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Homeobox genes encode transcription factors with essential roles in patterning and cell fate in developing animal embryos.

Many homeobox genes, including Hox andNK genes, are arranged in gene clusters, a feature likely related to transcription-

al control. Sparse taxon sampling and fragmentary genome assemblies mean that little is known about the dynamics of ho-

meobox gene evolution across Lepidoptera or about how changes in homeobox gene number and organization relate to

diversity in this large order of insects. Here we analyze an extensive data set of high-quality genomes to characterize the

number and organization of all homeobox genes in 123 species of Lepidoptera from 23 taxonomic families. We find

most Lepidoptera have around 100 homeobox loci, including an unusual Hox gene cluster in which the lab gene is reposi-
tioned and the ro gene is next to pb. A topologically associating domain spans much of the gene cluster, suggesting deep

regulatory conservation of the Hox cluster arrangement in this insect order. Most Lepidoptera have four Shx genes, diver-

gent zen-derived loci, but these loci underwent dramatic duplication in several lineages, with some moths having over 165

homeobox loci in the Hox gene cluster; this expansion is associated with local LINE element density. In contrast, the NK

gene cluster content is more stable, although there are differences in organization compared with other insects, as well

as major rearrangements within butterflies. Our analysis represents the first description of homeobox gene content across

the order Lepidoptera, exemplifying the potential of newly generated genome assemblies for understanding genome and

gene family evolution.

[Supplemental material is available for this article.]

Lepidoptera (moths and butterflies) are one of the four mega-
diverse insect orders, with over 150,000 described species.
Lepidoptera belong within the Endopterygota, meaning they un-
dergo complete metamorphosis with development proceeding
from a motile phytophagous larva to a pupal stage to a reproduc-
tive imago (adult). The imaginal stage is easily recognizable and
typically follows a characteristic body plan: two pairs of scale-cov-
ered membranous wings, six walking legs, filamentous antennae,
and a tube-like proboscis. There are, however, variations and ex-
ceptions. For example, in some moths, the females are flightless
with reduced wings; in many butterflies, four legs rather than six
are used for walking; antennalmorphology varies with clubbed, la-
mellate, or plumose structure; in several moth species, the larvae
are fully aquatic; and in the family Micropterygidae, the adults
have biting rather than sucking mouthparts. Many variations
and adaptations are hypothesized to have been driven by coevolu-
tion with plants, driving novelties in egg laying behavior, larval
phenotype, and feeding strategies in both larvae and adults
(Wiens et al. 2015; Mitter et al. 2017; Kawahara et al. 2019).

Associating evolutionary change in form or behavior to
changes in underlying loci is not straightforward, but insights
can come from correlations between patterns in molecular evolu-

tion and changes in phenotype. Homeobox genes are candidates
for loci in which molecular change may cause or facilitate evolu-
tionary change to the form and structure of animals, because
most homeobox genes play regulatory roles in development. For
example, theHox genes, a subset of homeobox genes, encode tran-
scription factors that control spatial identity along the anteropos-
terior axis in embryonic development, and their number differs
between animal lineages. There was an increase in Hox gene num-
ber on the stem lineage of bilaterian animals, when a head-to-tail
axis evolved to dominate the body plan (Finnerty and Martindale
1998; Holland 2015; Nong et al. 2020); there was also an increase
in the early evolution of vertebrates, traceable to genome duplica-
tion (Soshnikova et al. 2013; Aase-Remedios and Ferrier 2021).
Hox genes are usually arranged in gene clusters, but these clusters
have been secondarily broken or dispersed in some evolutionary
lineages concomitant with changes to developmental pathways
(Ferrier and Holland 2002); conversely, clusters have been further
compacted in vertebrates in association with additional gene regu-
latory controls and the emergence of fins and limbs (Duboule
2007). We wished to address if changes to the homeobox comple-
ment in Lepidoptera were associated with phenotypic change.

In Lepidoptera, lack of high-contiguity, chromosomal-scale
genome assemblies have hampered studies into the structure and
evolution of the Hox gene cluster, so the extent of gene cluster
compaction, cluster integrity, and precise gene order remains un-
clear. One discovery was the presence of at least 11 divergent ho-
meobox loci within the Hox gene cluster of the silkworm,

3The list of Darwin Tree of Life Consortium members and affiliations
is listed at the end of this paper.
4Present address: Department of Biological and Medical Sciences,
Faculty of Health and Life Sciences, Oxford Brookes University,
Oxford OX3 0BP, UK
Corresponding author: peter.holland@biology.ox.ac.uk
Article published online before print. Article, supplemental material, and publi-
cation date are at https://www.genome.org/cgi/doi/10.1101/gr.277118.122.
Freely available online through the Genome Research Open Access option.

© 2023 Mulhair et al. This article, published in Genome Research, is available
under a Creative Commons License (Attribution 4.0 International), as described
at http://creativecommons.org/licenses/by/4.0/.

Research

32 Genome Research 33:32–44 Published by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/23; www.genome.org
www.genome.org

mailto:peter.holland@biology.ox.ac.uk
https://www.genome.org/cgi/doi/10.1101/gr.277118.122
https://www.genome.org/cgi/doi/10.1101/gr.277118.122
http://genome.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://genome.cshlp.org/site/misc/terms.xhtml


Bombyx mori (Chai et al. 2008), all located between the zen and pb
Hox genes. This presence of unusual “special homeobox” (Shx)
genes within the Hox gene cluster was later confirmed in several
other Lepidoptera, most of which were found to possess four Shx
genes, ShxA, ShxB, ShxC, and ShxD, derived by tandem duplication
and divergence from zen (Ferguson et al. 2014). These studies also
highlighted B.mori as an aberrant outlier to the usual pattern, with
the larger number of Shx genes reflecting further tandem duplica-
tion of ShxD.Triodia sylvina (orange swiftmoth, familyHepialidae)
was also noted as unusual, as it seemed to lack Shx genes altogeth-
er, although tentative evidence for zen duplication was found
(Ferguson et al. 2014). We wished to refine when Shx genes arose
and to also test if Shx expansion in Bombyx is unique.

