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Abstract 44 

Homeobox genes encode transcription factors with essential roles in patterning and cell fate 45 

in developing animal embryos. Many homeobox genes, including Hox and NK genes, are 46 

arranged in gene clusters, a feature likely related to transcriptional control. Sparse taxon 47 

sampling and fragmentary genome assemblies mean that little is known about dynamics of 48 

homeobox gene evolution across Lepidoptera, or how changes in homeobox gene number 49 

and organisation relate to diversity in this large order of insects. Here we analyse an 50 

extensive dataset of high-quality genomes to characterise the number and organisation of all 51 

homeobox genes in 123 species of Lepidoptera from 23 taxonomic families. We find most 52 

Lepidoptera have around 100 homeobox loci, including an unusual Hox gene cluster in 53 

which the lab gene is repositioned and the ro gene is next to pb. A topologically associating 54 

domain spans much of the gene cluster, suggesting deep regulatory conservation of the Hox 55 

cluster arrangement in this insect order. Most Lepidoptera have four Shx genes, divergent 56 

zen-derived loci, but these loci underwent dramatic duplication in several lineages with some 57 

moths having over 165 homeobox loci in the Hox gene cluster; this expansion is associated 58 

with local LINE element density. In contrast, the NK gene cluster content is more stable, 59 

although there are differences in organisation compared to other insects, and major 60 

rearrangements within butterflies. Our analysis represents the first description of homeobox 61 

gene content across the order Lepidoptera, exemplifying the potential of newly generated 62 

genome assemblies for understanding genome and gene family evolution. 63 

Introduction 64 

Lepidoptera (moths and butterflies) are one of the four mega-diverse insect orders, with over 65 

150,000 described species. Lepidoptera belong within the Endopterygota, meaning they 66 

undergo complete metamorphosis with development proceeding from a motile phytophagous 67 

larva to a pupal stage to a reproductive imago (adult). The imaginal stage is easily 68 

recognisable and typically follows a characteristic body plan: two pairs of scale-covered 69 
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membranous wings, six walking legs, filamentous antennae and a tube-like proboscis. There 70 

are, however, variations and exceptions. For example, in some moths the females are 71 

flightless with reduced wings; in many butterflies four legs rather than six are used for 72 

walking; anntenal morphology varies with clubbed, lamellate or plumose structure; in several 73 

moth species the larvae are fully aquatic; and in the family Micropterygidae the adults have 74 

biting rather than sucking mouthparts. Many variations and adaptations are hypothesised to 75 

have been driven by co-evolution with plants, driving novelties in egg laying behaviour, larval 76 

phenotype, and feeding strategies in both larvae and adults (Wiens et al. 2015; Mitter et al. 77 

2017; Kawahara et al. 2019).  78 

Associating evolutionary change in form or behaviour to changes in underlying loci is 79 

not straightforward, but insights can come from correlations between patterns in molecular 80 

evolution and changes in phenotype. Homeobox genes are candidates for loci in which 81 

molecular change may cause or facilitate evolutionary change to form and structure of 82 

animals, because most homeobox genes play regulatory roles in development. For example, 83 

the Hox genes, a subset of homeobox genes, encode transcription factors that control 84 

spatial identity along the anteroposterior axis in embryonic development and their number 85 

differs between animal lineages. There was an increase in Hox gene number on the stem 86 

lineage of bilaterian animals, when a head-to-tail axis evolved to dominate the body plan 87 

(Finnerty and Martindale 1998; Nong et al. 2020; Holland 2015); there was also an increase 88 

in the early evolution of vertebrates, traceable to genome duplication (Soshnikova et al. 89 

2013; Aase-Remedios and Ferrier 2021). Hox genes are usually arranged in gene clusters, 90 

but these clusters have been secondarily broken or dispersed in some evolutionary lineages 91 

concomitant with changes to developmental pathways (Ferrier and Holland 2002); 92 

conversely, clusters have been further compacted in vertebrates in association with 93 

additional gene regulatory controls and the emergence of fins and limbs (Duboule 2007). We 94 

wished to address if changes to the homeobox complement in Lepidoptera were associated 95 

with phenotypic change. 96 
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In Lepidoptera, lack of high contiguity, chromosomal-scale genome assemblies have 97 

hampered studies into the structure and evolution of the Hox gene cluster, so the extent of 98 

gene cluster compaction, cluster integrity and the precise gene order remains unclear. One 99 

discovery was the presence of at least 11 divergent homeobox loci within the Hox gene 100 

cluster of the Silkworm, Bombyx mori (Chai et al. 2008), all located between the zen and pb 101 

Hox genes. This presence of unusual ‘Special homeobox’ (Shx) genes within the Hox gene 102 

cluster was later confirmed in several other Lepidoptera, most of which were found to 103 

possess four Shx genes, ShxA, ShxB, ShxC and ShxD, derived by tandem duplication and 104 

divergence from zen (Ferguson et al. 2014). These studies also highlighted B. mori as an 105 

aberrant outlier to the usual pattern, with the larger number of Shx genes reflecting further 106 

tandem duplication of ShxD. Triodia sylvina (Orange Swift Moth, family Hepialidae) was also 107 

noted as unusual, as it seemed to lack Shx genes altogether, although tentative evidence for 108 

zen duplication was found (Ferguson et al. 2014). We wished to refine when Shx genes 109 

arose, and also test if Shx expansion in Bombyx is unique.  110 

Although the roles of Shx genes are not yet fully understood, studies in Pararge 111 

aegeria (Speckled Wood Butterfly) have shown expression in the extraembryonic serosa and 112 

suggested functions in extraembryonic membrane patterning (Ferguson et al. 2014). It 113 

should also be noted that relatively few species were compared in these initial surveys due 114 

to lack of genomic data, hence patterns of Shx gene evolution were poorly resolved. Outside 115 

of the Hox gene cluster, even less is known about evolution of homeobox genes across 116 

Lepidoptera. For example, the NK genes are members of the ANTP class, like Hox genes, 117 

and are arranged in a compact gene cluster in Diptera and Coleoptera (Jagla et al. 2001; 118 

Garcia-Fernàndez 2005; Butts et al. 2008); these genes are implicated in mesoderm 119 

development but their evolution has not been analysed comprehensively in Lepidoptera 120 

(Ranz et al. 2022). The same can be said for the many dispersed homeobox genes that are 121 

not arranged in gene clusters and are implicated in a wide diversity of developmental roles 122 

(Ferrier 2016). We aimed to assess the extent of homeobox gene clustering in Lepidoptera, 123 

beyond the Hox cluster. 124 
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Until recently, analysis of the copy number, organisation and molecular evolution of 125 

homeobox genes across a whole insect order has not been feasible due to limited sampling 126 

of species and, for study of clustered homeobox genes, the highly fragmented nature of 127 

many genome assemblies. Dense sampling of lepidopteran species in the Darwin Tree of 128 

