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Abstract

:

Insects have developed sophisticated detoxification systems to protect them from plant secondary metabolites while feeding on plants to obtain necessary nutrients. As an important enzyme in the system, glycosyltransferase 1 (GT1) conjugates toxic compounds to mitigate their harm to insects. However, the evolutionary link between GT1s and insect plant feeding remains elusive. In this study, we explored the evolution of GT1s across different insect orders and feeding niches using publicly available insect genomes. GT1 is widely present in insect species; however, its gene number differs among insect orders. Notably, plant-sap-feeding species have the highest GT1 gene numbers, whereas blood-feeding species display the lowest. GT1s appear to be associated with insect adaptations to different plant substrates in different orders, while the shift to non-plant feeding is related to several losses of GT1s. Most large gene numbers are likely the consequence of tandem duplications showing variations in collinearity among insect orders. These results reveal the potential relationships between the evolution of GT1s and insect adaptation to plant feeding, facilitating our understanding of the molecular mechanisms underlying insect–plant interactions.
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1. Introduction


Insects and plants have developed intricate relationships during evolution [1]. Most known insects feed on plants to acquire necessary nutrients [2], while plants employ complex defense mechanisms against insect attacks. Plant defense mechanisms primarily rely on secondary metabolites, which are converted into highly toxically active compounds upon herbivore attack [3]. On the other hand, insects have developed a three-stage detoxification process to protect themselves from toxic compounds. The ingested secondary metabolites are metabolized by detoxification enzymes, such as cytochrome P450, carboxylesterases, and flavin-containing monooxygenases in insects or related microorganisms hosted in insect guts; the toxic by-products are then enzymatically conjugated by glutathione S-transferases and glycosyltransferase; the final products are eventually transported outside the cells and secreted out from insect bodies via binding proteins, such as the ATP binding cassette [4,5,6].



As a key enzyme in the conjugation of toxic chemicals during the detoxification process [7], glycosyltransferase (GT) plays a significant role in both eukaryotic and prokaryotic organisms [8,9]. In insects, GTs are involved in detoxification, tissue development processes, and physiological functions through glycol conjugation [10]. GTs catalyze the formation of glycosidic bonds in polysaccharides and conjugate sugar moieties to acceptors, such as proteins, lipids, and small molecules [11,12]. According to their enzymatic reactions, GTs are classified as inverting or retaining enzymes based on the transferred glycosyl group [13]. In addition, glycosyltransferases can be divided into two major classes, GT-A and GT-B, according to their folding patterns [13]. Based on sequence structure and enzymatic characteristics, GTs are currently grouped into more than 100 families [14,15].



Among them, GT1, widely distributed in bacteria, animals, plants, fungi, and viruses, is the largest family and contains more than 20,000 members [16]. GT1s, commonly referred to as UDP-glycosyltransferases (UGTs), typically utilize UDP sugars as the most common donor [17,18]. All UGTs contain two domains: a highly variable N-terminal substrate-binding domain and a relatively conserved C-terminal sugar-donor-binding domain [19]. The sugar-donor-binding domain, containing around 16 hydrophobic amino acids, including a negatively charged amino acid residue, mainly glutamic acid and aspartic acid, is involved in the binding of UDP moieties of nucleotide sugars [20,21], primarily derived from glucose and containing non-glucose sugar donors such as UDP-Rha, UDP-Gal, UDP-Xyl and UDP-GlcUA [22].



GT1s have multiple functional roles in insects. The widely acknowledged function is detoxification via the glycosylation of lipophilic compounds into water-soluble products that are readily excreted or stably managed, thereby protecting the cells from foreign toxic compounds [23]. Detoxification is mainly involved in plant secondary metabolites and insecticides. Several insect GTs have been indicated in insecticide resistance or tolerance, such as Aphis gossypii UGTs to sulfoxaflor and bifenthrin susceptibility [6], A. gossypii UGT to spirotetramat [24], Nilaparvata lugens UGTs to chlorpyrifos and imidacloprid [25,26], and Plutella xylostella UGT to chlorantraniliprole [27]. In addition, insect UGTs may play roles in olfaction, endobiotic modulation, and sequestration [9,28]. The notably elevated expression of UGT in the antennae of Drosophila melanogaster, P. xylostella, and Bombyx mori has been related to the potential role of GTs in olfaction [29,30,31]. Further evidence has suggested that B. mori UGT might be involved in feeding via recognition through their olfactory system [32]. Additionally, UGTs have been involved in the glycosylation or sequestration of multiple physiologically important components, such as cuticle tanning precursors in Manduca sexta [33] and dietary flavonoids in Polyommatus icarus [19,34].



GT1 genes have been identified in several insects through genome or transcriptome sequencing. The numbers of GT1 gene copies present in insect species range from 12 (honeybee) to 58 (aphid) [35]. The number of detoxification genes, including GT1, is generally higher in omnivorous and herbivorous insects feeding on chemically complex plant tissues than those feeding on relatively simple plant components, such as plant sap, nectar, and pollen [36,37,38]. However, a detailed investigation of the relationship between GT1 gene copies and insect feeding habits remains to be conducted. Furthermore, as an important detoxification enzyme, how it is related to the shifts in diets in insects remains elusive. Here, we take advantage of 160 publicly available insect genomes to investigate the relationship between feeding types and the duplications and losses of GT1 genes across various insect groups.




2. Results


2.1. The Number of GT1 Genes in Insects


After prediction, we found that some non-insect arthropods, including Limulus polyphemus, Varroa jacobsoni, and Centruroides sculpturatus in the order of Chelicerata, do not have GT1 genes. Other non-insect species have varied GT1 gene numbers, ranging from 2 in Penaeus monodon, to around 20 in Dermatophagoides pteronyssinus and Daphnia magna, and to 75 in Tetranych usurticae (Supplementary Table S1).



The number of GT1 genes varies among insect orders, with an average of 25 GT1 gene copies (Figure 1A). Species in Orthoptera contain the largest GT1 gene numbers (over 100) among all investigated insects (Supplementary Table S2). Species in Hemiptera have the largest range of GT1 gene numbers: from 73 in Bemisia tabaci to 3 in Cimex lectularius, followed by species in Lepidoptera, ranging from 14 to 57 (Figure 1B). Species in the orders Hymenoptera and Coleoptera have relatively stable GT1 numbers of 6–12 and 19–30, respectively. Species in Diptera and Odonata generally have relatively small GT1 gene numbers (around 10), except for 34 in D. melanogaster in Diptera, the only fungivorous and non-blood-feeding Diptera examined in this study.



