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Genome sequencing
For Illumina next-generation sequencing, genomic DNA was extracted from the whole body of a single male or female adult, excluding wings, using a TreliefTM Animal Genomic DNA Kit (TsingKe, China). DNA integrity was checked by agarose gel electrophoresis and quantified by a MicroDrop spectrophotometer (BIO-DL, China) and Qubit fluorometer v3.0 (Invitrogen, USA). Paired-end libraries (350 bp insert size) were generated using a NEB Next® Ultra DNA Library Prep Kit and sequenced using the Illumina HiSeq4000 platform (Novogene, Tianjin, China). After filtering raw reads, in which >90% of bases had a quality <Q20, the remaining clean reads were used to estimate genome size and correct errors in the de novo-assembled genomes.
For long-read sequencing, genomic DNA was isolated from another single male or female adult, excluding wings, to construct long DNA fragment libraries for the PacBio or Nanopore platforms according to the manufacturers’ protocols in NextOmics (Wuhan, China). For PacBio real-time single-molecule (SMRT) sequencing, 20 kb libraries were constructed as described previously (Yang et al., 2020) based on the manufacturer’s instructions, and then DNA templates and enzyme complexes were transferred to the zero-mode waveguides (ZMWs) of the Sequel system (Pacific Biosciences, USA) for SMRT-seq. For Nanopore PromethION sequencing, long DNA fragments were selected using the BluePippin system (Sage Science, USA) and then attached to sequencing adapters using a Ligation Sequencing Kit (Oxford Nanopore, catalog number: SQK-LSK109). The quantified library fragments were then sequenced on a Nanopore PromethION sequencer (Oxford Nanopore Technologies, UK). A total of 19.98–76.39 Gb of clean long reads with a minimum read length of 10 kb in each species were generated for de novo genome assembly.
De novo genome assembly
The genomes of all sequenced species were first assembled using WTDBG v1.2.8 (Ruan & Li, 2020). Considering the poor preliminary assembly of Parnassius orleans, its long reads were corrected using Canu v1.7 (Koren et al., 2017) before assembly. To improve the accuracy of the reference assemblies, the primary assemblies were polished twice with Pilon v1.12 (Walker et al., 2014) using Illumina short reads. Finally, heterozygous contigs (i.e., short contigs with low coverage) were merged into a longer contig following similar strategies reported previously (Cong et al., 2015; Dasmahapatra et al., 2012; Yang et al., 2020). Briefly, the Illumina reads were mapped to the polished assemblies using BWA v0.7.12 (Li & Durbin, 2009) and the average coverage for each contig was calculated using SAMtools v1.3.1 (Li et al., 2009). Based on the normal distribution of coverage depth, heterozygous regions (left shoulder <95% confidence level) were identified and separated. Through BLAST searching, if alignment coverage was >90% and the uncovered area was <500 bp, short contigs with low coverage and high sequence identity (>95%) were then merged into a longer contig.
Quality evaluation of genome assemblies
We evaluated the quality of the genome assemblies using the following three methods. Firstly, genome size was estimated using k-mer frequency analysis in Kmerfreq (Liu et al., 2013) based on the Illumina reads and compared with corresponding assembled sizes following previous research (Chen et al., 2019; Lu et al., 2019). Secondly, BUSCO v2.0 (Benchmarking Universal Single-Copy Orthologs) (Simão et al., 2015) was used to assess the quality of the genome assembly and annotation completeness based on conserved insect genes (Insecta odb9 with 1 613 genes). Thirdly, the Illumina and long reads were mapped to the assemblies using BWA v0.7.12 (Li & Durbin, 2009) and BLASR v5.1 (Chaisson & Tesler, 2012), respectively, and then the mapping ratios were calculated using SAMtools v1.3.1 (Li et al., 2009).
Genome annotation
To annotate the repetitive sequences of swallowtail butterfly genomes, we initially used LTR_FINDER v1.05 (Xu & Wang, 2007) to find full-length long terminal repeat (LTR) retrotransposons. Secondly, tandem repeats were annotated using Tandem Repeat Finder v4.07b (Benson, 1999). Thirdly, RepeatMasker v4.0.5 (Smit et al., 2015) at the DNA level was used to search for novel and known transposable elements (TEs) by mapping sequences against the de novo repeat library built by RepeatModeler v1.0.4 (Smit et al., 2015) and Repbase TE library v16.02 (Bao et al., 2015). Finally, TE-relevant proteins were identified using RepeatProteinMask open-4.0.6 (Tarailo-Graovac & Chen, 2009) with parameters: -no LowSimple -p 0.0001. 
The protein-coding genes were annotated using both de novo- and homology-based strategies. For de novo gene prediction, SNAP v2006-07-28 (Korf, 2004), GENSCAN v1.0 (Burge & Karlin, 1997), GlimmerHMM v3.0.3 (20), and AUGUSTUS v2.5.5 (Stanke et al., 2006) were used to analyze the repeat-masked butterfly genomes. For homology-based predictions, the protein sequences of four butterflies (Heliconius melpomene (GCA_000313835.2), Danaus plexippus (GCA_000235995.2), Papilio xuthus (GCA_000836235.1), P. polytes (GCF_000836215.1)), two moths (Bombyx mori (GCA_000151625.1), Helicoverpa armigera (GCA_002156985.1)), one fruit fly (Drosophila melanogaster (GCA_000001215.4)), and one beetle (Tribolium castaneum (GCA_000002335.3)) were selected as queries and aligned to each newly assembled butterfly genome using TBLASTN v2.2.26 (Altschul et al., 1997) with an E-value cut-off of 1e-5. A total of 12 de novo and homology gene sets were merged to form a comprehensive, non-redundant gene set using EvidenceModeler v1.1.1 (Haas et al., 2008).
Phylogenetic analyses
In total, 17 Papilionidae species, including 11 sequenced in this study and six previously published genomes, were included in phylogenetic analyses (Supplementary Table S2). Kallima inachus (Nymphalinae: Kallimini) was used as the outgroup (Yang et al., 2020). The phylogenetic trees were constructed based on different datasets, including multiple whole-genome alignments (WGAs), orthologous genes and their partitioned datasets, and conserved non-exonic elements (CNEs). 
WGA tree: Multiple WGAs were performed using the Cactus package with default parameters (https://github.com/ComparativeGenomicsToolkit/cactus) (Armstrong et al., 2020). Then, MAF-format alignments were obtained using hal2maf (--refGenome Pb –onlyOrthologs –maxRefGap 50 –noAncestors). The WGA tree was constructed using RAxML v8.2.10 (Stamatakis, 2014) based on the obtained ~45 Mb of orthologous syntenic blocks with 100 bootstrap replicates.
Orthologous gene trees: Based on synteny alignment (Chen et al., 2019), 15 375 consensus protein-coding genes of each Papilionidae species were extracted from orthologous syntenic blocks using Papilio bianor annotation as a reference. After excluding those genes in which over 50% of species had more than 50% gaps in the corresponding sequences, a total of 12 274 one-to-one orthologous genes remained. Each coding sequence was then translated into an amino acid sequence based on the standard translation table. Spurious sequences or poorly aligned regions were removed using trimAI v1.4.rev22 (Capella-Gutiérrez et al., 2009) with –nogap. The amino acid sequences of orthologous genes were then concatenated to generate a super sequence for tree construction, resulting in 2 559 740 amino acid sites. Orthologous gene trees based on amino acids were reconstructed by IQ-TREE v1.6.11 (Nguyen et al., 2015) using the “LG+LG4M+F” model and by RAxML v8.2.10 (Stamatakis, 2014) using the “PROTGAMMALGX” model with 100 bootstrap replicates, respectively. Furthermore, we adopted different partitioning strategies to investigate problems in heterogeneity of codon composition and codon usage bias in different species. (1) Gene partitioning. We deleted those codons containing gaps and those orthologous genes less than 8 bp in length. In total, 8 090 orthologous genes containing 7 914 236 sites were obtained. These genes were concatenated and transformed to PHYLIP format using in-house script, and then used to construct a maximum-likelihood (ML) tree using RAxML v8.2.10 (Stamatakis, 2014) with the following command: “raxmlHPC-PTHREADS-AVX –s *.phy –n orthology –o Kin –q cites.file –m GTRGAMMA –f a –x 12345 –N 100 –p 12345 –T 10”, where the partition file (cites.file) is the position of the orthologous gene based on the genome annotation of P. bianor. (2) Codon partitioning. We partitioned the orthologous gene sequences into 1st, 2nd, and 3rd codon positions, and combined them into three codon data sets, including third and first-second positions (1st-2nd+3rd), first-second positions only (1st-2nd), and third position only (3rd). The codon-partitioned trees were constructed using RAxML v8.2.10 (Stamatakis, 2014) with the following command: “raxmlHPC-PTHREADS-AVX –s *.phy –n 1st-2nd_3rd/1st-2nd/3rd –o Kin –q cites.file –m GTRGAMMA –f a –x 12345 –N 100 –p 12345 –T 10”, where the cites.file is the position of the partitioned codon datasets. (3) Four-fold degenerate (4d) sites. A total of 1 142 929 4d sites in 12 274 one-to-one orthologous genes were extracted with reference to the P. bianor annotation. Total sites were concatenated to reconstruct an ML phylogenetic tree using RAxML v8.2.10 (Stamatakis, 2014) with the command (“raxmlHPC-PTHREADS-AVX –s *.phy –n 4Dsites –o Kin –m GTRCAT –f a –x 12345 –N 100 –p 12345 –T 10”).
Conserved non-exonic element (CNE) tree: The identified Type I Papilionidae-specific CNE (PSCNE) sequences (see “Identification and analysis of CNEs”) were used to construct the Papilionidae phylogenetic tree using the “GTRGAMMA” model in RAxML v8.2.10 (Stamatakis, 2014).
Window-based gene trees (WGTs) and species tree: To investigate phylogenetic discordance across genomic regions, we randomly extracted 2 000 5 kb windows from multiple WGAs. Briefly, we segmented the WGA sequences into 5 kb windows based on the P. bianor genome. After excluding those windows in which over 50% of species had more than 50% gaps in the sequences, a total of 4 212 windows remained. Considering the time and computing resources required, we did not analyze all windows, but randomly selected 2 000 windows as representatives. We then reconstructed a WGT for each window using RAxML v8.2.10 (Stamatakis, 2014) with parameters: -m GTRGAMMA –p 12345 –f a –x 12345 –N 100. We also summarized the topologies for the 2 000 WGTs and depicted all trees in the set using DensiTree (http://compevol.auckland.ac.nz/software/DensiTree/) (Bouckaert, 2010). Subsequently, we applied ASTRAL-III v5.6.3 (Zhang et al., 2018) to reconstruct the species tree. To estimate the effects of gene tree error on species tree reconstruction, we checked the quartet frequencies for each major and controversial branch using DiscoVista (Discordance Visualization Tool) (Sayyari et al., 2018) with the parameters: “–m 5 –k Kin”.
Hybridization inference and incomplete lineage sorting (ILS) simulation
We selected P. orleans (Parnassini), Luehdorfia chinensis (Luehdorfiini), Bhutanitis thaidina (Zerynthini), Lamproptera curius (Leptocircini), Teinopalpus imperialis (Teinopalpini), Byasa hedistus (Troidini), and P. bianor (Papilionini) to represent each tribe in Papilionidae, with K. inachus as the outgroup. 
Hybridization inference: A whole-tree-based method, which incorporates ILS and gene flow to infer evolutionary history, and the classic ABBA-BABA test, which is relatively simple, direct, and robust (Chen et al., 2019), were performed. PhyloNetworks uses maximum-pseudolikelihood (MPL) to estimate the phylogenetic networks based on multiple molecular sequence alignments (Solís-Lemus et al., 2017). We used the snaq program in PhyloNetworks and tested different maximum numbers of hybrid nodes (hmax: 0–6) with 1 000 iterations based on the 2 000 WGTs above. We found the smallest loglik when hmax was equal to 3. PhyloNet infers phylogenetic networks considering scenarios where the incongruence among gene trees is caused by ILS and hybridization (or horizontal gene transfer) (Wen et al., 2018). We ran the MP, ML, and MPL analyses several times by assigning the maximum number of reticulations in the range of 1–10 and assessed the plausibility of the inferred networks. The best networks were inferred when reticulation was set to 2. All results were visualized using IcyTree (https://icytree.org/) (Vaughan, 2017). We also applied the classic ABBA-BABA test (D-statistics) using the “qpDstat” command in AdmixTools v1.01 (Zou & Zhang, 2015). The prerequisite data for qpDstat were prepared as follows. The vcf files of Papilionidae species were firstly converted from the multiFASTA alignment files using snp-sites (Page et al., 2016). PLINK v1.90b4.5 (http://zzz.bwh.harvard.edu/plink/) (Purcell et al., 2007) was then used to generate plink.vcf files, which were subsequently converted into .geno.ind and .snp files using the python script vcf2eigenstrat.py in gdc (https://github.com/mathii/gdc) as input files.
ILS simulation: ILS simulation was performed following Wang et al. (2018). We simulated 2 000 gene trees under the multispecies coalescent model using the R function sim.coaltree.sp as implemented in the package Phybase v1.4 (Liu & Yu, 2010). The internal branch lengths of the ASTRAL tree were used for simulation, and all terminal branches were set to 1 (as one allele was generated for each species). Gene-tree quartet frequencies were calculated for the simulated and observed datasets, and correlation tests were performed using the cor.test function in R. We also summarized the topologies for the 2 000 simulated trees and displayed all trees in the set using DensiTree (Bouckaert, 2010).
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Identification and analysis of CNEs
We selected nine insect species as outgroups to identify CNEs of Papilionidae (Supplementary Table S2). We employed phyloFit v1.4 (with default parameters) in the PHAST package (Hubisz et al., 2011) to estimate the non-conserved models based on the 4d site alignments and topology in Papilionidae (Supplementary Figure S2A) (see Orthologous gene trees). We generated two non-conserved models, including the Papilionidae non-conserved model and Papilionidae with outgroups non-conserved model (Supplementary Table S10). Based on the Papilionidae non-conserved model, we ran phastCons v1.4 (with --estimate-rho) (Siepel et al., 2005) to estimate the Papilionidae conserved model (Supplementary Table S10). We also predicted highly conserved elements using phastCons (--most-conserved --score) in Papilionidae and generated base-wise conservation scores with the Papilionidae conserved and non-conserved models. The CNEs were acquired by excluding exon regions from highly conserved elements. In addition, we identified two types of PSCNEs, as per previous research (Chen et al., 2019). Type I PSCNEs were those CNEs for which sequences were not found in any outgroup species. Type II PSCNEs were those CNEs that had orthologous sequences in at least three outgroup species, but were only conserved in Papilionidae, according to phyloP (--method LRT --mode CONACC) (Hubisz et al., 2011) under the non-conserved model. To produce higher quality sets of PSCNEs, elements <20 bp in length were removed. Transcription factor binding sites (TFBSs) in the PSCNEs were analyzed using HOMER v4.11 (Heinz et al., 2010). Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis (P<0.05) of the neighboring genes associated with the TFBSs was conducted using the Omicshare platform (http://www.omicshare.com/tools/). 
Identification of positively selected genes (PSGs) and rapidly evolving genes (REGs)
A high-confidence orthologous gene set for the 17 Papilionidae species and four outgroups (K. inachus, Trichoplusia ni (GCF_003590095.1), Hyposmocoma kahamanoa (GCF_003589595.1), and Cydia pomonella (GCA_003425675.2)) was generated based on a conserved genome synteny method (Chen et al., 2019). In detail, multiple WGAs were constructed for the 17 Papilionidae species and outgroups using Cactus (Armstrong et al., 2020), with P. bianor as the reference genome. The CDS sequences of orthologs were extracted based on the P. bianor annotation file. We then removed the orthologs in which gaps occupied more than 50% of the total length and length was equal to zero after discarding all gaps using Gblocks (-t=c) v0.91b (Castresana, 2000). To estimate the three types of ω (ratio of rate of nonsynonymous substitutions (Ka) to rate of synonymous substitutions (Ks), i.e., Ka/Ks) for each branch, we used the CODEML program in the PAML package (Yang, 2007) with the free-ratio model for each ortholog. The optimized branch-site model was used to detect positive selection signals of genes along specific lineages following the recommendations in the PAML package. Average Ka/Ks was estimated using 10 000 concatenated alignments constructed from 150 randomly chosen orthologs. A model that allowed sites to be under positive selection on the foreground branch was compared with the null model in which sites could evolve either neutrally or under purifying selection using the likelihood ratio test (LRT). P-values were calculated based on Chi-square statistics, and genes with P<0.05 were identified as positive selection candidates. The REGs were also identified on the same branches as the PSGs. The branch model in PAML was used, with the null model assuming that all branches have been evolving at the same rate and the alternative model allowing the foreground branch to evolve under a different rate. The LRT with df=1 was used to discriminate between the alternative models for each ortholog in the gene set. Genes with P<0.05 and a higher ω value for the foreground than the background branches were considered to have evolved at a significantly faster rate. KEGG enrichment analysis (P<0.05) of PSGs and REGs was conducted using the Omicshare platform (http://www.omicshare.com/tools/).
Genomic variations related to swallowtail butterfly pigmentation
We investigated genomic variations in those genes related to pigment position in space and time (patterning genes) and to biochemical synthesis of pigments (effector genes) in swallowtail butterflies (Figure 3 and Supplementary Tables S7–S9). The patterning genes were selected as follows. Four reused major-effect Mendelian loci (wntA, cortex, optix, and aristaless 1 (art1)), and several small-effect modifier loci (pink, hareless, and Sox genes) were included because they contribute to the same mimetic color patterns in Heliconius (Nymphalidae: Heliconiinae: Müllerian mimicry) (Vankuren et al., 2019). Besides wntA, all other members in the wingless (wg) pathway-related genes (wnt gene family) were included because they play multiple essential roles in the regulation of tissue growth, polarity, and patterning (Swarup & Verheyen, 2012). Three different loci (doublesex (dsx), engrailed (en), and invected (inv)) were included because they contribute to the female-limited mimicry polymorphisms in Papilio (Papilionidae: Papilioninae: Batesian mimicry) (Vankuren et al., 2019). Three homeobox genes (abdominal A (abd-A), abdominal B (abd-B), and clawless (C15)) were included because they play important roles in camouflage color pre-patterning in P. xuthus (Jin et al., 2019). The investigated effector genes included those enzymes involved in biochemical synthesis of papiliochromes, such as black, ebony, phenoloxidase (PO), laccase (Lc), yellow gene family, karmoisin (kar), kynurenine formamidase (kf), and vermillion (Li et al., 2015), and those possibly involved in the transportation of pigment precursors, such as ATP-binding cassette (ABC) transporters, Rab GTPases (Rab), Rab guanine nucleotide exchange factors (GEF), GTPase activating proteins (GAP), and E3 ubiquitin ligases (E3) (Bhuin & Roy, 2014; Lamber et al., 2019; Liu et al., 2021; Lloyd et al., 1998; Rosa et al., 1996; Singh & Sivaraman, 2020).
To identity these genes, BLASTP searches (E-value<1e-5) were performed against the reference genomes of multiple species (17 swallowtail butterflies, K. inachus, and three moths (T. ni, H. kahamanoa and C. pomonella)) using reported sequences of corresponding proteins from D. melanogaster and other insects (http://flybase.org, https://www.uniprot.org, https://www.ncbi.nlm.nih.gov/genbank) as queries. According to the conservation of different genes, different thresholds of identity and matched length were set. Briefly, for the genes or families reported in the literature, we set the threshold according to the methods of published literature. For genes or families without relevant literature, we first compared the downloaded reference sequences with each other, and then set the threshold according to the comparison results (e.g., identity, matched length, E-score). Conserved domains were scanned by the Hidden Markov Model in HMMER v3.2.1 (Finn et al., 2015) with an E-value cutoff of 1e-5 and used as reference indicators for filtering questionable candidates. Gene trees were constructed using RAxML v8.2.10 (Stamatakis, 2014) with 100 bootstraps and were used to exclude those genes still in doubt. The identified putative genes were also validated by searching the non-redundant protein sequences (nr) database with the putative gene sequences as queries. Finally, we obtained a list of candidates of investigated genes/gene families (Supplementary Table S7). In the gene body, we checked if these candidate genes were rapidly evolved and/or positively selected in Papilionidae by comparing them with the list of REGs and PSGs analyzed previously. In the upstream cis-regulatory regions, we further analyzed CNEs and TFBSs for all patterning genes and biosynthesis enzymes (Supplementary Figures S6–S12 and Tables S8–S9). For ABC transporters, we selected ABCG genes for further analysis as they are related to pigment precursor transportation (Ewart & Howells, 1998; Jiang & Lin, 2018; Liu et al., 2021). For Rab transporters, we selected PSGs or genes in the Lepidoptera-specific clade for further analysis. For Rab cofactors (GEF, GAP, E3), we selected PSGs and genes at the same class as PSGs for further analysis. We also analyzed lightoid (ltd, Rab) and claret (GEF), which play important roles in the biogenesis of Drosophila eye pigment granules (Ma et al., 2004). Specifically, we checked if PSCNEs and Papilionidae-specific TFBSs were found in their upstream regulatory regions 5 kb or 2 kb from the transcription start site (TSS), as per previous research (Guhathakurta et al., 2006). Based on the locations of PSCNEs to their associated genes, we selected different upstream regulatory region lengths of these genes to predict transcriptional regulation patterns (i.e., TFBS) using JASPAR 2020 (http://jaspar.genereg.net/search?q=&collection=CORE&tax_group=insects) with insect groups (Fornes et al., 2020). If PSCNEs were located 2-5 kb upstream from the TSS of the associated gene, we choose 5 kb upstream regions for TFBS scanning. Otherwise, we selected 2 kb upstream regions for TFBS scanning. Cytoscape v3.8.0 (Shannon et al., 2003) was used to integrate gene relationships (i.e., patterning genes, effector genes, and predicted TFs) into a network.

