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Supplementary Methods
1. Taxon sampling

Sequences from 186 species of Lepidoptera were used for our study, in addition to
sequences of 17 outgroup species representing other holometabolous insect orders, totaling 203
species (Dataset S1). A total of 187 sequences are transcriptomes; previously-published genomes
were used for the remaining 13 ingroup and three outgroup species were included. Some of these
genomes were used to compile a reference ortholog set (see Section 5). Fifty-eight of the
transcriptomes were newly sequenced by the 1KITE consortium, eleven were newly sequenced
from specimens of the Florida Museum of Natural History, University of Florida (FLMNH,
Gainesville, Florida, USA), and the remaining 118 were from previously-published studies (1-
22). Published transcriptomes were added in order to increase taxon sampling across
Lepidoptera. A full list of sequences with taxonomic information, sources for previously-

published sequences, and GenBank Bioproject accession numbers, are provided in Dataset S1.

2. RNA extraction and sequencing

Nearly all specimens sequenced newly for this study were collected as adults, preserved
in RNAlater (Qiagen, Maryland, USA), and stored at +4 °C or -80 °C until further processing
(Dataset S2). Whenever possible, specimen vouchers for the newly-generated transcriptomes
were kept at the FLMNH. For each specimen at the FLMNH, one pair of wings was removed
and retained as a voucher, following the protocol of Cho ef al. (23). For small specimens, the
entire body was ground with a pestle and used for extraction of total RNA. For large-bodied
specimens, only a piece of the thoracic tissue (usually flight muscles) was used. Detailed

preservation methods for each specimen are provided in Dataset S2.



Total RNA extractions, mRNA isolation, fragmentation, and cDNA library construction
for the 58 samples processed by the 1KITE consortium were performed using the protocols of
Misof et al. (24) and Peters et al. (25). Eight of these samples were extracted using the TruSeq v2
kit and protocol (Dataset S1). Protocols of Kawahara and Breinholt (11) were used for
extraction, fragmentation, and library construction of the eleven samples processed at the
FLMNH.

Paired-end sequencing of the 58 1KITE transcriptome libraries was conducted through
the Beijing Genome Institute (BGI, Shenzhen, Guangdong, China) on HiSeq 2000 or 2500
platforms (Illumina, San Diego, CA, USA) with read lengths of either 90 bp (for libraries
prepared with the TruSeq kit) or 150 bp (for libraries not prepared with the TruSeq kit). The
eleven FLMNH samples were single or paired-end sequenced on a HiSeq 2000 platform, with
read lengths of either 100 or 150 bp, at the sequencing cores of the Florida State University (two
samples), University of Missouri (two samples), and University of Wisconsin at Madison (seven

samples). Approximately 2.5 gigabases of raw data per library were retained.

3. De novo transcriptome assemblies

The 58 IKITE transcriptomes were assembled following the protocol of Peters et al. (25).
The eleven FLMNH transcriptomes were assembled following the protocol of Kawahara and
Breinholt (11). Raw reads were assembled with SOAPdenovo-Trans-63mer (version 1.01) (26).,
using five k-mer values (13, 23, 33, 43, 63) following the additive multiple-k assembly method
of Surget-Groba and Montoya-Burgos (27). Redundant contigs from multiple k-mer assemblies
were combined using CD-HIT-EST (28) and all sequences below 100 bp were removed with the

FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/).



The 58 assembled 1KITE transcriptomes are deposited under the 1KITE Umbrella
Project (PRINA183205) and at the NCBI Sequence Read Archive (SRA) and Transcriptome
Shotgun Assembly Sequence Database (TSA). Raw reads of the eleven FLMNH transcriptomes
are deposited under the project “Evolutionary history of butterflies and moths”
(PRINAS522250) and at the NCBI SRA archive. Assemblies of the FLMNH transcriptomes can
be found in Supplementary Archive 1.

The majority of previously published transcriptomes used in this study were provided as
assemblies that had already been processed and screened by their respective authors (see Dataset
S1 for sources of all previously published transcriptomes). RNASeq data for the additional
samples from previous transcriptomic studies were either downloaded from the NCBI GenBank
SRA database or had their corresponding RNASeq data generated following the protocol of
Breinholt and Kawahara (5). These samples were assembled using the same methods as the
FLMNH assemblies described above. Lastly, the transcripts of all protein coding genes from

eleven published genomes deposited on LepBase (http://lepbase.org/) were added to the dataset.

All assemblies derived from previously published transcriptomes can be found in Supplementary

Archive 1.

4. Contaminant removal

The IKITE transcriptome assemblies were checked for contamination (Dataset S3)
following the protocol of Peters et al. (25). Partial sequences from 70 1KITE assemblies (58 new
assemblies and 12 assemblies previously published in Pauli et al. (16)) were removed from the
analysis after contamination filtering steps. Additionally, all transcripts that NCBI identified as

possible foreign contaminants were removed when submitting the assemblies to the NCBI



Transcriptome Shotgun Assembly (TSA) database. Dataset S3 lists the number of nucleotides
removed from each assembly, which ranged from 16,696 (0.04% of the unfiltered assembled
transcriptome) to 853,228 (2.49% of the unfiltered assembled transcriptome).

We initially detected contamination in three samples sequenced on Illumina lanes. As a
secondary means of detecting contamination, fast approximate Maximum Likelihood (ML)
phylogenetic analyses were conducted with FastTree2 (29), and preliminary ML tree inferences
and bootstrap replicates were obtained in IQ-TREE (30) using methods described later in Section
8, in order to assess the phylogenetic placement of particular taxa. Three contaminated samples
were identified and their 1KITE internal library identifier names are: Scythris scopolella
(Linnaeus) (Gelechioidea: Scythrididae; WHANIsrmTMAGRAAPEI-15), an undetermined
species in the family Nolidae (RINSINITDWRAAPEI-55), and Epipomponia nawai (Dyar)
(Zygaenoidea: Epipyropidac; WHANIsrmTMCHRAAPEI-56). The scythridid sample had 1.3%
cross-contamination not explicitly from this species. The nolid had the full-length COI sequence
from this taxon (pulled from the transcriptome), which was searched with BLASTN against all
Lepidoptera in the BOLD database (31): the COI sequence for this sample did not match with
any lepidopteran species with high confidence. Because the identification of this specimen was
questionable, and the sample could not be confidently placed in any clade in the phylogenetic
tree in preliminary analyses, it was removed from subsequent analyses (see below). A similar
COI search was performed with BLASTN for E. nawai, and although some fragments had a high
degree of similarity to Lepidoptera, other fragments had 99% similarity to the barcode of the
hybosorid beetle genus Hybosorus MacLeay. Furthermore, a preliminary rogue taxon analysis in
the program RogueNaRok (32) revealed that £. nawai should not be included in the dataset.

Epipomponia nawai is a parasitic moth (33), so although the sample sequence may be correct,



the possibility of contamination cannot be excluded. In preliminary phylogenetic analyses, the
three abovementioned species of concern were placed in clades that were very different from
what is expected based on their classification. Consequently, all three contaminated samples

were removed from all subsequent analyses.

5. Ortholog set generation and identification of orthologous transcripts

An ortholog set was compiled based on the OrthoDB v7 database (34), containing
clusters of orthologous sequences such that orthologs had to be present and single-copy (i.e. copy
number equal to 1) in the official gene sets (OGSs) of three reference species, Bombyx mori
(Linnaeus) (OGS v2.0, see Dataset S4), Danaus plexippus (Linnaeus) (OGS v2.0; downloaded
from http://monarchbase.umassmed.edu/resource.html) and Tribolium castaneum (Herbst) (OGS
v3.0, see Dataset S4). The hierarchy was set to Aparaglossata (i.e. all Holometabola except
Hymenoptera; see Peters et al. (25)), and T. castaneum was set as the outgroup. To exclude OGs
that had more than one copy in other Lepidoptera, OGSs of four additional lepidopterans, as they
were implemented in OrthoDB v7 (Heliconius melpomene (Linnaeus) (Nymphalidae), Manduca
sexta (Linnaeus) (Sphingidae), Melitaea cinxia (Linnaeus) (Nymphalidae), Plutella xylostella
(Linnaeus) (Plutellidae)), were screened, and the ortholog groups (OGs) that were either absent
or only occurring in single-copy (i.e. copy number < 1), were kept. This resulted in a set of 3,429
OGs in the final ortholog reference set that was subsequently used to identify OGs in our
assembled transcriptomes. Finally, orthologs were downloaded from OrthoDB v7 as a tab-
delimited table and fasta files. Additionally, the OGSs for the three reference species were
downloaded from their respective genome databases (see above) as amino acids and

corresponding nucleotides (CDS or transcript sequences). OGSs were modified with the Perl



script, make-ogs-corresponding.pl, which is part of the Orthograph package beta4 (35).
Specifically, this script made the following modifications: (i) Make sequence headers that
correspond to the public gene identifiers in the OrthoDB-tab-delimited file. (i7) Remove
sequences with ambiguous or duplicate headers. (iif) Remove protein sequences with no
equivalent nucleotide identification, and vice versa. (iv) Make header names corresponding to
amino acids and nucleotide datasets. (v) Remove terminal stop codons from the protein OGSs of
all species. The ortholog set (table of orthologs and full official gene sets used for the reciprocal
BLAST step on proteins and CDS) used in Orthograph is provided as Supplementary Archive 2.
All transcriptome assemblies were searched for the 3,429 single-copy protein-coding
genes using Orthograph beta4 (35) with the following settings: hmmsearch-score-threshold = 10,
blast-score-threshold = 10, hmmsearch-evalue-threshold = 1e-05, blast-evalue-threshold = 1e-05,
max-blast-searches = 100, blast-max-hits = 100, minimum-transcript-length = 30, orf-overlap-
minimum = 0.5, extend-orf = 1, strict-search = 1 with Bombyx mori and Danaus plexippus as the
reference sequence taxa, substitute-u-with = X. Orthograph results were summarized with a Perl
script which is part of the Orthograph package. The three reference species were kept and
putative internal stop codons and some amino acids were removed (i.e. the amino acid
selenocysteine (U) was replaced with “X” or the equivalent coding nucleotide sequence replaced
with “NNN". The number of average orthologs identified in Orthograph across the 200 taxa was
2,564 (median: 2,592; minimum: 602; maximum: 3,232). Of the 200 taxa, six had less than half
of the 3,429 OGs and 74 taxa had 80% or more of the 3,429 OGs. Orthograph identified a total

of 3,427 of the 3,429 orthologs across all included taxa (see Dataset S4).



6. Alignment, alignment masking, dataset generation

Amino acid transcripts were aligned in MAFFT v7.294 (36) with the L-INS-I algorithm.
Amino acid alignments were screened for outliers and refined, with the remaining outliers
removed from further downstream analyses, using the protocols and scripts provided in the
supplementary material of Misof et al. (24). After outlier removal, alignment columns that only
contained gaps were deleted (24). Corresponding nucleotide alignments were generated using a
modified version of Pal2Nal v14 (37) with amino acid alignments as blueprints. Aliscore v1.2
(38, 39) was used to identify ambiguous and randomly similar aligned sections in the amino acid
alignments. Aliscore was invoked with a custom —r 10?7 option, in order to compare all sequence
pairs in each sliding window (default size), with a special scoring approach for gap-filled amino
acid sites (option -¢). Apart from these options, default parameters were used. Using a custom
Perl script, lists were generated for the nucleotide alignments with corresponding codons to be
excluded. Alicut v2.0 (40) was used to delete ambiguously aligned amino acid and nucleotide
sites that were identified by Aliscore. To reduce the overall amount of missing data, all loci with
less than 70% taxon coverage were removed, resulting in 2,380 OGs. These OGs were further
screened by estimating uncorrected p-Hamming average distance to identify fast-evolving genes,

using the Python script p-distance script.py (https://github.com/Iteasdale). p-Hamming distances

were sorted by size and the largest change (A) between consecutive estimated distances between
0.03 and 0.4 (max) was used to choose an upper limit (0.3214) for OGs included in downstream
analyses. This resulted in 2,098 OGs, excluding particularly divergent OG alignments that might
include non-orthologous sequences. Individual OG alignment files were retained for subsequent
multispecies coalescent analyses, and supermatrices for both amino acid and nucleotide datasets

were generated using FasConCat-G v1.0 (41), along with corresponding files containing



information on the gene boundaries of the masked multiple sequence alignments (Supplementary

Archive 3).

7. Data partitioning and model selection

PartitionFinder2 v2.1.1 (42) and RAXML v8.2.11 (43) were used to merge OGs into an
optimal partitioning scheme for the concatenated amino acid and nucleotide datasets. For the
amino acid dataset, model selection was restricted to five amino acid substitution models
available in RAXML. These were: BLOSUMS62 (44), DCMUT (45), JTT (46), LG (47), WAG
(48). We also included the protein mixture model, LG4X (49) that accounts for FreeRate
heterogeneity, as this mixture model had the best fit in previous phylogenomic studies of insects
(25, 50). We allowed for testing of rate heterogeneity type +G (51) both with empirical rates
(+F) and without empirical rates, and with four rate categories (default setting in RAXML). The
FasConCat-G output file with gene boundary information was used as input and we used the
‘branchlengths = linked’ option, the AICc for model selection (52), and the rcluster search
algorithm (53). Additional options and parameters include: --rcluster-max 10000 --rcluster-
percent 50 --weights 1,1,0,1 -q -p 100 --all-states --min-subset-size 100. The OGs were then
merged into partitions.

