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Butterflies are a diverse and charismatic insect group that are thought to
have evolved with plants and dispersed throughout the world in response
to key geological events. However, these hypotheses have not been
extensively tested because acomprehensive phylogenetic framework and
datasets for butterfly larval hosts and global distributions are lacking. We
sequenced 391 genes from nearly 2,300 butterfly species, sampled from
90 countries and 28 specimen collections, to reconstruct a new
phylogenomic tree of butterflies representing 92% of all genera. Our
phylogeny has strong support for nearly allnodes and demonstrates

that atleast 36 butterfly tribes require reclassification. Divergence time
analyses imply an origin ~100 million years ago for butterflies and indicate
that all but one family were present before the K/Pg extinction event. We
aggregated larval host datasets and global distribution records and found
that butterflies are likely to have first fed on Fabaceae and originated in
whatis now the Americas. Soon after the Cretaceous Thermal Maximum,
butterflies crossed Beringia and diversified in the Palaeotropics. Our results
also reveal that most butterfly species are specialists that feed on only one
larval host plant family. However, generalist butterflies that consume two

or more plant families usually feed on closely related plants.

Butterflies have long captivated naturalists, scientists and the public,
andthey have played a central partin studies of speciation, community
ecology, plant-insect interactions, mimicry, genetics and conserva-
tion. Despite being the most intensely studied insect group, the evo-
lutionary history and drivers of butterfly diversification remain poorly
understood"*. Butterflies are thought to have diversified in relation
to multiple abiotic and biotic factors, including adaptations to novel
climates and species interactions, with caterpillar-host interactions
and geographic history playing a major role’. However, these hypoth-
eses have notbeen tested because arobust phylogenetic framework at
the taxonomic scale that would be needed to examine their evolution
has notbeen available. Furthermore, host plant and distribution data
havelargely beenscattered across literature, museum collections, and

local databases, limiting our ability to conduct broad, comparative
macroevolutionary studies.

We sequenced 391 genes from nearly 2,300 butterfly species to
reconstruct anew phylogenomic tree of butterflies representing 92%
of all genera (Fig. 1 and Supplementary Fig. 1), assembled a compre-
hensive host association dataset and aggregated global distribution
records. Using our tree, we inferred the evolutionary timing, patterns
of host use, and biogeographic history of butterflies. We addressed
three long-standing questions related to butterfly evolution: (1) did
butterflies originate in the northern (Laurasia) or southern (Gondwana)
hemisphere*; (2) what plants did the ancestor of butterflies feed on’;
and (3) are host repertoires (that is, diets) of butterfly species and
clades constrained by host phylogeny®’?
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Fig.1|Evolutionary relationships and diversification patterns of butterflies.
Time-calibrated tree of 2,244 butterfly species based on 391 loci and 150 amino
acid partitions. Branches show distinct changes in diversification (circles)

as estimated by clade-specific models. Letters at nodes refer to clades with
significant rate shifts (see section 6 of Supplementary Results). Coloured lines

inthe outer ring beside tips indicate association with one of the 13 host modules
(see section17 of Extended Online Methods). Black lines in the host association
ring indicate species without data, and asterisks denote non-monophyletic
subfamilies. Supplementary Fig.1shows this tree with visible species names and

ages forallnodes.

Results and discussion

To elucidate patterns of global butterfly diversification in space
and time, we used targeted exon capture® to assemble a dataset of
391 gene regions (161,166 nucleotides and 53,722 amino acids) from
2,244 butterfly species (Supplementary Table 1). The majority (1,914
specimens) of butterflies sampled were newly sequenced for this
study, representing all families, subfamilies and tribes, and 92% of
recognized genera, from 90 countries. These were obtained from 28
specimen collections across the world (see section 2 of the Extended
Online Methods). Phylogenomic trees were inferred with nucleotides

ortranslated amino acids with nine different subsets and partitioning
schemes. Our trees were highly congruent, with strong support for
the monophyly of all families and nearly all subfamilies with branch
support metrics (SH-aLRT, ultrafast bootstrap) and multispecies
coalescent species tree analyses (Supplementary Table 2). We also
conducted four-cluster likelihood mapping to identify potentially
conflicting signals in our datasets (Supplementary Table 3). Our
results strongly support the need for revision of the classification of
at least 36 butterfly tribes (27% of total) as currently circumscribed
(Supplementary Table 2).
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Fig.2|Distribution of butterflies over time. Bioregion shading indicates the number of butterfly lineages that were associated with that bioregion during that time
period, as determined by BioGeoBEARS ancestral state reconstruction. Each map corresponds to a15-Mainterval of butterfly evolution. Results are based on data

from this study.