Supplementary Figures S1–S12
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Supplementary Figure S1 Comparisons of gene features among 11 assembled Papilionidae genomes
A: Distribution of mRNA length. B: Distribution of protein-coding sequence (CDS) length. C: Distribution of intron length. D: Distribution of exon length. E: Distribution of exon number.
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Supplementary Figure S2 Phylogenetic trees of Papilionidae with Kallima inachus as outgroup based on multiple datasets
Red branches represent inconsistent topologies between A and B. A: Phylogenetic trees based on multiple datasets (12 274 one-to-one orthologous protein-coding genes, four-fold degenerate (4d) sites extracted from these orthologous genes, orthologous gene site partitions (all genes with more than 8 bp, third codon position only (3rd)), and CNEs) and species tree based on 2 000 window-based gene trees (WGTs). Bootstrap support based on multiple datasets and local posterior probability based on 2 000 WGTs are labeled on each node. B: Phylogenetic tree based on first-second positions (1st-2nd) and third and first-second positions (1st-2nd+3rd) extracted from 12 274 orthologous genes. 
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Supplementary Figure S3 Topology frequencies of 2 000 WGTs
A: Each internal branch has four neighboring branches, which can represent quartet topology. Branches are marked with numbers. B: Frequency of main topology of Papilionidae is shown with a red bar, and other two alternative topologies are shown with blue bars. Dotted line indicates one-third threshold expected at random. Top number of each subfigure indicates label of corresponding branch on tree in A: Along x-axis, exact definition of each quartet topology is provided using neighboring branch labels separated by “|”.
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Supplementary Figure S4 Gene flow among tribes inferred from whole-tree-based methods using PhyloNet (A–D) and PhyloNetworks (E): with 2 000 topologies of eight species extracted from WGTs and ABBA-BABA tests with genome data (F–G)Networks inferred from PhyloNet under MP (A), ML (B), ML-CV (C), and MPL models (D). E: Networks inferred from PhyloNetworks. F: Ancient gene flow between tribes tested with ABBA-BABA analyses at tribe level. G: Scatterplot of Z-scores and D-stat in ABBA-BABA test. |Z|>3. Genomes of Parnassius orleans (Por), Luehdorfia chinensis (Lch), Bhutanitis thaidina (Bth), Lamproptera curius (Lcu), Teinopalpus imperialis (Tim), Byasa hedistus (Bhe), and Papilio bianor (Pb) were used to represent Parnassini, Luehdorfiini, Zerynthini, Leptocircini, Teinopalpini, Troidini, and Papilionini, respectively. Trees were produced in IcyTree (https://icytree.org/).
[image: 说明: E:\butterfly_project\Zoological_Research\Figures\FigS6_Gene and gene family evoulution 20210510.jpg]
Supplementary Figure S5 Evolution of genes and gene families in swallowtail butterflies
A: Average Ka/Ks estimated using 10 000 concatenated alignments constructed from 150 randomly chosen orthologs. B: Numbers of rapidly evolving (REGs) and positively selected genes (PSGs) on ancestral branches of Papilionidae tribes.
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Supplementary Figure S6 Evolution of Papilionidae-specific conserved non-exonic elements (PSCNEs) and Papilionidae-specific transcription binding sites (TFBSs) in upstream region of patterning gene, invected (inv)Light blue and light brown background represent species in Papilionidae and outgroups, respectively. Full names of species and TFs refer to Supplementary Table S2 and S8, respectively. Type I PSCNEs are those CNEs for which sequences were not found in either outgroup species. Type II PSCNEs are those CNEs that had orthologous sequences in at least three outgroup species but were only conserved in Papilionidae.
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[bookmark: _Hlk75984532]Supplementary Figure S7 Evolution of PSCNEs and Papilionidae-specific TFBSs in upstream region of patterning genes, including wingless (wg) (A), wnt10 (B), abdominal A (abd-A) (C), and clawless (C15) (D). Full information of legend refers to Figure S6.
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Supplementary Figure S8 Evolution of PSCNEs and Papilionidae-specific (TFBSs) in upstream region of patterning genes, including optix (A), aristaless 1 (art1) (B), and aristaless 2 (art2) (C). Full information of legend refers to Figure S6. 
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Supplementary Figure S9 Evolution of ATP-binding cassette (ABC) transporters
A: Phylogenetic tree of ABC transporters. Papilio bianor and Drosophila melanogaster represent whole inner species (Papilionidae) and outer species, respectively. Genes marked with name indicate Papilionidae-specific TFBSs are predicted in their upstream regions. B: Evolution of PSCNEs and Papilionidae-specific TFBSs in upstream and protein-coding regions of effector gene, white. C–E: Evolution of PSCNEs and Papilionidae-specific TFBSs in upstream region of effector genes (ABCG transporters), including brown (C), Pb_07121 (D), and scarlet (E). Full information of legend refers to Figure S6. 
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Supplementary Figure S10 Evolution of positively selected effector genes in Papilionidae, including guanine nucleotide exchange factors (GEF) Pb_09814) (A), and two E3 ubiquitin ligases (E3) Pb_08975 (B), Pb_09937 (C). Amino acids with green background have undergone positive selection. Full names of species refer to Supplementary Table S2.
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Supplementary Figure S11 Evolution of PSCNEs and Papilionidae-specific (TFBSs) in upstream region of effector genes (Rab transporters), including Pb_04926 (A), Pb_00040 (B), lightoid (C), and Lepidoptera-specific clade gene, Pb_05109 (D). Full information of legend refers to Figure S6. 
[image: 说明: E:\butterfly_project\Zoological_Research\Figures\FigS13_Rab GEF E3 final.jpg]
Supplementary Figure S12 Evolution of PSCNEs and Papilionidae-specific TFBSs in upstream region of effector genes, including Rab transporters (A: Pb_12217; B: Pb_06852), Rab GEF (C: Pb_01303), and E3 (D: Pb_11739). Full information of legend refers to Figure S6.
Supplementary Tables S1–S10
Supplementary Table S1. Information on genome sequencing of 11 species in this study.
	Subfamily
	Tribe
	Species
	Illumina HiSeq4000 sequencing
	Long reads sequencing