Life Project (The Darwin Tree of Life Project Consortium 2022), has generated chromosome-129 

level genome assemblies across a wide phylogenetic coverage. Analysing these data, we 130 

present an order-wide description of the homeobox gene content in Lepidoptera. Using 131 

chromosome-level genome assemblies for 123 lepidopteran genomes from 23 taxonomic 132 

families, we identified all homeobox genes from their characteristic homeodomain, 133 

determined their genomic organisation into gene clusters and traced their patterns and 134 

pathways of duplication and loss. 135 

Results 136 

Classification of all Lepidoptera homeobox genes 137 

We identified all homeobox gene loci in the genomes of 123 lepidopteran species, including 138 

87 moths and 36 butterfly species (Supplementary Table S1) (Mulhair et al. 2022). To place 139 

our analyses in an evolutionary context, we also constructed a phylogenetic tree of the 140 

species analysed using 2,262 BUSCO genes (Methods; Figure 1A, Supplementary Figure 141 

S1). Homeobox sequences were then classified using the characteristic homeodomain and a 142 

combination of reciprocal best BLAST and molecular phylogenetic analysis: this ‘total’ 143 

collection of homeobox loci could include functional genes, partial genes and pseudogenes.  144 

We find that the catalogue of homeobox loci is relatively stable across Lepidoptera 145 

(Figure 1B and C), with most species possessing around 100 homeobox sequences. 146 

However, certain lineages and species showed marked increases in homeobox counts, 147 

resulting mainly from duplications within individual homeobox gene classes. The main 148 

contributors to these increases are large expansions within the Hox gene cluster in some 149 

clades or smaller scale duplications of PRD class genes. Homeobox gene loss has also 150 
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occurred. For example, the HHEX (Hhex) gene of the ANTP class is absent from the 151 

genomes of all three Pieris species sequenced, consistent with a loss in this clade (Figure 152 

1B). We deduce that the ShxD gene was lost in the genus Melitaea, as it is absent in both 153 

Melitaea cinxia (Glanville Fritillary butterfly), consistent with an earlier report (Ferguson et al. 154 

2014), and Melitaea athalia (Heath Fritillary Butterfly). Similarly, we do not find the ShxD 155 

gene in any of the eight Lycaenidae species in our dataset (Lycaena phlaeas, Celastrina 156 

argiolus, Glaucopsyche alexis, Plebejus argus, Cyaniris semiargus, Aricia agestis, Lysandra 157 

bellargus and Lysandra coridon), implying that this gene was also lost early in the evolution 158 

of the family Lycaenidae. Some homeobox genes, such as Mkx (orthologous to 159 

Dmel\CG11617) of the TALE class, were lost many times independently across Lepidoptera 160 

(Figure 1B). 161 

Using a representative set of seven species, we examined expression levels for each 162 

homeobox gene using female whole body RNA-seq (Supplementary Figure S2). We find 163 

clear evidence for expression of Hox genes and Shx genes, with particularly strong 164 

expression of ShxC, consistent expression of homeobox genes in the SINE, TALE, CUT, 165 

PROS, ZF and CERS classes, and variable expression of PRD class and NK homeobox 166 

genes. 167 

Rearrangement of the Hox gene cluster 168 

Within insects, the Hox gene cluster generally comprises 10 homeobox genes arranged in a 169 

specific order reflecting their evolutionary origin by tandem gene duplication: lab, pb, zen, 170 

Dfd, Scr, Antp, ftz, Ubx, abd-A, Abd-B. The cluster may be split, as in many Drosophila 171 

species (Negre and Ruiz 2007; Duboule 2007), individual genes may be inverted, and the 172 

zen gene may be duplicated (e.g. zen, zen2 and bcd in D. melanogaster), but radical gene 173 

order changes are rare, documented only within individual species or close relatives (Negre 174 

et al. 2005). A difficulty in studying gene order is that intergenic distances may be large and 175 

many genome assemblies do not provide long-range linkage information. Using 176 

chromosome-level gene assemblies (Supplementary Table S1), we have determined the 177 

 Cold Spring Harbor Laboratory Press on June 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


 

7 

structure of the Hox gene cluster in 123 Lepidoptera genomes, providing the first 178 

comprehensive description of the cluster evolution across this order.  179 

We found all Hox genes on a single scaffold for 115/123 genomes (Supplementary 180 

Figure S3). In all Lepidoptera we analysed we found the canonical lab, pb, Dfd, Scr, Antp, 181 

Ubx, abd-A and Abd-B homeotic genes, plus the divergent Hox-derived genes zen and ftz, 182 

along with gene order, orientation, and intergenic distances. In most Lepidoptera, excepting 183 

some ‘basal’ lineages, we also found four distinct Shx genes (ShxA to ShxD) between zen 184 

and pb (Figure 1 and 2, Supplementary Figure S3), as previously noted for a smaller sample 185 

of species (Ferguson et al. 2014). The structure of the Hox cluster for Autographa gamma 186 

(Silver Y Moth; Boyes et al. 2022c) shown in Figure 2B reflects the general structure found in 187 

most lepidopteran species.  188 

When compared to other insect orders, two rearrangements are apparent. First, we 189 

consistently find a non-Hox homeobox gene, ro (rough), in close association with the gene 190 

cluster. Across almost all Lepidoptera species, the ro gene is adjacent to pb, in the genomic 191 

location where lab or its orthologue is found in most species (shown for A. gamma in Figure 192 

2). Second, the lab gene has been translocated to a distant genomic location beyond Abd-B. 193 

This dissociation of lab is consistent with a split between lab and other Hox genes previously 194 

reported in B. mori, although the position of lab was unresolved in this earlier work 195 

(Yasukochi et al. 2004; Chai et al. 2008). In A. gamma the lab gene is approximately 7 Mb 196 

from Abd-B, while the main part of the Hox cluster spans 1.22 Mb from Abd-B to ro. We find 197 

the Hox gene cluster (excluding lab) in Lepidoptera ranges from 1Mb in Papilio machaon 198 

(Swallowtail Butterfly) to 6.8Mb in Euproctis similis (Yellow-tail Moth). A further inversion of 199 

the ro gene occurred within the Pieris clade resulting in relocation of ro to between lab and 200 

Abd-B (Supplementary Figure S3). 201 

An evolutionarily conserved topologically associating domain around the Hox cluster  202 

To assess whether the rearrangements in gene order could be associated with changes in 203 

regulation of Hox genes, we used Hi-C data to annotate topologically associating domains 204 
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(TADs) across the genome. These data can reveal the 3D organisation of the chromatin and, 205 

at least in some cases, highlight regions of the genome under common regulatory 206 

constraints (Szabo et al. 2019; Schoenfelder and Fraser 2019). Given that the purpose of 207 

the Hi-C sequencing of these species was to assist in genome assembly (Lawniczak et al. 208 

2022), the depth of Hi-C is lower than in some other studies (Liao et al. 2021), ranging from 209 