Since genome size might influence prediction, we analyzed the correlation between genome assembly size and predicted GT1 gene numbers. We found a correlation between genome assembly size and the GT1 gene numbers (Figure 1C). However, this correlation is likely affected by the large GT1 gene numbers in Orthoptera. Therefore, we excluded them for correlation analysis and found no correlation between the genome assembly size and GT1 gene numbers across insects except species in Orthoptera (Figure 1D).



GT1 gene numbers also differ with feeding habits. Generally, blood-feeding insects have smaller GT1 gene numbers, usually fewer than 10 genes (Figure 2A, Supplementary Table S3), compared with sap-feeding species (Kruskal–Wallis test, z = −4.513, p < 0.001), general herbivorous species (Kruskal–Wallis test, z = −4.300, p <0.001), and wood-feeding species (Kruskal–Wallis test, z = −3.117, p = 0.027). Most predatory insects also have few GT1 genes ranging from 8 to 20, which is obvious but not statistically significantly lower than the GT1 gene number in sap-feeding insects (Kruskal–Wallis test, z = 2.960, p = 0.106). Sap-feeding insects have the largest average GH1 gene number, followed by omnivores, general herbivores, and wood-feeding insects, although no significant difference has been found between these groups (Figure 2A).



As general herbivorous insects include species from various orders, we compared the GT1 gene numbers of general herbivores in different insect orders (Figure 2B). Orthoptera have the largest GT1 gene numbers among all orders, followed by Thysanoptera. In addition, Coleoptera and Lepidoptera have significantly higher GT1 gene numbers than Hymenoptera (Lepidoptera vs. Hymenoptera, Z = 4.587, p < 0.001; Coleoptera vs. Hymenoptera, Z = 4.079, p = 0.001); Coleoptera showed noticeably different but not significantly higher GT1 gene numbers than Hemiptera (Supplementary Table S4).



In addition, species of different feeding diets in the same insect orders exhibited various GT1 gene numbers. In Hemiptera, sap-feeding species have more GT1 gene numbers than blood-feeding (z = −2.649, p = 0.024) and general herbivorous species (z = −2.57, p = 0.033), although we did not find a significantly difference between the latter two groups (Supplementary Table S5). In Diptera, although we had only one fungivorous species, D. melanogaster, its GT1 gene number is much higher than that of other blood-feeding species.




2.2. Phylogenetic Tree of GT1s in Insects and Other Arthropods


According to the gene phylogeny (Figure 3A), we clustered insect GT1s into 13 groups. Groups A–E and Group I comprised GT1s from 1 to 3 insect orders (Figure 3B). Group F was the most diverse group, consisting of GT1s from all insect orders and non-insects. Group G and Group J were also diverse groups, but lacked GT1 from a few insect orders, with Diptera and Odonata in the former and Diptera and Lepidoptera in the latter. Group H and Group M were dominated by GT1s of Lepidoptera, but the former also included several GT1s of Hemiptera, Hymenoptera, Neuroptera, Coleoptera, and Diptera. Group K and Group L contain GT1s from several insect orders. GT1 genes in the same order tend to cluster together, apart from a few genes that appeared in non-specific order clusters.




2.3. Reconciliation between the Gene Tree and Species Tree


Due to the large GT1 gene dataset, we reconciled the GT1 gene trees with species trees for Hemiptera and Thysanoptera, Hymenoptera, Coleoptera and Neuroptera, Lepidoptera, and Diptera separately. In Hemiptera (Figure 4A), we observed pronounced changes in GT1 gene number in the one clade containing sap-feeding aphids (up to 21 duplications) and whitefly; B. tabaci (64 duplications) compared with the other clade containing blood-feeding bedbug, C. lectularius; and sap-feeding brown planthopper, N. lugens. In addition, we observed a large number of GT1 losses (10–20) at the tips of aphids and continual duplications in the internal branches leading to the general herbivorous families.



In Hymenoptera, we generally found a few changes in GT1 gene numbers with a few duplications and losses, except in the common ancestors and internal branches of sawflies and the common ancestors of bees (Figure 4B).



In Coleoptera and Neuroptera (Figure 4C), we noted generally more duplications than losses, except for a few internal branches. A large number of duplications were observed in the common ancestors of Coleoptera and the branches leading to each family. In addition, the general herbivorous species generally had relatively larger gene number changes than wood-feeding species. Interestingly, we found a large number of duplications in the ancestors of Neuroptera, which are mostly predatory. In Lepidoptera (Figure 4D), we found a large GT1 gene number (33) in their common ancestors and a large number of duplications in the internal branches close to ancestors; several GT1 gene losses were identified in most internal branches, especially branches leading to families. In Diptera, we found mostly GT1 gene losses during their evolution except for a large number of duplications (19) in fungivorous Drosophila (Figure 4E).



To investigate whether the inferred duplications and losses were inflated by the genome assemblies, we analyzed the correlations between BUSCO duplications of genome assemblies and GT1 gene duplications and between BUSCO missing genome assemblies and GT1 gene losses at the tips of species phylogenies. We found no correlation in these two comparisons (Figure 4F,G).




2.4. Duplication Modes and Collinearity


To reveal the evolutionary pattern of GT1 genes in insect genomes, we selected several species with annotations from Hemiptera (7), Hymenoptera (5), Coleoptera (7), and Lepidoptera (7), and inferred the duplication modes for GT1 genes and analyzed their collinearity in the four orders separately.



In Hemiptera (Figure 5), around half of the GT1 genes are tandem duplications and a few GT1s are proximal duplications. Most GT1s in the clade of aphids, including A. gossypii, Adelges cooleyi, and Phylloxera galbra, which constitute the majority of tandem GT1 duplications, are located within collinear blocks. In contrast, most GT1s in B. tabaci (Bt), N. lugens (Nl), C. lectularius (Cl), and Halyomorpha halys (Hh) are not located within collinear blocks. In Hymenoptera (Figure 6), the majority of GT1 genes are tandem duplications, most of which, except around half of tandem GT1 duplications in Neodiprion fabricii (Nf), are located in collinear blocks between Bombus terrestris (Be), Colletes gigas (Cg), Nomia melanderi (Nm), and Osmia bicornis (Ob). In Coleoptera (Figure 7), over half of the duplications are tandem duplications. Significant GT1 duplications were identified within collinear blocks in the genomes of Dendroctonus ponderosae (Dp), Diorhabda carinulata (Dc), and D. sublineata (Ds). In addition, many GT1s are found in collinear blocks between Anoplophora glabripennis (Al), Sitophilus oryzae (So), and Diabrotica virgifera (Dv); however, around half of these GT1 tandem duplications are not found in collinear blocks. In Lepidoptera (Figure 8), substantial GT1s are tandem duplications located in collinear blocks between these groups. In addition, we found several fragment duplications in Colias croceus (Cc, 12); Bicyclus anynana (Ba, 6) are found in collinear blocks.