	
	
	
	Sex 
	Clean data (Gb)
	Cov (×)
	Sex
	Platform
	Clean data (Gb)
	Cov (×)

	Parnassiinae
	Parnassini 
	Parnassius orleans
	Male
	132.29
	115
	Male
	Nanopore
	68.30
	57

	
	Luehdorfiini
	Luehdorfia chinensis
	Male
	48.01
	75
	Female
	Nanopore
	39.20
	61

	
	Zerynthini
	Sericinus montelus
	Male
	55.51
	100
	Male
	Nanopore
	31.46
	57

	
	
	Bhutanitis thaidina
	Male
	58.76
	134
	Male
	Nanopore
	76.39
	174

	Papilioninae
	Leptocircini
	Lamproptera curius
	Male
	63.94
	110
	Male
	Nanopore
	32.79
	56

	
	Teinopalpini
	Teinopalpus imperialis
	Male
	63.36
	129
	Male
	Nanopore
	51.09
	104

	
	Troidini
	Troides helena
	Male
	45.38
	141
	Male
	Nanopore
	33.08
	103

	
	
	Byasa hedistus
	Female
	48.90
	174
	Female
	PacBio RSII
	19.98
	71

	
	Papilionini
	Meandrusa payeni
	Male
	54.69
	143
	Male
	Nanopore
	31.28
	82

	
	
	Papilio demoleus
	Female
	51.46
	203
	Male
	PacBio RSII
	32.25
	127

	
	
	Papilio protenor
	Male
	27.59
	115
	Male
	PacBio RSII
	20.77
	86


Cov: coverage.
Supplementary Table S3. General statistics of repeats and predicted protein-coding genes in 11 assembled genomes. 
	Species
	Repeat (%)
	Gene number
	Complete BUSCO ratio (%)
	Average gene length (bp)
	Average cds length (bp)
	Average exon number
	Average exon length (bp)
	Average intron length (bp)

	Parnassius orleans
	64.84 
	19,416
	91.8 
	13,073
	1,047
	5.33 
	196
	2,724

	Luehdorfia chinensis
	53.01 
	15,250
	90.5 
	11,574
	1,235
	5.96 
	207
	2,028

	Sericinus montelus
	55.35 
	14,708
	92.1 
	11,276
	1,290
	6.19 
	208
	1,867

	Bhutanitis thaidina
	38.53 
	14,587
	90.9 
	10,776
	1,406
	6.66 
	211
	1,656

	Lamproptera curius
	32.82 
	16,662
	85.3 
	8,373
	1,276
	5.84 
	219
	1,428

	Teinopalpus imperialis
	42.51 
	14,565
	89.6 
	11,353
	1,396
	6.55 
	213
	1,793

	Troides helena
	36.89 
	16,847
	90.0 
	7,703
	1,315
	6.16 
	213
	1,237

	Byasa hedistus
	30.50 
	15,203
	92.1 
	7,097
	1,411
	6.50 
	217
	1,033

	Meandrusa payeni
	46.40 
	14,652
	90.4 
	9,853
	1,408
	6.49 
	217
	1,537

	Papilio demoleus
	31.00 
	12,956
	91.9 
	7,847
	1,529
	7.23 
	212
	1,014

	Papilio protenor
	31.17 
	13,669
	94.8 
	7,387
	1,502
	6.99 
	215
	982


BUSCO: Benchmarking Universal Single-Copy Orthologs with the lineages: insecta_odb9; cds: coding sequnce.
Supplementary Table S5. KEGG enrichment of neighboring genes associated with TFBSs in PSCNEs. P<0.05. 
	KO ID
	KO Description
	Genes in KO
	Background genes in KO
	P-value

	ko04540
	Gap junction
	46
	50
	3.78E-05

	ko04510
	Focal adhesion
	130
	160
	5.23E-05

	ko04550
	Signaling pathways regulating pluripotency of stem cells
	55
	63
	0.000237632

	ko04530
	Tight junction
	87
	108
	0.001543626

	ko04810
	Regulation of actin cytoskeleton
	102
	129
	0.002086237

	ko04520
	Adherens junction
	50
	60
	0.004228807

	ko04218
	Cellular senescence
	78
	98
	0.004955784

	ko04114
	Oocyte meiosis
	68
	85
	0.006790625

	ko04144
	Endocytosis
	98
	131
	0.03842147

	ko04022
	cGMP - PKG signaling pathway
	90
	98
	7.00E-09

	ko04010
	MAPK signaling pathway
	119
	140
	1.32E-06

	ko04310
	Wnt signaling pathway
	79
	89
	2.23E-06

	ko04151
	PI3K-Akt signaling pathway
	131
	160
	2.35E-05

	ko04390
	Hippo signaling pathway
	68
	79
	0.000116017

	ko04024
	cAMP signaling pathway
	117
	145
	0.000218671

	ko04015
	Rap1 signaling pathway
	111
	137
	0.000230771

	ko04014
	Ras signaling pathway
	100
	123
	0.000367985

	ko04013
	MAPK signaling pathway - fly
	73
	88
	0.00073897

	ko04020
	Calcium signaling pathway
	72
	87
	0.000921079

	ko04072
	Phospholipase D signaling pathway
	71
	86
	0.001145567

	ko04070
	Phosphatidylinositol signaling system
	66
	80
	0.001769502

	ko04514
	Cell adhesion molecules (CAMs)
	52
	63
	0.005303304

	ko04371
	Apelin signaling pathway
	64
	80
	0.008547314

	ko04016
	MAPK signaling pathway - plant
	24
	28
	0.02493968

	ko04068
	FoxO signaling pathway
	58
	74
	0.02521003

	ko04150
	mTOR signaling pathway
	71
	92
	0.02545747

	ko04071
	Sphingolipid signaling pathway
	45
	57
	0.03804787

	ko04370
	VEGF signaling pathway
	31
	38
	0.03984569

	ko04141
	Protein processing in endoplasmic reticulum
	110
	143
	0.007419538

	ko03015
	mRNA surveillance pathway
	63
	82
	0.03965623

	ko00564
	Glycerophospholipid metabolism
	57
	70
	0.00637088

	ko04270
	Vascular smooth muscle contraction
	76
	85
	1.78E-06

	ko04261
	Adrenergic signaling in cardiomyocytes
	66
	73
	3.42E-06

	ko04921
	Oxytocin signaling pathway
	79
	90
	6.21E-06

	ko04360
	Axon guidance
	108
	129
	1.79E-05

	ko04750
	Inflammatory mediator regulation of TRP channels
	60
	67
	2.06E-05

	ko04928
	Parathyroid hormone synthesis, secretion and action
	43
	46
	2.41E-05

	ko04924
	Renin secretion
	52
	58
	7.04E-05

	ko04970
	Salivary secretion
	62
	71
	9.24E-05

	ko04713
	Circadian entrainment
	51
	57
	9.45E-05

	ko04911
	Insulin secretion
	41
	45
	0.000183208

	ko04926
	Relaxin signaling pathway
	55
	63
	0.000237632

	ko04728
	Dopaminergic synapse
	71
	84
	0.000279411

	ko04925
	Aldosterone synthesis and secretion
	61
	71
	0.000295024

	ko04062
	Chemokine signaling pathway
	61
	72
	0.000664519

	ko04722
	Neurotrophin signaling pathway
	61
	72
	0.000664519

	ko04916
	Melanogenesis
	60
	71
	0.000845359

	ko04726
	Serotonergic synapse
	43
	49
	0.000925184

	ko04320
	Dorso-ventral axis formation
	35
	39
	0.00113902

	ko04720
	Long-term potentiation
	42
	48
	0.001217756

	ko04978
	Mineral absorption
	38
	44
	0.003557083

	ko04725
	Cholinergic synapse
	44
	52
	0.004025781

	ko04626
	Plant-pathogen interaction
	34
	39
	0.004202559

	ko04740
	Olfactory transduction
	34
	39
	0.004202559

	ko04912
	GnRH signaling pathway
	50
	60
	0.004228807

	ko04915
	Estrogen signaling pathway
	56
	68
	0.004242577

	ko04625
	C-type lectin receptor signaling pathway
	49
	59
	0.005302829

	ko04919
	Thyroid hormone signaling pathway
	83
	105
	0.005388355

	ko04745
	Phototransduction - fly
	36
	42
	0.005971587

	ko04971
	Gastric acid secretion
	49
	60
	0.01008711

	ko04918
	Thyroid hormone synthesis
	43
	52
	0.010367

	ko04730
	Long-term depression
	23
	26
	0.01319435

	ko04611
	Platelet activation
	67
	85
	0.01338251

	ko04624
	Toll and Imd signaling pathway
	40
	49
	0.01987148

	ko04961
	Endocrine and other factor-regulated calcium reabsorption
	31
	37
	0.02051559

	ko04923
	Regulation of lipolysis in adipocyte
	34
	41
	0.02054444

	ko04664
	Fc epsilon RI signaling pathway
	27
	32
	0.02574979

	ko04650
	Natural killer cell mediated cytotoxicity
	30
	36
	0.02595157

	ko04621
	NOD-like receptor signaling pathway
	47
	59
	0.02630477

	ko04962
	Vasopressin-regulated water reabsorption
	28
	34
	0.04097544



Supplementary Table S6. KEGG enrichment of PSGs and REGs in ancestor of Papilionidae. P<0.05.
	Genes catogory
	KO ID
	KO Description
	Genes in KO
	Background genes in KO
	P-value