Although the roles of Shx genes are not yet fully understood,
studies in Pararge aegeria (speckled wood butterfly) have shown ex-
pression in the extraembryonic serosa and suggested functions in
extraembryonic membrane patterning (Ferguson et al. 2014). It
should also be noted that relatively few species were compared
in these initial surveys owing to the lack of genomic data; hence,
patterns of Shx gene evolution were poorly resolved. Outside of
theHox gene cluster, even less is known about the evolution of ho-
meobox genes across Lepidoptera. For example, the NK genes are
members of the ANTP class, like Hox genes, and are arranged in
a compact gene cluster in Diptera and Coleoptera (Jagla et al.
2001; Garcia-Fernàndez 2005; Butts et al. 2008); these genes are
implicated in mesoderm development, but their evolution has
not been analyzed comprehensively in Lepidoptera (Ranz et al.
2022). The same can be said for the many dispersed homeobox
genes that are not arranged in gene clusters and are implicated in
a wide diversity of developmental roles (Ferrier 2016). We aimed
to assess the extent of homeobox gene clustering in Lepidoptera,
beyond the Hox cluster.

Until recently, analysis of the copy number, organization,
andmolecular evolution of homeobox genes across a whole insect
order has not been feasible owing to limited sampling of species
and, for the study of clustered homeobox genes, the highly frag-
mented nature of many genome assemblies. Dense sampling of
lepidopteran species in the Darwin Tree of Life Project (The
Darwin Tree of Life Project Consortium 2022) has generated chro-
mosome-level genome assemblies across a wide phylogenetic cov-
erage. Analyzing these data, we present an order-wide description
of the homeobox gene content in Lepidoptera. Using chromo-
some-level genome assemblies for 123 lepidopteran genomes
from 23 taxonomic families, we identified all homeobox genes
from their characteristic homeodomain, determined their geno-
mic organization into gene clusters, and traced their patterns
and pathways of duplication and loss.

Results

Classification of all Lepidoptera homeobox genes

We identified all homeobox gene loci in the genomes of 123 lepi-
dopteran species, including 87 moths and 36 butterfly species
(Supplemental Table S1; http://doi.org/10.5281/zenodo.7274111).
To place our analyses in an evolutionary context, we also construct-
ed a phylogenetic tree of the species analyzed using 2262 BUSCO
genes (see Methods; Fig. 1A; Supplemental Fig. S1). Homeobox se-
quences were then classified using the characteristic homeodomain
and a combination of reciprocal best BLAST andmolecular phyloge-
netic analysis: This “total” collection of homeobox loci could in-
clude functional genes, partial genes, and pseudogenes.

We find that the catalog of homeobox loci is relatively stable
across Lepidoptera (Fig. 1B,C), with most species possessing
around 100 homeobox sequences. However, certain lineages and
species showed marked increases in homeobox counts, resulting
mainly from duplications within individual homeobox gene clas-
ses. The main contributors to these increases are large expansions
within the Hox gene cluster in some clades or smaller-scale dupli-
cations of PRD class genes. Homeobox gene loss has also occurred.
For example, the HHEX (Hhex) gene of the ANTP class is absent
from the genomes of all three Pieris species sequenced, consistent
with a loss in this clade (Fig. 1B). We deduce that the ShxD gene
was lost in the genusMelitaea, as it is absent in bothMelitaea cinxia
(Glanville fritillary butterfly), consistent with an earlier report
(Ferguson et al. 2014), andMelitaea athalia (heath fritillary butter-
fly). Similarly, we do not find the ShxD gene in any of the eight
Lycaenidae species in our data set (Lycaena phlaeas, Celastrina argio-
lus, Glaucopsyche alexis, Plebejus argus, Cyaniris semiargus, Aricia
agestis, Lysandra bellargus, and Lysandra coridon), implying that
this gene was also lost early in the evolution of the family
Lycaenidae. Some homeobox genes, such as Mkx (orthologous to
Dmel\CG11617) of the TALE class, were lost many times indepen-
dently across Lepidoptera (Fig. 1B).

Using a representative set of seven species, we examined ex-
pression levels for each homeobox gene using female whole-
body RNA-seq (Supplemental Fig. S2). We find clear evidence for
the expression of Hox genes and Shx genes, with particularly
strong expression of ShxC; consistent expression of homeobox
genes in the SINE, TALE, CUT, PROS, ZF and CERS classes; and var-
iable expression of PRD class and NK homeobox genes.

Rearrangement of the Hox gene cluster

Within insects, the Hox gene cluster generally comprises 10 ho-
meobox genes arranged in a specific order reflecting their evolu-
tionary origin by tandem gene duplication: lab, pb, zen, Dfd, Scr,
Antp, ftz, Ubx, abd-A, and Abd-B. The cluster may be split, as in
manyDrosophila species (Duboule 2007; Negre and Ruiz 2007), in-
dividual genes may be inverted, and the zen gene may be duplicat-
ed (e.g., zen, zen2, and bcd in Drosophila melanogaster), but radical
gene order changes are rare, documented only within individual
species or close relatives (Negre et al. 2005). A difficulty in studying
gene order is that intergenic distances may be large, and many ge-
nome assemblies do not provide long-range linkage information.
Using chromosome-level gene assemblies (Supplemental Table
S1), we have determined the structure of the Hox gene cluster in
123 Lepidoptera genomes, providing the first comprehensive de-
scription of the cluster evolution across this order.

We found all Hox genes on a single scaffold for 115/123 ge-
nomes (Supplemental Fig. S3). In all Lepidoptera we analyzed,
we found the canonical lab, pb, Dfd, Scr, Antp, Ubx, abd-A, and
Abd-B homeotic genes, plus the divergent Hox-derived genes zen
and ftz, alongwith gene order, orientation, and intergenic distanc-
es. In most Lepidoptera, excepting some “basal” lineages, we also
found four distinct Shx genes (ShxA to ShxD) between zen and pb
(Figs. 1, 2; Supplemental Fig. S3), as previously noted for a smaller
sample of species (Ferguson et al. 2014). The structure of the Hox
cluster for Autographa gamma (silver Y moth) (Boyes et al. 2022c)
shown in Figure 2B reflects the general structure found inmost lep-
idopteran species.

When compared with other insect orders, two rearrange-
ments are apparent. First, we consistently find a non-Hox homeo-
box gene, rough (ro), in close association with the gene cluster.
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Across almost all Lepidoptera species, the ro gene is adjacent to pb,
in the genomic location where lab or its ortholog is found in most
species (shown for A. gamma in Fig. 2). Second, the lab gene has
been translocated to a distant genomic location beyond Abd-B.
This dissociation of lab is consistent with a split between lab and
other Hox genes previously reported in B. mori, although the posi-
tion of lab was unresolved in this earlier work (Yasukochi et al.
2004; Chai et al. 2008). In A. gamma, the lab gene is ∼7 Mb from
Abd-B, whereas the main part of the Hox cluster spans 1.22 Mb
from Abd-B to ro. We find the Hox gene cluster (excluding lab) in
Lepidoptera ranges from 1Mb in Papilio machaon (swallowtail but-
terfly) to 6.8Mb in Euproctis similis (yellow-tailmoth). A further in-
version of the ro gene occurred within the Pieris clade, resulting in
relocation of ro to between lab and Abd-B (Supplemental Fig. S3).