The data partitioning analysis was conducted prior to IQ-TREE, allowing for the merging
of OGs into partitions with linked branch lengths, which was done in ModelFinder (54). We
subsequently re-estimated best-fit models using ModelFinder in IQ-TREE v1.5.5 (30, 55) with
the protein mixture model LG4X and all available amino acid substitution models of nuclear
coding genes. We used the following commands to re-estimate models: -st AA -nt 20 -m MF -

msub nuclear -mrate E,I,G,I+G,R -cmin 2 -cmax 10 -madd LG4X -safe. We adjusted partition



boundaries and reordered the amino-acid superalignment with custom-made Perl scripts so that
the OGs that had been merged into one partition were ordered consecutively, which was
necessary for later analyses (see Section 9). The best partitioning scheme and models are
provided in Supplementary Archive 3 and Supplementary Archive 4.

Best-fit models were also selected for the individual amino acid alignments for each gene
using IQ-TREE v1.6.10 (30), for subsequent multispecies coalescent analyses. Model selection
was constrained to the same six substitution models used for the PartitionFinder analysis of the
concatenated dataset. Multiple models of rate variation, including the FreeRate model, were
estimated for each substitution model. The selected models for individual amino acid alignments
are provided in Supplementary Archive 5.

Synonymous signal was removed from the concatenated nucleotide dataset with Degen
v1.4 (56, available from http://www.phylotools.com/ ptdegendownload.htm), which finds all
sites with synonymous substitutions and replaces the corresponding nucleotides with [IUPAC
ambiguity codes. Elimination of synonymous signal has been shown to be advantageous when
conducting phylogenetic analyses focused on estimating deep-level relationships (e.g. 5, 56-59).
The "degen1" nucleotide dataset used the same partitioning scheme as the amino acid
partitioning scheme, but the boundaries of the merged partitions were adjusted to match a
nucleotide dataset (Supplementary Archive 6). Models were re-estimated using ModelFinder in
IQ-TREE v1.5.5 with the following commands: -st DNA -nt 20 -m MF -mrate E,I,G,I+G,R -

cmin 2 -cmax 10 -safe.



8. Tree inference and branch support

Maximum likelihood (ML) tree inferences were conducted on the amino acid dataset and
nucleotide degenl dataset (Supplementary Archives 4, 6). For the amino acid dataset, 69 ML tree
searches were performed in IQ-TREE v1.6.1 (30) using the partitioning scheme and models
obtained previously (see Section 7). Since the analyses required large computational resources,
tree searches were done simultaneously on the following computer clusters: PEARCEY HPC
(CSIRO, Australia; 41 searches), Smithsonian Institution HPC (Washington, DC, USA; 14
searches), Zoological Research Museum Alexander Koenig HPC (Bonn, Germany; 12 searches),
HiPerGator HPC (University of Florida, Gainesville, FL, USA; 2 searches). Parsimony-derived
start trees and edge-proportional partition models (option -spp) were used for each search,
allowing partitions to have different evolutionary rates. The tree with the highest log-likelihood
was selected as the best tree, and its topology was recovered in 38 of the 69 tree-searches (Fig.
S2) determined using Unique Tree (v1.9), provided by Thomas Wong. The remaining 31 tree-
searches converged to the same tree topology, which differed slightly from the best (Fig. S3).

Multiple metrics of support were calculated to assess the reliability of the best ML tree.
Using random starting trees, 121 non-parametric slow bootstrap replicates were generated for the
amino acid dataset in IQ-TREE v1.6.1. To confirm that a sufficient number of bootstrap
replicates had been performed, the a posteriori bootstrap criterion of Pattengale et al. (60) was
used to check for bootstrap convergence as implemented in RAXML v8.2.11 (43) with the
following settings: autoMRE, -B 0.03, --bootstop-perms=1000. The bootstrap convergence test
was performed 10 times with different random seeds, and all tests revealed convergence after 50
replicates. Two additional metrics of support were calculated: the SH-aLRT test (61), calculated

in IQ-TREE with 10,000 replicates (Fig. S4), and TBE support values (62) (Fig. S5), which were
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calculated in BOOSTER v0.1.0 (62) using the 121 bootstrap trees from the IQ-TREE amino acid
analysis. For these analyses, we used the best tree from IQ-TREE as the start tree. Support values
for major nodes of all analysis are provided in Dataset S5. After calculating support values,
RogueNaRok v1.0 (32) was used to check for rogue taxa, with the 121 bootstrap trees and the
best tree provided as input and otherwise default settings. No rogue taxa were identified.

The same approach was used for tree inference with the nucleotide degenl dataset with
IQ-TREE v1.5.5. Fifty ML searches and 100 non-parametric slow bootstrap replicates were
conducted using parsimony starting trees. Bootstraps were mapped onto the best ML tree (Fig.
S6). SH-aLRT and TBE statistical supports were also calculated (Figs. S7, S8). Bootstrap
convergence check and identification of rogue taxa were performed with the same methods
described above for the amino acid tree searches; bootstrap convergence occurred after 50
replicates, and no rogue taxa were identified. All analyses of the degenl dataset were performed
on the PEARCEY HPC which only had version 1.5.5 of IQ-TREE available at the time of this
study. The ML tree in Newick format and selected models are provided in Supplementary
Archive 6.

After completing phylogenetic analyses on the concatenated datasets, we also performed
tree reconstruction using a multispecies coalescent (MSC) approach on the amino acid dataset
(Supplementary Archives 3, 6). For each locus, we generated two gene trees in [Q-TREE v1.6.10
(30): The best ML tree, out of 25 ML tree searches, and a consensus tree (*.contree) derived
from 1000 UFBoot?2 replicates (63). The MSC analyses were carried out using ASTRAL-III
v5.6.3 (64) on both sets of gene trees. ASTRAL analyses typically utilize a set of best ML trees,
but we chose to also perform an analysis with a set of consensus trees because the resulting

species tree could potentially better reflect uncertainty (65). Local posterior probabilities (PP)
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calculated in ASTRAL were mapped onto the trees (Figs. S9, S10) and PP for select nodes are

presented in Dataset SS5.

9. Topology tests

Three different four-cluster likelihood mapping (FcLM) analyses were performed on the
amino acid dataset to assess the placement of particular Lepidoptera clades that have been the
subject of interest in previous phylogenetic studies (e.g. 6, 11, 66). For these three hypotheses,
we defined four taxonomic groups of interest: three monophyletic ingroups and one outgroup.
Lists of species present in each group for each hypothesis are provided in Datasets S6-S8, and
additional input and output files are provided in Supplementary Archive 7.

We generated optimized data subsets for each of the three FcLM analyses by including
only those partitions of the amino-acid supermatrix that contained sequences of at least one
representative from the four groups specified for testing each hypothesis (Datasets S6-S8). Using
this approach, we aimed to identify signal undetectable by traditional branch support metrics in
our inferred ML trees. In addition, we assessed whether a non-phylogenetic, and possibly
confounding, signal was present in our dataset that could have affected our ML tree inference
and FcLLM results on ‘original’ (i.e. non-permuted) data. Various sources of possible
confounding signal that might violate globally stationary, reversible and homogeneous (SRH)
conditions (67, 68) have been described elsewhere (e.g. 24, 25, 69, 70). These sources include
heterogeneous composition of amino acid sequences (among-lineage heterogeneity) and non-
randomly distributed (missing) data. Therefore, we applied three different FcLM permutation
approaches. In permutation I, all phylogenetic signal was removed. In permutation II,

compositional heterogeneity was removed by randomly drawing amino acids using the
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frequencies of the LG substitution matrix, but the distribution of missing data was left
untouched. Permutation III included the features of permutation II, but also had random
distribution of missing data (i.e. no phylogenetic signal, homogeneous composition, and missing
data randomly distributed). For additional information on this strategy and rationale, see
Supplementary Information in Misof et al. (24).

We used IQ-TREE v1.6.7 (30) to infer the support for each quartet and to allow the
drawing of all possible quartets (option -lmap ALL; all four groups represented in each quartet).
Quartet log-likelihoods (support for each quartet) were parsed into separate output files (option -
wql). For the FcLM analyses with the ‘original’ non-permuted data, we kept the partition
boundaries and substitution models as our previous ML analyses. We chose the partitioned
approach and allowed partitions to have different evolutionary speeds (option -spp). For all
permutation approaches, we kept the partition boundaries, but for all partitions we used the LG
model for analyses and -q (edge-equal partition model) to avoid program crashes due to highly
saturated partitions. For each analysis, quartets were automatically mapped by IQ-TREE in a 2D
simplex graph. Quartets mapped onto area T1 (area 1), T2 (area 2) and T3 (area 3) show
unambiguous support for the respective topology; T12 (area 4), T13 (area 6), T23 (area 5) show
partially resolved quartets; quartets mapped onto T* (area 7) have star-like topologies that
remain unresolved (see Fig. S11, Dataset S9). The results of these analysis were in large part
congruent with our ML and ASTRAL analyses, but in some cases were not. Differences are

noted in each of the sections below.
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Placement of plume moths and false plume moths (Pterophoroidea+Alucitoidea)

The first hypothesis tested (Fig. S11A, Dataset S5) assesses the placement of the clade
containing plume moths (Pterophoroidea) and many plume moths (Alucitoidea). According to
Kawahara and Breinholt (11), Pterophoroidea is not placed within Obtectomera, but is instead
sister to a non-obtectomeran clade in Apoditrysia. Alucitoidea is sister to Pterophoroidea in our
ML analysis, though Alucitoidea was not included in the analysis of Kawahara and Breinholt
(11). Our ML analysis of the amino acid dataset suggests that the clade Alucitoidea +
Pterophoroidea (Alu_Pte) is in a monophyletic group with the obtectomeran Calliduloidea +
Thyridoidea (Cal Thy) and Gelechioidea (Gel), and with Alu_Pte sister to Cal Thy, albeit with
caveats. Monophyly of Alu_Pte + Cal_Thy + Gel, which contradicts the results of Kawahara and
Breinholt (11), has high SH-aLRT, and TBE support values (Figs. 1, S4, S5), but low non-
parametric bootstrap support (Fig. S2). Furthermore, the sister relationship between Alu_Pte and
Cal_Thy is weakly supported (Figs. 1, S2), and is absent from our ML analysis of the nucleotide
degenl dataset, in which Alu_Pte is sister to Gel (Fig. S6).

We assume that Alu_Pte, Cal Thy, and Gel form a monophyletic group (as suggested by
our ML analyses), with the remaining species selected as an outgroup (OUT). We examined
signal for alternative topologies and possible confounding signal among the Alu_Pte, Cal Thy,
and Gel. The optimized dataset used for FcLM comprised of: (i) four species belonging to
Alu_Pte (Group 1), (ii) five species belonging to Cal_Thy (Group 2), (iii) six species belonging
to Gel (Group 3) and (iv) 188 outgroup representatives, for a total of 203 species 1,322
partitions, 749,791 sites, and 22,560 drawn quartets. The three possible unambiguous topologies
were:

T1: Alu_Pte, Cal Thy | Gel, OUT

14



T2: Alu_Pte, Gel | Cal_Thy, OUT
T3: Alu_Pte, OUT | Cal Thy, Gel
Proportions of all drawn quartets are provided in Fig. S11A and Dataset S8. The majority

of the quartets contradict our tree topology in Fig. 1 (T1: 13.9%), with both other topologies each
being supported by over one-third of the quartets (T2: 44.0%, T3: 41.8%). Results from the
permutation approaches imply that confounding signal might have a slight impact on the support
for T2 but at least some signal was not confounding. In contrast, we cannot rule out that support
for T1 (as inferred in Fig. 1) comes from confounding, non-phylogenetic signal. This might also
be reflected by the low statistical support values in the amino acid ML tree (Figs. 1, S2, S5).
Although the Alucitoidea and Pterophoroidea both appear to belong in Obtectomera, their

precise placement within this taxon remains elusive.