We conducted 24 dating analyses using different fossil and
secondary calibration schemes along with sensitivity analyses to
assess the impact of analytical and sampling bias. Across analyses,
our results revealed largely congruent timing of butterfly divergence
events (Supplementary Table 4). Butterflies originated from noctur-
nal, herbivorous moth ancestors around 101.4 million years ago (Ma)
(102.5-100.0 Ma), providing evidence for a mid-Cretaceous origin
of butterflies™’.

To determine the geographic origin of butterflies, we used our
dated tree (Fig.1) to conduct aglobal biogeographicanalysis with 15,764
newly aggregated country-level distribution records (Supplementary

Table 5). Modelling with three different area categorizations, models
of range evolution and parameters (adjacency matrices, time slices,
etc.) consistently recovered butterflies as originating in the Americas,
in what is present-day western North America or Central America
(Fig. 2 and Supplementary Tables 6 and 7). All extant butterfly fami-
lies excluding the Neotropical Hedylidae diversified ~10-30 Ma after
the Cretaceous Thermal Maximum, ~90 Ma, when the global climate
cooled by nearly 5 °C (ref. 10) (Figs. 1and 2). During the Cretaceous,
butterflies dispersed out of the Neotropics at amuch higher rate than
that of any other dispersal route (Supplementary Fig. 2). As new but-
terfly lineages became established in other bioregions, interbioregion
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Fig.3|Relative mean dispersal rates of butterflies between bioregions. Numbers beside each arrow are average rates from 1,000 simulations using
biogeographic stochastic mapping in BioGeoBEARS. These numbers were divided by 100 for ease of comparison (raw values can be found in Supplementary Data 5).

E., Eastern; W., Western.

dispersals became more frequent, particularly out of the present-day
Indo-Australian Archipelago (Supplementary Figs. 3 and 4). Beginning
around 60 Ma, the Neotropics served as an important bioregion with
high in situ butterfly speciation (Supplementary Fig. 5), and many
lineages dispersed out of this region to other areas (Supplementary
Fig. 6). The relative rate of dispersal out of the Neotropics remained
high during the early Cenozoic, although not as much as it was dur-
ing the Cretaceous (Supplementary Figs. 2 and 3). Over the course of
evolution, butterfly speciation was substantially higher in the tropics
thanintemperate zones (Supplementary Data1). More dispersal events
originatedin the tropics (Supplementary Fig. 6), as evidenced by rela-
tive mean out-of-tropics dispersal rates from the temperate Eastern
Palaearctic, and from the Neotropics to the Nearctic (Fig. 3). This pat-
tern differs from that seenin mammals, which are thought to have dis-
persed primarily inthe opposite direction during the Pliocene™ ., Our
estimates of within-area dispersal rates (Supplementary Figs. 7and 8)
indicate that some butterflies, including swallowtails (Papilionidae),
contradicted the general trend and dispersed into the Neotropics at
high rates, corroborating previous findings'. Most dispersal events
between the Neotropics and the Nearctic took place after the Eocene/
Oligocene boundary, ~33.9 Ma (Supplementary Fig. 4), congruent
with a previous biogeographic study”. Two lineages dispersed from
the Eastern Palaearctic around 17 Ma, and these appear to be the first
colonizers of Europe: ancestors of the Nymphalini subclade including
Aglais, Nymphalis and Polygonia, and a clade of chequered skippers
(Carcharodini; Supplementary Table 7). Butterflies were present on
what are now all modern continental landmasses by the late Eocene
(Supplementary Table 8).

Tounderstand the evolution of larval host plant use, we compiled
31,456 butterfly host records from 186 books, published papers, and
publicand private databases (Supplementary Table 9). We found that
butterfly origin and diversification lagged far behind the origin of
angiosperms'®® corroborating previous studies®”’. We used arecently
developed network approach to create host plant modules to infer the
associations of butterflies and plants®*°, Butterfly host plants include
morethan80 ordersand -300 families”, rendering standard ancestral
state reconstruction intractable. Our analyses provide support for

Fabaceaeasthelarval host plant of the most recent common ancestor
of butterflies (Supplementary Tables 10 and 11 and Supplementary
Fig.9), a widely accepted hypothesis® that has lacked empirical sup-
port. The crown age of the most recent common ancestor of Fabaceae
isthought tobe ~98 Ma (refs. 16,18), largely coincident with the origin
of butterflies.

Although mostbutterflies in our dataset are herbivores as larvae,
a small number also feed on detritus, lichens or other insects
(Supplementary Table 9). The oldest associations in the entirely
entomophagous Miletinae (Lycaenidae) appear to originate by
58.4 Ma (58.9-57.1 Ma), adate that largely corresponds with an earlier
estimation of the origin of this subfamily?’ (Supplementary Tables 4
and12).Lycaenidae, with caterpillars that are ancestrally symbiotic with
ants®?, date back to 64.5 Ma (65.4-63.7 Ma) (Supplementary Fig.10),
long after the origin of ants (139-158 Ma)**. Together with plants, ants
appear to have provided a template for diversification of Lycaenidae
and some members of its sister clade, Riodinidae. Our host database
provides animportant resource for future studies on butterfly feeding
patterns.