3. Discussion


Here, by analyzing the GT1 genes across 168 publicly available arthropod genomes, we found that GT1 genes are widely present in insects and have ancient origins at least in the common ancestor of insects.



However, in Chelicerata, GT1 genes are only present in a few species, such as Dermatophagoides pteronyssinus and T. urticae, but not in L. polyphemus, V. jacobsoni, and C. sculpturatus. As a herbivore, T. urticae has a broad range of plant hosts, which might explain the high number of GT1 genes, as it is likely to encounter various toxic compounds [39,40]. By determining potential contaminations in the genome assemblies through FCS-GX [41], we found that the contigs or scaffolds containing GT1s are from the hosts of T. urticae instead of bacteria; however, the GT1s are similar to bacterial GT1s through BLAST searches, which indicates the possibility that the mite acquired the UGT gene from bacteria through horizontal gene transfer, which has been suggested by previous studies [42,43]. Further investigations on the evolution of GT1s in non-insect arthropod species are needed to clarify the potential horizontal gene transfers.



Insects exhibit significant variation in the number of GT1 genes. Blood-feeding and predatory insects possess much smaller GT1 gene numbers (11) than plant-feeding insects, including wood-feeding, general herbivory, and sap-feeding (27). A rich repertoire of GT1s in the latter group might be related to their adaptation to plant feeding as they encounter a wider range of plant secondary metabolites in the latter group [44,45]; furthermore, this could also be related to the storage and utilization of plant metabolites for defense against predators and parasitoids in some species [46,47]. In addition, some insect herbivores feeding on a large variety of plant species, known as generalists, have a larger number of GT1 genes, such as B. tabaci (73), Pieris (average 42), and Schistocerca (118); conversely, insects feeding on a narrow diversity of plant species, known as specialists, have fewer GT1 genes, such as Aptinothrips rufus (4), O. lignaria (6), and O. bicornis (6). This also indicates that the GT1 gene numbers in plant-feeding insects may be related to the diversity of their feeding substrates as a consequence of the many different sets of chemicals they encounter in various feeding groups [36,48,49]. Notably, we observed significant large GT1 gene numbers in Schistocerca (average 119), which is attributed to their large genomes (average 8.8 G) (Supplementary Table S1) [50].



The duplications and losses of the GT1 gene family in insects may be related to their adaptation to plant–insect interactions. The significant duplications of GT1 genes in the ancestors of Lepidoptera, corroborated by the majority of GT1s located within collinear blocks, concurred the simultaneous extensive diversification of angiosperms, which is likely related to their adaptation to plant feeding in the ancestors of Lepidoptera [51]. The following extensive tandem duplications and losses throughout the evolution of Lepidoptera suggest close interactions between Lepidopterans and their host plants. In Coleoptera, the duplications of GT1 genes in their common ancestor might be linked to the emergence of angiosperms as ecological dominants [52]. A large number of duplications in the branches leading to general herbivorous families are likely preadaptations for their adaptation to plant feeding, which is consistent with the diversification of dietary habits in the evolution of beetle families Cerambycidae, Chrysomelidae, and Curculionidae, shifting from mutualistic interactions (pollenivory/pollination) to antagonistic interactions (feeding on various parts of plants) [52]. Interestingly, we also observed large duplications of GT1s at the tips of beetle phylogeny, which suggests dynamic interactions between GT1s and beetle plant feeding.



In Hemiptera, the variation in GT1 gene numbers may also be related to the complex evolutionary history of feeding habits. The common ancestors of B. tabaci and Rhopalosiphum maidis diverged from the ancestors of Hemiptera, which primarily fed on detritus, pollen, fungi, or spores [53] with a small number of GT1s, at an early stage [54], and then shifted to vascular plant feeding after diverging into sawflies and aphids, concurring large GT1 duplications. Subsequently, species in aphids underwent a large number of GT1 losses as they adapted to different host plants [53], which is supported by a relatively stable GT1 repertoire located in collinear blocks between these aphid species. In another branch of Hemiptera, the common ancestor of Heteroptera underwent a dietary shift from general herbivory to predation, concurring with the loss of GT1 genes in their common ancestors [53] and resulting in a few GT1 gene copies in blood-feeding species, C. lectularius and Rhodnius prolixus. The remaining Heteroptera reverted to general herbivory, accompanied by a small number of GT1 gene duplications. These shifts in feeding habits, accompanied by the duplications and losses of GT1 genes, suggest a correlation between GT1 gene evolution and plant feeding in Hemiptera.



The common ancestor of Hymenoptera primarily fed on plants. Tenthredinoidea diverged from other Hymenopterans at an early stage and adapted to a wide range of hosts, and continuously gained GT1 genes during evolution [54]. The other members of Hymenoptera first transitioned from general herbivory to carnivory, which concurred with several GT1 gene losses [55]. Anthophila originated coincidentally with the diversification of angiosperms, and their ancestors gradually shifted from carnivorous diets to herbivores that fed on pollen and nectar [55,56].



In addition to the copy number, their expression levels of GT1 might contribute to the adaptation of insects to plant feeding. Although we did not investigate the expression of GT1 genes, previous studies have suggested that the varied expression of GT1 genes across different insect tissues probably has different functions. Most GT1 genes are highly expressed in the Malpighian tubules and midgut and are often associated with detoxification [4,57]. However, some GT1s are highly expressed in other tissues and might be related to different functions, such as in antennae for odor degradation [29,58] and in the head to synthesize endogenous substances [4]. However, further studies on GT1 gene expression are needed to elucidate the relationship between GT1 functions and insects.



Overall, by identifying the GT1 genes in 168 arthropod species and initially investigating the relationship between insect diets and the abundance of GT1 genes, we reveal the correlation between duplications and losses of GT1 and insect adaptation to plant feeding. These results would not only help us understand the evolution of insect detoxification enzyme GT1 in insect adaptation to plant feeding but also shed new light on the evolution of insect–plant interactions.




4. Materials and Methods


4.1. Data Collection


In this study, we retrieved 248 publicly available insect genomes from the NCBI GenBank database (accessed on 22 August 2023). Subsequently, we evaluated the quality of the insect genome assemblies by using BUSCO v5.4.3 with the “insecta_odb10” dataset and filtered out low-quality assemblies with fewer than 95% complete BUSCO scores from the subsequent analyses [59]. As a result, 160 species, including 4 in Blattodea, 23 in Hemiptera, 60 in Lepidoptera, 24 in Hymenoptera, 18 in Coleoptera, and 9 in Diptera, were selected for further analyses. Additionally, we downloaded 8 genome assemblies from non-insect arthropods (Supplementary Table S1).