Placement of butterflies (Papilionoidea)

The second hypothesis tested (Fig. S11B, Dataset S7) assesses the placement of
butterflies (Papilionoidea). The superfamily Papilionoidea (Pap) is placed as sister to all other
Obtectomera in the best ML trees from our amino acid and nucleotide degenl analyses (Figs. 1,
S2, S4-S8) and in the ML tree of Kawahara and Breinholt (11). In contrast, prior morphological
analyses suggested that butterflies were more closely related to the pyraloids and ‘macromoths’
than to the gelechioid ‘micromoths’; the gelechioids were consequently thought to be more
closely related to the other non-obtectomerans (66). In our analysis, pyraloids and macromoths
are represented by Macroheterocera + Mimallonoidea + Pyraloidea (MMP), and the clade
containing gelechioids (as well as other superfamilies that form a clade in our analysis) is termed

Gelechioidea + relatives (Gel rel). Our topology indicates that Pap is sister to the monophyletic
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Gel _rel + MMP, and the alternative, morphology-based topology indicates that Pap is sister to
MMP, forming a clade that is sister to Gel rel. We assume that Pap, Gel rel, and MMP form a
monophyletic group (i.e. Obtectomera sensu Kawahara and Breinholt (11)); a subset of non-
Obtectomera was thus selected as an outgroup (OUT). We examined signal for alternative
topologies and possible confounding signal among Pap, Gel rel and MMP. The optimized
dataset used for FcLM comprised of: (i) seven species belonging to Pap (Group 1), (i) eight
species belonging to Gel _rel (Group 2), (iii) 21 species belonging to MMP (Group 3) and (iv) 18
outgroup representatives for a total of 54 species 1,322 partitions, 749,791 sites, and 21,168
drawn quartets. The three possible unambiguous topologies were:

T1: Pap, Gel rel | MMP, OUT

T2: Pap, MMP | Gel rel, OUT

T3: Pap, OUT | Gel _rel, MMP

Proportions of all drawn quartets are provided in Fig. S11B and Dataset S8. A plurality of

all drawn quartets from the optimized FcLM dataset (original, not-permuted) support our amino
acid ML topology (T3: 43.2%), with butterflies sister to the remaining Obtectomera. However,
the morphology-based hypothesis has some signal (T2: 23.9%), and so does the topology that
places Papilionoidea sister to the Gelechioidea and their relatives (T1: 32.3%). Permutation
results imply that signal for T1 and/or T2 might be confounding. Although the true phylogenetic
signal that takes putative confounding signal into account is weak, it still provides stronger signal
than the putative confounding signal alone. Therefore, we consider our topology to be reliable,

although there is confounding signal inherent within the data.
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Sister-group relationships of silk moths and relatives (Lasiocampoidea + Bombycoidea)

The third hypothesis tested (Fig. S11C, Dataset S8) examines the placement of the clade
containing lappet moths (Lasiocampoidea) and hawkmoths, silk moths, and relatives
(Bombycoidea). The clade Lasiocampoidea + Bombycoidea (Las_Bom) was believed to be sister
to the clade containing the sister taxa Geometroidea (Geo) and Noctuoidea (Noc) (11). The best
trees from our amino acid and nucleotide degenl analyses suggest a sister-group relationship
between Las Bom and Geo (Figs. 1, S2, S4-S8), implying that Geo and Noc are not
monophyletic. Since these three clades form a monophyletic group within Macroheterocera that
is well supported, we selected Drepanoidea (which is also in Macroheterocera) as an outgroup
(OUT).

We examined signal for alternative topologies and possible confounding signal (see
above) among the clades Las Bom, Geo, and Noc. The optimized dataset used for FcLM
comprised of: (i) 28 species belonging to Las Bom (Group 1), (i7) eleven species belonging to
Geo (Group 2), (iii) 22 species belonging to Noc (Group 3) and (iv) seven outgroup
representatives for a total of 68 species, 1,322 partitions, 749,791 sites, and 47,432 drawn
quartets. The three possible unambiguous topologies were:

T1: Las Bom, Geo | Noc, OUT
T2: Las Bom, Noc | Geo, OUT
T3: Las Bom, OUT | Geo, Noc

Proportions of all drawn quartets are provided in Fig. S11C and Dataset S9. A plurality of
quartets supports a sister-group relationship between Las Bom and Noc (T2: 49.5%), which
contradicts both our tree topology in Fig. 1 (T1: 26.0%) and the topology of Kawahara and

Breinholt (11) (T3: 24.0%). Although the sister-group relationship between Las Bom and Geo
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has sufficient support in our amino acid ML tree (BS: 93; SH-aLRT: 96.6; TBE: 0.9785; Figs.
S2, S4-S5), the permutation results imply that our topology (T1) is highly biased by confounding
signal mainly coming from unequal distribution of missing data (cf. permutation II and III). This
implies that our ML tree might be a result of confounding signal that is stronger than genuine

phylogenetic signal.

10. Divergence time estimation

Because our molecular data matrices are very large, it was not computationally feasible to
perform divergence time estimations on the same datasets that were used for the ML analyses.
Thus, a subsampled version of our amino acid supermatrix was used to estimate dates of
divergence. All non-amphiesmenopteran were removed from the supermatrix and pruned from
the input tree. Sequences of the 195 Amphiesmenoptera species contained only sites for which at
least 80% of samples had unambiguous amino acids. AliStat v1.6. (71) was used to generate a
subsampled dataset that contained 198,050 amino acids and had an alignment completeness
score (Ca) of 0.8533%. Because our subsampled dataset was still too large to use in programs
such as BEAST (72) and STARBEAST (73), we instead used MCMCTree and codeml (both part
of the PAML software package, v4.9g (74)) to estimate dates of divergence, using the
approximate likelihood method (75).

In order to conduct divergence time analyses in a computationally feasible manner, we
first re-estimated models on the reduced dataset which was set to a single partition. In
ModelFinder (part of IQ-TREE v1.5.5), we set models applicable to those that are available in
MCMCTree. The six models were: Dayhoff (76), DCMut (45), JTT (46), JTTDCMut (45), LG

(47), WAG (48), with a maximum of five rate categories (-cmax 5, and the default setting -mrate
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E,ILG,I+G,R). The LG substitution model (47) was chosen as the best substitution model by all
three information criteria (AIC, AICc, and BIC), and was subsequently used for dating analyses.
The subsampled dataset, along with AliStat and model selection output files, are provided in
Supplementary Archive 8.

The input tree was time-calibrated using 16 fossils, carefully selected following the best-
practice recommendations by Parham et al. (77). Fossils chosen to calibrate the inferred
phylogeny are listed in Dataset S10. Additional details about the fossils, as well as justifications
for their inclusion, are provided in the supplementary appendix. Although all 16 fossils have
diagnostic morphological characters that enable reasonably confident placement in particular
clades, only three of these fossils possess true synapomorphies. In order to more strictly follow
the guidelines of Parham et al. (77), an additional divergence-time estimation analysis was
performed using only these three fossils. Divergence time estimates were inferred using the best
ML topology as a fixed input tree (Figs. S12-S19). Node ages for select clades in both the 16-
fossil and 3-fossil analyses are provided in Fig. S20 and Dataset S11.

In MCMCTree, the birth-death process used to calculate the time prior is conditioned on
the age of the root (78), and therefore the root calibration must be a proper statistical distribution.
Fossil calibrations were introduced as minimum bounds of uniform priors and with the
maximum root age as a hard maximum bound. However, maximum calibration bounds (which
must be applied to the root age) are notoriously difficult to specify, as they rely on the absence of
evidence (79). We applied a conservative age constraint on the Amphiesmenoptera (Lepidoptera
+ Trichoptera) root between 201 Ma (based on stem Glossata scale fossils (80), see Dataset S5)
and 314.4 Ma based on the absence of amphiesmenopteran fossils in the late Carboniferous. The

oldest definitive amphiesmenopteran fossil is from the Permian/Triassic boundary at 252 Ma
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(81), with putative occurrences in the range 273-280 Ma (82). Thus, our maximum age constraint
is very conservative, follows the maximum age estimate of Amphiesmenoptera by Tong et al.
(83), and is close to the age of the oldest known winged insect (84).

We used two strategies to convert fossil ages into calibrations on the tree nodes. In the
conservative strategy, fossil calibrations are uniform distributions constrained between the
corresponding fossil age (the minimum bound) and a hard maximum equal to the maximum on
the root age. This strategy leads to diffuse calibrations, which may extend over several hundred
million years for some nodes. In the informative strategy, the truncated-Cauchy distribution (85)
was used to set the calibrations for internal nodes younger than 80 Ma: the fossil age provides
the minimum constraint, and the Cauchy distribution provides a tail that decays as it extends
back in time. The resulting calibration density has most of the probability mass accumulated near
the fossil age (the minimum age constraint). This additional constraint can be useful when
applied to younger fossils that are very far from the root, since it improves convergence during
the MCMCTree analyses. After we chose to constrain the root age between 201 and 314.4 Mya,
we decided that any fossils under 80 Mya were sufficiently young to justify using Cauchy priors
to set the calibrations. In both strategies, a uniform distribution (between 201 and 314.4 Ma) was
used for the root.

The Dirichlet-Gamma density (86) was used to set the prior on the molecular rate, with
parameters a, = 2, f, = 6, a. = 1, which produces a diffuse prior density close to the empirical rate
in the tree. The birth-death process with parameters A = ugp = 1, p = 0.1, which produces a
diffuse, uniform-like density, was used to set the time prior for nodes without fossil calibrations.
We used the independent-rates (clock = 2) model (87) and the autocorrelated-rates model to

estimate divergence times. In total, eight analyses were performed: 2 sets of fossil calibrations
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(16 fossils and 3 fossils) x 2 fossil calibration strategies (uniform priors and Cauchy priors for
nodes < 80 Ma) x 2 rate models (independent and autocorrelated). Input trees with calibrated
fossils are provided in Supplementary Archive 8.

We used the LG (aaRatefile = LG.dat) substitution model with 5 rate categories. Hessian
matrices were calculated according to the above specifications with codeml using empirical (+F,
model = 3) base frequencies estimated from the respective dataset. Multiple test runs were
carried out to determine the optimal values for the sampling parameters. For our first test runs,
we used a burn-in of 100,000, a sample frequency of 10, and a sample number of 1,000,000 as
our sampling parameters. These parameters were increased for subsequent test runs, until we
settled on a burn-in of 200,000, sample frequency (samplefreq) of 4,000 and a sample size
(nsample) of 10,000 (resulting in a total run of 40.2 million generations) for each of our four
MCMCTree analyses.

Each analysis was repeated four times (i.e. four MCMC chains). All four runs were
subsequently evaluated for convergence in Tracer v1.6 (88). We also checked each MCMC run
for convergence by plotting node ages from the four runs (the posterior mean and the lower and
upper bounds for the 95% credibility intervals) against each other in R (Figs. S21-S28), although
for some analyses, two of the four runs failed to summarize (Figs. S27, S28). Converged runs
were merged in order to reach a sufficient effective sample size (ESS > 200) for all parameters.
The posterior from the merged runs was used to create a summary tree. Time priors under the
two different fossil strategies (16-fossil and 3-fossil) were obtained by running MCMCTree
without the sequence alignment (see density plots in Figs. S29-S32). Additional files used for

these analyses are provided in Supplementary Archive 8.
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To facilitate the discussion of correlations between the radiation of Lepidoptera and
radiation of flowering plants, recent angiosperm phylogenetic studies were consulted (89-96).
Multiple hypotheses for the mean age of the ancestral angiosperm were compiled; these ages are
presented in Dataset S12 and incorporated into Fig. 2. The estimated time since divergence
between angiosperms and gymnosperms is large, and it is possible that flowering plants existed
long before the crown of angiosperms. Therefore, the interval between the mean age of the
crown (node Angiosperm) and the mean age of the stem (node Angiosperm + Gymnosperm)
from these studies is presented. The ingroup topology of extant angiosperms from one of these
phylogenetic studies (figure S6 in Foster et al. (93)) was incorporated into Fig. 2, with the
interval between mean crown age and mean stem age shown for select studies (Fig.1, Dataset

S12).

11. Ancestral state reconstruction

Ancestral state reconstruction analyses were performed on the best tree from the ML
analysis of the concatenated amino acid dataset (Fig. S1). Some parts of the best tree have small
branch lengths that make it difficult to visualize the data, so results were subsequently mapped
onto ultrametric versions of the topology (Figs. S33, S34). For the hearing organ ASR, species
were assigned character states based on published papers of hearing in Lepidoptera (e.g. 97, 98,
99), and unpublished studies (100, 101). The presence of a hearing organ was treated as a binary
character in one ASR analysis, and as a more conservative, seven-state character in a separate
ASR analysis (see matrices A and B in Dataset S13). For the ASR analysis of diel activity, we
coded characters from data in table S1 of Kawahara et al. (102). If a species in our dataset lacked

behavioral observations from the literature, the species was scored using the diel-activity data for
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a corresponding higher-level taxon, as found in Kawahara et al. (102). The coding scheme for
diel activity can be found in Dataset S14.