	PSGs
	ko04510
	Focal adhesion
	13
	89
	0.001978817

	PSGs
	ko04370
	VEGF signaling pathway
	5
	26
	0.01672446

	PSGs
	ko04072
	Phospholipase D signaling pathway
	8
	58
	0.01997756

	PSGs
	ko02010
	ABC transporters
	6
	39
	0.02584729

	PSGs
	ko02020
	Two-component system
	6
	40
	0.0289549

	PSGs
	ko04151
	PI3K-Akt signaling pathway
	11
	100
	0.03336934

	PSGs
	ko00564
	Glycerophospholipid metabolism
	7
	42
	0.01078002

	PSGs
	ko04610
	Complement and coagulation cascades
	3
	10
	0.01824438

	PSGs
	ko04666
	Fc gamma R-mediated phagocytosis
	7
	47
	0.01956184

	PSGs
	ko04670
	Leukocyte transendothelial migration
	6
	39
	0.02584729

	PSGs
	ko04611
	Platelet activation
	7
	54
	0.03887567

	PSGs
	ko04723
	Retrograde endocannabinoid signaling
	6
	45
	0.04814293

	PSGs
	ko04928
	Parathyroid hormone synthesis, secretion and action
	5
	34
	0.04825608

	REGs
	ko04115
	p53 signaling pathway
	4
	25
	0.02616872

	REGs
	ko04810
	Regulation of actin cytoskeleton
	11
	73
	0.000429768

	REGs
	ko04510
	Focal adhesion
	17
	89
	3.52E-07

	REGs
	ko04530
	Tight junction
	10
	64
	0.000586379

	REGs
	ko04520
	Adherens junction
	7
	38
	0.00149073

	REGs
	ko04014
	Ras signaling pathway
	15
	83
	3.78E-06

	REGs
	ko04151
	PI3K-Akt signaling pathway
	15
	100
	3.97E-05

	REGs
	ko04370
	VEGF signaling pathway
	6
	26
	0.000950518

	REGs
	ko04015
	Rap1 signaling pathway
	11
	85
	0.001594674

	REGs
	ko04150
	mTOR signaling pathway
	9
	65
	0.002655268

	REGs
	ko04024
	cAMP signaling pathway
	11
	99
	0.005389658

	REGs
	ko04071
	Sphingolipid signaling pathway
	6
	45
	0.01629754

	REGs
	ko02020
	Two-component system
	5
	40
	0.0354646

	REGs
	ko04022
	cGMP - PKG signaling pathway
	7
	68
	0.03604955

	REGs
	ko04330
	Notch signaling pathway
	3
	18
	0.0476908

	REGs
	ko04072
	Phospholipase D signaling pathway
	6
	58
	0.04968201

	REGs
	ko04512
	ECM-receptor interaction
	7
	51
	0.008264453

	REGs
	ko04270
	Vascular smooth muscle contraction
	7
	62
	0.02299982

	REGs
	ko04360
	Axon guidance
	11
	77
	0.000687617

	REGs
	ko04910
	Insulin signaling pathway
	10
	89
	0.007288845

	REGs
	ko04921
	Oxytocin signaling pathway
	6
	56
	0.04294788

	REGs
	ko04670
	Leukocyte transendothelial migration
	12
	39
	8.25E-08

	REGs
	ko04610
	Complement and coagulation cascades
	4
	10
	0.000746276

	REGs
	ko04062
	Chemokine signaling pathway
	7
	48
	0.005901634

	REGs
	ko04611
	Platelet activation
	7
	54
	0.0112614

	REGs
	ko04666
	Fc gamma R-mediated phagocytosis
	6
	47
	0.01992109

	REGs
	ko04625
	C-type lectin receptor signaling pathway
	5
	40
	0.0354646




Supplementary Tables S2, S4, S7–S10 are listed as a separate excel file due to their large size.
[bookmark: _GoBack]

Supplementary References
Altschul SF, Madden TL, Schäffer AA, Zhang JH, Zhang Z, Miller W, et al. 1997. Gapped BLAST and PSI-BLAST: a new generation of protein database search programs. Nucleic Acids Research, 25(17): 3389–3402.
Armstrong J, Hickey G, Diekhans M, Fiddes IT, Novak AM, Deran A, et al. 2020. Progressive Cactus is a multiple-genome aligner for the thousand-genome era. Nature, 587(7833): 246–251.
Bao WD, Kojima KK, Kohany O. 2015. Repbase Update, a database of repetitive elements in eukaryotic genomes. Mobile DNA, 6(1): 11.
Benson G. 1999. Tandem repeats finder: a program to analyze DNA sequences. Nucleic Acids Research, 27(2): 573–580.
Bhuin T, Roy JK. 2014. Rab proteins: the key regulators of intracellular vesicle transport. Experimental Cell Research, 328(1): 1–19.
Bouckaert RR. 2010. DensiTree: making sense of sets of phylogenetic trees. Bioinformatics, 26(10): 1372–1373.
Burge C, Karlin S. 1997. Prediction of complete gene structures in human genomic DNA. Journal of Molecular Biology, 268(1): 78–94.
Capella-Gutiérrez S, Silla-Martínez JM, Gabaldón T. 2009. trimAl: a tool for automated alignment trimming in large-scale phylogenetic analyses. Bioinformatics, 25(15): 1972–1973.
Castresana J. 2000. Selection of conserved blocks from multiple alignments for their use in phylogenetic analysis. Molecular Biology and Evolution, 17(4): 540–552.
Chaisson MJ, Tesler G. 2012. Mapping single molecule sequencing reads using basic local alignment with successive refinement (BLASR): application and theory. BMC Bioinformatics, 13(1): 238.
Chen L, Qiu Q, Jiang Y, Wang K, Lin ZS, Li ZP, et al. 2019. Large-scale ruminant genome sequencing provides insights into their evolution and distinct traits. Science, 364(6446): eaav6202.
Cong Q, Borek D, Otwinowski Z, Grishin NV. 2015. Tiger swallowtail genome reveals mechanisms for speciation and caterpillar chemical defense. Cell Reports, 10(6): 910–919.
Dasmahapatra KK, Walters JR, Briscoe AD, Davey JW, Whibley A, Nadeau NJ, et al. 2012. Butterfly genome reveals promiscuous exchange of mimicry adaptations among species. Nature, 487(7405): 94–98.
Ewart GD, Howells AJ. 1998. ABC transporters involved in transport of eye pigment precursors in Drosophila melanogaster. Methods in Enzymology, 292: 213–224.
Finn RD, Clements J, Arndt W, Miller BL, Wheeler TJ, Schreiber F, et al. 2015. HMMER web server: 2015 update. Nucleic Acids Research, 43(W1): W30–W38.
Fornes O, Castro-Mondragon JA, Khan A, Van Der Lee R, Zhang X, Richmond PA, et al. 2020. JASPAR 2020: update of the open-access database of transcription factor binding profiles. Nucleic Acids Research, 48(D1): D87–D92.
GuhaThakurta D, Xie T, Anand M, Edwards SW, Li GY, Wang SS, et al. 2006. Cis-regulatory variations: a study of SNPs around genes showing cis-linkage in segregating mouse populations. BMC Genomics, 7(1): 235.
Haas BJ, Salzberg SL, Zhu W, Pertea M, Allen JE, Orvis J, et al. 2008. Automated eukaryotic gene structure annotation using EVidenceModeler and the program to assemble spliced alignments. Genome Biology, 9(1): R7.
Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, et al. 2010. Simple combinations of lineage-determining transcription factors prime cis-regulatory elements required for macrophage and B cell identities. Molecular Cell, 38(4): 576–589.
Hubisz MJ, Pollard KS, Siepel A. 2011. PHAST and RPHAST: phylogenetic analysis with space/time models. Briefings in Bioinformatics, 12(1): 41–51.
Jiang YY, Lin XD. 2018. Role of ABC transporters White, Scarlet and Brown in brown planthopper eye pigmentation. Comparative Biochemistry and Physiology Part B: Biochemistry and Molecular Biology, 221–222: 1–10.
Jin H, Seki T, Yamaguchi J, Fujiwara H. 2019. Prepatterning of Papilio xuthus caterpillar camouflage is controlled by three homeobox genes: clawless, abdominal-A, and Abdominal-B. Science Advances, 5(4): eaav7569.
Koren S, Walenz BP, Berlin K, Miller JR, Bergman NH, Phillippy AM. 2017. Canu: scalable and accurate long-read assembly via adaptive k-mer weighting and repeat separation. Genome Research, 27(5): 722–736.
Korf I. 2004. Gene finding in novel genomes. BMC Bioinformatics, 5(1): 59.
Lamber EP, Siedenburg AC, Barr FA. 2019. Rab regulation by GEFs and GAPs during membrane traffic. Current Opinion in Cell Biology, 59: 34–39.
Li H, Durbin R. 2009. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics, 25(14): 1754–1760.
Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. 2009. The sequence alignment/map format and SAMtools. Bioinformatics, 25(16): 2078–2079.
Li XY, Fan DD, Zhang W, Liu GC, Zhang L, Zhao L, et al. 2015. Outbred genome sequencing and CRISPR/Cas9 gene editing in butterflies. Nature Communications, 6(1): 8212.
Liu BH, Shi YJ, Yuan JY, Hu XS, Zhang H, Li N, et al. 2013. Estimation of genomic characteristics by analyzing k-mer frequency in de novo genome projects. Quantitative Biology, 35(s1–3): 62–67.
Liu GC, Liu W, Zhao RP, He JW, Dong ZW, Chen L, et al. 2021. Genome-wide identification and gene-editing of pigment transporter genes in the swallowtail butterfly Papilio xuthus. BMC Genomics, 22(1): 120.
Liu L, Yu LL. 2010. Phybase: an R package for species tree analysis. Bioinformatics, 26(7): 962–963.
Lloyd V, Ramaswami M, Krämer H. 1998. Not just pretty eyes: Drosophila eye-colour mutations and lysosomal delivery. Trends in Cell Biology, 8(7): 257–259.
Lu SH, Yang J, Dai XL, Xie FA, He JW, Dong ZW, et al. 2019. Chromosomal-level reference genome of Chinese peacock butterfly (Papilio bianor) based on third-generation DNA sequencing and Hi-C analysis. Gigascience, 8(11): giz128.
Ma JP, Plesken H, Treisman JE, Edelman-Novemsky I, Ren MD. 2004. Lightoid and claret: a rab GTPase and its putative guanine nucleotide exchange factor in biogenesis of Drosophila eye pigment granules. Proceedings of the National Academy of Sciences of the United States of America, 101(32): 11652–11657.
Nguyen LT, Schmidt HA, Von Haeseler A, Minh BQ. 2015. IQ-TREE: a fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies. Molecular Biology and Evolution, 32(1): 268–274.
Page AJ, Taylor B, Delaney AJ, Soares J, Seemann T, Keane JA, et al. 2016. SNP-sites: rapid efficient extraction of SNPs from multi-FASTA alignments. Microbial Genomics, 2(4): e000056.
Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D, et al. 2007. PLINK: a tool set for whole-genome association and population-based linkage analyses. American Journal of Human Genetics, 81(3): 559–575.
Rosa JL, Casaroli-Marano RP, Buckler AJ, Vilaró S, Barbacid M. 1996. p619, a giant protein related to the chromosome condensation regulator RCC1, stimulates guanine nucleotide exchange on ARF1 and Rab proteins. The EMBO Journal, 15(16): 4262–4273.
Ruan J, Li H. 2020. Fast and accurate long-read assembly with wtdbg2. Nature Methods, 17(2): 155–158.
Sayyari E, Whitfield JB, Mirarab S. 2018. DiscoVista: interpretable visualizations of gene tree discordance. Molecular Phylogenetics and Evolution, 122: 110–115.
Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. 2003. Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Research, 13(11): 2498–2504.
Siepel A, Bejerano G, Pedersen JS, Hinrichs AS, Hou MM, Rosenbloom K, et al. 2005. Evolutionarily conserved elements in vertebrate, insect, worm, and yeast genomes. Genome Research, 15(8): 1034–1050.
Simão FA, Waterhouse RM, Ioannidis P, Kriventseva EV, Zdobnov EM. 2015. BUSCO: assessing genome assembly and annotation completeness with single-copy orthologs. Bioinformatics, 31(19): 3210–3212.
Singh S, Sivaraman J. 2020. Crystal structure of HECT domain of UBE3C E3 ligase and its ubiquitination activity. Biochemical Journal, 477(5): 905–923.
Smit AFA, Hubley R, Green P. 2015. RepeatMasker Open-4.0 (2015). http://www.repeatmasker.org/RMDownload.html. 
Solís-Lemus C, Bastide P, Ané C. 2017. PhyloNetworks: a package for phylogenetic networks. Molecular Biology and Evolution, 34(12): 3292–3298.
Stamatakis A. 2014. RAxML version 8: a tool for phylogenetic analysis and post-analysis of large phylogenies. Bioinformatics, 30(9): 1312–1313.
Stanke M, Keller O, Gunduz I, Hayes A, Waack S, Morgenstern B. 2006. AUGUSTUS: ab initio prediction of alternative transcripts. Nucleic Acids Research, 34(S2): W435–W439.
Swarup S, Verheyen EM. 2012. Wnt/wingless signaling in Drosophila. Cold Spring Harbor Perspectives in Biology, 4(6): a007930.
Tarailo-Graovac M, Chen NS. 2009. Using RepeatMasker to identify repetitive elements in genomic sequences. Current Protocols in Bioinformatics.
Vankuren NW, Massardo D, Nallu S, Kronforst MR. 2019. Butterfly mimicry polymorphisms highlight phylogenetic limits of gene reuse in the evolution of diverse adaptations. Molecular Biology and Evolution, 36(12): 2842–2853.
Vaughan TG. 2017. IcyTree: rapid browser-based visualization for phylogenetic trees and networks. Bioinformatics, 33(15): 2392–2394.
Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, Sakthikumar S, et al. 2014. Pilon: an integrated tool for comprehensive microbial variant detection and genome assembly improvement. PLoS One, 9(11): e112963.
Wang K, Lenstra JA, Liu L, Hu QJ, Ma T, Qiu Q, et al. 2018. Incomplete lineage sorting rather than hybridization explains the inconsistent phylogeny of the wisent. Communications Biology, 1(1): 169.
Wen DQ, Yu Y, Zhu JF, Nakhleh L. 2018. Inferring phylogenetic networks using PhyloNet. Systematic Biology, 67(4): 735–740.
Xu Z, Wang H. 2007. LTR_FINDER: an efficient tool for the prediction of full-length LTR retrotransposons. Nucleic Acids Research, 35(S2): W265–W268.
Yang J, Wan WT, Xie M, Mao JL, Dong ZW, Lu SH, et al. 2020. Chromosome-level reference genome assembly and gene editing of the dead-leaf butterfly Kallima inachus. Molecular Ecology Resources, 20(4): 1080–1092.
Yang ZH. 2007. PAML 4: phylogenetic analysis by maximum likelihood. Molecular Biology and Evolution, 24(8): 1586–1591.
Zhang C, Rabiee M, Sayyari E, Mirarab S. 2018. ASTRAL-III: polynomial time species tree reconstruction from partially resolved gene trees. BMC Bioinformatics, 19(S6): 153.
Zou ZT, Zhang JZ. 2015. Are convergent and parallel amino acid substitutions in protein evolution more prevalent than neutral expectations?. Molecular Biology and Evolution, 32(8): 2085–2096.