We examined host plant specificity on the butterfly phylogeny
(Fig.1) and found that more than two-thirds of extant butterfly species
feed on a single plant family (67.7%), whereas less than a third (32.3%)
are generalists feeding ontwo or more (Supplementary Table13), a pat-
tern largely inagreement with ecological studies®. Butterflies feeding
ongrass and legumes (Poaceae and Fabaceae) are often host specific;
the majority do not feed on plants from other families (Supplementary
Table 9). These two plant families are geographically widespread and
abundantinalmost every ecosystem®*?, and most grasses and legumes
lack potent defensive chemicals that restrict insect feeding®. These
plant traits may have allowed butterflies to remain associated with
these plant families for millions of years. We also found that 94.2% of
generalists feed on plant families that are significantly closely related
compared with arandomly sampled null distribution, suggesting that
‘generalists’, although capable of feeding on different host families,
stillconsume closely related plants. This finding supports the pattern
proposed by Ehrlich and Raven” in which related butterflies feed on
related plants.
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Our study provides a robust baseline for future studies of this
modelinsectlineage. The consistency of results obtained using differ-
entapproachesfor each of our analyses suggests that our conclusions
arerobust. Our datasupport the hypothesis that butterflies originated
in the Americas in the late Cretaceous, 100 million years after the
origin of angiosperms, and that they first fed on legumes. Butterflies
dispersed from the Americas to the Eastern Palaearctic across Beringia
~75 Mabefore diversifying in the Palaeotropics. Although our analyses
point to a Nearctic origin, evidence for a North American versus a
Central American origin is not strong, and we therefore tentatively
conclude that a Laurasian origin is likely. Larval host plants played
an important part in the evolution of butterflies, and some groups
became host specific whereas others retained a wide host breadth.
The molecular, host plantand geographic data provided here serve as
abaseline for future comparative analyses of butterflies.

Methods

Taxon sampling and sequence acquisition

A total of 2,248 butterfly specimens representing 2,244 species in
1,644 generawere included for the molecular component of this study,
along with ten outgroups from other lepidopteran superfamilies
(Supplementary Table1). Theingroup included generafromall families,
subfamilies and tribes of butterfliesaccording to the current classifica-
tion. We aimed to include at least one species from every valid genus
and sequenced the type species of each genus whenever possible. We
obtained 92% of all described valid butterfly genera when the initial
dataset was assembled (July 2019).

We obtained marker loci for phylogenetic analysis by (1) anchored
hybrid enrichmentexon capture of DNA extracts and subsequent Illu-
minasequencing® or (2) bioinformatically removing these sequences
from published genomes and transcriptomes. We used the BUTTER-
FLY1.0 probe set® and selected a 391-locus subset that was captured
reliably in at least 60% of samples. We chose this approach because it
has been proven to resolve relationships of many different butterfly
groups®**. The BUTTERFLY1.0 probe setincludes 13 genes (12 nuclear
genes and the COl mitochondrial gene) that have been widely used in
butterfly phylogenetics®*, also termed ‘legacy genes™*, and additional
protein-coding genes that may be used to address broad questions
pertaining to butterfly biology, such as vision, host use and olfaction®.

Specimens were collected in 90 countries over a 70-year period by
over 300 people and deposited in one of the 28 specimen collections
from which we obtained tissue samples (Supplementary Table 1). We
successfully captured and sequenced DNA from decades-old museum
specimens”, which enabled us to include taxa that are rare or live in
areas where collecting fresh material is difficult. The oldest sample was
apinned specimen collected on 22 April 1946: Dira clytus (Nymphali-
dae) (LEP79391).Images of 460 representative voucher specimens are
showninSupplementary Data2,and specimenrepositories are listedin
Supplementary Table 1. All voucher specimens, at minimum, had their
wings and genitalia retained for identification and future research.

We obtained sequence data from 343 published genomes and
transcriptomes. Ten of these were outgroups representing nine moth
families that are closely related to butterflies according to published
studies on lepidopteran phylogeny®***2,

We extracted DNA from 1,915 specimens that were (1) stored in
ethanol and frozen; (2) dried and stored in glassine envelopes under
ambient conditions (papered); or (3) dried, spread and pinnedina
museum collection. Locus assembly and sequence clean-up followed
the pipeline of Breinholt et al.*>. Published sequences comprised (1)
genome assemblies, (2) genomicreads, and (3) paired or (4) single-end
transcriptomes. Three sequence datasets were created for this study:
anucleotide dataset with all codon positions (nt123); a nucleotide
dataset that excludes all synonymous changes (degen), created using
the Perlscript Degenlv.1.4 (refs. 43,44); and an amino acid (aa) dataset
translated from the nt123 dataset (Supplementary Data 3).