~35 to 52 million paired-end reads (Supplementary Table S2). Nonetheless, we found this 210 

sequencing depth sufficient for the analysis, revealing TADs in lepidopteran genomes which 211 

were visualised at 5kb resolution using HiCExplorer (Ramírez et al. 2018). To our 212 

knowledge, this is the first such analysis for Lepidoptera genomes, and one of the few 213 

assessments of chromatin accessibility around invertebrate Hox gene clusters (Acemel et al. 214 

2017). In a sample of nine species representing diverse families across Lepidoptera (Figure 215 

3A), we observe strong evidence of an evolutionarily conserved, prominent TAD covering 216 

most of the Hox gene cluster from pb to Abd-B (Figure 3A & B). This TAD was also observed 217 

in species with a large increase in copy number within the Hox cluster (see “Independent 218 

tandem duplication of Shx genes” below) (Supplementary Figure S4A). In all species 219 

analysed lab and ro are located outside the distinct TAD (Figure 3A). Assessing the wider 220 

chromosomal organisation in Pheosia gnoma (Lesser Swallow Prominent), it is clear that 221 

there is a high degree of contact within the Hox-containing TAD relative to the rest of the 222 

chromosome (Figure 3B). While genome-wide conservation of TADs between species has 223 

been questioned (Eres and Gilad 2021), we argue that the strong and consistent signal for 224 

physical contacts across the Hox cluster in diverse moths and butterflies is evidence for a 225 

conserved TAD around a cluster of developmentally important genes. We make no 226 

assessment of possible conservation of other TADs in lepidopteran genomes. Outside the 227 

Hox gene cluster, the general structure of TADs across this chromosome appears similar to 228 

the pattern observed in Drosophila, with TADs representing condensed internal interactions 229 

and larger compartments showing long-range interactions between these domains (Figure 230 

3B & C) (Sexton et al. 2012; Ulianov et al. 2016; Szabo et al. 2018; Liao et al. 2021). 231 
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Origin, duplication and loss of Shx genes 232 

As in most Lepidoptera, four distinct Shx genes were identified between zen and pb in the 233 

Hox gene cluster of A. gamma (Figure 2, Supplementary Figure S3). Phylogenetic analysis 234 

supports the derivation of Shx genes by tandem duplication and sequence divergence from 235 

zen (see Ferguson et al. 2014; Figure 4A). We also find rapid sequence divergence within 236 

the homeodomain of these genes following duplication from zen, as previously described 237 

(Figure 4A; Ferguson et al 2014). Shx genes are found in representatives of the Erebidae, 238 

Nymphalidae, Sphingidae, Noctuidae, Lycaenidae, Pieridae, Papilionidae, Notodontidae, 239 

Drepanidae, Hesperiidae, Tortricidae, Geometridae, Sesiidae, Blastobasidae, 240 

Depressariidae, Crambidae, Pterophoridae, Pyralidae, Tineidae, Ypsolophidae, Cossidae 241 

and Zygaenidae families, but we do not identify these genes in Micropterigidae (Figure 2A, 242 

Supplementary Figure S3). Instead, extra copies of zen (four in addition to the original zen) 243 

were found in a species from the family Micropterigidae (Neomicropteryx cornuta). These 244 

loci, which are located outside the Hox cluster beyond the location of Abd-B, group outside 245 

of the Shx genes in a molecular phylogenetic analysis: two with the zen clade and three 246 

closer to the lab clade (Figure 4A). We suggest all are derived from zen. They display higher 247 

rates of substitution in the homeodomain compared to the other zen genes analysed, which 248 

may underlie erroneous placement of some genes closer to lab.  249 

The ShxD gene was lost several times across the lepidopteran phylogeny. One loss 250 

event is shared by the Lycaenidae species (the ‘blue’ butterflies), suggesting gene loss 251 

along the ancestral branch of this diverse family. Loss of ShxD in these species is 252 

associated with longer branch lengths in the remaining Shx genes (ShxA-C) in a 253 

phylogenetic analysis (Figure 4A). The significantly increased rate of substitution in the 254 

homeodomain of the three remaining Shx genes (ShxA, ShxB and ShxC) following loss of 255 

the ShxD gene was confirmed by assessing pairwise sequence identity between Lycaenidae 256 

species and non-Lycaenidae species (Figure 4B). 257 
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Independent tandem duplication of Shx genes 258 

As noted above, the number of Shx genes in ditryisian lepidopterans is usually four, or three 259 

in those taxa that have lost ShxD. However, there are some notable examples of Shx gene 260 

duplication. In earlier work using limited sampling and fragmentary genome assemblies, the 261 

large number of Shx loci in Bombyx mori was considered an exception to the normal pattern 262 

(Chai et al. 2008; Ferguson et al. 2014). The expanded sampling generated by the Darwin 263 

Tree of Life project reveals a more complex pattern of evolution. While presence of four Shx 264 

genes is still the norm for Lepidoptera, we find multiple independent examples of dramatic 265 

Shx gene number expansion (Figure 1B, Supplementary Figure S3). In 18 species of moth 266 

(Zeuzera pyrina, Blastobasis lacticolella, Blastobasis adustella, Parapoynx stratiotata, Idaea 267 

aversata, Phalera bucephala, Euproctis similis, Schrankia costaestrigalis, Spilarctia lutea, 268 

Spilosoma lubricipeda, Eilema depressum, Eilema sororculum, Mythimna ferrago, Mythimna 269 

impura, Noctua pronuba, Noctua janthe, Noctua fimbriata and Apamea monoglypha) and 270 

one butterfly species (Aporia crataegi) a large number of homeobox loci were found between 271 

zen and pb, each representing extensive tandem duplication of Shx genes (Supplementary 272 

Figure S2, Supplementary Figure S5). In these species the copy number ranges from 9 273 

copies of Shx genes in Noctua pronuba, to 51 Shx copies in Mythimna impura, up to 165 274 

Shx loci in Apamea monoglypha, the largest number observed. These species have a mean 275 

of 32 copies of zen/Shx and a median of 20 copies. The rate of sequence divergence of the 276 

Shx genes following tandem duplication varies between species, with tandemly duplicated 277 

copies in three species showing significantly lower pairwise identity (larger sequence change 278 

compared to the distribution of pairwise identity in non-duplicated orthologues), duplicated 279 

copies from three species showing higher pairwise identity (possibly reflecting recent 280 

duplication), and four species showing no significant difference. 281 

This demonstrates that the Shx expansion phenomenon is more widespread across 282 

Lepidoptera than previously recognized. In some cases, we observe tandem duplication of 283 

Shx genes in closely related species, for example two Blastobasis species, three Noctua 284 
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species and two Mythimna species, suggesting these events occurred in the common 285 

ancestor of each of these lineages, or that these lineages are prone to Shx duplication. In 286 

total, we detect at least 11 cases of independent expansion of the Shx genes, in addition to 287 

the previously recognized B. mori expansion. We rarely see clearly intermediate cases: we 288 

detect either a conservative pattern of 3 to 6 Shx genes, or a dramatically expanded set of 289 