image6.jpeg
Ppo:
Ppr:
Pme:
Pde:
Pxu:
Pma:
Pb:

Pgl:
Mpa:
Bhe:
The:
Tim:
Lcu:
Bth:
Smo:
Ifch'
Por:
Kin:
Hka:
Tni:
Cpo:

ara/caup/m1rr(+)

slho(+) 0pt1x(+) Abd-B/br/HHEX(-)

ATTGCAAA
ATTGCAAA
ATTGCAAA
ATTGCGAA
ATTGCGAA
ATTGCAAA
ATTGCAAA
ATTGCAAA
ATTGCAAA
ATTGCAAA
ATTGCGAA
ATTGCGAA
ATTGCGAA
ATTGCGAA
ATTGCGAA
ATTGCGAA
ATTGCGAA

TGATA
TGATA
TGATA
TGATA
TGATA
TGATA
TGATA
TGATA
TGATA
TGATA
TGATA
TGATA
TGATA
TGATA
TGATA
TGATA
TGATA

AAATAAAACAATTCAA
AAATAAAACAATTCAA
AAATAAAACAATTCAA
AAATAAAACAATTCAA
AAATAAAACAATTCAA
AAATAAAACAATTCAA
AAATAAAACAATTCAA
AAATAAAACAATTCAA
AAATAAAACAATTCAA
AAATAAAACAATTCAA
AAATAAAACAATTCAA
AAATAAAACAATTCAA
AAATAAAACAATTCAA
AAATAAAACAATTCAA
AAATAAAACAATTCAA
AAATAAAACAATTCAA
AAATAAAACAATTCAA

ra/.
caup/
mirr(+)
TTACA
TTACA
TTACA
TTACA
TTACA
TTACA
TTACA
TTACA
TTACA
TTACA
TTACA
TTACA
TTACA
TTACA
TTACA
TTACA
TTACA

ct(+)

Gsc/Ubx(-)

AGATTAAAC
AGATTAAAC
AGATTAAAC
AGATTAAAC
AGATTAAAC
AGATTAAAC
AGATTAAAC
AGATTAAAC
AGATTAAAC
AGATTAAAC
AGATTAAAC
AGATTAAAC
AGATTAAAC
AGATTAAAC
AGATTAAAC
AGATTAAAC
AGATTAAAC

grh(+)
GCAACCAGTTTGG
GCAACCAGTTTGG
GCAACCAGTTTGG
GTAACCAGTTTTG
GCAACCAGTTTGG
GCAACCAGTTTGG
GCAACCAGTTTGG
GCAACCAGTTTCG
GTAACCAGTTCGG
GTAACCAGTTTCG
GTAACCAGTTTCG
GTAACCAGTTTTG
GCAACCAGTTTTG
GTAACCAGTTTTG
TTAACCAGTTTTG
GTAACCAGTTTTG
GTAACCAGTTTTG

cad/inv(+)
eve(-)
TFBS(+/-)
TTGTTATAATTATTG
TTGTTATAATTATTG
TTGTTATAATTATTG
TTGTTATAATTATTG
TTGTTATAATTATTG
TTGTTATAATTATTG
TTGTTATAATTATTG
TTGTTATAATTATTG
TTGTTATAATTATTG
TCGTTATAATTATTG
TCGTTATAATTATTG
TTGTTATAATTATTA
TCGTTATAATTATTG
TTGTTATAATTATTG
TTGTTATAATTATTG
TTGTTATAATTATTG
TTGTTATAATTATTG

ara/caup/

mirr/hb(-)

TGTTTTATGC
TGTTTTATGC
TGTTTTATGC
TGTTTTATGC
TGTTTTATGC
TGTTTTATGC
TGTTTTATGC
TGTTTTATGC
TGTTTTATGC
TGTTTTATGC
TGTTTTATGC
TGTTTTATGC
TGTTTTATGC
TGTTTTATGC
TGTTTTATGC
TGTTTTATGC
TGTTTTATGC

& TFBS:ap, Awh, btn, CG18599, CG32105, CG32532, CG4328, CG9876, DI, E5, ems, en, H2.0, hbn, HGTX, lab, Ibe, Ibl, Lim3, Ims
NK7.1, nub, otp, pb, PHDP, Pph13, ro, Rx, slou, Ubx, unpg, Vsx1, zen2

B Type | PSCNE [ Type Il PSCNE | TFBS




image7.jpeg
wnt10:

HHEX (- )/r;b(.»)

B-H1/C15/CG11085/Hmx/bsh/Gsc (+) : Ubx(-) Ubx(+) Gsc(+) Ubx(-)/E5/1ms(-)
ATTTGCGTCGCGCA TTAATCG TCGAGGGCC CCCATTACGGA ACTGATCCAATTAAAAATCC TACGTAATACCTAT CTTATAATCTAAA CTTCTTCCATTAG CGCTCGA
ATTTGCGTCGCGCA TTAATCG TCGAGGGCC CCCATTACGGA  ACTGATC CAATTAAAAATCC TACGTAATACCTAT CTTATAATCTAAA CTTCTTCCATTAG CGCTCGA
ATTTGCGTCGCGCA TTAATCG TCGAGGGCC CCCATTACGGA  ACTGATC CAATTAAAAATCC TACGTAATACCTAT  CTTATAATCTAGA CTTCTTCCATTAG CGCTCGA
ATTTGCGTCGCGCA TTAATCG TCGAGGGCC ACCATTACTGA ACTGATCCAATTAAAAATCC TACGTAATATCTAT CTTATAATCTAGA CTACTTCCATTAG CG--AAA
ATTTGCGTCGCGCA TTAATCG TCGAGGGCC CCCATTACAGA ACTGATCCAATTAAAAATCC TACGTAATACCTAT CCTATAATCTAAA CTTCTTCCATTAG CGCGCGA
ATTTGCGTCGCGCA TTAATCG TCGAGGGCC CCCATTACAGA  ACTGATCCAATTAAAAATCC TACGTAATACCTAT TTTATAATCTAAA CTTCTTCCATTAG TGCGCGA
ATTTGCGTCGCGCA TTAATCG TCGAGGGCC CCCATTACGGA ACTGATCCAATTAAAAATCC AACGTAATACCTAT CTTATAATCTAGA CTTCTTCCATTAG CGCCAGA
ATTTGCGTCGCGCA TTAATCG TCGAGGGCC CCCATTACGGA ACTGATCCAATTAAAAATCC TACGTAATACCTAT CTTATAATCTACT CTTCTTCCATTAG CGTGCGA
ATTTGCGTCGCGCA TTAATCG TCGAGGGCC TCCATTACCGA AGTGATCCAATTAAAAATCC TACTTAATACCTAT CTTATAATCTACT CTTCTTCCATTAG CGGTCGA
ATTTACGTCGCGCA TTAATCG TCGAGGGTC ACAATTACCGA AGTGATCCAATTAAAAATCC TACTTAATACCTAT CTTATAATCTACT CTTCTTCCATTAG CGTTCGA
ATTTGCGTCGCGCA TTAATCG TCGAGGGTC CCTATTACCGA  AGTGATCCAATTAAAAATCC TACTTAATACCTAT CTTATAATCTACT CTTCTTCCATTAG CGTTCGA
ATTTGCGTCGCGCA TTAATCG TCGAGGGCC CCCATTACGGA  AGTGATC CAATTAAAAATCC TACTTAATACCTAT CTTATAATCTACG CTTCTTCCATTAG CGTTCGA
ATTTGCGTCGCGCA TTAATCG TCGAGGGCC CCCATTACTTA AGTGATCCAATTAAAAATCC TACTTAATACCTAT CTTATAATCTACT CTTCTTCCATTAG CGTCCGA
ATTTGCGTCGCGCA TTAATCG TCGAGGGCC CCCATTACAGA AGTGATCCAATTAAAAATCC TACTTAATACCTAT CTTATAATCTACT CTACTTCCATTAG CGTTCGA
ATTTGCGTCGCGCA TTAATCG TCGAGGGCC CCCATTATGTA AGTGATCCAATTAAAAATCC TACTTAATACCTAT CTTATAATCTACA CTTCTTCCATTAG CGTTCGA
ATTTGCGTCGCGCA TTAATCG TCGAGGGCC CCCATTACAGA  AGTGATCCAATTAAAAATCC TACTTAATACCTAT CTTATAATCTACA CTTCTTCCATTAG CGTTCGA
ATTTGCGTCGCGCA TTAATCG TCGAGGGCC GCTATTACTGA  AGTGCTCCAATTAAAAATCC TACTTAATACCTAT — CTTATAATCTACT CTTCTTCCATTAG CGTTCGA

