the 3264 gene trees (x42%)
to some extent. Pruned gene trees were then eliminated if they
contained fewer than 21 taxa, which was the case for 1052 trees.

At this point in the workflow there are still multiple sequences
per taxon/gene combination. These need to be reduced to a sin-
gle sequence for phylogenetic analysis. We previously evaluated
two different approaches, ‘representative’ (Ebersberger et al.,
2009) and ‘consensus’ (Bazinet et al., 2013), for reducing this
variation to a single sequence, as required for phylogenetic anal-
ysis. As ‘consensus’ slightly outperformed ‘representative’ in a
previous study (Bazinet e al., 2013), in this study we used only
the consensus procedure, which uses degeneracy coding where
necessary to combine information from all variant sequences
into a single sequence for inclusion in the phylogenetic
data matrix.

Following application of the paralogy filter and the consen-
sus procedure, the 2212 surviving putative orthologue align-
ments were concatenated, adding gaps for missing data as neces-
sary using a custom Perl script. The numbers of genes obtained
for each taxon and their mean sequence length are shown in
Table S4. The data were analysed both under the degenl cod-
ing of Regier etal. (2010; version 1.4), which degenerates all
synonymous differences using ambiguity coding (degenl), and
with all nucleotides included unaltered and partitioned by codon
position (nt123 partitioned). For these analyses, we removed
sites not represented by sequence data in at least four taxa. Size
and completeness statistics for the two paralogy-filtered matri-
ces of 2212 nuclear genes are given in Table S5. The individ-
ual gene alignments and gene identifiers/available annotations
for the 28-taxon, 2212 OG analyses, and the concatenated data
matrices, can be found in Dryad (doi:10.5061/dryad.hj278).

Phylogenetic analysis

Our phylogenetic analyses used the ML criterion as imple-
mented in RAXML version 8.2.3 (Stamatakis, 2014). We used a
general time-reversible substitution model (GTR; Tavaré, 1986)
with a rate heterogeneity model with a proportion of invari-
ant sites (+I; Hasegawa et al., 1985) and the remainder with a
gamma distribution (+G; Yang, 1993), and raxmL default set-
tings, including the default rapid hill-climbing algorithm and
parsimony starting trees. Each analysis consisted of ten search
replicates plus 100 bootstrap (BP) replicates with one search
replicate each. We used DENDROPY (Sukumaran & Holder, 2010)
to plot BP values onto the best tree. The phylogenetic analyses
were performed using the computing resources available at the

© 2016 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12217
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Fig. 2. Maximum likelihood estimate of phylogenetic relationships among nonditrysian Lepidoptera from 2212 gene sequences obtained by RNA-Seq.
Best tree obtained from ten RAXML searches under a GTR 4+ 1+ G model for degenl and nt123 partitioned by codon position, both of which found
the same topology. Bootstrap values are presented above branches. Nodes within Lepidoptera are numbered (to the right of the node) for purposes
of discussion. Nomenclature follows Regier eral. (2015a,b). P. (Palaephatus) = Palaephatus subgenus Palaephatus; P. (Prophatus) = Palaephatus

subgenus Prophatus.

University of Maryland, College Park. Each search replicate ran
on a single node using 20 cores and 128 GB RAM, and required
several hours of runtime.

From only the description we present here, it might appear that
our data exploration and tree search effort were rather limited.
The workflow and phylogenetic results just described, however,
are only the final step in an extensive series of experiments
that explored the behaviour of the data under a wide variety of
analytical conditions (see Discussion). The preliminary analyses
and results are described in File S1.

Results and discussion

Figure 2 shows the maximum likelihood tree inferred under
degenl coding (Regier etal., 2010), together with bootstrap

values for both degenl and nt123 partitioned. All bootstrap
values for degenl are 100% except for three that are 99%
and one that is 75%. The same topology holds under nt123
partitioned, with all 100% bootstrap values except that four
nodes have BP=90%. It appears that both synonymous and
nonsynonymous change strongly support this topology, which is
shown for degenl as a phylogram in Figure S1. Figure 3 shows
relationships among the subfamilies, simplified from Fig. 2,
together with representative images for all of the subfamilies.
Further illustrations of all the nonditrysian families can be
found in Regier et al. (2015a).

We now compare the present results with those from other
recent molecular studies, and review their implications for
our understanding of relationships among the nonditrysian
superfamilies. Our treatment proceeds from the bottom to the
top of the tree in Fig. 2, referring to the node numbers therein.

