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[bookmark: _Toc148913141]1 Taxon selection, data preparation and genome description

[bookmark: _Toc148913142]1.1 Materials and methods

[bookmark: _Toc148913143]1.1.1 Taxon selection, data collection and dataset setting

[bookmark: _Hlk102351884][bookmark: _Hlk102408774][bookmark: _Hlk126424257][bookmark: _Hlk102352248][bookmark: _Hlk102419478][bookmark: _Hlk185855358]We selected six published ladybird genomes, including Harmonia axyridis (Boyes et al., 2021), Coccinella septempunctata (Crowley et al., 2021b), Adalia bipunctata (Wellcome Sanger Institute Tree of Life programme et al., 2022), Propylea japonica (Zhang et al., 2020b), Novius pumilus (Tang et al., 2022b) and Henosepilachna vigintioctomaculata (Zhu et al., 2023), from the National Center for Biotechnology Information (NCBI) Reference Sequence (RefSeq) (Li et al., 2021c) or Genome database or self-provided datasets. For H. axyridis and C. septempunctata with several genomes published (Ando et al., 2018; Boyes et al., 2021; Chen et al., 2021; Crowley et al., 2021b; Gautier et al., 2018; Shen and Zhou, 2023), we only used the chromosome-level genomes with RefSeq annotations and highest completeness and continuity (Boyes et al., 2021; Crowley et al., 2021b). In addition to these published genomes, we assembled a previously published contig-level genome of Cryptolaemus montrouzieri (Li et al., 2021a) into chromosome-level. We also newly sequenced the genomes of an omnivorous ladybird beetle (Micraspis discolor) and two herbivorous ladybirds (Henosepilachna vigintioctopunctata and Cynegetis impunctata). We also selected 15 published outgroup Coleoptera genomes (Crowley et al., 2021a; Cunningham et al., 2015; Evans et al., 2018; Fallon et al., 2018; Herndon et al., 2020; Keeling et al., 2022; Keeling et al., 2013; King et al., 2023; McKenna et al., 2016; Parisot et al., 2021; Richards et al., 2008; Schoville et al., 2018; Thomas et al., 2020; Wang et al., 2022; Weng et al., 2021; Zhang et al., 2023) from NCBI RefSeq/Genome database, InsectBase 2.0 (Mei et al., 2022) or self-provided datasets (Additional file 2: Table SE1). To extend the knowledge to more ladybird species, we included the transcriptome data from 37 published Coccinelloidea transcriptomes (Allen, 2015; Li et al., 2021b; McKenna et al., 2019; Nadeau et al., 2022; Vizán-Rico et al., 2019; Yuan et al., 2023) in NCBI Sequence Read Archive (SRA) database and 25 newly sequenced Coccinelloidea species (including seven from 1KITE project (http://1kite.org/)) in the extended dataset (Additional file 2: Table SE1, Figure S1.1).

[bookmark: _Toc148913144][bookmark: _Hlk102420781][bookmark: _Hlk121240536]1.1.2 DNA extraction, genome sequencing and assembly of M. discolor and H. vigintioctopunctata

[bookmark: _Hlk102595832][bookmark: _Hlk102595946][bookmark: _Hlk102596521][bookmark: _Hlk121173290]DNA was extracted from the whole body of ~20 female adults of M. discolor and ~10 male adults of H. vigintioctopunctata, separately, using the CTAB method (Milligan, 1988). The M. discolor individuals were from a population that was originally collected in 2018 from Hainan Province, China, and have been maintained with a mixed diet consisting of eggs of the flour moth Ephestia kuehniella and pollen of rape, Brassica campestris. The H. vigintioctopunctata individuals were from a population that was originally collected in 2020 from Guangzhou, China, and have been maintained with the leaves of Solanum melongena. Both these two populations were reared under laboratory conditions (27 ± 1 °C, 80 ± 1% relative humidity (RH) and a 14:10 (L:D) h photoperiod) at Sun Yat-sen University. The quality and concentration of the extracted genomic DNA were checked using 1% agarose gel electrophoresis and a Qubit fluorimeter (Invitrogen, Carlsbad, CA, USA) to ensure high-quality DNA was used for subsequent sequencing. Approximately 15 μg genomic DNA was used to generate Oxford Nanopore long reads via PromethION DNA sequencer (Oxford Nanopore, Oxford, UK).

[bookmark: _Hlk121239559]For M. discolor, we filtered raw data to remove short sequence reads (< 5kb) and low-quality reads (Q30 < 90%) using Nanofilt v2.3.0 (De Coster et al., 2018). We then used Canu v1.5 (Koren et al., 2017) to generate more accurate self-corrected reads with a corrected error rate of 0.05 for assembly of Nanopore sequencing data. Assembly was then performed by wtdbg v2.2 (Ruan and Li, 2020) with default settings, followed by Racon v1.32 (Vaser et al., 2017) correction with Nanopore reads through two rounds with default settings. To further correct errors in the genome assembly, genomic DNA was also sequenced on the Illumina HiSeq X Ten platform (Illumina, San Diego, CA, USA). The Illumina-sequenced data were filtered to remove low-quality bases and adapters using Trimmomatic v0.36 (Bolger et al., 2014) with default settings. Finally, Pilon v1.21 (Walker et al., 2014) was implemented to correct the assembled genome from Nanopore sequencing data with Illumina reads through three rounds with default settings for additional error correction purposes.
For H. vigintioctopunctata, we called and filtered raw Nanopore reads to remove low-quality reads (Qmean < 7) using Guppy v4.0.2 (Oxford Nanopore Technologies). NextDenovo v2.5.0 (Hu et al., 2023) was then used to correct and assemble the reads. To further improve assembly accuracy, Racon v1.4.11 (Vaser et al., 2017) was implemented for two rounds to correct the assembly with Nanopore reads with default settings. Additionally, genomic DNA was also sequenced on the Illumina NovaSeq 6000 platform (Illumina, San Diego, CA, USA). The Illumina-sequenced data were filtered to remove low-quality bases (percent of Ns > 5% or Q5 < 50%) and adapters using FastQC v0.20.1 (https://www.bioinformatics.babraham.ac.uk/projects/ fastqc/). Finally, Pilon v1.23 (Walker et al., 2014) was implemented for two rounds with default settings to correct errors in the genome assembly from Nanopore-sequencing data with Illumina reads for additional error correction purpose.

To prevent potential contamination in the primary genome assembly, such as sequences from symbiotic bacteria, we used BlobTools v1.1.1 (Laetsch and Blaxter, 2017a) to identify foreign sequences based on GC content and short-read coverage information obtained from the BWA-MEM2 v2.2.1 (Vasimuddin et al., 2019) alignments. We also searched for matches in the NCBI nucleotide sequence (NT) database using BLAST v2.8.1+ (Camacho et al., 2009) with an E-value cutoff of 10−5 to manually checked matched hits of contigs, removing any identified bacterial-derived contigs from the assemblies. The completeness of the assembly was evaluated using Benchmarking Universal Single-Copy Orthologs (BUSCO) v5.2.2 pipeline (Manni et al., 2021) with the Insecta set of OrthoDB v10 database (Kriventseva et al., 2019). The completeness after contamination removal was compared with that before removal to ensure that there was no substantial decrease in the completeness level achieved by filtering out bacterial-derived contigs during this process.

[bookmark: _Toc148913145]1.1.3 DNA extraction, genome sequencing and assembly of C. impunctata

For C. impunctata, we used a different sequencing and assembly due to differences in laboratory resources. DNA was extracted from 2-3 pupae of C. impunctata for each library of different sequencing method. Libraries were prepared using a standard PacBio library preparation protocol (Pacific Biosciences) and the genome sequencing was performed on the PacBio RS II sequencing platform. The initial filtered PacBio subreads (< 1kb) were self-corrected by NextDenovo v2.5.0 (Hu et al., 2023). In addition, Pacific Biosciences HiFi circular consensus sequencing (CCS) and 10X Genomics DNA sequencing libraries were constructed according to the manufacturers’ instructions with Pacific Biosciences SEQUEL II and Illumina HiSeq X instruments, respectively. The corrected PacBio sequences along with CCS sequences were assembled using wtdbg v2.5 (Ruan and Li, 2020). We then processed the 10X Genomics linked reads using Long Ranger pipeline v2.2.2 (Marks et al., 2019) for genome scaffolding through ARCS v1.2.4 (Yeo et al., 2018). To polish the assembly, we mapped Illumina reads sequenced on HiSeq X Ten platform to scaffolds and corrected the assembly mistakes through three iterations followed by two more iterations alongside both PacBio CCS reads as well as Illumina reads together via NextPolish v1.4.1 (Hu et al., 2020) with default parameters. We applied similar contamination removal methods along with completeness estimation techniques using in M. discolor and H. vigintioctopunctata genomes analysis for this particular genome assembly project.

[bookmark: _Toc148913146][bookmark: _Hlk102424810]1.1.4 Hi‐C library construction and chromosome assembly of C. montrouzieri

To prepare Hi-C libraries for C. montrouzieri, we used newly hatched first instar larvae and constructed Hi-C fragment libraries with 300-700 bp insert size as described by Rao et al. (2014). The libraries were then sequenced using Illumina platform. Briefly, adapter sequences and low-quality paired-end raw reads were trimmed and removed to obtain clean data. These clean Hi-C reads were truncated at putative Hi-C junctions before aligning them to the primary assembly presented previously (Li et al., 2021a) with BWA v0.7.10-r789 (Li and Durbin, 2009). We retained only uniquely alignable paired-end reads whose mapping quality was more than 20 for further analysis. Invalid read pairs such as dangling-end and self-cycle, re-ligation and dumped products were filtered out using HiC-Pro v2.10.0 pipeline (Servant et al., 2015).

Before chromosomes assembly, we performed preassembly error correction of scaffolds by splitting them into segments averaging around 50 kb, followed by mapping the Hi-C data onto these segments using BWA aligner. The uniquely mapped data was then retained to perform assembly. Any two inconsistent connected segments from raw scaffold information were manually checked for corrections. These corrected scaffolds were assembled with LACHESIS (Burton et al., 2013) , with parameters set at CLUSTER_MIN_RE_SITES, 76; CLUSTER_MAX_LINK_DENSITY, 2; ORDER_MIN_N_RES_IN_TRUNK, 67; ORDER_MIN_N_RES_IN_SHREDS, 66. Afterword, the placement and orientation errors exhibiting obvious discrete chromatin interaction patterns were manually adjusted.

The resulting chromosome-level scaffolds were equally divided into bins measuring approximately 300,000-bp bins. A heatmap was generated based on interaction signals between bins, which were revealed by valid mapped read pairs. Finally, the chromosome-level assembly was evaluated using BUSCO as described above.
[bookmark: _Hlk102522170]
[bookmark: _Toc148913147]1.1.5 Genome refinement, gene prediction and functional annotation

Genome refinement, gene prediction and functional annotation were conducted in all the ten ladybird genomes and the genome of D. helophoroides, using a modified FunAnnotate v1.8.1 (https://github.com/nextgenusfs/funannotate) pipeline with the same procedures as Tang et al. (2022b). For H. axyridis and C. septempunctata, our annotations were only used for evaluation and comparison in this section. Instead, in the downstream analyses of these two species, RefSeq annotations downloaded from NCBI were used for downstream analyses, with more transcriptomic data involved and wide usage in the researches.

[bookmark: OLE_LINK1]First, duplicated contigs were removed by the “clean” module in the FunAnnotate pipeline using Minimap2 v2.17 (Li, 2018) to align the shorter contigs to the longer contigs one by one and removed the shorter contigs if identity and coverage of alignments were both above 95%. Contigs with less than 500 bases were also excluded. The rest contigs were then sorted by length and renamed.

The repetitive elements of the prepared genome were identified and masked through the FunAnnotate “mask” module. Repetitive elements were predicted by RepeatModeler v1.0.11 (http://www.repeatmasker.org/RepeatModeler/), followed by soft masking with RepeatMasker v4.0.9 (http://www.repeatmasker.org/RepeatMasker/).

[bookmark: _Hlk102577967]RNA-Seq data from each species at different life stages and treatments (Table S1.1) were mapped to genomes using HISAT2 v2.2.0 (Kim et al., 2019), then used to generate a genome-guided assembly through Trinity v2.8.5 (Grabherr et al., 2011) and StringTie v2.1.4 (Kovaka et al., 2019). Subsequently, PASA v2.4.1 (Haas et al., 2003) assembly and prediction were performed with Minimap2, GMAP v2019-03-15 (Wu and Watanabe, 2005) and BLAT v36x2 (Kent, 2002) as aligners and TransDecoder v5.5.0 (https://github.com/TransDecoder/TransDecoder) as coding sequence (CDS) region predictor through the FunAnnotate “train” module, setting the maximum intron length to 20,000 bp.

[bookmark: _Hlk102510339][bookmark: _Hlk102588991][bookmark: _Hlk102517229]Gene models were generated by the consensus of various prediction methods through the FunAnnotate “predict” module. ab initio gene predictions were conducted by SNAP v2006-07-28 (Korf, 2004), AUGUSTUS v3.3.3 (Stanke et al., 2008), GlimmerHMM v3.0.4 (Majoros et al., 2004), GeneMark-ET v4.46 (Lomsadze et al., 2014) and the ET mode of BRAKER v2.1.1 (Bruna et al., 2021). HISAT2 RNA-seq alignments generated above were used to train GeneMark-ET and AUGUSTUS, followed by AUGUSTUS optimization. Minimap2, GMAP and BLAT spliced alignments generated in the PASA assembly above were used as transcript evidence. Protein evidence was obtained via Exonerate v2.4.0 (Slater and Birney, 2005) alignment after a DIAMOND v2.0.4 (Buchfink et al., 2015) search against a customized protein database, which was comprised of all the proteins in UniProtKB/Swiss-Prot (Boutet et al., 2016) and the proteins of the species under Arthropoda in the NCBI protein non-redundant (NR) database. Additionally, a high-quality GMAP “gff3_gene” prediction was conducted using complete CDSs from TransDecoder prediction of the genome-guided transcript assembly obtained above in the “train” module, with identity >= 95%, coverage = 100% and completely consistent CDS regions. Together with the PASA/TransDecoder prediction, all these predictions were submitted to EVidenceModeler (EVM) v1.1.1 (Haas et al., 2008) to obtain final gene models. Repeats were used in EVM consensus model building. The maximum intron length was set as 20,000, and the long introns with more than 500 bp were searched again to find the nested genes.

PASA was used to capture untranslated regions (UTRs) and refine gene models through the FunAnnotate “update” module. Only alternative transcripts with more than 10% expression in kallisto v0.46.0 (Bray et al., 2016) pseudoalignments compared to the highest transcripts were retained. Problematic gene models were fixed in the FunAnnotate “fix” module.

[bookmark: _Hlk102605163]Newly predicted proteins from the ladybird genomes and those extracted from studied outgroup genomes were annotated using the FunAnnotate “annotate” module. Domains within the proteins were searched against Pfam v33.1 (Mistry et al., 2021) database using HMMER v3.3 (Mistry et al., 2013) and InterPro v71.0 (Mitchell et al., 2019) database using InterProScan v5.32 (Jones et al., 2014). EggNOG and COG annotations were obtained through EggNOG-mapper v2.0.0 (EggNOG v5.0) (Cantalapiedra et al., 2021; Huerta-Cepas et al., 2019). Gene Ontology (GO) (Carbon et al., 2021) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2021) pathway annotations were obtained by combining the results from InterProScan and EggNOG-mapper. UniProtKB/Swiss-Prot v2020_05 database was searched with DIAMOND. Protein names were then identified by combining UniProtKB/Swiss-Prot and EggNOG-mapper results. In addition, BUSCO (Simao et al., 2015) annotations with the Endopterygota set of OrthoDB v9 database (Zdobnov et al., 2017), CAZy/dbCAN v8.0 (Drula et al., 2022; Yin et al., 2012) annotations via HMMER and MEROPS v12.0 (Rawlings et al., 2018) annotations via DIAMOND were generated. Secreted signal peptides and transmembrane structures were predicted by SignalP v5.0 (Armenteros et al., 2019b) and Phobius v1.01 (Kall et al., 2004). All E-value cutoffs above are default values used in FunAnnotate. In addition to the above FunAnnotate annotations, mitochondrial transit peptides were predicted by TargetP v2.0 (Armenteros et al., 2019a). 

[bookmark: _Toc148913148]1.1.6 Transcriptome sequencing and transcriptomic protein set construction

[bookmark: _Hlk104075002]Gene sets of 62 Coccinelloidea species in the extended dataset were predicted from the 37 published and 25 new transcriptomes. Adult individuals of the eighteen newly sequenced Coccinelloidea species (Additional file 2: Table SE1) were collected from the field and immediately frozen in liquid nitrogen or at −80 °C prior to RNA extraction. RNA was extracted from one individual per species, and libraries were constructed and sequenced on an Illumina HiSeq 2500 platform with at least 6-Gb sequencing depth for each species.

For the seven ladybird transcriptomes through the 1KITE project, we used methods of RNA extraction, library construction and transcriptome sequencing that were consistent with Misof et al. (2014). Samples were preserved in RNAlater before total RNA isolation using TRIzol reagent according to the manufacturer’s instructions (Invitrogen, Grand Island, NY, USA). Libraries were then constructed and sequenced on an Illumina HiSeq 2000 platform according to the manufacturer’s protocols, generating about 2.5 Gb raw data per specimen with each library being sequenced for 150 bp paired-end reads.

[bookmark: _Hlk133036528][bookmark: _Hlk102590851]Transcriptomic Illumina data from different species, whether newly sequenced or obtained from NCBI SRA database, was initially cleaned using Trimmomatic v0.39 (Bolger et al., 2014) to remove adaptors and low-quality sequences with default parameters. The clean data was then de novo assembled separately using Trinity v2.8.5 (Grabherr et al., 2011), SOAPdenovo-Trans v1.04 (Xie et al., 2014), Oases v0.2.09 (Schulz et al., 2012), Trans-ABySS v2.0.1 (Robertson et al., 2010) and IDBA-Tran v1.1.3 (Peng et al., 2013), as proposed in EvidentialGene (Gilbert, 2013). To prevent cross contamination between transcriptomes during sequencing, CroCo v1.1 (Simion et al., 2018) was used with default parameters to detect and remove contamination sequences. We created a customized nucleotide sequence database for Coccinelloidea containing all the ladybird genome sequences we used alongside previously published versions (Ando et al., 2018; Chen et al., 2021; Gautier et al., 2018) and the sequences of species under Coccinellidae, Endomychidae, Corylophidae, Latridiidae, Alexiidae, Cerylonidae, Discolomatidae and Bothrideridae in the NCBI NT database. Then, transcriptomic assemblies were searched against both this customized database and the NCBI NT database by BLAST v2.8.1+ (Camacho et al., 2009). Transcripts with percent identity < 90% compared to those within our customized database and percent identity >= 98% compared those in the NCBI NT database were considered foreign and removed from assemblies. Non-redundant coding gene set for each species were constructed by EvidentialGene v2018.06.18 (Gilbert, 2013). Protein from this gene set were annotated with method for those from the genomes as described above.


[bookmark: _Toc148913149]1.1.7 Ortholog group assignment and annotation

[bookmark: _Hlk104301023]We extracted the longest isoform of each gene in the genomes using Generic Feature Format (GFF) prediction files to generate genome protein sets. We then evaluated these protein sets along with those from transcriptomes using BUSCO v5.2.2 pipeline with the Insecta set of OrthoDB v10 database to ensure that complete (C) proteins made up larger than 80% of protein set of each species. Next, we assigned consistent OGs between the genome dataset and extended dataset by analyzing protein sets of all 87 species through OrthoFinder v2.5.4 (Emms and Kelly, 2019). According to the annotations of the Pfam v32 database (El-Gebali et al., 2019) to the protein sets by InterProScan v5.32 (Jones et al., 2014) as described above, KinFin v1.0.3 (Laetsch and Blaxter, 2017b) was used to infer representative Pfam, InterPro and GO annotations for the OGs with default settings. 

[bookmark: _Toc148913150]1.1.8 Genome synteny analysis

Whole genome synteny among the chromosomes of CMONT, HVIMA, CSEPT, HAXYR, ABIPU, PJAPO and the outgroups DHELO, TCAST, MBIPU and TDICH was detected. The information of the chromosomes of CSEPT, HAXYR, ABIPU, PJAPO, DHELO and TCAST was obtained from the NCBI Genome database, while those of HVIMA, MBIPU and TDICH were obtained from the downloaded assemblies. Additionally, we also took all the genome scaffolds or contigs with length >= 1 Mb in other four ladybirds without chromosome-level genomes into the analysis, in order to extend the results. The hits between the gene members in the same OGs were extracted from each species-to-species DIAMOND search result generated in the OrthoFinder OG assignment in Section 1.1.7, and subsequently submitted to MCScanX (Wang et al., 2012) to analyze the synteny. Circos v0.69-9 (Krzywinski et al., 2009) was used to plot the links of the syntenic gene pairs among different chromosomes in a species, and chromosomes between two species, respectively.

[bookmark: _Toc148913151]1.2 Results
[bookmark: _Hlk105032477]
[bookmark: _Toc148913152]1.2.1 General genomic features

[bookmark: _Hlk102766661][bookmark: _Hlk102760124][bookmark: _Hlk102767330]In this study, we used Hi-C technology to assemble a chromosome-level genome of C. montrouzieri based on our previous contig-level assembly (Li et al., 2021a). We anchored, ordered and oriented 398 scaffolds to ten autosomes and one X chromosome using Hi-C scaffolding (Figure S1.2), based on the published karyotype of C. montrouzieri (2n = 22, 20A + XY) (Blackmon and Demuth, 2015). Over 99.85% of the assembled bases were anchored. This resulted in an improved continuity compared with the contig-level assembly: our new chromosome-level genome assembly has a scaffold N50 of 101.22 Mb (Table S1.2) (but N50 = 9.22 Mb in the contig-level assembly, making a large improvement of continuity compared with the contig-level assembly with a contig N50 of 9.22 Mb (Li et al., 2021a)). BUSCO pipeline (Manni et al., 2021) showed that this chromosome-level genome and its gene set contain 99.2% and 94.7% complete genes, respectively (Table S1.2).

[bookmark: _Hlk102766172][bookmark: _Hlk102766743][bookmark: _Hlk102766185][bookmark: _Hlk102863051]To assemble the genomes of M. discolor and H. vigintioctopunctata, we generated 60.80 Gb and 41.16 Gb of high-quality clean reads using PromethION DNA sequencing (Oxford Nanopore, UK) and 33.35 Gb and 47.99 Gb using Illumina data for each species respectively. After assembling and polishing the genomes, we identified and removed 64 bacterial sequences comprising approximately 7.36 Mb in the genome of M. discolor and 1 bacterial sequence comprising approximately 0.17 Mb in the genome of H. vigintioctopunctata combining BlobTools (Laetsch and Blaxter, 2017a) with manual checks to BLAST (Camacho et al., 2009) searches against NT database. The genome assembly of M. discolor yielded 2,609 contigs with a total size of 523.75 Mb and a contig N50 of 2.63 Mb, while the genome assembly of H. vigintioctopunctata yielded 151 contigs with a total size of 496.12 Mb and a contig N50 of 5.76 M. The results of BUSCO pipeline found that both genome assemblies had an impressively high level of completeness with regard to complete genes at 94.3% and 99.3% (Table S1.2). Similarly, the gene sets of both species had a high level of completeness with regard to complete genes at 92.4% and 97.5%.

To assemble the genome of C. impunctata, we used PacBio long reads (18.70 Gb), PacBio CCS reads (10.86 Gb), 10X Genomics linked reads (52.66 Gb) and Illumina reads (41.14 Gb). After removing 9 foreign sequences (1.38 Mb), the final assembly consisted of 5,777 scaffolds with a total size of 796.00 Mb bases and a scaffold N50 of 562.46 Kb. Using the BUSCO pipeline, 98.2% and 96.0% complete genes were found, respectively for the genome and gene set of C. impunctata (Table S1.2), revealing a high completeness of this assembly.

[bookmark: _Toc148913153]1.2.2 General features of ortholog groups and datasets

[bookmark: _Hlk102864844]To study the evolution of feeding habits in the ladybirds, we predicted and collected the protein sets of the genomes of ten ladybirds and 15 representative outgroup beetle genomes, which made up the genome dataset, with BUSCO completeness estimates ranging from 90.2% to 99.6% (Additional file 2: Table SE1). On the basis of the genome dataset, we additionally constructed 59 ladybird and three outgroup Coccinelloidea transcriptomic protein sets, with BUSCO completeness estimates ranging from 82.0% to 97.4%, to make an extended dataset.

All these protein sets of totally 87 species (the extended dataset) were analyzed by OrthoFinder (Emms and Kelly, 2019). 1,869,610 of 3,224,726 (57.98%) genes were assigned into 148,089 OGs, including 1,074 OGs with all species present. Using KinFin (Laetsch and Blaxter, 2017b) to infer representative annotations, 14,601 OGs were annotated in Pfam database and 6,810 OGs were annotated in GO database. Among 20,862 OGs from only the genome dataset with at least two genes, 4,423 were present in all protein sets of the genomes, while 5,897 were only present in one or more ladybird genomes, containing 33,333 of 226,906 (14.69%) genes from the ladybird genomes.