Phylogenetic analysis and dating

Maximum likelihood (ML) tree inference was conducted on all three
datasets (nt123, degen and aa) in IQ-TREE 2.0 (ref. 45); parameter
settings for each analysis can be found in Supplementary Table 14.
Branch support was calculated with 1,000 ultrafast bootstrap rep-
licates (UFBS; *-B 1000’ command)*** and Shimodaira-Hasegawa
approximate likelihood ratio tests (SH-aLRT; -alrt 1000’ command)*®,
Quartet sampling was performed on the degen359 and aal54 trees
with the highest likelihood score. Four-cluster likelihood mapping
analyses* were performed on the degen and aa datasets to assess the
placement of particular butterfly clades that have been the subject of
previous phylogenetic studies. We applied this approach in addition
tostandard branch support metrics, because the latter canbe subject
toinflated estimates®.

We obtained divergence time estimates using a penalized-
likelihood based approachimplemented in treePL*°. Weimplemented
three different methods for calibrating trees and assessed similarities
among results. Method 1involved dating with secondary calibrations
only. We used the 95% credibility intervals of Lepidoptera ages from
Fig.S12 ofKawahara et al.’® to assign minimum and maximum ages to 27
ingroup and six outgroup nodes in our tree. Method 2 involved dating
withfossils and one secondary root calibration. Inthis approach, we fol-
lowed the guidelines of Parham et al.” by calibrating nodes with 11 but-
terfly fossils that could be assigned to the geological age of abutterfly
lineage with confidence as verified by de Jong>. None of the outgroup
nodes could be calibrated because reliable fossils associated with our
non-butterfly Lepidoptera were too young to influence deeper node
agesrepresenting multisuperfamily clades. Consequently, preliminary
treePL analyses yielded highly dubious age estimates for deep nodes on
thetree, hundreds of millions of years older than expected based on the
literature. We therefore added a single secondary calibration to the root
ofthetree. Although combining secondary and fossil calibrationsina
single analysis can create redundancy that negatively affects the result-
ing age estimates™, the limited fossil record of Lepidopteramadeita
necessity to obtain comparable results derived primarily from fossils.
Weran two versions of this method, each with a different root calibra-
tion. Method 2A used a maximum-age estimate of 139.4 Ma, based on
the angiosperm age estimate of Smith and Brown". Method 2B used
amore conservative maximum-age estimate of 251 Ma, based on the
older end of the credibility interval for the age of angiospermsin Foster
etal.’*. Both calibrations were used under the assumption that butter-
flies diverged from their moth ancestors after their most frequently
used host plants, angiosperms, were already present®>*°, Method 3
involved secondary calibrations and six fossils. In this approach, we
combined the 33 secondary calibrations from Method 1 with six fossil
calibrations, including some of the fossils used in Method 2. Fossils
previously used to calibrate trees of Kawahara et al.*® were excluded
from this analysis to avoid circularity and redundancy with secondary
calibrations. Whenever possible, redundant fossil calibrations from
Method 2 were replaced with calibrations from unrelated fossils that
could be associated with a different node in the same clade.

Diversification rate analyses
We performed a Bayesian analysis of macroevolutionary mixtures
using the program BAMM v.1.10.4 (ref. 57) to detect shifts in diversi-
fication rates between clades. Reversible-jump Markov chain Monte
Carlo was run for 50 million generations and sampled every 50,000
generations. Priors were estimated with the R package BAMMtools
v.2.1.6 (ref. 58) using the command ‘setBAMMpriors’. The tree was
trimmedinMesquitev.3.6 (ref. 59) toremove all outgroups. Six analyses
were performed using different priors for expected numbers of shifts
(5,10,20, 30,40 and 50 shifts).

