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Abstract

:

The cerambycid beetle, Pharsalia antennata Gahan, 1894 (Coleoptera: Cerambycidae), is a wood-boring pest that spends most of its life cycle in the trunks or under the bark of trees. These distinctive biological characteristics make it likely that this beetle will encounter a number of plant defensive compounds, coupled with a broad range of host plants, possibly resulting in the overexpression or expansion of uridine diphosphate (UDP)-glycosyltransferase (UGT) genes. Here, we identified and characterized the UGT gene family in P. antennata through transcriptome data, sequence and phylogenetic analyses, and PCR and homology modeling approaches. In total, 59 transcripts encoding UGTs were identified, 34 of which harbored full-length sequences and shared high conservation with the UGTs of Anoplophora glabripennis. Of the 34 PantUGTs, only 31.78% amino acid identity was observed on average, but catalytic and sugar binding residues were highly conserved. Phylogenetic analyses revealed four Cerambycidae-specific clades, including 30 members from P. antennata. Combining the transcriptome and PCR data showed that PantUGTs had a wide tissue expression, and the majority of the genes were presented mainly in antennae or abdomens, suggesting their putative roles in olfaction and detoxification. This study provides, for the first time, information on the molecular and genetic basis of P. antennata, greatly enhancing our knowledge of the detoxification-related UGT gene family.
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1. Introduction


Cerambycidae spend most of their life cycle in the trunks or under the bark of trees, and so they are likely to encounter many plant-derived allelochemicals. As an evolutionary adaptation of the insects to the host plants, they must positively respond to these toxic chemicals and develop a sophisticated detoxification enzyme system to degrade these substrates [1,2,3,4]. The uridine diphosphate (UDP)-glycosyltransferase (UGT) gene family is one of the most important detoxification enzyme gene families, and it can catalyze hydroxyl compounds with glucose into hydrophilic molecules that are easily excreted. As well as being found in insects, UGTs are also presented extensively in other animals, plants and microbes [5,6,7].



Like human UGTs, insect UGTs are composed of a diverse N-terminus and a conserved C-terminus, in which the latter contains sugar donor binding regions (DBRs) and key residues, and thus is responsible for detoxification, olfaction, pigmentation and insecticide resistance [8,9]. In Bombyx mori Linnaeus, 1758 (Lepidoptera: Bombycidae), UGTs are capable of catalyzing the glycosylation of lipophilic xenobiotics, including flavonoids and terpenoids [10,11]. In the three noctuid moths Helicoverpa armigera Hübner, 1808 (Lepidoptera: Noctuidae), Heliothis virescens Fabricius, 1777 (Lepidoptera: Noctuidae) and Spodoptera frugiperda Smith, 1797 (Lepidoptera: Noctuidae), host-plant-derived toxic chemicals can be detoxified by UGT enzymes, highlighting their roles in the adaptation of herbivorous insects to hosts [12,13]. Regarding the specific or high expression of UGT genes in antennae, it is suggested that they may participate in the sensing of odorants [14,15,16,17,18,19]. Typically, the UGT enzymes are associated with insecticide resistance, as observed in Aphis gossypii Glover, 1877 (Hemiptera: Aphididae) [20,21], Bemisia tabaci Gennadius, 1889 (Hemiptera: Aleyrodidae) [22], Diaphorina citri Kuwayama, 1907 (Hemiptera: Chermidae) [23], Anopheles sinensis Wiedemann, 1828 (Diptera: Culicidae) [24], Drosophila melanogaster Meigen, 1830 (Diptera: Drosophilidae) [25], Anopheles gambiae Giles, 1900 (Diptera: Culicidae) [26] and Plutella xylostella Linnaeus, 1758 (Lepidoptera: Plutellidae) [27]. However, coleopteran UGTs have received little attention, especially regarding their functions. Based on genome and transcriptome data, there are 65, 43, 36, 30, 20 and 8 UGT relatives in Anoplophora glabripennis Motschulsky, 1853 (Coleoptera: Cerambycidae) [28], Tribolium castaneum Herbst, 1797 (Coleoptera: Tenibroidae) [8], Rhaphuma horsfieldi White, 1855 (Coleoptera: Cerambycidae) [29], Xylotrechus quadripes Chevrolat, 1863 (Coleoptera: Cerambycidae) [14], Holotrichia parallela Motschulsky, 1854 (Coleoptera: Scarabaeidae) [15] and Phyllotreta striolata Fabricius, 1803 (Coleoptera: Chrysomelidae) [30], respectively. In Leptinotarsa decemlineata Say, 1824 (Coleoptera: Chrysomelidae), LdecUGT2 is involved in imidacloprid resistance [31].



The cerambycid beetle, Pharsalia antennata Gahan, 1894 (Coleoptera: Cerambycidae), is a destructive wood borer with its larvae feeding mainly on the Juglandaceae plants. In 2019, we first reported its new host plant, Juglans sigillata Dode, 1906 (Juglandales: Julandaceae), in Yunnan Province in China. This species is also distributed in Guangxi, Fujian and Hunan in China, as well as in India, Myanmar and Laos [32]. To date, very little is known about its biology and physiology, especially the genetic and molecular basis underlying the interactions between this species and hosts or the external environment. Prior to this study, the sensilla of two crucial chemosensory organs (i.e., antennae and tarsi) from P. antennata were characterized [32]. To enhance our knowledge of the detoxification mechanisms in this pest, in this study we characterized the UGT gene family of P. antennata through gene identification, sequence and phylogenetic analyses, and expression characteristics. This study complements information on the detoxification genes in P. antennata and identifies candidate molecular targets associated with olfaction, gustation or detoxification.




2. Materials and Methods


2.1. Insect Rearing and Tissue Collection


The pupae of P. antennata were collected from Santai Village, Dayao County, Chuxiong City, Yunnan Province, China (26°00′01.6″ N, 101°04′04.7″ E) at an altitude of 1999 m. In brief, the damaged trunks of J. sigillata with oviposition scars were brought to the laboratory and kept at room temperature. The wounds in the tree trunks were painted using Vaseline and then wrapped with Parafilm. The emerged adults were sexed [32] and kept separately in individual cages with 10% honey solution, leaves and wood walnuts. Various tissues were collected from 3- to 5-day-old females and males, including 10 antennae, 10 heads without antennae, 3 thoraxes, 2 abdomens, 20 legs and 30 wings for each sex. All collected tissues were immediately frozen in liquid nitrogen and stored at −80 °C until use.




2.2. RNA Isolation and cDNA Synthesis


Total RNA was extracted from each tissue using TRIzol Reagent (Ambion, Life Technologies, Carlsbad, CA, USA), following the manufacturer’s instructions. The concentration and quality of RNA were measured with a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, San Jose, CA, USA). First-stranded cDNA was synthesized using 1 μg of total RNA and a PrimeScript RT Reagent Kit (TaKaRa, Dalian, China). The cDNA templates were stored at −20 °C and used for the subsequent expression profiling analyses of the genes.