All ASR analyses were conducted using stochastic character mapping, with the
‘make.simmap’ command in the R package Phytools v06-44 (103). Ten thousand stochastic
maps were generated for each ASR analysis, and forward and reverse character state transitions

were assumed to have equal rates.
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Figure legends

Fig. S1. Hearing organs in adult Lepidoptera. Tineidae (second abdominal segment); Hedylidae
(ventral base of anterior forewing); Nymphalidae (ventral base of anterior forewing); Thyrididae
(ventral base of anterior forewing); Pyralidae (second abdominal segment); Cimeliidae (seventh
abdominal segment); Drepanidae (first abdominal segment); Doidae (posterior metathorax);
Noctuidae (posterior metathorax); Uraniidae (second abdominal segment); Geometridae (second
abdominal segment); Sphingidae (palp-pilifer). All scale bars for upper images of each family
are | mm (except for Sphingidae, which is 500 pm). Lower images are light micrographs of the
respective ears. All scale bars for bottom (ear) images are 100 um. Due to the limited taxon
sampling in our dataset, some lepidopteran lineages that possess hearing organs were not
represented in these analyses. Hearing organs are only found in three of the eight nymphalids
(brush-footed butterflies) in our dataset, all in subfamily Satyrinae. However, there are five other
nymphalid subfamilies that have at least some species with hearing organs (97). The moth family
Dudgeoneidae, which contains less than ten species, all with ears, is also not represented in our

dataset because representatives of this family were not obtainable for transcriptome sequencing.

Fig. S2. Maximum likelihood best tree from IQ-TREE amino acid analysis, with non-parametric
bootstrap support values. InL = -42341345.559.

Fig. S3. Maximum likelihood suboptimal tree topology from the IQ-TREE amino acid analysis.
Fig. S4. SH-aLRT support values mapped on the best maximum likelihood best tree from the 1Q-
TREE amino acid analysis.

Fig. S5. TBE support values mapped on the best maximum likelihood tree from the IQ-TREE

amino acid analysis.
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Fig. S6. Maximum likelihood best tree from IQ-TREE degen1 analysis. Support values are non-
parametric bootstrap values. InL = -45121944.618.

Fig. S7. SH-aLRT support values mapped on the maximum likelihood topology from the 1Q-
TREE degenl analysis.

Fig. S8. TBE support values mapped on the maximum likelihood topology from the IQ-TREE
degenl analysis.

Fig. S9. ASTRAL species tree derived from the best ML amino acid gene trees.

Fig. S10. ASTRAL species tree derived from the amino acid consensus bootstrap trees.

Fig. S11. Results of the Four-cluster Likelihood Mapping analyses performed on the amino acid
dataset, showing quartet support (in %) of all drawn quartets mapped onto 2D simplex graphs for
possible topologies. 2D simplex graphs from left to right: original data, permutation I, 11, III. A)
Assessment of the placement of Alucitoidea+Pterophoroidea (Alu_Pte). Other groups are
Gelechioidea (Gel), Calliduloidea+Thyridoidea (Cal Thy), and an outgroup containing all other
species in the dataset (OUT). B) Assessment of the placement of Papilionoidea (Pap). Other
groups are Macroheterocerat+tMimallonoidea+Pyraloidea (M_M _P), Gelechioidea and relatives
(Gel _rel), and an outgroup containing non-obtectomeran Lepidoptera (OUT). C) Assessment of
the placement of Lasiocampoidea+Bombycoidea (Las Bom). Other groups are Geometroidea
(Geo), Noctuoidea (Noc), and an outgroup containing Drepanoidea (OUT). T1, T2, T3 show
unambiguous quartet topologies (area 1, 2, 3 in IQ-TREE), T12 (area 4 in IQ-TREE), T13 (area
6 in IQ-TREE) and T23 (area 5 in IQ-TREE) show partially resolved quartets, quartets in T*
(area 7 in IQ-TREE) unresolved. ® indicates the topology supported in the best amino acid ML

tree.
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Fig. S12. Divergence time estimates from the 16-fossil MCMCTree analysis with uncorrelated
rates and uniform priors, based on the topology from the ML amino acid analysis. Node bars
represent age ranges (95% credibility intervals) in millions of years (Ma).

Fig. S13. Divergence time estimates from the 16-fossil MCMCTree analysis with uncorrelated
rates and Cauchy priors, based on the topology from the ML amino acid analysis. Node bars
represent age ranges (95% credibility intervals) in Ma.

Fig. S14. Divergence time estimates from the 16-fossil MCMCTree analysis with autocorrelated
rates and uniform priors, based on the topology from the ML amino acid analysis. Node bars
represent age ranges (95% credibility intervals) in Ma.

Fig. S15. Divergence time estimates from the 16-fossil MCMCTree analysis with autocorrelated
rates and Cauchy priors, based on the topology from the ML amino acid analysis. Node bars
represent age ranges (95% credibility intervals) in Ma.

Fig. S16. Divergence time estimates from the 3-fossil MCMCTree analysis with uncorrelated
rates and uniform priors, based on the topology from the ML amino acid analysis. Node bars
represent age ranges (95% credibility intervals) in Ma.

Fig. S17. Divergence time estimates from the 3-fossil MCMCTree analysis with uncorrelated
rates and Cauchy priors, based on the topology from the ML amino acid analysis. Node bars
represent age ranges (95% credibility intervals) in Ma.

Fig. S18. Divergence time estimates from the 3-fossil MCMCTree analysis with autocorrelated
rates and uniform priors, based on the topology from the ML amino acid analysis. Node bars

represent age ranges (95% credibility intervals) in Ma.
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Fig. S19. Divergence time estimates from the 3-fossil MCMCTree analysis with autocorrelated
rates and Cauchy priors, based on the topology from the ML amino acid analysis. Node bars
represent age ranges (95% credibility intervals) in Ma.

Fig. S20. Comparison of ages of major clades in Lepidoptera and Trichoptera.

Fig. S21. Convergence plots for the 16-fossil analysis with uncorrelated rates and uniform priors
showing relationship between posterior means and confidence intervals among the four runs.
Fig. S22. Convergence plots for the 16-fossil analysis with uncorrelated rates and Cauchy priors
showing relationship between posterior means and confidence intervals among the four runs.
Fig. S23. Convergence plots for the 16-fossil analysis with autocorrelated rates and uniform
priors showing relationship between posterior means and confidence intervals among the four
runs.

Fig. S24. Convergence plots for the 16-fossil analysis with autocorrelated rates and Cauchy
priors showing relationship between posterior means and confidence intervals among the four
runs.

Fig. S25. Convergence plots for the 3-fossil analysis with uncorrelated rates and uniform priors
showing relationship between posterior means and confidence intervals among the four runs.
Fig. S26. Convergence plots for the 3-fossil analysis with uncorrelated rates and Cauchy priors
showing relationship between posterior means and confidence intervals among the four runs.
Fig. S27. Convergence plots for the 3-fossil analysis with autocorrelated rates and uniform priors
showing relationship between posterior means and confidence intervals among the two available

runs.
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Fig. S28. Convergence plots for the 3-fossil analysis with autocorrelated rates and Cauchy priors
showing relationship between posterior means and confidence intervals among the two available
runs.

Fig. S29. Density plots for the 16-fossil analysis with uncorrelated rates and uniform priors
showing the relationship between sampling frequency and the age of a particular clade.

Fig. S30. Density plots for the 16-fossil analysis with uncorrelated rates and Cauchy priors
showing the relationship between sampling frequency and the age of a particular clade.

Fig. S31. Density plots for the 3-fossil analysis with uncorrelated rates and uniform priors
showing the relationship between sampling frequency and the age of a particular clade.

Fig. S32. Density plots for the 3-fossil analysis with uncorrelated rates and Cauchy priors
showing the relationship between sampling frequency and the age of a particular clade.

Fig. S33. Ancestral state reconstructions of hearing organs on the amino acid ML tree topology.
Left: binary (2-state) ancestral state reconstruction. Black = hearing organ absent; red = hearing
organ present. Right: multi-state (7-state) ancestral state reconstruction. Black = hearing organs
absent; red = tympana on the sternum of the second abdominal segment; green = tympana on the
metathorax; dark blue = tympana beneath the forewing bases; cyan = tympana on the first
abdominal segment; magenta = hearing organs near the spiracles of the seventh abdominal
segment; yellow = hearing organs on palpi.

Fig. S34. Ancestral state reconstruction of adult diel activity on the amino acid ML tree

topology. Black = nocturnal; Red = diurnal; Green = crepuscular; Blue = active at all times.
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Dataset legends

Dataset S1. (provided as separate Excel file) List of the 203 species included in the present
study, with species taxonomy, library identification codes, NCBI taxon identification codes, and
accession numbers.

Dataset S2. (provided as separate Excel file) Preservation and storage methods for the specimens
used to generate 69 new transcriptomes in the present study.

Dataset S3. (provided as separate Excel file) Sequences removed during contamination filtering
steps.

Dataset S4. (provided as separate Excel file) Additional sequence statistics for the genomes and
transcriptomes in the present study.

Dataset S5. (provided as separate Excel file) Support values for major nodes on the best tree
found in each phylogenetic analysis. “N/A” indicates the clade was not recovered.

Dataset S6. (provided as separate Excel file) Phylogenetic hypotheses and groups for the Four-
cluster Likelihood Mapping (FcLM) analyses examining the placement of Alucitoidea and
Pterophoroidea.

Dataset S7. (provided as separate Excel file) Phylogenetic hypotheses and groups for the Four-
cluster Likelihood Mapping (FcLM) analyses examining the placement of butterflies
(Papilionoidea).

Dataset S8. (provided as separate Excel file) Phylogenetic hypotheses and groups for the Four-
cluster Likelihood Mapping (FcLM) analyses examining the placement of Lasiocampoidea and

Bombycoidea.
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Dataset S9. (provided as separate Excel file) Percentages of quartets supporting all possible
topologies for the phylogenetic hypotheses tested using Four-cluster Likelihood Mapping
(FcLM) analyses.

Dataset S10. (provided as separate Excel file) Lepidoptera and Trichoptera fossils included in
the 16-fossil MCMCTree dating analyses.

Dataset S11. (provided as separate Excel file) Summary of divergence time estimates in
MCMCTree, with median ages and age ranges (95% Cls) provided for select clades (in Ma).
Dataset S12. (provided as separate Excel file) Hypothesized ages of angiosperms from recent
phylogenetic studies.

Dataset S13. (provided as separate Excel file). Character matrices for the ancestral state
reconstructions (ASRs) used to study the evolution of anti-bat hearing organs in Lepidoptera.
Dataset S14. (provided as separate Excel file). Character matrices for the ancestral state

reconstruction (ASR) used to study the evolution of diel activity in Lepidoptera.
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Supplementary Archive 1. (provided as separate data file)
Directory including all non-1KITE assemblies (FASTA format) and a list of respective

information on file names and species (SA1_assembly information.csv).

Supplementary Archive 2. (provided as separate data file)

e Text file (TBD_COS.table) listing all ortholog groups (OGs) of the three reference
species compiled from OrthoDB v7, as described in Section 5 of Materials and Methods,
which served as input for Orthograph when building the ortholog-set databases

e Directory (OGS/) including official gene sets (OGSs) of the three reference genomes
used for the reciprocal BLAST step at the amino acid level (*AA*) and at the nucleotide
level (*NUC*). Official gene sets were modified, as described in Section 5 of Materials
and Methods, for usage within Orthograph.

- BMORI — Bombyx mori (OGS v2.0): corresp-BMORI.AA .fa, corresp-
BMORI.NUC.fa

-  DPLEX — Danaus plexippus (OGS v2.0): corresp-DPLEX.AA.fa, corresp-
DPLEX.NUC.fa

-  TCAST — Tribolium castaneum (OGS v3.0): corresp-TCAST.AA.fa, corresp-

TCAST.NUC.fa

Supplementary Archive 3. (provided as separate data file)

e *.zip files including all loci after Alicut, in FASTA format. Amino acid level:

SA3 aa 2098.zip. Nucleotide level: SA3 nuc 2098.zip.
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e Amino acid supermatrix (SA3 aminoacid supermatrix.phy) and list of gene boundaries
within the supermatrix (SA3 aa gene boundaries for PF.txt) used as input for merging
partitions with PartitionFinder

e Nucleotide supermatrix (SA3 nucleotide supermatrix before degen.fas), prior to
running Degen v1.4, and list of gene boundaries converted from the amino acid boundary

file to fit the nucleotide dataset (SA3 nucleotide gene boundaries.txt).

Supplementary Archive 4. (provided as separate data file)

e PartitionFinder input configuration file (partition_finder.cfg),

e Best partition scheme selected by PartitionFinder (SA4 best partition _scheme.txt)

e Amino acid supermatrix (SA4 aminoacid supermatrix resorted renamed.fas) used as
input for IQ-TREE and FcLLM analyses, resorted as described in Section 4 of Materials
and Methods. Sequence names in this file have been modified to incorporate the correct
taxon names discussed in Section 1 of Materials and Methods.

e Best partition scheme including boundaries of merged partitions.

(SA4 aa best partition _scheme merged.txt)

e Best partition scheme and best models selected by ModelFinder
(SA4 aa best partition_scheme Modelfinder.txt) for phylogenetic inference and FcLM
analyses

e InL scores for all ML tree searches performed using the amino acid supermatrix
(SA4 _aminoacid InL_scores.csv).

e Inferred trees in Newick format (*.tre files) used to generate Figs. S2-S5.
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Supplementary Archive 5. (provided as separate data file)

Best models selected by ModelFinder for phylogenetic inference using individual amino
acid alignments.