We conducted a series of analyses in HiSSE (Hidden State Spe-
ciation and Extinction) and a BiSSE-like (Binary State Speciation and
Extinction) implementation of HiSSE®® in the R package hisse®' to
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evaluate whether there is a correlation between butterfly and plant
diversification. We pruned outgroups from the aal54 dated tree (Strat-
egy A) and compared 20 HiSSE models and BiSSE-like implementations
of HiSSE. The BiSSE equivalent of HiSSE tests whether there are differ-
entdiversification rates associated with the two host plant use states.
Other models were built in the HiSSE framework to test alternative
combinations of the presence or absence of hidden state and host
plant use associations while also considering different transition rate
matrices, netturnover rates, Ti (speciation plus extinction: Ai + pti) and
extinction fractions, €i (extinction divided by speciation: pi/Ai) (Sup-
plementary Table 15). We tested whether diversification rates were
linked to feeding (A) as alarval specialist or generalist (Supplementary
Table 16); (B) on Poales (Supplementary Table 17) in Papilionoidea,
Hesperiidae and Nymphalidae; (C) on Fabales (Supplementary Table 18)
in Papilionoidea and Nymphalidae; (D) on Brassicales (Supplementary
Table19) in Papilionoideaand Pieridae; (E) on Fagales (Supplementary
Table 20); (F) onthe Poaceae module (Supplementary Table 21); (G) on
the Fabaceae module (Supplementary Table 22); and (H) on Fabaceae
in Eudaminae (Supplementary Tables 22 and 23). We compared these
different models of HiSSE and BiSSE-like implementations to account
for hidden states to alleviate concerns that SSE models can lead to a
high incidence of false positive results®.

Fraction files of clade-based taxonomic diversity estimates were
created for all HiSSE runs to account for taxonomic sampling bias
(Supplementary Table 24). We set the total number of extant butterfly
species as 19,500, which is an ~8% increase compared with the but-
terfly species richness estimate of van Nieukerken et al.*>. We added
this diversity correction based on many recent new butterfly species
descriptions (for example, by Conget al.**) and morphospecies that we
are aware of that have not yet been formally described. We estimated
the total number of generalist and specialist species by calculating
the percentage of generalists and specialists in our dataset at the fam-
ily level. We standardized the proportion of species richness in that
family compared to all butterflies, based on diversity estimates of van
Nieukerken et al.®’. For example, 78.61% of allsampled Hesperiidae that
had host datawere specialists, and Hesperiidae comprise 21.91% of all
butterfly species richness; thus, we estimated Hesperiidae specialists
as19,500 x 0.2191 x 0.7861 = 3,359 species. Applying these calculations
forall families yielded totals 0f12,969 specialist species and 6,531 gen-
eralist species (Supplementary Table 25); these numbers were used to
estimate fractions of generalists and specialists in our dataset.

Calculating the fraction of species sampled within each host plant
module proved more challenging. To estimate the true butterfly species
richness for each module, we used unpublished estimates of species
richness for all butterfly generaby G.L.and assumed that if a species was
known to belong to a module, so would some of its congeners. These
calculations were revised because some genera had large host ranges
with species assigned to multiple modules. For example, the three spe-
cies of Vanessawith host records in our dataset were assigned to three
different modules. As thereis an estimated total of 24 Vanessa species,
we calculated that approximately 24/3 = 8 Vanessa species belonged
in each of those modules. Calculations for all genera in all modules,
and the resulting estimates of module totals and fractions sampled,
are provided in Supplementary Table 26.

Biogeography

Toreconstruct the biogeographic history of butterflies, we aggregated
global distribution data from multiple sources to create a butterfly
checklist for each country. Data sourcesincluded: (1) the Lepidoptera
and Other Life Forms Database (http://ftp.funet.fi/index/Tree_of life/
insecta/lepidoptera); (2) WikiSpecies (https://species.wikimedia.
org); and (3) the type locality of each species or subspecies in our
list of valid butterfly names, which was obtained from 1, above. This
initial global checklist was vetted using published country check-
lists and the ButterflyNet Trait Database®. Trait data from ca. 100

comprehensive and country-specific field guides have been entered
into this database, allowing us to generate species lists to cross-validate
checklists assembled®.

We designated 14 biogeographic regions across the globe (Sup-
plementary Fig.11and Supplementary Table 27), determined which of
theseregions were occupied by each speciesinour tree and developed
a 14-state character matrix. Six countries (Canada, China, Indonesia,
Mexico, Russia, US) spanned two or three bioregions, which required
manual evaluation of whether species in these countries were found
in one or more of the adjoining bioregions. US and Canadian spe-
cies were assigned to East and/or West Nearctic bioregions based on
the palaeogeographic history of North America (that is, whether the
species were east or west of the continental divide) with reference to
locality records from Butterflies and Moths of North America (https://
www.butterfliesandmoths.org). Russian species were assigned to East-
ern and/or Western Palaearctic bioregions based on locality records
assembled by the Lepidopteraand Other Life Forms Database®. Some
countries did not have complete distribution lists and were thus evalu-
ated manually by coauthors. Chinese species were assigned to Eastern
Palaearctic and Oriental bioregions by H.W. Indonesian species were
assigned to Oriental, Wallacean and Australian bioregions by D.J.L.and
D.P.Mexicanspecies were assigned to East Nearctic, West Nearcticand
Central American bioregions by J.I.M.