2.3. Gene Identification


Based on the sequenced transcriptome data of P. antennata (Sequence Read Archive (SRA) accession numbers SRX14711840–SRX14711851), candidate genes encoding UGTs were identified using a BLAST-based homology method in the BioEdit v7.0.9.1 software (Ibis BioSciences, Carlsbad, CA, USA) [33], with the UGT queries from A. glabripennis [28], R. horsfieldi [29], X. quadripes [14] and T. castaneum [8]. Open reading frames (ORFs) of genes were predicted by the National Center for Biotechnology Information (NCBI) ORF Finder (https://www.ncbi.nlm.nih.gov/orffinder/ (accessed on 3 December 2021). All identified UGT genes were verified against the NCBI non-redundant (nr) protein sequence database using BLASTP.




2.4. Sequence Analysis


The identities of amino acid sequences of UGTs were calculated using GeneDoc v2.7.0.0 (Free Software Foundation Inc., Boston, MA, USA) [34]. The signal peptides of UGTs were predicted using the SignalP 6.0 server (https://services.healthtech.dtu.dk/service.php?SignalP-6.0 (accessed on 5 February 2022)) [35]. The theoretical isoelectric point (pI) and molecular weight (Mw) were computed using Compute pI/Mw (https://web.expasy.org/compute_pi/ (accessed on 5 December 2021)). The identification of N-glycosylation predicted sites (NPS) was performed using the NetNGlyc 1.0 server (http://www.cbs.dtu.dk/services/NetNGlyc/ (accessed on 5 December 2021)). Multiple alignments of amino acid sequences were performed using MAFFT v7.450 (Genome Resource and Analysis Unit, Kobe, Hyogo, Japan) [36].




2.5. Phylogenetic Tree Construction


In the phylogenetic analysis, UGT sequences from P. antennata and 14 other coleopteran species were selected. Of these, the UGTs with fewer than 100 amino acids were discarded. The amino acid sequences were aligned using MAFFT v7.450 [36]. A phylogenetic tree was constructed using FastTree v2.1.11 (Lawrence Berkeley National Lab, Berkeley, California, USA) with SH-like 1000 support [37]. The tree was edited and viewed using FigTree v1.4.3 (University of Edinburgh, Edinburgh, UK) (http://tree.bio.ed.ac.uk/software/figtree/ (accessed on 2 March 2022)). All the sequences used in the tree are shown in the Supplementary Material (Additional File S1).




2.6. Expression Profiling Analysis


In the expression profiles, the expression levels of genes in various tissues were first computed using FPKM (expected number of fragments per kilobase of transcript per millions of base pairs sequenced) values [38]. Based on the FPKM results, we further selected 32 UGT genes from P. antennata to validate their expression with reverse transcription PCR (RT–PCR) assays. These selected genes had specific or high expression in antennae, thoraxes or abdomens of both sexes. A reference gene, ribosomal protein S3 (PantRPS3), was used to check the quality and quantity of cDNA templates. Gene-specific primers (Table S1) were designed by Primer Premier 5.0 (PREMIER Biosoft International, Palo Alto, CA, USA), with the following parameters: GC contents of 45–55%, Tm values of 60 ± 1 °C and PCR product sizes of 400–500 bp. PCR reactions were performed, according to the instructions of a Taq DNA Polymerase kit (TaKaRa, Dalian, China), at 94 °C for 3 min, followed by 35 cycles at 94 °C for 30 s, 60 °C for 30 s, 72 °C for 40 s and a final extension at 72 °C for 5 min. The amplification products were detected and analyzed using 1.2% (w/v) agarose gels.



To address the putative roles of UGT genes in olfaction, 34 UGT genes with full-length ORFs were selected in quantitative real-time PCR (qPCR) analyses. The primers (Table S1) were designed by Beacon Designer 8.14 (PREMIER Biosoft International, Palo Alto, CA, USA). The reaction procedures were as follows: initial denaturation at 95 °C for 2 min, followed by 40 cycles at 95 °C for 10 s, 58 °C for 31 s and 72 °C for 30 s. Three biological replicates were performed, with three technical replicates for each template. Two reference genes, ribosomal protein L10 (PantRPL10) and PantRPS3, were used to calculate the relative expression levels of target genes using the Q-Gene method [39,40]. Significant differences in the data were analyzed using Student’s t-test, implemented in GraphPad Prism 7.00 (GraphPad Software Inc., San Diego, CA, USA).




2.7. Homology Modeling of P. antennata UGT2


Based on the crystal structure and related protein sequence of HsapUGT2B7 (PDB: 2O6L) from Homo sapiens Linnaeus, 1758 (Primates: Hominidae) [41], amino acid sequences of HsapUGT2B7 and 34 PantUGTs were aligned. PantUGT2 showed the highest identity with HsapUGT2B7 (41.18%) and was selected for construction of its tertiary structure. Homology modeling was conducted using SWISS-MODEL [42]. The structure was edited and visualized with PyMOL v1.7.2.1 (DeLano Scientific LLC, South San Francisco, CA, USA) (https://pymol.org/ (accessed on 2 March 2022)).





3. Results


3.1. Identification of Candidate UGT Genes in P. antennata


Transcriptome analyses led to the identification of 59 transcripts encoding UGTs in P. antennata, 34 of which were predicted to have full-length ORFs. These full-length sequences encoded 499 to 533 amino acids and had signal peptides (17–27 amino acids). The Mw and pI values of 34 PantUGTs were 56.98–61.38 kDa and 6.14–9.44, respectively. Most of the full-length UGTs (25/34) harbored over two N-glycosylation predicted sites, of which five relatives (PantUGT7, UGT10, UGT13, UGT14 and UGT23) presented six sites. In the BLAST searches of PantUGTs, except for PantUGT29 and AglaUGT2B31 (accession number: XP_018561622.1) (46%) in A. glabripennis, the PantUGTs shared over 50% amino acid identities with AglaUGTs, with some pairs exhibiting particularly high conservation (>90% identities). The remaining 25 PantUGTs were partial sequences with sizes of 136–524 amino acids. Most of the genes (21/25) also showed relatively high identities (>60%) with AglaUGTs (Table 1 and Supplementary Material Additional File S1).