An evolutionarily conserved topologically associating domain

around the Hox cluster

To assess whether the rearrangements in gene order could be asso-
ciated with changes in regulation of Hox genes, we used Hi-C data
to annotate topologically associating domains (TADs) across the
genome. These data can reveal the 3D organization of the chroma-
tin and, at least in some cases, highlight regions of the genome un-
der common regulatory constraints (Schoenfelder and Fraser 2019;
Szabo et al. 2019). Given that the purpose of the Hi-C sequencing
of these species was to assist in genome assembly (Lawniczak et al.

2022), the depth of Hi-C is lower than in some other studies (Liao
et al. 2021), ranging from around 35 million to 52 million paired-
end reads (Supplemental Table S2). Nonetheless, we found this se-
quencing depth sufficient for the analysis, revealing TADs in lepi-
dopteran genomes, which were visualized at 5-kb resolution using
HiCExplorer (Ramírez et al. 2018). To our knowledge, this is the
first such analysis for Lepidoptera genomes and is one of the few
assessments of chromatin accessibility around invertebrate Hox
gene clusters (Acemel et al. 2017). In a sample of nine species rep-
resenting diverse families across Lepidoptera (Fig. 3A), we observe
strong evidence of an evolutionarily conserved, prominent TAD
covering most of the Hox gene cluster from pb to Abd-B (Fig. 3A,
B). This TAD was also observed in species with a large increase in
copy number within the Hox cluster (see section “Independent
tandem duplication of Shx genes” below) (Supplemental Fig.
S4A). In all species analyzed, lab and ro are located outside the dis-
tinct TAD (Fig. 3A). Assessing thewider chromosomal organization
in Pheosia gnoma (lesser swallow prominent), it is clear that there is
a high degree of contact within the Hox-containing TAD relative
to the rest of the chromosome (Fig. 3B). Although genome-wide
conservation of TADs between species has been questioned (Eres
and Gilad 2021), we argue that the strong and consistent signal
for physical contacts across the Hox cluster in diverse moths and
butterflies is evidence for a conserved TAD around a cluster of
developmentally important genes.Wemake no assessment of pos-
sible conservation of other TADs in lepidopteran genomes.

A B C

Figure 1. Numbers of homeobox sequences across Lepidoptera. (A) Species tree of Lepidoptera analyzed constructed using BUSCO gene set. Colored
boxes spanning tips of the tree represent distinct Lepidoptera families with the family names shown. Species in the tree are listed in the same order as in
Supplemental Figure S1. (B) Heatmap showing numbers of homeobox loci in each gene class and subclass (from left to right: lab, Abd-B, abd-A, Ubx, Antp,
ftz, Scr, Dfd, zen, Shx, pb, ind, cad, exex, eve, unpg, btn, Tlx, Msx, NK4, NK3, Lbx, NK1, Hmx, Emx, Hhex, NK7, NK6, Nedx, Dlx, En, NK2.1, Msxlx, Hlx, NK2.2,
Barhl, Bari, Bsx, Dbx, Abox, Noto, ro, Uncx, Gsc, Pitx, Otp, Rx, Hbn, Repo, Prrx, Shox, Arx, Pax4/6, Phox, Prop, Vsx, CG11294, Pax3/7, Drgx, Otx, Lhx6/8, Lmx,
Lhx2/9, Lhx3/4, Lhx1/5, Isl, Pou2, Pou3, Pou4, Pou6, Six3/6, Six1/2, Six4/5, Meis, Irx, Mkx, Pbx, Tgif, Onecut, Cux, Cmp, Prox, Zfhx, Cers). (C) Total counts of
homeobox loci in each genome.
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Outside the Hox gene cluster, the general structure of TADs across
this chromosome appears similar to the pattern observed in
Drosophila, with TADs representing condensed internal interac-
tions and larger compartments showing long-range interactions
between these domains (Fig. 3B,C; Sexton et al. 2012; Ulianov
et al. 2016; Szabo et al. 2018; Liao et al. 2021).

Origin, duplication, and loss of Shx genes

As inmost Lepidoptera, four distinct Shx genes were identified be-
tween zen and pb in the Hox gene cluster of A. gamma (Fig. 2;
Supplemental Fig. S3). Phylogenetic analysis supports the deriva-
tion of Shx genes by tandem duplication and sequence divergence
from zen (see Fig. 4A; Ferguson et al. 2014). We also find rapid se-
quence divergence within the homeodomain of these genes fol-
lowing duplication from zen, as previously described (Fig. 4A;
Ferguson et al. 2014). Shx genes are found in representatives of
the Erebidae, Nymphalidae, Sphingidae, Noctuidae, Lycaenidae,
Pieridae, Papilionidae, Notodontidae, Drepanidae, Hesperiidae,
Tortricidae, Geometridae, Sesiidae, Blastobasidae, Depressariidae,
Crambidae, Pterophoridae, Pyralidae, Tineidae, Ypsolophidae,
Cossidae, and Zygaenidae families, but we do not identify these
genes in Micropterigidae (Fig. 2A; Supplemental Fig. S3). Instead,
extra copies of zen (four in addition to the original zen) were found
in a species from the family Micropterigidae (Neomicropteryx cor-
nuta). These loci, which are located outside theHox cluster beyond
the location of Abd-B, group outside of the Shx genes in a molecu-
lar phylogenetic analysis: twowith the zen clade and three closer to
the lab clade (Fig. 4A). We suggest all are derived from zen. They
display higher rates of substitution in the homeodomain com-
paredwith the other zen genes analyzed, whichmay underlie erro-
neous placement of some genes closer to lab.

The ShxD gene was lost several times across the lepidopteran
phylogeny. One loss event is shared by the Lycaenidae species (the

“blue” butterflies), suggesting gene loss along the ancestral branch
of this diverse family. Loss of ShxD in these species is associated
with longer branch lengths in the remaining Shx genes (ShxA-C )
in a phylogenetic analysis (Fig. 4A). The significantly increased
rate of substitution in the homeodomain of the three remaining
Shx genes (ShxA, ShxB, and ShxC) following the loss of the ShxD
gene was confirmed by assessing pairwise sequence identity be-
tween Lycaenidae species and non-Lycaenidae species (Fig. 4B).