The feeding niches of the selected insects were obtained from a previously published study [60]. These niches were determined by their feeding materials as in the published study; the feeding behaviors were grouped into 7 categories: sap-feeding, blood-feeding, wood-feeding, omnivory, general herbivory, fungivory, and predatory. General herbivores include insects feeding on various non-vascular plant tissues, such as leaves, flowers, fruits, seeds, and/or root tips. For species whose feeding habits are uncertain, we determined their feeding habits by manual search [37,61,62,63,64,65,66].




4.2. GT1 Gene Identification


We identified GT1s for reference genomes and non-reference genomes separately. For reference genomes retrieved from the Refseq database, we retrieved the longest isoforms for each gene based on the annotation gff file and proteomes using the orthologr package v0.4.0 [67]. The longest isoforms were subjected to GT1 identification using run_dbcan v4.0.0, which performs three different prediction tools: HMMER, Diamond, and dbCAN_sub [68]. The predictions were considered confident when the three tools produced the same prediction. Subsequently, the predicted protein sequences were combined and clustered by CD-HIT v4.8.1 to construct a non-redundant GT1 database for subsequent predictions on non-reference assemblies [69,70,71].



For the non-reference assemblies, we first predicted GT1 genes by homologous prediction using genblastG v1.0.138, which builds high-quality gene models by combining the HSPs of blast queries against databases [72]. The predicted gene models were then further curated by filtering incomplete CDS sequences without start and stop codons and removing redundancy with GffRead v0.12.7 [73]; for overlapping GT1 gene model candidates at the genome location, the gene model with the highest genblastG score was selected. Subsequently, the CDS and protein sequences of predicted GT1 gene models were retrieved for further GT1 prediction by run_dbcan [68], following the same annotation procedure for reference genomes.



To remove any potential contamination of GT1s from a non-host origin, such as bacteria, during genome sequencing, we determined the contamination of genome scaffolds or contigs containing predicted GT1s by the NCBI foreign contamination screen (FCS) v0.5.0.




4.3. Gene Tree Inference


To infer a gene tree of GT1s in insects, we aligned the predicted GT1 protein sequences by using MAFFT v7.520 [74], MUSCLE v5.1 [75], and Clustal Omega v1.2.4 [76]. The alignments were further refined with RASCAL v1.34 [77]. The refined and original alignments were scored using normd v1.2 and the alignment with the highest score was used to construct a gene tree using FastTree v2.1.11 [78].




4.4. Gene Duplication and Loss Inference


To reveal the changes in GT1 gene numbers during insect evolution, we inferred gene duplications and losses by reconciling gene trees with a species tree using notung v2.9.1.5 [79]. We inferred the duplications and losses for five major orders individually, including Hemiptera and Thysanoptera, Hymenoptera, Coleoptera and Neuroptera, Lepidoptera, and Diptera. To obtain highly confident gene trees, we inferred a GT1 gene tree for each order separately with a similar alignment procedure and iqtree v2.2.0. The insect species tree was constructed using a universal single-copy orthologs (USCOs) gene set retrieved from BUSCO; the protein sequences of USCOs were aligned by MAFFT, trimmed by trimAl v1.4, and concatenated by FAsconCAT v1.05.1 into a matrix; the matrix was then subjected to species tree construction by maximum likelihood inference, implemented in iqtree2 [80].




4.5. Duplicate Mode Inference and Collinearity Analysis


We selected species that had annotation files with mostly chromosome-level assemblies in Lepidoptera, Coleoptera, Hemiptera, and Hymenoptera for collinear analysis. The duplication mode of GT1 genes was inferred for each species using duplicate_gene_classifier in MCScanx. The collinear analysis was conducted with MCScanx [81] for each order separately, and the output was plotted using circos v0.69-9 [82].




4.6. Statistical Analysis


To compare the GT1 gene numbers in different feeding groups, we conducted pairwise comparisons using the Kruskal–Wallis test with Dunn post hoc tests (R package FSA v0.9.5) [83]. The p-values of multiple comparisons between groups were adjusted using the Bonferroni correction. The phylogeny of insect families used in this analysis was inferred from previous analysis (Figure 1A).









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms25116080/s1.





Author Contributions


Conceptualization, S.H.; Data curation, J.W., W.T. and Z.L.; Formal analysis, J.W. and S.H.; Funding acquisition, S.H.; Supervision, S.H.; Visualization, J.W. and S.H.; Writing—original draft, J.W. and S.H.; Writing—review and editing, J.W., A.C., C.Z., F.L. and S.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Science and Technology Research Program of Chongqing Municipal Education Commission, grant number KJQN202200538; the Natural Science Foundation of Chongqing, grant number CSTB2022NSCQ-MSX0806; the Funds of Chongqing Normal University, grant number 22XLB028. A.C. is supported by “EVA4.0” (No. CZ.02.1.01/0.0/0.0/16_019/0000803, financed by OP RDE) and “Excellent Team Grants” (2023–2024) from the Faculty of Forestry and Wood Sciences, Czech University of Life Sciences, Prague, Czech Republic.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data associated with the study are publicly available.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Raguso, R.A.; Boland, W.; Hartmann, T.; Pickett, J.A.; Strack, D. Plant-insect interactions. Phytochemistry 2011, 72, 1495–1689. [Google Scholar] [CrossRef] [PubMed]

	



Behmer, S.T. Insect herbivore nutrient regulation. Annu. Rev. Entomol. 2009, 54, 165–187. [Google Scholar] [CrossRef] [PubMed]

	



War, A.R.; Taggar, G.K.; Hussain, B.; Taggar, M.S.; Nair, R.M.; Sharma, H.C. Plant defence against herbivory and insect adaptations. AoB Plants 2018, 10, ply037. [Google Scholar]

	



Hu, B.; Zhang, S.H.; Ren, M.M.; Tian, X.R.; Wei, Q.; Mburu, D.K.; Su, J.Y. The expression of Spodoptera exigua P450 and UGT genes: Tissue specificity and response to insecticides. Insect Sci. 2019, 26, 199–216. [Google Scholar] [CrossRef] [PubMed]

	



Heidel-Fischer, H.M.; Vogel, H. Molecular mechanisms of insect adaptation to plant secondary compounds. Curr. Opin. Insect Sci. 2015, 8, 8–14. [Google Scholar] [CrossRef]

	



Chen, X.; Tang, C.; Ma, K.; Xia, J.; Song, D.; Gao, X.W. Overexpression of UDP-glycosyltransferase potentially involved in insecticide resistance in Aphis gossypii Glover collected from Bt cotton fields in China. Pest Manag. Sci. 2020, 76, 1371–1377. [Google Scholar] [CrossRef]

	



Liska, D. The detoxification enzyme systems. Altern. Med. Rev. 1998, 3, 187–198. [Google Scholar] [PubMed]

	



Breton, C.; Imberty, A. Structure/function studies of glycosyltransferases. Curr. Opin. Struct. Biol. 1999, 9, 563–571. [Google Scholar] [CrossRef]