The majority of butterfly species are distributed in fewer than
five bioregions. Some species are more widespread, but we found
that this was often due to recent anthropogenicintroductions. Con-
sequently, a final round of data cleaning was performed in which
records of species found in at least five bioregions were manually
verified and edited to accurately reflect true native species’ ranges.
Cleaned bioregion and tropicality data were converted to character
matrices to be used for subsequent distribution analyses (Supple-
mentary Tables 28 and 29).

We estimated the ancestral area of origin and geographic range
evolution for butterflies using two approaches: the ML approach of
the DECX model®® as implemented in the C++ version®*”° (https://
github.com/champost/DECX); and the program BioGeoBEARS v.1.1.2
(ref. 71). DECX uses a time-calibrated tree, the modern distribution
of each species for a set of geographic areas and a time-stratified
geographic model that is represented by connectivity matrices for
specified time intervals spanning the evolutionary history of clade
of interest’.

We also ran BioGeoBEARS with seven and eight areas to estimate
immigration and emigration rates (Supplementary Figs. 12 and 13
and Supplementary Table 27). BioGeoBEARS could not be run with
14 states owing to the complexity of our dataset (2,248 tree tips). The
sevenand eight bioregionslargely corresponded to the biogeographic
realms defined by Udvardy”. We implemented both the Dispersal
Extinction Cladogenesis (DEC)®*’* and the Likelihood equivalent of
the Dispersal-Vicariance approach (DIVALIKE)” models and different
adjacency matrices (Supplementary Data 4). Both approaches gave
largely consistent results, regardless of the model and parameters
used (Supplementary Tables 6 and 30).

We performed biogeographic stochastic mapping to examine
in situ speciation, immigration and emigration between the seven
bioregionsin BioGeoBEARS. We followed Lietal.” and ran1,000 simula-
tionswith the DEC model, and calculated relative mean dispersal rates
between all permutations of bioregions (Fig. 3 and Supplementary
Data 5). These mean dispersal rates represent dispersal of butterfly
lineages throughout the entire evolutionary history of Papilionoidea
and thus cannot reveal changesinrates over time. To look at historical
biogeography of butterflies during different epochs, rates along all
possibleinterbioregion colonization rates were calculated at specific
timeintervals of S5million years (Supplementary Table 31). These rela-
tive rates were averaged to represent relevant geological time periods
(Supplementary Figs.2-4).
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Larval host plant analyses

Larval host records were compiled from nine sources: (1) the Database
of the World’s Lepidopteran Hostplants (HOSTS)?, which summarizes
datafrom-~270 other sources; (2) the Lepidopteraand Other Life Forms
Database (http://ftp.funet.fi/index/Tree_of life/insecta/lepidoptera/);
(3)40yearsoffood plant rearing records from CostaRicaby D.H.J., WH.,
and colleagues (http://janzen.sas.upenn.edu/); (4) the ButterflyNet
Trait Database®, which includes host plant records from 109 butterfly
field guides and other resources; (5) acomprehensive database for host
records for all butterflies inJapan’’; (6) aset of papers documenting the
hosts of butterflies inIndia”®**; (7) a database of hosts and ant symbionts
oflarvalLycaenidae and Riodinidae compiled from 85 literature sources
by N.E.P.and members of her laboratory; (8) adatabase of butterfly host
records from Ecuadorbased on field observations and literature records
compiled by K.R.W.; and (9) 88 papers from the primary literature or
relevant websites (Supplementary Table 9 and Supplementary Data 6).
Whenever possible, we retained the following information for each
host record, if available: (1) the taxon and taxonomic authority of but-
terfly to the lowest available taxonomic level (family, subfamily, tribe,
genus, species or subspecies); (2) the taxon and taxonomic authority
of host to the lowest available taxonomic level (family, genus, species,
subspecies or variety); (3) plant part eaten; (4) record certainty (novel
plant accepted in captivity, oviposition record with no observation of
herbivory, etc.); (5) geographiclocation of observation; and (6) relevant
information on allnon-plant hosts. The extensive datarecordedin the
host (food plant) database of D.H.J., W.H., and colleagues were simpli-
fied toretainthefields of butterfly genus and specific epithet, aswell as
plant family, genus and specific epithet, together withanindication of
whether the plant wasintroduced to Costa Rica. This database contains
many records of informal, non-ICZN-compliant names of butterfly
cryptic species. Rather than discarding the large number of records
that would not be compatible with any other datasource, we regarded
these as the nominal species (for example, Battus polydamas instead
of Battus polydamasDHJ01). The number of records for each butterfly
species x plant species interaction was recorded.