© 2016 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12217



8 A. L. Bazinet et al.

Euheteroneura

100/100

100/100[

Tischerioidea

Eulepidoptera —_,
100/100

Heteroneura

Glossata

Angiospermivora Hepialoidea -»

Eriocranioidea -»

Lepidoptera .
100/100

Agathiphagoidea
A

Micropterigoidea

Trichoptera

Fig. 3. Summary estimate for relationships among nonditrysian superfamilies, with bootstrap support, simplified from Fig. 2. Inset panels provide
representative images for each superfamily. Format for panel legends: superfamily; family (if superfamily not monobasic); genus, species (if known);
approximate (forewing) length if available; image author and/or source (for images taken from the web); licence code and link to source. Key
to source and licence codes: CC, creative commons; A, attribution (only); x.x, version number for creative commons licence; G, generic; WK,
Wikipedia; PD, public domain. Specifications for all of the creative commons licences can be found at https://creativecommons.org/licenses. (A) The
phylogeny; (B) Trichoptera; D. Hobern; WK; CCA2.0G; (C) Micropterigoidea; Micropterix aureoviridella (Hofner); 3.5 mm; M. Kurz; WK; CCA2.0G;
(D) Agathiphagoidea; Agathiphaga vitiensis Dumbleton; 10 mm; T. J. Simonsen; (E) Heterobathmioidea; Heterobathmia pseuderiocrania Kristensen
& Nielsen; 4mm; N. P. Kristensen; (F) Neopseustoidea; Neopseustidae: Neopseustis meyricki Hering; 10 mm; (G) Eriocranioidea; Dyseriocrania
subpurpurella (Haworth); 5 mm, Svdmolen; WK; CCA2.5G; (H) Eriocranioidea; Eriocrania semipurpurella (Stephens); <5 mm; Charley Eiseman;
(I) Hepialoidea; Hepialidae: Korscheltellus lupulinus (L.); 30 mm; Jeffdelonge; WK; ©entomart; (J) Hepialoidea; Hepialidae: Korscheltellus lupulinus
(L.); 30 mm; Jeffdelonge; WK; CCA2.0G; (K) Lophocoronoidea; Lophocorona pediasia Common; 5mm; N.P. Kristensen; (L) Nepticuloidea;
Nepticulidae: Stigmella aceris (Frey), larva in mine; Gyorgy Csoka; Hungary Forest Research Institute, Bugwood.org; CCA3.0; (M) Nepticuloidea;
Nepticulidae: Bohemannia quadrimaculella; 3 mm; Janet Graham; WK; CCA2.0G; (N) Andesianoidea; Andesiana lamellata Gentili; (O) Adeloidea;
Adelidae: Nemophora bellela (Walker); 9 mm; (P) Adeloidea; Incurvariidae: Incurvaria masculella (Denis & Schiffermiiller); 6 mm; D. Hobern; WK;
CCA2.0G; (Q) Adeloidea; Heliozelidae; Antispila nysaefoliella Clemens, last-instar larvae in oval cases cut from Nyssa leaf; 3 mm; (R) Tischerioidea;
Coptotriche angusticollela (Duponchel); 4 mm; Gyorgy Csoka, Hungary Forest Research Institute, Bugwood.org; CCA3.0; (S) Tischerioidea; Tischeria
ekebladella (Bjerkander), larva; Gyorgy Csoka, Hungary Forest Research Institute, Bugwood.org; CCA3.0; (T) Palaephatoidea2; Azaleodes micronipha
Turner; 10 mm; T. J. Simonsen; (U) Palaephatoideal; Palaephatus falsus Butler; 11 mm; (V) Tineoidea; Psychidae: Thyridopteryx ephemeraeformis
(Haworth); 50 mm; Gerald J. Lenhard, Louisiana State University, Bugwood.org; CCA3.0; (W) Tineoidea; Tineidae: Acrolophus texanella Chambers;
10 mm; A. Reago & C. McClarrene; CCA2.0G. [Colour figure can be viewed at wileyonlinelibrary.com].

© 2016 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12217



Earliest divergences in the Lepidoptera

The basal phylogenetic split within Lepidoptera has been a
notable point of uncertainty. In the morphology-based hypoth-
esis of Kristensen (2003; Fig. 1A), Micropterigidae and then
Agathiphagidae branch off successively from the remaining lep-
idopterans. This hypothesis was strongly supported by an early
molecular study (Wiegmann et al., 2000) and a combined analy-
sis of 18S rDNA data and morphology (Wiegmann et al., 2002).
In contrast, the grouping of Micropterigidae + Agathiphagidae
was favoured with weak to moderate support in 19-gene studies
by Regier et al. (2013, 2015a), and with moderate to strong sup-
port by Kristensen ez al. (2015), who combined the nonditrysian
data from Regier ez al. (2013) and Mutanen et al. (2010). While
this history demonstrates the existence of inter-gene conflict, the
present result suggests that the preponderance of molecular sig-
nal strongly favours the morphological hypothesis, under which
Micropterigidae alone are sister group to the remaining Lepi-
doptera (Fig. 2, node 2). This finding was constant across all
analyses of the present dataset (see later).