Independent tandem duplication of Shx genes

As noted above, the number of Shx genes in ditryisian lepidopter-
ans is usually four, or three in those taxa that have lost ShxD.
However, there are some notable examples of Shx gene duplica-
tion. In earlier work using limited sampling and fragmentary ge-
nome assemblies, the large number of Shx loci in B. mori was
considered an exception to the normal pattern (Chai et al. 2008;
Ferguson et al. 2014). The expanded sampling generated by the
Darwin Tree of Life Project reveals a more complex pattern of evo-
lution. Although presence of four Shx genes is still the norm for
Lepidoptera, we find multiple independent examples of dramatic
Shx gene number expansion (Fig. 1B; Supplemental Fig. S3).
In 18 species of moth (Zeuzera pyrina, Blastobasis lacticolella,
Blastobasis adustella, Parapoynx stratiotata, Idaea aversata, Phalera
bucephala, E. similis, Schrankia costaestrigalis, Spilarctia lutea,
Spilosoma lubricipeda, Eilema depressum, Eilema sororculum,
Mythimna ferrago,Mythimna impura,Noctua pronuba,Noctua janthe,
Noctua fimbriata, and Apamea monoglypha) and one butterfly spe-
cies (Aporia crataegi), a large number of homeobox loci was found
between zen and pb, each representing extensive tandem duplica-
tion of Shx genes (Supplemental Figs. S2, S5). In these species, the
copynumber ranges fromnine copies of Shx genes inN. pronuba to
51 Shx copies in M. impura, up to 165 Shx loci in A. monoglypha,
the largest number observed. These species have a mean of 32

A

B

Figure 2. Hox gene cluster evolution across Insecta. (A) Comparison of the general structure of the Hox gene cluster between representative species for
Hymenoptera (Bombus terrestris), Coleoptera (Tribolium castaneum), Diptera (Drosophila melanogaster), and Lepidoptera. Lepidoptera are shaded in an or-
ange box and split between non-Ditrysia species (Neomicropteryx cornuta) and Ditrysia (represented by 122 species in our data set). Lepidoptera-specific
Shx genes are colored orange (ShxA), red (ShxB), green (ShxC), and blue (ShxD) in this figure and throughout the paper. (B) Genomic location of Hox genes
in A. gamma with corresponding exon structures and genomic distances annotated below. Silhouette images of B. terrestris, T. castaneum, and D. mela-
nogaster were taken from PhyloPic (phylopic.org).
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copies of zen/Shx and a median of 20 copies. The rate of sequence
divergence of the Shx genes following tandem duplication varies
between species, with tandemly duplicated copies in three species
showing significantly lower pairwise identity (larger sequence
change compared with the distribution of pairwise identity in
nonduplicated orthologs), duplicated copies from three species
showing higher pairwise identity (possibly reflecting recent dupli-
cation), and four species showing no significant difference.

This shows that the Shx expansion phenomenon is more
widespread across Lepidoptera than previously recognized. In
some cases, we observe tandem duplication of Shx genes in closely
related species, for example, two Blastobasis species, three Noctua
species, and twoMythimna species, suggesting that these events oc-
curred in the common ancestor of each of these lineages or that
these lineages are prone to Shx duplication. In total, we detect at
least 11 cases of independent expansion of the Shx genes in addi-
tion to the previously recognized B. mori expansion. We rarely see
clearly intermediate cases: We detect either a conservative pattern
of three to six Shx genes or a dramatically expanded set of Shx
genes.

We investigated whether retrotransposon activity may have
impacted the copy number variation observed. Retrotransposons,
particularly LINE elements, can facilitate nonallelic homologous

recombination, resulting in segmental duplications and gene clus-
ter expansions (Startek et al. 2015; Janoušek et al. 2016; Thybert
et al. 2018). Repeat content across the whole genomes of 66 repre-
sentative species was estimated using a combination of
RepeatModeler and RepeatMasker pipelines (see Methods;
Supplemental Fig. S6). To test the relation between transposon ac-
tivity and the Hox gene cluster, transposable element (TE) density
was annotated inwindowsof5000baseswithin theHoxcluster (lab
was excluded from this analysis owing to its distant position). The
density of the major classes of TEs (LINEs, SINEs, LTR, and DNA)
was compared between the region containing the Shx genes and
the remaining Hox cluster. A significantly increased density of
theLINEelementswasobservedwithin theShxgene region relative
to the rest of theHox gene cluster in 14 of 19 species with large tan-
dem duplications (Wilcoxon rank-sum test; P<0.05, Bonferroni
correction) (Fig. 5A). These 14 species were Z. pyrina, B. lacticolella,
B. adustella, E. similis, S. lutea, S. lubricipeda, E. depressum, E. sororcu-
lum,M. ferrago,M. impura,N. janthe,N. fimbriata, andA.monoglypha
(Fig. 5B). Further examining the correlation between Shx expan-
sion and LINE proliferation in the species Z. pyrina, which has 25
copies of ShxA (Supplemental Figs. S3, S7A), we see that there is
clear evidence for tandem duplication of specific LINE elements
(LINE/CR1), which are all in the same orientation and evenly

A B

C

Figure 3. Evidence for a conserved topologically associated domain (TAD) spanning the Hox gene cluster across Lepidoptera. (A) Species tree of nine
representative lepidopteran species on left; Hi-C matrix showing 1 Mb either side of the Hox gene cluster (excluding lab). The location of the Hox gene
cluster from (Abd-B to pb) is annotated by a blue bar, along with its orientation. The position of ro is annotated with a short vertical black dash. The intensity
of chromatin compaction is represented by a blue (low) to red (high) color gradient. Across the core Hox cluster (pb to Abd-B) in each species a TAD is
represented by a region of strong contact, by the more-yellow-shaded regions. Black lines represent TADs or sub-TADs predicted by HiCExplorer. (B,
top) The arrangement of the Hox gene cluster (excluding ro and lab) surrounded by a TAD (orange) in Pheosia gnoma (lesser swallow prominent).
(Bottom) The Hi-C matrix of Chromosome 10 showing the location of the Hox cluster, represented by a blue bar, along with ro and lab, represented by
short vertical black dashes. (C) Schematic showing tologically folded domains in Chromosome 10 (red) interspersed by chromosome regions with less
consistent topology (blue) based on the above Hi-C matrix. Shaded gray region shows the location of the condensed TAD containing the Hox cluster.
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interspersed between the ShxA copies (Supplemental Fig. S7B). The
five species with large tandem duplications but no LINE enrich-
ment were N. pronuba, P. stratiotata, Idaea inversata, P. bucephala,
andA. crataegi. For several species, there is clear evidence that repeat
elements were tandemly duplicated alongwith Shx loci. For exam-
ple, P. stratiotata, with 16 ShxD copies, has a repeated array of
Low_complexity, Simple_repeat, and LINE/L2 elements between
each ShxD. Quite different patterns are seen in P. bucephala and
Z. pyrina. There is no association, beyond the presence of LINEs, be-
tween repeat type, repeat number, and which Shx gene is
duplicated.