Kin: ATTTGCGTCGCGCA TTAATCC TCGAGGGCT Kin: CAA  GGTGATCCAATTAAAACTCC TGCTTTATACCTAT GTTATTATCTACT =

Hka: ATTTGCGTCGCGCA TTAATTC TCGAGGAGC Hka: ccc GG AGTGATCCAATTAAAACTCG TGCCTGATACCTAT CATATAATCCACT P

Tni: ATTTGCGTCGCGCA TTAATCC TTGAGGGCC Tni: ACC TT  A----TACAATTAAAACAGG TTCCCTTTACCTAC TTTATATTCTCCT -

Cpo: ATTTGCGTCGCGCA TTAATCT TGGAGGGCC Cpo: AGTGATC CAATTAAAACCC- TAGTTGATACCTAT  TTCGCTATCTCCT -
abdominal A: clawless:

C

s 4 B3

ara/caup/mirr(+)
ACAATTCAAAACA ATTAAAT
ACAATTCAAAACA ATTAAAT
ACAATTCAAAACA ATTAAAT
ACAATTTAAAACA ATTAAAT
ACAATTCAAAACA ATTAAAT
ACAATTCAAAACA ATTAAAT
ACAATTCAAAACA ATTAAAT
ACAATTTAAAACA ATTAAAT
ACAATTTTAAACAATTTATT
ACAATTTAAAACA ATTTAAT
ACTATTTAAAACA ATTTAAT
ACAATTTAAAACA ATTAAAC
ACGCTTTAAAACAATTACGT
ACAATTTAAAACA ATTAAAT
ACAATTTAAAACA ATTAAAT
ACAATTTAAAACA ATTAAAA
ATAATTCGAAACA ATTAAAA
————— AT----CAATTGCCG
Hka: ATTTTTGAAATCAATTACAA
TAACCTC ATTAAAA
TAAATCA ATTACAG

Cpo: -

1

AACTTAAGCCCATAAA AACCATG
AACTTAAGCCCATAAA AACCATG
AACTTAAGCCCATAAA AACCATG
AACTTAAGCCCATAAA AACCATG
AACTTAAGCCCATAAA AACCATG
AACTTAAGCCCATAAA AACCATG
AACTTAAGCCCATAAA AACCATG
AACTTAAGCCCATAAA AACCATG
AACTTAAGCCCATAAA LACCATG
AACTTAAGCCCATAAA AACCATG
AACTTAAGCCCATAAA AACCATG
AACTTAAGCCCATAAA AACCATG
GACCCG- - -CCATAAAGAGCATG
AACTTAAGCTCATAAA AACCATG
AACTTGAGCTCATAAA AACCATG
AACTTAAGCCCATAAA AACCATG
AACTTGAGCCCATAAA AACCATG
AAGTTAAGCCTATAAA AACCATG
AACTTAAGCCTATAAAAACCATG
AACTTAAGCCTATAAA AACCATG
AACTTAAGCCTATAAA AACCATG

D

Abd-B/Dbx/cad/Deaf1/H2.0/CG4328(-) Deafl(+)

NNNNNNN NNNNNN NRNNNRNN
CGGGAAA CTCGTT AGCGAATA
CGGGAAACTCGTTAGCAAATA
CGGGAAACTCGTTAGCGAATA
CGGGAAA CTCGTT AGCGAATA
CGGGTAACTCGTTAGCGAATA
CGGGAAA CTCGTT AGCGAATA
CGGGAAACTCGTT GGCGAATA
CGGGAAACTCGTTAGCGAATA
CGGGAAG CTCGTT AGCGAATA
CGGGAAG CTCGTT AGCGAATA
CGAGGAA CTCGTT AGCGAATA
CGGGGCGCTCGTTAGCGAATA
CGGGAAA CTCGTT AGCGAATA
CGGGAAA CTCGTT AGCGAATA
CGGGAAA CTCGTT AGCGAATA
CGGGAAACTCGTT AACGAATA
TTGAATGGTCGTTAGCGAAAA
CGGAATG GTCGTT AGCAAATA
CAGAATG GTCGTT AGCGAATA
CCGAATG GTCGTTAGCAAATA

Kin:
Hka:
Tni:
Cpo:

cad(-)
GATAGGTTCTTTATGGTATTGAGA
GATAGGTTCTTTATGGTATTGAGA
GATAGGTTCTTTATGGTATTGAGA
GATAGCTTCTTTATGGTATTGAGA
GATAGCTTCTTTATGGTATTAAGA
GATAGGTTCTTTATGETATTGAGA
GATAGGTTCTTTATGGTATTGAGA
GATAGGTTCTTTATGGTATTGAGA
GATAGGTTCTTTATGGTATTGAGA
GATAGATTCTTTATGGTATTGAGT
GATAGATTCTTTATGGTATTGAGT
GATAGGTTCTTTATGGTATTGAGA
GATAGGTTCTTTATGGTATTGAGA
GATAGGTTCTTTATGGTA TTGAGA
GATAGGTTCTTTATGGTA TTGAGA
GATAGGTTCTTTATGGTATTGAGA
GATAGGTTCTTTATGGTATTGAGA
GATAGCTAGTTTATTGTATTGGTT
GATAGCTACCTTAC-GTATTGGGT
GATAGCTACTTTATAGTATTGTAT
GATAGCTTCTTTATGGAATTGACT

| Type | PSCNE

|l Type Il PSCNE

Optix(+)
GCGCACGATA AAAGACCTT
GCGCACGATA AAAGACCTT
GCGCACGATA AAAGAC-TT
CAGCGCGATA AAATAACTT
GCCTACGATA AAACACCTT
GAGCACGATA AAAGACCTT
GACTACGATA AAACACCTT
GCGTACGATA AAGGACCTT
GCGCGCGATA AAATA-CCT
GCGAGCGATA AAAGC-CTT
GCGCGCGATA AAAGC-CTT
GCGCACGATA AAAGA-CCT
GCGCGCGATA GCGGA-CC-
GCGCACGATA ATACA--CT
GCGCACGATA ATACA-ACT
GCGCACGATA AAAGA-CCT
GCGCACGATA AAATA-CCT
TTATATGATAATC----- T
TCATGCGGTA GCAGG-CT-
TTATATGATA GAATG-CT-

| TFBS




image8.jpeg
5 (kb)

SN

Feo
N

Gsc(-)/Ut;x(-)

GTGTGTGGCGTCATTAAAAAT AGATTATCGCGCCCCAGC
GTGTGTGGCGTCATTAAAAAT AGATTATCGCGCCCCAGC
GTTTGTGGCGTCATTAAAAATAGATTATCGCGCCCCAGC
GTGTGTGGCGTCATTAAAAATAGATTAGAGCGCCCCACC
ATGTGTAGCGTCATTAAAAATAGATTATCGTGCCCCAGC
GTGTGTGGCGTCATTAAAAAT AGATTATCGTGCCCCAGC
GTGTGTGGCGACATTAAAAAT AGATTATCGTGCCCCAGC
GTGTGTGGCGTCATTAAAAAT AGATTACCGCGCCCCAAC
GTGTGCGGCGTCATTAAATACAGATTACCG--GCCGCAC
GTGTGTGGCATCATTAAAAATAGATTATCG--CGTACCC
GTGTGTGGTATCATTAAAAATAGATTATGG- -TGTCCAC
GTGTGTTGCATCATTAAAAAT AGATTACGT - -CGAGCCC
GTCTGTGGTATCATTAAAAAT AGATTACCG--CGAGCCC
CGGTCTTACATCATTAAAAATAGATTATCG--TAAGCCC
ACCCCTGGCATCATTAAAAATAGATTAACA--TTAGCAT
CTGTGTGCCATCGTTAAAAATAGATTATCG- - TAAGCC-
TTGTGTGCCATCATTAAAAAT AGATTATGG- - TAAGCCC

IN

w
N
Lo

Ubx(-)
CGCTTTGGGTCACAGACGATAATTATATTAATATCGAAA
CGCTTTGGGTCACAGACGATAATTATATTAATATCGAAA---G
CGCTTTGGGTCACAGACAATAATTATATTAATATCGAAA- - -G
CGCTTTGGGTCACCGACTATAATTATATGAATATCCAAATTTG
CGTTTTGGGTCACCGATGATAATTATATTAATATCGT--TTTT
CGCTTTGGGTCACCGATGATAATTATACTAATATCGAAATTGG
CGCTTTGGGTCACCGACTATAATTATATTAATATCGAAATTTG
CGCTGTGGCTCAACGACAATAATTATATTAATATCGAAATGTG
CGTCATGGGTCAGTGGCGATAATTATATTAATATCGAACTGTG
GGCCGCGGGTCAGCGGCGATAATTATATTAATATCGAACTAAA
AGCGGCGAGTCAGCGGCGATAATTATATTAATATCGAAATACA
GGCTGTGGGTCACTG- - -ATAATTATATTAATATCGAAATGTG
GGTTGTGGATCAGCGAATATTATTACATCAACGTCGAATTGTG
GGCTGTGGGTCACCG---ATAATTATATTAATATCGAAGACTG
GGCTGTGGGTCACCG---ATAATTATATTAATATCGAACACTG
GGCTGTAGGTCACCA---ATAATTATATTAATATCGAAGTGTA

77777777777 G---ATAATTATATTAATATCGAAGACTG

Kin

Hka:

bsh/C15/Dbx/ems/eve/

1be/1bl/Lim3/nub/Ubx(-)
ara/caup/mirr/CG4328(+) B-H1/B-H2/C15/CG34031/NK7.1(+) Optix/1b1/Ubx(+)

GCAGGCTATTGCT TTACAAATATTG GTTGATGATGATTAAATGTGCCGCTTTTCTATTGATT TGATAATTACGAAGGGAA
GCATGCTATTGCT TTACAAATATTG GTTGATGATGATTAAATG TGCCGCTTTTCTATTGATT TGATAATTACGAAGGGAA
GCAGGCTATTGCT TTACAAATATTG GTTGATGATGATTAAATG TGCCGCTTTTCTATTGATT TGATAATTACGAAGGGTA
TCAGCCTATTGGT TTACAAATATTG GTTGATGATGATTAAATG TGCCGCGTTACTATTGATT CGATAATTAGTTAGGGAA
GCAGGCTATTGCT TTACAAATATTG GTTGATGATGATTAAATGTGCCGCGTTTCTATTGATT TGATAATTACGAAAGGAA
ACAGGCTATTGCT TTACAAATATTG GTTGATGATGATTAAATGTGCCGCGTTTCTATTGATT TGATAATTACAAAGGGAA
GTAGGCTATTGCT TTACAAATATTG GTTGATGATGATTAAATGTACCGCGTTTCTATTGATT TGATAATTA CGAGGGGAA
GCAGGCGATTGCT TTACAAATATTG GTTGATGATGATTAAATGTGCCGCGTTCCTATTGATT TGATAATTACGTTGGGAA
GCAGTGGATTGCT TTACAAATATTG GTTGATCATGATTAAATG TGCCGCGTTCCTATTGATT TGATAATTACGCGGGGAA
GCCCGAGATTGCT TTACAAATATTG GTTGATGATGATTAAATGCGCCGCGTAAGTATCGATTCGATAATCA CCCGGGGAA
GCCGGCGATTGCT TTACAAATATTG GTTGATGATGATTAAATG TGCCGCGTACGTATTGATT CGATAATCACGTGTAGAA
GCTGGAGATTGCT TTACAAATATTG GTTGATGATCATTAAATGTGCCGCGCTCATATTGATT TGATAATTACGTGGGGAA
GCCGGAGATTGCT TTACAAATATTG GTTGATGATGATTAAATGTT - - -CGCTCGTATTGATT TGATAATTG CGTCGGCAA
GTTGGAGATTGCT TTACAAATATTG GCTGATGATGATTAAATGCGCCGCGTTCCTATTGATT TGATAATTACGTGGAGAA
GTTGGAGATTCCT TTACAAATATTG GATGATGATGATTAAATGCGCCGCGT -~~~ -~ TGATTTGATAATTACTTGGGGAA
GCTGGAGATTGCT TTACAAATATTG GTTGATGATGATTAAATGCGCCGCGTTCGTATTGATT TGATAATTACGTAGGGAA
GCTGGAGATCGCT TTACAAATATTG GTTGATGATGATTAAATGCGCCGCGTTTCTATTGATT TGATAATTATGTTGGGAA