3.2. Sequence Characteristics of P. antennata UGTs


To identify key amino acids of 34 PantUGTs involved in sugar donor binding and conserved functional domains, their protein sequences were aligned and analyzed. The results showed that PantUGTs had an average of only 31.78% amino acid identity with each other, and PantUGT32 and PantUGT33 shared the highest identity of 79.42%, while the lowest was between PantUGT3 and PantUGT26 (24.14%). The C-terminal domain was more conserved than the N-terminal domain, especially for two DBRs (DBR1 and DBR2). In the N-terminal domain, two catalytic residues were highly conserved where the first site was histidine (H)/glutamine (Q)/asparagine (N) and the second was aspartic acid (D). In the C-terminal domain, the residues interacting with the sugar donor were also highly conserved, including nucleotide (serine/cysteine, S/C; tryptophan/phenylalanine, W/F; Q), phosphate (threonine/serine/tyrosine/methionine, T/S/Y/M; H/Q) and glycoside (D; glutamine/histidine/glutamic acid, Q/H/E) interacting residues. In addition, a signature motif, a transmembrane domain and a cytoplasmic tail were observed (Figure 1A).



Based on the crystal structure and amino acid sequence of HsapUGT2B7 in H. sapiens [41], the secondary structures of 34 PantUGTs were predicted and analyzed. The seven α-helixes had low amino acid identities, except for α3. The β-sheets shared relatively high conservation, including β1, β2 and β4. The key residues involved in sugar donor binding were highly conserved between HsapUGT2B7 and PantUGTs, i.e., S, W, Q and E for nucleotide interacting residues, T and H for phosphate interacting residues and D and Q for glycoside interacting residues (Figure 1A). There were identical residues in key sugar-donor binding sites between PantUGT2 and HsapUGT2B7. These conserved residues were positioned within the binding pocket of PantUGT2. In the superimposition of PantUGT2 and HsapUGT2B7 structures, four highly conserved regions (α3, β1, β2 and β4) constituted most of the binding pockets of UDP-glucose (UDPG). Compared to the structure of HsapUGT2B7, PantUGT2 had a shorter N-terminus, as well as more diverse loops (Figure 1B).




3.3. Phylogenetic Analysis of Coleopteran UGTs


In the phylogenetic analysis, a total of 576 UGT sequences of 15 coleopteran species, including the four cerambycid beetles A. glabripennis, P. antennata, R. horsfieldi and X. quadripes, were selected to construct the tree. The results revealed that coleopteran UGTs could be divided into 11 phylogenetic clades: UGT50, UGT311, UGT312, UGT319/320/321, UGT323, UGT324, UGT325, UGT328, UGT326/327/347, UGT331 and UGT352, where UGT319/320/321 and UGT326/327/347 were composed of mixed members. Some species- or family-specific expansions were found in the tree. For example, members of four clades were unique to the cerambycid beetles, including one in UGT323, one in UGT352 and two in UGT324. A similar lineage-specific expansion was also observed in the family Chrysomelidae. Several typical species-specific representatives were presented in Nicrophorus vespilloides Herbst, 1783 (Coleoptera: Silphidae) (13 UGTs in UGT319/320/321), Agrilus planipennis Fairmaire, 1888 (Coleoptera: Buprestidae) (10 UGTs in UGT319/320/321), Aethina tumida Murray, 1867 (Coleoptera: Nitidulidae) (9 UGTs in UGT312), T. castaneum (8 UGTs in UGT324) and Onthophagus taurus Schreber, 1759 (Coleoptera: Scarabaeidae) (8 UGTs in UGT311) (Figure 2).



Apart from the two clades UGT311 and UGT331, the nine clades possessed at least one member of PantUGTs in P. antennata. Of these, UGT352 was specific to the Cerambycidae and had 15 P. antennata UGTs, representing the most relatives among the nine clades. Both UGT319/320/321 and UGT324 harbored comparable gene numbers, with 14 and 11 relatives, respectively. A highly conserved UGT50 subfamily was composed of one singleton from each species, including P. antennata, in which 11 full-length UGT50 orthologs shared an average 72.88% amino acid identity with particularly high conservation (86.85% identity) among four cerambycid species. In most cases, P. antennata UGTs clustered together with those in A. glabripennis, with 1:1 orthology (Figure 2).




3.4. Sex- and Tissue-Specific Expression Profile of P. antennata UGTs


Based on the FPKM values, an expression profiling map of 58 PantUGTs was constructed. Due to the existence of PantUGT58 only in the transcript database, the FPKM values in various tissues were unavailable. The majority of PantUGTs were highly expressed in thoraxes and/or abdomens of both sexes, for example PantUGT11, expressed in thoraxes (FPKM = 62.53 and 90.80 in males and females, respectively) and abdomens (FPKM = 52.02 in males and 96.61 in females), as well as PantUGT35 expressed in female abdomens (FPKM = 77.21). Eight of the 58 PantUGTs were detected in tissues at an extremely low level (FPKM < 2.00), including PantUGT3/5/8/23/41/45/54/57. Some genes exhibited comparable transcriptional levels in female and male antennae (FPKM > 20), including PantUGT16, UGT18 and UGT31. PantUGT38 showed 182-fold higher expression in males (FPKM = 43.77) than in females (FPKM = 0.24) (Figure 3A). Considering the abundant expression of 32 PantUGTs in thoraxes and/or abdomens, PCR was employed to validate their existence in 12 tissues. As expected, the expression of the genes was thorax- and/or abdomen-enriched, although most of them were also transcribed in other tissues. Eight genes had antenna-dominant expression, including PantUGT6/11/21/24/28/35/37/43 (Figure 3B).



Using qPCR assays, we further detected the relative expression of 34 candidate UGT genes in antennae and abdomens of both sexes. With the exception of PantUGT11 and PantUGT13 in the antennae, virtually all the genes could be detected in both antennae and abdomens. Over 70% of the genes (25/34) were abundantly transcribed in female and/or male abdomens. Among these, 8 genes exhibited significantly higher expression in female abdomens compared to males (PantUGT2/6/11/13/14/20/30/34). In contrast, 6 relatives were sex-biased genes in male abdomens (PantUGT3/4/7/12/22/26/). In the antennae, 5 PantUGT genes had relatively high expression (PantUGT3/16/18/24/31). Of these, PantUGT3 had male-biased expression, while PantUGT16, UGT18 and UGT31 were female-biased transcripts. The remaining 4 genes (i.e., PantUGT5/8/26/32) presented abundant expression in the antennae and abdomens of both sexes (Figure 4).




3.5. Candidate P. antennata UGTs Involved in Olfaction


With a focus on the olfactory roles of PantUGTs, we aimed to identify candidates expressed in the antennae. Based on the transcriptome data (FPKM > 1) and PCR results, the expression of 48 PantUGT genes was detectable. In the qPCR analyses, 32 out of 34 genes were expressed in the antennae, 9 of which had relatively high levels (PantUGT4/15/16/18/24/25/29/31/33) (Figure 4). In the remaining 25 PantUGTs, the FPKM values of 9 genes were above 1. It is worth noting that although the other 16 genes had low transcriptional levels (FPKM < 1), 7 of them (PantUGT37/40/49/51/54/56/59) were found to have expression by RT–PCR (Figure 3).