Shx genes.  290 

We investigated whether retrotransposon activity may have impacted the copy 291 

number variation observed. Retrotransposons, particularly LINE elements, can facilitate non-292 

allelic homologous recombination, resulting in segmental duplications and gene cluster 293 

expansions (Startek et al. 2015; Janoušek et al. 2016; Thybert et al. 2018). Repeat content 294 

across the whole genomes of 66 representative species was estimated using a combination 295 

of RepeatModeler and RepeatMasker pipelines (see Material and Methods, Supplementary 296 

Figure S6). To test the relation between transposon activity and the Hox gene cluster, 297 

transposable element (TE) density was annotated in windows of 5,000 bases within the Hox 298 

cluster (lab was excluded from this analysis due to its distant position). Density of the major 299 

classes of TEs (LINEs, SINEs, LTR and DNA) were compared between the region 300 

containing the Shx genes and the remaining Hox cluster. Significantly increased density of 301 

LINE elements was observed within the Shx gene region relative to the rest of the Hox gene 302 

cluster in 14 of 19 species with large tandem duplications (Wilcoxon rank-sum test; p<0.05, 303 

Bonferroni correction) (Figure 5A). These 14 species were: Zeuzera pyrina, Blastobasis 304 

lacticolella, Blastobasis adustella, Euproctis similis, Spilarctia lutea, Spilosoma lubricipeda, 305 

Eilema depressum, Eilema sororculum, Mythimna ferrago, Mythimna impura, Noctua janthe, 306 

Noctua fimbriata and Apamea monoglypha (Figure 5B). Further examining the correlation 307 

between Shx expansion and LINE proliferation in the species Zeuzera pyrina, which has 25 308 

copies of ShxA (Supplementary Figure S3, Supplementary Figure S7A), we see that there is 309 

clear evidence for tandem duplication of specific LINE elements (LINE/CR1), which are all in 310 

the same orientation and evenly interspersed between the ShxA copies (Supplementary 311 

Figure S7B). The five species with large tandem duplications but no LINE enrichment were: 312 
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Noctua pronuba, Parapoynx stratiotata, Idaea inversata, Phalera bucephala and Aporia 313 

crataegi. For several species there is clear evidence that repeat elements were tandemly 314 

duplicated along with Shx loci. For example, Parapoynx stratiotata, with 16 ShxD copies, has 315 

a repeated array of Low_complexity, Simple_repeat and LINE/L2 elements between each 316 

ShxD. Quite different patterns are seen in Phalera bucephala and Zeuzera pyrina. There is 317 

no association, beyond the presence of LINEs, between repeat type, repeat number and 318 

which Shx gene is duplicated. 319 

Other homeobox gene clusters 320 

The Hox genes are the best-studied clustered homeobox genes, but other examples also 321 

occur. A cluster of three neuronally-expressed homeobox genes from the PRD class - 322 

Homeobrain (hbn), Retinal Homeobox (Rx) and Orthopedia (otp) - has been conserved in 323 

most animal lineages since the cnidarian-bilaterian ancestor (Mazza et al. 2010). The gene 324 

cluster has also been found in Drosophila, and representatives of Hymenoptera and 325 

Coleoptera, with a conserved gene order and comparable intergenic distances (Walldorf et 326 

al. 2000; Mazza et al. 2010). Across the lepidopteran species in this study, we also find that 327 

the cluster is conserved with the same gene order (Supplementary Figure S8). Genomic 328 

distances between genes are larger in lepidopteran species than in other insects studied to 329 

date, with an average overall cluster length of 348 kb. While gene order is conserved, 330 

transcriptional orientation varies between species. 331 

In Drosophila, several ‘NK’ genes form a compact homeobox gene cluster comprising 332 

tin (NK4), bap (NK3), two ‘Lbx’ genes (lbl, lbe), C15 (Tlx) and slou (NK1) (Jagla et al. 2001; 333 

Luke et al. 2003; Garcia-Fernàndez 2005). Other NK-related genes are found more distantly 334 

and may have been translocated away, including Dr (Msx), ems (Emx) and Hmx (NK5). 335 

Other groupings of NK genes are found in other animal genomes (Jagla et al. 2001; Luke et 336 

al. 2003; Garcia-Fernàndez 2005). In contrast to Hox gene clusters, we find the NK gene 337 

cluster has undergone extensive gene order changes during insect evolution (Figure 6A). 338 

Across all insect orders we find tight linkage between tin, bap, and Lbx; we also find Dr is 339 
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closely linked in several orders, but not Diptera represented by Drosophila. Outside these 340 

genes, there is considerable variation between orders. 341 

 The organisation of the NK gene cluster in A. gamma (Silver Y Moth) is typical for 342 

Lepidoptera (Figure 6B). We find a ‘core’ of five homeobox genes (two Msx, tin, bap and 343 

Lbx) spanning ~370kb, plus linkage to C15 on one side and slou, Hmx and ems on the other 344 

(Figure 6B). The arrangement of these genes is generally conserved across most 345 

Lepidoptera species (Figure 6, Supplementary Figure S9). However, rearrangements within 346 

the cluster are observed in some butterfly lineages. For example, in the three Pieris species, 347 

the order of the tin/bap/Lbx/Dr core cluster is inverted in all species, C15 is found on a 348 

separate chromosome, and Abox and Bari homeobox genes are located close to each end 349 

of the cluster (Figure 6C, Supplementary Figure S9). Rearrangements are also found in both 350 

Lycaenidae and Nymphalidae, with different gene orders suggesting independent 351 

rearrangements (Figure 6C). We infer that a series of translocation and inversion events 352 

have occurred independently. In lineages such as the Pieris butterflies, these changes in the 353 

structure of the NK gene cluster reflect general trends of genome remodelling (Hill et al. 354 

2019). The changes within the NK cluster within butterflies represent at least seven likely 355 

rearrangement events, contrasting to the general stability in gene order observed in the Hox 356 

cluster. Rearrangements were also found outside the butterflies, with independent changes 357 

seen in Ypsolopha scabrella, Emmelina monodactyla, Carcina quercana, Clostera curtula, 358 

Laspeyria flexula, Abrostola tripartita and Neomicropteryx cornuta. These NK cluster 359 

rearrangements in moths include translocation of one, two or three of the slou/Hmx/ems 360 

genes to the opposite end of the cluster, and relocation of C15 to the opposite end of the 361 

cluster in five of the seven species (Supplementary Figure S9). In contrast to the Hox gene 362 

cluster, the Hi-C contact data do not provide evidence for a strong TAD spanning the NK 363 

homeobox gene cluster (Supplementary Figure S4B). 364 
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Discussion 365 