Other homeobox gene clusters

TheHox genes are the best-studied clustered homeobox genes, but
other examples also occur. A cluster of three neuronally expressed
homeobox genes from the PRD class—Homeobrain (hbn), Retinal
Homeobox (Rx), and Orthopedia (otp)—has been conserved in
most animal lineages since the cnidarian–bilaterian ancestor
(Mazza et al. 2010). The gene cluster has also been found in
Drosophila and representatives of Hymenoptera and Coleoptera,
with a conserved gene order and comparable intergenic distances
(Walldorf et al. 2000; Mazza et al. 2010). Across the lepidopteran
species in this study, we also find that the cluster is conserved
with the same gene order (Supplemental Fig. S8). Genomic dis-
tances between genes are larger in lepidopteran species than in

other insects studied to date, with an av-
erage overall cluster length of 348 kb.
Although gene order is conserved, tran-
scriptional orientation varies between
species.

In Drosophila, several “NK” genes
form a compact homeobox gene cluster
comprising tin (also known as NK4), bap
(also known as NK3), two “Lbx” genes
(lbl, lbe), C15 (Tlx), and slou (also known
as NK1) (Jagla et al. 2001; Luke et al.
2003; Garcia-Fernàndez 2005). Other
NK-related genes are foundmore distant-
ly and may have been translocated away,
including Dr (Msx), ems (Emx), and Hmx
(NK5). Other groupings of NK genes are
found in other animal genomes (Jagla
et al. 2001; Luke et al. 2003; Garcia-
Fernàndez 2005). In contrast to Hox
gene clusters, we find theNK gene cluster
has undergone extensive gene order
changes during insect evolution (Fig.
6A). Across all insect orders, we find tight
linkage between tin, bap, and Lbx; we
also findDr is closely linked in several or-
ders, but not in Diptera represented by
Drosophila. Outside these genes, there is
considerable variation between orders.

The organization of the NK gene
cluster inA. gamma (silver Ymoth) is typ-
ical for Lepidoptera (Fig. 6B). We find a
“core” of five homeobox genes (two
Msx, tin, bap, and Lbx) spanning ∼370
kb, plus linkage to C15 on one side
and slou, Hmx, and ems on the other
(Fig. 6B). The arrangement of these genes

is generally conserved across most Lepidoptera species (Fig. 6;
Supplemental Fig. S9). However, rearrangements within the cluster
are observed in some butterfly lineages. For example, in the three
Pieris species, the order of the tin/bap/Lbx/Dr core cluster is invert-
ed in all species, C15 is found on a separate chromosome, and the
Abox and Bari homeobox genes are located close to each end of the
cluster (Fig. 6C; Supplemental Fig. S9). Rearrangements are also
found in both Lycaenidae and Nymphalidae, with different gene
orders suggesting independent rearrangements (Fig. 6C). We infer
that a series of translocation and inversion events has occurred in-
dependently. In lineages such as the Pieris butterflies, these chang-
es in the structure of the NK gene cluster reflect general trends of
genome remodeling (Hill et al. 2019). The changes within the
NK cluster within butterflies represent at least seven likely rear-
rangement events, contrasting to the general stability in geneorder
observed in the Hox cluster. Rearrangements were also found out-
side the butterflies, with independent changes seen in Ypsolopha
scabrella, Emmelina monodactyla, Carcina quercana, Clostera curtula,
Laspeyria flexula, Abrostola tripartite, and N. cornuta. These NK clus-
ter rearrangements in moths include translocation of one, two, or
three of the slou/Hmx/ems genes to the opposite end of the cluster,
as well as relocation ofC15 to the opposite end of the cluster in five
of the seven species (Supplemental Fig. S9). In contrast to the Hox
gene cluster, the Hi-C contact data do not provide evidence for a
strong TAD spanning the NK homeobox gene cluster
(Supplemental Fig. S4B).

A

B

Figure 4. Sequence evolution of Hox genes across Lepidoptera. (A) Phylogenetic tree of Hox and Hox-
derived homeodomains across 46 Lepidoptera species. Shx gene clades are colored orange, red, green,
and blue; canonical Hox genes are colored yellow. The names of the Hox genes are placed alongside their
clade in the tree. (B) Shx genes show elevated sequence evolution following loss of ShxD in Lycaenidae.
Results of pairwise identity of Shx genes between Lycaenidae species and non-Lycaenidae species. For
each gene (ShxA–C), pairwise identity between Lycaenidae and all other Lepidoptera species with normal
Shx gene count (darker shade boxplot) is compared with pairwise identity between all Lepidoptera spe-
cies with normal Shx gene count (lighter shade boxplot). Each pair of boxplots (light shade and dark
shade) are colored according to the color code for each of the Shx genes. Wilcoxon rank-sum test was
performed between pairwise identity for Lycaenidae and non-Lycaenidae species: (∗) P-value < 0.05.
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Discussion

Overall stability of homeobox gene numbers

Although the expression, function, and evolution of homeobox
genes has been extensively studied in insects, few studies have

made comparisons across an entire insect
order. In addition, most studies have fo-
cused on Hox genes, with less attention
paid to the many other types of homeo-
box genes or to genomic organization.
To a large degree, this is a consequence
of the limited number of high-quality
chromosomal-level genome assemblies
available until very recently. With ad-
vances in DNA sequencing technology,
coupled with scaffolding using Hi-C,
this limitation is being overcome (The
Darwin Tree of Life Project Consortium
2022). To better understand homeobox
gene evolution in Lepidoptera, we anno-
tated genes from all homeobox classes
in 123 well-assembled Lepidoptera
genomes.

We found general stability in ho-
meobox gene numbers across the order,
with most species having approximately
100 homeobox loci from all classes.
This overall consistency in homeobox
gene content may relate to overall body
plan stability across Lepidoptera. There
are some notable variations in gene con-
tent between species and families; most
of these concern the Hox genes, includ-
ing the Shx genes, discussed below.
Otherwise, we see a degree of consisten-
cy, in gene number if not in gene organi-
zation. Leaving Hox genes aside, most
homeobox genes are dispersed in these
genomes, and linkages are not con-
served. The NK homeobox genes and
the Homeobrain, Retinal Homeobox,
andOrthopedia genes from the PRD class
are an exception, with both sets of genes
having a conserved cluster arrangement
in Lepidoptera. The NK cluster usually
contains nine genes and spans 2.4 Mb
to 10 Mb. In these genes, we find tight
clustering across insects of Msx (Dr),
NK4 (tin), NK3 (bap), and Lbx (lbe), sug-
gestive of a functional constraint or com-
mon regulation, whereas the remaining
genes Tlx (C15), NK1 (slou), Hmx (NK5),
and Emx (ems) have more variation in
their gene order. The Homeobrain,
Retinal Homeobox, andOrthopedia clus-
ter is a compact cluster, with an average
length of ∼300 kb. The genes are highly
conserved in order but vary in gene ori-
entation across Lepidoptera.