	



Bock, K.W. The UDP-glycosyltransferase (UGT) superfamily expressed in humans, insects and plants: Animal plant arms-race and co-evolution. Biochem. Pharmacol. 2016, 99, 11–17. [Google Scholar] [CrossRef]

	



Nagare, M.; Ayachit, M.; Agnihotri, A.; Schwab, W.; Joshi, R. Glycosyltransferases: The multifaceted enzymatic regulator in insects. Insect Mol. Biol. 2021, 30, 123–137. [Google Scholar] [CrossRef]

	



Gloster, T.M. Advances in understanding glycosyltransferases from a structural perspective. Curr. Opin. Struct. Biol. 2014, 28, 131–141. [Google Scholar] [CrossRef] [PubMed]

	



McArthur, J.B.; Chen, X. Glycosyltransferase engineering for carbohydrate synthesis. Biochem. Soc. Trans. 2016, 44, 129–142. [Google Scholar] [CrossRef] [PubMed]

	



Lairson, L.L.; Henrissat, B.; Davies, G.J.; Withers, S.G. Glycosyltransferases: Structures, Functions, and Mechanisms. Annu. Rev. Biochem. 2008, 77, 521–555. [Google Scholar] [CrossRef] [PubMed]

	



Coutinho, P.M.; Deleury, E.; Davies, G.J.; Henrissat, B. An Evolving Hierarchical Family Classification for Glycosyltransferases. J. Mol. Biol. 2003, 328, 307–317. [Google Scholar] [CrossRef] [PubMed]

	



Cantarel, B.L.; Coutinho, P.M.; Rancurel, C.; Bernard, T.; Lombard, V.; Henrissat, B. The Carbohydrate-Active EnZymes database (CAZy): An expert resource for Glycogenomics. Nucleic Acids Res. 2009, 37, D233–D238. [Google Scholar] [CrossRef]

	



Zhang, P.; Zhang, Z.; Zhang, L.; Wang, J.; Wu, C. Glycosyltransferase GT1 family: Phylogenetic distribution, substrates coverage, and representative structural features. Comput. Struct. Biotechnol. J. 2020, 18, 1383–1390. [Google Scholar] [CrossRef] [PubMed]

	



Yonekura-Sakakibara, K.; Hanada, K. An evolutionary view of functional diversity in family 1 glycosyltransferases. Plant J. 2011, 66, 182–193. [Google Scholar] [CrossRef]

	



Teze, D.; Bidart, G.N.; Welner, D.H. Family 1 glycosyltransferases (GT1, UGTs) are subject to dilution-induced inactivation and low chemo stability toward their own acceptor substrates. Front. Mol. Biosci. 2022, 9, 909659. [Google Scholar] [CrossRef]

	



Ahn, S.-J.; Vogel, H.; Heckel, D.G. Comparative analysis of the UDP-glycosyltransferase multigene family in insects. Insect Biochem. Mol. Biol. 2012, 42, 133–147. [Google Scholar] [CrossRef] [PubMed]

	



Mackenzie, P.I.; Owens, I.S.; Burchell, B.; Bock, K.W.; Bairoch, A.; Belanger, A.; Gigleux, S.F.; Green, M.; Hum, D.W.; Iyanagi, T. The UDP glycosyltransferase gene superfamily: Recommended nomenclature update based on evolutionary divergence. Pharmacogenetics Genom. 1997, 7, 255–269. [Google Scholar] [CrossRef]

	



Osmani, S.A.; Bak, S.; Møller, B.L. Substrate specificity of plant UDP-dependent glycosyltransferases predicted from crystal structures and homology modeling. Phytochemistry 2009, 70, 325–347. [Google Scholar] [CrossRef] [PubMed]

	



Bowles, D.; Lim, E.-K.; Poppenberger, B.; Vaistij, F.E. Glycosyltransferases of Lipophilic Small Molecules. Annu. Rev. Plant Biol. 2006, 57, 567–597. [Google Scholar] [CrossRef] [PubMed]

	



Meech, R.; Hu, D.G.; McKinnon, R.A.; Mubarokah, S.N.; Haines, A.Z.; Nair, P.C.; Rowland, A.; Mackenzie, P.I. The UDP-Glycosyltransferase (UGT) Superfamily: New Members, New Functions, and Novel Paradigms. Physiol. Rev. 2019, 99, 1153–1222. [Google Scholar] [CrossRef]

	



Pan, Y.; Wen, S.; Chen, X.; Gao, X.; Zeng, X.; Liu, X.; Tian, F.; Shang, Q. UDP-glycosyltransferases contribute to spirotetramat resistance in Aphis gossypii Glover. Pestic. Biochem. Physiol. 2020, 166, 104565. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Z.; Xiao, T.; Lu, K. Contribution of UDP-glycosyltransferases to chlorpyrifos resistance in Nilaparvata lugens. Pestic. Biochem. Physiol. 2023, 190, 105321. [Google Scholar] [CrossRef]

	



Cheng, Y.; Li, Y.; Li, W.; Song, Y.; Zeng, R.; Lu, K. Inhibition of hepatocyte nuclear factor 4 confers imidacloprid resistance in Nilaparvata lugens via the activation of cytochrome P450 and UDP-glycosyltransferase genes. Chemosphere 2021, 263, 128269. [Google Scholar] [CrossRef]

	



Li, X.; Zhu, B.; Gao, X.; Liang, P. Over-expression of UDP–glycosyltransferase gene UGT2B17 is involved in chlorantraniliprole resistance in Plutella xylostella (L.). Pest Manag. Sci. 2017, 73, 1402–1409. [Google Scholar] [CrossRef]

	



Wang, S.; Liu, Y.; Zhou, J.J.; Yi, J.K.; Pan, Y.; Wang, J.; Zhang, X.X.; Wang, J.X.; Yang, S.; Xi, J.H. Identification and tissue expression profiling of candidate UDP-glycosyltransferase genes expressed in Holotrichia parallela motschulsky antennae. Bull. Entomol. Res. 2018, 108, 807–816. [Google Scholar] [CrossRef]

	



Wang, Q.; Hasan, G.; Pikielny, C.W. Preferential expression of biotransformation enzymes in the olfactory organs of Drosophila melanogaster, the antennae. J. Biol. Chem. 1999, 274, 10309–10315. [Google Scholar] [CrossRef]

	



He, P.; Zhang, Y.-F.; Hong, D.-Y.; Wang, J.; Wang, X.-L.; Zuo, L.-H.; Tang, X.-F.; Xu, W.-M.; He, M. A reference gene set for sex pheromone biosynthesis and degradation genes from the diamondback moth, Plutella xylostella, based on genome and transcriptome digital gene expression analyses. BMC Genom. 2017, 18, 219. [Google Scholar] [CrossRef]