[bookmark: _Toc148913154]1.2.3 Genome synteny

Synteny analysis by MCScanX (Wang et al., 2012) was performed among all the genomes of ladybirds, especially the six chromosome-level genomes, including CMONT, HVIMA, CSEPT, ABIPU, HAXYR and PJAPO, and chromosome level genomes of four outgroup beetles, DHELO, TCAST, MBIPU, TDICH (Figure S1.3, S1.4). In the four ladybirds without chromosome-level genomes, 17 contigs of NPUMI, 97 contigs of HVIGI, 89 contigs of MDISC and 132 scaffolds of CIMPU with the length >= 1Mb were also analyzed.
Compared with the genomes of the outgroup beetles and other ladybirds, CMONT has more chromosomes (10A + X) than most species with only ten chromosomes (9A + X), including TDICH, MBIPU, TCAST, PJAPO, ABIPU and CSEPT. In the genome of CMONT, chromosome 8 and 9 are mainly derived from the fission of chromosome 1 of TDICH, chromosome 1 of MBIPU, chromosome 3 of TCAST, the chromosome 1 and 7 of DHELO, chromosome 10 and 11 of HVIMA, chromosome 1 of PJAPO, chromosome 2 of HAXYR, chromosome 1 of ABIPU or chromosome 1 of CSEPT, leading to increase of the number of the chromosomes. We thus consider that it is a species-specific chromosomal fission event, mostly derived from the longest chromosomes in other species. 
HVIMA also has eleven chromosomes, with its chromosome 6 identified as the candidate X chromosome (10A + X) (Zhu et al., 2023). But it seems to go through different chromosomal events. Chromosome 10 and 11 of HVIGI are mainly derived from chromosome 1 of TDICH, chromosome 1 of MBIPU, chromosome 3 of TCAST, the chromosome 1 and 7 of DHELO, chromosome 8 and 9 of CMONT, chromosome 1 of PJAPO, chromosome 2 of HAXYR, chromosome 1 of ABIPU or chromosome 1 of CSEPT. Although the source of these two chromosomes is the same as that of chromosome 8 and 9 of CMONT, their distribution in the two chromosomes is different. Additionally, chromosome 1 and 7 of HVIMA are recombined from chromosome 2 and 9 of TDICH, chromosome 3 and 9 of MBIPU, chromosome 6 and 7 of TCAST, chromosome 6, 10 and 13 of DHELO, chromosome 1 and 10 of CMONT, part of chromosome 2, 3, 4 and 5 of PJAPO, part of chromosome 1 and 3 of HAXYR, chromosome 2 and 9 of ABIPU or chromosome 2 and 9 of CSEPT. These two species-specific events have also been shown in its previous research (Zhu et al., 2023).
On the contrary, fewer chromosomes are found in HAXYR (7A + X) (Boyes et al., 2021), which has undergone two fusion events, including chromosome 1 from chromosome 2 and 7 of TCAST, chromosome 1 and 7 of CMONT, chromosome 1, 4 and 7 of HVIMA, chromosome 2, 3 and 4 of PJAPO, chromosome 2 and 7 of ABIPU or chromosome 2 and 8 of CSEPT, and chromosome 3 from chromosome 5 and 10 of CMONT, chromosome 1, 7 and 9 of HVIMA, chromosome 4, 5 and 6 of PJAPO, chromosome 8 and 9 of ABIPU or chromosome 6 and 9 of CSEPT (Figure S1.4). These two fusions have been also confirmed in other version of chromosome-level genome of HAXYR (Chen et al., 2021), which also indicates a species-specific event.
PJAPO, ABIPU and CSEPT all have ten chromosomes (9A + X) (Crowley et al., 2021b; Wellcome Sanger Institute Tree of Life programme et al., 2022; Zhang et al., 2020b). Y chromosome was also assembled in the genome of ABIPU (Wellcome Sanger Institute Tree of Life programme et al., 2022), but no synteny is found compared with other species. For PJAPO, the chromosome 10 reveals a congruent relationship to chromosome X in other genomes, which can be identified as its X chromosome. In addition, the chromosomes of PJAPO seem to have experience relatively complicated recombination events. Chromosome 2 of PJAPO was mainly derived from part of chromosome 1 and 2 of CMONT, chromosome 1 and 5 of HVIMA, chromosome 1 and 4 of HAXYR, chromosome 2 and 3 of ABIPU or chromosome 2 and 4 of CSEPT. Chromosome 3 of PJAPO was mainly derived from part of chromosome 1 and 4 of CMONT, chromosome 1, 2 and 7 of HVIMA, chromosome 1 and 7 of HAXYR, chromosome 2 and 5 of ABIPU or chromosome 2 and 3 of CSEPT. Chromosome 4 of PJAPO was mainly derived from part of chromosome 4, 7 and 10 of CMONT, chromosome 1, 2, 4 and 7 of HVIMA, chromosome 1, 3 and 7 of HAXYR, chromosome 5, 7 and 9 of ABIPU or chromosome 3, 8 and 9 of CSEPT. Chromosome 5 of PJAPO was mainly derived from part of chromosome 3 and 10 of CMONT, chromosome 1 and 8 of HVIMA, chromosome 3 and 5 of HAXYR, chromosome 4 and 9 of ABIPU or chromosome 5 and 9 of CSEPT. Chromosome 7 of PJAPO was mainly derived from part of chromosome 3 of CMONT, chromosome 8 of HVIMA, chromosome 5 of HAXYR, chromosome 4 of ABIPU or chromosome 5 of CSEPT. Chromosome 8 of PJAPO was mainly derived from part of chromosome 2 of CMONT, chromosome 5 of HVIMA, chromosome 4 of HAXYR, chromosome 3 of ABIPU or chromosome 4 of CSEPT.
Additionally, we can find that two chromosomes are frequently recombined among TDICH (chromosome 6 and 8), MBIPU (chromosome 4 and 8), TCAST (chromosome 2 and 10), DHELO (chromosome 3 and 5), and the ladybirds (chromosome 5 and 7 of CMONT, chromosome 4 and 9 of HVIMA, part of chromosome 4 and 6 of PJAPO, part of chromosome 1 and 3 of HAXYR, chromosome 7 and 8 of ABIPU, chromosome 6 and 8 of CSEPT), but they keep relatively stable within the six ladybirds. However, it seems that contig scaff1 (part), scaff4 and scaff11 of NPUMI also reveal recombination to those two chromosomes in all the outgroups and the ladybirds, which indicates that the stabilization of these two chromosomes occurred later than the ancestor of the ladybirds and even Coccinellinae.
Furthermore, a large amount of syntenic gene pairs appear within each chromosome of PJAPO, which shows agreement on the large duplications by BUSCO analysis (Figure S1.3), while relatively few syntenic gene pairs were found within the chromosomes in CMONT or HVIMA. In HAXYR, ABIPU and CSEPT, only some highly similar syntenic blocks repeatedly exist in each chromosome. As described above, frequent and complicated recombination always occurred in PJAPO in the syntenic comparison to other genomes. Indeed, chromosomes of PJAPO are likely to have more translocation events than other beetle genomes (Van Dam et al., 2021), and we found this a species-specific condition of PJAPO compared with other ladybirds or outgroup beetles. Clear chromosomal evolution events in PJAPO are hard to described and explained. 
High continuity of the contig-level genomes of NPUMI also shows at least one fusion event of the longest contig scaff1 from chromosome 2, X and part of recombination of 5, 7 of CMONT, chromosome 5, 6 (X) and part of recombination of 4, 9 of HVIMA, chromosome 2, 10 (X) and part of recombination of 4, 6 of PJAPO, chromosome 4, X and part of recombination of 1, 3 of HAXYR, chromosome 3, X and part of recombination of 7, 8 of ABIPU, and chromosome 4, X and part of recombination of 6, 8 of HAXYR. The contig scaff1, scaff3, scaff4 of HVIGI are also derived from two different chromosomes respectively, compared to most of the six chromosome-level genomes of the ladybirds, but the contig scaff3 is completely derived from part of chromosome 1 of HVIMA, which supports the possibility that recombination of chromosome 1 and 7 in HVIMA occurred not later than MRCA of HVIMA and HVIGI. However, these results of the contig-level genomes may be caused by contig misassembly and are still ambiguous.

[bookmark: _Toc148913155]1.3 Summary

We newly sequenced the high-quality genomes of three ladybirds, assembled the chromosome-level genome of one ladybird and the transcriptomes of 23 new ladybirds and two Coccinelloidea species, combined with the previously published six ladybird genomes, 36 ladybird transcriptomes and 16 outgroup beetle genomes or transcriptomes, to construct a core genome dataset and an extended dataset of ladybird OGs for the downstream evolution analysis.
Additionally, we conducted a syntenic analysis among the genomes of the ladybirds and four outgroup beetles. The results indicate the fusion, fission and recombination events in the chromosomes of the ladybirds. However, the chromosomes of the beetles are highly changed, leading to variable chromosome number. Most these events seem to be only species-specific and not related to change of the feeding habits. We also found large amounts of gene duplications in the genome of PJAPO, which leads to large gene copies in the OGs. To avoid the impact on the analysis because of the large gene copies, we excluded PJAPO from the downstream OG contraction and expansion analysis and selection pressure detection of single-copy genes.



Table S1.1 Transcriptomes for gene prediction of genomes of ten ladybirds and Dastarcus helophoroides
	Species
	Treatment
	RNA-seq SRA accession

	Cryptolaemus montrouzieri
	Female adult feeds on mealybugs
	SRR2971116

	Cryptolaemus montrouzieri
	4th instar larva feeds on mealybugs
	SRR2971112

	Cryptolaemus montrouzieri
	Female adult feeds on aphids
	SRR6981477

	Cryptolaemus montrouzieri
	4th instar larva feeds on pollen
	SRR8325176

	Cryptolaemus montrouzieri
	4th instar larva feeds on pork meat
	SRR8325159

	Micraspis discolor
	4th instar larva feeds on moth eggs
	SRR16629587

	Micraspis discolor
	4th instar larva feeds on pollen
	SRR16629580

	Micraspis discolor
	4th instar larva feeds on aphids
	SRR16629579

	Micraspis discolor
	4th instar larva feeds on mealybugs
	SRR16629584

	Micraspis discolor
	Wild caught adult
	SRR11576236

	Henosepilachna vigintioctopunctata
	Wild caught adult
	SRR11576235

	Henosepilachna vigintioctopunctata
	Eggs
	SRR6221652

	Henosepilachna vigintioctopunctata
	1-4th instar larvae
	SRR6221653

	Henosepilachna vigintioctopunctata
	Pupae
	SRR6221654

	Henosepilachna vigintioctopunctata
	Adult injected with Bacillus subtilis
	Our unpublished data

	Cynegetis impunctata
	Wild caught 1-4th instar larvae
	SRR24194748

	Cynegetis impunctata
	Gut of adult
	SRR24194747

	Cynegetis impunctata
	Adult without gut
	SRR24194745

	Cynegetis impunctata
	Gut of adult
	SRR24194746

	Cynegetis impunctata
	Adult without gut
	SRR24194744

	Cynegetis impunctata
	Adult
	SRR24194743

	Harmonia axyridis
	3rd instar larva
	SRR8380388

	Harmonia axyridis
	1st instar larva
	SRR8380389

	Harmonia axyridis
	Pupa of population with red wings
	DRR092254

	Harmonia axyridis
	Male adult of 4th day after emergence
	SRR5891405

	Harmonia axyridis
	Female adult of 5th day after spawning
	SRR5451334

	Coccinella septempunctata
	Male adult feeds on artificial diet
	SRR9208146

	Coccinella septempunctata
	Female adult feeds on aphids
	SRR9208152

	Coccinella septempunctata
	Adult injected with bacteria
	ERR1145729

	Coccinella septempunctata
	Adult of diapause for 30 days
	SRR2971094

	Coccinella septempunctata
	4th instar larva feeds on mealybugs
	SRR9649803

	Novius pumilus
	Wild caught adult
	SRR11576223

	Novius pumilus
	4th instar larva feeds on Icerya aegyptiaca
	SRR15420509

	Novius pumilus
	4th instar larva of starvation
	SRR15420493

	Novius pumilus
	Female adult feeds on I. aegyptiaca
	SRR15420505

	Novius pumilus
	Female adult of starvation
	SRR15420504

	Propylea japonica
	all stages of susceptible strain
	SRR1299012

	Propylea japonica
	4th instar larva feeds on aphids
	SRR9649793

	Propylea japonica
	Female adult feeds on aphids
	SRR24183502

	Propylea japonica
	Female adult feeds on mealybugs
	SRR24183500

	Propylea japonica
	Adult injected with B. subtilis
	Our unpublished data

	Adalia bipunctata
	Wild caught adult
	SRR11576219

	Adalia bipunctata
	Sham-injected adult
	ERR1145718

	Adalia bipunctata
	Sham-injected adult
	ERR1145719

	Adalia bipunctata
	Sham-injected adult
	ERR1145720

	Adalia bipunctata
	Bacteria-injected adult
	ERR1145721

	Adalia bipunctata
	Bacteria-injected adult
	ERR1145722

	Adalia bipunctata
	Bacteria-injected adult
	ERR1145723

	Henosepilachna vigintioctomaculata
	Adult
	SRR18847866

	Dastarcus helophoroides
	newly emerged adults with both sexes
	SRR1201401

	[bookmark: OLE_LINK14]Dastarcus helophoroides
	Wild caught adult
	SRR13089473

	Dastarcus helophoroides
	antennae of adults with both sexes
	SRR1044007

	Dastarcus helophoroides
	newly hatched larvae
	SRR10201368

	Dastarcus helophoroides
	newly hatched larvae
	SRR10201370





Table S1.2 Genomic features of ten ladybird genomes
	[bookmark: _Hlk121257578]Features
	Cryptolaemus montrouzieri
	Micraspis discolor
	Henosepilachna vigintioctopunctata
	Cynegetis impunctata
	Novius pumilus *

	Reference
	this study
	this study
	this study
	this study
	Tang et al. (2022b)

	Level
	chromosome, 
10A + X
	contig
	contig
	scaffold
	contig

	Genome size 
(Mb)
	988.13
	523.75
	496.12
	796.00
	182.42

	Numbers of
scaffolds/contigs
	206 scaffolds
	2,609 contigs
	151 contigs
	5,777 scaffolds
	942 contigs

	N50 (Mb)
	101.22
	2.63
	5.76
	562.46 Kb
	7.58

	BUSCO estimates
n=1367
	C: 99.2%
[S:98.0%,D:1.2%]
F: 0.1%
M: 0.7%
	C: 94.3%
[S:90.4%,D:3.9%]
F: 0.3%
M: 5.4%
	C: 99.3%
[S:96.9%,D:2.4%]
F: 0.1%
M: 0.6%
	C: 98.2%
[S:96.3%,D:1.9%]
F: 0.5%
M: 1.3%
	C: 97.8%
[S:95.5%,D:2.3%]
F: 0.5%
M: 1.7%

	G + C (%)
	34.88
	35.04
	31.61
	31.56
	37.12

	Number of genes
	24,180
	20,056
	21,898
	32,621
	15,772

	Repeat (%)
	68.25
	64.86
	48.92
	61.48
	44.58

	Numbers of Ns
	20,400
	0
	0
	0
	0



Table S1.2 (continue)
	Features
	[bookmark: _Hlk126425238]Harmonia 
axyridis *
	[bookmark: _Hlk126425253]Coccinella septempunctata *
	Adalia 
bipunctata *
	Propylea 
japonica *
	Henosepilachna vigintioctomaculata *

	Reference
	Boyes et al. (2021)
	Crowley et al. (2021b)
	Wellcome Sanger Institute Tree of Life programme et al. (2022)
	Zhang et al. (2020b)
	Zhu et al. (2023)

	Level
	chromosome, 
7A + X
	chromosome, 
9A + X
	chromosome, 
9A + XY
	chromosome, 
9A + X
	Chromosome, 
10A + X

	Genome size 
(Mb)
	425.54
	398.87
	475.29
	851.23
	581.63

	Numbers of
scaffolds/contigs
	14 scaffolds
	25 scaffolds
	119 scaffolds
	1074 scaffolds
	52 scaffolds

	N50 (Mb)
	63.68
	41.44
	45.87
	100.34
	56.17

	BUSCO estimates
n=1367
	C: 99.0%
[S:96.0%,D:3.0%]
F: 0.1%
M: 0.9%
	C: 99.2%
[S:98.0%,D:1.2%]
F: 0.1%
M: 0.7%
	C:98.8%
[S:97.4%,D:1.4%]
F:0.3%
M:0.9%
	C: 95.8%
[S:66.5%,D:29.3%]
F: 0.4%
M: 3.8%
	C:99.1%
[S:94.6%,D:4.5%]
F:0.1%
M:0.8%

	G + C (%)
	35.14
	36.42
	35.90
	35.12
	31.83

	Number of genes
	18,877
	18,364
	19,636
	39,730
	24,404

	Repeat (%)
	56.58
	55.52
	62.84
	59.18
	52.56

	Numbers of Ns
	37,100
	23,593
	21,619
	370,201
	45,900


Abbreviations in BUSCO: C: complete, S: single, D: duplicate, F: fragment, M: missing
* The previously published genomes were additionally refined through our pipeline and all the parameters were newly estimated in this study. It should be noted that, though the parameters of the genome of H. axyridis and C. septempunctata in this table were obtained through annotation by our pipeline, we selected the NCBI RefSeq annotations of these two species for the downstream analyses.



[image: ]
[bookmark: _Hlk159098929]Figure S1.1 Design of the datasets for different analyses. a: genomes of 10 ladybirds and chromosome-level genomes of 4 outgroup beetles were involved; b: PJAPO was excluded from detection of single-copy ortholog groups (OGs) due to large amount of gene duplications; c: PJAPO was excluded from CAFE analysis of expansions and contractions due to large amount of gene duplications. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
[image: ]
[bookmark: _Hlk126421803][bookmark: _Hlk143385526]Figure S1.2 Hi-C contact heatmap of the chromosome-level genome of C. montrouzieri. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S1.3 Whole-genome synteny among multiple species of ladybirds or outgroup beetles. The color of the chromosomes, scaffold or contigs and the links are mainly based on the homology with first species TDICH and then the last species above. For the four species on the bottom with contig-level (NPUMI, HVIGI, MDISC) or scaffold-level (CIMPU) genomes, only the longest 20 sequences >= 1 Mb are visualized. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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[bookmark: _Hlk159099926]Figure S1.4 Whole-genome synteny between each pair of two species of ladybirds or outgroup beetles. Genomes of NPUMI, CIMPU, HVIGI and MDISC are scaffold-level or contig-level, in which only sequences >= 1 Mb are analyzed. The sequences of CIMPU, HVIGI and MDISC are too fragmented and their genome synteny results are only visualized by coloring another genome. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.



[bookmark: _Toc148913156][bookmark: _Hlk103983825]2 Species phylogeny

[bookmark: _Toc148913157]2.1 Materials and methods

[bookmark: _Toc148913158][bookmark: _Hlk122799807]2.1.1 Phylogeny inference

[bookmark: _Hlk103095452][bookmark: _GoBack][bookmark: _Hlk103107972][bookmark: _Hlk122972124]308 OGs with minimum of 74 (85.06%) species having single-copy genes in the extended dataset were selected by OrthoFinder for species tree. Combining these OGs with those OGs with single-copy genes among all the 24 beetle genomes except PJAPO (due to large amount of gene duplications displayed in Additional file 2: Table SE1 and detailed in Section 1.2.3), which are likely to be indeed single-copy genes among the beetles, we used single-copy genes from totally 770 OGs, to concatenate into a protein sequence supermatrix and infer the species phylogeny. Sequences of these 770 OGs containing single-copy genes were aligned using L-INS-i mode of MAFFT v7.480 (Katoh and Standley, 2013) and the alignments were trimmed by trimAl v1.4 (Capella-Gutierrez et al., 2009) with the “automated1” option, separately, which aimed to remove the poorly aligned regions. Then the concatenated supermatrix of 770 alignments was imported into the “MFP+MERGE” mode of IQ-TREE v2.1.4-beta (Minh et al., 2020) to search for the best partition scheme and the best models and reconstruct the phylogeny of the 87 species with 1,000 ultrafast bootstrap (UFBoot) replicates. Finally, the species tree was rooted with Nebria ingens (NINGE) belonging to Adephaga according to the tree of Zhang et al. (2018), using the Python ETE 3 Toolkit (Huerta-Cepas et al., 2016). Additionally, those 770 trimmed alignments of the single-copy genes were also used to build the trees by IQ-TREE respectively. Then all the 770 gene trees were input to ASTRAL-Pro v1.1.6 (Zhang et al., 2020a) to generate a species tree under the coalescent model, which was subsequently rooted using the same method as described above.

[bookmark: _Toc148913159]2.1.2 Divergence time estimation

[bookmark: _Hlk103185295]Divergence time estimation was conducted by using MCMCTREE in PAML v4.8a (Yang, 2007) based on the maximum likelihood species tree built by IQ-TREE. The uncorrelated rate model (clock=2) was used, and eleven fossils were chosen to calibrate the clock (Table S2.1). We constrained the maximum bound for the root (crown Coleoptera) to 323.2 million years ago (Ma), according to the maximum age of the Coleoptera-Neuropterida split set by Zhang et al. (2018), because no holometabolous insect was found before the Pennsylvanian, which began at this time.
Referring to the oldest beetle fossil Coleopsis archaica (Kirejtshuk et al., 2014) and the time tree estimated by Zhang et al. (2018), 295 Ma was set as the root age (crown Coleoptera) to calculate the prior on the overall substitution rate with the CODEML program in the PAML package under the JTT + F + GAMMA model with four rate categories. The ML estimates of the branch lengths were also calculated by CODEML using 66 partitions from the protein supermatrix divided by IQ-TREE. The gamma-Dirichlet prior for overall rate for genes (rgene gamma) was set at G (1, 4.59), and the gamma-Dirichlet prior for sigma^2 (sigma2 gamma) was set at G (1, 4.5). Then, the MCMCTREE program in PAML estimated the divergence times by using a Monte Carlo algorithm. Burn-in was set as 50,000, meaning the first 50,000 iterations were discarded. Next, the samples were recorded every 50 iterations until 10,000 samples were obtained. Another run was started from different seeds following the same steps. Finally, to check the convergence of the result, we used Tracer v1.7.2 (Rambaut et al., 2018) to ensure that all parameters were similar between two runs and that their effective sample sizes (ESSs) were all larger than 200. 

[bookmark: _Toc148913160][bookmark: _Hlk123244007][bookmark: _Hlk122982800][bookmark: OLE_LINK18]2.1.3 Ancestral character reconstruction

[bookmark: _Hlk185612212]We reconstructed the ancestral character state of feeding habits at the internal nodes of the ladybirds in the species time tree, using the part of 73 Coccinelloidea species. Information of diet was obtained from several descriptive books (Hodek, 1973; Hodek et al., 2012; Lundgren, 2009; Ren et al., 2009; Ślipiński, 2007; Ślipiński et al., 2020) and some articles concentrating on feeding habits (Biddinger et al., 2009; Escalona and Ślipiński, 2012; Escalona et al., 2017; Giorgi et al., 2009; Hodek and Honěk, 2009; Magro et al., 2010; Nattier et al., 2021; Seago et al., 2011; Song et al., 2020; Sutherland and Parrella, 2009). For those ladybirds with unknown diets, we also tried to infer the information based on observation of surrounding environments (Additional file 2: Table SE1), but these species were not involved in the ancestral character reconstruction and pruned from the species tree, remaining 61 species available. Some species have polymorphic diets in our data, such as aphids + pollen, aphids + whiteflies and aphids + coccids. Therefore, we designed five index matrices of the models to fit the data. In our models, those polymorphic states could only be obtained from diet expansion with the single states, for example, aphids + coccids could only be obtained from ‘aphids’ or ‘coccids’. The five models included: equal rates for all permitted transitions (ER), two different rates between diet shift of single states and diet expansion (DR), three different rates between diet shift of single states, acquisition and loss of polymorphism in diet expansion (TR), symmetric backward & forward rates for all permitted transitions (SYM) and all-rates-different for permitted transitions (ARD). We first use fitMk function in the R package phytools (Revell, 2012) to fit these five models. Then the customized anova function of fitMk was used to compare the five models. The model with lowest Akaike information criterion (AIC) value (DR model, detail in Figure S2.5) was input to make.simmap function in phytools, in order to perform stochastic mapping on the species tree. 100 simulations were conducted and summarized to obtained the state probabilities (SPs) of each state at the internal nodes. 

[bookmark: _Toc148913161][bookmark: _Hlk103179852]2.2 Results

[bookmark: _Toc148913162]2.2.1 Phylogenetic tree of 69 ladybird species and 18 outgroup species

[bookmark: _Hlk129476994][bookmark: _Hlk103194261][bookmark: _Hlk103180004][bookmark: _Hlk129478099]To reconstruct the phylogeny of 87 species of the extended data, 770 OGs containing available single-copy genes were concatenated into a protein sequence supermatrix with the length of 295,332 amino acids. IQ-TREE (Minh et al., 2020) divided the supermatrix into 66 partitions and infer a best tree of the 69 ladybird (Coccinellidae) species and 18 outgroup species (Figure S2.1). 73 of 84 internal nodes of the species tree have a UFBoot support value of 100, while other one node has a UFBoot support value larger than 95. Additionally, the relationships between the outgroup species conform to the former researches of coleopteran phylogeny except the debatable position of Cleroidea (represented by Malachius bipustulatus (MBIPU)) (Li et al., 2021b; McKenna et al., 2019; Zhang et al., 2018). Both these reveal relatively reliable topology of the species tree. Similarly, ASTRAL-Pro constructed a coalescent species tree based on gene trees of these 770 OGs, with 76/85 internal nodes having a local posterior probability (LPP) larger than 0.95 and the same topology of the outgroups (Figure S2.2). 
[bookmark: _Hlk122701567][bookmark: _Hlk103180727][bookmark: _Hlk103180650]The monophyly of Coccinelloidea, Coccinellidae, Coccinellinae, Microweiseinae, Serangiini, Coccinellini, Epilachnini, Stethorini, Scymnini and Chilocorini was confirmed and highly supported (UFBoot = 100% and LPP = 1) in our data, as same as the results of most phylogenetic researches of the ladybirds (Che et al., 2021; Escalona et al., 2017; Giorgi et al., 2009; Nattier et al., 2021; Robertson et al., 2015; Seago et al., 2011; Szawaryn et al., 2015; Tomaszewska et al., 2021). The monophyly of ABDHP and CSPS clade reported in Che et al. (2021) were also highly supported in our tree (UFBoot = 100% and LPP = 1), though not all the tribes in these two clades were included in our data. Additionally, the three species of Coccidulini were clustered into a monophyletic clade in both concatenated and coalescent species tree, but with relatively low support values (UFBoot = 56% and LPP = 0.75) and completely different topology within the clade. However, different from the monophyletic clade in our analysis, Scymnini and Coccidulini were sometimes found to be paraphyletic (Che et al., 2021), possibly due to limited species in our study. 
[bookmark: _Hlk103180698]Within Coccinellinae, N. pumilus (NPUMI) is the sister clade of other species. This first basal clade Noviini (represented by NPUMI) within Coccinellinae in our result, were also placed in the basal position of Coccinellinae in some researches (Che et al., 2021; Robertson et al., 2015). Coccinellini is the sister clade of CSPS clade (Che et al., 2021) containing Chilocorini and Sticholotidini. This topology, which is contrasted with the main opinion that Chilocorini is the sister group of Coccinellini, always with species in Sticholotidini placed in a close clade (Escalona et al., 2017; Nattier et al., 2021; Robertson et al., 2015). But the contradiction occurred in other phylogenetic researches with different positions (Che et al., 2021; Giorgi et al., 2009; Seago et al., 2011; Tomaszewska et al., 2021). 
Among the species in Coccinellini, the current phylogenetic researches of Coccinellini identified four clades within the tribe (Nattier et al., 2021; Tomaszewska et al., 2021), which can also be found in our tree based on their genera. Our result supports the topology of (((A,B),C),D) reported by Nattier et al. (2021) but not (A,(B,(C,D))) reported by Tomaszewska et al. (2021). The four fungivorous ladybirds (Group A, former Psylloborini) and the four omnivorous ladybirds (Group B) are confirmed as monophyletic clade (UFBoot = 100% and LPP = 1), separately (Figure S2.1, S2.2). 
However, the two species tree from different methods are partly different, mainly including the position of M. bipustulatus (MBIPU), Stethorini, Scymnini, Diomus ementitor (Tran_DEMEN) and the fungivorous ladybirds (Figure S2.3). In addition, although the cluster of ABDHP clade, two Azyini species, Coccidulini, Chaetolotis amy (Tran_CHAMY) and Epilachnini is highly supported in both species trees (UFBoot = 100% and LPP = 0.96), the relationship and position among these members are still unclear because of contradiction between the two trees. But these differences do not have impact on the relative position of the ladybird species with genomes and most outgroup species (except MBIPU) and the main phylogeny of the genome dataset, we thus intuitively used the maximum likelihood species tree built by IQ-TREE for the downstream analyses according to easier explainability of the branch lengths.