Overall stability of homeobox gene numbers  366 

Although the expression, function and evolution of homeobox genes has been extensively 367 

studied in insects, few studies have made comparisons across an entire insect order. In 368 

addition, most studies have focussed on Hox genes, with less attention paid to the many 369 

other types of homeobox gene or to genomic organisation. To a large degree, this is a 370 

consequence of the limited number of high quality chromosomal-level genome assemblies 371 

available until very recently. With advances in DNA sequencing technology, coupled with 372 

scaffolding using Hi-C, this limitation is being overcome (The Darwin Tree of Life Project 373 

Consortium 2022). To better understand homeobox gene evolution in Lepidoptera, we 374 

annotated genes from all homeobox classes in 123 well-assembled Lepidoptera genomes. 375 

We found general stability in homeobox gene numbers across the order, with most 376 

species having ~100 homeobox loci from all classes. This overall consistency in homeobox 377 

gene content may relate to overall body plan stability across Lepidoptera. There are some 378 

notable variations in gene content between species and families; most of these concern the 379 

Hox genes, including the Shx genes, discussed below. Otherwise, we see a degree of 380 

consistency, in gene number if not in gene organisation. Leaving Hox genes aside, most 381 

homeobox genes are dispersed in these genomes, and linkages are not conserved. The NK 382 

homeobox genes and the Homeobrain, Retinal Homeobox and Orthopedia genes from the 383 

PRD class are an exception, with both sets of genes having a conserved cluster 384 

arrangement in Lepidoptera. The NK cluster usually contains nine genes and spans 2.4Mb 385 

to 10Mb. In these genes, we find tight clustering across insects of Msx (Dr), NK4 (tin), NK3 386 

(bap) and Lbx (lbe), suggestive of a functional constraint or common regulation, whereas the 387 

remaining genes Tlx (C15), NK1 (slou), Hmx (NK5) and Emx (ems) have more variation in 388 

their gene order. The Homeobrain, Retinal Homeobox and Orthopedia cluster is a compact 389 
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cluster, with an average length of ~300 kb. The genes are highly conserved in order, but 390 

vary in gene orientation across Lepidoptera. 391 

The unusual lepidopteran Hox gene cluster 392 

Hox genes are arranged in genomic clusters as a result of tandem gene duplication, followed 393 

by selective pressure that has kept Hox genes together as neighbours for hundreds of 394 

millions of years. The nature of the selective pressure is not fully understood, but may in part 395 

be related to long range regulatory elements important for spatial colinearity of gene 396 

expression (McGinnis and Krumlauf 1992; Duboule and Morata 1994; Lemons and McGinnis 397 

2006). Some changes to the structure of the Hox gene cluster have been found in insects 398 

(Lewis 1978; Duncan 1987; Ferrier and Akam 1996; Powers et al. 2000; Brown et al. 2002; 399 

Negre and Ruiz 2007), and some larger rearrangements observed in non-insect arthropods 400 

(Cook et al. 2001; Grbić et al. 2011; Chipman et al. 2014; Pace et al. 2016; Leite et al. 401 

2018), but we have a fragmentary picture of insect Hox cluster evolution thus far. Indeed, 402 

within Lepidoptera the complete structure of a Hox gene cluster has not been reported; even 403 

in the pioneering studies on Bombyx mori Hox genes, the precise location of the labial gene 404 

could not be resolved (Yasukochi et al. 2004; Chai et al. 2008). With the availability of 405 

chromosomal level genome assemblies, this picture is changing. This study attempts to 406 

characterise Hox gene cluster evolution in an insect order on a large scale. Among the 407 

findings were (a) determining that the labial gene is located at a distant position beyond Abd-408 

B, likely relocated by an inversion event, and (b) the finding that the non-Hox gene ro is very 409 

closely linked to pb, in the position where labial is found in other insects. These two features 410 

are seen in all the ditrysian Lepidoptera we analysed, with an intermediate situation found in 411 

Neomicropteryx cornuta, a member of the Micropterygidae. This basal moth has a gene 412 

order of pb, ro and lab, suggesting that movement of ro into the Hox gene cluster occurred in 413 

an ancestor of extant Lepidoptera, while the inversion that moved the lab gene was a later 414 

event. However, even in Neomicropteryx cornuta the lab gene is 3.8Mb from the end of the 415 
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cluster suggesting that it had already ‘escaped’ from common control in the earliest 416 

Lepidoptera.  417 

What could have allowed these rearrangements in Lepidoptera? One hypothesis is 418 

that all functional reasons for maintaining Hox gene clustering have been lost in Lepidoptera, 419 

and random rearrangements have been permitted in evolution. An alternative hypothesis is 420 

that it is just the lab gene that has been permitted to ‘escape’, perhaps due to loss of 421 

common regulatory control. Our analysis of topologically associated domains (TADs), and 422 

comparison to the NK gene cluster, suggests the second hypothesis is most likely. We found 423 

a pattern of physical association of chromatin containing the Hox gene cluster, but only from 424 

pb to Abd-B. We find that lab and ro are located outside of this TAD across all species 425 

sampled. This suggests that it is the lab gene specifically that has escaped from any 426 

common regulation or control; there is evidence that the remaining Hox genes maintain 427 

physical association in three dimensions and are thus under conserved regulation (Krefting 428 

et al. 2018). Similarly, although the ro gene has moved to be adjacent to the rest of the Hox 429 

cluster, it has not been encompassed within the same TAD. Consistent with this conclusion, 430 

the ro gene has moved secondarily to the Abd-B end of the Hox cluster in four closely 431 

related Pieridae species (Aporia crataegi, Pieris rapae, Pieris brassicae and Pieris napi) 432 

(Supplementary Figure S3). 433 

Moths take the record for the most Hox loci 434 

The number of Hox genes is variable within insects, with most variation due to duplications 435 

of non-canonical Hox genes, especially the zen gene (the derived orthologue of the paralogy 436 

group 3 Hox gene; (Falciani et al. 1996)). For example, fruitfly Drosophila melanogaster has 437 

three loci derived zen duplication: zen, zen2 and bcd, while Tribolium castaneum has two 438 

(Tczen1, Tczen2; (Brown et al. 2002). Several Lepidoptera have five zen-derived genes 439 

(zen, ShxA, ShxB, ShxC, ShxD; (Ferguson et al. 2014), with Bombyx mori having around 15 440 

(Chai et al. 2008; Ferguson et al. 2014). In contrast, during chordate evolution tandem 441 

duplication of canonical Hox genes gave rise to 15 Hox genes in amphioxus, and 14 in the 442 
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common ancestor of vertebrates (Powers and Amemiya 2004; Holland et al. 2008). Genome 443 

duplications during vertebrate evolution increased the total number of Hox genes; for 444 

example, human and mouse have 39 Hox genes, African Butterfly Fish Pantodon buchholzi 445 

has 45 Hox genes, Atlantic Eel Anguilla anguilla has 73 Hox genes, and Atlantic Salmon 446 