	



Huang, F.-F.; Chai, C.-L.; Zhang, Z.; Liu, Z.-H.; Dai, F.-Y.; Lu, C.; Xiang, Z.-H. The UDP-glucosyltransferase multigene family in Bombyx mori. BMC Genom. 2008, 9, 563. [Google Scholar] [CrossRef] [PubMed]

	



Song, W.; Fan, Y.; Zhu, F.; Taha, R.H.; Chen, K. The expression of UGT46A1 gene and its effect on silkworm feeding. Processes 2021, 9, 1473. [Google Scholar] [CrossRef]

	



Ahmad, S.A.; Hopkins, T.L.; Kramer, K.J. Tyrosine β-Glucosyltransferase in the tobacco hornworm, Manduca sexta (L.): Properties, tissue localization, and developmental profile. Insect Biochem. Mol. Biol. 1996, 26, 49–57. [Google Scholar] [CrossRef]

	



Wiesen, B.; Krug, E.; Fiedler, K.; Wray, V.; Proksch, P. Sequestration of host-plant-derived flavonoids by lycaenid butterfly Polyommatus icarus. J. Chem. Ecol. 1994, 20, 2523–2538. [Google Scholar] [CrossRef] [PubMed]

	



Ahn, S.-J.; Marygold, S.J. The UDP-glycosyltransferase family in Drosophila melanogaster: Nomenclature update, gene expression and phylogenetic analysis. Front. Physiol. 2021, 12, 648481. [Google Scholar] [CrossRef]

	



Rane, R.V.; Ghodke, A.B.; Hoffmann, A.A.; Edwards, O.R.; Walsh, T.K.; Oakeshott, J.G. Detoxifying enzyme complements and host use phenotypes in 160 insect species. Curr. Opin. Insect Sci. 2019, 31, 131–138. [Google Scholar] [CrossRef] [PubMed]

	



Rane, R.V.; Walsh, T.K.; Pearce, S.L.; Jermiin, L.S.; Gordon, K.H.; Richards, S.; Oakeshott, J.G. Are feeding preferences and insecticide resistance associated with the size of detoxifying enzyme families in insect herbivores? Curr. Opin. Insect Sci. 2016, 13, 70–76. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Fang, X.; Yang, P.; Jiang, X.; Jiang, F.; Zhao, D.; Li, B.; Cui, F.; Wei, J.; Ma, C. The locust genome provides insight into swarm formation and long-distance flight. Nat. Commun. 2014, 5, 2957. [Google Scholar] [CrossRef]

	



Snoeck, S.; Pavlidi, N.; Pipini, D.; Vontas, J.; Dermauw, W.; Van Leeuwen, T. Substrate specificity and promiscuity of horizontally transferred UDP-glycosyltransferases in the generalist herbivore Tetranychus urticae. Insect Biochem. Mol. Biol. 2019, 109, 116–127. [Google Scholar] [CrossRef]

	



Grbić, M.; Van Leeuwen, T.; Clark, R.M.; Rombauts, S.; Rouzé, P.; Grbić, V.; Osborne, E.J.; Dermauw, W.; Thi Ngoc, P.C.; Ortego, F. The genome of Tetranychus urticae reveals herbivorous pest adaptations. Nature 2011, 479, 487–492. [Google Scholar]

	



Astashyn, A.; Tvedte, E.S.; Sweeney, D.; Sapojnikov, V.; Bouk, N.; Joukov, V.; Mozes, E.; Strope, P.K.; Sylla, P.M.; Wagner, L. Rapid and sensitive detection of genome contamination at scale with FCS-GX. Genome Biol. 2024, 25, 60. [Google Scholar] [CrossRef] [PubMed]

	



Ahn, S.-J.; Dermauw, W.; Wybouw, N.; Heckel, D.G.; Van Leeuwen, T. Bacterial origin of a diverse family of UDP-glycosyltransferase genes in the Tetranychus urticae genome. Insect Biochem. Mol. Biol. 2014, 50, 43–57. [Google Scholar] [CrossRef] [PubMed]

	



Bajda, S.; Dermauw, W.; Greenhalgh, R.; Nauen, R.; Tirry, L.; Clark, R.M.; Van Leeuwen, T. Transcriptome profiling of a spirodiclofen susceptible and resistant strain of the European red mite Panonychus ulmi using strand-specific RNA-seq. BMC Genom. 2015, 16, 974. [Google Scholar] [CrossRef] [PubMed]

	



Zunjarrao, S.S.; Tellis, M.B.; Joshi, S.N.; Joshi, R.S. Plant-insect interaction: The saga of molecular coevolution. In Reference Series in Phytochemistry; Springer Science and Business Media LLC: Berlin/Heidelberg, Germany, 2020; pp. 19–45. [Google Scholar]

	



Gloss, A.D.; Abbot, P.; Whiteman, N.K. How interactions with plant chemicals shape insect genomes. Curr. Opin. Insect Sci. 2019, 36, 149–156. [Google Scholar] [CrossRef] [PubMed]

	



Simon, J.-C.; d’Alencon, E.; Guy, E.; Jacquin-Joly, E.; Jaquiery, J.; Nouhaud, P.; Peccoud, J.; Sugio, A.; Streiff, R. Genomics of adaptation to host-plants in herbivorous insects. Brief. Funct. Genom. 2015, 14, 413–423. [Google Scholar] [CrossRef] [PubMed]

	



Bezzerides, A.; Yong, T.-H.; Bezzerides, J.; Husseini, J.; Ladau, J.; Eisner, M.; Eisner, T. Plant-derived pyrrolizidine alkaloid protects eggs of a moth (Utetheisa ornatrix) against a parasitoid wasp (Trichogramma ostriniae). Proc. Natl. Acad. Sci. USA 2004, 101, 9029–9032. [Google Scholar] [CrossRef] [PubMed]

	



Gouin, A.; Bretaudeau, A.; Nam, K.; Gimenez, S.; Aury, J.-M.; Duvic, B.; Hilliou, F.; Durand, N.; Montagné, N.; Darboux, I. Two genomes of highly polyphagous lepidopteran pests (Spodoptera frugiperda, Noctuidae) with different host-plant ranges. Sci. Rep. 2017, 7, 11816. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, T.; Wu, J.; Wu, Y.; Chilukuri, R.V.; Huang, L.; Yamamoto, K.; Feng, L.; Li, W.; Chen, Z.; Guo, H. Genomic adaptation to polyphagy and insecticides in a major East Asian noctuid pest. Nat. Ecol. Evol. 2017, 1, 1747–1756. [Google Scholar] [CrossRef] [PubMed]

	