The unusual lepidopteran Hox gene

cluster

Hox genes are arranged in genomic clusters as a result of tandem
gene duplication, followed by selective pressure that has kept
Hox genes together as neighbors for hundreds of millions of years.
The nature of the selective pressure is not fully understood butmay

A B

Figure 5. Association between increased LINE density and extensive tandem duplication of Shx genes.
(A) Left shows the species tree of 122 Lepidoptera species. Bar chart in yellow corresponds to the length of
the Hox cluster (excluding labial) for each species in the treemeasured inMegabases. The column in blue
indicates those species with large tandem duplications of Shx genes in the Hox cluster (dark blue) or
those with a “normal” number of Shx genes (light blue). The column in red indicates species with signifi-
cantly enriched density of LINE elements (dark red) within the region containing the Shx genes. (B) LINE
density plot across the Hox cluster plus 3 Mb either side; this is shown for 14 species with enriched LINE
density in the region containing Shx genes. The outer black dashed lines represent the edges of the Hox
cluster (Abd-B to ro), and the inner red dashed lines represent the edges of the Shx genes (ShxD to ShxA).
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in part be related to long-range regulatory elements important for
spatial colinearity of gene expression (McGinnis and Krumlauf
1992; Duboule and Morata 1994; Lemons and McGinnis 2006).
Some changes to the structure of the Hox gene cluster have been
found in insects (Lewis 1978; Duncan 1987; Ferrier and Akam
1996; Powers et al. 2000; Brown et al. 2002; Negre and Ruiz
2007), and some larger rearrangementswere observed innoninsect
arthropods (Cook et al. 2001; Grbic ́ et al. 2011; Chipman et al.
2014; Pace et al. 2016; Leite et al. 2018), but we have a fragmentary
picture of insect Hox cluster evolution thus far. Indeed, within
Lepidoptera, the complete structure of a Hox gene cluster has
not been reported; even in the pioneering studies on B. mori Hox
genes, the precise location of the labial gene could not be resolved
(Yasukochi et al. 2004; Chai et al. 2008). With the availability of
chromosomal-level genome assemblies, this picture is changing.
This study attempts to characterize Hox gene cluster evolution in
an insect order on a large scale. Among the findings were (1) deter-
mining that the labial gene is located at a distant position beyond
Abd-B, likely relocated by an inversion event, and (2) the finding
that the non-Hox gene ro is very closely linked to pb, in the posi-
tion where labial is found in other insects. These two features are
seen in all the ditrysian Lepidoptera we analyzed, with an interme-
diate situation found in N. cornuta, a member of the
Micropterygidae. This basal moth has a gene order of pb, ro, and
lab, suggesting that movement of ro into the Hox gene cluster oc-
curred in an ancestor of extant Lepidoptera, whereas the inversion
thatmoved the lab gene was a later event. However, even inN. cor-
nuta, the lab gene is 3.8 Mb from the end of the cluster, suggesting
that it had already “escaped” from common control in the earliest
Lepidoptera.

What could have allowed these rearrangements in
Lepidoptera? One hypothesis is that all functional reasons for
maintaining Hox gene clustering have been lost in Lepidoptera,
and random rearrangements have been permitted in evolution.
An alternative hypothesis is that it is just the lab gene that has
been permitted to “escape,” perhaps owing to loss of common reg-

ulatory control. Our analysis of topologically associated domains
(TADs), and comparison to the NK gene cluster, suggests the sec-
ond hypothesis is most likely.We found a pattern of physical asso-
ciation of chromatin containing the Hox gene cluster, but only
from pb to Abd-B. We find that lab and ro are located outside of
this TAD across all species sampled. This suggests that it is the
lab gene specifically that has escaped from any common regula-
tion or control; there is evidence that the remaining Hox genes
maintain physical association in three dimensions and are thus
under conserved regulation (Krefting et al. 2018). Similarly, al-
though the ro gene has moved to be adjacent to the rest of the
Hox cluster, it has not been encompassed within the same TAD.
Consistent with this conclusion, the ro gene has moved seconda-
rily to the Abd-B end of the Hox cluster in four closely related
Pieridae species (A. crataegi, Pieris rapae, Pieris brassicae, and Pieris
napi) (Supplemental Fig. S3).

Moths take the record for the most Hox loci

The number of Hox genes is variablewithin insects, withmost var-
iation owing to duplications of noncanonical Hox genes, especial-
ly the zen gene (the derived ortholog of the paralogy group 3 Hox
gene) (Falciani et al. 1996). For example, the fruit fly D. mela-
nogaster has three loci derived zen duplication: zen, zen2, and bcd,
whereas Tribolium castaneum has two (Tczen1, Tczen2) (Brown
et al. 2002). Several Lepidoptera have five zen-derived genes (zen,
ShxA, ShxB, ShxC, ShxD) (Ferguson et al. 2014), with B. mori having
around 15 (Chai et al. 2008; Ferguson et al. 2014). In contrast, dur-
ing chordate evolution, tandem duplication of canonical Hox
genes gave rise to 15 Hox genes in amphioxus and 14 in the com-
mon ancestor of vertebrates (Powers and Amemiya 2004; Holland
et al. 2008). Genome duplications during vertebrate evolution in-
creased the total number of Hox genes; for example, human and
mousehave 39Hox genes, the Africanbutterfly fish Pantodon buch-
holzi has 45 Hox genes, the Atlantic eel Anguilla anguilla has 73
Hox genes, and the Atlantic salmon Salmo salar has 118 Hox genes
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Figure 6. NK gene cluster evolution across Insecta. (A) Comparison of the general structure of the NK gene cluster between representative species for
Hymenoptera (B. terrestris), Coleoptera (T. castaneum), Diptera (D. melanogaster), and Lepidoptera. Lepidoptera are shaded in an orange box and split
between non-Ditrysia species (N. cornuta) and Ditrysia (represented by 122 species in our data set). (B) Genomic location of NK genes in A. gamma
with corresponding exon structures and genomic distances annotated below. Silhouette images of B. terrestris, T. castaneum, and D. melanogaster were
taken from PhyloPic (phylopic.org). (C) Left shows the species topology for the 36 butterflies in the data set, along with an outgroup representative.
Rearrangements in the NK cluster are annotated on the branches of the tree where they were estimated to have occurred (represented by yellow stars).
Black lines spanning tips on the tree group species, which show the same structure and order in the NK gene cluster. The NK gene cluster is represented
by colored boxes, in the “canonical” order of Tlx (C15),Msx (Dr),NK4 (tin),NK3 (bap), Lbx (lbe),NK1 (slou), Hmx (NK5), and Emx (ems). Species with the NK
genes in this order are shadowed by a blue box. Synteny between the closely linked genes of both Msx (Dr) genes, NK4 (tin), NK3 (bap), and Lbx (lbe) is
represented by shaded blocks to show changes in the order and structure of the NK cluster.
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and pseudogenes (Mungpakdee et al. 2008; Henkel et al. 2012;
Martin and Holland 2014). Our analysis of Lepidoptera genomes
has uncovered many cases of Hox gene duplication, including
enormous arrays of Hox-derived loci. We find some moths have
the highest number of Hox loci known to date.