G-TTGAGT -TGCT CAACCAATATTT GTTTATTAC--
CTGA-T-TACT TCACAAATATTAGTTTATTTT

--CAGGC---GTAATTT TATTAATATCA-------

[ Type | PSCNE

[l Type Il PSCNE
| TFBS




image9.jpeg
ABCB,

A
ABCD /

5 (kb)} 3 0

Ubx(-)

TTTATTGTAAT ATTAATAAAGTGTTT
TTTATTGTAAT ATTAATAAAAGCGTTT
TTTATTGTAAT ATTAATAAAAGCATTT
TTTATTGTAAT ATTA TTAAAAGCGTTT
TTTATTGTAATATTAATAAAAGCGTTT
TTTATTGTAATATTAATAAMGCGTTT
TTTATCGTAATATTAATAAATGCGTTT
TTTATTGTAAT ATTAATAAAAGTGTTT
GATATTGTAAT ATTAATAAAAGTGTTT
GTTATTGTAAT ATTAATAAAAGTGTTT
GTTATTGTAAT ATTAATAAATGTGTTT
GTTATTGTAAT ATTAATAAAAGTGTTT
AATATTGTAAT ATTAATAAAAGTGTTT
GTAATTGTAAT ATTAATAAAAGCGTTT
GTTATTATGAT ATTAATAAAAGCGTTT
TTTATTGTAAT ATTAATAAAAGCGTTT
GTTATTGTAAT ATTAATAAAGTGTTT
GTTATTTTAAAA- -~ -T-AAA--ATGT
GTTACTATAAAAGTA ATAAAAATATTT
GTTATTGTAAAAT == - - -, AAAATGTTT
GTTATTATGAAAT== ---, AAAATAATT

ABCC =
T ABCAran ABC2membrans Q| 1] B3 3%
0 687aa :
©39:6/V o> T optix(+)

PQDGNTPSG-SP! GGEVTLAIPQ GTTTATTTTGTGATAATTAGGTTAT---ACTTTATAT

PQDGNTPSG-SPI GGEVTLAIPQ GTTTATTTTT TGATAATTAGGTTAT - - -ACTTGATAT

PQDGNTPSG-SP! GGEVTLAIPQ GTTTATTTTG TGATAATTGGGTTATAGTACTTGACAT

PQDGNTPSG-SP!I GGEVTLAIPQ GTTGATTTAG TGATAATTGGGTTATAGTACTTGACAT

PQDGNTPSG-SPI GGEVTLAIPQ GTTGATTTAG TGATAATTGGG-- --AGTTGACAT
PQDGNTPSG-SP!I GGEVTLAIPP GTTGATTTAATGATAATTGGG-- -=-ACTTGACAT

PQDGNTPSG-SP! GGEVTLAIPQ GTTGATTCAG TGATAATTGGGTTACAGTACTTGACTA

ABCA PQDGNTPSG-SPRIESGGEVTLAIPQ ~ GTTGATATAG TGATAACTGGGTTATAGTACTTGACAT
PQDGNTPSG-SPRISGGEVTLAIPQ ~ GTTGATATTT TGATAATTTGGTTGTAGTAATGAACAT

PHDGSIPSG- GGEVTLAIPQ GTTGATACAG TGATAACAAATTTGAA-TAGTAAACAT

PHDGSTPSG-SP! GGEVTLAIPQ ATTGATACAG TGATAACAGACTTGAA-TA-TCAATAT
PQDGNTPSG-SP!I GGEVTLAIPQ GTTTATACAG TGATAACTGGTTTCACTTTGTTGACAC

A PQDGNTPSG-SP!I GGEVTLAIPQ GTAGATATTATGATAGCAAG- - TAATAAAATCAGCAT
PQDGSTPSG-SPI GGEVTLAIPQ GTTGATAGAATGATAATTGGTTTGTCCAATTTGACTC
PQDGNSPSE-SP!I GGEVTLAIPQ GCTGGCAGTATGATACATTGTTTGTCTAATTTGACAC
VADGTTPSG-SP! GGEVTLAIPQ GTTGATAGAATGATAATTGGTTTAACTAATTTGACAC
PQDGSTPSG-SP! GGEVTLAIPQ ATTGATAAAATGATAACTAGTTTGGCTCATTCGACAC

ABC

ara(-)
TTTGAAAGATCAT TGTTT GAGGCATTTAGGAAAGG
TTTGAAAGATCAT TGTTT GAGGCATTTAGGAAAGG
TTTCAAAGATCAT TGTTT GAGGCATTTAGGAAAGG
TTTTAAAGATCAT TGTTT CTTGTATTTAGGAAAGG
TTTGAAAGATCAT TGTTT GAGTTATTTAGGAAAGG
TTTGAAAGATCAT TGTTT GAAGTATTTAGGAAAAG
TTTGAAAGATCAT TGTTT GTGGTATTTAGGAAAGG
CCGGTAAGATCAT TGTTT CA- - CATTTAGGAAAGG
GCGTTAAGTTCAT TGTTC CACGCATTTAGGAAAGG
GCCCCGAGTTCAT TGTTCC- -GCGTTTAGGAAAGG
ACACTCAGTTCAT TGTTCC - -GCGTTTAGGAAAGG
TCTTCGAGTTCAT TGTTC CACACGTTTAGGAAAGG
GTGCAGAGTTCAT TGTTCACGA- - - - -~AGGAAGGT
GCGCTAAGTTCAT TGTTC CTCACGTTAAGGAAAGG
GCGTCAAGTTCAT TGTTCAACACATTTAGGAAAAG
GTGCGAAGTTCAT TGTTC TATACGCTCACGAAAAG

PQGSSPND- - SPREEGGEVTLAIPQ  --TTTAATATT--TAACT--TTTTGTT--
PQDGNTPTNVTPREEGGEVTLALPP
LQDGRTPES - SPRABGGEITLATPS
PQDSNTPE - - - PRUBGGEVSLTIP-

-AGATTAACTTCCACT

E

scarlet:

T R N,

- ()
Awh, B-H1, B-H2, CG11085, Ims, CG15696, CG32532, Vsx1, bsh,
CG4328, CG9876, E5, Hmx, Lim3, NK7.1, OdsH, Pph13, Rx, ap,
ems, en, eve, exex, hbn, ind, inv, Ibl, ro, slou, tup, unc-4, unpg, PHDP

AGTTAGATTTTT CAATTAG AACCCGCCTCGTTTT
AGTTAGATTTTT CAATTAG AACCCGCCTCGTTTT
AGTTAGATTTTT CAATTAG AACCCGCCTCGTTTT
AGTTAGATTTTT CAATTAG AACCCGCTTCGTTTT
AGTTAGATTTTT CAATTAG ACCCCGCCTCGTTTT
AGTTAGATTTTT CAATTAG AACCCGCCTCGTTTT
AGTTAGATTTTT CAATTAG ACCTCGCCTCGTTTT
AGTTAGATTTTT CAATTAG CCTTCGCCTCGTTTT
AGTTAGATTTTT CAATTAG CCAACACCCCGTTTT
AGTTAGATTTTT CAATTAG GCATCTCCCGGTTTT
AGTTAGATTTTT CAATTAG GCATCGCCCCGTTTT
AGTTAGATTTTT CAATTAG GCACCGCCCCGTTTT
AGTTAGATTTTT CAATTAG GCACCG-ACCGTTTT
AGTTAGATTTTT CAATTAG GCATCG-CCTGTTTT
AGTTAGATTTTT CAATTAG GCATCG-CCCGTTTT
AGTTAGATTTTT CAATTAG GCATCG-CCCGTTTT
AGTTAGATTTTT CAATTAG ACATCG-CCCGTTTT
ATTTAGATTTTT CAATTAA GAG-AG- - - -TACTA
Hka: AGTTAGATTTTT CAATTAT C------CTTTTTTT
TN AGGTAAGTTTTT CAGTTTT TCATT--ATTTTTTT
€po: AGTTATATTTTT CAATTAT ACACC--CTTTATTT

5 (kb)

Kin

I Type 1PSCNE [ Type Il PSCNE || TFBS




image10.jpeg
PH P :
signal peptide  z-B_box NHL repeat NHL repeat

1012:A/T/P -> H

UDENN dDENN  GRAM

Q> A 965:5 -> M

LAPRPAPPPQI MTSFANM LAASLPTT DNTMVVADSSNHRVQVF IGIFIKEFGQYGS
LAPRPAPPPP! MTSFANMTAISLAASLPTT DNTMVVADSSNHRVQVFDMINGIF IKEFGQYGS
LAPRAAPPPP! MTSFANMTRISLAASLPTT DNTMVVADSSNHRVQVFDMINGIF IKEFGQYGS
LAPRPAPPPQ MTSFANMSAISLAASLPTT DNTMVVADSSNHRVQVFDMINGIF IKEFGQYGS
LAPRPAPPPP! MTSFANMTAISLAASLPTT DNTMVVADSSNHRVQVF DMINGTF IKEFGQYGS
LAPRPAPPPP MTSFANM LAASLPTT DNTMVVADSSNHRVQVF GIFIKEFGQYGS
MTSFANM LAASLPTT DNTMVVADSSNHRVQVF GIFIKEFGQYGS

MTSFANMTAISLAASLPTT DNTMVVADSSNHRVQVFDMINGIF IKEFGQYGS

MTSFANM LAATLPTT DNTMVVADSSNHRVQVF GIFIKEFGQYGS

LAASLPTT DNTMVVADSSNHRVQVFDMINGIF IKEFGQYGS

LAASLPTT DNTMVVADSSNHRVQVFDMINGIF IKEFGQYGS

MTSFANM LAASLPAT DNAMVVADSSNHRVQVF GIFIKEFGQYGS

MTSFANL LAASLPTT DNTMVVADSSNHRVQVF IGIFIKEFGQYGS

MTSFANMTAISLAASLPVT DNTMVVADSSNHRVQVFDMINGIF IKEFGQYGS

MTSFANM LAANLPTT DNTMVVADSSNHRVQVF GIFIKEFGQYGS

MTSFANM LAASLPAT DNTMVVADSSNHRVQVF| GIFIKEFGQYGS

MTSFANMTRISLAASLPTT DNTMVVADSSNHRVQVFDMINGIF IKEFGQYGS

Kin: LAPRAPPPADL| ITSFANMT@ISLAASLPAT DNIMVVADSSNHRVQVFDSINGIFVKEFGQYGS
Hka: LAPRPGPKPSA| TSFANLP@ISLASSLPSA DNTMVVADSSNHRVQVFDSINGIF IKEFGQYGS
Tni: LAPRSQPPPPH LASSLPST # DNTMVVADSSNHRVQVF IGIFVKEFGQYGS

€po: MTSFANM

LGASLPAP

DNTMVVADSSNHR - -VF

GIFVKEFGQYGS
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5(kb) 4 3 2 1

achi/hth/vis(-)
CTGAAATGTCATTTAAACG

ara/caup/mirr(-)
CTGTC---GTGTTTTTATTCAG

ATAAAATGTCATTTAAACG GTGTTTTTATTCAG
CAGAAATGTCATTTAAAAG GTGTTTTCATTCAG
CCGAAATGTCATTCAAAAG CTGTTTTTATTCAG
CTGAAATGTCACTTAAAAG GTGTTTTTATTCAG
ATCAAATGTCAGTTAAAAG GTGTTTTTATTCAG

CTGAAATGTCATTCAAAAG
CTGTAATGTCATTTAAAAG

CTGTCGTCCTGTTTTTATTCAG
CTGTC---GTGTTTTTATTCAG

CTTAAATGTCATCCAAATA GTGTTTTTATTCAG
TTCTAATGTCATTCTGGTG GTGTTTTTATTCAG
ATCTAATGTCATCAAAGTG GTGTTTTTATTCAG
GTCCCATGTCATTCAAATA GTGTTTTTATTCAG
CTTTAATGTCATTAAAATT GTGTTTTTATTCAG
ATCAAATGTCAAAATAATA GTGTTTTTATTCAG
GTCAGATGTCAAAATATAA GTGTTTTTATTCAG
TGTTAATGTCAATTTAATA GTGTTTTTATTCAG
GACTAATGTCAGAT - - GTGTTTTTATTCAG
Kin: TTTTACTATTATATACTTT CTGTACTCGTCACA
GTATTTTTACTCAG