* zip file containing best ML trees (*.treefile) from individual amino acid alignments
(SA5 _aa ml trees.zip).

* zip file containing consensus bootstrap trees (*.contree) from individual amino acid
alignments (SAS5_aa bs_contrees.zip).

Inferred ASTRAL trees in Newick format (*.tre files) used to generate Figs. S9-S10.

Supplementary Archive 6. (provided as separate data file)

Nucleotide supermatrix (SA6_degen nucleotide supermatrix renamed.fasta) after
applying Degen v1.4, and respective partition information

(SA6_degen nucleotide partition scheme.txt) used as input for [Q-TREE.

Best partition scheme and best models selected by ModelFinder for phylogenetic
inference using the degenerated nucleotide supermatrix

(SA6_nuc best partition_scheme Modelfinder.txt).

InL scores for all ML tree searches performed using the degenerated nucleotide
supermatrix (SA6_nuc InL_scores.csv).

Inferred trees in Newick format (*.tre files) used to generate Figs. S6-S8.

Supplementary Archive 7. (provided as separate data file)

Directory including all data subsets used for FcLM analyses testing three hypotheses, as

described in Section 9 of Materials and Methods. Data are organized in three subdirectories:
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Pterophoroidea Alucitoidea/, Papilionoidea/, and Lasiocampoidea Bombycoidea/. Each
subdirectory includes “decisive” data subsets for their respective hypothesis (FASTA files of
original data and permuted data (permutations I-III)), partition files (plain text format), and a
nexus file with four defined taxonomic groups (plain text format). Note: The

Pterophoroidea Alucitoidea/ does not contain a FASTA file of the original data because the
entire supermatrix from Supplementary Archive 4

(SA4 _aminoacid supermatrix_resorted renamed.fas) was used for this analysis.

Supplementary Archive 8. (provided as separate data file)
Directory including files used for divergence time estimation analyses.

e Appendix with justifications for selecting all fossils used in the analyses.

e Subsampled dataset used for divergence time estimation analyses
(subsampled dataset 80pct.fas). The dataset includes 195 samples and sites for which at
least 80% of samples had non-ambiguous amino acids.

e Subsampled dataset statistics and heatmap generated with AliStat.

e IQ-TREE logfile from model selection on the unpartitioned dataset, restricted to models
available in PAML.

e MCMCTree files

o Four input trees
= Uniform priors, 16 fossil calibrations (Input_uniform_16.tre)
= Uniform priors, 3 fossil calibrations (Input uniform_3.tre)
= Uniform and Cauchy priors, 16 fossil calibrations (Input_cauchy 16.tre)

»  Uniform and Cauchy priors, 3 fossil calibrations (Input_cauchy 3.tre)
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o Example of config file for step 1.

o Example of config file for step 2 (generation of the Hessian matrix with
CODEML).

o Example of config file for step 3 (final MCMCTree runs; )

o Calibrated time trees resulting from four merged MCMCTree runs for each of the
eight analyses, used to generate Figs. S12-S19.

e Comparisons of uncorrelated vs. autocorrelated runs (SA8 uncorr vs_autocorr.pdf).

All Supplementary Archives are available at the Dryad Digital Repository

(https://doi.org/10.5061/dryad.j477b40)
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Tineidae Nymphalidae

Thyrididae

Fig. S1. Hearing organs in adult Lepidoptera. Tineidae (second abdominal segment); Hedylidae (ventral base of anterior
forewing); Nymphalidae (ventral base of anterior forewing); Thyrididae (ventral base of anterior forewing); Pyralidae
(second abdominal segment); Cimeliidae (seventh abdominal segment); Drepanidae (first abdominal segment); Doidae
(posterior metathorax); Noctuidae (posterior metathorax); Uraniidae (second abdominal segment); Geometridae (second
abdominal segment); Sphingidae (palp-pilifer). All scale bars for upper images of each family are 1 mm (except for Sphin-
gidae, which is 500 um). Lower images are light micrographs of the respective ears. All scale bars for bottom (ear) images
are 100 pm. Due to the limited taxon sampling in our dataset, some lepidopteran lineages that possess hearing organs were
not represented in these analyses. Hearing organs are only found in three of the eight nymphalids (brush-footed butterflies)
in our dataset, all in subfamily Satyrinae. However, there are five other nymphalid subfamilies that have at least some spec-
ies with hearing organs (97). The moth family Dudgeoneidae, which contains less than ten species, all with ears, is also not
represented in our dataset because representatives of this family were not obtainable for transcriptome sequencing.



Coleoptera_Tenebrionidas_Tenebrionina

Tribolium_castaneum_TCAST

Diptera_Culicidae_Anophelinae_Anopheles_gambiae
Diptera_Drosophilidac_Drosophilinac_Drosophila_melanogaster
- Diptera_Tachinidae_Tachininae_Triarthria_setipennis

Mecoptera_Bittacida

_Bittacus_piicornis._

Mecoptera_Boreldas_Boreus_hyemalis
Siphonaptera_Ceratophylidae_Ceratophylinae_Ceratophyllus_gallinao
Siphonaptera_Pulicidae_Archasopsylini_Ctenocephalides. felis

Trichoptera_Hydroptiidae_Pilocolepinae_Palacagapetus nearcticus_RINSramTAARAAPEI 20022

Trichoptera_Phryganeidae_Phryganeinae._Ptilostomis_semifasciata

Trichoptera_Helicopsychidas._Helicopsyche_borealis

Trichoptera_Leptoceridas_Leptocerinae_Nectopsyche_candida

Trichoptora_Hydropsychidac_Arclopsychinac_Arctopsyche_palpata

s Trichoptera. » Gelechioidea_Depressariida_Stenomatinae_Antasolricha_schiaageri_Ant
Trichoptera Philopotamus
100 o] preraS - -Poilop Gelechioidea_Depressariidae_Psilocorsis_reflexella_Psi
oo Trichoptera_| X . Plectrocnemia_sp.
Gelochioidea_Autostichidae_Autostichinae_Autosticha_sp_RINSInTDTRAAPEI_41
Trichoptera_ | ¥ _Psychomyia_flavida

Gelechioidea_Cosmopterigidae_Cosmopteriginae_Hyposmocoma_kahamanoa_RINysTAAABRAAPE|__215

. _Micropterix_calthella_ica_N

Gelechioidea_Gelechiidae_Dichomeridinae_Dichomeris_punctidiscella_Deh

Agathiphaga. Aga3
¥ _Agathiphaga_¢ A9 Gelechioidea_Gelechidae_Gelechiinae_Tuta_absoluta

_sp_Hsp

- ! Alucitoidea_Alucitidae_Alucita_desmodactyla_ANIsrmTAAORAAPEI__ 215
Eriocranioidea_Eriocraniidae_Dyseriocrania_subpurpurella_INSbusTBDRAAPEI_79 o2

Prerophoroidea_Plerophoridae_Pterophorinae_Lantanophaga._pusilidactyla GNV120027

"/ . unifascia_Acad o0

o Ptorophoroidea_Pterophoridac_Plerophorinae_Emmelina_monodactyla_Emm
Neopseustoidea_Neopsoustdae_Neopsoustinae_Neopsoustis_meyricki_RINSInITEERAAPEI_79

Perophoroidea_Pterophoridae_Plerophorinae_Pterophorus_pentadactyla_INSIupTBTRAAPEL 44

L ~Lophocorona astipica. Loas Calliduloidea_Callidulidae_Callidulinae_Pterodecta_felderi_INSerlTABRAAPEI 84
Hepialidea_Hepiaidao_Gibyra_sp_FG1200288 A
plaloidea_Hopladae_Cloyra_ep_Fe120028 * Thyridoldea Thyrididae Siclodinae_Zeuzerodes_ maculaa_FG120079
sl Hepialisss_Tradi_syvina INSTAVRARPEL9

Thyridoidea_Thyrididae_Canasa_sp_ RINSINTOVRAAPEI 44
Hepialoidea_Heplalidae_Phymatopus_calfornicus_Phm P

Thyridoidea_Thyrididas_Striglinae._Striglina_suzukii_Ssk

Nepliculoidea_Opostegidac_Oposteginac_Pseudopostega_cf quadristigella_Pad Thyridoldos Thyrdidas Pseudothy. sepulehrals GV139008
Nepiculoidea_Nepticulidae_Nepticulinae_Enteucha_acetosae_Enac2
fepticuloidea_Nepticuldae_Nepriculnae Entedcha_acetosae_Ena Pyraloidea_Pyralidae_Gallerinae_Galleria_melonella_Gal

Nepticuloidea_Nepiicuiidae_Nepticuiinae_Stigmella_atrcapitelia_ANISmTAAWRAAPEI__225

Pyraloidea_Pyralidae_Amyelois_transitella_Pyraloidea
Andesianoidea_Andesianidae_Andesiana_lamellata_RINSINTEARAAPEI 62 Pyraldon.Pyralidas Phyciinas Plodin interpunciala
Adeloidea Adeldae. Adelinae.Nemophora. degeerela. INShauTABIAAPEL 93 Pyraloidea_Crambidae_Spiomelinae_Cithocvista_sp_RINSInITOSRAAPEI 37
Adeloidea_Prodoxidae_Tegeticula_yuccasella_Tyud Pyraloidea_Crambidae_Spilomelinae_Cnaphalocrocis_medinalis_SRR64791
Palacphatoidea Palacphatidac. Plyssopera. sp.Pys Pyraloidea_Pyralidae_Spilomelinae_Spiomela_sp_INSerITAIRAAPEI_7
Palacphatoidea_Palaephatidac Metaphatus_ochraceus Meld

elaephatoidea Palaephatidas Metaphatus_ochraceus_ Mel Pyraloidea_Crambidae_Crambinae._Catoptra_falseli_INSIUpTAXRAAPEL 11
Tiecheridea Tischeridac.Tischera.querciela. Ts2 Pyraloidea_Crambidae_Crambinae_Catoptria_oregonicus_Crd
Tischerioidea_Tischeriidae_Coptatriche_citrinipennel

. INSPmbTAIRAAPE_207
Pyraloidea_Crambidae_Crambinae_Myelobia_sp_FG1200718.

Palacphatoidea_Palasphatidae_Palasphatus_nielseni Pro4sD

P . Palacphatidae_ Palacphatus_nielseni f Pyraloidea_Crambidae_Crambinae_Chilo_suppressalis

Palacphatoidea_Palasphatidae_Palasphatus_luteolus_Pal

oo Mimallonoidea_Mimallonidae_Lacosoma_chiridota_Mim
Tinecidea_Meessiidas Meessinae_Eudarcia_simulatricella_Euds

Mimallonoidea_Mimallonidac_Menovia_lantona_INSerTBRRAAPEL 75
Tineoldea_Psychidas_Oiketicinae_Thyridopteryx_ephemerasformis_Tep2