[bookmark: _Toc148913163]2.2.2 Divergence time of the ladybirds

[bookmark: OLE_LINK20]Through MCMCTREE (Yang, 2007) divergence time estimation with eleven fossil calibrations (Table S2.1), the result suggests that Coccinellidae originated in the Early Cretaceous at 141.71 Ma (95% credibility interval (CI): 130.59-156.07 Ma) (Figure S2.4). It is similar with most estimated times ranging from 118-143 Ma, mostly in the Early Cretaceous (Che et al., 2021; McKenna et al., 2019; Mckenna et al., 2015; Nattier et al., 2021; Tomaszewska et al., 2021; Zhang et al., 2018), except 168.46 Ma estimated by Li et al. (2020) and 196 Ma estimated by Toussaint et al. (2017). 
[bookmark: _Hlk103209833]The origin of Coccinellinae occurred in the Early Cretaceous at 109.82 Ma (95% CI: 100.95-120.93 Ma), while that of Microweiseinae took place in the Late Cretaceous at 92.70 Ma (95% CI: 84.84-102.35) in our data. The divergence time of Coccinellinae, 109.82 Ma, is a little earlier than the reported ~100 Ma (Che et al., 2021; McKenna et al., 2019; Mckenna et al., 2015). After that, a rapid radiation within Coccinellinae followed at about 70-120 Ma, parallel with the angiosperm explosion at the same time (Bell et al., 2010; Foster et al., 2017), which supports the current conclusions (Che et al., 2021; Li et al., 2021b). In the meantime, the main prey of several clades in Coccinellinae, the aphids (90-106 Ma) (Johnson et al., 2018; Vea and Grimaldi, 2016), and the guard of prey of Coccinellinae, the ants (~120 Ma) (Branstetter et al., 2017), originated and diversified, which reveals possible co-evolution driving the change of the feeding habits.
[bookmark: _Hlk123174188][bookmark: _Hlk129560089][bookmark: _Hlk103270307][bookmark: OLE_LINK2][bookmark: _Hlk103262435]The crown ages of Serangiini, Coccinellini, Epilachnini, Stethorini, Chilocorini, Scymnini and Coccidulini are 59.00 Ma (95%CI: 53.71-65.54 Ma), 54.22 Ma (95% CI: 49.78-59.68 Ma), 48.17 Ma (95% CI: 44.03-53.22 Ma), 49.86 Ma (95% CI: 45.33-55.31 Ma), 58.53 Ma (95% CI: 53.59-64.75 Ma), 81.12 Ma (95% CI: 74.43-89.35 Ma) and 79.83 Ma (95% CI: 73.32-88.01 Ma) respectively, in which those of Serangiini, Coccinellini, Epilachnini, Stethorini, Chilocorini are in the Paleogene. However, our crown age of Coccinellini (54.22 Ma) is later than reported time of 68-84 Ma in the Late Cretaceous (Che et al., 2021; Li et al., 2020; Nattier et al., 2021; Tomaszewska et al., 2021). According to our time, Coccinellini, in which the most species is mainly aphidophagous, originated later than Aphidoidea that was estimated to took place in the Late Cretaceous (Johnson et al., 2018; Vea and Grimaldi, 2016). A delay can be also observed comparing our time of mite feeding Stethorini at 48.86 Ma with the reported ~65 Ma, while the time of plant feeding Epilachnini at 48.17 Ma is similar with the reported time of ~50 Ma (Che et al., 2021).
The ancestor of four fungivorous ladybirds took place at 19.20 Ma (95% CI: 17.36-21.37 Ma), while the divergence among the four omnivorous ladybirds occurs at 31.49 Ma (95%CI: 28.83-34.71 Ma). But the limited species may cause a later time, compare with the time at ~38 Ma of origin of the fungivorous ladybirds with abundant species (Nattier et al., 2021; Tomaszewska et al., 2021).
[bookmark: _Toc148913164]2.2.3 Ancestral character reconstruction of the ladybird diets

[bookmark: _Hlk123252292]According to the stochastic character mapping by phytools package (Figure S2.5) (Revell, 2012), the diet of Coccinellidae ancestors tends to be coccidophagy (state probability (SP) = 81%), which is obtained from fungivory of their Coccinelloidea ancestors (Figure S2.6). This result is same to the conclusion of previous researches (Escalona et al., 2017; Giorgi et al., 2009; Leschen, 2000; Seago et al., 2011). Furthermore, the ancestral states of Coccinellinae and Microweiseinae are also likely to be coccidophagy, with the SPs of 100% and 73%, respectively. And the trunk of our ladybird species tree is estimated as coccid feeding, shifting to other diets sporadically, which is similar to most researches with ancestral character reconstruction in ladybirds (Escalona et al., 2017; Giorgi et al., 2009; Magro et al., 2010). Actually, about 36% of the ladybirds prefer coccids and only 20% of ladybirds mainly prey on aphids (Hodek and Honěk, 2009), and these results thus seem quite reasonable. Although the ancestors of the two subfamilies in our study are both estimated to be coccidophagous, it is reported that, compared with Microweiseinae, coccidophagous species in Coccinellinae prefer those prey with ant guard and thus obtain some ant-specific larval defense mechanisms through the drive of co-evolution, such as waxy exudates and dorsal defensive glands (Seago et al., 2011).
[bookmark: _Hlk123252041]Most primary diet shifts occur at the ancestors of some tribes based on our data, including whitefly feeding of Serangiini (SP = 96%), mite feeding of Stethorini (SP = 99%), herbivory of Epilachnini (SP = 99%) and aphidophagy of Coccinellini (SP = 100%). Specially, some species seems to obtain the preference of aphids from coccidophagy, including Platynaspis maculosa (Tran_PMACU), P. hainanensis (Tran_PHAIN), Cryptogonus orbiculus (Tran_CORBI), C. hainanensis (Tran_CHAIN) and Apolinus lividigaster (Tran_ALIVI). Che et al. (2021) reported the monophyletic ABDHP clade containing the genera of Tran_PMACU, Tran_PHAIN, Tran_DEMEN, Tran_CORBI and Tran_CHAIN and thought it as an aphidophagous clade. However, the node of this shift in our study is unclear, because the ancestor of ABDHP clade are probably coccidophagous, aphidophagous or both (SP: aphids + coccids = 51%, coccids = 42%, aphids = 7%) with the reason that information of several key species is missed, which is similar to the result of Giorgi et al. (2009). To solve this problem, more species and more information of this group are needed to considered in the future. 
[bookmark: _Hlk123176224]Within Coccinellini, two clear diet shifts or expansions are found. Preference on fungi, exactly, powdery mildew, is shifted from aphidophagy at the ancestor of Group A (Figure S2.6) (former Psylloborini, SP = 100%). This shift is supported in all previous researches (Escalona et al., 2017; Giorgi et al., 2009; Magro et al., 2010; Nattier et al., 2021; Song et al., 2020). Additionally, omnivory (aphidophagy and pollinivory) is successfully reconstructed at the ancestor Group B (SP = 94%) (Figure S2.6). This diet expansion is also found in the research by Giorgi et al. (2009), but results from other researches (Escalona et al., 2017; Magro et al., 2010; Nattier et al., 2021; Song et al., 2020) do not support it, which seem to be due to lack of species or diet information in this group. The genera of these four species, M. discolor (MDISC), M. frenata (Tran_MFREN), C. quatuordecimpustulata (Tran_CQUAT) and Coleomegilla maculata (Tran_CMACU), along with Bulaea, and Tytthaspis, are known as pollen feeders and form a group (Escalona et al., 2017; Huang et al., 2022; Nattier et al., 2021; Tomaszewska et al., 2021), which also supports our result.

[bookmark: _Toc148913165]2.3 Summary

[bookmark: _Hlk103215129]We reconstructed a highly supported phylogeny of the ladybirds using the genomic and transcriptomic data, which covered two subfamilies and sixteen tribes in Coccinellidae. Combined with the ancestral character reconstruction, we confirmed several monophyletic clades with diet shift or expansion, including Coccinellidae from fungivory to coccidophagy, Coccinellinae from prey without ant guard to ant-guarded prey, Coccinellini from coccidophagy to aphidophagy, Epilachnini from carnivory to herbivory, Stethorini from coccid feeding to mite feeding, Serangiini from coccidophagy to whitefly feeding, and the nodes from accidophagy to fungivory or omnivory within Coccinellini. 
Furthermore, the divergence time estimation based on the omic data may locate the time of evolution of feeding habits, and may provide us an aspect to explain the reasons leading to those evolution, for example, the possible relation of the angiosperm explosion, diversification of prey and enemies, and evolution of the ladybirds. Unfortunately, most fossils of the ladybirds were found from Oise (~48.6-56 Ma) and Baltic (~33.9-47.8 Ma) amber deposits and no fossils have been found with the time before these periods (Kirejtshuk and Nel, 2012; Szawaryn, 2019; Szawaryn, 2021; Szawaryn and Szwedo, 2018; Szawaryn and Tomaszewska, 2020a; Szawaryn and Tomaszewska, 2020b), leading to scarce evidence for further exploration to the time of evolution in the ladybirds.
Overall, our phylo-omic analysis brings a new insight into the Coccinellidae phylogeny and evolution, especially the trace of diet shifts. And the species tree and the divergence time can be used for the downstream evolutionary analyses.



Table S2.1 Information of fossils used for calibration points in the species phylogenetic analysis. MRCA: most recent common ancestor.
	No.
	Calibrated node
	Note
	Fossil taxa
	Min. age
	Reference

	1
	MRCA of Harmonia + Hippodamia
	Hippodamia olbia
	Coccinellidae - Coccinellini
	11.63
	Zhang et al. (1994)

	2
	MRCA of Sticholotidini + Chilocorini
	Electrolotis hoffeinsorum
	Coccinellidae - Sticholotidini
	33.9
	Szawaryn and Tomaszewska (2020a)

	3
	Crown Serangiini
	Serangium kalandyki
	Coccinellidae - Serangiini
	33.9
	Szawaryn (2019)

	4
	Crown Coccinellinae
	Nephus subcircularis
	Coccinellidae - Scymnini
	48.6
	Kirejtshuk and Nel (2012)

	5
	MRCA of Coccinellidae + Corylophidae + Endomychidae
	Burmalestes albertalleni
	Coccinelloidea - Endomychidae
	93.5
	Tomaszewska et al. (2018)

	6
	Crown Coccinelloidea
	Archelatrius marinae
	Coccinelloidea - Latridiidae
	125.5
	Kirejtshuk and Azar (2009)

	7
	[bookmark: OLE_LINK19]Crown Chrysomeloidea
	Cretoprionus liutiaogouensis
	Chrysomeloidea - Cerambycidae
	122.5
	Wang et al. (2014)

	8
	Crown Curculionidae
	Cylindrobrotus pectinatus
	Curculionidae - Scolytinae
	122.5
	Kirejtshuk et al. (2009)

	9
	MRCA of Curculionoidea + Chrysomeloidea
	Nanophydes ovatus
	Curculionoidea - Brentidae
	155.7
	Arnoldi (1977)

	10
	MRCA of
Staphylinoidea +
Scarabaeoidea
	Juraesalus atavus
	Scarabaeoidea - Lucanidae
	155.7
	Nikolajev et al. (2011)

	11
	MRCA of Buprestoidea + Elateroidea
	Ancestrimorpha volgensis
	Buprestoidea - Buprestidae
	164.7
	Alekseev (1993)







[image: ]
[bookmark: _Hlk122972087][bookmark: _Hlk103370000][bookmark: _Hlk123243842]Figure S2.1 Phylogenetic tree of 69 ladybird (Coccinellidae) species and 18 outgroup species inferred by IQ-TREE. Numbers beside nodes are IQ-TREE ultrafast bootstrap (UFBoot) values. The colored clades represent the six main tribes and two clades with a monophyletic origin containing at least three species in our data. Group A: the fungivorous ladybirds (former Psylloborini), Group B: the omnivorous ladybirds. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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[bookmark: _Hlk122984823]Figure S2.2 Phylogenetic tree of 69 ladybird (Coccinellidae) species and 18 outgroup species inferred by ASTRAL-Pro. Numbers beside nodes are local posterior probabilities. Internal branch lengths are in coalescent units, which represent a direct measure of the amount of discordance in the gene trees, while terminal branch lengths have no sense. The colored clades represent the six main tribes and two clades with a monophyletic origin containing at least three species in our data. Group A: the fungivorous ladybirds (former Psylloborini), Group B: the omnivorous ladybirds. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S2.3 Comparison of the topologies of phylogenetic trees inferred by IQ-TREE (left) and ASTRAL-Pro (right). The colored clades represent the six main tribes and two clades with a monophyletic origin containing at least three species in our data. The bold branches represent the topologies of the species with the genomes. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S2.4 Divergence time tree of 69 ladybird (Coccinellidae) species and 18 outgroup species estimated by MCMCTREE. The blue bars on the nodes are the ranges of 95% credibility interval (CI). The text beside the nodes are the exact estimated time and the 95% CI. The first row of the blocks on the top means the eras, while the second row of the blocks on the top means the periods. The row of the blocks on the bottom represents the epochs, in which only the epochs in Cretaceous and Paleogene are differentiated and labeled with abbreviations. EC: Early Cretaceous, LC: Late Cretaceous, Pal: Paleocene, Eo: Eocene, Ol: Oligocene. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S2.5 Best model of ancestral character reconstruction of diets within Coccinelloidea. The numbers represent transition rates between character states. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S2.6 Stochastic character mapping of diets within Coccinelloidea using 61 species with known information. The area in the pie charts on the nodes represent the state probabilities of each character. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.

[bookmark: _Hlk103984976]

[bookmark: _Toc148913166]3 Selection pressure of single-copy genes

[bookmark: _Toc148913167][bookmark: _Hlk105032688]3.1 Materials and methods
[bookmark: _Hlk105032556]
Selection pressure detection was conducted with the single-copy OGs in the genome dataset, from which PJAPO was excluded as mentioned in Section 1.3. The species tree used in the analysis was obtained through pruning the species tree reconstructed for the extended dataset in Section 2.2. Protein sequences of the single-copy OGs were first aligned by L-INS-i mode of MAFFT v7.480 (Katoh and Standley, 2013), and then back translated to codon alignments and trimmed by trimAl v1.4 (Capella-Gutierrez et al., 2009) for selection pressure detection. 
[bookmark: _Hlk105970405]We used the branch-site model (parameters: null hypothesis: model = 2, NSsites = 2, fix_omega = 1, omega = 1; alternative hypothesis: model = 2, NSsites = 2, fix_omega = 0, omega = 1) in CODEML of PAML v4.8a (Yang, 2007) to identify the genes with positively selected sites at specific node within the clade of ladybirds for single-copy ortholog sequences. The nodes of Coccinellidae (Node15 in Figure S3.1), Coccinellini (Node20), Epilachnini (Node18) and MDISC, along with diet shift or expansion, were labeled as the foreground branch respectively and then likelihood ratio tests (LRTs) were performed to detect positive selection on the foreground branch. LTR P-values were further adjusted for multiple testing using Benjamini-Hochberg Procedure. Only those genes with adjusted P-values < 0.05 were inferred as positively selected genes (genes with positively selected sites) (PSGs).
[bookmark: _Hlk123340414]In addition, detection of selection relaxation or intensification was performed between branches of ladybirds with different feeding habits with the branch model (model = 2, NSsites = 0) in CODEML. The branches are divided into four sets, including coccidophagous ladybirds (C), aphidophagous ladybirds (Coccinellini) (A), herbivorous ladybirds (Epilachnini) (P) and outgroups (O) (Figure S3.1). Because MDISC is omnivorous, feeding on both aphids and pollen, we additionally compared branch of this omnivorous ladybird (AO) and other branches of aphidophagous ladybirds (Coccinellini) (AA). For alternative hypothesis, the branches of each two sets were labeled with #1 and #2, respectively, and other branches were considered as background branches. For null hypothesis, the branches of two sets in the target pair were both labeled with #1. LTR P-values were adjusted using Benjamini-Hochberg Procedure and adjusted P-values < 0.05 represent significant relaxation or intensification of selection of the set pairs. When dN/dS value of the former set was larger than that of the latter set in alternative hypothesis calculation, it was considered as selection relaxation, while dN/dS of the former set was smaller, it was considered as selection intensification. Furthermore, to avoid impact from extreme values of individual branches in the sets, we calculated the root-to-tip dN/dS value to check the difference between species in different sets. In detail, dN/dS value of each branch in the species tree was calculated by the free-ratio model (model = 1, NSsites = 0) in CODEML. Then root-to-tip dN/dS value of each species was obtained by averaging those dN/dS values of the branches according to the method described in Montgomery et al. (2011). If all the root-to-tip dN/dS values of the species in one set are all larger than those of the species in another set, it was considered as selection relaxation in this set pair, and if all the root-to-tip dN/dS values are smaller, it was considered as selection intensification. Only when the result of the branch model test and root-to-tip dN/dS values were detected, it was considered as exact event of selection relaxation or intensification. When the set or sets, in which all the ladybird species were contained (ladybird: Set C + A + P vs Set O) or all the species feed on a specific diet (coccid: Set C vs Set A + P + O; aphid: Set A vs Set C + P + O; Sternorrhyncha: Set C + A vs Set P + O), were detected experiencing significant relaxation or intensification compared with all other sets, this OG was considered to experience selection relaxation or intensification related to the ladybird clade or specific diet. Since several outgroup beetles feed on plant tissue, OGs with significant selection relaxation/intensification between pair of Set C vs P and pair of Set A vs P (plant: Set P vs Set C + A) were also considered to experience selection relaxation or intensification related to plant diet in ladybirds. The omnivorous ladybird MDISC were only compared with other Coccinellini species feeding on the aphids but not pollen (pollen: Set AO vs AA).
[bookmark: _Hlk116178971]Functional enrichment was conducted by hypergeometric distribution testing using clusterProfiler package (Yu et al., 2012), with all single-copy OGs as background genes and the detected OGs as foreground genes. On the basis of the GO and Pfam annotations of OGs inferred by KinFin above in Section 1.1.7, GO or Pfam enrichment was performed. P-values were further adjusted for multiple testing using Benjamini-Hochberg Procedure without the cutoffs in order to observe all the enriched terms. 
To explore another three nodes with diet shift, we fully utilized the extended dataset, and additionally constructed three small datasets to detect the selection pressure of other three clades with diet shift: Serangiini (whitefly feeding), Stethorini (mite feeding) and fungivorous ladybirds, respectively. For each clade, all species within the clade, a closest outgroup species and a closest outgroup species with genome were selected without causing different topology between the species trees built by IQ-TREE and ASTRAL-Pro (Figure S2.3), and then the small datasets were constructed using these species. That is, ((Tran_SCYMN, ((Tran_SMACU,Tran_SJAPO),Tran_DCATA)),NPUMI), (NPUMI,(((Tran_SCANT, Tran_STETH),Tran_SPARA),Tran_TELSI)) and (((((Tran_ISHEN,Tran_IKOEB),Tran_ICONF), Tran_VDUOD),Tran_MDILA),HAXYR), respectively. The PSGs at the nodes of ancestors of these three clades were detected using the same method mentioned above, and selection relaxation or intensification were also detected through comparison with the outgroups using the above method. The enrichment analyses were performed by clusterProfiler with all single-copy OGs of each small dataset as background genes.

[bookmark: _Toc148913168][bookmark: _Hlk105032890]3.2 Results
[bookmark: _Hlk115617368]
[bookmark: _Hlk133012298]Totally 554 available single-copy OGs (three OGs were excluded due to no overlapped regions in the alignments) of the genome dataset without PJAPO were used to detect the selection pressure by CODEML (Yang, 2007). Details of results of selection pressure detection of the single-copy OGs can be found in Additional file 2: Table SE3 and the corresponding node numbers are shown in Figure S3.1.
[bookmark: _Hlk106067485][bookmark: _Hlk106156478]Through branch-site model, 45 OGs are PSGs at the ancestor of ladybirds, 7 OGs are PSGs at the ancestor of Coccinellini, 6 OGs are PSGs at the ancestor of Epilachnini and 8 OGs are PSGs at the node of MDISC. These detected PSGs at four ladybird nodes are enriched in GO terms of protein binding, ATP binding, nucleic acid binding and protein kinase activity based on the annotations of OGs (Figure S3.2). Among the single-copy OGs possibly related to chemosensation, detoxification, digestion and immunity, two digestive genes, OG0006870 (lipase) and OG0006992 (fatty acid transport protein), are positively selected at the ancestor of Coccinellidae, while OG0007827 (chitin binding Peritrophin-A domain) is detected as PSG at the ancestor of Epilachnini (Additional file 2: Table SE3). OG0004069 (C-type lectin, possibly related to immunity) is detected as PSG at both the ancestors of Coccinellidae and Coccinellini.
Additionally, combining branch model test in CODEML and root-to-tip dN/dS comparison, we found 3 OGs under selection relaxation in the whole ladybird clade compared with outgroup beetles, 21 OGs under selection relaxation and 1 OG under selection intensification in the herbivorous ladybirds compared with other ladybirds, 7 OGs under selection relaxation and 4 OGs under selection intensification in MDISC compared with other Coccinellini species that cannot feed on pollen to complete the life circle (Table S3.1, Figure S3.3). But no selection relaxation or intensification related to aphid, coccid or Sternorrhyncha diet is found. In those plant-related relaxations, herbivorous outgroup beetles (mainly weevils, leaf beetles and buprestid beetles) also show high root-to-tip dN/dS values, which sometimes leads to close or even higher values than herbivorous ladybirds (e.g. OG0003982, OG0005460, OG0005463, OG0005474, OG0005722 and OG0007369) (Figure S3.3), supporting that these relaxations may be related to plant diet. Similarly, OG0006005 (C-terminal-binding protein) goes through selection relaxation in MDISC and also has highest root-to-tip dN/dS values in ATUMI, the outgroup beetle also eating pollen, which supports the relation to ability to complete life on pollen. However, all these relaxations or intensifications seem be more associated with general cellular process than adaptation to specific diet of ladybirds, such as transcription (OG0005722, OG0007369), translation (OG0007878), cell cycle (OG0007206), mitochondrial process (OG0001558, OG0006242, OG0007036) and ubiquitin-related process (OG0003486, OG0005474, OG0005550, OG0005563, OG0005619, OG0005096). Therefore, it is possible that these OGs are related to important change of other character like group-specific structure or speciation and thus accumulate or decrease relative amounts of harmful nonsynonymous mutations in the whole clade.
Using the extended dataset, we also constructed three small datasets to detect the selection pressure in another three nodes with diet shift, including Serangiini, Stethorini and fungivorous ladybirds (details in Additional file 2: Table SE3). Among 3454 available single-copy OGs in the dataset of Serangiini, 86 OGs are identified as PSGs at the ancestor, and 212 and 42 OGs are detected under selection relaxation and intensification respectively. In Stethorini feeding on mites, 18/3832 OGs are detected as PSGs at the ancestor, while 828 and 8 OGs are under relaxation and intensification in the whole clade. In fungivorous ladybirds, 3913 single-copy OGs are available, among which 2, 120 and 86 OGs are detected as PSGs, relaxation and intensification respectively. These OGs also include ABC transporters, major facilitator superfamily, serine-type endopeptidases, trypsins and sugar transporters (Figure S3.4), which are potentially connected to digestion and detoxification. 

[bookmark: _Toc148913169]3.3 Summary

We detected positive selection and selection relaxation/intensification of 554 nuclear-encoded single-copy OGs. And we also explore the selection pressure in Serangiini, Stethorini and fungivorous ladybirds using the extended dataset. Among the single-copy OGs, the PSGs and genes with relaxation or intensification related to clades with the specific diet in ladybird seem to be mainly with function of general cellular process, which is hard to be explained about the evolution of feeding habits and is also possibly related to other characters like unique structures and group-specific pheromones. Actually, previous research found similar results that the genes under selection within the ladybird lineage were likely to be development-related (Zhu et al., 2023). Only few genes are putatively related to feeding habits with connection of detoxification or digestion, and detected in selection analyses in our study. 



Table S3.1 Candidate single-copy orthogroups (OGs) undergoing selection relaxation or intensification related to whole ladybird clade or feeding habits in ladybirds.
	Orthogroup
	Related, R/I
	AvsC
	PvsC
	CvsO
	PvsA
	AvsO
	PvsO
	AOvsAA
	Annotation

	OG0003592
	ladybird, R
	A>C
	stable
	C>O*
	stable
	A>O, ***
	P>O, ***
	AO<AA
	probable inactive tRNA-specific adenosine deaminase-like protein 3

	OG0004919
	ladybird, R
	stable
	stable
	C>O, ***
	stable
	A>O***
	P>O***
	AO<AA
	VPS35 endosomal protein-sorting factor-like

	OG0007206
	ladybird, R
	stable
	P<C
	C>O**
	P<A
	A>O, ***
	P>O, ***
	AO<AA
	cell cycle checkpoint control protein RAD9A-like

	OG0001558
	plant, R
	A>C
	P>C***
	stable
	P>A**
	stable
	P>O***
	stable
	DNA polymerase subunit gamma-1, mitochondrial

	OG0003486
	plant, R
	stable
	P>C***
	stable
	P>A***
	stable
	stable
	AO>AA
	[bookmark: _Hlk133010211]ubiquitin-conjugating enzyme E2-22 kDa

	OG0003982
	plant, R
	stable
	P>C***
	stable
	P>A**
	stable
	stable
	stable
	serine/threonine-protein kinase Tor

	OG0005460
	plant, R
	stable
	P>C***
	stable
	P>A*
	stable
	stable
	AO<AA
	kinesin-like protein KIF21A

	OG0005463
	plant, R
	stable
	P>C***
	stable
	P>A***
	stable
	stable
	AO<AA
	AN1-type zinc finger protein 2A

	OG0005474
	plant, R
	stable
	P>C***
	stable
	P>A**
	stable
	stable
	AO<AA
	E3 ubiquitin-protein ligase CHIP

	OG0005487
	plant, R
	A>C
	P>C***
	stable
	P>A***
	stable
	stable
	AO>AA
	uncharacterized protein

	OG0005550
	plant, R
	stable
	P>C**
	stable
	P>A**
	stable
	stable
	AO<AA
	ubiquitin carboxyl-terminal hydrolase

	[bookmark: _Hlk133009559]OG0005722
	plant, R
	A>C***
	P>C***
	stable
	P>A*
	stable
	stable
	stable
	general transcription factor IIE subunit 1

	OG0006045
	plant, R
	stable
	P>C*
	stable
	P>A**
	stable
	stable
	stable
	nucleoporin SEH1

	OG0006242
	plant, R
	stable
	P>C***
	stable
	P>A**
	stable
	stable
	AO<AA
	probable 39S ribosomal protein L24, mitochondrial

	OG0006589
	plant, R
	stable
	P>C***
	stable
	P>A***
	stable
	stable
	stable
	immunoglobulin domain and leucine-rich repeat-containing protein 2

	OG0007036
	plant, R
	stable
	P>C**
	stable
	P>A**
	stable
	stable
	stable
	mitochondrial import inner membrane translocase subunit Tim9

	OG0007230
	plant, R
	stable
	P>C*
	stable
	P>A*
	stable
	P>O***
	AO<AA
	zinc finger protein 277

	OG0007369
	plant, R
	A>C
	P>C***
	stable
	P>A***
	stable
	stable
	AO<AA
	putative mediator of RNA polymerase II transcription subunit 26

	OG0007507
	plant, R
	stable
	P>C*
	stable
	P>A*
	stable
	stable
	AO<AA
	uncharacterized protein

	OG0007526
	plant, R
	stable
	P>C*
	stable
	P>A*
	stable
	P>O***
	AO<AA
	uncharacterized protein

	OG0007702
	plant, R
	stable
	P>C**
	stable
	P>A**
	stable
	stable
	AO>AA
	tRNA-uridine aminocarboxypropyltransferase 1

	OG0007748
	plant, R
	stable
	P>C***
	stable
	P>A***
	stable
	P>O***
	AO<AA
	protein TEX261

	OG0007956
	plant, R
	stable
	P>C**
	stable
	P>A*
	stable
	stable
	stable
	translocation protein SEC62

	OG0008503
	plant, R
	stable
	P>C**
	stable
	P>A*
	stable
	stable
	AO<AA
	calcium and integrin-binding protein 1-like

	OG0005563
	plant, I
	A>C
	P<C*
	stable
	P<A**
	A>O***
	stable
	AO<AA
	ubiquitin-conjugating enzyme E2 Q2

	OG0004541
	pollen, R
	A>C
	stable
	stable
	P<A
	stable
	stable
	AO>AA*
	interferon-related developmental regulator

	OG0005408
	pollen, R
	A>C***
	P>C**
	stable
	stable
	stable 
	stable
	AO>AA***
	cullin-1

	OG0005619
	pollen, R
	stable
	P>C**
	stable
	P>A
	stable
	stable
	AO>AA**
	(E3-independent) E2 ubiquitin-conjugating enzyme

	OG0006005
	pollen, R
	stable
	P>C*
	stable
	stable
	stable
	stable
	AO>AA*
	C-terminal-binding protein

	OG0006503
	pollen, R
	stable
	stable
	stable
	stable
	stable
	stable
	AO>AA*
	coatomer subunit beta

	OG0007040
	pollen, R
	stable
	stable
	C>O
	stable
	stable
	P>O***
	AO>AA*
	polypeptide N-acetylgalactosaminyltransferase 1-like

	OG0007878
	pollen, R
	stable
	stable
	stable
	stable
	stable
	stable
	AO>AA*
	eukaryotic translation initiation factor 2 subunit 2

	OG0003622
	pollen, I
	stable
	stable
	stable
	stable
	stable
	stable
	AO<AA**
	myosin heavy chain, muscle

	OG0004690
	pollen, I
	stable
	P>C**
	stable
	P>A
	stable
	stable
	AO<AA*
	YLP motif-containing protein 1-like

	OG0005096
	pollen, I
	A>C
	P>C
	stable
	stable
	stable
	stable
	AO<AA*
	E3 ubiquitin-protein ligase Su(dx)

	OG0005616
	pollen, I
	A>C*
	P>C
	stable
	P<A
	stable
	stable
	AO<AA*
	prefoldin subunit 6


‘>’ or ‘<’ of w (dN/dS) indicates both the whole clade w calculated by the branch model and all root-to-tip w of the species in this set are larger or smaller than those of the latter set respectively, otherwise it is ‘stable’
C: coccidophagous ladybirds
A: aphidophagous ladybirds
P: phytophagous ladybirds
O: outgroups
AO: omnivorous ladybirds
AA: aphidophagous and not omnivorous ladybirds
R: selection relaxation 
I: indicates selection intensification
*: adjusted P-value < 0.05 in branch test
**: adjusted P-value < 0.01 in branch test
***: adjusted P-value < 0.001 in branch test


[image: ]
Figure S3.1 Node numbers of the species tree and different branch sets of ladybirds with different feeding habits for the genome dataset. The node numbers are used for selection pressure detection, orthogroup (OG) evolution analysis and domain rearrangement analysis. The branch sets will be used for detection of selection relaxation or intensification. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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[bookmark: _Hlk106373656]Figure S3.2 Enrichment of (A) gene ontology (GO) and (B) Pfam annotation of OGs with positively selected sites of ladybirds. A high-quality figure can be downloaded from https://github.com /huangyh45/ladybird-genomes-supplementary-figures.
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Figure S3.3 Root-to-tip dN/dS of each species of the candidate single-copy ortholog groups (OGs) under selection relaxation or intensification related to the whole ladybird clade, plant diet or pollen diet in the ladybirds. The x axis is uneven due to sqrt-transform. The information of these OGs is in Table S3.1. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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[bookmark: _Hlk159102926]Figure S3.4 Enrichment of gene ontology (GO) or Pfam annotation of the ortholog groups (OGs) undergoing positive selection, selection relaxation or intensification at the nodes of Serangiini, Stethorini or fungivorous ladybirds using extended dataset. Only the top 30 GO or Pfam annotations in the enrichment results are shown. PSG: positively selected genes (genes with positively selected sites). A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.