4. Discussion


To adapt to their habitats and feeding host plants, the cerambycid beetles utilize UGT enzymes to metabolize a variety of xenobiotics, including plant defensive compounds and insecticides [8,43,44,45]. Our study characterized this UGT gene repertoire in P. antennata, a wood-boring pest. As indicated in previous studies, the UGT sizes in insects were associated with their host plant range [28,46]. Our current study identified as many as 59 UGT candidates from P. antennata, close to the number in the two generalist herbivores A. glabripennis (65 relatives) [28] and Locusta migratoria Linnaeus, 1758 (Orthoptera: Acrididae) (68 relatives) [46], but more than those in R. horsfieldi (36 UGTs) [29], X. quadripes (30 UGTs) [14] and H. parallela (20 UGTs) [15]. This is likely to reflect a wide range of host plants used by P. antennata, although to date there is a restricted record of hosts, as this beetle is found only on the Juglandaceae plants [32]. For other beetles with a broad range of hosts, their relatively fewer UGTs could possibly be attributed to the numbers of sequencing tissues, as cDNA libraries of 12 tissues in P. antennata were constructed and sequenced (SRA accession numbers SRX14711840–SRX14711851).



In the NCBI BLAST analyses, all the 59 PantUGTs could align well with the UGTs in A. glabripennis, suggesting a high degree of conservation of UGTs between the two beetles (>45% identities) [28]. This conservation was further supported by the 1:1 orthology between the two cerambycids, as observed in the tree (29 orthologous pairs). Although there was a low identity (31.78%) among P. antennata UGTs, high conservation of UGTs was found across coleopteran insects, especially in sugar donor binding sites and catalytic residues [8,14,15,16]. This may reflect, to some extent, conserved functions of insect UGTs. In previous studies, the UGT genes in one coleopteran species could form relatively individual clades in clusters, such as the seven clusters in A. glabripennis [28], four in A. tumida, A. planipennis and T. castaneum, three in L. decemlineata and two in X. quadripes and H. parallela [14,15]. In this study, when we used the UGTs from more coleopteran species to construct the tree, it was found that some species-specific expansions of UGTs disappeared, especially in Cerambycidae. Therefore, our current tree mainly presented the orthologous groups among four cerambycid species. In agreement with previous results, family-specific clusters were common in coleopteran UGTs [8,14]. Based on the numbers of UGTs in A. glabripennis (58 candidates excluding 7 pseudogenes) and the orthology of UGTs between P. antennata and A. glabripennis [28], our study is likely to have identified most, if not all, of this beetle’s UGT genes.



Insect UGTs generally have a wide tissue expression profile, associated with functional diversities responsible for insecticide resistance [31,47,48,49], sclerotization [50,51], detoxification [12,13], olfaction [17,18,52,53], pigmentation [54], cold tolerance [55] and immunity [56,57]. Our study revealed a broad tissue expression profile, with the majority of PantUGTs exhibiting particularly high levels in thoraxes and/or abdomens. The expression features were consistent with the UGT results in H. parallela [15], X. quadripes [14] and R. horsfieldi [29], as well as non-coleopteran species such as B. mori [8,58], D. melanogaster [8,59] and Athetis lepigone Möschler, 1860 (Lepidoptera: Noctuidae) [16]. In several previous studies, the UGT genes were highly transcribed in tissues responsible for detoxification, including midguts, fat bodies and Malpighian tubules [8,58,59]. In P. antennata, at least half of the UGTs were expressed predominantly in female or male abdomens. Thus, it is suggested that these UGTs in this beetle may be expressed in detoxification-related tissues.



Odorant degrading enzymes, comprising a few cytochrome P450s, esterases and glutathione-S-transferases, and aldehyde oxidases, are highly expressed in antennae, and are capable of degrading plant odorants, sex pheromones or insecticides [60,61,62,63,64]. Like these degrading enzymes, some UGT members display dominant expression in the antennae, with involvement in olfaction. In D. melanogaster, DmelUGT36E1 expressed in antennal olfactory sensory neurons responded to the sex pheromone 2-heptanone [52]. In Spodoptera littoralis Boisduval, 1833 (Lepidoptera: Noctuidae), two antenna-specific UGTs (SlitUGT40R3 and SlitUGT46A6) were involved in the degradation of Z3-hexenyl acetate, Z9,E11-tetradecadienyl acetate or deltamethrin, as their expression was significantly regulated by these chemicals [18]. In Coleoptera, although no direct functional evidence demonstrates the roles of UGTs in olfaction, the UGTs from several beetles have been suggested to have putative olfactory associations with a specific or high transcription in the antennae, including those from H. parallela [15], X. quadripes [14] and R. horsfieldi [29]. Our study identified a number of P. antennata UGTs from the antennae. Considering the importance of the antennae in the perception of semiochemicals, the species may encounter many plant defensive compounds or general odorants. Therefore, some detoxification-related enzymes such as UGTs are expressed in the antennae and are responsible for the detoxification and removal of these chemicals, as evidenced in moth species [12,13]. Meanwhile, some sex-biased UGT genes were found, possibly associated with specific physiological activities of P. antennata such as mate recognition and oviposition.