Drepanoidea_Cimelidae_Axia_margarita_Ax

Tineoidea_Dryadauiidas_Dryadaula_visaliella_Dry. Drepanoidea_Doidae_Doa_sp_Do2

Tinecidea_Tinldas_Tineinae Tineola_bisseliela_INSswpTACRAAPEI__13 Drepanoidea_Drepanidae_Drepaninae_Macrauzata_submontana_RINSinITDPRAAPEI__34
o Tnoiae, Hamconinse Harmcora s ANSHITDYRAKPEL 57 oo Dt Do T o 112004
rallariodea. Rosslrstanmidae,Anphiers htareuca INSHBTAHRAAFE]
Graciliarloidea_Rosslerstammiidae_Amphithera_heteroleuca_INSpmbTAHRAAPE| Drepanoidea_Drepanidae_Cyclidiinae_Cyclidia_substigmaria_Dcy
Sy R —
o V! Drepancidea_Drepanidae_Thyatirinae_Pseudothyatira_cymatophoroides_Pc
Yponomeut nymellus_INShauTBFRAAPE 4 L
- - -Yponomeuta_evonymellus_(NShauTef El Drepanoidea_Drepanidae_Thyatirinae_Thyatira_batis_INSnfrTBCRAAPEI__17
craiareides Succati cratota ANSTTAASRANPEL_ 220
Nactuciden Notodontiae Notodotinas_Phscia_gnoma NSGATEHRARPEL 71
et Je—— n
-Lyonetidae_ - Leveoptera.coffeela. =2 Noctuoidea_Notodontidae_Nystaleinae_Notoplusia_minuta_FG120015
Gractaroa, Graoiicas Graciainse Calogtia tagas s Noctuoden Ereidan Lymantinae Lymania dspr 113
Craotarcdes_Gractidas_Actosacopinse_Acrocecops._vanseta oo B e B oreonnons
Grastaroiea Gractsidse.Prylacntias_Prylocnsis. el Porz s o s o o TOAFEL 171
Grataodn_ Cachanae. Livacoleinse_Canear_ondela_NSeqTOMRARPEL e o o ——— s
Gractaroea Graslridss Ormolnas. Phiodors .Ci260 o s Ao A oo MOATALAARREL
oo Urodoldea_Urodidas_Urodus_decens_Urz Noctuoidea_Erebidae_Arctiinae_Auriculoceryx_pterodactylformis_RINSInTDRRAAPE_36
Lot L cntocen rrotn crormsna o .o
! : Hamrophia_ava. Notucido_reida_rcinae Nees.sp_ 120005
Immoidea_Immidae.mma_tetrascia_imm Noctuoidea_Erebidae_Arctiinae_Phragmatobia_fuliginosa_INShauTBDRAAPEI__31
B S ——
100 - phora.nivelg: N Noctuoidea_Erebidae_Arctiinae_Arctia_plantaginis_ERR1466856
T A ——— enion Nt N A o s
R A ——
N N -Cvdia.pe oV Noctuoidea_Euteliidae_Anigraea_sp_SW130103
100 Sesioidea Sesidac. S ~Vitecea_polistformis. Vit Noctuoidea_Noctuidae_Amphipyrinae_Amphipyra_pyramidea_INShauTAVRAAPEI__16
[~ Sesoda_ Sosidae Sesinan Bamooc ceumoniamis NSUSTEGRARPEL 20 e o —
o Sesiowdea_Sesidas_Sesinae_Podosesia_syringae._Pods Noctuoidea Noctuidas_Heliothinas_Helicoverpa_zea_Hz2
Zygsonoton Ltz Lactura sbtorvns Sus
Vo - - o N Noctuoidea_Noctuidae_Noctuinae_Spodoptera_exigua_Noctuoidea
Zyosenoen zygaeide.ZypsennaeZyseen. st NSHSTANAAPEL 29 O
2ygsancides Dacercas Daaras Dilors trass F120035
v o - N N N Noctuoidea_Noctuidae_Noctuinae_Mythimna_separata
Zygmenocea Linacaidse_Deronaoss. resselts ANSATOXRARPEL_50 oion S — o
! Zygsonodea Hagaopyguae Trosa 55 NSaTAFRAKPE G2
v - Megalopyaidac. 5P - Noctuoidea_Noctuidae_Noctuinae_Striacosta_albicosta_Striacosta
Zygaenoidea_Megalopygidae_Megalopyge_crispata_Lag Noctuoidea_Noctuidas_Noctuinas_Agrotis_infusa WHANIStmTMATRAAPEI_ 46
Cossiden Gossidso_Cossulnao. Spnlta marugs Mar
sodea_Gossidae_ Cosulnae Spinuaa_marga Goomavodes Epecopeidae Epcapela_nansal_E5ca
Cossoide. Cossie. Cossinas Culama 3o Cut2
. - -cost N o0 (Geometroidea_Uraniidae_Uraniinae_Lyssa_zampa_RINSInTOLRAAPEI__126
Gossoidea_Cossidze_Archaeoses_polygrapha_Arc Geometroidea_Uraniidae_Epipleminae_Calledapteryx_dryopterata_Cal
Sasiodea_ Casnidae_ Castninae_Synaon pana. G [
Sesode. Casnidae_Casininae._Tecnn s SAR1204089 e o ogtor. brumte
Gossoldea_Cossidse_Hypopinas_Givira_mucda_Givz Geometroidea_Geometridae_Geometrinae_Nemoria_lixaria_GNV120032
Cossoldea CossidaeZeuzerinae_Morphels.pyracmon.INSerlTAQRAAPEL 118 Geometroidea_Geometridae_Geometrinae_Chlorosea_margaretaria_Chl
Gossoidea_Gossidae_Zeuzerinas_Psychonoctua_personalls_Ppr2 Geometroidea_Geometridae_Ennominae_Macaria_distribuaria_GNV120029
T —p— o Seaoo o
Paplonides Paptonkas Paplarinse_Parces erimodes NSUSTAIRAKPE 26 O
Papioncide.Pspianidse.Pspianins.Papio_machaonPapiaridea . o o— w
aplonoida_Psiionias. Paploninas. Papio aucus SRRBSOR24 s Ao o £ 07
Papitonoiden_Hadyldes_Mecrosoma_sp_RINSINTEBRAAPEL71 Lasiocampoidea_Lasiocampidae_Macromphaliinae_Tolype_notialis_Tol
Papilionoidea_Hedylidae_Macrosoma_sp_FG120122 Bnmbycmdekkva}elumdse Apale;uues v\lhalLFGi;ﬂﬂasa - )
Paptonodes.espericae, Ecirinse s srotes NSAMTOFAARPEL 50 comtreon o e ey, ASHTORAREE 5
- Papilonoldea_Hesperiidas_Megathyminae_Megalhymus_yuccae_GNV139000 . Bombycoidea_Eupterotidae_Eupterotinae_Eupterote_muluana_SW13020T
Papllonoidas_Hesperlidas_Hesperias_Hylephila_phvieus_GNV120020 Bombycoidea_Eupterotidae_Eupterotinae_Ganisa_similis_RINSInTDMRAAPEI__136
Papilionoi Hesperiidae_Hesperiinae_Thymelicus_sylvestris Ly
apilonoldea_Hesperlidas_Hesparinae_Thymellcus_syhestris [ Bombycoidea_Endromidae_Mustilizans_dierli_RINSinITDURAAPEI__43
aponides Hesparidn_Hesprino_Leroma_ accius eontysose Bomios. S . 081
Paponoces_Pardse_Coladnas_ Prosbs_semas e oo e o roTs01s
Papiancdes. P Coradnae. Goias rocos NSFKETOFRANPEL 79 comtes Satma Do o s £ 12006
Papllonaldea_Pleridas._Plerinas_Ascla_monuste BRF140001 Bombycoidea_Sphingidae_Hemileucinae_Hemileuca_maia_BuckH
Paptonoces. e, Pernae. Ahochars cacamines INSYTAYAARPEL | comtyeio Stomons Somteems Extes o om0
Paplondes_Pardas_Painse_Habomia_oluie_SRF 140003 e S S—
Papiionidea Fadridse_Fodina_ycastr_relces NSaTSMAARPEL_S7 Somtycide.Sauicae_Satunins_Satum_y INSITACRAKPEL 87
Papllonaces_Rodnidse_Fodinse_Semomesaspanes_ 120077 s o — s
Paonoes Lycsancae Apmeins_Cigats. akarais. Papianides l Bombycoiden_Spinidse_Springinae_Menduc_soxa
Papllonddes_Lycasnicee_Theclnse_ . scops._Pspliooen e o a8
Papincides Lycaiae, Payonmatas.Hamiagus caranus. GNY 120025 Bombyoodea_SohingéssSphinginse_Sprins pinas_NSNTAZRARPEL 20
Papllonids Lycaendse_Poyonmatnse_Poyonmaus_Kas INShUTOGRARPEL_35 e e o dome. ro20018
Papilionoidaa_tymphaldae_Danzinas_Danaus.plaxppus_DPLEX Bombycoidea_Sphingidae_Smerinthinae_Smerinthus_saliceti_AZ130010T
Papllooldea_Nymphalidae_Satyrinae_Mariola jurtina Bombycoidea_Sphingidae_Smerinthinae_Parum_colligata_V005T
Papilionoidea_Nymphalidae_Satyrinae_Bicyclus_anynana_INShkeTATRAAPEI__56 Bombycoidea_Sphingidae_Macroglossinae_Enyo_lugubris_elug1
o Paplanoden. \ymonaldse_Satynse_Page segera_INSIGTADRANPEL22 Samcoide.Spncidse Macragossnas, Harmars s HEWAZ
Papliocides Nympnaicae Helconinas_ Heicarius mlpomn.Papionocea
P P! P P Bombycoidea_Sphingidae_Macroglossinae_Macroglossum_pyrrhosticts
Paptloridn. Kymphadae_Nymphalnse_Poysona__abm_ WNSISTAIRAPEL 20 e o Do— T
Paponoides Nympnaicae Nyl Meltzes cinca
P yme! P! Bombycoidea_Sphingidae_Macroglossinae_Hyles_euphorbiae_INSInTAYRAAPEI__56
Paplionoidea_Nymphalidas_Nymphalinse_.Junonia_coenla Bombycoidea_Sphingidae_Macroglossinae_Xylophanes_tersa_Xter2

Figure S2. Maximum likelihood best tree from IQ-TREE amino acid analysis, with non-parametric bootstrap support
values. InL = -42341345.559.
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Figure S3. Maximum likelihood suboptimal tree topology from the IQ-TREE amino acid analysis.
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Figure S4. SH-aLRT support values mapped on the best maximum likelihood best tree from the IQ-TREE

amino acid analysis.
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Figure S5. TBE support values mapped on the best maximum likelihood tree from the IQ-TREE amino acid analysis.
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Figure S6. Maximum likelihood best tree from IQ-TREE degen1 analysis. Support values are non-parametric
bootstrap values. InL. = -45121944.618.
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Figure S7. SH-aLLRT values mapped on the maximum likelihood topology from the IQ-TREE degenl analysis
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Figure S9. ASTRAL species tree derived from the best ML amino acid gene trees.

Noctuoidea_Erebicae et Amata . phegea INShauTAERAAPEL
e Derodadyorme HTNSinTORRAAPEI_

p. FG120005
a_Erebidae_Arciinae_Phragmatobia_fuliginosa_| INShauTBDRAAPEI_31

I Coliadinae_Phoebis
i Bleridac. Plerinae. Asqa. monuste BRIF14000]
Fapilonodea_ piordac_Perinas_Hebomoia glaucippe BRE140003
— Papilionoidea_Pieridae_Pie nthocharis cardamines_INSnrTAYRAAPEI_13
odmitae. RioGe amomesi. Capanca Fo1s007]
L Papilionoidea Riodinidae_Riodininae_Mycastor nealces INSerlTBMRAAPE|__
Papilionoidea_Lycaénidae_Theclinae_Cigaritis_takanonis_Papilionoidea
1 = -Lycaenidae, Thecinae, Calyoopis_cecrops Papiionaidea
‘Eapllonoidea. ycaoni [yommatinae_Hemiargus_ceraunus GNV120025
- Pepilonoidea 1 Gaonidae. Polybmmatinae. Polyommatus. carus. INShau TEGRAAPEI__35
X _Danainae_Danaus plexippus DPLE
[ T P Satyrinag Mariola furtna
! i _Nymphalidae_Satyrinae Bicyclus_anynana INShkeTATRAAPEI 56
Papmnnmaea Nymohaldae Satyrnge”Pararge_zegeria INSTGTADRAAPEI_22
X X  Hefieoniue_ melpgmene_ Papilonoides
1 olygonia. ¢ album_ INSHGTAJRAAPEI_20
i

I
sctuoidea: Noctudac: Heliotinae. Haloths. viréscens Hv

|_46

__56



Goleoptera_Tenebrionidse_Tenebrioninae_Tribolium astaneum_TCAST
Diptpra_Culicidae.

_Anopheles gambiae

sophil
A Dlptera RS AL Ky seilpenms
Mecoptera_Boreidae_Boreus_hyemalis

, Mecoptera_Bittacidas_Bittacus._pilicornis_

_Pulicidae_J
{ G

i _tfelis.
X _Ceratophyllus_gallinae
hopte | | _nearcticus_RINSramTAARAAPEI__209_zz
“rcnopiora. Pilostomis
Trichoptera_Leptoceridae_Leptocerinaé_Nectopsyche_candida
Trichoptera_Helicopsychidae_Helicopsyche.borealis
h

7 Trichoptera. ciopsychinae. palpata
Tmcnumeva snenupsycmaae S|snopsycnuaes sp
Trichoy
iona

Trichoptera_| Psychcmyndae Psychomyiinae_Psychomyia_flavida
. Micropterix_calthella_ic
_ . _Agad
. sp_Hs,
! | 2 _meyricki_RINSInITEERAAPEI_79
D _INSbusTBDRAAPEI_79

_Lophocorona_astipica_Loas
Hepialoidea_Hepialidae_Cibyra_sp_FG120028B
Hepialoidea_Hepialidae_Phymatopus_californicus_Phm
Hepialoidea_Hepialidae_Triodia_sylvina_INSnfrTAVRAAPEI
ia_Aca:

unifascia.
Opostegidae_Opostegin:

9

Pad

Enteucha_acetosae_!