Corroborating previous molecular studies, our results strongly
and invariably support the clade termed Angiospermivora by
Regier eral. (2015a; Fig. 2, node 3), for which morphological
evidence has also been strong (Fig. 1A, B; review in Regier
etal., 2015a). We also corroborate (but see caveat later) the
clade Glossata (Fig. 2, node 4), defined by origin of the sucking
proboscis found in the vast majority of extant Lepidoptera, for
which there is extensive previous support.

Morphological and molecular forms of evidence have been
in conflict, however, on basal relationships within the Glossata
(see Regier eral., 2015a for detailed review of the morpholog-
ical evidence). In the morphological hypothesis (Fig. 1A), the
first split separates Eriocranioidea from the clade Coelolepida.
The basal divergence within Coelolepida then separates Acan-
thopteroctetidae from the rest, followed by the divergence of
Lophocoronidae from the clade Myoglossata, defined by the
origin of intrinsic muscles within the proboscis. Myoglossata
are then divided basally into Neopseustoidae and the clade
Neolepidoptera. Finally, the Neolepidoptera divides basally
into the clade Mnesarchioidea + Hepialoidea (=Hepialoidea
sensu lato of Regier eral., 2015a) versus the clade Heteroneura,
which is strongly supported in all previous molecular and
morphological studies.

Previous molecular phylogenies have departed strongly from
this morphological arrangement while also leaving multiple
nodes weakly supported. Regier eral. (2013, 2015a) (Fig. 1)
reported monophyly, though with weak support, for a definition
of Neopseustoidea that includes Acanthopteroctetidae (Fig. 1B),
while Kristensen eral. (2015) found very strong support for
monophyly of Neopseustoidea in this sense if the newly dis-
covered family Aenigmatineidae is also included. This grouping
renders the clade Myoglossata polyphyletic (Fig. 1A). Further,
Regier etal. (2013, 2015a) and Kristensen et al. (2015) found
very strong support (Fig. 1B) for the grouping of Lophocoro-
nidae with the expanded Hepialoidea of Regier etal. (2015a).
This pairing renders Neolepidoptera polyphyletic. Previous
molecular evidence, in sum, divides Glossata into four strongly
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supported clades: (i) Eriocranioidea; (ii) Neopseustoidea sensu
lato; (iii) Lophocoronoidea + Hepialoidea sensu lato; and (iv)
Heteroneura. However, relationships among these four are very
weakly supported in all previous molecular studies.

The current study samples one or more families from each
of the four main glossatan clades, and finds strong support for
yet another arrangement of these (Fig. 2). The first lineage to
branch off from the rest in our tree consists of Neopseustoidea
sensu lato (strongly corroborated here) plus Eriocranioidea
(Fig. 2, node 5). The pairing of these superfamilies has not
been previously proposed, and there are no obvious candi-
date synapomorphies. The second main split within Glossata
in our tree (Fig. 2, node 6) separates Heteroneura from a
clade consisting of Lophocoronoidea + Hepialoidea. The group-
ing of these superfamilies was also strongly supported in Regier
etal. (2015a). This new hypothesis contradicts monophyly for
Coelolepida as well as Myoglossata and Neolepidoptera, and
possible morphological support for it has not been explored.
On the other hand, it contradicts no strong previous molecu-
lar grouping and is the only arrangement so far with strong
bootstrap support.

While we thus present a reasonable working hypothesis for
basal glossatan relationships, we regard this region of our tree,
especially nodes 5-7, to be distinctly less reliable than the
rest, for several reasons. These are the only nodes in the tree
to have less than 100% bootstrap support in both degenl and
nt123 partitioned analyses despite the massive number of loci.
In addition, two of these nodes (5 and 6) have no prior support
from either molecular or morphological data. (In contrast, node
7, Lophocoronidae + Hepialoidea, is strongly supported in
Regier et al., 2015a.)