GTATTTTTATTCGG

GTATTTTTATT-AG

lbe(+)
AAATCAATATAA-AA TAAGTAT TTTATTGAACA
AAATCAATATAA-AA TAAGTAT TTTATTAAAAA
AAATCAATATAA-AA TAAGTAT TTTATTGAACA
AAATCAATAGAA-AA TAAGTAT TTTATTAAACG
AAATCAATATAA-AA TAAGTAT TTTATTGAACA
AAATAAATATAA-AA TAAGTAT TTTATTGAATA
AAATCAATAGAAAAA TAAGTAT TTTATTGAATA
AAACCAATATAA-AA TAAGTAT TTTATTGACCA
AATATATCATAA-AA TAAGTAT TTTATTAAATC
A -TATAG-GA TAAGTAT TTTATTAAAAA
A -TATAA-AATAAGTAT TTTATTGAATA
AGGCTCAT-TAT-AA TAAGTAT TAAATTGAATG
ATGCTA -AATAAGTAT TTTATTAAATG
-GATCATT-TAA-AATAAGTAT TTTAATGAATG
TGATCATT-TAA-AATAAGTAT TTTAGTGAATG
TGAACATT-TAA-AATAAGTAT TTTAATGATGA
TAATCATT-TAA-AATAAGTAT TTTATTAAATT

-TAAT-TGA-AA AAATTAT TTTATTG--TG
SAGT-TA---- AGA- ==~ -
-ATT-TAA-AA AGA-

Ubx(+)
TATTGTGTAATATGCAGT
TATTGTGTAATATGCAGT
TATTGTGTAATATGCAGC
TATTGTGTAATATGCAGT
TGTTGTGTAATATGCAGT
TGTTGTGTAATATGCAGT
TGTTGTGTAATATGCAGT
TGTTGTGTAATATGCAGT
TGTTGTGTAATATGCAAT
TGTTGTGTAATATGCAAT
TGTTGTGTAATATGCAAT
TATTGGGTAATATGAAGC
TCTTGTGTAATATGCATT
TGTTGTGTAATATGCAGT
TGTTGTGTAATATGCAGT
TGTTGAGTAATATGCAGT
TGTTGTGTAATATGCATT
----- TAT--TATGAAGT
TGCGGTTTAACATGTGTT
TGTGGTTAGATATGTGTT
TGTG-GTGAGTATGTGGT

|| Type | PSCNE
|l Type Il PSCNE

| TrBS

brk(+)

AAAAGTATAAATGTTTACAAATGGCATCTGGCGAC AAATTCAAAGTCG
AAAAATAGAAATGTTTACAAATGGCTTCTGGCGAC AAATTCAAAGTCG
AAAAATATAAATGTTTACAAATGGCATCTGGCGAC AAATTCAAAGTCA
AAAAATATAAATGTTTACAAATGGCATCTGGCGACAAATTTAAAGTCG
AAAAATATAAATGTTTACAAATGGCATCTGGCGACAAATTCAAAGTCG
AAAAATATAAATGTTTACAAATGGCATCTGGCGACAAATTTAAAGTCT
AAAAGTATAAATGTTTACAAATGGCATCTGGCGACAAATTCAAAGTCG
AAAA-AATAAATGTTTACAAATGGCATCTGGCGACAAATTCAAAGTCG
AAAA-AATAAATGTATACAAATGTCTTCTGGCGACAAATTCAAAGTCG
AAAA-AATAAATGTTTACAAATGGCTTCTGGCGAC AAATTCAAAGTGG
AAAA-AATAAATGTTTACAAATGGCTTCTGGCGACAAATTCAAAGTGG
AAAA-AATAAATGTTTACAAATGACTTCTGGCGACAAATTTAAAGTCG
AAAA-AACAAGTGTTTACAAATGGCTTCTGGCGACAAATTCAAAGTCG
AAAA-AAGAAATGTTTACTAATGGCTTCTGGCGACAAATTCAAAGTCG
AAAA-AATAAATGT TTACAAATGGCTTCTGGCGAC TAATTCAAAGTCA
AAAA-AATAAATGT TTACAAATGGCTTCTGGCGACAAATTCAAAGTCG
AAAA-AATAAATGT TGACAAATGGCCTCTGGCGACAAATTCAAAGTCA
Kin: GAAA-AAGTTAT- - -TCCGAATGGCGGCTTACGAGAATATCCAATTAA
Hka: AAAA-AAA--TTGTTTACAAATGGCCTCTGGCGAT AAATTCAAAGTTG
Tni: AAAC-CTTTTTTGTTTACAAATGGCCACGGGTGACAAATTCAAATTTG
€po: AAAC----TTTTGTTTACAAATGGCCACTGGCGAT AAATTCAAAGTTT

5(kb)

Ubx(+) 1b1/]:;a/ubx( =)

Abd-B/cad/H2.8(-)
ACAT--ATAATCAAGTC  CGTGG TTATAAATAAACTG ~ GTAACACTGATTAATACGCCT
ACAC--ATAATAAAGTC ~ CGTGG TTATAAATAAACTG  GTAACACTGATTAATACGCCT
ACAT--ATAATCAAGTC ~ CGTGG TTATAAATAAACTG ~ GTAACACTGATTAATACGCCT
ACAT--ATAATCAAGTC ~ CGTGG TTATAAATAAACTG ~ GTAACACTGATTAATACGCCT
ACAT--ATAATCAAGTC  CGTAG TTATAAATAAACTG ~ GTAACACTGATTAATACGCCT
ACAT--ATAATCAAGTC  CGTGG TTATAAATAAACTG ~ GTAACACTGATTAATACGCCT
ACATATATAATCAAGTC  CGTGG TTATAAATAAACTG ~ GTAACACTGATTAATATGCCT
ACAT--ATAATCAAGTC ~ GGGCGCTATAAATAAACCG  GTAACACTGATTAGTACGCCT
ACGG--ATAAT-AAGTT  G-GCG TTATAAATAAACCA  GTAACAGTGATTAATACGCCT
ACGG--ATAATCAAGTC  A-ACATTATAAATATACCG ~ GTAACAGTGATTAATAACTCT
ACGG--ATAATCAAGTC ~ G-GCATTATAAATAAAACG — GTAACAGTGATTAATAACTCT
ACGG--ATAATGAAGTC ~ G-GTG TTATAAATAAACCG  GTAACAGTGATTAATACGCCT
TGGA--ATAATCAAGTC  G-ACGTTATAAATAAACCT  GTAATAGTGATTAATACGCCT
ACGG--ATAATGAAGTC  G-TTGTTATAAATATACGA  GTAACAGTGATTAATACTTCT
ACGG--GTAATCAAGTC ~ G-TTGTTATAAATACGCGA  GTAACAGTGATTAATACTTCT
ACGT--ATAATGAAATC  A-ATGTTATAAATACACCA  GTAACAGTGATTAATACGTCT
AGGT--GTAATGAAGAC ~ G-CTGTTATAAATAAACCA  GTAACAGTGATTAATACGTCT
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1be(-)
TTA-AAA- - -AAACTAAAGTGTACTTACAACATTTTTAAGCGA
TTA-AAA- - -AAACTAAAGTGTACTTACAACATTTTTAAGCGA
TAA- - -A- - -AAACTAAAATGTACTTACAACATTTTTAAGCGA
TCA-AAAACAAAACTAAAGTGTACTTACAAAATTCTTAAGCGA
CCACAAAACAAAAGTAAAGTGTACTTACAACATTTTTAAGGTA
CCACAAAACAAAAGTAAAGTGTACTTACAACATTTTTAAGCGA
CCTTAAAACAATACTAAAGTGTACTTACAATGTTTTTAATCGA

1lbe(-)
TGTGCCGCTACTTCATTACTTATAGCTTCATTATCTTT
TGTGCCGCTACTTCATTACTTATAGCTTCATTATCTTT
TGTGCGGCTACTTCATTACTTATAGCCTCATTATCTTT
TGTGCTGCTACTTCATTACTAATAGCTTCATTATCTTT
TGTGCCGCTACTTCATTACTTATAGCTTCATTATCTTT
TGTGCCGCTACTTCATTACTTATAGCTTCATTATCTTT
TGTGCTGCTACTTCATTACTTATAGCTTCATTATCTGT

AAAGTAAAGTGTACTTACAAAATTTTCAAGCCA
AATTCAA-CAATACTTACAATGT-TATAAGCGA
AAATCAA-ATTTACTTACAATATTTTTAAACGA
AAATCAA-GTTTACTTACTATATTTTTGGACGA

ara/caup/mirr(-) Ubx(+)
TATAATTCATGTTTCATAA-ATT  GTTTTATTATAATGCTTTTT
TATAATTCGTGTTTCATAA-ATT  GTTTTATTATAATGCTTTTT
TATAATTCATGTTTCATAA-ATT  GTTTTATTATAATGCTTTTT
TATAATTCATGTTTTATAA-ATT  GTTTTATTATAATGCTTTTT
TATAATTCATGTTTTATA----T  GTCTTATTATAATGGTTTTT
TATAATTATTGTTTTATAG-ATT  GTTTTATTATAATGCTTTTC
TATAATTCATGTTTTAAAATATT  GTTTTATTATAATGCTTTTT
T-TAATTCATGTTT----A-ATT  GTTTTATTATAATGCTTTTT
TATAATTCATGTTTTATTA-ATT  GTTTTATTATAATGCACTGT
TTAAATACATGTTTTATTA-ATT  TTTTCCTGATAATGCACTGT
TTAAATACATGTTTTATTA-AT-  TATTCCTGATAATGCACTGT
---AATTCCTGTTTTATTA-ATT  GTTTCATTATAATGAACTGT
TGGAGTTCGTGTTTTAACA-ATT  GTT-AATTATAATGCCCTTT
TACAATTCTTGTTTTAATT-ATT  GTTTTTTTATAATGCACTGT
TACAATTAATGTTTTAATT-ATT  GCGTTATTATAATGTTCTTC
TAGATTTCATGTTTTATCT-ATT  GTTTTACTATAATGTACTGT

-GGATTTCATGTTTTTGCT-ATT

GTTTTATTATAATGCACTGT

Hka:
Tni:
Cpo:

20 4

TGTGCCGCTACTTCATTAGATATAGCTTCATTATCTTT
TGTGCTGCTACCTCATTAGTTATAGCTTCATTATCTTT

TGTGCTGCTACCTCGTTAGCAATTGCATCATTATCTTT
TGTGCTGCTACATCATTAGCAATAGCATCATTATCTTT
TGAGCAGCAACCTCATTAGATATAGCATCATTATCTTT
TGAGCTGCAACATCATTAGTAATCGCATCATTTTCTTT
TGTGCAGCAACTTCATTAGTGATAGCATCATTATCCTT

TGTGCAGCAACTTCATTA CTGATAGCATCATTATCCTT
TGTGCCGCAACTTCATTAATGATAGCATCATTATCCTT
TGAGCTGCAACTTCATTAGTGATGGCATCATTTTCCTT

TGAGCAACAACTTCATTT GAAATTGCTTCATTATCTTT
TGTGCTGCCACTTCATTG GTGATTGCATCATTATCTTT
TGTGCTGCCACCTCATTTATGATTGAATCATTGTCTTT
TGACCTGCCACCTCATTG CTGATGGCTTCATTGTCTTT

ara/caup/mirr(+)
ACAACGCGT AAACATTACCTAC
ACAACGCGT AAACATTACCTAC
ACAACGCGT AMACATTACCTAC
ACGGCGCGT AAACATTACCTAC
ACGACTCGT AAACATTACCTAC
ACAGCTCGT AAACACTACCTAC
ACGGCGCGT AAACATTACCTAC
ACGGTGCGT AAACATTACCTAC
ACGGCACGT AAACATTGCCTGC
ATGTCACGT AAACATTGCCTCT
ATGTCACGT AAACATTGCCTAT
ACGGCATGT AAACATTGACTAC
ACGGCACGT AAACATC----AC
GTAGCACGT AAACATTGCATAC
GCGGCACGT AAACATTGCTTAC
ACGGCACGT AAACATTGCCTAC
ACAGTGCGT AAACATTGCTCAC

I Type | PSCNE

1 Type Il PSCNE
| TrBS
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