We found two rare cases of single-gene tandem duplications
in Lepidoptera, ftz in S. lutea (buff ermine moth) and Dfd in
Acronicta aceris (sycamore moth), but otherwise, all variation in
gene number was owing to gains and losses of zen-derived genes,
including the Shx genes. Consistent with the study of Ferguson
et al. (2014), it is true to a first approximation to say that most
Lepidoptera have four Shx genes, plus zen, such that the full com-
plement of Hox-derived genes is usually 14 (lab, pb, zen, ShxA,
ShxB, ShxC, ShxD,Dfd, Scr, Antp, ftz, Ubx, abd-A, Abd-B). Theminor
exceptions we find to this rule include (1) a moth in the basal fam-
ily Micropterygidae, which has multiple zen-derived genes, al-
though these lack the distinctive amino acid signatures of Shx
genes and are likely an independent duplication; (2) the six-spot-
ted burnet moth, Zygaena filipendulae, with only two Shx genes,
annotated as ShxB and ShxC (Supplemental Fig. S3); and (3) butter-
flies in family Lycaenidae and the genusMelitaea, which have each
independently lost ShxD (althoughM. cinxiahas four copies of Shx
owing to a subsequent duplication of ShxA).

However, the biggest exceptions to the “four Shx” rule are the
cases we find of independent, very extensive tandem duplication
of Shx genes in several evolutionary lineages of moths. These ex-
pansions ranged from the seven copies in S. costaestrigalis (pin-
ion-streaked snout moth) to an astonishing 165 loci found in A.
monoglypha (dark arches moth). Other examples include 58 and
66 copies in B. lacticolella and B. adustella, respectively; 19 copies
in P. stratiotata (Boyes et al. 2022a); 24 copies in P. bucephala
(buff-tip moth) (Boyes et al. 2022b); 20 copies in S. lutea (buff er-
mine moth); and 34 copies in N. fimbriata (broad-bordered yellow
underwing) (Holland et al. 2021). The particular Shx genes that
underwent tandem duplication differed between species, with
some showing duplication of single genes (e.g., ShxD in P. stratio-
tata, N. pronuba, and I. aversata; ShxA in Z. pyrina) and others hav-
ing multiple copies of several of the four Shx genes (Supplemental
Fig. S5). It is currently unclear whether these large gene arrays are
adaptive, having been driven by selection, or whether they are
neutral and a consequence of a genomic region prone to duplica-
tion. In other gene families, large changes in copy number have
been found to be adaptive and related to certain environments
or behaviors (Briscoe et al. 2013; Cheng et al. 2017; Rane et al.
2019; Chakraborty et al. 2021). The Shx genes are expressed in
the serosa during development, an extraembryonic tissue impli-
cated in innate immunity and desiccation resistance in insects
(Panfilio 2008; Jacobs et al. 2013, 2014, 2022). It is therefore pos-
sible that Shx duplication is an adaptation associated withmodifi-
cations to the egg, and indeed, many of the highly duplicated
genes show increased rates of sequence evolution (Fig. 4A). One
possibility is that specialization of multiple Shx genes permitted
evolutionary refinement of serosal function, whichmay be impor-
tant to the survival of lepidopteran eggs laid on exposed surfaces of
vegetation or in other challenging niches (Holland et al. 2017).
However, although some of the moth species with large Shx ex-
pansions do have unusual ecology (such as aquatic eggs in P. strat-
iotata), we have not found a common developmental pattern,
environmental link, or egg laying behavior among all species
with large tandem duplications of Shx genes.

The alternative hypothesis, that extensive tandem duplica-
tion of Shx genes is neutral, would demand an explanation for

why the number of Shx genes is stable at four (or three) in most
lepidopteran lineages, yet undergoes dramatic expansion in oth-
ers.We do not find a pattern consistent with awidespread stochas-
tic gain and loss: The pattern is one of either stability or expansion.
We propose that such a pattern is indicative of an underlying mu-
tational mechanism driving duplication in some species and not
others. One possible mutational mechanism relates to transpos-
able element content. In almost all species in which large tandem
duplication occurs (14/19), we find significantly increased density
of the LINE elements in the region containing the Shx genes rela-
tive to the rest of the Hox cluster (Fig. 5). Generally, transposon ac-
tivity is highly regulated and reduced within the Hox cluster,
owing to the importance of the order and structure of the genes
for proper development (Fried et al. 2004). However, if LINE ele-
ments successfully invade the Hox gene cluster, they could poten-
tially promote tandem gene duplication through nonhomologous
pairing at meiosis. Thus, a neutral explanation could be that LINE
elements invaded in some species and caused an increased rate of
duplication mutations, without phenotypic effect.

The adaptive and the neutral hypotheses can be reconciled,
because even if initial duplication is neutral, the new loci could
be substrates for later adaptive evolution and the TEs themselves
could alter gene regulation. By analogy, enrichment of TEs within
the Hox gene clusters of Anolis lizards correlates with rates of spe-
ciation and affects the expression of Hox genes during develop-
ment (Feiner 2016, 2019). It is interesting to note that invasion
of TEs into Anolis lizard Hox clusters is not associated with gene
duplication. This is possibly because all vertebrate Hox genes
have anteroposterior expression domains that could be disrupted
by tandemduplication; in Lepidoptera, the zen gene has lost ances-
tral regional expression and gained tissue-specific expression.