[bookmark: _Toc148913170]4 Gene count evolution of ortholog groups

[bookmark: _Toc148913171]4.1 Materials and methods

[bookmark: _Hlk137697132]Genome-wide scan of OG evolution was performed with the genome dataset. The gene counts of OGs of the genome dataset, from which PJAPO was excluded as mentioned in Section 1.3, were input to CAFE v5.0 (Mendes et al., 2020) to assess the contractions and expansions using the birth/death parameter (λ) without gamma modelling. To avoid the impact on incorrect gene family counts caused by assembly quality or assignment accuracy, error model was estimated and applied to the input data. The species tree used in CAFE was obtained through pruning the time tree estimated for the extended dataset in Section 2.2. OGs that did not exist at the root were also included in the analysis. In each branch, OGs with P-values < 0.05 were considered significant expansions or contractions. 
Furthermore, based on the gene counts of the whole genome dataset (including PJAPO), those OGs with gene counts only in specific species or all species in specific clades were considered as emergence, while those OGs with genes only lost in specific species or all species in specific clades were considered as loss. The OGs with significant expansions, significant contractions, emergences and losses were identified as lineage-specific evolving gene families (LEGFs). Additionally, the OGs only present or absent in all carnivorous ladybirds (ladybirds except Epilachnini) or coccidophagous ladybirds (NPUMI and CMONT) in the genome dataset were also explored.
[bookmark: _Hlk106019603][bookmark: _Hlk137697417][bookmark: _Hlk105034716]Functional enrichment of LEGFs was conducted by hypergeometric distribution testing using clusterProfiler package (Yu et al., 2012), with the Pfam and GO annotations respectively of OGs inferred by KinFin above in Section 1.1.7. P-values were further adjusted for multiple testing using Benjamini-Hochberg Procedure without the cutoffs in order to observe all the enriched terms.
In addition, to fully utilize our transcriptomic data, we also observed the group-specific emergences and losses of the OGs in the extended dataset. The OGs only present or only absent in all the ladybirds compared with the outgroups were explored, while the OGs only present or only absent in Coccinellinae (= reverse results of Microweiseinae), Serangiini, Stethorini, Epilachnini and Coccinellini respectively but not in other ladybirds were also found. In consideration of the feeding habits, we additionally observed the OGs only present or absent in fungivorous ladybirds (former Psylloborini) and omnivorous ladybirds (MDISC, Tran_MFREN, Tran_CQUAT and Tran_CMACU) compared with other ladybirds.

[bookmark: _Toc148913172]4.2 Results

Among 20,862 OGs from the genome dataset, CAFE (Mendes et al., 2020) analysis (without PJAPO) and basic statistics of gene counts found totally 13,343 (63.96%) LEGFs (significant expansions, significant contractions, emergences and losses) of all nodes, including 7,610 (36.48%) LEGFs identified in any nodes of ladybirds (Additional file 2: Table SE3).
Among the terminal nodes, the first ten with most LEGFs include seven nodes of ladybird species, along with three nodes of carnivorous outgroup species, MBIPU, DHELO and PPYRA (Figure S4.1). These large amounts of LEGFs are mostly contributed by species-specific emergences. Additionally, the nodes of ancestor of HVIGI and HVIMA and ancestor of Epilachnini have the largest number of LEGFs among the inner nodes. The LEGFs at the inner nodes within the ladybird clade are mainly caused by emergences and expansions.
Subsequently, we mainly focused on the LEGFs at the nodes with diet shifts or expansions (the ancestors of Coccinellidae, Epilachnini, Coccinellini and MDISC, respectively), and thus conducted the GO and Pfam enrichments of the OGs with emergences, losses, significant expansions and significant contractions at these four nodes, respectively. And we also performed the enrichment analyses of the OGs only present or absent in carnivorous ladybirds or coccidophagous ladybirds. The enrichments of GO and Pfam terms reveal that these LEGFs or present/absent OGs can be mainly enriched in the functions related to feeding habits, such as chemosensation (odorant-binding protein (OBP), odorant receptor (OR), 7tm chemosensory receptor, insect pheromone-binding family), digestion (several peptidases, transporters and symporters, cysteine proteases, trypsins, Glycosyl hydrolases family 18 (GH18, chitinase), major facilitator superfamily, chitin binding Peritrophin-A domain (CBPD)), detoxification (ATP-binding cassette transporter (ABC), cytochrome P450 monooxygenase (P450), glutathione S-transferase (GST), UDP-glucuronosyltransferase (UGT), carboxylesterases, aldo-keto reductase (AKR), GMC oxidoreductase) and immunity (C-type lectin (CTL), serpin) (Figure S4.2).
For the expanding OGs, 24 OGs expand both in Coccinellidae and Epilachnini, including serpin, OBP and sugar transport, while 28 OGs expand both in Epilachnini and the omnivorous MDISC, including UGT, indication important role of detoxifying enzymes in plant tissue feeding in the ladybirds (Figure S4.3). And 136 OGs expand only in Epilachnini, mainly related to large amounts of detoxifying genes such as P450, GMC oxidoreductase and AKR. Additionally, totally 7,049 OGs are present in all the ten ladybirds, mainly related to general cellular process, such as ATPase family associated with various cellular activities (AAA), Helix-loop-helix DNA-binding domain, WD domain, G-beta repeat, Helicase conserved C-terminal domain and FERM central domain (Figure S4.4). 221 OGs mainly related to serpin, Haemolymph juvenile hormone binding protein (JHBP), trypsin and insect pheromone-binding family are only present in three Epilachnini species compared with carnivorous ladybirds. 8 OGs are only present in Epilachnini and MDISC, without clear function. In five Coccinellini species (including MDISC), 50 OGs are absent in other ladybirds, including cathepsin propeptide inhibitor and OBPs. 25 OGs are specifical in two coccidophagous ladybirds, mainly related to ecdysteroid kinase and THAP domain. These expanding and specifical OGs in groups with different feeding habits include relative amounts of genes possibly related to chemosensation, digestion, detoxification and immunity.
In the extended dataset, we also found five OGs only lost in the ladybirds including genes encoding two transporters with putatively digestive function including major facilitator superfamily and Sodium:neurotransmitter symporter family (Additional file 2: Table SE3). Furthermore, compared with Microweiseinae, eleven emergent OGs are found in Coccinellinae, while 62 OGs are lost. In Serangiini which mainly feeds on whiteflies, 65 OGs are emergent and seven are lost compared with other ladybirds. Nineteen OGs are emergent in Stethorini, which feeds on mites, instead of other ladybirds. And eight OGs are emergent in the herbivorous ladybirds, Epilachnini, while two OGs are emergent in Coccinellini, without existence in other ladybirds. Additionally, 89 and two OGs are detected to be emergent in fungivorous ladybirds and omnivorous ladybirds respectively. These emergent or lost OGs include several genes related to chemosensation (OBPs, insect pheromone-binding family), digestion (transporters and peptidases, lipases, CBPDs), detoxification (UGTs, P450s and carboxylesterases) and immunity (gram-negative binding proteins (GNBPs), serpins and I-type lysozymes (ILYSs)).

[bookmark: _Toc148913173]4.3 Summary

Combining OG assignment by OrthoFinder with CAFE analysis, we identified the LEGFs on each node of the beetle genomes, including significant expansions, significant contractions, emergences and losses. These LEGFs were enriched in the functions like chemosensation, digestion, detoxification and immunity, which are possibly related to feeding habits of the ladybirds. Combining the transcriptomic data from different species, we also found OGs only emergent or lost in the specific ladybird groups with different feeding habits, which similarly include several OGs with putative function of chemosensation, digestion, detoxification and immunity. However, because unexpressed genes are absent in the transcriptomes, exact emergences and losses of these genes in the ladybird genomes needs further verification.
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Figure S4.1 Number of Orthogroups (OGs) with significant expansions, significant contractions, emergences and losses in each node. The OGs with emergences are not included in the OGs with significant expansions, and the OGs with losses are not included in the OGs with significant contractions. The node IDs are shown in Figure S3.1. *: only emergences and losses were analyzed because PJAPO is excluded from the expansion and contraction analysis due to large amounts of gene duplications. A high-quality figure can be downloaded from https://github.com/huangyh45/ ladybird-genomes-supplementary-figures.
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Figure S4.2 Enrichment of gene ontology (GO) or Pfam annotation of lineage-specific evolving gene families (LEGFs) and present/absent ortholog groups (OGs) at the nodes or groups within ladybird clade related to diet shift. Only the top 20 GO or Pfam annotations in the enrichment results are shown. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S4.3 The expanding OGs and enrichment of Pfam annotation of them at the nodes or groups within ladybird clade related to diet shift. Only the top 5 Pfam annotations in the enrichment results are shown. *: adjusted P-value < 0.05, **: adjusted P-value < 0.01, ***: adjusted P-value < 0.001. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S4.4 The OG existence and enrichment of Pfam annotation of them at the nodes or groups within ladybird clade related to diet shift. For Epilachnini, aphidophagous and coccidophagous ladybirds including several species, only the OGs present or absent in all species are considered in the picture. Only the top 5 Pfam annotations in the enrichment results are shown. *: adjusted P-value < 0.05, **: adjusted P-value < 0.01, ***: adjusted P-value < 0.001. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S4.5 Enrichment of gene ontology (GO) or Pfam annotation of emergent or lost ortholog groups (OGs) at the nodes within ladybird clade related to diet shift using the extended data. The emergent and lost OGs of Coccinellidae are obtained by comparison with the outgroups, and the emergent and lost OGs of other nodes are obtained by comparison within the ladybirds. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.



[bookmark: _Toc148913174]5 Diet-specific transcriptome comparison

[bookmark: _Toc148913175][bookmark: _Hlk104077467]5.1 Materials and methods

[bookmark: _Toc148913176][bookmark: _Hlk104074907]5.1.1 Insect rearing and sample collection

[bookmark: _Hlk115616894]Five carnivorous ladybird species included in the genome dataset, CMONT, PJAPO, MDISC, CSEPT and HAXYR, and Tran_LSAUC in the extended dataset, were fed different diets respectively, including APHID (the aphid Aphis craccivora for MDISC and Megoura japonica for the rest), MEALYBUG (the mealybug Planococcus citri), MOTHEGG (eggs of the flour moth Ephestia kuehniella) and POLLEN (pollen of Brassica campestris) (Table S5.1, Additional file 2: Table SE2). These diets were the main or alternative diets from the nature, which could support the life cycle of the ladybirds. Some of these transcriptomes were published and we added some comparisons in this study. In the experiments, newly hatched ladybird larvae were fed the diets and each individual was kept in a separate plastic Petri dish (3.5 cm diameter and 1.2 cm height) in climatic chambers set at 25 ± 1 °C with a relative humidity (RH) of 75 ± 5% and a photoperiod of 14:10 (L:D) h. Two or three fourth instar larvae (~24 h after molting) of the ladybirds from each diet treatment were collected for transcriptome analysis and frozen in liquid nitrogen or at −80 °C before RNA extraction. Additionally, we also collected other diet-specific transcriptome comparisons of carnivorous ladybirds previously published, in order to extend our knowledge. 
[bookmark: _Hlk115625978]In addition, to explore the herbivory of HVIGI, we also designed diet-specific experiments. The male adults of the ladybirds which were reared using leaves of Solanum nigrum from larvae, were randomly divided into three groups and fed still leaves of S. nigrum (PLANT), sugar water for one day (SUGAR1d) and five days (SUGAR5d), respectively. Each individual was kept, collected and frozen in the same way as the carnivorous ladybirds.

[bookmark: _Toc148913177]5.1.2 Transcriptome sequencing and analysis

RNA was extracted from the whole body of each collected individual, and the libraries were constructed and sequenced on an Illumina HiSeq 2500 platform with a 6-Gb sequencing depth for each individual. Adaptors and low-quality sequences were removed using the default settings for Trimmomatic v0.36 (Bolger et al., 2014). 
[bookmark: _Hlk137698341][bookmark: _Hlk137698373][bookmark: _Hlk137698410][bookmark: _Hlk115712095]Subsequently, the clean reads of each sample were mapped to the genome of corresponding species using HISAT2 v2.2.0 (Kim et al., 2019). Gene-level abundance estimation was performed using StringTie v2.1.4 (Kovaka et al., 2019) based on genome predictions. For Tran_LSAUC without genomes, the coding sequences (CDSs) obtained by EvidentialGene in Section 1.1.6 was used as reference to map the reads by Bowtie2 v2.3.5 (Langmead and Salzberg, 2012) and then estimate abundance by RSEM v1.3.3 (Li and Dewey, 2011). The coefficient of determination (r2) from Pearson’s correlation analysis was used to analyze the relationship of each sample pair based on fragments per kilobase of transcript per million mapped reads (FPKM) values calculated by StringTie or RSEM, from which the values of genes with mean values < 1 were filtered out. Differential expression analysis between treatments was performed using DESeq2 (Love et al., 2014) according to the standard workflow, with a log2(fold change) (log2FC) value > 1 or < -1 and an adjusted P-value (Q-value) < 0.05 used as the criteria for defining differentially expressed genes (DEGs). The OG enrichment was then conducted by clusterProfiler package (Yu et al., 2012) with the adjusted P-value cutoff of 0.05 based on the OG assignment results (gene-to-OG relationships) obtained in Section 1.1.7. For our comparisons between APHID, MEALYBBUG, MOTHEGG and POLLEN treatments, we further connected the DEGs with the evolution events at the nodes of Coccinellidae, Coccinellini or MDISC detected in Section 3-4. The GO and Pfam enrichment in HVIGI were also performed based on the annotations of HVIGI. And those genes with both differential expression and evolution events were also used to perform GO and Pfam enrichments by clusterProfiler package in each species, respectively.

[bookmark: _Toc148913178]5.2 Results
[bookmark: _Hlk115617483]
[bookmark: _Toc148913179]5.2.1 Diet-specific differentially expressed genes in six carnivorous ladybirds

[bookmark: OLE_LINK22][bookmark: _Hlk116003816]We selected totally fourteen diet-specific transcriptome comparisons of the larvae of six carnivorous ladybirds (Table S5.1). The r2 values for the relative gene expression among the replicates of each treatment are all larger than 0.7, mostly ranging from 0.86-0.99 (Figure S5.1), revealing relatively close expression patterns and high repeatability within treatments. We have enriched the GO or KEGG terms in most these comparisons in previous studies and always found that when ladybirds adapted to new diets the functions related to chemosensation, digestion, detoxification and immunity are significantly enriched (Chen et al., 2020; Huang et al., 2022; Li et al., 2024; Li et al., 2021a; Li et al., 2016a). To connect the evolution of feeding habits within the ladybirds with their expression regulation, in this study we performed an OG enrichment analysis to those DEGs found in the transcriptome comparisons. 52 OGs are significantly enriched (adjusted p<0.05) from the DEGs in at least one transcriptome comparison in the fourteen diet-specific comparisons we selected (Additional file 2: Table SE4, the corresponding node numbers are shown in Figure S3.1). Among the seventeen OGs significantly enriched (adjusted p<0.05) in at least two comparisons (Table S5.2), ten OGs are the members of LEGFs at the nodes where the ladybird ancestors change their diets (Coccinellidae, Coccinellini or MDISC). The seventeen OGs include two OGs potentially related to chemosensation (PBP/GOBP family, insect pheromone-binding family), five OGs related to protein, lipid or carbohydrate metabolism (facilitated trehalose transporter Tret1-like, fatty acid synthase-like, procathepsin L-like, fatty acyl-CoA reductase wat-like, glycosyl hydrolases family 18 (GH18, chitinase)), five OGs related to detoxification (cytochrome P450 (P450), UDP-glycosyltransferase (UGT)), one OG related to immunity (coleoptericin) and two OGs related to development (insect cuticle protein, ecdysteroid kinase).
Using all data of 143 diet-specific transcriptome comparisons of the carnivorous ladybirds, we also found sixteen OGs significantly (adjusted p<0.05) enriched from the DEGs in at least two species (Figure S5.3). Among the sixteen OGs, at least eight OGs undergo evolution events (emergence, expansion, loss and contraction) at the three nodes along with diet shift (Coccinellidae, Coccinellini or MDISC), and these sixteen OGs include two OGs related to chemosensation (PBP/GOBP family, insect pheromone-binding family), four OGs related to protein, lipid or carbohydrate digestion (facilitated trehalose transporter Tret1-like, procathepsin L-like, fatty acyl-CoA reductase wat-like, major facilitator superfamily), five OGs related to detoxification (P450, UGT), and two OGs related to development (insect cuticle protein, ecdysteroid kinase), which are mostly the same as the OGs significantly enriched in at least two comparisons among the fourteen selected comparisons. 
[bookmark: OLE_LINK27]Further, we explored the connection between the comparisons related to the specific diets and the evolution events occurring at the specific nodes with diet shift. The comparisons of APHID vs MEALYBUG in six carnivorous ladybirds reveal that, large amounts of DEGs belong to the OGs under evolution events at the ancestor of Coccinellidae or Coccinellini (Figure S5.2). These DEGs can be significantly enriched in GO or Pfam annotations including those related to chemosensation (odorant binding, PBP/GOBP family), digestion (peptidases, lipocalin, sugar transporter, papain family cysteine protease, trypsin), detoxification (UGT, glutathione S-transferase (GST), carboxylesterase). According to the counts of the DEGs, expansion in Coccinellidae and contraction in Coccinellini tend to contribute to upregulation to aphid diet, while emergence in Coccinellidae is likely to cause upregulation to the mealybug diet. Ratio of DEGs also shows that genes under evolution events at Coccinellidae tend to be upregulated in aphid diet or mealybug diet, and genes under evolution at Coccinellini also slightly tend to be upregulated in aphid diet. Additionally, the OGs with at least one upregulated DEGs in APHID vs MEALYBUG of four Coccinellini species with genomes (CSEPT, HAXYR, CSEPT and MDISC) include P450, major facilitator superfamily, juvenile hormone acid O-methyltransferase-like, glucose dehydrogenase [FAD, quinone]-like (GDH), multifunctional protein ADE2 and trifunctional purine biosynthetic protein adenosine-3 (Table S5.4), among which OG0000068 of major facilitator superfamily significantly expands in Coccinellidae and OG0003569 of trifunctional purine biosynthetic protein adenosine-3 (GART) is single-copy and positively selected at both Coccinellidae and Coccinellini ancestor. Interestingly, GART is also positively selected at the ancestor of whitefly feeding Serangiini and under selection relaxation at the ancestor of mite feeding Stethorini (Additional file 2: Table SE3), which indicates its potential role in carnivory to different Sternorrhyncha insects. It is coincidental that, GART is horizontally tranferred from bacteria to the ancestor of Sternorrhyncha (at least MRCA of aphids and coccids) (Tang et al., 2023b). Evolution of GART in both ladybirds and prey reveals similar demand of ability to synthesize purine, possibly due to management of some substances from plant to Sternorrhyncha insects and then the ladybirds.
In comparisons of Sternorrhyncha diet (APHID and MEALYBUG) versus other diet (MOTHEGG and POLLEN) in three carnivorous ladybirds, the DEGs also contain the genes belonging to the OGs under evolution at Coccinellidae ancestor (the node when the ladybirds acquire the ability to feed on Sternorrhyncha insects) (Figure S5.3). When the ladybirds feed on Sternorrhyncha diet, these genes from the evolving OGs are more likely to be upregulated based on the ratio, though this pattern does not show in PJAPO. Among the events, these upregulated genes tend to under emergence or expansion at Coccinellidae ancestor. In CMONT, major facilitator superfamily related to digestion is detected as both DEGs and the genes under evolution events, while PBP/GOBP family related to chemosensation is significantly enriched in the intersection of DEGs and evolving genes. Only OG0000406 (lytic polysaccharide mono-oxygenase (LMPO)) have at least one upregulated DEG in all the carnivorous ladybirds feeding on Sternorrhyncha diets (Table S5.4), which is lost in Epilachnini.
In the pollen-feeding ladybird MDISC, only few genes are upregulated in comparison of POLLEN diet versus other diets (APHID, MEALYBUG and MOTHEGG) (Figure S5.4). Only one gene (UGT-like) is in the expanding OGs at the node of MDISC and upregulated when eating POLLEN diet. Most genes with differential expression and evolution events are downregulated and mainly contributed by expansion. The ratio of downregulated DEGs under evolution events (~3.2%) is higher than the ratio in all the genes (~1%). These DEGs under evolution events in MDISC are mainly related to detoxification (including P450), carbohydrate metabolism and chitin-related process (including GH18). 

[bookmark: _Toc148913180]5.2.2 Diet-specific differentially expressed genes in the herbivorous ladybird Henosepilachna vigintioctopunctata

The r2 values for the relative gene expression among the replicates of each treatment are all higher than 0.75 (Figure S5.5). The enrichments of GO and Pfam terms reveal that, the downregulated DEGs in HVIGI when the ladybirds feed on sugar water instead of plant leaves, are mainly enriched in the functions related to digestion and detoxification, such as carboxypeptidase, papain family cysteine protease, serpin, glucosidase (including glycosyl hydrolase family 1 (GH1)), lipase, lipocalin, sugar transporter, chitin binding Peritrophin-A domain containing protein (CBPD), ABC transporter (ABC), cytochrome P450 (P450), glutathione S-transferase (GST), UDP-glucoronosyl and UDP-glucosyl transferase (UGT) and carboxylesterase (Figure S5.6). On the contrary, the upregulated DEGs are mainly enriched in motion and development, such as muscle development, microtubule and cuticle structure. Similarly, previous research found that the detoxification-related genes (P450s, UGTs and carboxylesterase), sugar transporters, lipocalins, GH1s and CBPDs were differentially expressed when long-horned beetle Dectes texanus or Anoplophora glabripennis fed on different plants or artificial diets (Aguirre-Rojas et al., 2021; McKenna et al., 2016), which indicates the importance of these genes to herbivory of HVIGI. According to these enrichment results of comparison between the three groups each other, the glucosidases, serpin, lipocalin and carboxylesterases tend to be downregulated as long as the ladybirds feed on sugar water instead of plant leaves, and those genes are upregulated are always with similar functions. In contrast, the transporters and the genes encoding detoxifying enzymes including ABCs, P450s, GSTs, UGTs, and CBPDs, sugar transporters are always downregulated in the comparison of SUGAR5d versus PLANT and SUGAR5d versus SUGAR1d, which means that these genes are more likely to respond to relatively long-time (five days) lack of plant leaves.
Similar with the carnivorous ladybirds, the volcano plots show that the genes from emergent or expanding OGs in Epilachnini are more likely to be upregulated when the ladybirds are fed plant leaves (Figure S5.7). Among the evolution events, expansion and emergence in Epilachnini mainly contribute to the DEGs, especially those upregulated DEGs. Moreover, the ratio of upregulated DEGs among the genes from emergent or expanding OGs in HVIGI (~6% and ~13% in comparison of SUGAR1d or SUGAR5d versus PLANT, respectively) is higher than the ratio of upregulated DEGs in all genes (~2.5% and ~7%). The genes identified as both diet-specific DEGs and members of emergent or expanded OGs in Epilachnini, mainly include serpin, lipocalin, sugar transporter, CBPD, P450, UGT, GST and carboxylesterase. Among these genes, the large amounts of detoxification-related genes seem to be able to help the herbivorous ladybirds, Epilachnini, to manage the plant secondary compounds, as same as other herbivorous insects (Heidel-Fischer and Vogel, 2015; Li et al., 2007). 
In addition, several OGs contain both upregulated DEGs in pollen-fed MDISC and leaf-fed HVIGI, including insulin-like, organic cation transporter protein, chitooligosaccharidolytic beta-N-acetylglucosaminidase, prosaposin, regucalcin-like. In pollen-fed MDISC, 8/17 upregulated DEGs are involved in these OGs, indicating high convergence when the ladybirds feeding on different plant tissues. However, the functions of these OGs are mainly related to nutrient metabolism of oligosaccharides, glycoconjugates, lipid or ascorbic acid (Aizawa et al., 2013; Aumiller et al., 2006; Azuma et al., 1998; Cattaneo et al., 2006; Nagamatsu et al., 1995), instead of degradation of plant cell wall and detoxification, as discussed in our previous research of MDISC (Huang et al., 2022). These OGs are also lack of evolution events at the node of Epilachnini and MDISC. It seems that the involved nutrient metabolism-related DEGs are associated with short-term response to the plant tissues but not key mechanism of plant adaptation.

[bookmark: _Toc148913181]5.3 Summary

We compared the expression patterns of six carnivorous ladybirds and the herbivorous ladybird HVIGI when they feed on different diets and found that the genes from LEGFs (expansion, contraction, emergence and loss) but not other selection pressure at the specific nodes with diet shift are more likely to be DEGs between the different diet treatments. The OGs enriched from the DEGs of changed diets also include several LEGFs at the specific nodes, which are mainly related to the functions connected with feeding habits, such as chemosensation, digestion, detoxification and immunity. These results indicate that the evolution of the OGs related to chemosensation, digestion, detoxification and immunity may be a result of the adaptation to the new diets in the ladybirds.
[bookmark: _Hlk135008892]However, no obvious correlation between evolution events and pollen-specific DEGs in the omnivorous ladybird MDISC is found. It is possible that the ability of pollen feeding of the omnivorous ladybirds depends on their symbiotic bacteria, as proposed in our previous research (Huang et al., 2022). In consideration of only one species in the omnivorous ladybirds with the genome and no obvious finding in evolution events of MDISC, we then focus on the aphidophagy rather than the pollinivory in MDISC in the gene family analyses and leave the problem of pollinivory for further research with more genomes and experimental evidence of the omnivorous ladybirds.