Salmo salar has 118 Hox genes and pseudogenes (Mungpakdee et al. 2008; Henkel et al. 447 

2012; Martin and Holland 2014). Our analysis of Lepidoptera genomes has uncovered many 448 

cases of Hox gene duplication, including enormous arrays of Hox-derived loci. We find some 449 

moths have the highest number of Hox loci known to date.  450 

We found two rare cases of single gene tandem duplications in Lepidoptera, ftz in 451 

Spilarctia lutea (Buff Ermine Moth) and Dfd in Acronicta aceris (Sycamore Moth), but 452 

otherwise all variation in gene number was due to gains and losses of zen-derived genes, 453 

including the Shx genes. Consistent with Ferguson et al. (2014), it is true to a first 454 

approximation to say that most Lepidoptera have four Shx genes, plus zen, such that the full 455 

complement of Hox-derived genes is usually 14 (lab, pb, zen, ShxA, ShxB, ShxC, ShxD, 456 

Dfd, Scr, Antp, ftz, Ubx, abd-A, Abd-B). The minor exceptions we find to this rule include (a) 457 

a moth in the basal family Micropterygidae which has multiple zen-derived genes, although 458 

these lack the distinctive amino acid signatures of Shx genes and are likely an independent 459 

duplication; (b) the Six-Spotted Burnet Moth, Zygaena filipendulae, with only two Shx genes, 460 

annotated as ShxB and ShxC (Supplementary Figure S3); (c) butterflies in family 461 

Lycaenidae and the genus Melitaea which have each independently lost ShxD (although 462 

Melitaea cinxia has four copies of Shx due to a subsequent duplication of ShxA). 463 

However, the biggest exceptions to the ‘four Shx’ rule are the cases we find of 464 

independent, very extensive tandem duplication of Shx genes in several evolutionary 465 

lineages of moths. These expansions ranged from the 7 copies in Schrankia costaestrigalis 466 

(Pinion-streaked Snout Moth) to an astonishing 165 loci found in Apamea monoglypha (Dark 467 

Arches Moth). Other examples include 58 and 66 copies in Blastobasis lacticolella and 468 

Blastobasis adustella respectively, 19 copies in Parapoynx stratiotata (Boyes et al. 2022a), 469 

24 copies in Phalera bucephala (Buff-tip Moth; Boyes et al. 2022b), 20 copies in Spilarctia 470 
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lutea (Buff Ermine Moth) and 34 copies in Noctua fimbriata (Broad-bordered Yellow 471 

Underwing; Holland et al. 2021). The particular Shx genes which underwent tandem 472 

duplication differed between species, with some showing duplication of single genes (eg. 473 

ShxD in Parapoynx stratiotata, Noctua pronuba and Idaea aversata, and ShxA in Zeuzera 474 

pyrina), and others having multiple copies of several of the four Shx genes (Supplementary 475 

Figure S5). It is currently unclear whether these large gene arrays are adaptive, having been 476 

driven by selection, or whether they are neutral and a consequence of a genomic region 477 

prone to duplication. In other gene families, large changes in copy number have been found 478 

to be adaptive and related to certain environments or behaviours (Briscoe et al. 2013; Cheng 479 

et al. 2017; Rane et al. 2019; Chakraborty et al. 2021). The Shx genes are expressed in the 480 

serosa during development, an extraembryonic tissue implicated in innate immunity and 481 

desiccation resistance in insects (Panfilio 2008; Jacobs et al. 2013, 2014, 2022). It is 482 

therefore possible that Shx duplication is an adaptation associated with modifications to the 483 

egg, and indeed many of the highly duplicated genes show increased rates of sequence 484 

evolution (Figure 4A). One possibility is that specialisation of mulitple Shx genes permitted 485 

evolutionary refinement of serosal function, which may be important to survival of 486 

lepidopteran eggs laid on exposed surfaces of vegetation or in other challenging niches 487 

(Holland et al. 2017). However, although some of the moth species with large Shx 488 

expansions do have unusual ecology (such as aquatic eggs in Parapoynx stratiotata), we 489 

have not found a common developmental pattern, environmental link, or egg laying 490 

behaviour among all species with large tandem duplications of Shx genes.  491 

The alternative hypothesis, that extensive tandem duplication of Shx genes is 492 

neutral, would demand an explanation for why the number of Shx genes is stable at four (or 493 

three) in most lepidopteran lineages, yet undergoes dramatic expansion in others. We do not 494 

find a pattern consistent with a widespread stochastic gain and loss: the pattern is one of 495 

either stability or expansion. We propose that such a pattern is indicative of an underlying 496 

mutational mechanism driving duplication in some species and not others. One possible 497 

mutational mechanism relates to transposable element content. In almost all species where 498 
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large tandem duplication occurs (14/19), we find significantly increased density of LINE 499 

elements in the region containing the Shx genes, relative to the rest of the Hox cluster 500 

(Figure 5). Generally, transposon activity is highly regulated and reduced within the Hox 501 

cluster, due to the importance of the order and structure of the genes for proper 502 

development (Fried et al. 2004). However, if LINE elements successfully invade the Hox 503 

gene cluster, they could potentially promote tandem gene duplication through non-504 

homologous pairing at meiosis. Thus, a neutral explanation could be that LINE elements 505 

invaded in some species, and caused an increased rate of duplication mutations, without 506 

phenotypic effect. 507 

The adaptive and the neutral hypotheses can be reconciled, since even if initial 508 

duplication is neutral the new loci could be substrates for later adaptive evolution which the 509 

TEs themselves could alter gene regulation. By analogy, enrichment of TEs within the Hox 510 

gene clusters of Anolis lizards correlates with rates of speciation and affects the expression 511 

of Hox genes during development (Feiner 2016, 2019). It is interesting to note that invasion 512 

of TEs into Anolis lizard Hox clusters is not associated with gene duplication. This is possibly 513 

because all vertebrate Hox genes have anteroposterior expression domains that could be 514 

disrupted by tandem duplication; in Lepidoptera, the zen gene has lost ancestral regional 515 

expression and gained tissue-specific expression.  516 

Material and Methods 517 

Data acquisition 518 

The genome assemblies used in this analysis were produced by the Darwin Tree of Life 519 

project (The Darwin Tree of Life Project Consortium 2022) and can be found under the EBI 520 

and ENA bioproject number PRJEB40665 and on the DToL portal page: 521 

portal.darwintreeoflife.org. The genome for a non-ditrysian species was obtained from the 522 

recent sequencing of the Micropterigidae species, Neomicropteryx cornuta (Li et al. 2021). 523 
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Sequences for all homeodomains from three insects (Drosophila melanogaster, Tribolium 524 

castaneum, Apis mellifera) were downloaded from homeodb (http://homeodb.zoo.ox.ac.uk) 525 

(Zhong et al. 2008; Zhong and Holland 2011). Sequences for the lepidopteran specific 526 

special homeobox genes (Shx) were obtained from Ferguson et al (2014). Summary of 527 

genomes used, their shortened names, family membership, GenBank accession IDs and 528 