5. Conclusions


In summary, our study revealed a comparable UGT number in P. antennata, with the identification of 59 relatives from the transcriptome. This large UGT gene repertoire may reflect a broad range of host plants in this beetle. Sequence and phylogenetic analyses indicate a high degree of conservation among cerambycid UGTs, especially for key amino acids involved in catalysis and sugar donor binding. P. antennata UGTs are widely expressed in tissues, including the antennae and abdomens, with involvement in olfaction and detoxification. In particular, some sex-biased UGT genes are found in the antennae, possibly associated with odorant reception in specific olfactory behaviors of P. antennata.
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Figure 1. The UGT gene family in P. antennata. (A) Multiple alignments of amino acid sequences of 34 full-length PantUGTs. The signal peptides (orange), two donor binding regions (DBR1, cyan and DBR2, green), a transmembrane domain (magenta) and a cytoplasmic tail (blue) are indicated in colored boxes. Several key amino acids of DBRs involved in the sugar donor are shown by red numbers, including nucleotide interacting residues (1), phosphate interacting residues (2) and glucoside interacting residues (3). Two key catalytic residues (H and D) are labeled in red triangles. Other conserved amino acids with at least 30% identities in the sequences are shaded with a light-blue to dark-blue background. Based on the secondary structure of H. sapiens UGT2B7, α-helixes and β-sheets are indicated on the top of the alignment of PantUGTs. (B) The tertiary structure of PantUGT2 (left) and structural superimposition of PantUGT2 (red) and HsapUGT2B7 (blue) (right). Key residues (S23, W74, Q77, T91, H92, E100, D116 and Q117) and conserved regions (α3, β1, β2 and β4) are labeled on the structures. Arrows indicate the binding pockets of UDPG. Nt: N-terminus; Ct: C-terminus. 
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Figure 2. Phylogenetic relationship of coleopteran UGTs. The tree was constructed by FastTree v2.1.11, based on an aligned protein sequence of UGTs in 15 coleopteran species. Support values were computed with SH-like 1000 support. Species-specific color patterns of UGTs are presented for four cerambycid species, and the UGTs of other species are highlighted in black. Atum: Aethina tumida; Apla: Agrilus planipennis; Dvir: Diabrotica virgifera virgifera; Ldec: Leptinotarsa decemlineata; Nves: Nicrophorus vespilloides; Otau: Onthophagus taurus, Tcas: Tribolium castaneum. 
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Figure 3. Expression pattern of candidate UGT genes in different tissues of P. antennata. (A) Expression patterns of PantUGT genes with FPKM values. (B) Expression patterns of PantUGT genes with PCR assays. PantRPS3 was used as the reference gene to detect the quality and quantity of cDNA templates. An: antennae; He: heads without antennae; Th: thoraxes; Ab: abdomens; Le: legs; Wi: wings; NC: negative control using sterile water as the template. 
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Figure 4. qPCR analysis of 34 UGT genes in antennae (An) and abdomens (Ab) of both sexes from P. antennata. Error bars represent the standard errors of three biological replicates. Asterisks denote significant differences in gene expression levels between female and male tissues (* p < 0.05, ** p < 0.01). 
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Table 1. The information for candidate PantUGT genes of P. antennata.
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	Gene
	ORF (AA)
	Full Length
	Signal Peptide (AA)
	pI/Mw (kDa)
	NPS
	NCBI Blast Hit to Anoplophora glabripennis (Reference/Name)
	E Value
	Identity (%)





	UGT1
	517
	Yes
	20
	8.88/58.57
	129|174|239|509
	XP_018579880.1 UDP-glucuronosyltransferase 2B10
	0.0
	83



	UGT2
	517
	Yes
	18
	8.93/58.86
	107|415|416|452
	XP_023312103.1 UDP-glucuronosyltransferase 2B15
	0.0
	79



	UGT3
	517
	Yes
	18
	8.79/59.32
	65|121|220|397
	XP_018561507.1 UDP-glucuronosyltransferase 2B7
	0.0
	68



	UGT4
	520
	Yes
	18
	7.05/59.53
	64|233
	XP_018563298.1 UDP-glucuronosyltransferase 2B10
	0.0
	87



	UGT5
	512
	Yes
	18
	8.70/58.16
	120|230|456
	XP_018563256.1 UDP-glucuronosyltransferase 2B7-like
	0.0
	84



	UGT6
	516
	Yes
	22
	8.96/58.92
	119|175|240
	XP_018579878.1 UDP-glucuronosyltransferase 2B31
	0.0
	83



	UGT7
	519
	Yes
	19
	9.24/59.03
	66|81|88|222|232|419
	XP_018561504.1 UDP-glucuronosyltransferase 2B37 isoform X1
	0.0
	56



	UGT8
	526
	Yes
	27
	9.14/61.25
	91|246|429|517
	XP_018561622.1 UDP-glucuronosyltransferase 2B31
	0.0
	85



	UGT9
	512
	Yes
	17
	8.82/58.39
	233|278|323
	XP_018570348.1 UDP-glucuronosyltransferase 1-8
	0.0
	81



	UGT10
	523
	Yes
	19
	8.73/58.99
	50|94|128|173|238|273
	XP_018579876.1 UDP-glucuronosyltransferase 2B15
	0.0
	76



	UGT11
	514
	Yes
	17
	9.21/58.27
	63|235
	XP_018579879.1 UDP-glucuronosyltransferase 1-8
	0.0
	84



	UGT12
	523
	Yes
	18
	8.29/60.04
	226|517
	XP_018564526.1 UDP-glucuronosyltransferase 2B13-like
	0.0
	91



	UGT13
	533
	Yes
	22
	9.09/61.38
	69|177|243|274|334|419
	XP_018568770.1 UDP-glucuronosyltransferase 2B19 isoform X1
	0.0
	79



	UGT14
	499
	Yes
	20
	7.36/56.98
	66|169|234|302|417|461
	XP_018565808.1 UDP-glucuronosyltransferase 2B16-like isoform X1
	0.0
	70



	UGT15
	518
	Yes
	18
	8.96/59.06
	65
	XP_018573571.1 UDP-glucuronosyltransferase 2B7-like
	0.0
	71



	UGT16
	515
	Yes
	20
	9.28/59.34
	170|235|409
	XP_018563264.1 UDP-glucuronosyltransferase 2B37
	0.0
	73



	UGT17
	516
	Yes
	17
	8.91/58.43
	64|120|219
	XP_018561507.1 UDP-glucuronosyltransferase 2B7
	0.0
	66



	UGT18
	517
	Yes
	18
	8.95/58.41
	49|62|65|72|121
	XP_018561507.1 UDP-glucuronosyltransferase 2B7
	0.0
	67



	UGT19
	522
	Yes
	17
	9.19/59.78
	64|225
	XP_018573569.1 UDP-glucuronosyltransferase 2B7
	0.0
	95



	UGT20
	527
	Yes
	19
	9.41/59.13
	101|171|188|197|236
	XP_018562714.1 UDP-glucuronosyltransferase
	0.0
	73



	UGT21
	516
	Yes
	18
	9.14/58.71
	109|127|172|189|237
	XP_018579881.1 UDP-glucuronosyltransferase 2B7-like
	0.0
	81



	UGT22
	514
	Yes
	17
	8.95/59.13
	48|119|229|289|455
	XP_018562715.1 UDP-glucuronosyltransferase 2A3 isoform X1
	0.0
	84



	UGT23
	522
	Yes
	20
	6.44/60.65
	64|85|173|285|336|424
	XP_018566903.1 UDP-glucuronosyltransferase 2B15-like
	0.0
	79



	UGT24
	527
	Yes
	21
	8.65/59.92
	52|82|239
	XP_018561400.1 UDP-glucuronosyltransferase 2C1-like
	0.0
	96



	UGT25
	517
	Yes
	18
	9.01/59.23
	65|122|236
	XP_018572801.1 UDP-glucuronosyltransferase 2B7
	0.0
	91



	UGT26
	516
	Yes
	19
	8.42/59.11
	50|457
	XP_018570251.1 UDP-glucuronosyltransferase 1-6-like
	0.0
	74