Bernays, E.A.; Chapman, R.F. Plant secondary compounds and grasshoppers: Beyond plant defenses. J. Chem. Ecol. 2000, 26, 1773–1794. [Google Scholar] [CrossRef]

	



Kawahara, A.Y.; Plotkin, D.; Espeland, M.; Meusemann, K.; Toussaint, E.F.; Donath, A.; Gimnich, F.; Frandsen, P.B.; Zwick, A.; Dos Reis, M. Phylogenomics reveals the evolutionary timing and pattern of butterflies and moths. Proc. Natl. Acad. Sci. USA 2019, 116, 22657–22663. [Google Scholar] [CrossRef]

	



McKenna, D.D.; Shin, S.; Ahrens, D.; Balke, M.; Beza-Beza, C.; Clarke, D.J.; Donath, A.; Escalona, H.E.; Friedrich, F.; Letsch, H. The evolution and genomic basis of beetle diversity. Proc. Natl. Acad. Sci. USA 2019, 116, 24729–24737. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, K.P.; Dietrich, C.H.; Friedrich, F.; Beutel, R.G.; Wipfler, B.; Peters, R.S.; Allen, J.M.; Petersen, M.; Donath, A.; Walden, K.K. Phylogenomics and the evolution of hemipteroid insects. Proc. Natl. Acad. Sci. USA 2018, 115, 12775–12780. [Google Scholar] [CrossRef] [PubMed]

	



Backus, E.A. Sensory systems and behaviours which mediate hemipteran plant-feeding: A taxonomic overview. J. Insect Physiol. 1988, 34, 151–165. [Google Scholar] [CrossRef]

	



Peters, R.S.; Krogmann, L.; Mayer, C.; Donath, A.; Gunkel, S.; Meusemann, K.; Kozlov, A.; Podsiadlowski, L.; Petersen, M.; Lanfear, R. Evolutionary history of the Hymenoptera. Curr. Biol. 2017, 27, 1013–1018. [Google Scholar] [CrossRef] [PubMed]

	



Cardinal, S.; Danforth, B.N. Bees diversified in the age of eudicots. Proc. R. Soc. B Biol. Sci. 2013, 280, 20122686. [Google Scholar] [CrossRef] [PubMed]

	



Dow, J.A.; Davies, S.A. The Malpighian tubule: Rapid insights from post-genomic biology. J. Insect Physiol. 2006, 52, 365–378. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.-N.; Ma, J.-F.; Xu, L.; Dong, Z.-P.; Xu, J.-W.; Li, M.-Y.; Zhu, X.-Y. Identification and expression patterns of UDP-glycosyltransferase (UGT) genes from insect pest Athetis lepigone (Lepidoptera: Noctuidae). J. Asia-Pac. Entomol. 2017, 20, 253–259. [Google Scholar] [CrossRef]

	



Waterhouse, R.M.; Seppey, M.; Simão, F.A.; Manni, M.; Ioannidis, P.; Klioutchnikov, G.; Kriventseva, E.V.; Zdobnov, E.M. BUSCO Applications from Quality Assessments to Gene Prediction and Phylogenomics. Mol. Biol. Evol. 2018, 35, 543–548. [Google Scholar] [CrossRef]

	



Cornwallis, C.K.; van’t Padje, A.; Ellers, J.; Klein, M.; Jackson, R.; Kiers, E.T.; West, S.A.; Henry, L.M. Symbioses shape feeding niches and diversification across insects. Nat. Ecol. Evol. 2023, 7, 1022–1044. [Google Scholar] [CrossRef]

	



Kröncke, N.; Benning, R. Self-Selection of Feeding Substrates by Tenebrio molitor Larvae of Different Ages to Determine Optimal Macronutrient Intake and the Influence on Larval Growth and Protein Content. Insects 2022, 13, 657. [Google Scholar] [CrossRef]

	



Wang, J.; Zhang, S.; Zheng, Y. Feeding Preferences and Responses of Monochamus saltuarius to Volatile Components of Host Pine Trees. Insects 2022, 13, 888. [Google Scholar] [CrossRef] [PubMed]

	



Jurc, M.; Bojović, S.; Komjanc, B.; KRč, J. Xylophagous entomofauna in branches of oaks (Quercus spp.) and its significance for oak health in the Karst region of Slovenia. Biologia 2009, 64, 130–138. [Google Scholar] [CrossRef]

	



Coates, B.S.; Walden, K.K.; Lata, D.; Vellichirammal, N.N.; Mitchell, R.F.; Andersson, M.N.; McKay, R.; Lorenzen, M.D.; Grubbs, N.; Wang, Y.-H. A draft Diabrotica virgifera virgifera genome: Insights into control and host plant adaption by a major maize pest insect. BMC Genom. 2023, 24, 19. [Google Scholar] [CrossRef] [PubMed]

	



Gossner, M.M.; Simons, N.K.; Achtziger, R.; Blick, T.; Dorow, W.H.; Dziock, F.; Köhler, F.; Rabitsch, W.; Weisser, W.W. A summary of eight traits of Coleoptera, Hemiptera, Orthoptera and Araneae, occurring in grasslands in Germany. Sci. Data 2015, 2, 150013. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Liu, Y.; Wang, H.; Roy, A.; Liu, H.; Han, F.; Zhang, X.; Lu, Q. Genome and transcriptome of Ips nitidus provide insights into high-altitude hypoxia adaptation and symbiosis. iScience 2023, 26, 107793. [Google Scholar] [CrossRef] [PubMed]

	



Drost, H.-G.; Gabel, A.; Grosse, I.; Quint, M. Evidence for active maintenance of phylotranscriptomic hourglass patterns in animal and plant embryogenesis. Mol. Biol. Evol. 2015, 32, 1221–1231. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, J.; Ge, Q.; Yan, Y.; Zhang, X.; Huang, L.; Yin, Y. dbCAN3: Automated carbohydrate-active enzyme and substrate annotation. Nucleic Acids Res. 2023, 51, W115–W121. [Google Scholar] [CrossRef]

	



Li, W.; Jaroszewski, L.; Godzik, A. Clustering of highly homologous sequences to reduce the size of large protein databases. Bioinformatics 2001, 17, 282–283. [Google Scholar] [CrossRef]

	



Li, W.; Jaroszewski, L.; Godzik, A. Tolerating some redundancy significantly speeds up clustering of large protein databases. Bioinformatics 2002, 18, 77–82. [Google Scholar] [CrossRef]

	



Li, W.; Godzik, A. Cd-hit: A fast program for clustering and comparing large sets of protein or nucleotide sequences. Bioinformatics 2006, 22, 1658–1659. [Google Scholar] [CrossRef]

	



She, R.; Chu, J.S.; Uyar, B.; Wang, J.; Wang, K.; Chen, N. genBlastG: Using BLAST searches to build homologous gene models. Bioinformatics 2011, 27, 2141–2143. [Google Scholar] [CrossRef] [PubMed]