Further evidence comes from the numerous preliminary
analyses we conducted before arriving at the workflow pre-
sented here. Those explorations, described in File S1, treated,
among other variables, methods of alignment filtering, choice
of phylogenetic software, taxon sampling, data matrix com-
pleteness, different implementations of PHYLOTREEPRUNER
(Kocot eral., 2013), phylogenetic gene selection (Chen etal.,
2015) and fraction of taxa represented for each gene. The
current workflow was ultimately chosen because it gave the
most consistent and strongly supported results that did not reject
monophyly for Glossata, one of the most securely established
clades in all of Lepidoptera (Kristensen & Skalski, 1998; Regier
etal., 2013, 2015a). Across these analyses, most of the tree
remained constant with 100% bootstrap support. Most notably,
the monophyly and internal phylogeny of Heteroneura were
invariant (with one minor exception), with bootstrap support
nearly always 100%. In sharp contrast, topology and bootstrap
support among the early-diverging lineages of Glossata (and
even monophyly of Glossata itself) varied greatly, sometimes
showing 100% bootstrap support for one or more groupings
contradicting those in Fig. 2. Conflicting results of this kind,
which probably reflect conflicts among genes, reinforce the
argument (e.g. Salichos & Rokas, 2013) that, in phyloge-
nomics, high bootstrap support is necessary but not sufficient
evidence for drawing strong conclusions. Thorough exploration
of tree and character space is needed.

© 2016 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12217
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Heteroneuran relationships and the position of Ditrysia

In contrast to those among homoneurous glossatans, the rela-
tionships among major lineages of Heteroneura (and monophyly
of the latter; node 8) were invariable in our present results, with
nearly always 100% bootstrap support. We corroborate previ-
ous strong evidence for successive origin of the clades Eulepi-
doptera (node 9) and Euheteroneura (node 11). We also find
100% bootstrap support (though under nt123 partitioned only)
for a sister-group relationship of Andesianoidea to Adeloidea
(node 10), a consistent grouping in molecular studies.

Within the Euheteroneura, our results very strongly resolve a
position for the enormous clade Ditrysia (>98% of the Lepi-
doptera), a hitherto incompletely solved problem (Regier et al.,
2015a). We strongly corroborate, with increased gene and taxon
sampling, a previous finding of paraphyly for Palaephatidae
(Regier etal., 2013, 2015a). The two Australian palaephatid
genera, now joined by the South American Metaphatus Davis,
are invariably grouped with Tischeriidae (Fig. 2, node 12). A
subset of the South American palaephatids, now represented by
both subgenera of Palaephatus Butler, are very strongly and
invariably supported as sister group to the Ditrysia. Conflict-
ing previous molecular findings on this question (Regier et al.,
2015a) demonstrate the presence of disagreement among genes,
but it now appears that the great preponderance of molecular
evidence places Palaephatus and close relatives as sister group
to the Ditrysia, to the exclusion of the remaining palaephatids
plus Tischeriidae. This finding should be useful in future
attempts to reconstruct the ground plan of Ditrysia in detail,
in search for clues as to the causes of the spectacular ditrysian
radiation.

Our findings are consistent with Nielsen’s (1987) proposal
of a basal split within palaephatids between an entirely South
American clade containing Palaephatus and Prophatus (which
he treated as a separate genus) and a clade containing both
South American and Australian genera, including Metaphatus
(South America) and Azaleodes Turner (Australia), both sam-
pled here. Nielsen, however, did not consider the possibility that
Palaephatidae might not be monophyletic. In the future we will
re-examine both the morphological and molecular evidence on
all the taxa now placed in Palaephatidae, including those not
sampled here. The goal of that study, which is beyond the scope
of the present work, will be to determine where each taxon falls
in the phylogenetic dichotomy found here, and whether and
how the family classification of nonditrysian Euheteroneura
needs to be revised.

In summary, we believe that Fig. 2 presents the most cred-
ible, most strongly supported hypothesis of nonditrysian rela-
tionships to date. That hypothesis, summarized at the super-
family level in Fig. 3, is almost entirely consistent with strong
previous molecular evidence and is at least as consistent with
morphological evidence as any previous molecular hypothesis.
Most of the tree, including the position of Ditrysia, has 100%
bootstrap support that is stable to wide variation in the details of
data matrix assembly and analysis. The chief remaining uncer-
tainty about this dataset concerns the basal splits within Glos-
sata, which have been consistently problematic in molecular

studies. Our hypothesis for early glossatan divergences implic-
itly assumes monophyly for Glossata (for which prior evidence
seems conclusive), because we rejected informatic workflows
that did not lead to its recovery. It is possible that other analyses
not explored here could more definitively support or reject the
lower glossatan relationships we propose, which we regard as
the most plausible to date but still provisional.
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