	UGT27
	523
	Yes
	29
	9.15/59.91
	2|12|131|241|508
	XP_018563266.1 UDP-glucuronosyltransferase 2B1
	0.0
	79



	UGT28
	511
	Yes
	17
	6.58/58.41
	64|166
	XP_018561499.1 UDP-glucuronosyltransferase 2B7-like
	0.0
	70



	UGT29
	521
	Yes
	19
	6.14/59.21
	65|123|238|245|465
	XP_018561622.1 UDP-glucuronosyltransferase 2B31
	2 × 10−163
	46



	UGT30
	521
	Yes
	20
	6.35/59.69
	127|408
	XP_018561584.1 uncharacterized protein LOC108903775
	0.0
	78



	UGT31
	520
	Yes
	20
	7.63/58.90
	51
	XP_018569262.1 UDP-glucuronosyltransferase 2B7
	0.0
	77



	UGT32
	515
	Yes
	20
	9.44/58.56
	14|106|236|281|326
	XP_018570347.1 UDP-glucuronosyltransferase 1-1 isoform X2
	0.0
	87



	UGT33
	521
	Yes
	24
	9.24/58.90
	112|176|242|287|332
	XP_018570346.1 UDP-glucuronosyltransferase 1-3 isoform X1
	0.0
	87



	UGT34
	519
	Yes
	20
	9.03/59.13
	66|73|148|169|211
	XP_023310147.1 UDP-glucuronosyltransferase 2B16-like isoform X1
	0.0
	80



	UGT35
	524
	No
	
	
	
	XP_018579876.1 UDP-glucuronosyltransferase 2B15
	0.0
	67



	UGT36
	522
	No
	
	
	
	XP_018561504.1 UDP-glucuronosyltransferase 2B37 isoform X1
	0.0
	77



	UGT37
	466
	No
	
	
	
	XP_018565808.1 UDP-glucuronosyltransferase 2B16-like isoform X1
	0.0
	75



	UGT38
	341
	No
	
	
	
	XP_018563264.1 UDP-glucuronosyltransferase 2B37
	2 × 10−174
	70



	UGT39
	338
	No
	
	
	
	XP_018561507.1 UDP-glucuronosyltransferase 2B7
	3 × 10−150
	65



	UGT40
	340
	No
	
	
	
	XP_018568773.2 UDP-glucuronosyltransferase 2B9
	3 × 10−175
	73



	UGT41
	292
	No
	
	
	
	XP_018561504.1 UDP-glucuronosyltransferase 2B37 isoform X1
	5 × 10−152
	73



	UGT42
	230
	No
	
	
	
	XP_018563273.1 UDP-glucuronosyltransferase 2B9-like
	3 × 10−144
	86



	UGT43
	250
	No
	
	
	
	XP_018579876.1 UDP-glucuronosyltransferase 2B15
	9 × 10−128
	76



	UGT44
	448
	No
	
	
	
	XP_018563300.1 UDP-glucuronosyltransferase 2B33-like
	0.0
	81



	UGT45
	275
	No
	
	
	
	XP_018579881.1 UDP-glucuronosyltransferase 2B7-like
	1 × 10−153
	76



	UGT46
	413
	No
	
	
	
	XP_018563264.1 UDP-glucuronosyltransferase 2B37
	0.0
	77



	UGT47
	228
	No
	
	
	
	XP_018561584.1 uncharacterized protein LOC108903775
	2 × 10−121
	78



	UGT48
	428
	No
	
	
	
	XP_023310231.1 UDP-glucuronosyltransferase 2B33-like
	0.0
	71



	UGT49
	453
	No
	
	
	
	XP_018579876.1 UDP-glucuronosyltransferase 2B15
	0.0
	82



	UGT50
	436
	No
	
	
	
	XP_018579876.1 UDP-glucuronosyltransferase 2B15
	0.0
	79



	UGT51
	350
	No
	
	
	
	XP_018561520.1 UDP-glucuronosyltransferase 2B7-like
	0.0
	83



	UGT52
	287
	No
	
	
	
	XP_018570348.1 UDP-glucuronosyltransferase 1-8
	9 × 10−139
	72



	UGT53
	316
	No
	
	
	
	XP_018563264.1 UDP-glucuronosyltransferase 2B37
	0.0
	89



	UGT54
	276
	No
	
	
	
	XP_018561499.1 UDP-glucuronosyltransferase 2B7-like
	1 × 10−84
	49



	UGT55
	221
	No
	
	
	
	XP_018568773.2 UDP-glucuronosyltransferase 2B9
	5 × 10−111
	73



	UGT56
	169
	No
	
	
	
	XP_018561622.1 UDP-glucuronosyltransferase 2B31
	6 × 10−30
	39



	UGT57
	177
	No
	
	
	
	XP_018570251.1 UDP-glucuronosyltransferase 1-6-like
	7 × 10−77
	65



	UGT58
	164
	No
	
	
	
	XP_018561504.1 UDP-glucuronosyltransferase 2B37 isoform X1
	3 × 10−45
	53



	UGT59
	136
	No
	
	
	
	XP_018561622.1 UDP-glucuronosyltransferase 2B31
	8 × 10−45
	52







AA: amino acid; ORF: open reading frame; Mw: molecular weight; NPS: N-glycosylation predicted site; pI: isoelectric point.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Binding pocket
(B)





nav.xhtml


  diversity-14-00348


  
    		
      diversity-14-00348
    


  




  





media/file8.jpg
100N [IHRAOONORD )]
] ) [IRENONINED ]
1NN HNHRNOBONN 1)
110D []H] Han 1))
HAL] 10 0N )
] ) 1 ] )
] ] 1[0 1)
1 1 1 1 1)
L] B[N RO 0
3100 ] 30 1)

1 ] ) [ 1)
) IRHIROREINNG0 ]






media/file5.jpg





media/file9.png
65.19N
LS19N
9519n
SS19n
ysion
€519n
2s1on
1S1ON
0S19n
6v.1ON
8v.1On
Lyion
9719N
Sv1on
vyLon
evion
Zrion
wion
NA])
6€L9N
8eLoN
LELON
9€19n
GELON
vELON
€ELON
2eLon
LELON
0€LON
6219nN
8219n
219N
9Z19n
TA R )
veion
€21on
2zion
219N
0219n
6L19N
8LLon
119N
91L19n
SLLon
vLLon
€LLon
ZzLion
LLon
0LLON
619N
819N
219N
919N
19N
y1On
€19n
21on
LLoN

20 40 60 80 100

10

0.5

(A)





media/file1.jpg
it

i

iz

i

'






media/file7.jpg
§fE£33552£333
r—

I





media/file10.png
1] JHRUULLHE )
: | LR )
SRR 3 1)
JUUUET AR R 1 )
NN HLNRE I })
! _ ) _ J
| | RNl 1| )
.. 1L _ _ )
3| 33 I B ) )