Table S5.1 Transcriptome comparisons of different diet treatments in the ladybirds. The upper-case diet treatments are used for further exploration of connection to evolution events in Section 5-10
	[bookmark: _Hlk133938097]Species
	Optimal food
	Stage
	Diet treatments
	Reference
	Usage 

	CMONT
	Mealybugs
	fourth instar larva
	APHID, MEALYBUG, MOTHEGG
	 Li et al. (2021a); Li et al. (2016a)
	Section 5.2.1, Section 7-10, main text

	
	
	
	pollen, brine shrimp egg, bee pupa, pork meat, pork liver, yellow meal worm, chicken egg, maggot, earthworm, rice moth egg, black soldier fly larva, silkworm pupa, superworm
	
	Section 5.2.1

	
	
	female adult
	APHID vs MEALYBUG
	Li et al. (2016a)
	Section 5.2.1, Section 6, Section 7-10, main text

	PJAPO
	Aphids
	fourth instar larva
	MEALYBUG vs APHID
	Chen et al. (2020)
	Section 5.2.1, Section 7-10, main text

	
	
	
	MOTHEGG vs APHID
	Li et al. (2024)
	Section 5.2.1, Section 7-10, main text

	
	
	female adult
	MEALYBUG vs APHID
	This study
	Section 5.2.1, Section 7-10, main text

	MDISC
	Aphids
	fourth instar larva
	MEALYBUG, APHID, MOTHEGG, POLLEN
	Huang et al. (2022)
	Section 5.2.1, Section 7-10, main text

	CSEPT
	Aphids
	fourth instar larva
	MEALYBUG vs APHID
	Chen et al. (2020)
	Section 5.2.1, Section 7-10, main text

	
	
	adult
	ARTIFICIAL_DIET vs APHID Aphis craccivora
	Cheng et al. (2020)
	Section 5.2.1, Section 6

	HAXYR
	Aphids
	fourth instar larva
	MEALYBUG vs APHID
	Chen et al. (2020)
	Section 5.2.1, Section 7-10, main text

	
	
	
	high-protein food, high-carbohydrate food, equivalent food
	Sun et al. (2022)
	Section 5.2.1

	
	
	female adult
	artificial diet vs Acyrthosiphon pisum in long-day photoperiod condition
	Gao et al. (2022)
	Section 5.2.1

	
	
	
	artificial diet vs Acyrthosiphon pisum in short-day photoperiod condition
	Gao et al. (2022)
	Section 5.2.1

	
	
	
	artificial diet vs aphid
	Liang et al. (2019)
	Section 5.2.1

	Tran_LSAUC
	Aphids
	fourth instar larva
	MEALYBUG vs APHID
	This study
	Section 5.2.1

	NPUMI
	Scale insects
	fourth instar larva
	Icerya aegyptiaca vs starvation
	Tang et al. (2022b)
	Section 5.2.1

	
	
	female adult
	Icerya aegyptiaca vs starvation
	Tang et al. (2022b)
	Section 5.2.1

	HVIGI
	Plant leaves
	male adult
	PLANT, SUGAR1d, SUGAR5d
	This study
	Section 5.2.2, Section 7-10 and main text (only SUGAR5d vs PLANT)





Table S5.2 Orthogroup (OG) enrichment results of differentially expressed genes (DEGs) in six carnivorous ladybird species under different diet treatments. Only the OGs with significant enrichment (adjusted p<0.05) observed in at least two comparisons are shown. The results indicate the ratio of significantly enriched comparisons/enriched comparisions/all comparisons in specific OGs.
	Orthogroup
	CMONT
	PJAPO
	HAXYR
	CSEPT
	MDISC
	Tran_LSAUC
	Events
	Annotation

	OG0000025
	2/3/3
	1/2/2
	0/1/1
	1/1/1
	2/4/6
	0/1/1
	contraction in MDISC
	insect cuticle protein

	OG0000113
	0/0/3
	1/2/2
	0/0/1
	0/0/1
	5/6/6
	0/0/1
	expansion in MDISC, expansion in Epilachnini
	UDP-glucosyltransferase

	OG0000120
	0/0/3
	1/1/2
	0/0/1
	0/0/1
	5/5/6
	0/0/1
	expansion in Coccinellidae, expansion in Epilachnini
	PBP/GOBP family

	OG0000044
	1/3/3
	1/1/2
	0/1/1
	0/0/1
	3/4/6
	0/0/1
	expansion in MDISC
	cytochrome P450

	OG0000111
	0/0/3
	0/0/2
	0/0/1
	0/0/1
	4/5/6
	0/0/1
	-
	facilitated trehalose transporter Tret1-like

	OG0000134
	0/0/3
	0/0/2
	0/0/1
	0/0/1
	4/5/6
	0/0/1
	expansion in MDISC, expansion in Epilachnini
	fatty acid synthase-like

	OG0000041
	0/3/3
	0/0/2
	0/1/1
	0/0/1
	2/5/6
	1/1/1
	-
	ecdysteroid kinase

	OG0000047
	0/3/3
	1/1/2
	0/1/1
	0/1/1
	2/6/6
	0/1/1
	-
	UDP-glucosyltransferase

	OG0000184
	0/0/3
	0/0/2
	0/0/1
	0/0/1
	3/5/6
	0/0/1
	expansion in MDISC
	glycosyl hydrolases family 18

	OG0000439
	0/0/3
	0/0/2
	0/0/1
	0/0/1
	3/3/6
	0/0/1
	expansion in MDISC
	UDP-glycosyltransferase

	OG0000458
	0/0/3
	0/0/2
	0/0/1
	0/0/1
	3/3/6
	0/0/1
	expansion in MDISC
	coleoptericin

	OG0000042
	0/1/3
	0/1/2
	1/1/1
	1/1/1
	0/3/6
	0/1/1
	-
	insect pheromone-binding family

	OG0000065
	1/3/3
	0/2/2
	1/1/1
	0/1/1
	0/0/6
	0/1/1
	contraction in Coccinellini
	procathepsin L-like

	OG0000081
	1/3/3
	1/1/2
	0/1/1
	0/0/1
	0/0/6
	0/1/1
	-
	cytochrome P450

	OG0000106
	0/3/3
	1/1/2
	0/0/1
	0/0/1
	1/3/6
	0/0/1
	expansion in MDISC
	fatty acyl-CoA reductase wat-like

	OG0000212
	0/0/3
	1/2/2
	0/0/1
	0/0/1
	0/0/6
	1/1/1
	-
	P-granule-associated novel protein 1-like

	OG0001915
	2/2/3
	0/0/2
	0/0/1
	0/0/1
	0/0/6
	0/0/1
	-
	uncharacterized protein





Table S5.3 Orthogroup (OG) enrichment results of differentially expressed genes (DEGs) in all the carnivorous ladybird species under different diet treatment comparisons we collected. Only the OGs with significant enrichment (adjusted p<0.05) observed in at least two species are shown. The results indicate the ratio of significantly enriched comparisons/all comparisons in specific OGs.
	Orthogroup
	NPUMI
	CMONT
	PJAPO
	HAXYR
	CSEPT
	MDISC
	Tran_LSAUC
	Events
	Annotation

	OG0000025
	0/2
	35/121
	1/3
	0/7
	1/3
	2/6
	0/1
	contraction in MDISC
	insect cuticle protein

	OG0000065
	1/2
	32/121
	1/3
	3/7
	0/3
	0/6
	0/1
	contraction in Coccinellini
	procathepsin L-like

	OG0000217
	0/2
	33/121
	1/3
	0/7
	0/3
	0/6
	0/1
	-
	uncharacterized protein

	OG0000247
	0/2
	26/121
	1/3
	0/7
	0/3
	0/6
	0/1
	expansion in Coccinellidae, contraction in Coccinellini
	UDP-glycosyltransferase

	OG0000041
	0/2
	18/121
	1/3
	0/7
	0/3
	2/6
	1/1
	-
	ecdysteroid kinase

	OG0000047
	0/2
	17/121
	2/3
	0/7
	0/3
	2/6
	0/1
	-
	UDP-glucosyltransferase

	OG0000068
	0/2
	17/121
	0/3
	0/7
	0/3
	1/6
	0/1
	expansion in Coccinellidae, expansion in Epilachnini
	major facilitator superfamily

	OG0000044
	0/2
	11/121
	1/3
	1/7
	0/3
	3/6
	0/1
	expansion in MDISC
	cytochrome P450

	OG0000081
	0/2
	11/121
	1/3
	2/7
	0/3
	0/6
	0/1
	-
	cytochrome P450

	OG0000027
	1/2
	6/121
	0/3
	4/7
	0/3
	0/6
	0/1
	-
	dynein axonemal heavy chain 1-like

	OG0000042
	0/2
	9/121
	0/3
	1/7
	1/3
	0/6
	0/1
	-
	insect pheromone-binding family

	OG0000106
	0/2
	7/121
	1/3
	0/7
	0/3
	1/6
	0/1
	expansion in MDISC
	fatty acyl-CoA reductase wat-like

	OG0000120
	0/2
	0/121
	2/3
	0/7
	0/3
	5/6
	0/1
	expansion in Coccinellidae, expansion in Epilachnini
	PBP/GOBP family

	OG0000113
	0/2
	0/121
	1/3
	0/7
	0/3
	5/6
	0/1
	expansion in MDISC, expansion in Epilachnini
	UDP-glucosyltransferase

	OG0000111
	0/2
	0/121
	0/3
	1/7
	0/3
	4/6
	0/1
	-
	facilitated trehalose transporter Tret1-like

	OG0000212
	0/2
	0/121
	2/3
	0/7
	0/3
	0/6
	1/1
	-
	P-granule-associated novel protein 1-like



Table S5.4 Ortholog groups (OGs) with at least one upregulated DEG in each species under specific diet treatments in the ladybirds. The numbers of each species represent the counts of upregulated DEGs. Comparisons of APHID and MEALYBUG include APHID vs MEALYBUG (or MEALYBUG vs APHID) in larvae of CMONT, PJAPO, HAXYR, CSEPT, MDISC, with APHID vs MEALYBUG in larvae of Tran_LSAUC and female adults of CMONT and PJAPO as supplements. Specifically, for APHID-related OGs, only the OGs containing at least one upregulated DEG in larvae of Coccinellini species (PJAPO, HAXYR, CSEPT and MDISC) are shown in the table. Comparisons of Sternorrhyncha include APHID+MEALYBUG vs MOTHEGG in larvae of CMONT, APHID vs MOTHEGG in larvae of PJAPO and APHID+MEALYBUG vs MOTHEGG+POLLEN in larvae of MDISC, with ARTIFICIAL_DIET vs APHID in the female and male adults of CSEPT as supplements. Comparisons of plant tissues include POLLEN vs APHID+MEALYBUG+MOTHEGG in MDISC and PLANT vs SUGAR5d in HVIGI.
	Orthogroup
	Diet
	CMONT
	PJAPO
	HAXYR
	CSEPT
	MDISC
	HVIGI
	Others
	Annotation

	OG0000044
	APHID
	5
	2
	1
	2
	1
	-
	7 in female CMONT; 2 in female PJAPO
	cytochrome P450

	OG0000068
	APHID
	3
	1
	2
	1
	1
	-
	1 in Tran_LSAUC
	major facilitator superfamily

	OG0000112
	APHID
	0
	1
	2
	3
	1
	-
	1 in Tran_LSAUC; 2 in female CMONT
	juvenile hormone acid O-methyltransferase-like

	OG0000136
	APHID
	0
	4
	1
	3
	1
	-
	2 in Tran_LSAUC
	glucose dehydrogenase [FAD, quinone]-like

	OG0001844
	APHID
	1
	5
	1
	1
	3
	-
	1 in female CMONT
	multifunctional protein ADE2

	OG0003569
	APHID
	1
	2
	1
	1
	1
	-
	1 in female CMONT
	trifunctional purine biosynthetic protein adenosine-3

	OG0000406
	[bookmark: _Hlk136793804]Sternor-rhyncha
	4
	1
	-
	-
	2
	-
	1 in ARTIFICIAL_DIET vs APHID of female CSEPT
	lytic polysaccharide mono-oxygenase

	OG0000005
	plant tissues
	-
	-
	-
	-
	1
	2
	-
	uncharacterized protein

	[bookmark: _Hlk136799358]OG0000521
	plant tissues
	-
	-
	-
	-
	1
	1
	-
	insulin-like

	OG0001678
	plant tissues
	-
	-
	-
	-
	1
	1
	-
	unknown protein

	OG0003731
	plant tissues
	-
	-
	-
	-
	1
	1
	-
	organic cation transporter protein

	OG0004113
	plant tissues
	-
	-
	-
	-
	1
	1
	-
	uncharacterized protein

	OG0004610
	plant tissues
	-
	-
	-
	-
	1
	1
	-
	chitooligosaccharidolytic beta-N-acetylglucosaminidase

	OG0005318
	plant tissues
	-
	-
	-
	-
	1
	1
	-
	prosaposin

	OG0006750
	plant tissues
	-
	-
	-
	-
	1
	1
	-
	regucalcin-like
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[bookmark: _Hlk115625704]Figure S5.1 r2 of each diet treatment comparison in carnivorous ladybirds. MD: MDISC, PJ: PJAPO, CM: CMONT, HA: HAXYR, CS: CSEPT, LS: Tran_LSAUC, LA: fourth instar larvae, APH: APHID, MEA: MEALYBUG, EGG or 03D: MOTHEGG, POL: POLLEN. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S5.2 Relation between evolution events and differentially expressed genes (DEGs) in aphid and mealybug diet-specific transcriptome comparisons in the ladybirds. The enrichments are conducted using the DEGs under evolution events. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S5.3 Relation between evolution events and differentially expressed genes (DEGs) in Sternorrhyncha diet-specific transcriptome comparisons in the ladybirds. The enrichments are conducted using the DEGs under evolution events. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S5.4 Relation between evolution events and differentially expressed genes (DEGs) in pollen diet-specific transcriptome comparisons in MDISC. The enrichments are conducted using the DEGs under evolution events. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S5.5 r2 of diet treatment comparison in HVIGI. HV: HVIGI, MA: male adult, SOL: feeding on leaves of Solanum nigrum (PLANT treatment), SUA: feeding on sugar water for one day (SUGAR1d treatment), SUB: feeding on sugar water for five days (SUGAR5d treatment). 
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Figure S5.6 Enrichment of gene ontology (GO) or Pfam annotation of differentially expressed genes (DEGs) between diet treatments in HVIGI. Only the top 20 GO or Pfam annotations in the enrichment results are shown. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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[bookmark: _Hlk134747938]Figure S5.7 Relation between evolution events and differentially expressed genes (DEGs) in plant diet-specific transcriptome comparisons in Epilachnini. The enrichments are conducted using the DEGs under evolution events. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.



[bookmark: _Toc148913182]6 Tissue-specific transcriptome comparison
[bookmark: _Toc148913183]6.1 Materials and methods

Different tissue samples were mainly obtained from two ladybird species, CMONT and CSEPT. The population of CMONT was reared on the mealybug Planococcus citri, and the population of CSEPT was reared on the aphid Megoura japonica, as described in our previous research (Chen et al., 2020; Li et al., 2021a). Antenna, gut, leg, head, thorax and abdomen were separated from the healthy female or male adults of the ladybirds after eclosion within a week. The adults were fed by enough prey before dissection. For CMONT, each antenna sample was acquired from 350 individuals, along with each leg or head sample from 100 individuals, each gut sample from 5 individuals, each thorax or abdomen sample from 2 individuals. For CSEPT with larger body size, 120 individuals generated one antenna sample, with 50 individuals for each leg or head sample, 3 individuals for each gut sample, 2 individuals for each thorax or abdomen sample. Female and male groups were set for each tissue, and biological replicates were set for each group. 
Sample storage, RNA extraction, sequencing and transcriptome analyses were the same as diet-specific transcriptomes mentioned in Section 5.1. Specifically, to explore the highly expressed genes in each tissue, all samples of this tissue were compared with all other samples to detect DEGs, with the sex as covariate. Only the genes with highest mean FPKM values among all the six tissues, and identified as significantly upregulated DEGs in this tissue are considered as tissue-specific highly expressed genes. These tissue-specific highly expressed genes are enriched based on their GO or Pfam annotation in each species, respectively. Further, we connected the tissue-specific highly expressed genes with diet-specific transcriptome comparisons of the adult CMONT (APHID versus MEALYBUG) or CSEPT (APHID vs ARTIFICIAL_DIET) (Figure S5.1). To avoid missing the genes specially expressed in two or more tissues, we also performed cluster analysis using the FPKM matrix through ClusterGVis R package (https://github.com/junjunlab/ClusterGVis). Optimal number of clusters was chosen with help though visualization by getClusters function and then the gene expression was clustered by k-means method.
In addition, the tissue-specific transcriptomes of CIMPU were also sequences and analyzed. Only gut-specific transcriptome comparison was conducted, due to limited individuals. The gut and other body tissue were separated from the same wild caught individual. Each sample was generated from one individual and two biological replicates of gut or other body tissue were prepared. Sample storage, RNA extraction, sequencing and DEG detection were the same as diet-specific transcriptomes mentioned in Section 5.1.

[bookmark: _Toc148913184]6.2 Results

The r2 values for the relative gene expression among the replicates of each group are mostly larger than 0.8, except the samples of thorax in male adults of CSEPT (Figure S6.1), revealing relatively close expression patterns within the same groups. The expression in the same tissues, especially antenna, leg, gut and head (r2 > 0.8), is always similar between female and male adults, but those of thorax and abdomen are more different (r2 = 0.5-0.9). Between the tissues, the expression show relatively difference (mostly r2 < 0.5), but the expression in leg may be similar to antenna, head or thorax, and thorax may have similar patterns with abdomen. Gut in CIMPU also shows large difference with other body tissue (r2 = 0.11-0.34), indicating potential gut-specific expression patterns in herbivorous ladybirds.
The enrichments of tissue-specific highly expressed DEGs in CMONT, CSEPT and CIMPU (only gut-specific) reveal distribution of functional genes in different tissues (Figure S6.2). In the antenna, large amounts of chemosensory genes are enriched, including 7tm chemosensory receptor, 7tm odorant receptor, PBP/GOBP family, ion transport protein, ligand-gated ion channel. In the gut of the ladybirds, mainly genes related to digestion (sugar transporter, peptidase, papain family cysteine protease, major facilitator super family) and detoxification (ABC transporter (ABC), UDP-glycosyl and UDP-glucosyl transferase (UGT), Aldo/keto reductase family (AKR)) are highly expressed. Specifically, in the herbivorous ladybird CIMPU, glycosyl hydrolase family 1 (GH1), lipocalin, Peritrophin-A domain containing protein (CBPD), glutathione S-transferase (GST), carboxylesterase related to digestion or detoxification are gut-specifically expressed. These more digestion and detoxification-related genes in the gut of herbivorous ladybirds indicate potentially more need of complicated system of digestion and detoxification to manage the plant leaves. The longer gut length and more complicated gut structure of herbivorous ladybirds than carnivorous ladybirds also support this assumption (Hodek, 1973). But tissue data of other herbivorous ladybirds may be required to avoid species-specific expression patterns in CIMPU. In the leg, the main functions of the highly expressed genes are associated with motor ability and muscle development, along with some chemosensory genes, such as receptor family ligand binding region, ligand ion channel and solute-binding protein. Head-specifically expressed genes are mainly related to neuro (neurotransmitter-gated ion-channel and synapse) and chemosensation (PBP/GOBP family, receptor family ligand binding region, ion channel, 7 transmembrane sweet-taste receptor, solute-binding protein). In the thorax, the highly expressed genes are mainly energy-related, including mitochondrial process, ATP metabolism, glycolytic process, which seems to be related to energy demand of flight (Mitterboeck et al., 2017; Shen et al., 2010; Shen et al., 2009). The highly expressed genes in the abdomen of the ladybirds mainly include those related to cell division (meiosis, mitosis, chromosome segregation, spindle, microtubule, DNA replication, organelle fission) and reproduction (meiosis, sperm motility, male sterility protein). These different expression patterns in different tissues in the ladybirds may reveal their corresponding roles, such as chemosensation of antenna, food management of gut, motor ability and chemosensation of leg, neuro structure and chemosensation of head, flight ability of thorax, reproduction of abdomen.
When connecting with diet-specific transcriptome comparisons, we found that the diet-specific DEGs of APHID vs MEALYBUG treatment in CMONT include relative amounts of highly expressed genes in gut, antenna or abdomen and a few genes highly expressed in leg or thorax (Figure S6.3). Among these genes, mainly gut-specific highly expressed genes go through expansion in Coccinellidae or contraction in Coccinellini. Some aphid diet-specific upregulated DEGs are highly expressed in antenna and under expansion in Coccinellidae, while some mealybug diet-specific upregulated DEGs are highly expressed in abdomen and emergent in Coccinellidae. In APHID vs ARTIFICIAL_DIET comparison of CSEPT, DEGs also include highly-expressed DEGs in antenna, gut or abdomen, and some in head, leg or thorax (Figure S6.4). Among these genes, antenna-specific highly expressed genes are upregulated in APHID diet treatment in female adults and under expansion in Coccinellini, while antenna-specific and APHID diet-specific DEGs in male adults undergo emergence in Coccinellini, expansion or emergence in Coccinellidae. Furthermore, several gut-specific highly expressed genes are upregulated when both the female and male ladybirds not feed on aphid, which is under expansion in Coccinellidae.
[bookmark: _Hlk134305473]Using the k-means cluster method by ClusterGVis, we also got similar expression patterns in different tissues. Elbow method show that 7 or 8 clusters are the best in CMONT or CSEPT (Figure S6.5). We set the number of clusters as 8 in both species and obtained relatively similar expression patterns in CMONT and CSEPT (Table S6.1, Figure S6.6, S6.7). The clusters include Cluster Antenna (highly expressed in antenna of both sexes, Cluster 6 in CMONT and Cluster 8 in CSEPT), Cluster Head (highly expressed in head of both sexes, Cluster 7 in CMONT and Cluster 7 in CSEPT), Cluster Leg (highly expressed in leg of both sexes, Cluster 8 in CMONT and Cluster 5 in CSEPT), Cluster Gut (highly expressed in gut of both sexes, Cluster 1 in CMONT and Cluster 2 in CSEPT), Cluster Male abdomen (highly expressed in abdomen of male adults, Cluster 3 in CMONT and Cluster 1 in CSEPT), Cluster Female abdomen1 (highly expressed in thorax or abdomen of female adults, Cluster 4 in CMONT and Cluster 3 in CSEPT), Cluster Female abdomen2 (highly expressed in thorax or abdomen of female adults as well as antenna and head of both sexes, Cluster 5 in CMONT and Cluster 4 in CSEPT) and Unclassified (unclear patterns, Cluster 2 in CMONT and Cluster 6 in CSEPT). 

[bookmark: _Toc148913185]6.3 Summary

We explored the expression patterns of different tissues (antenna, gut, leg, head, thorax and abdomen) in two carnivorous ladybird CMONT and CSEPT along with gut-specific expression pattern in the herbivorous ladybird CIMPU. It found that different tissues have obviously different expression patterns and the patterns in specific tissue are related to functional role of the tissue. Chemosensory genes are highly expressed in antenna, head and leg, while genes-related to digestion and detoxification are highly expressed in the gut. The diet-specific DEGs also include relatively amounts of genes highly expressed in gut and antenna, some of which go through evolution events at the nodes with diet shift. We thus infer that these genes may be tightly associated with feeding habits in the ladybirds and deeply explore them in the downstream gene family analyses combined with the results of diet-specific and tissue-specific transcriptome comparisons.



[bookmark: _Hlk136021956]Table S6.1 Cluster of expression patterns of genes in different tissues of CMONT and CSEPT.
	
	CMONT
	CSEPT

	[bookmark: _Hlk134137563]Cluster Antenna
	Cluster 7
	Cluster 8

	Cluster Head
	Cluster 6
	Cluster 7

	Cluster Leg
	Cluster 8
	Cluster 5

	Cluster Gut
	Cluster 1
	Cluster 2

	Cluster Female abdomen1
	Cluster 4
	Cluster 3

	Cluster Female abdomen2
	Cluster 5
	Cluster 4

	Cluster Male abdomen
	Cluster 3
	Cluster 1

	Unclassified
	Cluster 2
	Cluster 6





[image: ]
Figure S6.1 r2 of each tissue group in carnivorous ladybirds. CM: CMONT, CS: CSEPT, CI: CIMPU, FE: female adult, MA: male adult, AD: adult without sex information, ANT: antenna, GUT: gut, LEG: leg, HEA: head, THO: thorax, ABD: abdomen, BOD: body without gut. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S6.2 Enrichment of gene ontology (GO) or Pfam annotation of highly expressed genes in different tissues of the ladybirds. Only the top 20 GO or Pfam annotations in the enrichment results are shown. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S6.3 Volcano plot of APHID vs MEALYBUG diet transcriptome comparison in female adults of CMONT. The evolution events at the ancestor of Coccinellidae or Coccinellini are marked by color, and the tissue-specific highly expressed genes are marked by shape. The hollow circles represent the genes without tissue-specific expression patterns. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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[bookmark: _Hlk159104043]Figure S6.4 Volcano plot of APHID vs ARTIFICIAL_DIET transcriptome comparison in female adults of CSEPT. The evolution events at the ancestor of Coccinellidae or Coccinellini are marked by color, and the tissue-specific highly expressed genes are marked by shape. The hollow circles represent the genes without tissue-specific expression patterns. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S6.5 Selection of the best k value for CMONT (left) and CSEPT (right)



[image: ]
Figure S6.6 K-means clustering of CMONT. The genes with mean FPKM values < 1 are excluded.
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Figure S6.7 K-means clustering of CSEPT. The genes with mean FPKM values < 1 are excluded.