Nepticuloidea_| Nepucunaae Nepticulinae_Stigmella Siieomialia ANIsrmTAAWRAAPEL 225
Andesiana Tamellata, RINSINTEARAAPEI__62

Adeloidea_Prodoxidae_Tegeticula_yuccasella,

Adelidea_Adelidze. Adalinse, Nerophor degesrella_INShauTABRAAPEI_93

letaphatus_ochraceus_Metd
_Ptyssoptera_sp_Plys
_Tischeriidae_Tischeria_quercitel

la_
_Coptotriche_¢ c.mmpenneua INSpmbTAIRAAPEI__207
—palach _pieiseni_pro

al
Tincoisn Meossiine. Nesstinae Eudar Srmulsmcars, Euds
idea_Psychidae_Oiketicinae_Thyridopteryx_ephemeraeformis_Tep2
Tineoidea_Dryadaulidae_Dryadaula_visaliella
necidea_Tineidae_Harmaclonfnse. Harmaclona_sp. RINSINITDYRARPE 57
Tinealdea.Tineidae_Tinainse_Tinecla_bissellalis_ INSwpTACRAAR
_Lyonetiidae_ coptera_coffeella_f R\NyslTAAAARAAPEI 214
Ampmlhem neteroleca INSOTA

latrix_cristatella_ AN\srmTAASRAAPE\ 25
Vponomeu«o\dea Biitatidas. Plutgla yiosiel

3 ._INShauTBFRAAPEI__34
X X . Caloptilia_t madlcae :_calo

_Omixolinas_Philodoria _5p_

iidae_L

dae | ameran ohridela _INSeqtTDMRAAPEI__95

. | citrella_Pcit2
Urodoidea_Urodidae_Uradus decens_Ur2
_Hemeropia_diva_Cors

— O R
lo.43 1 ;

Tarlncmdea Tormcmae Olethreutinae_Phaecasiophora_niveiguttana_Cro
a_Tortricidae_Olethreutinae_Grapholita_dimorpha_SRR803483
Tavlrlcmdea Tortricidae Ole(hveulmae Cydia_pomonella_Cyd
Zygaenoidea_Zygaenidae_Zygaeninae_Zygaena_fausta_INSjdsTAWRAAPEI_
T A e A A

ispata

o oo RSar AR RARREL 62

Limacodidae R\NSm\TDXRAAPE\ 56

Zygaenoidea_| Dalceridze | AT

iaces politiormis e
Sesioidea_Sesiidae_Sesiinae_Podosesia_syringae_P¢

Sesicidea”Sosiidac_Sesinae_Bembecia nneumunuormus _INSIUpTBGRAAPEI__20
ua._ personal

Gossoidea_Gossidae_Zeuzerinae_Psychonoct is
ssoidea_Cossidae_Zeuzerinae Morpheis_pyracmon_| NSSTAGRAAPEI 118
Cossoidea_Cossidac_Cossulinas_Spinulata_maruga. iar
Sesioidea_Castniidae_Castniinae_Synemor

n_plar
ioidea_Castniidae_Castniinae_Telchin_licus. sHmzowes
sid in:

0.96

p_Cul2
Cossoidea_Cossidae_Hypoplinae_Givira_. mucm Sivz
Cossoidea_Cossidae_Archacases_polygrapha.
0.64) — Auctoldes_Aluciidae. Alultz_desmodactia ANIsrmTAAOHAAPE\
1

_215
7

— _f orinae_Pterophorus_j
melina_
1

Emm

_Parides_eurimedes_INSjdSTAJRAAPEI__

apilio_machaon_Papilionoidea
apummdae p _Papilio_glaucus_SRR850324
Hedylidae_Macrosoma_sp_FG

. Papiionoidea_Hedylidae_Macrosoma sp. | AN TEBRAAPE

1 [ Papilionoidea_Hesperiidae_Eudamiinae_Urbanus.

1
ol INSerTBFRAAPEI_s
1 Hesperiidac_Hesp: Hylephila_phyleus_GNV120020
" A D yuccae_GNV139000
_Hesperiidac_Hesperiinas_Thymelicus_sylvestris
1 periinac | _accius
Papilionoidea_Pieridae_Coliadinae_Colias_croceus_INShkeTBFRAAPEI_79
Paniionoidea,Pierdas, Coliadinas Phoobis semnae
Papiionoidsa Pierdac_Plerinae Ascia_monuste. BRE T4
R Flerdae. Piarae. Hebomar. slsucippe. BF140003
lionoldea_Pieridas.Piefinas. Anthocharis_cargamines. INSTTAYRAAPEI__13
Pap\lmnmdea Fiodinidas_Flodinnas. Semomesia_capanea_FG1200
pilionoidea. ininae_Mycastor_nealces_| INSevITBMRAAPEI 57
B honeites. Lycacnidoo Thadinbe. Cae. aianone. Fapi
b . Lycaenidae Theclinae_Calycopis_cecrops._| papmenomea
! I He

1 1

miargus_ceraunus_GNV120025
_Lycaenidae_F icarus_INShauTBGRAAPEI__35
Papumo.aea Nymphalidae_Danainae_Danaus p\sxlppus DPLEX

tyringe_Mariola_jurina

Satyrinae_Bicyclus_anynana_INShkeTATRAAPEI_ ¢
Papmonmuea Nymphalidac Satyrmae Pararge_aegeria_INSTrgTADRAAPEI__
¥ eliconius_melpomene_Papilionoidea
i

p X Faolygonia.c-album. INSGTAJRAAPEL 20
) X X _Junonia_coenia

. " Melitaca_cinxia
7

_schlaegeri_Ant

ie_Psilocorsis_reflexella_Psi

_Dichomeris._f Deh
T Gelechioldea Gelechidae_Gelechiina_Tuta_absoluta

ocoma_kahamanoa_RINys|TAAABRAAPEI__215
sticha_sp_f R\NS\H\TDTRAAPEI 41

Callduioidea. cau.aunuae Calhduhnae Sorodocts Taiger INGATABRAAPE

Sitae. Setioamas. Seuserotes. macuiata FGI20070
Tnynuomea Thyrididae_Pseudothyris. sepu\chrahs GNVizg008
Thyridoidea_Thyrididae_Canaea_sp_RINSInITD!
Thyridoidea_Thyrididae_Striglinae_Strigiina._s P ,SS
Pyraloidea_Pyralidae_Gallerinag Galleria melonella

3 Pyralidas | Eryatinae_Plodia intorpunctela
dea_pyra myelois_trantola_Pyraloidea
Pyralidea Grambidad. Sptomelriac. thochnsia 5o, FINSINTOSFAAPEI_a7
Pyraloidea_Crambidae_Spilomelinae_Gnaphalocrocis_medinalis_SRR64791
PYralidea.| Pyrahdae Spilomela. sp INSenTAFAAPE
aloidea_Crambidae_Crambinae_Chilo_suppressalis
Pyra\oidea,(:rammdae,cfammnae Myelobia sp FG1200718
Pyraloidea_Crar

28

mbidae_Crambinae_Catoptria_oregonicus_Crd
Pyraloidea Crammd - Crambinae. - Catoptia_alla_INSUTAXRAAPE__11
! _Menevia_lantona_INSerITBRRAAPE|
Lacosoma, ohirdota. Mim
Drepanoidea_Cimelidag_Axia_margarita_Ax

Drepanoidea_Doidae.
Drepancides. Dvepamdae Drepaninae_Tridrepana_flava_SW130064
Drepanoidea_Drepanidae_Drepaninae_Macrauzata_submontana_RINSinITDPRAAPEI__
Drspano\dsa Drepanidae_Cyclidiinae_Cyclidia_substigmaria_|

Drepanidae_Thyatirinae_Pseudothyatira_cymatophoroides_Pc
_Drepanidae_ Thyawmae Thyatira_batis_INSnfrTBCRAAPEI

17
_Uranii opterata_Cal
Cemetoliea Uramise Crbmas Lycsasemn ARSI TDURARPET 126
_Epicopeia_hainseil_Epc3
X _Mania_lunus_INSerTAWRABPEI_19
X Larentiinae O

X Sterrhinao. ldaca. sp i

_Nemoria_lxaria_GNV120032
lorosea_t X
Enomas Macara,drsiocaiia, AN 12008

Noctuoidea

-Notoplusia.minuta FG120015
heasla, ghoma_INSqlUTBHRAAPEL__
quumdea oidne. Nommss. anoes. _major_ Wia0e5

tuoides_Erebidas_|ymantinse_Euprocls shrysarhosa
tuoidea_Erebidae_Lymanirinas_Lymaniria_ispar |
Noctuoidea_Erebidae_Calpinae_Phyllodes_eync ITDNRAAPEI 171
Noctuoidea_Erebidae_Calpinae_Eudocima_s salammla SW

ctuoidea_Erebidae_Arctiinae_/ Amaia phegea INShauTAERAAPEI__
Noctuoidea_Erebidae_Arctiinae_Auriculoceryx_pterodactyliformis_| RINSIr\ITDRRAAPE\
Noctuoidea_E Eveb\dae Arcllmae Me\ese sp FGI

1

36

8

a_Erel ragmatobia_fuliginosa_INShauTBDRAAPEI_31
Nectumdea Erebidac Arclinac.. Archa plantaginis_ERR1466856
Noctuoidea_Euteliidae_Anigraea_sp_SW130103

ojp7

Noctuoidea_Noctuidae_Amphipyrinae_Amphipyra_pyramidea_INShauTAVRAAPEI__16
Noctuoidea_Noctuidae_Noctuinae_Spodoptera_exigua_Noctuoidea
Noctuoidea_Noctuidae_Noctuinas. Spodoptera. rugiperda.
uoidea_Noctuidae_Heliothinae_Hefiothis_virescens_Hv
Noctuoidea_Noctuidae_Heliothinae_Helicoverpa._
loctuoidea_Noctuidae_Amphipyrinae_Sesamia_infere
Noctuoidea. Noctuidse, Noclinse. Mytnimna separata

oidea_Nociuidae_Noctuinae_Agrofis_infusa_WHANIsrmTMATRAAPEI

Nuduoldea Noctuidae. Noctuinae Siriacosta_albicosta_Siriacosta
5 Lasi L ._Dendrolimus_pini_INSIUpTBORAAPE -

p L i rtace_sp. Fa1200708

L L Lasiocampidae_! _Tolype_notialis_Tol

Apatelodes | p\iha\a FG1200368
Bombycoidea_Brahmaeidae_Brahmaea._hearseyi_RINSInITDQRAAPEI_35
anisa_similis 136
mbycoidea_Eupterotidae_Eupterotinae_Eupterote_muiuana_SW13020T
Bombycoidea, Endromidas_ Mustizans_dieri_RINSInTOURAAPE
Bom!

Bombycoidea Satumidae_Oxyleninas. Therinia_lactusina_FG120016
X X acles_sp_FG1200968
 Saturniidae |
——— Bombycoidea_Saturnii tacus_atlas_Attac
2.0

a
atumide. Satuminae Actias una._ac

Bombycoidea_Saturniidae_Saturniinae_Saturnia_pyri_INShkeTACRAAPEI__87
maris. ifin's. HEMAS
1_Sphingidae_! _Enyo_lugubris_elugi
_Sphingidae | | \_pyrrhosticta_MacrH
_Sphingidae_|  Darapsa myron Dara
_Sphingidae.| Xylophanes_tersa
i

Sphing Hy] fes_euphorbias_| NSHTAYRAAPEL 56
Bombybordea. Spningitae. Sphinoias, Marduca
Sombycoi6oa. SpTGGae. Sonrinac. Sphimk pinasti INShauTAZRAAPEL 20
Bomhyco:dea Sphingidae_Sphinginae_Ceratomia_undulosa_cun

_Sphing dhemarius_ daphne. £G12004
I Longiose. o_Parum_colligata_V005T
o _Sphingidae_ _Smerinthus_saliceti_AZ130010T

Figure S10. ASTRAL species tree derived from the amino acid consensus bootstrap trees
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Figure S11. Results of the Four-cluster Likelihood Mapping analyses performed on the amino acid dataset, showing quartet
support (in %) of all drawn quartets mapped onto 2D simplex graphs for possible topologies. 2D simplex graphs from left

to right: original data, permutation I, I, III. A) Assessment of the placement of Alucitoidea+Pterophoroidea (Alu_Pte). Other
groups are Gelechioidea (Gel), Calliduloidea+Thyridoidea (Cal_Thy), and an outgroup containing all other species in the
dataset (OUT). B) Assessment of the placement of Papilionoidea (Pap). Other groups are Macroheterocera+Mimallonoidea
+Pyraloidea (MMP), Gelechioidea and relatives (Gel rel), and an outgroup containing non-obtectomeran Lepidoptera (OUT).
C) Assessment of the placement of Lasiocampoidea+Bombycoidea (Las_Bom). Other groups are Geometroidea (Geo),
Noctuoidea (Noc), and an outgroup containing Drepanoidea (OUT). T1, T2, T3 show unambiguous quartet topologies (area 1,
2,3 in IQ-TREE), T12 (area 4 in IQ-TREE), T13 (area 6 in IQ-TREE) and T23 (area 5 in IQ-TREE) show partially resolved
quartets, quartets in T* (area 7 in IQ-TREE) unresolved. $ indicates the topology supported in the best amino acid ML tree.
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Figure S12. Divergence time estimates from the 16-fossil MCMCTree analysis with uncorrelated rates and uniform priors,
based on the topology from the ML amino acid analysis. Node bars represent age ranges (95% credibility intervals) in Ma.
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Figure S13. Divergence time estimates from the 16-fossil MCMCTree analysis with uncorrelated rates and Cauchy priors,
based on the topology from the ML amino acid analysis. Node bars represent age ranges (95% credibility intervals) in Ma.