LI I RN 1 T1))

1 | 3 ~ )| |J 1)
) AR i |






media/file12.png
Relative expression

Relative expression

e
o
o

I

*

Relative expression

Relative expression Relative expression Relative expression
o
=)
1
._|

Relative expression

UGT1

g
—
']

o

-

N
L
—

=

=

o
A

o
o
Y
ll:

o o
o o
RS (+2]
L J
—

o

o

N
1

o
[=2]
1

o

E =N

L
—

i
-

o
N
1

UGT16
0.04-

An Ab

UGT21
0.0075+

o o
o o
o o
N o
(4] o
1 1

-

0.0000-
Ab

0.009+

0.006

0.0034

0.000-
Ab

UGT31
0.04+

0.034

] ¥

-3
— %

0.02+

0.01+

UGT2
0.041 ]’:
0.02-
*
Y]
An Ab
UGT7
0.045-
*
0.030-
0.015-
- o
0.000-

0.124

0.06-

0.00-

0.008+

0.006+

0.004+

0.002+

An Ab

UGT12

Ab

UGT17

0.000-

0.03+

0.02-

0.01+

-

Ab

UGT22

0.00-

0.03+

0.02+

0.01+

0.00-

0.0006

0.0004+

0.0002+

0.0000-

Ab

UGT27

Ab

UGT32

0.0004-

0.0027 -

0.0018+

0.0009-

0.0000-

0.021+

0.014+

0.007 4

0.000-—v_iv—

0.04-

0.03+

0.02+

0.01+

0.00-

0.008+

0.006+

0.004+

0.002+

0.000-

0.015+

0.010+

0.005+

0.000-

0.045+

0.0304

0.0154

0.0003+
0.0002+
0.0001+
= =
0.0000-

—]

UGT28

UGT33

13

Ab

Ab

UGT4

0.4- ™
0.2
0.0- = —
An Ab
UGT9
.06~
0.04- 'I'
0.02-
*
0.00-
An Ab
UGT14
0.04-
0.03- *.I’-*
0.02-
*
0.01 o
oo lomm— N
An Ab
UGT19
0.015-
0.010+
0.005+ I
0.000- —
An Ab
UGT24
0.024-
0.016 "
0.008- i
0.000-
An Ab
UGT29
0.064
0.044
-
0.02+ *
0.00-
An Ab
UGT34
0.027-
B
0.018- T
0.009-

UGTS

0.0018+

0.0012+

0.0006

0.0000-

0.042+

0.028

0.0144

0.000-

UGT15
0.075-
0.050-
0.0254 . T
0.000-
An
UGT20
0.27-
0.18- T
0.09-
0.00l——N__
An Ab
UGT25
0.06-
|
0.02 -
0.00-
An
UGT30
0.06-
0.04- T
0.02-
0.00- =
An
Bl Male
Female





media/file3.png
UGT33
UGT34

T26
4 MNFS IGNRHKMN I TYLILIV

Signal peptide
ITARLG.LLLFLTVINGNDGAR'LGVFPFGAPINVILGNTLHKGLAEABNDVT
MRSVIVY | ILKLLAFTECKRVEG | YGHPGKSHQ | FGEV | LTKEAER!

MMLC
MVKL
MNVIYLILLIKLVSFAKCAKIEGVFPSPGYSQF | LAEKLMTERV TRGHEW
MSASLLYLVGLCLLLVPPFTEGARIEG | FPTASPSHY | LGSALLKGEAEAGHD |
MTVLL 03L|F5FVSSSVSANILACVFTPSVINQIAVT leELSLIGMKV

MVTSAHL IMLKEFIYLLLVLFIHEATCAREEAV IPV SHaL
MYK FlILSVSVCVCFGLNILVIFPNSGKBNFMAFEPLFKSLAKRO“SV
MFRTVIFTALCISCATVNCAREEG | FPTAAPSHY | LGNALMKGEADAGHNY
MKP VLVLLIAVVSAECSK!LVVFPMPAPINV LGNALARGLAEAONDV
VIFFIFLAQICNGANEEYV TELWKEES LREGHKY
VLILFVNTPKVVSAN!LFVATFP!IINO Q VWKELS LREGHNY
CGVTFLYFQICNSANIVAFHPLPFHI”LIAFKPLWLK&AKLB“KI
FVKYITLVTQIASVALCANEEA | IPTGSYSHQVAF FDFWKQES LREGHKW
HWCVFCVLLVTNAFLSVSNAARILTVFSIGS LGFRL!KELADIQNOV
LLCATSFSQGANEEA | LPSPSYSHQ I AYTH IWKEES LRGHS ¥
IILKLVLFLLPLASLSNGANILAILPTPSVI“QIAVTMIWKELSLRQNNV
ALCVLSFASIASCGNEEAL IPAPFYSHQ I AFTQ IWKEES LRGHOW
MKYSTFLVVTAVLLGG IECSKEELVFPFAAPSHY | LGSALANGETEABHDY
IKLIAFLFVTLLFVIGKCSRILIVFPMPGRINVILGNAFGKGLAEABMDV
FILLYVTTNF IDCAKEEGVFPSPGYSQFMLGEVLMTERARRGHNY
MVSQKLILLD!LFLCCFCECARILAVL'MPSFBNOIVFOPLWKNLLLIGNEl
MYGRRLPVVTASLAVINLCTCANEEM | TMGGTKSHK | PFWELARGE | PREGHNV
MDLYLALLFLSLAGSLQCARBEGVFQMPTVEHQSVFQTLWKEES LRGHEN
VPTVLLIVSLVLVRDSLSSNILIVS'IPSPI”N!VNVAFAEGLMAKB“NI
EI 1 INFVKCAKER PSPG EKLMTER | RRGHEV
MLVLLCMVISCASFSNCANILAVLPTPSV'NOIAVHPLWKELSLRG“KV
MYYVVLMVLVVFSSRVNECARBEGVAPTPSYSHQ | VFRP IWNEEARRGHON

SFLLVLFISSCYGANREA | LPTPSYSHQVAY TQLWTER

MSLK
MWVLRLTL
IRCALF

MKTNIYFYLVLLINLTQSTSYN|
MRFNEMMKTHAVFVLFTLFTYGSALNEEGVFPH IGKSHADVF | ALMKGEAQKGH TV
MKCVLLLCSLSFLLFERCPAANEVVFMPLPFYSHQTAFKPLWLEEAKRGHR |