[bookmark: _Toc148913186]7 Evolution of candidate chemosensory genes

[bookmark: _Toc148913187]7.1 Materials and methods

The OGs of candidate gene families were identified using a three-step method to ensure that all the OGs were found. First, reference genes were used as query to search the protein sets of the extended dataset by BLASTP (Camacho et al., 2009), with the E-value cutoff of 1e-5. If an OG includes >= 75% genes as BLAST hits of the reference genes, it was considered as a candidate OG and the seed of the downstream steps. Second, the Pfam annotations of the candidate OGs inferred by KinFin above in Section 1.1.7 were manually checked. The Pfam accessions which were considered accord with the candidate gene families are set as the search criteria. The OGs with the target Pfam annotations are also added into the candidate OGs. Third, the sequences from all the candidate OGs of a specific gene family were collected and aligned by MAFFT v7.480 (Katoh and Standley, 2013). Then the alignment was used as a reference to search the protein sets by HMMER v3.3 (Mistry et al., 2013) with the E-value cutoff of 1e-5. If an OG includes >= 75% genes in the HMMER results and is not included in the candidate OGs, it was added into the candidate list.
In order to connected the report functions of the specific genes to our data, we collected the reported and available genes of the ladybirds and used them as query to search our protein sets of the extended dataset by BLASTP with the E-value cutoff of 1e-5. The protein with best hit to the query, percent identity >= 95, coverage >= 95 and the same species as the query were considered as the same protein as the query and the reported function were thus connected.
[bookmark: _Hlk137697877][bookmark: _Hlk137698041][bookmark: _Hlk137698000]The genes in the candidate OGs were used to reconstruct the phylogeny by IQ-TREE (Minh et al., 2020) with 1000 UFBoot replicates after MAFFT alignments and trimAl v1.4 (Capella-Gutierrez et al., 2009) processing, respectively. The rooted species tree and the OG trees were submitted to OrthoFinder v2.5.4 (Emms and Kelly, 2019), in order to resolve the OG trees and identify the phylogenetic hierarchical orthogroups (HOGs) of the node of Coccinellidae in the species tree, which could help manually analyze the groups of the target OGs. The gene duplication events at the nodes of Coccinellidae, Coccinellini or Epilachnini within the OGs are also detected via gene tree reconciliation at the same time, with support values >= 0.8. The FPKM values and expression patterns of different diet treatments and different tissue of the genes included in the target OGs were obtained using the methods in Section 5.1.2 and Section 6.1. Only the diet-specific expression patterns in fourth instar larvae or female adults of the carnivorous ladybirds, CMONT, PJAPO, HAXYR, CSEPT and MDISC, and SUGAR5d versus PLANT comparison of the herbivorous ladybird HVIGI (Table S5.1) were considered in the gene family analyses, which had relatively high reliability with the reference genome. Motifs of the protein sequences of the target OGs were predicted by MEME v5.4.1 (Bailey and Elkan, 1994). Domains of the proteins in the target OGs were identified in Pfam v35.0 database (Mistry et al., 2021) using PfamScan script (http://ftp.ebi.ac.uk/pub/databases/Pfam/Tools/). Composition of sites in sequences was shown by the R package ggseqlogo (Wagih, 2017). The visualization of the OG trees was mainly performed by the R package ggtree (Yu et al., 2017).
[bookmark: OLE_LINK25]For candidate chemosensory genes, the reference genes obtained from the antennal transcriptomes of H. axyridis (HAXYR) (Rondoni et al., 2021) (Table S7.1). And the identification and analyses of the chemosensory OGs were performed as described above. Specifically, we performed molecular docking analyses of the OBPs to explore the candidate odor molecule ligands. The 3D structure of the OBPs were constructed based on the protein sequences on trRosetta (https:// yanglab.nankai.edu.cn/trRosetta/) (Du et al., 2021). Only the modeled structures with TM-score >= 0.7 were considered available. Then the quality of the 3D structure models was checked by SAVES v6.0 server (https://saves.mbi.ucla.edu/). The ligand 3D structures of eight representative volatiles from aphids, plants, ladybirds and coccids (Table S7.3) were downloaded from PubChem (https://pubchem.ncbi.nlm.nih.gov/) (Kim et al., 2023). Molecular Operating Environment 2019.0102 (MOE) was used to perform docking analyses. The binding pockets were predicted, and the pocket with the highest score was selected by docking analysis against the ligands. The best binding poses of ligands were ranked according to the docking score and the lowest scores were recorded.

[bookmark: _Hlk104329269]Table S7.1 Information of candidate chemosensory genes
	
	Gene name
	Pfam accession
	No. orthogroups with genes >= 30 / total orthogroups

	OR
	Odorant receptor
	PF02949
	3/47

	IR
	Ionotropic receptor
	PF00060, PF10613
	7/17

	GR
	Gustatory receptor
	PF01148, PF08395
	3/36

	OBP
	Odorant-binding protein
	PF01395
	14/120

	CSP
	Chemosensory protein
	PF03392
	3/29

	SNMP
	Sensory neuron membrane protein
	PF01130
	12/19




[bookmark: _Toc148913188]7.2 Results

[bookmark: _Hlk104229431][bookmark: _Hlk106067060]Combining homology search to the reference chemosensory genes in H. axyridis (HAXYR) (Rondoni et al., 2021) with the information of the OGs, we identified and analyzed the chemosensory OGs in both the genome dataset and the extended dataset. Details of identification of OG and the expression patterns of their genes can be found in Additional file 2: Table SE6 and SE5 and the corresponding node numbers are shown in Figure S3.1.

[bookmark: _Toc148913189]7.2.1 Chemosensory receptors: GR, IR, OR

Three OGs of OR, seven OGs of IR and three OGs of GR was identified with >= 30 gene members in all the species. Among all these OGs, only the largest OG of OR, OG0000083, is found to contract in Coccinellidae (Figure S7.1), with relatively low expression of most genes in the whole-body individuals in the diet treatments (Additional file 2: Table SE5). ORs detect volatile chemicals, including pheromones, and food-, plant- or microbe-derived compounds (Leal, 2013). Recently an OR of ladybird is reported to be related to perception of aphid-induced, aphid-derived, and plant-derived volatiles (Xie et al., 2022). Therefore, this evolution event is probably associated with the evolution of feeding habits of ladybirds, or the family-specific pheromone communication. For example, contraction of this OG may lead to lost ability to feel volatiles not related to prey and plant, as occurred in herbivorous insects compared with other insects (Obiero et al., 2021; Oeyen et al., 2020). Unfortunately, although GRs, IRs and ORs are expressed actively in the antenna or head of the ladybirds, as reported in Rondoni et al. (2021), only low expression of most GRs, IRs and ORs are found in our whole-body transcriptomic data of different diet treatments, which prevents us to analyze the expression regulations of most GRs, IRs and ORs responding to different diets and consider if the evolution events are related to evolution of carnivory in ladybird.
Only considering OGs with enough expression in the whole body, we found that in the largest IR OG, OG0000243, Clade C2 is Coccinellini-specific, while Clade C1 lost the genes of Coccinellini (Figure S7.2). Genes in this OGs are mainly expressed highly in the head, but no diet-specific DEGs in the ladybirds are detected. Therefore, the results cannot support the connection of OG0000243 to evolution of feeding habits in the ladybirds.

[bookmark: _Toc148913190]7.2.2 Soluble binding protein: OBP, CSP, and SNMP

We identified fourteen OGs as OBPs, three OGs as CSPs and twelve OGs as SNMPs with gene members >= 30.
-OBP
Among these OGs, the largest OG of OBP, OG0000120, significantly expands in Coccinellidae and Epilachnini, respectively (Figure S7.1). Five groups of the ladybirds are found in the gene tree of OG0000120, including Clade C1-C5 (Figure S7.2). Clade C5 mainly contributes to the expansion in Coccinellidae, with most genes highly expressed in the antenna, while most genes of Clade C2 and C3 are highly expressed in the head (Figure S7.3). Clade C5 also largely contribute to the expansion in Epilachnini, with a gene duplication event detected. Compared with other OGs of OBP, OG0000120 has higher ratio of diet-specific DEGs (32/61 genes, other OGs: 27/110 genes) (Figure 9.4). For example, the coccidophagous ladybird CMONT has 5/8 genes upregulated when the larvae feed on the optimal diet MEALYBUG compared with other diets, APHID or MOTHEGG respectively. And the aphidophagous ladybird MDISC has 4/11 genes downregulated when the larvae feed on the optimal diet APHID compared with other diets, MEALYBUG, MOTHEGG or POLLEN respectively, which all belong to Clade C1. No sex-biased gene is found in OG0000120. In addition, OG0000159 of OBP significant expands in MDISC and contract in CSEPT, with 1/3 upregulated DEGs in PJAPO, 2/2 upregulated DEGs in CSEPT, 1/2 upregulated DEGs in HAXYR when they feed on MEALYBUG instead of APHID, and 1/3 downregulated DEGs in HVIGI when they feed on sugar water instead of plant leaves (Additional file 2: Table SE5). 
-CSP
The largest OG of CSP is OG0000042, which mainly contains genes annotated as ejaculatory bulb-specific protein 3-like. The gene tree reveals that 14 groups of ladybird genes exist, among which Clade C14 consists of several subgroups of Coccinellidae and Epilachnini (Figure S7.2). However, no significant expansion is detected at the node of Coccinellidae and Epilachnini. A gene duplication event in Epilachnini occurs in Clade C12, but without diet-specific DEGs in HVIGI (Figure S7.4). Most genes in Clade C14 are with higher expression in the antenna, head and/or leg than other tissues, with 9/20 genes significantly higher in the antenna or head (Figure S7.3). Similarly, the genes in Clade C1 are also expressed more highly in the antenna. When the ladybirds feed on non-optimal diets, large amounts of CSP genes are upregulated and most of the DEGs are members of OG0000042 (Figure S7.4). No sex-biased genes are found in OG0000042.
-SNMP
OG0000509 of SNMP has at least two duplication events in Coccinellidae, leading to Clade C2-C4, with 2/3 upregulated DEGs in MOTHEGG-fed CMONT and 1/4 downregulated DEGs in sugar water-fed HVIGI (Figure S7.2, S7.4). Genes in this OG are highly expressed in head or gut. In OG0001163 of SNMP with most genes annotated as protein croquemort-like, a gene duplication events occur in Epilachnini. The duplicated clades contain 1/2 downregulated DEGs when HVIGI feeds on sugar water. Genes in OG0001163 are mainly expressed in leg or gut.
In addition, several OGs of OBP and CSP are under emergence in Coccinellidae or Epilachnini, including OG0009444 of OBP emergent in Coccinellidae, OG0018304 and OG0023486 of OBP and OG0026388 of CSP emergent in Epilachnini. OG0001204 of OBP has a Coccinellini-specific clade. But few diet-specific DEGs (only 1/15 of PJAPO in OG0001204) are found in these clades.
CSPs and insect OBPs, are known to bind the semiochemicals through the sensillar lymph and activate or enhance the sensitivity of specific ORs, playing a key role in an insect’s successful perception of sex pheromones, alarm pheromones, and host plant volatiles (Pelosi et al., 2014; Pelosi et al., 2006). The carnivorous ladybirds can receive alarm pheromone of prey (e.g. (E)-β-farnesene from the aphids) and the damaged or undamaged plant volatiles through their OBPs (Pervez and Yadav, 2018; Qu et al., 2022a; Tang et al., 2023a; Yang et al., 2023), while the herbivorous ladybirds can also locate the host plant through feeling the plant volatiles (Piersanti et al., 2022). Our analysis found several expanding or emergent OBP and CSP OGs in Coccinellidae and/or Epilachnini, especially OG0000120, within which DEGs between different diets are detected. The genes in these OGs are mostly expressed higher in the antenna and/or head, which seem to be related to chemosensation. These results indicate that these expansions and emergences of OBPs and CSPs are probably related to food forage through prey or plant volatiles during diet adaptation at the ancestor of Coccinellidae or Epilachnini. Molecular docking analyses by MOE also reveal that OBPs of different ladybirds in OG0000120 have relatively low binding energy (docking score < -5) to aphid alarm pheromone, mealybug sex pheromone and plant volatiles, as similar to OBPs in OG0000490, which contain the reported OBP in HAXYR binding aphid alarm pheromone and several plant volatiles (Qu et al., 2022a) (Table S7.2, S7.3). This indicates the potential ability of the expanding OG0000120 to feel the volatiles from prey and plant, but binding assays, electroantennographic experiment and RNA inference are still needed to verify these functions.
A gene of HAXYR in OBP0000120 (HAXYR.125) have been reported to be expressed higher in the female adults (Qu et al., 2021) (Table S7.2), which indicate that this OG may also have the binding ability of sex pheromones. Actually, some sex pheromones of the ladybirds are the same as some herbivore-induced plant volatiles, such as (−)-β-caryophyllene and α-humulene in HAXYR (Tang et al., 2022a; Tang et al., 2023a; Verheggen et al., 2020), and this OG possibly has dual/multiple functions in recognition of sex pheromone components and others, e.g., plant volatiles, as similar to some OBPs in other insects (Brito et al., 2016).
When the ladybirds feed on non-optimal diets, the genes from OG0000120 are upregulated or downregulated, and the CSP genes are mainly upregulated, which is inconformity to the propose that chemosensory genes are used to search the volatiles related to the optimal diet (Seagraves, 2009). It is more likely that the ladybirds search their diet by responding to the positive and negative stimuli of volatiles from their diets (Seagraves, 2009). 

[bookmark: _Toc148913191]7.3 Summary

We analyzed the OGs related to six types of chemosensory genes in this study. Gene counts in the OGs of IR and SNMP are relatively similar in different species, while most LEGFs are the OGs of GR, OR, OBP and CSP. Among these LEGFs, the largest OG of OBP, OG00000120 expands in Coccinellidae and Epilachnini, and contain high ratio of diet-specific DEGs in the ladybirds, which indicates its important role in evolution of feeding habit in the ladybirds. In addition, OG0000509 of SNMP undergoes two duplication events at clade-level in Coccinellidae and contains diet-specific DEGs in the ladybirds, which is possibly related to feeding habits.


Table S7.2 The reported function of the candidate chemosensory genes in the ladybirds.
	Reported gene name
	Gene ID
	Ortholog group
	Gene family
	High expression in qPCR
	Functional verification
	Reference

	HaxyOBP1
	HAXYR.9865
	OG0000609
	OBP
	whole body except antenna and legs of the adults
	-
	Qu et al. (2021)

	HaxyOBP2
	HAXYR.8828
	OG0001775
	OBP
	adult antenna
	-
	Qu et al. (2021)

	HaxyOBP3
	HAXYR.12474
	OG0000159
	OBP
	adult antenna
	bind the volatiles from the plants
	 Qu et al. (2021); Qu et al. (2022a)

	HaxyOBP4
	HAXYR.13864
	OG0000308
	OBP
	female adult heads
	-
	Qu et al. (2021)

	HaxyOBP5
	HAXYR.7826
	OG0000490
	OBP
	larvae, adult antenna
	bind the volatiles from the plants
	 Qu et al. (2021); Qu et al. (2022a)

	HaxyOBP6
	HAXYR.12620
	OG0008518
	OBP
	whole body of the adults
	-
	Qu et al. (2021)

	HaxyOBP7
	HAXYR.6425
	OG0001204
	OBP
	whole body of the adults
	-
	Qu et al. (2021)

	HaxyOBP8
	HAXYR.12474
	OG0000159
	OBP
	adult antenna, heads, legs and wings
	-
	Qu et al. (2021)

	HaxyOBP9
	HAXYR.10794
	OG0000609
	OBP
	whole body of the adults
	-
	Qu et al. (2021)

	HaxyOBP10
	HAXYR.125
	OG0000120
	OBP
	female adult antenna
	-
	Qu et al. (2021)

	HaxyOBP11
	HAXYR.3451
	OG0008762
	OBP
	adult wings
	-
	Qu et al. (2021)

	HaxyOBP12
	HAXYR.4847
	OG0001329
	OBP
	adult antenna
	bind the volatiles from the plants
	 Qu et al. (2021); Qu et al. (2022a)

	HaxyOBP13
	HAXYR.10836
	OG0001329
	OBP
	male adult heads
	-
	Qu et al. (2021)

	HaxyOBP14
	HAXYR.1753
	OG0000490
	OBP
	male adult heads
	-
	Qu et al. (2021)

	HaxyOBP15
	HAXYR.10522
	OG0000490
	OBP
	adult antenna
	bind the volatiles from the aphids and the plants
	 Qu et al. (2021); Qu et al. (2022a)

	HaxyOBP16
	HAXYR.8841
	OG0003462
	OBP
	whole body of the adults
	-
	Qu et al. (2021)

	HaxyOBP17
	HAXYR.168
	OG0012636
	OBP
	adult abdomens
	-
	Qu et al. (2021)

	HaxyOBP18
	HAXYR.3035
	OG0000120
	OBP
	adult thoraxes
	-
	Qu et al. (2021)

	HaxyOBP19
	HAXYR.8057
	OG0001204
	OBP
	female adult antenna, male adult heads and adult legs
	-
	Qu et al. (2021)

	HaxyOBP1_Han
	HAXYR.12862
	OG0000490
	OBP
	male adult heads or antenna
	-
	Han et al. (2019)

	HaxyOBP6_Han
	HAXYR.6209
	OG0000159
	OBP
	male adult heads or antenna and female adult wings
	-
	Han et al. (2019)

	HvarOBP1
	Tran_HVARI.35671
	OG0008973
	OBP
	adult antenna
	-
	Tang et al. (2023a)

	HvarOBP3
	Tran_HVARI.26222
	OG0000159
	OBP
	larvae, adult legs
	-
	Tang et al. (2023a)

	HvarOBP5
	Tran_HVARI.40074
	OG0001329
	OBP
	adult antenna
	feel the semiochemical cues from the aphids and habitat plants
	Tang et al. (2023a)

	HvarOBP8
	Tran_HVARI.32388
	OG0001775
	OBP
	larvae, adult antenna
	-
	Tang et al. (2023a)

	HvarOBP9
	Tran_HVARI.29152
	OG0008518
	OBP
	larvae, adult legs and wings
	-
	Tang et al. (2023a)

	HvarOBP10
	Tran_HVARI.6362
	OG0000490
	OBP
	adult heads
	-
	Tang et al. (2023a)





Table S7.3 Molecular docking analysis of ligands and its binding energy toward the ladybird OBPs in OG0000120 and OG0000490.
	Type
	Ligand
	PubChem CID
	Reference
	OG0000120
	OG0000490

	
	
	
	
	CMONT.3585
	CSEPT.9119
	HVIGI.13875
	CMONT.4963
	HAXYR.10522
	HVIGI.1836

	Aphid alarm pheromone
	(E)-β-Farnesene
	5281517
	 Qu et al. (2022a); Tang et al. (2023a)
	-6.07
	-6.12
	-6.22
	-5.93
	-6.09*
	-5.85

	Aphid sex pheromone
	(4aS,7S,7aR)-Nepetalactone
	161367
	Birkett and Pickett (2003)
	-5.18
	-4.80
	-4.55
	-5.13
	-5.15
	-5.09

	Plant volatiles
	β-Ionone
	638014
	 Qu et al. (2022a); (Tang et al., 2022a)
	-5.74
	-5.68
	-5.45
	-5.77
	-5.35*
	-5.52

	Herbivore-induced plant volatiles
	Methyl Salicylate
	4133
	Yang et al. (2023)
	-4.82
	-4.68
	-4.58
	-5.01
	-4.71
	-4.74

	Ladybird volatiles
	2-isopropyl-3-methoxypyrazine
	33166
	 Al Abassi et al. (1998); Cai et al. (2007)
	-5.22
	-4.75
	-4.86
	-5.11
	-4.89
	-5.18

	Ladybird sex pheromone
	(-)-β-Caryophyllene
	5281515
	Verheggen et al. (2020)
	-5.73
	-5.02
	-4.93
	-5.25
	-5.20
	-5.40

	Coccid and fungi volatiles
	1-Octen-3-Ol
	18827
	 Li et al. (2016b); (Tabata et al., 2011)
	-4.99
	-4.71
	-4.78
	-5.03
	-4.77
	-5.06

	Mealybug sex pheromone
	Chrysanthemyl 2-Acetoxy-3-Methylbutanoate
	45112181
	Urbina et al. (2018)
	-6.94
	-6.23
	-6.76
	-7.07
	-6.48
	-6.89


* The binding ability has been reported based on binding assay in Qu et al. (2022a).



[image: ]
Figure S7.1 Comparison of gene counts in ortholog groups (OGs) related to chemosensation in the ten ladybird genomes. Only OGs with total genes >= 30 are shown. Gene counts at the nodes of Coccinelloidea, Coccinellidae, Epilachnini and Coccinellini are reconstructed by CAFE. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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[bookmark: _Hlk137396585]Figure S7.2 Gene trees of ortholog groups (OGs) of chemosensory genes. The genes in the ladybirds are marked in color and the others without circles are the genes in the outgroup beetles. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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[bookmark: _Hlk135516193]Figure S7.3 Expression patterns of different tissue of each group in ortholog groups (OGs) of chemosensory genes. Abbreviation in the sample names: FE: female adult, MA: male adult, ANT: antenna, HEA: head, THO: thorax, LEG: leg, ABD: abdomen, GUT: gut. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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[bookmark: _Hlk159104835]Figure S7.4 Expression patterns under different diet treatments of each group in ortholog groups (OGs) of chemosensory genes. The vertical axis represents the log2(fold change) values. The positive values on the vertical axis represent upregulation when feeding on the optimal diets, while the negative values represent upregulation when feeding on the non-optimal diets. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.



[bookmark: _Toc148913192][bookmark: OLE_LINK12]8 Evolution of candidate genes related to nutrient digestion

[bookmark: _Toc148913193]8.1 Materials and methods

[bookmark: OLE_LINK29]The methods to identify and analyze the OGs related to nutrient digestion were the same as the methods for chemosensory genes in Section 7.1. The reference genes as the query were the candidate digestion genes of Tribolium castaneum (TCAST) from the NCBI Protein database. These nutrient digestion genes were obtained through searching the keywords (Table S8.1) on NCBI. Specially, we also considered digestive chitinase (Arakane and Muthukrishnan, 2010; Woodring, 2020) since most ladybirds are carnivorous and need to digest the chitin of prey, and two genes related to peritrophic membranes or potential cellulase activity, CBPD and LMPO (Jasrapuria et al., 2010; Qu et al., 2022b; Qu et al., 2022c; Rodriguez-de la Noval et al., 2019; Sabbadin et al., 2018; Tetreau et al., 2015), were considered as well. Chitinase (PF00704), CBPD (PF01607) and LPMO (PF03067) were initially identified through Pfam annotations of OGs in the second step of identification and the first step was skipped. In order to further explore the glucosidases and chitinases, the protein sequences from the target OGs were combined with reported glucosidases (only GH1) (Beran et al., 2014; Byeon et al., 2005; Cairo et al., 2013; Ferreira et al., 2001; Jones et al., 2002; Pentzold et al., 2017; Weil et al., 2007) and chitinases (Genta et al., 2006; Zhu et al., 2008a; Zhu et al., 2008b) with clear function, and the phylogenetic analyses were conducted.

Table S8.1 Candidate genes associated with nutrient digestion
	
	Gene name
	Notes
	Pfam accession
	No. orthogroups with genes >= 30 / total orthogroups

	CP
	Carboxypeptidase
	Exopeptidase
	PF00246, PF02244
	9/50

	AP
	Aminopeptidase
	Exopeptidase
	PF01433, PF17900, PF11838
	11/42

	SP
	Serine proteinase
	Endopeptidase, including trypsin, brachyurin
	PF00089
	52/346

	CAT
	Cysteine proteinase
	Endopeptidase, including cathepsin B and L
	PF00112, PF08127, PF08246
	10/74

	ASP
	aspartic proteinases
	Endopeptidase, including cathepsin D
	PF14543, PF00026
	2/29

	MMP
	metalloproteinase
	Endopeptidase
	PF00413, PF00045
	5/21

	AMY
	Alpha-amylase
	For the initial digestion of carbohydrates
	PF00128
	6/12

	GLC
	Alpha-glucosidase
[bookmark: OLE_LINK17]Beta-glucosidase
Myrosinase
	For the subsequent degradation into monosaccharides
	PF00232, PF01055
	3/18

	LIP
	Lipase
	Glycerol ester hydrolase for lipid digestion, including phospholipase
	PF04083
	12/50

	CHT
	Chitinase
	For chitin degradation
	PF00704
	10/22

	NAT
	nutrient amino acid transporter
	amino acid transporter
	PF00209
	11/23

	GLUT
	Glucose transporter protein
	[bookmark: OLE_LINK4]Transporter of monosaccharide
	PF07690, PF00083
	75/318

	SGLT
	Sodium-driven glucose symporter
	Transporter of monosaccharide, sodium-coupled monocarboxylate transporter
	PF00474
	6/17

	FABP
	Fatty acid binding protein
	Transporter of free fatty acids
	PF00061
	6/28

	FATP
	Fatty acid transport protein
	Transporter of free fatty acids
	PF13193, PF00501
	15/42

	NPC
	Niemann-Pick C1
	Transporter of sterol
	PF12349, PF02460
	7/23

	SCP
	Sterol carrier protein
	Transporter of sterol
	PF00108, PF02036, PF02803
	8/29

	CBPD
	chitin binding Peritrophin-A domain containing protein
	Chitin binding protein, particularly peritrophic matrix proteins of insects and animal chitinases
	PF01607
	6/72

	LPMO
	lytic polysaccharide mono-oxygenase
	Redox enzyme of polysaccharide (mainly cellulose and chitin) that act in conjunction with carbohydrate-active enzymes
	PF03067
	3/3



[bookmark: _Toc148913194]8.2 Results

[bookmark: _Hlk104331806]As the same method as the chemosensory genes with TCAST digestive reference genes, we used both the genome dataset and the extended dataset to identify and analyze the nutrient digestion-related OGs. Details of identification of OG and the expression patterns of their genes can be found in Additional file 2: Table SE6 and SE5 and the corresponding node numbers are shown in Figure S3.1.