We examined relationships between individual butterfly species
and host families that are consumed by their larvae. For these analyses,
we chose the rank of plant family because it has been adopted as the
standard taxonomic rank for examining host use evolution®®, For each
plant-feeding butterfly speciesinour tree, we quantified host plant rich-
ness and phylogenetic distance using six different metricsimplemented
inthe R package picantev.1.8.2 (ref. 86). To calculate these metrics, we
used the calibrated tree of seed plants from Smith and Brown".

As the number of host groups in our dataset was too large for an
ancestral state reconstruction (approximately 200 of the 300 known
host plant families plus host insects), we first reduced the number
of host groups by using a network analysis. The Beckett algorithm®,
as implemented in the function ‘computeModules’ from the package
bipartite®® inRv.3.6.2 (ref. 89), assigns plants and butterflies to modules
and computes the modularity index, Q. By maximizing Q, the algorithm
finds groups of butterflies and hosts that interact more with each other
than with other taxa in the network. Thus, hosts that are assigned to
the same module tend to be used by the same butterflies. We found 13
modules for butterfly host associations in our module analysis (Supple-
mentary Tables 32 and 33). We then conducted three larval host ances-
tral state reconstruction analyses using stochastic character mapping
with SIMMAP in phytools v.0.7-70 (refs. 90,91) using the ‘make.simmap’
command. Wereconstructed the ancestral state of (A) generalist versus
specialist feeding (two states, Supplementary Data 7); (B) plant, lichen,
Hemipteraor Hymenopteraasafoodsource (fourstates, Supplementary
Data 8); and (C) plant module (13 states, Supplementary Data 9).

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

All supplementary data archives are available on Figshare (https://
doi.org/10.6084/m9.figshare.21774899). Genomic data for all newly
sequenced specimens in this study have been uploaded to GenBank
as part of BioProject PRINA714105. Individual BioSample accession
numbers for each specimen are provided in Supplementary Table 1.

Code availability

Allnew code developed to aid with the analyses in this study has been
uploaded to GitHub and made publicly available. GitHub URLs for
specific scripts are provided in the Methods and Extended Online
Methods sections.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

|:| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|:| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

D The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested

|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

X XX X XX 5

D A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used

Data analysis The following programs and code were used for data analysis: R, TrimGalore!, MAFFT, FASconCAT, Ig-TREE, published scripts from Breinholt et
al. (2018), SPAdes, BLAST+, FastTree, PhyloTreePruner, Trimal, MACSE, PartitionFinder2, FastTree, catfasta2phyml|, MonoPhy, Degen, ASTRAL,
TreePL, BAMM, BAMMTtools, RevBayes, picante, bipartite, Phytools, hisse, BioGeoBEARS, DECX.
A new R script for running analyses in picante was created by co-authors of this manuscript and is publicly available on GitHub (https://
github.com/Imcai/BNet-PD-analysis)
A new R script for partially automating TreePL analyses was created by co-authors of this manuscript and is publicly available on GitHub
(https://github.com/sunrayl/treepl)

References for all existing programs, and github links for all novel code, have been provided in the main text and/or the Extended Online
Methods.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All supplementary figures, tables, and data archives are available on Figshare (https://doi.org/10.6084/m?9.figshare.21774899). Genomic data for all newly

sequenced specimens in this study have been uploaded to GenBank as part of BioProject PRINA714105. Individual BioSample accession numbers for each specimen
are provided in Table S1.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender this information has not been collected

Population characteristics see above
Recruitment see above
Ethics oversight see above

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|:| Life sciences |:| Behavioural & social sciences Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description We sequenced 391 genes from nearly 2,300 butterfly species to reconstruct a new, phylogenomic tree of butterflies

Research sample A total of 2,248 butterfly specimens representing 2,244 species in 1,644 genera was included for the molecular component of this
study, along with 10 outgroups from other lepidopteran superfamilies. We aimed to include at least one species from every valid
genus and sequenced the type species of each genus whenever possible.

Sampling strategy Specimens were collected in 90 countries over a 70-year period by over 300 people, preserved and deposited in one of the 28
specimen collections from which we obtained new tissue samples.
We also obtained sequence data from 343 published genomes and transcriptomes.

Data collection We extracted DNA from 1,915 specimens that were 1) stored in ethanol and frozen; 2) dried and stored in glassine envelopes under
ambient conditions (papered); or 3) dried, spread and pinned in a museum collection. For ethanol-preserved and enveloped
specimens, we prioritized tissue from the thorax, but if thoracic tissue was unavailable, we used legs or tissue from the proximal
region of the abdomen. We removed abdomens and/or up to three legs from museum specimens. In all cases, when multiple
specimens of the same species were available, the most-recently collected specimen was used for DNA extraction.