Trchoptara_ Phryganeidao. Phyganings_ Piostoms. samiasciata
[ =1 Trichoptera._Helicopsychidae_ Helicopsyche.borealis
Tpk e Lepocaie Nty s
‘ I Trichoptera_t opsyche._palpata
Trichoptera_§ ¥ ¥
T Trchoptora_ - g —

I Trichoptora. Plectiocnomia_sp
Trcoptra. Paychonyidee.Peychonyinse.Paycronya s
ropterix_calthella_Mica_N
¥ Agathiphaga_c . Aga3
T  Hoterobathmia.
Cromanien Evocraise. Dysotocamia_sobpuurdla INGWSTEDRAKPEL

‘ T g
e i e e T, AT

hocorona_astiica_Loas
Heplotson Hoiain. Gy . FOr20028D

| Hepioea Hepalidae_Trodiayhina INSNTAVAMRPEL9
Hepialoidea_ Hepialidaa_Phymatopus_calfornicus_Phm

ial b
Neptccido. Opostogase.Opetaina.Pesucapotags. o cuadigalPad

: - emophara_degeerala INSHAUTABRAAPEI_ 53
I Ao o Tecale sl 11
Pasaphaden panaphassns Posepara oo
=  Panephaidas Wt sevacaus Mot
Tischeriden Tscheice. Tacnera querctela. Ts2
Tt Tistrsos oyt Al NETTATATE_207

Tineoidea_Tineidae_Harmacioninae_Harmaclona_sp._RINSINTDYRAAPEI_
Gracillarcidea amommners holosca INSpSTARARPEI_206
- PtallasPlisla oosola
e Yponomeuins.Yocramets.evonmelu. NSHALTEFRANPEI_34
Couotatin Sasonyaian Baoasa ST AMATIT R
idao. omrs. colole, ANYB TAARARAAPEL 218

i
£E
56
i3
i
£f
33

\'E

yoneti
Gracillrioidoa_Gracilaridae_Gracil

Craclnovin. Grcitase Livscaroimes. Cams omaeis NosaTOUAARPEL_
Gracillarioidoa_Gracilaridae_Ornixolinas_Philodoria_sp_CJ260
Urodoidea_Urodidae_Urodus_decens_Ur2
Choreutoidea_Chorautidae_Choreutinae_Hemerophila_diva_Cor5
Immoidea_Immidae_Imma telrascia_imm
Torticoidea_Tortrcidae_Olethreutinae_Phaacasiophora_niveiguttana_Cro

20

|35

1

V120025
mmatus. icarus INShauTBGRAAPE!_35
s _DPLEX

Gelechioidea_Autostichidae_Autostichinas_Autosticha_sp_RINSInTDTRAAPEI_41
oo, Cosmoptergde.Cosmoptrgnas Hyposccaa, Kahamancs ANy TAMBRALPE!
Gelochioidea_Gelechida. ichomeris_puncidiscalla_Deh

Geteonadon. Geeonis Gereminee o avonna
Alcitoidea_Alucilidae_Alucita_desmodactyla_ANIsrmTAAORAAPE!

— taophcride- Paophotras Laninophagh-uslicac-ONY 120027

F= | Prooprooicea pmumnm Pargnoras.Ermalns.monodache
Plorophoraidea_Pierophoridas._Piarophorinae._Pleroy pentadaciyla| \Ns\unmwnps\
Conotoaon catauion. catotnes, moedace oo, NoamAAAAPE
Thyridoidea_Thyrididae._Siculodinae_Zeuzerodes_maculata_FG120079
e
Thyridoidea_Thyrididas_Strglinas_Stiglina,
Thardodos_Thytidae_ Proudyns.sopuohats. er:.aans

a7

Drepancidea_Dreparidae_Drepaninae_Macrauzata_submontana_F RNSTOPRAAPEL_34
. 5W13006:

 phegea INS! AAPEL
Noceldon_Eamine roimes atdocony porodaonlols FINSATORRARPEI_36

e
Noctuoidea_Noctuidae_Amphipyrinae_ Amphipyra_pyramidea._INShauTAVRAAPEI_16.

Lasiocar
Cetoeampotten Lesocamoitas Macompalines ype et 1o
ombycoidea_Apatelocidae. Apatelodes_pitala_FG120
Bombycoidea_Brahmacidae_Brahmaea_hearseyi_AINSINTDQRAAPEI_<

. RINSITOMRAAPEI_136
a

by fas_Attac
Bombycoidea_ Satumiidas. Saturninae._ Saturnia_pyr_INSTKeTACRAAPEI_87
moy na_actz

Bombycoidea_Sphingidae_Macroglossinae_Xylophanes_tersa Xter2

400 300 250 200 150 100 50 0

Figure S14. Divergence time estimates from the 16-fossil MCMCTree analysis with autocorrelated rates and uniform priors,
based on the topology from the ML amino acid analysis. Node bars represent age ranges (95% credibility intervals) in Ma.



IS

Trichopiora. . Halcapsyche_boraals

Tihopiaa_Latooras.Ltoernas Necoyc.canca

‘ I Trichopora rtopsychinge_Arciopsyche. palpata
Troptre Somsapatass Semapontotes

L | Trichoptera_Philopotamidae_Philopotaminae_Philopotamus.

i I Teichoptora, Plectrocnemia_sp
Trichoptera_Psychomyidae_Psychomyine_Psychomyia flavida

L Agathiphagida

i Erocranioidea_Eriocraicdac_Dyseriocrania_subpurpurle_| wsnmxnmwa

pod
e e ANSHTEERAKPEL_75
; Lo i L
| ; et ot Som o Ferios

% Hepialoidea_Hepialidae_Triodia_sylvina_INSnTAVRAAPEI_9.
= Hepilldea Hopiaidas Prymatous callomicus
, Hepns vt S rorosege gl 55
= Neptlodoa Neplcuhdao Neptina.Enoucha acoosao Ensc2

%% Neptalodea Neptculdas Napiclas_ Sigmota mm, AsmTAARASE 225
s s s Tt ASTENWPEL_ G2
o o s TG

3

]

T SwpTAGRAAPE
Tineoidea_Tineidae_Harmacioninas. Harmaciona_sp_RINSINTOYRAAPEI 57
Gracilaroidea. Amphithera_hateroleuca.
_Pltelidae_Plutelia_sylostella
Yoorameutsa.Yoormeutns.Yoorameut vyl NShTOFRAPEL_
= Graclnoldo. Suceuaticiso_Bucttans.crnets ANSTITARS

netidae_Cemiostominge Loucoptera ca«ee\lkRINy:yYAAAARAAPE\ 214

206

e
o ol NSsTONRARPEL_55
Gracilariidea_Gracilaridae_Ornixolinaa_Philodoria sp_CJ260

fidea_Uradida Urodus_decens Ur2

b

Pﬁ

Paplioncidea_Nymphaldas. Nymphalinae_Polygonia_c_album.INSIGTAJRAAPEI 20

Gelochkdon_Autosicndae Atostchinas. Autosichs.sp_ FINSHTOTRARPEL_41
Golechioidea . Hyposmacama kahamanoa RINySITAABRAAPEI 215
Golachiidea_Gelechidae_Dichomeridinao_t oo encdscala oo

=y

roarita_Ax

Drparicn. Ginaice
Drepancides D

Depando repaidon, rosainee_Macrszsta_otmrtane FINSRITDPRAKFEI_ 34
Drepancidea_Drspanidae_Drepaninae_Tridrepana.flava_SW1300

== |
== |

-
== |

Noctuoidea_Erebidas_ Arctinae_ Melese_sp_FG120095
Noctuoidea_Erebidae_Arcinae_Phvagmatobia_fulginosa_INShauTBDRAAPEI__31

==
£ Noctuoicea_Erebidae_Lymanirinas_Lymaniria_dispar_Ly3
£ Noctuoicea_Erebidae_Lymaninas_Euprosis_chrysornosa
| Nocuoiden Ersiss Cainas. Phylodss_eynanovi RINSIRTONRAAPE!
I Noctuoidea_Ercbidae_Capinae_Eudocima_salaminia_sW130252
Noctuoidea_Erebidae_Arctinae_Amata_phegea INShauTAERAAPEI_8
Noctuoidea. Erebidae_Arcinas_Auiculocoryx_plerodactylformis_ AINSINTORRAAPE!
=

|45

i

Lasiocampoidea_Lasiacampidas. Dendrolimus_pini INSTEORAAPEI 36
Lasiocampaidea. Lasiocampidae Macromphalinge Arlace sp FG1200708.
Lasiocampoidea Lasiocampidae_Macromphalinse_Talype_notilis_Tol
Bomoycoidea Apatelodidae_Apatelodes_pihala_FG1200968
Bombycaidea_Brahmaeidae_Brahmaca_hearsayl_AINSINTDQRAAPEI_
SombycoteEupeotiae. Eoprotoas Eupirets_mokana, SWISHRDT
Bombycoidea_Euplerofidae_Eupterotinae_Ganisa_simils_RINSITOMRAAPEI__
Bombycoidea_Endromidae_ Mustilzans_dieri RINSInTDURAAPEI__

as_Atlac
coidea._Saturnidae_Saturninae_Saturia_pyri_INSTKGTACRAAPEI_87
na_scii2

. myron._Dar:
oo Spingie Macpossre. s euphmb\ae msmmvawa s
Bombycoidea_Sphingidas Macroglossinas_ Xylophar

Figure S15. Divergence time estimates from the 16-fossil MCMCTree analysis with autocorrelated rates and Cauchy priors
based on the topology from the ML amino acid analysis. Node bars represent age ranges (95% credibility intervals) in Ma.
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Figure S16. Divergence time estimates from the 3-fossil MCMCTree analysis with uncorrelated rates and uniform priors,
based on the topology from the ML amino acid analysis. Node bars represent age ranges (95% credibility intervals) in Ma.
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Figure S17. Divergence time estimates from the 3-fossil MCMCTree analysis with uncorrelated rates and Cauchy priors,
based on the topology from the ML amino acid analysis. Node bars represent age ranges (95% credibility intervals) in Ma.
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Figure S18. Divergence time estimates from the 3-fossil MCMCTree analysis with autocorrelated rates and uniform priors,
based on the topology from the ML amino acid analysis. Node bars represent age ranges (95% credibility intervals) in Ma.
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Figure S19. Divergence time estimates from the 3-fossil MCMCTree analysis with autocorrelated rates and Cauchy priors,
based on the topology from the ML amino acid analysis. Node bars represent age ranges (95% credibility intervals) in Ma.
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Figure S20. Comparison of ages of major clades in Lepidoptera and Trichoptera.
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Figure S21. Convergence plots for the 16-fossil analysis with uncorrelated rates and uniform priors showing the
relationship between posterior means and confidence intervals among the four runs.
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Figure S22. Convergence plots for the 16-fossil analysis with uncorrelated rates and Cauchy priors showing the
relationship between posterior means and confidence intervals among the four runs.
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Figure S23. Convergence plots for the 16-fossil analysis with autocorrelated rates and uniform priors showing the relationship between
posterior means and confidence intervals among the four runs.
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Figure S24. Convergence plots for the 16-fossil analysis with autocorrelated rates and Cauchy priors showing the
relationship between posterior means and confidence intervals among the four runs.
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Figure S25. Convergence plots for the 3-fossil analysis with uncorrelated rates and uniform priors showing the

relationship between posterior means and confidence intervals among the four runs.
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Figure S26. Convergence plots for the 3-fossil analysis with uncorrelated rates and Cauchy priors showing the
relationship between posterior means and confidence intervals among the four runs.
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Figure S27. Convergence plot for the 3-fossil analysis with autocorrelated rates and uniform priors
showing the relationship between posterior means and confidence intervals among the two available runs.
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Figure S28. Convergence plot for the 3-fossil analysis with autocorrelated rates and Cauchy priors
showing the relationship between posterior means and confidence intervals among the two available runs.
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Figure S29. Density plots for the 16-fossil analysis with uncorrelated rates and uniform priors showing the
relationship between sampling frequency and the age of a particular clade.
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Figure S30. Density plots for the 16-fossil analysis with uncorrelated rates and Cauchy priors showing the
relationship between sampling frequency and the age of a particular clade.
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Figure S31. Density plots for the 3-fossil analysis with uncorrelated rates and uniform priors showing the relationship

between sampling frequency and the age of a particular clade.
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Figure S32. Density plots for the 3-fossil analysis with uncorrelated rates and Cauchy priors showing the relationship

between sampling frequency and the age of a particular clade.



Figure S33. Ancestral state reconstructions of hearing organs on the amino acid ML tree topology. Left: Binary
(2-state) ancestral state reconstruction. Black = hearing organ absent; Red = hearing organ present. Right: Multi-state
(7-state) ancestral state reconstruction. Black = hearing organs absent; Red = tympana on the sternum of the second
abdominal segment; Green = tympana on the metathorax; Dark blue = tympana beneath the forewing base; Cyan =
tympana on the first abdominal segment; Magenta = hearing organs near the spiracles of the seventh abdominal
segment; Yellow = hearing organs on palpi.



Figure S34. Ancestral state reconstruction of adult diel activity on the amino acid ML tree topology.
Black = nocturnal; Red = diurnal; Green = crepuscular; Blue = active at all times.
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