[bookmark: _Toc148913195]8.2.1 Candidate genes encoding digestive enzymes

We identified nine OGs as CPs, eleven OGs as APs, 52 OGs as SPs, ten OGs as CATs, two OGs as ASPs, five OGs as MMPs, six OGs as AMYs, three OGs as GLCs, twelve OGs as LIPs and ten OGs as CHTs, with at least 30 gene members. 
-MMP, SP, CP, ASP
[bookmark: _Hlk135693165]In the peptidases and proteinases, one OG of MMP, OG0000287, which mainly contains matrix metallopeptidase 3, expand in Epilachnini and contract in Coccinellini, while one OG of SP, OG0000255, mainly including trypsin-like genes, expand in Coccinellidae and Epilachnini (Figure S8.1). The gene tree of OG0000287 reveals that the expansion in Epilachnini occur in Clade C2 and C7 (Figure S8.2). The genes in OG0000287 are with relatively low expression in gut, with only one gene expressed highly in female abdomen (Figure S8.3). When the ladybirds feed on non-optimal diets, no DEGs are detected (Figure S8.4). For OG0000255, Clade C7 is the largest group in the gene tree. Most genes in this OG are highly expressed in the male abdomen instead of other tissue, without diet-specific DEGs detected. Therefore, we cannot consider that these two OGs are related to feeding habits due to lack of support evidence of diet-specific and tissue-specific expression. Additionally, OG0000196 of CP (venom serine carboxypeptidase-like), OG0000380 (lysosomal aspartic protease) and OG0003251 (lysosomal aspartic protease-like) of ASP are detected to have a gene duplication event in Epilachnini. These OGs are mainly gut-specific and contain 2/2, 1/2 and 2/2 downregulated DEGs in sugar water-fed HVIGI. OG0000164 of SP mainly containing genes annotated as serine protease snake-like or venom protease, lost genes of Coccinellini in Clade C8 without any diet-specific DEGs in CMONT and HVIGI, while Clade C3 in OG0000440 of MMP consists of only Epilachnini species with 2/2 downregulated DEGs in sugar water-fed HVIGI, but gene expression in this OG is mainly antenna-specific.
-CAT
OG0000065 of CAT (procathepsin L-like) significantly contract in Coccinellini, and expand in Coccinellidae, though not significantly. However, a gene duplication event in Coccinellini is detected in Clade C11. It is also enriched from the diet-specific DEGs in several carnivorous ladybirds in Section 5.2.1, mainly including upregulated DEGs in CMONT and downregulated DEGs in Coccinellini when the ladybirds feed on non-optimal diets. Most genes in OG0000065 are highly expressed in the gut, which seem to be related to digest their prey. In the herbivorous ladybird HVIGI, 6/20 genes in OG0000065 are downregulated when they feed on sugar water. Similarly, OG0000293 of CAT (cathepsin B) also significantly contracts in Coccinellini, with most gut-specific genes and few diet-specific DEGs (1/6 downregulated in CMONT, 1/3 downregulated in MDISC and 2/3 upregulated in CSEPT). OG0000414 of CAT has an Epilachnini-specific clade C4, and genes are duplicated in this clade, but without diet-specific DEGs. CAT is previously reported as the main digestive enzyme in both the carnivorous ladybirds and herbivorous ladybirds (Álvarez-Alfageme et al., 2008; Gholamzadeh-Chitgar et al., 2017; Koo and Park, 2002; Walker et al., 1998; Zibaee, 2020), which support our discovery of diet-specific DEGs. In the adults of the coccidophagous ladybird CMONT, the activity will be reduced when they feed on aphids (Zibaee, 2020). Combined with expansion in Coccinellidae and contraction in Coccinellini, we considered that OG0000065 of CAT is likely to digest coccids or mealybugs rather than the aphids, probably due to different proteinaceous components or even glycoproteins in the aphids and coccids (Brown, 1975). The main upregulation in CMONT and downregulation in aphidophagous Coccinellini of CATs seem to be feedbacks to the amounts of some coccid-specific nutrition or components.
-Lipase
[bookmark: _Hlk135693101]Additionally, OG0000139 of LIP is found to expand in Epilachnini, whose gene tree reveal that Clade C6 mainly contribute to the expansion (Figure S8.2). And genes of Coccinellini species are lost in Clade C4. However, the genes of OBP0000139 are not expressed obviously in specific tissues (Figure S8.3). Furthermore, few diet-specific DEGs are detected. In HVIGI, only 2/17 genes are downregulated DEGs under sugar water diet treatment (Figure S8.4). We do also not have enough evidence to support the relation between this OG and feeding habits.
-GLC
A GLC OG (OG0000110, GH1, mainly annotated as myrosinase 1-like) expanded at the node of Epilachnini without significance and significantly contract in Coccinellini. GH1 may be related to its herbivory through plant cell wall digestion or detoxification (Beran et al., 2014; McKenna et al., 2019). But no detected event can support that this OG is related to evolution of feeding habits of Epilachnini. In Clade C2, two Epilachnini-specific duplication events are found with only support of 0.67 or 0.78. It is also the only group with mainly gut-specific and plant leaf treatment-specific genes (Figure S8.5). Phylogenetic analysis finds that Clade C2 is close to digestive β-glycosidase to cellobiose in Tenebrio molitor (Ferreira et al., 2001), implying potential hemicellulase function of this group. In contrast, Clade C3 loses one of the activated sites in most sequences, mainly as proton donor (Jones et al., 2002). GH1 may hydrolyze glycosidic bonds to release non-reducing terminal glucosyl residues from glycosides and oligosaccharides in the downstream of cellulose degradation and thus help herbivorous beetle digest the plant cell wall, along with other upstream plant cell wall-degrading enzymes (PCWDEs), such as GH9, GH28, GH45 and so on (He et al., 2022; McKenna et al., 2019). However, no other PCWDEs are detected in HVIGI, which is different with other herbivorous beetles like weevils and leaf beetles, having a variety of plant cell wall-degrading enzymes (McKenna et al., 2019). Only GH1 exists in the whole ladybird lineage and is putative to be inherited vertically from ancient animals (Chang and Lai, 2018; McKenna et al., 2019). When the pollen-feeding ladybird MDISC eat pollen, GH1 has no respond to the pollen diet, and it is even downregulated in CMONT (Huang et al., 2022). It seems that GH1 in those carnivorous ladybirds have other function instead of plant cell wall digestion. It has been also reported that myrosinase of GH1 can contribute to detoxification of plant toxin (e.g. glucosinolates) in the insects (Beran et al., 2014; He et al., 2022). Although no ladybird clade is close to reported myrosinases, and compared with the myrosinase in Phyllotreta striolata (Beran et al., 2014) without motif 6, all ladybird groups have this motif (Figure S8.5), myrosinase can independently originate in different linages (Beran et al., 2014; Ferreira et al., 2001; He et al., 2022). The exact function of GH1 in Epilachnini is needed to be further explored in the future.
-Chitinase
For chitinase, OG0000184 (Group IV chitinases) has two clades (Clade C3 and C5) lost genes of Epilachnini and contains 2/2 and 1/1 downregulated DEGs when MDISC feeds on pollen. Most genes belonging to this OG are highly expressed in the gut. Phylogeny shows that Group IV chitinases in Tribolium castaneum and Tenebrio molitor, which are highly expressed in the gut and make no contribution to phenotypic development (Genta et al., 2006; Zhu et al., 2008a; Zhu et al., 2008b), are homologous to this OG (Figure S8.6). All of these results show that this OG is digestion-related, and likely to digest the chitin of the insect prey. However, Epilachnini genes are duplicated in Clade C6, though without diet-specific DEGs in HVIGI. Other clades in OG0000184 also contain diet-specific DEGs, including 3/6 upregulated genes in CMONT, 5/7 downregulated genes in MDISC and 1/5 downregulated genes in HVIGI. The group containing diet-specific DEG in HVIGI, Clade C2, contains the only two genes in without downregulation under pollen treatment compared with insect diet treatments in MDISC. This group has chitin binding Peritrophin-A domain in the C-terminal. These genes may be associated with chitin degradation in the gut structure of the ladybirds or in immunity against pathogens containing chitin, as reported in other insects (Arakane and Muthukrishnan, 2010). The absence of this domain in other groups may lead to easiness of inactivation under proteolytic attack and low activity against colloidal chitin, which possibly contributes to digestive activity without peritrophic peritrophic damage (Genta et al., 2006). In addition, Clade C5 of OG0000537 lost Coccinellini genes, but genes in this OG are highly expressed in head or leg, excluding its digestive role.
Furthermore, OG0008949 of CP (carboxypeptidase D-like), OG0009358 and OG0009447 are emergent in Coccinellidae, while OG0011191 of CAT (procathepsin L-like) is emergent in Coccinellini. OG0014174 (Kallikrein 1-peptidase b1), OG0015067, OG0030813 (Trypsin-2) of SP and OG0047347 of CAT are emergent in Epilachnini. OG0000774 (lipase-like) and OG00009300 ((Lyso)-N-acylphosphatidylethanolamine lipase-like) of LIP are emergent in Coccinellidae and OG0012264 of LIP (Abhydrolase domain-containing protein 2) is lost in Coccinellidae, indicating fast evolution of LIPs in the ladybirds. But these OGs are not gut-specific or diet-specific.

[bookmark: _Toc148913196]8.2.2 Candidate genes encoding nutrient transporters

Eleven, 75, six, six, fifteen, seven and eight OGs containing at least 30 gene members are identified as NATs, GLUTs, SGLTs, FABPs, FATPs, NPCs and SCPs, respectively. 
-FABP
Among these OGs, OG0000283 of FABP, mainly including apolipoprotein D-like genes, expands in both Coccinellidae and Epilachnini (Figure S8.7). Clade C5 in the gene tree mainly contribute to the expansion in Coccinellidae and Epilachnini, with a gene duplication event in Epilachnini, while Clade C4 completely consists of genes in Epilachnini species (Figure S8.8). The heatmap of tissue expression patterns shows high expression of this OG in gut (Figure S8.9). There are large amounts of diet-specific DEGs in OG0000283, including 3/12 DEGs (mainly upregulated) in CMONT and 9/27 downregulated DEGs in HVIGI under non-optimal diet treatments (Figure S8.10). 
-GLUT
[bookmark: _Hlk136206654]Two OGs of GLUT, including OG0000068 and OG0000088, are detected as significantly expanding OGs in both Coccinellidae and Epilachnini. The expansion in OG0000068 mainly occur in Clade C5, while the expansion in OG0000088, which are mostly annotated as facilitated trehalose transporter Tret1-like genes, mainly occur in Clade C3 (Figure S8.8). A gene duplication event in Coccinellidae occur in OG0000068, leading to Clade C3 and C4, and Epilachnini genes are duplicated in Clade C5. Most genes of OG0000088 are specifically expressed in the gut, while most genes in Clade C5 of OG0000068 are highly expressed in the thorax or abdomen (Figure S8.9). OG0000068 contain relatively less diet-specific DEGs, including 5/29 genes in CMONT and 4/31 (3 downregulated and 1 upregulated) genes in HVIGI when feeding on non-optimal diets, while OG0000088 contain more diet-specific DEGs, including 8/12 genes (mainly upregulated) in CMONT and 8/21 downregulated DEGs (Figure S8.10). Besides, OG0000180 (facilitated trehalose transporter Tret1-like), OG0000204 (synaptic vesicle glycoprotein 2-like), OG0000260 (facilitated trehalose transporter Tret1-like), OG0000315 (facilitated trehalose transporter Tret1-like), OG0000375 (solute carrier family 22), OG0000398 (feline leukemia virus subgroup C receptor-related protein-like), OG0000574 (facilitated trehalose transporter Tret1-like), OG0000803 (facilitated trehalose transporter Tret1-like) of GLUT also have Epilachnini-duplicated clades, while OG0000180, OG0000315, OG0002318 (organic cation transporter protein-like) of GLUT have duplicated clades in Coccinellini. Most these OGs are mainly gut-specific and contain diet-specific DEGs. 
-FATP
Two gene duplication events in Epilachnini take place in Clade C2 and C4 of OG0000118 of FATP, with 3/10 downregulated DEGs in HVIGI in the duplicated clades. Clade C1 of OG0000118 also has a clade containing only genes in carnivorous ladybird, with 1/1 diet-specific DEGs in HAXYR. Most genes in OG0000118 are highly expressed in gut or abdomen. Further, OG0000295 and OG0000391 (4-coumarate--CoA ligase 1-like) have an Epilachnini-specific gene duplication respectively, but few genes in them are gut-specifically expressed and diet specific DEGs in HVIGI.
Additionally, Clade C1 and C2 in OG0000989 of GLUT (facilitated trehalose transporter Tret1-like) lost all genes of Coccinellini, with high expression in antenna or head in CMONT. OG0008542 (facilitated trehalose transporter Tret1-like) and OG0008954 (sialin-like) of GLUT are emergent in Coccinellidae, and OG0008906 of GLUT only exists in carnivorous ladybirds, while OG0010502 of GLUT (monocarboxylate transporter) and OG0010643 of NAT (sodium-dependent nutrient amino acid transporter 1-like) are lost in Coccinellidae. OG0011948, OG0019650, OG0021245 and OG0026466 of FABP are emergent in Epilachnini. Among these OGs, only OG0008906 and OG0011948 mainly contain gut-specific genes and downregulated DEGs in non-optimal diet-fed ladybirds, which indicates important roles of GLUT and FABP in the evolution of ladybird feeding habits.
Combined with the expression patterns of different tissues and diets, OG0000118 (FATP), OG0000283 (FABP) and OG0000088 (GLUT) are most likely to be related to the evolution of feeding habits in the ladybirds. FATP, FABP and GLUT are the transporters of free fatty acids and monosaccharide respectively. FATP can also be related to fat storage in the ladybirds (Xiang et al., 2021), but the related OG does not experience evolution events (Table S8.2). The expansion or duplication of FATP, FABP and GLUT in Coccinellidae or Epilachnini is possibly associated with adaptation to new nutrition in their prey or plant diets, compared with their original diet fungi or insects, respectively, such as some glucans, melezitose, linoleic acid, palmitoleic, oleic and linolenic acids (Lundgren, 2009). In addition, fatty acid is also one of the main components in the wax of the scale insects (Tong et al., 2022). When the ladybird ancestor adapts to the scale insects, the wax shell of the prey may need to be managed and drive the evolution of FATP and FABP.

[bookmark: _Toc148913197]8.2.3 Other candidate genes related to digestion

-CBPD, LMPO
[bookmark: _Hlk137659778]Six CBPD OGs with gene members >= 30 are identified, among which OG0000227 expands in Epilachnini and contract in Coccinellini (Figure S8.11). The expansion in Epilachnini is mainly in Clade C2 in the gene tree, with at least two gene duplication events in Epilachnini (Figure S8.12). The genes in this OG are mainly expressed in the gut, followed by thorax and abdomen (Figure S8.13). In HVIGI, 9/11 downregulated DEGs are found when they feed on sugar water compared with plant leaves (Figure S8.14). In addition, three LMPO OGs with total genes >= 30 are found, with OG0000406 lost in Epilachnini (Figure S8.11). Most genes in OG0000406 are highly expressed in the gut and some genes are highly expressed in the leg or antenna (Figure S8.13). Diet-specific DEGs of the carnivorous ladybirds are found in this OG, including 5/6 genes in CMONT and 2/4 genes in MDISC (Figure S8.14). OG0000406 also contains at least one respective upregulated DEG responding to Sternorrhyncha diets in CMONT (5/6), MDISC (2/4) and PJAPO (1/9), and 2/4 downregulated DEGs in pollen-fed MDISC compared with those fed by insect diets (Figure S8.15). Compared with other beetles, approximately half of ladybird genes in OG0000406 have a specific motif 9. Additionally, OG0014569 of CBPD is lost in Coccinellidae.
[bookmark: OLE_LINK26]CBPD is likely to expressed in the insect midgut and associated with structural and functional integrity of peritrophic membranes, and thus can influence the digestion ability (Jasrapuria et al., 2010; Rodriguez-de la Noval et al., 2019; Tetreau et al., 2015), with one OG (OG0000227) in our study which has larger gene counts in not only in Epilachnini but also in other herbivorous beetles (e.g. leaf beetles, long-horned beetle and emerald ash borer) than carnivorous beetles (including other ladybirds) (Figure S8.16) and contains downregulated DEGs in diet treatment comparison in HVIGI, probably related to digestion of plant tissues or components. On the contrary, one LPMO OG (OG0000406) lost its gene members in Epilachnini. LPMO is mainly related to cellulose degradation, but it can also assist chitin degradation during development in insects, especially for development of peritrophic matrix (Qu et al., 2022b; Qu et al., 2022c). The loss of the LPMO genes seems to be related to chitin degradation and development instead of digestion of the plant diet, which is different with the role of cellulose digestion of some LPMO genes in Thermobia domestica (Sabbadin et al., 2018). The gene members downregulated under pollen diet treatment also indicate a potential function of direct digestion to chitin in the insect prey. But more experimental evidence may be needed.

[bookmark: _Toc148913198]8.3 Summary

[bookmark: _Hlk104771396]The OGs of nine digestive enzymes, seven nutrient transporters and two other digestion-related genes were explored. Summarizing the information of evolution events and expression patterns, we found at least six OG related to evolution of feeding habits in the ladybirds, including OG0000065 of CAT, OG0000184 of chitinase, OG0000283 of FABP, OG0000088 of GLUT, OG0000227 of CBPD and OG0000406 of LMPO. Additionally, OG0000196 of CP, OG0000380 and OG0003251 of ASP, OG0000110 of GLC and OG0000118 of FATP are duplicated in clades of Epilachnini genes and have leaf diet-specific DEGs.



Table S8.2 The reported function of the candidate digestive genes in the ladybirds.
	Reported gene name
	Gene ID
	Ortholog group
	Gene family
	High expression in qPCR
	Functional verification
	Reference

	CsACSL
	CSEPT.138
	OG0007680
	FATP
	diapause preparation phase
	fat storage during early diapause
	Xiang et al. (2021)
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Figure S8.1 Comparison of gene counts in ortholog groups (OGs) of digestive enzymes in the ten ladybird genomes. Only OGs with total genes >= 30 are shown. Gene counts at the nodes of Coccinelloidea, Coccinellidae, Epilachnini and Coccinellini are reconstructed by CAFE. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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[bookmark: _Hlk137400008]Figure S8.2 Gene trees of ortholog groups (OGs) of digestive enzymes. The genes in the ladybirds are marked in color and the others without circles are the genes in the outgroup beetles. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S8.3 Expression patterns of different tissue of each group in ortholog groups (OGs) of digestive enzymes. Abbreviation in the sample names: FE: female adult, MA: male adult, ANT: antenna, HEA: head, THO: thorax, LEG: leg, ABD: abdomen, GUT: gut. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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[bookmark: _Hlk137656601]Figure S8.4 Expression patterns under different diet treatments of each group in ortholog groups (OGs) of digestive enzymes. The vertical axis represents the log2(fold change) values. The positive values on the vertical axis represent upregulation when feeding on the optimal diets, while the negative values represent upregulation when feeding on the non-optimal diets. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S8.5 Phylogeny and sequence composition of OG0000110 of GLC. The asterisks represent active sites in the domains. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S8.6 Phylogeny and sequence composition of OG0000184 of chitinase. The asterisks represent active sites in the domains. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S8.7 Comparison of gene counts in ortholog groups (OGs) of nutrient transporters in the ten ladybird genomes. Only OGs with total genes >= 30 are shown. Gene counts at the nodes of Coccinelloidea, Coccinellidae, Epilachnini and Coccinellini are reconstructed by CAFE. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S8.8 Gene trees of ortholog groups (OGs) of nutrient transporters. The genes in the ladybirds are marked in color and the others without circles are the genes in the outgroup beetles. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S8.9 Expression patterns of different tissue of each group in ortholog groups (OGs) of nutrient transporters. Abbreviation in the sample names: FE: female adult, MA: male adult, ANT: antenna, HEA: head, THO: thorax, LEG: leg, ABD: abdomen, GUT: gut. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S8.10 Expression patterns under different diet treatments of each group in ortholog groups (OGs) of nutrient transporters. The vertical axis represents the log2(fold change) values. The positive values on the vertical axis represent upregulation when feeding on the optimal diets, while the negative values represent upregulation when feeding on the non-optimal diets. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S8.11 Comparison of gene counts in ortholog groups (OGs) of CBPDs and LMPOs in the ten ladybird genomes. Only OGs with total genes >= 30 are shown. Gene counts at the nodes of Coccinelloidea, Coccinellidae, Epilachnini and Coccinellini are reconstructed by CAFE. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S8.12 Gene trees of ortholog groups (OGs) of CBPDs and LMPOs. The genes in the ladybirds are marked in color and the others without circles are the genes in the outgroup beetles. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S8.13 Expression patterns of different tissue of each group in ortholog groups (OGs) of CBPDs and LMPOs. Abbreviation in the sample names: FE: female adult, MA: male adult, ANT: antenna, HEA: head, THO: thorax, LEG: leg, ABD: abdomen, GUT: gut. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S8.14 Expression patterns under different diet treatments of each group in ortholog groups (OGs) of CBPDs and LMPOs. The vertical axis represents the log2(fold change) values. The positive values on the vertical axis represent upregulation when feeding on the optimal diets, while the negative values represent upregulation when feeding on the non-optimal diets. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S8.15 Phylogeny and sequence composition of OG0000406 of LMPO. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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[bookmark: _Hlk159107410]Figure S8.16 Expansion and contraction of OG0000227 (CBPD). The expansions are marked in red, while the contractions OGs are marked in blue. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.



[bookmark: _Toc148913199]9 Evolution of candidate genes related to detoxification

[bookmark: _Toc148913200]9.1 Materials and methods

[bookmark: _Hlk104592022]The methods for genes related to detoxification were the same as the methods for chemosensory genes in Section 7.1. The reference genes as the query were the candidate detoxification-related genes of T. castaneum (TCAST) from the NCBI Protein database. These detoxification-related genes were obtained through searching the keywords (Table S9.1) on NCBI. 


Table S9.1 Information of candidate detoxification genes
	
	Gene name
	Pfam accession
	No. orthogroups with genes >= 30 / total orthogroups

	ABC
	ATP-binding cassette transporter
	PF00664, PF01061, PF00005, PF12698, PF12679, PF12848
	30/100

	P450
	Cytochrome P450
	PF00067
	21/92

	GST
	Glutathione S-transferase
	PF13409, PF00043, PF17172, PF13417, PF02798, PF14497, PF17171, PF13410
	13/37

	UGT
	UDP-glucuronosyltransferase
	PF00201
	8/29

	COE
	[bookmark: OLE_LINK15]Carboxylesterase
	PF00135
	13/45

	AKR
	[bookmark: OLE_LINK3]Aldo-keto reductase
	PF00248
	5/26

	GDH
	[bookmark: OLE_LINK28]Glucose dehydrogenase
	PF00732, PF05199
	10/20




[bookmark: _Toc148913201][bookmark: _Hlk104671146]9.2 Results

[bookmark: _Hlk104662099]As the same method as the chemosensory genes with TCAST genes related to detoxification, the genome dataset and the extended dataset are used to identify and analyze the OGs related to detoxification. Details of identification of OG and the expression patterns of their genes can be found in Additional file 2: Table SE6 and SE5 and the corresponding node numbers are shown in Figure S3.1.

[bookmark: _Toc148913202]9.2.1 Phase I: P450 and COE

We identified 21 OGs (>= 30 genes) of P450 and thirteen OGs (>= 30 genes) of COE, including two significantly expanding OGs of P450 (OG0000050 and OG0000153) and one expanding OG of COE (OG0000084) in Epilachnini (Figure S9.1). 
-P450
Gene phylogenetic analysis of OG0000050 belonging to CYP6 reveals main expansion of Epilachnini in Clade C6 (Figure S9.2). In this OG, 5/17 genes are gut-specific highly expressed genes, which also mainly exist in Clade C6 experiencing at least two gene duplication events in Epilachnini (Figure S9.3). Among 24 genes of OG0000050 in HVIGI, six are downregulated and one is upregulated when the herbivorous ladybird feeds on sugar water (Figure S9.4). This OG also contain large amounts of diet-specific DEGs in the carnivorous ladybirds, including 6/7 genes in CMONT and 6/24 genes in PJAPO.
Expansion of OG0000153, whose gene member mainly belong to CYP4 or CYP345, mainly occurs in Clade C2 and C3 in the gene tree (Figure S9.2). Based on the heatmap of expression in different tissues, the gene expression in the gut is not higher than expression in other tissues (Figure S9.3). In HVIGI, 3/11 downregulated DEGs are detected under sugar water diet treatment (Figure S9.4).
-COE
Clade C6 of OG0000084 is the group where genes of Epilachnini mainly expand. Furthermore, two gene duplication events of Epilachnini happen in Clade C4 and C5 respectively, and Clade C5 lost the genes in Coccinellini species (Figure S9.2). Most genes of this OG have higher expression in the gut, thorax and abdomen, except Clade C4 (Figure S9.3). many diet-specific DEGs are found in OG0000084, including 4/17 downregulated DEGs in HVIGI and 6/7 DEGs in CMONT when the ladybirds eat non-optimal food (Figure S9.4).
In addition, OG0000044 of P450 (CYP9) significantly expands in MDISC, along with a gene duplication event in Epilachnini. Although relative amounts of genes in this OG are highly expressed in gut, only 1/10 sugar water-specific DEG in HVIGI is found in the duplicated clade. OG0000081 of P450 (CYP4) also has duplicated clades of Epilachnini genes in Clade C3, with no diet-specific DEGs detected in HVIGI. OG0000173 of COE also has a gene duplication event in Epilachnini. However, no diet-specific DEGs in HVIGI are detected when they feed on sugar water. OG0013146 of P450 (CYP12/301/334) are lost in Coccinellidae, and OG0030674 are emergent in Epilachnini, but without diet-specific DEGs in HVIGI. OG0010337 of P450 (CYP3A4) contain a clade losing Coccinellini species with 2/2 diet-specific DEGs in CMONT and 1/2 diet-specific DEGs in HVIGI, but genes in this OG are not highly expressed in gut. 
[bookmark: _Hlk104838961]The phase I enzymes (P450s and COEs) are able to add functional groups to a variety of endogenous toxic compounds and exogenous substances to reduce their biological activity (Chen, 2012). They are highly expressed in the midgut of insects, which are likely to manage the toxic components in the diets (Li et al., 2007). Based on our results, mainly CYP4, CYP6 and CYP9 of P450 expand or are dupliacted in Epilachnini. Among the four major clades of insect P450s, CYP6 and CYP9 are within the CYP3 clade, while CYP4 is in the CYP4 clade (Feyereisen, 2006). Multiple insect-specific blooms of gene duplications occurred in the CYP3 clade and the CYP4 clade shows a great diversity of gene sequences and functions (Feyereisen, 2006). The CYP4, CYP6 and CYP9 genes are reported involved in allelochemical tolerance, and the expansions of the members in CYP6 in insect generalists are one of the differences with specialists (Li et al., 2007). On these bases, the expansions of CYP4, CYP6 and CYP9 in Epilachnini can actually be connected with their diet shift from carnivory to photophagy. Highly expression in the gut and large amounts of the genes downregulated in sugar water-feeding HVIGI of at least OG0000050 (CYP6 of P450) and OG0000084 (COE) also indicate that their expansions in Epilachnini should be related to plant toxin management and eliminates the possibility of other function of P450s and COEs in the ladybirds (e.g. cuticular hydrocarbon biosynthesis of CYP4G in HAXYR) (Zhang et al., 2021) (Table S9.2). Additionally, P450s in HVIMA have been previously reported much more than Coccinellini speicies except PJAPO (Zhu et al., 2023), and we extend this discovery to other Epilachnini species and exclude the condition of species-specific patterns.

[bookmark: _Toc148913203]9.2.2 Phase II: GST and UGT

Thirteen OGs are identified as GSTs in our data, with gene members >= 30. 
-GST
Among the GST OGs, OG0000289 significantly expand in Epilachnini, mainly in Clade C2 and C7, and contract in Coccinellini (Figure S9.5, S9.6). When fed by sugar water, 2/7 genes in Clade C7 are detected as downregulated DEGs in HVIGI (Figure S9.8). Furthermore, the genes in Clade C7 of this OG are highly expressed in the gut (Figure S9.7, Additional file 2: Table SE5). In OG0000125, Clade C7 lost Coccinellini genes and contains 1/5 upregulated DEG in CMONT that is highly expressed in antenna.
We also found eight OGs of UGT with gene members >= 30. OG0000113 significantly expand in Epilachnini, with main gene increase and a Epilachnini-specific gene duplication event in Clade C3 (Figure S9.6). Almost all the genes of OG0000113 are gut-specific (Figure S9.7) and the OG includes 4/22 downregulated DEGs in HVIGI and 10/15 DEGs in MDISC (Figure S9.8).
-UGT
In addition, OG0000247 of UGT significantly expands in Coccinellidae and contracts in Coccinellini (Figure S9.5), with 15/25 gut-specific highly expressed genes, ten of which belong to Cluster Gut in Section 6.2 (Figure S9.7). When eating non-optimal diets, CMONT have 9/21 DEGs, CSEPT have 1/4 upregulated DEGs and PJAPO have 4/14 upregulated DEGs (Figure S9.8). 
OG0000439 of UGT also significantly expand in Coccinellidae (Figure S9.5). In the gut, 7/12 genes of this OG are highly expressed, including 5 genes in Cluster Gut in Section 6.2 (Figure S9.7). In CMONT, 4/10 genes are downregulated DEGs under non-optimal diet treatments, while 5/10 genes are downregulated DEGs in MDISC (Figure S9.8).
In OG0000047 of UGT, genes of Coccinellini are duplicated at least once and genes of Epilachnini are duplicated at least twice in Clade C8. This OG is mostly gut-specific and Clade C8 contains 2/9 DEGs in CMONT, 4/19 upregulated DEGs in PJAPO, 1/10 downregulated DEG in HAXYR, 2/13 downregulated DEGs in MDISC and 3/13 downregulated DEGs in HVIGI when the ladybirds eat non-optimal diets. OG0000229 of UGT also contains a Epilachnini-duplicated clade in Clade C3, with high expression in gut and 1/3 downregulated DEG in sugar water-fed HVIGI.
The phase II enzymes (GSTs and UGTs) couple endogenous small cofactor molecules to toxic byproducts of phase I metabolism and generate hydrophilic metabolites and they are also highly expressed in the insect midgut to manage the toxin in the diets (Chen, 2012; Li et al., 2007). At least OG0000113 of UGT and Clade C7 in OG0000289 of GST are highly expressed in the gut and tend to downregulated when HVIGI feeds on sugar water. Its expansion in Epilachnini is likely to be involved in detoxification during adaptation to plant. Interestingly, several UGT OGs also expand in Coccinellidae and differentially expressed in the carnivorous ladybirds, which seem to be associated with adaptation to their prey. In previous research, the activity of GSTs is connected to different diets in CSEPT (Nielsen et al., 2000), but we do not find evolution events of GST in Coccinellidae or Coccinellini.