Project IDs are found in Supplementary Table S1. 529 

Homeobox gene identification 530 

To identify homeobox genes in the assembled genomes, the homeodomain protein 531 

sequences were used as queries in a TBLASTN search against the lepidopteran genomes 532 

(e-value threshold of 1 × 10-5). Overlapping hits from the lepidopteran genomes were 533 

filtered to retain a single sequence per homeobox gene with the longest sequence match. 534 

The resulting sequences from the lepidopteran genomes were then subsequently used in a 535 

reciprocal BLASTX search against the homeodomain protein dataset. For hits with 536 

significant percent identity (over 70%) the reciprocal BLAST search allowed for initial 537 

identification of the given homeobox gene. A second round of sequence similarity searches 538 

was carried out using MMSeqs2 (Steinegger and Söding 2017) and 1kb either side of the 539 

homeobox genes annotated from the initial BLAST search. The scripts for each step are at 540 

https://github.com/PeterMulhair/HbxFinder. For divergent sequences, identification was 541 

carried out using phylogenetic analysis (see Molecular analysis of homeobox evolution). 542 

Visualisation of the Hox gene clusters and gene tree employed R 4.0.3 (R Development 543 

Core Team, 2021) using gggenes (github.com/wilkox/gggenes) and ggtree (Yu et al. 2017), 544 

respectively. The newly-identified homeodomain nucleotide sequences were then translated 545 

into amino acid format using the sixpack package from EMBOSS (Madeira et al. 2019); 546 

amino acid sequences with the highest identity to known homeodomain sequences were 547 

retained. 548 

 Cold Spring Harbor Laboratory Press on June 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


 

21 

Homeobox gene expression 549 

Expression of all homeobox genes identified in our dataset of 123 species was assessed 550 

using whole body RNA-seq data from a representative set of seven species (Biston 551 

betularia, Limenitis camilla, Nymphalis urticae, Pararge aegeria, Pieris rapae, Vanessa 552 

atalanta, Vanessa cardui). RNA-seq data was downloaded from the DToL portal page: 553 

portal.darwintreeoflife.org. Transcriptomes assembly was carried out for each species using 554 

Trinity v2.8.5 (Grabherr et al. 2011). Next, for each transcriptome assembly, transcript 555 

abundance was calculated using kallisto v0.44 (Bray et al. 2016). Homeobox gene 556 

identification and expression quantification was then performed in each species using a 557 

reciprocal BLAST approach. 558 

Species tree inference 559 

A species tree for the 123 lepidopteran species in our dataset was generated using gene 560 

sets obtained from BUSCO v5.1.2 (Manni et al. 2021). First, genes were annotated using the 561 

Lepidoptera BUSCO gene sets. Next, the busco2phylo-nf pipeline 562 

(https://github.com/lstevens17/busco2phylo-nf) was used to extract FASTA files for each 563 

annotated gene, ensuring 100% species coverage in each one. Each gene was aligned 564 

using MAFFT v7.467 (Katoh et al. 2005) and gene trees were inferred using IQ-Tree v2.0 565 

(Minh et al. 2020), using ModelFinder to find the model of best fit (Kalyaanamoorthy et al. 566 

2017). Finally, a species tree was inferred using the supertree approach in ASTRAL v5.7.7 567 

(Zhang et al. 2018). 568 

Molecular analysis of homeobox evolution 569 

Phylogenetic reconstruction was carried out using the homeodomain amino acid sequences 570 

Homeodomain sequences were aligned using MAFFT v7.467 (Katoh et al. 2005) and 571 

maximum likelihood trees were built using IQ-Tree v2.0 (Nguyen et al. 2015) and LG+G 572 

model of sequence evolution. Tree visualisation was carried out using ggtree (Yu et al. 573 
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2017). To test for changes in rates of homeodomain sequence evolution of the Shx genes 574 

between the Lycaenidae species (which lost ShxD) and all other lepidopteran species with a 575 

normal set of Shx genes, we measure pairwise identity between species as a proxy for 576 

evolutionary rate. This analysis was carried out using PhyKIT using the phykit 577 

pairwise_identity command (Steenwyk et al. 2021). To measure whether selection was 578 

relaxed or intensified in any of the three remaining Shx genes on any of the Lycaenidae 579 

branches, we used the RELAX model (Wertheim et al. 2015) implemented in HyPhy 580 

(Kosakovsky Pond et al. 2020). 581 

Hi-C data processing and TAD identification 582 

Hi-C reads were mapped to the genomes using BWA 0.7.5a-r405 (Li 2013). HiCExplorer 583 

was then used to process the Hi-C data to form interaction maps, annotate the TADs and 584 

visualise the results (Ramírez et al. 2018).  585 

Repeat annotation and TE density analysis 586 

TEs were annotated using both RepeatModeler and RepeatMasker pipelines. For each 587 

genome tested, a de novo repeat library was generated from the genome assemblies using 588 

RepeatModeler2 (Flynn et al. 2020). This library was combined with the RepeatMasker 589 

Insecta library (Bao et al. 2015) and the SINE database (Vassetzky and Kramerov 2013), 590 

and filtered for any protein coding genes and repeat elements below 50 bases in length. 591 

Repeats were classified using RepeatMasker v4.1.0 (Smit et al., 2013), and regions 592 

containing LINE, SINE, LTR and DNA elements were extracted for subsequent analysis. 593 

Next, for each of the four broad TE classes, densities in 5kb windows were calculated first 594 

for the regions containing the Shx genes and second for the full Hox gene cluster minus the 595 

Shx gene region and lab. Enrichment for TE density in the Shx gene region compared to the 596 

remaining Hox cluster was carried out for each TE class using Wilcoxon rank-sum test with 597 

Bonferroni correction in the SciPy python package (Virtanen et al. 2020). TE density 598 

enrichment across the Lepidoptera phylogeny was visualised using the Toytree python 599 
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package (Eaton 2020). These analyses were not intended as exhaustive, but to give insight 600 

into TE density within the Hox gene cluster. 601 

Data access 602 

All data and code required to reproduce analyses and figures can be found in 603 

Supplementary Materials and at the GitHub repository 604 

github.com/PeterMulhair/Lepidoptera_homeobox and doi.org/10.5281/zenodo.7274111. 605 
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Figure Legends 646 