	



Pertea, G.; Pertea, M. GFF utilities: GffRead and GffCompare. F1000Research 2020, 9, 304. [Google Scholar] [CrossRef]

	



Katoh, K.; Standley, D.M. MAFFT multiple sequence alignment software version 7: Improvements in performance and usability. Mol. Biol. Evol. 2013, 30, 772–780. [Google Scholar] [CrossRef] [PubMed]

	



Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 2004, 32, 1792–1797. [Google Scholar] [CrossRef] [PubMed]

	



Sievers, F.; Wilm, A.; Dineen, D.; Gibson, T.J.; Karplus, K.; Li, W.; Lopez, R.; McWilliam, H.; Remmert, M.; Söding, J. Fast, scalable generation of high-quality protein multiple sequence alignments using Clustal Omega. Mol. Syst. Biol. 2011, 7, 539. [Google Scholar] [CrossRef] [PubMed]

	



Thompson, J.D.; Thierry, J.-C.; Poch, O. RASCAL: Rapid scanning and correction of multiple sequence alignments. Bioinformatics 2003, 19, 1155–1161. [Google Scholar] [CrossRef] [PubMed]

	



Price, M.N.; Dehal, P.S.; Arkin, A.P. FastTree 2—Approximately maximum-likelihood trees for large alignments. Public Libr. Sci. ONE 2010, 5, e9490. [Google Scholar] [CrossRef] [PubMed]

	



Durand, D.; Halldórsson, B.V.; Vernot, B. A hybrid micro-macroevolutionary approach to gene tree reconstruction. J Comput Biol 2006, 13, 320–335. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, L.-T.; Schmidt, H.A.; Von Haeseler, A.; Minh, B.Q. IQ-TREE: A fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies. Mol. Biol. Evol. 2015, 32, 268–274. [Google Scholar] [CrossRef]

	



Wang, Y.; Tang, H.; DeBarry, J.D.; Tan, X.; Li, J.; Wang, X.; Lee, T.-h.; Jin, H.; Marler, B.; Guo, H. MCScanX: A toolkit for detection and evolutionary analysis of gene synteny and collinearity. Nucleic Acids Res. 2012, 40, e49. [Google Scholar] [CrossRef]

	



Krzywinski, M.; Schein, J.; Birol, I.; Connors, J.; Gascoyne, R.; Horsman, D.; Jones, S.J.; Marra, M.A. Circos: An information aesthetic for comparative genomics. Genome Res. 2009, 19, 1639–1645. [Google Scholar] [CrossRef] [PubMed]

	



Ogle, D.H.; Doll, J.C.; Wheeler, A.P.; Dinno, A. FSA: Simple Fisheries Stock Assessment Methods, R package version 0.9.4; 2023. [Google Scholar]








[image: Ijms 25 06080 g001] 





Figure 1. GT1 gene numbers in 160 insect genomes from different families and orders. (A) The left panel is the phylogeny of insect families built by IQ-TREE with single orthologs retrieved from BUSCO, with families and branches in different colors representing different orders. The right panel shows the feeding habits of insect families and predicted GT1 gene numbers of one or multiple species in the family. (B) The GT1 gene numbers in different insect orders. The correlation between genome sizes and predicted GT1 gene numbers with (C) and without (D) species in Orthoptera. 
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Figure 2. (A) The number of predicted GT1s at different feeding niches. (B) The number of predicted GT1s in general herbivorous species of different insect orders. 
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Figure 3. The phylogenetic tree of insect GT1 genes was constructed using FastTree with the protein sequences of predicted GT1 genes and visualized using Dendroscope v3.8.10 (A). The predicted GT1s were categorized into 13 groups based on the phylogenetic tree and summarized in the table by groups and insect orders (B). 
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Figure 4. Duplications and losses of GT1s inferred by the reconciliation of species trees and GT1 gene trees of Hemiptera and Thysanoptera (A), Hymenoptera (B), Coleoptera and Neuroptera (C), Lepidoptera (D), and Diptera (E). The red and blue numbers above the branches indicate duplications and losses, respectively. Species in different colors have different feeding habits: general herbivory in green, wood-feeding in yellow, sap-feeding in brown, blood-feeding in light red, fungivory in light purple, and predatory in light salmon. Different colors of branches indicate different insect orders; dashed boxes indicate insect families in each order. Species labeled with red asterisks were used for subsequent collinear analysis. The correlations between BUSCO duplications and GT1 duplications (F) and between BUSCO missing and GT1 losses (G) at the tips of the species phylogenies. 
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Figure 5. Chromosomal locations and duplication modes of identified GT1 in selected Hemiptera species. Gene names are presented with two-letter species abbreviations and gene IDs. Ac, Adelges cooleyi; Bt, Bemisia tabaci; Ao, Aphis gossypii; Cl, Cimex lectularius; Pa, Phylloxera galbra; Nl, Nilaparvata lugens; Hh, Halyomorpha halys. Red, blue, black, and orange gene IDs represent tandem duplications, proximal duplications, dispersed duplications, and segmental duplications, respectively. Brown, green, and light red curves at the inner circle indicate sap-feeding, general herbivory, and blood-feeding; different colors of karyotypes at the outer circle indicate different species. Connected lines represent collinear blocks between contigs or scaffolds; red lines indicate collinear blocks containing GT1 genes. 
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Figure 6. Chromosomal locations and duplication modes of identified GT1 in selected Hymenoptera species. Gene names are presented with two-letter species abbreviations and gene IDs. Be, Bombus terrestris; Cg, Colletes gigas; Nm, Nomia melanderi; Nf, Neodiprion fabricii; Ob, Osmia bicornis. Other information is the same as in Figure 5. 
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Figure 7. Chromosomal locations and duplication modes of identified GT1 in selected Coleoptera species. Gene names are presented with two-letter species abbreviations and gene IDs. Al, Anoplophora glabripennis; Dv, Diabrotica virgifera; So, Sitophilus oryzae; Dc, Diorhabda carinulata; Ds, Diorhabda sublineata; Dp, Dendroctonus ponderosae; Ag, Anthonomus grandis. Yellow and green curves at the inner circle indicate wood-feeding and general herbivory, respectively. Other information is the same as in Figure 5. 
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Figure 8. Chromosomal locations and duplication modes of identified GT1 in selected Lepidoptera species. Gene names are presented with two-letter species abbreviations and gene IDs. Bm, Bombyx mori; Hk, Hyposmocoma kahamanoa; Of, Ostrinia furnacalis; Pg, Pectinophora gossypiella; Ba, Bicyclus anynana; Pm, Papilio machaon; Cc, Colias croceus. Other information is the same as in Figure 5. 
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