[bookmark: _Toc148913204]9.2.3 Phase III: ABC

Our methods found 30 OGs of ABC, which contain at least 30 gene members (Table S9.1). However, no genes under significant expansion or contraction are detected (Figure S9.9). For the clade level, in OG0000169 of ABC, mainly containing genes of ABC-C subfamily, genes of Coccinellidae are duplicated between Clade C3 and C4, and genes of Epilachnini are duplicated in Clade C3 (Figure S9.10). This OG is mainly expressed highly in gut and contain 3/8 upregulated DEGs in CMONT, 3/8 downregulated DEGs in PJAPO, 2/5 DEGs in MDISC and 2/5 DEGs in CSEPT when feeding on non-optimal diets (Figure S9.11, S9.12).
In OG0000205, with genes mainly annotated as ABC-B subfamily, Epilachnini genes are duplicated at least twice in Clade C1 and at least once in Clade C4, while the gene duplication in Coccinellidae causes Clade C3 and C4. Highly expressed genes in gut are mostly in Clade C1, which contain 1/5 sugar water-derived downregulated DEG in HVIGI.
OG0000385 (multidrug resistance-associated protein 1-like) and OG0000921 (ABC-G subfamily) has a Coccinellidae-specific gene duplication event respectively. But few genes in the duplicated clades are gut-specific and diet-specific DEGs. Clade C3 in OG0001461 (cationic amino acid transporter) lost all Coccinellini genes, but gut-specific expression pattern is not found obviously. Therefore, we consider that not enough evidence can support their connection to feeding habits in the ladybirds.
The phase III (or 0) transporters (ABCs) are related to excretion of soluble toxic compounds (Chen, 2012). In the leaf beetles, ABCs are also reported to transport phytotoxin or metabolites from the hemolymph into defensive secretions (Strauss et al., 2013). Our results indicate a relatively stable gene counts of ABC OGs between the herbivorous ladybirds, the carnivorous ladybirds and the outgroup beetles. However, at least OG0000169 of ABC-C and OG0000205 of ABC-B undergo duplication events in Coccinellidae or Epilachnini and contain highly expressed genes in gut and diet-specific DEGs. Actually, xenobiotic transporting roles have been suggested for the ABC-A, ABC-B, ABC-C, and ABC-G subfamilies, in which ABC-B and ABC-G may be involved in transport of plant secondary compounds (Dermauw and Van Leeuwen, 2014). The different ABC subfamilies are abundant in different insect groups, respectively, for example, the ABC-C family is much more in the Cucujiformia species than other insects, which indicates different patterns of detoxification in different insect linages (Denecke et al., 2021). The duplications of ABC-B and ABC-C in Epilachnini species also implies the improvement of their xenobiotic and plant toxin transporting ability with a specific evolutionary pattern. All these support that ABC may contribute to adaptation to new prey or plant diets at the ancestor of Coccinellidae and Epilachnini, possibly by managing the toxin in the diets.

[bookmark: _Toc148913205]9.2.4 Other candidate detoxification enzymes: AKR and GDH

-AKR
Five OGs of AKR are identified with at least 30 gene members, including OG0000276 under significant expansion in Epilachnini (Figure S9.13). Its gene tree shows that main expansion occurs in Clade C1 (Figure S9.14). At least four gene duplication events in Epilachnini occur in Clade C1. Most genes of OG0000276 are highly expressed in the gut (Figure S9.15). Feeding on sugar water instead of plant leaves, 2/14 genes are significantly downregulated in HVIGI (Figure S9.16). AKRs are both phase I enzymes catalyzing the reduced nicotinamide adenine dinucleotide (phosphate) (NAD(P)H)-dependent oxido-reduction of carbonyl groups on a wide range of phytotoxins and phase II enzymes functionalizing the carbonyl group for conjugation at the same time (Mindnich and Penning, 2009). The expansion in Epilachnini, gut-specific and diet-specific expression of OG0000276 reveal its potential contribution to plant detoxification.
-GDH
Additionally, we found ten OGs of GDH (>= 30 gene members) and OG0000136 (glucose dehydrogenase [FAD, quinone]-like) significantly expands in Epilachnini, mainly in Clade C8 (Figure S9.14). Gene duplication events of Coccinellini and Epilachnini genes take place in Clade C7 and C8 respectively. Only genes in Clade C2 are gut-specific according to the expression heatmap (Figure S9.15). But diet-specific DEGs are few in OG0000136, including 1/20 downregulated genes in HVIGI, 2/10 genes in CMONT, 1/7 genes in HAXYR and 1/9 genes in MDISC (Figure S9.16). GDHs are enzymes potentially related to plant defense suppression in Hemiptera (Carolan et al., 2011; Musser et al., 2002). The OG’s expansion in Epilachnini and gut-specific expression support its important role in plant adaptation but few diet-specific DEGs remain the role unclear. OG0009119 of GDH (glucose dehydrogenase [FAD, quinone]-like) is also found emergent in Coccinellidae, with high expression in head and no diet-specific DEGs, which is hardly connected to detoxification of the diets.
OG0000423 of GDH (glucose dehydrogenase [FAD, quinone]-like) experience at least two Epilachnini-specific gene duplication events in Clade C2. The clade includes highly expressed genes in gut of CIMPU and 2/9 downregulated DEGs in sugar water-fed HVIGI, which seems to be related to detoxification in the gut of herbivorous ladybirds.

[bookmark: _Toc148913206]9.3 Summary

In this study, the OGs related to detoxification were identified and analyzed, including P450s, COEs, GSTs, UGTs, ABCs, AKRs and GDHs. Notably, at least several OGs of P450, COE, GST, UGT, ABC, AKR and GDH are considered related to plant adaptation in Epilachnini, which cover all the three phases of the insect detoxification enzyme system, while few OGs significantly expand or contain duplicated clades in Coccinellidae with prey shift. These results show the connection between herbivory in this group of ladybirds and the wide expansions of detoxification-related OGs, which is similar with the previous conclusion in other beetles (McKenna et al., 2016; Seppey et al., 2019). These genes seem to be able to help the herbivorous ladybirds, Epilachnini, to manage the plant secondary compounds, as same as other herbivorous insects (Heidel-Fischer and Vogel, 2015; Li et al., 2007). 
In addition, the detoxification-related genes seem to be also involved in diet adaptation of carnivorous ladybirds. Relatively large amounts of DEGs related to detoxification are detected in the transcriptomic comparison of APHID vs MEALYBUG in CMONT. The comparison of same treatments in CMONT adults present similar results (Li et al., 2016a). However, those aphidophagous species in Coccinellini has fewer detoxification-related DEGs in the comparison of MEALYBUG vs APHID. It seems that the coccidophagous CMONT needs to manage more toxins in the aphids. Combined with the evolutionary events, at least two UGT OG is likely to respond to the prey shift. It has been reported that the plant toxin or components (e.g. glucosinolates and phytoene) can be transmitted or processed into other toxins (e.g. isothiocyanates and carotenoids) through aphids and have an impact on the ladybirds (Francis et al., 2001; Takemura et al., 2021), which indicates a potential demand to manage toxins in prey adaptation of the carnivorous ladybirds.


Table S9.2 The reported function of the candidate detoxification-related genes in the ladybirds.
	Reported gene name
	Gene ID
	Ortholog group
	Gene family
	High expression in qPCR
	Functional verification
	Reference

	ComCYP9Z401
	CMONT.9527
	OG0000044
	P450
	-
	-
	Zhang et al. (2015)

	HaxyCYP4G79
	HAXYR.6020
	OG0000517
	P450
	-
	an oxidative decarbonylase in hydrocarbon biosynthesis and regulate cuticular melanization
	Zhang et al. (2021)

	Ha-ABCG-4C
	HAXYR.7456
	OG0005520
	ABC
	-
	RNAi leads to lethality during the pupal period
	Tsuji et al. (2018)

	Ha-w-5
	HAXYR.8353
	OG0000175
	ABC
	-
	RNAi leads to no difference
	Tsuji et al. (2018)

	Ha-w-4
	HAXYR.12013
	OG0000175
	ABC
	-
	RNAi leads to no difference
	Tsuji et al. (2018)

	Ha-w-6
	HAXYR.2778
	OG0000175
	ABC
	-
	RNAi leads to no difference
	Tsuji et al. (2018)

	Ha-w-3
	HAXYR.4219
	OG0000175
	ABC
	-
	RNAi leads to no difference
	Tsuji et al. (2018)

	Ha-w-2
	HAXYR.10971
	OG0000175
	ABC
	-
	eye pigmentation
	Tsuji et al. (2018)

	Ha-St
	HAXYR.11720
	OG0000175
	ABC
	-
	eye pigmentation
	Tsuji et al. (2018)

	HvWhite1
	HVIGI.17400
	OG0000175
	ABC
	eggs and adults
	RNAi leads to no difference
	Xu et al. (2020)

	HvWhite2
	HVIGI.16730
	OG0000175
	ABC
	larvae
	RNAi impair the climbing ability of the adults
	Xu et al. (2020)

	HvWhite3
	HVIGI.8540
	OG0000175
	ABC
	eggs, first instar larvae and adults
	eye pigmentation
	Xu et al. (2020)

	HvWhite4
	HVIGI.17828
	OG0000175
	ABC
	eggs and adults
	RNAi leads to no difference
	Xu et al. (2020)

	HvWhite5
	HVIGI.9651
	OG0000175
	ABC
	eggs
	RNAi leads to no difference
	Xu et al. (2020)
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[bookmark: _Hlk136013913]Figure S9.1 Comparison of gene counts in ortholog groups (OGs) of P450s and COEs in the ten ladybird genomes. Only OGs with total genes >= 30 are shown. Gene counts at the nodes of Coccinelloidea, Coccinellidae, Epilachnini and Coccinellini are reconstructed by CAFE. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S9.2 Gene trees of ortholog groups (OGs) of P450s and COEs. The genes in the ladybirds are marked in color and the others without circles are the genes in the outgroup beetles. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.



[image: ]
Figure S9.3 Expression patterns of different tissue of each group in ortholog groups (OGs) of P450s and COEs. Abbreviation in the sample names: FE: female adult, MA: male adult, ANT: antenna, HEA: head, THO: thorax, LEG: leg, ABD: abdomen, GUT: gut. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S9.4 Expression patterns under different diet treatments of each group in ortholog groups (OGs) of P450s and COEs. The vertical axis represents the log2(fold change) values. The positive values on the vertical axis represent upregulation when feeding on the optimal diets, while the negative values represent upregulation when feeding on the non-optimal diets. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S9.5 Comparison of gene counts in ortholog groups (OGs) of GSTs and UGTs in the ten ladybird genomes. Only OGs with total genes >= 30 are shown. Gene counts at the nodes of Coccinelloidea, Coccinellidae, Epilachnini and Coccinellini are reconstructed by CAFE. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S9.6 Gene trees of ortholog groups (OGs) of GSTs and UGTs. The genes in the ladybirds are marked in color and the others without circles are the genes in the outgroup beetles. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S9.7 Expression patterns of different tissue of each group in ortholog groups (OGs) of GSTs and UGTs. Abbreviation in the sample names: FE: female adult, MA: male adult, ANT: antenna, HEA: head, THO: thorax, LEG: leg, ABD: abdomen, GUT: gut. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S9.8 Expression patterns under different diet treatments of each group in ortholog groups (OGs) of GSTs and UGTs. The vertical axis represents the log2(fold change) values. The positive values on the vertical axis represent upregulation when feeding on the optimal diets, while the negative values represent upregulation when feeding on the non-optimal diets. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S9.9 Comparison of gene counts in ortholog groups (OGs) of ABCs in the ten ladybird genomes. Only OGs with total genes >= 30 are shown. Gene counts at the nodes of Coccinelloidea, Coccinellidae, Epilachnini and Coccinellini are reconstructed by CAFE. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S9.10 Gene trees of ortholog groups (OGs) of ABCs. The genes in the ladybirds are marked in color and the others without circles are the genes in the outgroup beetles. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S9.11 Expression patterns of different tissue of each group in ortholog groups (OGs) of ABCs. Abbreviation in the sample names: FE: female adult, MA: male adult, ANT: antenna, HEA: head, THO: thorax, LEG: leg, ABD: abdomen, GUT: gut. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S9.12 Expression patterns under different diet treatments of each group in ortholog groups (OGs) of ABCs. The vertical axis represents the log2(fold change) values. The positive values on the vertical axis represent upregulation when feeding on the optimal diets, while the negative values represent upregulation when feeding on the non-optimal diets. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S9.13 Comparison of gene counts in ortholog groups (OGs) of AKRs and GDHs in the ten ladybird genomes. Only OGs with total genes >= 30 are shown. Gene counts at the nodes of Coccinelloidea, Coccinellidae, Epilachnini and Coccinellini are reconstructed by CAFE. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S9.14 Gene trees of ortholog groups (OGs) of AKRs and GDHs. The genes in the ladybirds are marked in color and the others without circles are the genes in the outgroup beetles. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S9.15 Expression patterns of different tissue of each group in ortholog groups (OGs) of AKRs and GDHs. Abbreviation in the sample names: FE: female adult, MA: male adult, ANT: antenna, HEA: head, THO: thorax, LEG: leg, ABD: abdomen, GUT: gut. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S9.16 Expression patterns under different diet treatments of each group in ortholog groups (OGs) of AKRs and GDHs. The vertical axis represents the log2(fold change) values. The positive values on the vertical axis represent upregulation when feeding on the optimal diets, while the negative values represent upregulation when feeding on the non-optimal diets. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.



[bookmark: _Toc148913207]10 Evolution of candidate genes related to immunity

[bookmark: _Toc148913208]10.1 Materials and methods

The methods for genes related to immunity were the same as the methods for chemosensory genes in Section 7.1. The reference genes as the query were the combination of genes of Drosophila in immunoDB (Waterhouse et al., 2007) and the immunity-related genes identified from the transcriptome of H. axyridis (HAXYR) (Vilcinskas et al., 2013). Additionally, a putative antimicrobial gene, cell wall hydrolase (CWH) found in the Coccinellinae (Li et al., 2021b), was also included in the reference genes. These candidate immunity genes were listed in Table S10.1, from which those antimicrobial peptides (AMPs) reported in other insects but not found in the ladybirds, such as cecropin and knottin, were excluded. 

Figure S10.1 Candidate genes associated with immunity
	
	Gene name
	Pfam accession
	No. orthogroups with genes >= 30 / total orthogroups

	PGRP
	Peptidoglycan recognition protein
	PF01510
	5/8

	GNBP
	[bookmark: _Hlk116004764]Gram-negative binding protein
	PF00722, PF15886
	4/10

	FREP
	Fibrinogen-related protein
	PF00147
	3/5

	CTL
	[bookmark: OLE_LINK7]C-type lectin
	PF00084, PF00059
	6/11

	ATT
	Attacin
	PF03768, PF03769
	1/1

	DEFE
	Defensin
	PF01097
	2/4

	COL
	[bookmark: OLE_LINK9]Coleoptericin
	PF06286
	1/1

	ILYS
	[bookmark: OLE_LINK10][bookmark: OLE_LINK8]I-type lysozyme
	PF05497
	3/7

	CLYS
	C-type lysozyme
	PF00062
	2/2

	CWH
	[bookmark: _Hlk104410323]Cell wall hydrolase
	PF07486
	1/2

	SPI
	Serine protease inhibitor (serpin)
	PF00079
	9/28




[bookmark: _Toc148913209]10.2 Results

With the previously reported immunity-related genes from Drosophila and HAXYR (Vilcinskas et al., 2013; Waterhouse et al., 2007), we identified and analyzed the OGs related to immunity using the genome dataset and the extended dataset. Details of identification of OG and the expression patterns of their genes can be found in Additional file 2: Table SE6 and SE5 and the corresponding node numbers are shown in Figure S3.1.

[bookmark: _Toc148913210]10.2.1 Recognition protein: PGRP, GNBP, FREP, CTL

Our immunity-related gene identification found five PGRP OGs, four GNBP OGs, three FREP OGs and six CTL OGs with genes >= 30. But no OGs are under emergence, loss, significant expansion or contraction in Coccinellidae, Coccinellini or Epilachnini (Figure S10.1). In PGRPs and GNBPs, the genes tend to be downregulated when the carnivorous ladybirds feed on non-optimal diets, while large amounts of the genes of CTLs are detected as diet-specific DEGs, including both upregulated and downregulated genes (Figure S10.5). 
In OG0001879 of GNBP, genes of Epilachnini are duplicated, with 2/3 downregulated DEGs in sugar water-fed HVIGI (Figure S10.2, S10.4). Additionally, OG0001967 of FREP and OG0002820 of CTL (locomotion-related protein Hikaru genki-like) has a clade losing Coccinellini respectively. In contrast, OG0002820 also has a Coccinellini-specific clade. And OG0009397 of PGRP contains a clade without Epilachnini species. However, no diet-specific DEGs are detected in these four clades.


[bookmark: _Toc148913211]10.2.2 Antimicrobial peptide: Attacin, Defensin, Coleoptericin

For three types of AMPs, the genes are clustered into few OGs (gene members >= 30), including one attacin OG (OG0000273), two defensin OGs (OG0001269 and OG0009673) and one coleoptericin OG (OG0000458). Large counts of the genes of the three AMPs are extremely downregulated under non-optimal diet treatments (Figure S10.5). However, no significant expansion or contraction in Coccinellidae, Coccinellini or Epilachnini is detected (Figure S10.1). 
-Defensin
[bookmark: _Hlk137663574]Only OG0009673 is emergent in Coccinellidae, containing one gene in each species except NPUMI (2 genes). The genes in MDISC and HAXYR in OG0009673 are differentially expressed under different diet treatments (Figure S10.4). In the genes of Epilachnini species, however, the domains of defensin are lost, mainly led by replacement from motif 2 to motif 6 (Figure S10.6). 
-Attacin
In OG0000273, Clade C5 lost genes of Coccinellini species, with 3/4 downregulated genes in CMONT as diet-specific DEGs when the ladybirds eat APHID and MOTHEGG instead of MEALYBUG (Figure S10.4). Clade C5 has a specific motif 9, which is replaced by motif 10 in Epilachnini genes in Clade C1 and C8, and lost in most genes of Clade C10 (Figure S10.7). 
-Coleoptericin
And OG0000458 of coleoptericin significantly expands in MDISC and contracts in CSEPT. In OG0000458, the largest group, Clade C4 has arrangement of motif 5, motif 7/8 and motif 3, which is not found in other ladybird genes or genes from outgroup species (figure S10.8). Most diet-specific DEGs of coleoptericin belong to this group.

[bookmark: _Toc148913212]10.2.3 Lysozyme and Cell Wall Hydrolase

-ILYS, CLYS
[bookmark: _Hlk136278364]The two types of lysozymes, I-type lysozyme (ILYS) and C-type lysozyme (CLYS), have three OGs and two OGs (gene members >= 30) identified, respectively. OG0009100 and OG0009356 (neurogenic locus Notch protein-like) of ILYS are emergent in Coccinellidae, including 2/2 downregulated DEGs in CMONT, 1/1 downregulated DEG in CSEPT and 2/2 downregulated DEGs in MDISC when the ladybirds feed on non-optimal diets in only OG0009100. In OG0002153 of CLYS, an Epilachnini-specific clade is detected, but no diet-specific DEG is found in the clade. A gene in this OG (HAXYR.13647) has been reported without muramidase activity (Beckert et al., 2015) (Table S10.2), which also support that OG0002153 contributes little to immunity and diet adaptation.
-CWH
The CWH OG with 144 gene members, OG0001441, is a ladybird LEGF emergent at the ancestor of Coccinellinae, which conforms to the previous result that this gene was horizontally transferred from bacteria to the ladybird ancestor (Li et al., 2021b). Genes of OG0001441 are mainly gut-specific and include 1/2 downregulated DEGs in CMONT, 2/5 downregulated DEGs in PJAPO, 1/4 upregulated DEGs in HAXYR, 1/2 downregulated DEGs in CSEPT, 2/5 upregulated DEGs in MDISC and 1/3 downregulated DEGs in HVIGI under non-optimal diet treatments. However, the diet-specific DEGs in OG0001441 are not placed in the same clade in the gut-specific clade. 
Generally, similar with AMPs, several lysozyme encoding genes and CWH genes in CMONT, HAXYR, PJAPO and MDISC are detected as downregulated DEGs of different diets (Figure S10.5). 

[bookmark: _Toc148913213]10.2.4 Serpin

[bookmark: _Hlk136318268]We identified nine OGs of serpin with at least 30 gene members, including OG0000225 under significant expansion in Coccinellidae and Epilachnini and contraction in Coccinellini and MDISC (Figure S10.1). A gene duplication event in Epilachnini occurs in Clade C1 of OG0000225 (Figure S10.2). The OG includes 5/19 downregulated DEGs in HVIGI feeding on sugar water, which are all in Clade C1 (Figure S10.4). 2/16 genes in CIMPU are highly expressed in gut, and some genes in CMONT and CSEPT are highly expressed in abdomen or head (Figure S10.3). In addition, OG0011107 and OG0014613 are emergent in Epilachnini, with 1/7 downregulated DEG in HVIGI under sugar water treatment in OG0011107.
Serpins negatively regulate insect innate immunity via inhibition of serine proteinase cascades that initiate immune responses such as melanization and antimicrobial peptide production, and respond to pathogen in the insects (Meekins et al., 2017; Shakeel et al., 2019). Expansion of serpins in Coccinellidae indicates potential demand to regulate immunity when adapting to new prey. The drastic downregulations of AMPs towards the non-optimal diets above also support the connection between expansion of serpins and the immunity demand during the prey adaptation. However, most obviously, serpins expand in Epilachnini, and part of them are highly expressed in the gut of the herbivorous ladybirds and detected as diet-specific DEGs in HVIGI. It has been reported that serpins can also be expressed in the midgut and act on furin pathway to regulate secretion (Meekins et al., 2017). Therefore, it seems that serpins possibly play an important role in plant diet adaptation in the ladybirds, probably through immunity regulation to manage complicated pathogen from the plants, or secretion regulation to control the relatively various digestive proteins for plant diet. Large amounts of serpins expressed in the midgut of other herbivorous insects (e.g. the tobacco hornworm (Pauchet et al., 2010)) also support their importance in herbivory. In consideration of the target genes of serpins, mainly SPs mentioned in Section 8.2.1, OG0000255 of SP also expands in Coccinellidae and Epilachnini and genes in OG0000255 are mainly expressed in abdomen with high expression, which indicates most likely potential connection to OG0000225. But OG0000255 is not considered as digestive enzymes. Both function of these two OGs and their potential connection need to be verified and explored in the experiments.

[bookmark: _Toc148913214]10.3 Summary

We conducted the analysis on the immunity-related OGs, including the recognition proteins (PGRP, GNBP, FREP and CTL), the immune effectors (attacin, defensin, coleoptericin, lysozymes and CWH) and serpins. Notably, we found large amounts of immunity-related genes differentially expressed when the ladybirds feed on non-optimal diets, especially MOTHEGG, which leads to most downregulations of the immune effector genes. Additionally, several immune effector OGs emerged at the ancestor of Coccinellidae or Coccinellinae, such as defensin, ILYS and CWH. Evolution of the AMPs, including attacins, defensins and coleoptericins, mainly occurs with motif-level replacements or loss. And OG0000225 of serpins are detected with expansion in Coccinellidae or Epilachnini.
[bookmark: OLE_LINK5][bookmark: _Hlk135674000]Most ladybirds are carnivorous and mainly prey on the insects in the suborder Sternorrhyncha (Hemiptera), such as aphids, coccids (e.g. mealybugs and scale insects), psyllids and whiteflies. These sap-feeding insects are known to have a specific bacteriome that harbors diverse symbiont bacteria, for example, Tremblaya and Moranella in the mealybugs, and Buchnera in the aphids (Baumann, 2005). Other symbiont bacteria also widely exist in Sternorrhyncha and may have an impact on the carnivorous ladybirds, such as Serratia symbiotica in the aphids (Du et al., 2022). The symbiont bacteria of these insects may protect their hosts from carnivorous, as reported in several insects (Brownlie and Johnson, 2009; McLean, 2019), and the ladybirds thus probably require the ability to manage these symbiont bacteria or control them in a specific region. The expression response of the immunity-related genes, mainly the immune effector genes, which can enhance immunity of the ladybirds, seem reasonable under this drive. 



Table S10.2 The reported function of the candidate immunity-related genes in the ladybirds.
	Reported gene name
	Gene ID
	Ortholog group
	Gene family
	High expression in qPCR
	Functional verification
	Reference

	Haxy_C-Lys1
	HAXYR.9764
	OG0002153
	CLYS
	-
	-
	Vilcinskas et al. (2013)

	Haxy_C-Lys2
	HAXYR.13647
	OG0002153
	CLYS
	-
	no muramidase activity
	 Beckert et al. (2015); Vilcinskas et al. (2013)

	Haxy_C-Lys3
	HAXYR.12434
	OG0000465
	CLYS
	slightly inducible in the guts by immune challenge
	muramidase activity
	 Beckert et al. (2015); Vilcinskas et al. (2013)

	Haxy_C-Lys4
	HAXYR.11629
	OG0000465
	CLYS
	[bookmark: OLE_LINK24]highly inducible in the guts by immune challenge
	muramidase activity
	 Beckert et al. (2015); Vilcinskas et al. (2013)

	Haxy_i-Lys1
	HAXYR.9014
	OG0000441
	ILYS
	-
	-
	Vilcinskas et al. (2013)

	Haxy_i-Lys2
	HAXYR.13741
	OG0000441
	ILYS
	[bookmark: OLE_LINK23]fat body, but not inducible by immune challenge
	no muramidase, isopeptidase and serine hydrolase activity
	 Beckert et al. (2016); Vilcinskas et al. (2013)

	Haxy_i-Lys3
	HAXYR.1451
	OG0001109
	ILYS
	-
	-
	Vilcinskas et al. (2013)

	Haxy_i-Lys4
	HAXYR.4224
	OG0001109
	ILYS
	-
	-
	Vilcinskas et al. (2013)

	Haxy_i-Lys5
	HAXYR.11408
	OG0009100
	ILYS
	-
	-
	Vilcinskas et al. (2013)

	Haxy_i-Lys6
	HAXYR.10485
	OG0009356
	ILYS
	-
	-
	Vilcinskas et al. (2013)

	Haxy_Col9
	HAXYR.5271
	OG0000458
	COL
	-
	-
	Vilcinskas et al. (2013)

	Haxy_Col8
	HAXYR.5271
	OG0000458
	COL
	highly immune‐induced
	-
	Vilcinskas et al. (2013)

	Haxy_ColLB
	HAXYR.4935
	OG0000458
	COL
	immune‐induced
	-
	Vilcinskas et al. (2013)

	Haxy_ColLA
	HAXYR.4935
	OG0000458
	COL
	-
	-
	Vilcinskas et al. (2013)
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Figure S10.1 Comparison of gene counts in ortholog groups (OGs) related to immunity in the ten ladybird genomes. Only OGs with total genes >= 30 are shown. Gene counts at the nodes of Coccinelloidea, Coccinellidae, Epilachnini and Coccinellini are reconstructed by CAFE. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S10.2 Gene trees of ortholog groups (OGs) related to immunity. The genes in the ladybirds are marked in color and the others without circles are the genes in the outgroup beetles. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S10.3 Expression patterns of different tissue of each group in ortholog groups (OGs) related to immunity. Abbreviation in the sample names: FE: female adult, MA: male adult, ANT: antenna, HEA: head, THO: thorax, LEG: leg, ABD: abdomen, GUT: gut. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S10.4 Expression patterns under different diet treatments of each group in ortholog groups (OGs) related to immunity. The vertical axis represents the log2(fold change) values. The positive values on the vertical axis represent upregulation when feeding on the optimal diets, while the negative values represent upregulation when feeding on the non-optimal diets. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.



[image: ]
Figure S10.5 Expression patterns under different diet treatments of each immunity-related genes. The vertical axis represents the log2(fold change) values. The positive values on the vertical axis represent upregulation when feeding on the optimal diets, while the negative values represent upregulation when feeding on the non-optimal diets. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S10.6 Phylogeny and sequence composition of OG0009673 of defensin. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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Figure S10.7 Phylogeny and sequence composition of OG0000273 of attacin. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.



[image: ]
Figure S10.8 Phylogeny and sequence composition of OG0000458 of coleoptericin. A high-quality figure can be downloaded from https://github.com/huangyh45/ladybird-genomes-supplementary-figures.
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