All tissues were extracted with the OmniPrep DNA Extraction Kit for High Quality Genomic DNA Extraction

All DNA extractions were stored in 1.5 mL microcentrifuge tubes at -20° C prior to sequencing. Most extractions were performed at
the McGuire Center for Lepidoptera and Biodiversity, Florida Museum of Natural History, University of Florida; the Museum of
Comparative Zoology, Harvard University; or the Biology Department, City College of New York, City University of New York. Chinese
samples that could not be exported to the US were sequenced at Annoroad Gene Technology Co., Ltd, Beijing, China.

Timing and spatial scale  DNA extractions took place between 2015-2019

Data exclusions Multiple tests were conducted to determine whether sequences were contaminated. All samples that were included in the final
dataset were checked first by BLAST, comparing its COI locus via the command-line blastn in Genbank. A minimum e-value of 0.0001
and maximum of five target sequences were specified to filter the search. The length of the sequence matching the query, its bit
score, and taxonomy of resulting matched sequences were used to determine contamination. Samples with a low bit score were
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flagged, and if the top three hits for that sequence was a species in a different butterfly family, the voucher specimen was examined
for confirmation. Identification was confirmed by sharing specimen images with taxonomists, and in some cases, genitalia were
dissected for verification.

We took three additional steps to identify contaminated or mislabeled sequences. (A) We generated gene trees in FastTree v2.1.744
for every locus. Along with visual inspection, branch tip lengths were compared in all gene trees using LongBranchFinder.plS0. If a
particular gene tree branch was found to be significantly long (i.e., > 8 SD from the mean branch length) the corresponding sequence
for that taxon was removed from that locus (Table S31). (B) The R package MonoPhy v1.351 was used to perform a thorough search
for any non-monophyletic groups present in an initial unpartitioned ML tree generated in IQ-TREE52, using our subfamily, tribe, and
genus-level butterfly taxonomy. Questionable placements of taxa in the tree were verified by expert taxonomists and removed if
there was a significant concern for contamination. (C) We calculated Quartet Fidelity (QF) scores53 and specimens that were deemed
outliers were removed.

Reproducibility Input files used in our analyses (as described in sections 9-20 of Extended Online Methods), have been provided in supplementary
Data Archives and uploaded to Figshare, for the purposes of reproducibility.

Randomization Random allocation of samples into groups is not necessary prior to a phylogenetic analysis. A random starting tree is automatically
generated as part of the tree-searching algorithm in the program used for our primary phylogenetic analysis, |IQ-tree.

S
D
—
c
D

O
(@)
=
o
=
®

O
(@)
=
S

(e}
wv
c
3
3
D

2

Blinding Blinding is not relevant to our study. The program used for our primary phylogenetic analysis, IQ-tree, is not provided any
information on previous phylogenetic hypotheses, it interprets the dataset strictly based on the DNA sequences and partition
information in the input files. No prior taxonomic knowledge was used when performing this analysis.

Did the study involve field work? Yes []no

Field work, collection and transport

Field conditions The majority of specimens that were used for the genetic portion of this study were obtained from legs and abdomens of museum
specimens . These were collected before enforcement of the Nagoya Protocol on Access to Genetic Resources and the Fair and
Equitable Sharing of Benefits Arising from their Utilization to the Convention on Biological Diversity (https://www.cbd.int/abs/).
However, some specimens were obtained more recently through collecting efforts by our team and collaborators. Some countries,
such as the USA, Chile, and many European countries, do not require permits for collecting non-protected species outside of
protected areas, and some of our specimens were obtained in this manner. Other specimens were obtained in areas where permits
were required. We list permits and their relevant countries and regions in Table $29; a pdf of permits can be found in Data S10.

Location Locations where each specimen in our study was collected are provided in Table S1. As our dataset was comprised of over 2,000
specimens, there is not enough space to exhaustively list all locations here.

Access & import/export  We list permits and their relevant countries and regions in Table $29; a pdf of permits can be found in Data S10.

Disturbance Butterfly specimens were collected individually with nets or by hand; this minimizes disturbance and prevents the death of other
surrounding organisms that may otherwise happen with mass insect trapping techniques

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChIP-seq
Eukaryotic cell lines g |:| Flow cytometry
Palaeontology and archaeology g |:| MRI-based neuroimaging

Animals and other organisms

Clinical data
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

the study did not involve laboratory animals

All wild insects collected in the field were killed via a painless chemical killing agent (e.g., potassium cyanide) or via flash-freezing if
such equipment was available at the field site. All insects were deceased prior to shipping.

this information has can be inferred via examination of the voucher specimens, but is not relevant to the study and not reported
here. Sex is not relevant to a genus-level phylogenetic analysis.

all field-collected samples were deceased prior to being brought into a laboratory setting. No special parameters were necessary,
beyond the basic sterilization and hygiene protocols used to minimize cross-contamination and ensure safety of people working in
the lab.

no ethical approval was required for working with non-endangered invertebrate specimens.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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