Figure 1: Numbers of homeobox sequences across Lepidoptera. (A) Species tree of Lepidoptera 647 
analysed constructed using BUSCO gene set. Coloured boxes spanning tips of the tree represent 648 
distinct Lepidoptera families with the family names shown. Species in the tree are listed in the same 649 
order as in Supplementary Figure S1. (B) Heatmap showing numbers of homeobox loci in each gene 650 
class and subclass (from left to right: lab, Abd-B, abd-A, Ubx, Antp, ftz, Scr, Dfd, zen, Shx, pb, ind, 651 
cad, exex, eve, unpg, btn, Tlx, Msx, NK4, NK3, Lbx, NK1, Hmx, Emx, Hhex, NK7, NK6, Nedx, Dlx, En, 652 
NK2.1, Msxlx, Hlx, NK2.2, Barhl, Bari, Bsx, Dbx, Abox, Noto, Ro, Uncx, Gsc, Pitx, Otp, Rx, Hbn, 653 
Repo, Prrx, Shox, Arx, Pax4/6, Phox, Prop, Vsx, CG11294, Pax3/7, Drgx, Otx, Lhx6/8, Lmx, Lhx2/9, 654 
Lhx3/4, Lhx1/5, Isl, Pou2, Pou3, Pou4, Pou6, Six3/6, Six1/2, Six4/5, Meis, Irx, Mkx, Pbx, Tgif, Onecut, 655 
Cux, Cmp, Prox, Zfhx, Cers). (C) Total counts of homeobox loci in each genome. 656 
 657 

Figure 2: Hox gene cluster evolution across Insecta. (A) Comparison of the general structure of 658 
the Hox gene cluster between representative species for Hymenoptera (Bombus terrestris), 659 
Coleoptera (Tribolium castaneum), Diptera (Drosophila melanogaster) and Lepidoptera. Lepidoptera 660 
are shaded in an orange box and split between non-ditrysia species (Neomicropteryx cornuta) and 661 
Ditrysia (represented by 122 species in our dataset). Lepidoptera specific Shx genes are coloured 662 
orange (ShxA), red (ShxB), green (ShxC) and blue (ShxD) in this figure and throughout the 663 
manuscript. (B) Genomic location of Hox genes in Autographa gamma with corresponding exon 664 
structures and genomic distances annotated below. Silhouette images of Bombus terrestris, Tribolium 665 
castaneum and Drosophila melanogaster were taken from PhyloPic (phylopic.org). 666 
 667 
Figure 3: Evidence for a conserved topologically associated domain (TAD) spanning the Hox 668 
gene cluster across Lepidoptera. (A) Species tree of nine representative lepidopteran species on 669 
left, HiC matrix showing 1Mb either side of the Hox gene cluster (excluding lab). The location of the 670 
Hox gene cluster from (Abd-B to pb) is annotated by a blue bar, along with its orientation. The position 671 
of ro is annotated with a short vertical black dash. The intensity of chromatin compaction is 672 
represented by a blue (low) to red (high) colour gradient. Across the core Hox cluster (pb to Abd-B) in 673 
each species a TAD is represented by a region of strong contact, by the more yellow shaded regions. 674 
Black lines represent TADs or sub-TADs predicted by HiCExplorer. (B) Above shows the arrangement 675 
of the Hox gene cluster (excluding ro and lab) surrounded by a TAD (orange) in Pheosia gnoma 676 
(Lesser Swallow Prominent). Below displays the HiC matrix of Chromosome 10 showing the location 677 
of the Hox cluster, represented by a blue bar, along with ro and lab, represented by short vertical 678 
black dashes. (C) Schematic showing tologically folded domains in Chromosome 10 (red) 679 
interspersed by chromosome regions with less consistent topology (blue) based on the above HiC 680 
matrix. Shaded grey region shows the location of the condensed TAD containing the Hox cluster.  681 
 682 
Figure 4: Sequence evolution of Hox genes across Lepidoptera (A) Phylogenetic tree of Hox and 683 
Hox-derived homeodomains across 46 Lepidoptera species. Shx gene clades are coloured orange, 684 
red, green and blue; canonical Hox genes are coloured yellow. The names of the Hox genes are 685 
placed alongside their clade in the tree. (B) Shx genes show elevated sequence evolution 686 
following loss of ShxD in Lycaenidae. Results of pairwise identity of Shx genes between 687 
Lycaenidae species and non-Lycaenidae species. For each gene (ShxA-C) pairwise identity between 688 
Lycaenidae and all other Lepidoptera species with normal Shx gene count (darker shade boxplot) is 689 
compared with pairwise identity between all Lepidoptera species with normal Shx gene count (lighter 690 
shade boxplot). Each pair of boxplots (light shade and dark shade) are coloured according to the 691 
colour code for each of the Shx genes. Wilcoxon rank-sum test was carried out between pairwise 692 
identity for Lycaenidae and non-Lycaenidae species (* = P-value < 0.05).  693 
Figure 5: Association between increased LINE density and extensive tandem duplication of 694 
Shx genes. (A) Left shows the species tree of 122 Lepidoptera species. Bar chart in yellow 695 
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corresponds to the length of the Hox cluster (excluding labial) for each species in the tree measured 696 
in Mb. The first column in blue indicates those species with large tandem duplications of Shx genes in 697 
the Hox cluster (dark blue) or those with a ‘normal’ number of Shx genes (light blue). The second 698 
column in red indicates species with significantly enriched density of LINE elements (dark red) within 699 
the region containing the Shx genes. (B) LINE density plot across the Hox cluster plus 3Mb either 700 
side; this is shown for 14 species with enriched LINE density in the region containing Shx genes. The 701 
outer black dashed lines represent the edges of the Hox cluster (Abd-B to ro), while the inner red 702 
dashed lines represent the edges of the Shx genes (ShxD to ShxA). 703 
 704 
Figure 6: NK gene cluster evolution across Insecta. (A) Comparison of the general structure of the 705 
NK gene cluster between representative species for Hymenoptera (Bombus terrestris), Coleoptera 706 
(Tribolium castaneum), Diptera (Drosophila melanogaster) and Lepidoptera. Lepidoptera are shaded 707 
in an orange box and split between non-ditrysia species (Neomicropteryx cornuta) and Ditrysia 708 
(represented by 122 species in our dataset). (B) Genomic location of NK genes in Autographa gamma 709 
with corresponding exon structures and genomic distances annotated below. Silhouette images of 710 
Bombus terrestris, Tribolium castaneum and Drosophila melanogaster were taken from PhyloPic 711 
(phylopic.org). (C) Left shows the species topology for the 36 butterflies in the dataset, along with an 712 
outgroup representative. Rearrangements in the NK cluster are annotated on the branches of the tree 713 
where they were estimated to have occurred (represented by yellow stars). Black lines spanning tips 714 
on the tree group species which show the same structure and order in the NK gene cluster. The NK 715 
gene cluster is represented by coloured boxes, in the ‘canonical’ order of Tlx (C15), Msx (Dr), NK4 716 
(tin), NK3 (bap), Lbx (lbe), NK1 (slou), Hmx (NK5) and Emx (ems). Species with the NK genes in this 717 
order are shadowed by a blue box. Synteny between the closely linked genes of both Msx (Dr) genes, 718 
NK4 (tin), NK3 (bap) and Lbx (lbe) is represented by shaded blocks, to show changes in the order and 719 
structure of the NK cluster. 720 
 721 
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