Methods

Data acquisition

The genome assemblies used in this analysis were produced by the
Darwin Tree of Life Project (The Darwin Tree of Life Project
Consortium 2022) and can be found under the European
Nucleotide Archive (ENA; https://www.ebi.ac.uk/ena/browser/
home) under accession number PRJEB40665 and on the Darwin
Tree of Life (DToL) portal page (https://portal.darwintreeoflife
.org). The genome for a non-ditrysian species was obtained from
the recent sequencing of the Micropterigidae species N. cornuta
(Li et al. 2021). Sequences for all homeodomains from three insects
(D. melanogaster, T. castaneum, Apis mellifera) were downloaded
from homeodb (Zhong et al. 2008; Zhong and Holland 2011;
http://homeodb.zoo.ox.ac.uk). Sequences for the lepidopteran-
specific special homeobox genes (Shx) were obtained from
Ferguson et al. (2014). Summary of genomes used, their shortened
names, family membership, GenBank accession IDs, and Project
IDs are found in Supplemental Table S1.

Homeobox gene identification

To identify homeobox genes in the assembled genomes, the
homeodomain protein sequences were used as queries in a
TBLASTN search against the lepidopteran genomes (e-value
threshold of 1 ×10−5). Overlapping hits from the lepidopteran ge-
nomeswere filtered to retain a single sequence per homeobox gene
with the longest sequence match. The resulting sequences from
the lepidopteran genomes were then subsequently used in a recip-
rocal BLASTX search against the homeodomain protein data set.
For hits with significant percentage identity (>70%), the reciprocal
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BLAST search allowed for the initial identification of the given ho-
meobox gene. A second round of sequence similarity searches was
performed using MMseqs2 (Steinegger and Söding 2017) and 1 kb
on either side of the homeobox genes annotated from the initial
BLAST search. The scripts for each step are available at GitHub
(https://github.com/PeterMulhair/HbxFinder). For divergent se-
quences, identificationwas performed using phylogenetic analysis
(see Molecular Analysis of Homeobox Evolution). Visualization of
the Hox gene clusters and gene tree used R 4.0.3 (R Core Team
2021) using gggenes (https://github.com/wilkox/gggenes) and
ggtree (Yu et al. 2017), respectively. The newly identified homeo-
domain nucleotide sequences were then translated into an amino
acid format using the sixpack package from EMBOSS (Madeira
et al. 2019); amino acid sequences with the highest identity to
known homeodomain sequences were retained.

Homeobox gene expression

The expression of all homeobox genes identified in our data set of
123 species was assessed using whole-body RNA-seq data from a
representative set of seven species (Biston betularia, Limenitis
camilla, Nymphalis urticae, Pararge aegeria, Pieris rapae, Vanessa ata-
lanta, Vanessa cardui). RNA-seq data were downloaded from the
DToL portal page. Transcriptome assembly was performed for
each species using Trinity v2.8.5 (Grabherr et al. 2011). Next, for
each transcriptome assembly, the transcript abundance was calcu-
lated using kallisto v0.44 (Bray et al. 2016). Homeobox gene iden-
tification was then performed in each species using a reciprocal
BLAST approach.

Species tree inference

A species tree for the 123 lepidopteran species in our data set was
generated using gene sets obtained from BUSCO v5.1.2 (Manni
et al. 2021). First, genes were annotated using the Lepidoptera
BUSCO gene sets. Next, the busco2phylo-nf pipeline (https://
github.com/lstevens17/busco2phylo-nf) was used to extract
FASTA files for each annotated gene, ensuring 100% species cover-
age in each one. Each gene was aligned using MAFFT v7.467
(Katoh et al. 2005), and gene trees were inferred using IQ-TREE
v2.0 (Minh et al. 2020), using ModelFinder to find the model of
best fit (Kalyaanamoorthy et al. 2017). Finally, a species tree was
inferred using the supertree approach in ASTRAL v5.7.7 (Zhang
et al. 2018).

Molecular analysis of homeobox evolution

Phylogenetic reconstruction was performed using the homeodo-
main amino acid sequences Homeodomain sequences were
aligned using MAFFT v7.467 (Katoh et al. 2005), and maximum
likelihood trees were built using IQ-TREE v2.0 (Nguyen et al.
2015) and the LG+Gmodel of sequence evolution. Tree visualiza-
tion was performed using ggtree (Yu et al. 2017). To test for chang-
es in rates of homeodomain sequence evolution of the Shx genes
between the Lycaenidae species (which lost ShxD) and all other
lepidopteran species with a normal set of Shx genes, we measure
pairwise identity between species as a proxy for evolutionary
rate. This analysis was performed using PhyKIT with the phykit
pairwise_identity command (Steenwyk et al. 2021). To measure
whether selection was relaxed or intensified in any of the three re-
maining Shx genes on any of the Lycaenidae branches, we used
the RELAX model (Wertheim et al. 2015) implemented in HyPhy
(Kosakovsky Pond et al. 2020).

Hi-C data processing and TAD identification

Hi-C readsweremapped to the genomes using BWA0.7.5a-r405 (Li
2013). HiCExplorer was then used to process the Hi-C data to form
interaction maps, annotate the TADs and visualize the results
(Ramírez et al. 2018).

Repeat annotation and TE density analysis

TEs were annotated using both the RepeatModeler and
RepeatMasker pipelines. For each genome tested, a de novo repeat
library was generated from the genome assemblies using
RepeatModeler2 (Flynn et al. 2020). This library was combined
with the RepeatMasker Insecta library (Bao et al. 2015) and the
SINE database (Vassetzky and Kramerov 2013) and was filtered
for any protein-coding genes and repeat elements below 50 bases
in length. Repeats were classified using RepeatMasker v4.1.0 (Smit
et al. 2013–2015), and regions containing LINE, SINE, LTR, and
DNA elements were extracted for subsequent analysis. Next, for
each of the four broad TE classes, densities in 5-kb windows were
calculated first for the regions containing the Shx genes and sec-
ond for the full Hox gene cluster minus the Shx gene region and
lab. Enrichment for TE density in the Shx gene region compared
with the remainingHox cluster was performed for each TE class us-
ing the Wilcoxon rank-sum test with Bonferroni correction in the
SciPy Python package (Virtanen et al. 2020). TE density enrich-
ment across the Lepidoptera phylogeny was visualized using the
Toytree Python package (Eaton 2020). These analyses were not in-
tended as exhaustive but to give insight into TE density within the
Hox gene cluster.

Data access

All data and code required to reproduce analyses and figures can be
found in the Supplemental Materials and at GitHub (https://
github.com/PeterMulhair/Lepidoptera_homeobox) and Zenodo
(https://zenodo.org/record/7274111).
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