S

PEGVFPHPGKSHVDVFKPLMKARAEKGHRW

N-terminal domain

al

0000000 g1

T28B7
8 .1'60F -HVQPPKKEPDDLQKFLBEA - KEGVEYFSMEBSNLKSQ
-BBA-HIQEPEPEPQDLKDFLBKS -DKEBVVYESLEGSHMKTS
B.NRDIIFPTBLSKDIAEFLBSA KEGFEYFSLEGSNVKSK

KEPDE IQNFLBEA - ONGAILFIUGINLuls
~'GGAFNLNKLGALPEDLELFLNNS ENGBARYESLGSN | RVR
--AC| -HCKRAKPEPEDLEEF | RGSGDABF RYESMBS S VKAA
--QRL-HITPPRPEPKELQTLLENA -KNGVEYESLESNVQSY
--@BL-HARPPRKEPQD I QE IMBKS - TNGVELMSLETN | RSD
--0 F-H1S-PKREPND IQKYLBEA - TDGVAFESMETNLKSS

-BBYREDVSSEPEPTELKNFLBEA -KEGCRYVSFESNVKSS
-GEGAHLTPLKPEPQDLKEYLBSA - KDGF RYFSMEB TNVKSD

§
=
x
o
m
m
v
o
°
"
°
(-]
=]
-
=
m
-
=
o
[
>

EKWINDS - PEGVIV'!LGSLIKGD
- -B6F - HVGKNQPEPKN | EKWINDS - PEGVEYESLES L | KGD

DQGINLLEPOPLPKDLQAVLDNA-NNQVlVF:LOISIN‘K

—
C-terminal domain DBR1
a2 2 3 a3 a4 5 a ab
Q000000 B—» -B—> -ﬁ» 200000 B—» B—‘»
NMTEERANV | ASALAQ Q ITHGGANG | YEAI YHG | PMVG | PLFADQPDN | AHMKARGAAVRVDFN - T - MSSTDLLNAL

NLP |EKREA I LKAEGKRKEK | BINKWEDD - VLPG - QBPNVKVGKIWL PRQE | EANPNVK
TLPSDTLSS ILKAESR | POKMELKWEKD - E | PNNLPONVKVRKWMBRANS | EAHPNVK
DLSDETRQAITEALRELPYKVEWKFEAD - EVPN - KRENVKL | KWAPQQAVESHEN | K
DFDKQKLSAVLKSEFAK | KOKNEWKYDEE -SLPG - LEONVKL VKWL PRQD L EAHPN TK
DLPKYKLDG I LNAESKLKQKNEWKFEGT -D I PN - KPKNVF | SKIWLPAND | EANPNVV
NLPAEKRDA | LKAFAKRKE KMEWKWEDD - VLPG - QRPN | KLGKWLFQQD | EAHPNVK
ELKKESLN!IHOALGDHPVKVL'KFEDD-NIPG-KPEUVKLVK‘A”QRAVLAN'HIR

QMSDEKRTAILTALGKLKQKMEWKWDED - TLPG -
DLGGQTMINI IETEKELPYKNEWKFEAD -ELP:

VLPENVRNIFLDV'GKLPVNVLFKWEND-TLPG-KPBNVFISK‘VPQLTVLDNPNVK
HLELNTTTEVILSTESQLPYD | EIWKLDV - -EVEK -
DLQAESLKSILETLGELPLKMEWKFEAD - TMAN - KEONVKL | KWAPQLG | EAHPN | K
DFPQEKKEA I LRVESRLKOKNEWKFET - -DLPG-KPENLK IMSW | PRQDVEAHPNV |
DLSKETLDAITDTFRELPFKVLI‘FEED EVSN- KPDNVKL!KWAPQOK LSN I

DLSKETLEAITDTE EWKFEAD - EVPN - KPONVKL | KWAPQQ
KLNRDTLNAIVOAFKE|PYKVVNKFEGO DLPG KFDNVHLVRNAPOQIVLKN'NIK
DMPEDKRDA | LKALGK | KQR! PG-KPDONVKLFKWLPQQD | EAHPN | K
0ISDSQRNALLRAFGKIKGKVL"WDEE TGPG KPDONVKLAKWFPQAD | EAHPNTK
NLPASTLDTHHKHFSKHKQRVLLIFEDV TVKN-KESNVL | SKWLPRASG | EENRNLYV
DLPVETFTMLLETERQLPCRIVINK | EKT -DLIN-NVSN|YTGAWLPQAQE | EANKSVK
NHPSYLHRILHVVFRKLPQRVl"VEAEDDIPD LESNVKLGRIWLPAQD | EGHBKLR
NMPDRLRIVLNEARSELPYT | BEWKYESE - PG-KPSNV | | KKNLPQQDVEAHPN | R
KLEKAKRDALLNAESKLKQTVEWKFESD - FED LPKNVVIRKFLPQNDILAN'NYK
DLPKDKLNWIHKAFSKLKQRVL*KFEET NFPV K’KNVFVSK‘L'QSDlLANI
QLSQHLLEPIVEALGEVPYK | EWKFET | KTAKWLPRQKV
IFLPEKRKIVLDAFRELPYKVL*KFDVT DIPD VFDNVKIATWLPQQOILRNFNIK
LIGDELKATILKTEAELPYMM IWKFEEE - NLPE - K'DNVKINKNIPQQDLLQM’NVV
KLGTDTIKGLLDAERQLKQTM IIWKFESD -
TFPKEKTDAFLKAESRLPQRVEWKWEND - TIEB
TFPKEKTDAFLKAESRLPQRVEWKWEND - TMEG - KRDONVMTQKWM)

QMPDT IKKV ILQTESQLPYKMEWKLDE - -E | PG - RSAN | KMMKW | FRQDVERHKNVK

M

ab a7

200
KRV NDPSYKENVMKLSR | QHD [Rgeively thaped

THEGELSTTETVYHGME I VAIR I AGDE

THAYNSERLGBYGIVEPYG-T- ISEEKLSGVL

QIAVLLPFK E LSEIS
THANSAKQAGYGLTLPFK-E- ITEETFSSVL

I TEDSMYKAV
RNAE | ATRGGYALSLPYEDPSFSEEKVSDML
MNAARAEANGYGFSLSFS ITEEKITKYL
KNARIVEYKGFGKF | NHKP LKKEELKNAI
NVDTFVKYBGAG IGLDLD-Y -LTAEELNSS |
HNADKMVARGFGLKLDHA -LDVRIFKGAI
QQONARLMKNKGFAE | VGRHP IKKEELKSAI
KNSYDAVRQGFALTIPFS
QNAA IMESKGLAVVVNRVP -INKVELKSAI
QNA | IMESKG | VVSKASS -VIKLKLKNAI
KNARLME | KH IGKT IGRKPS - VNKDELKNA |
ANSVRSQMDGYG | ITEKKLSAAL
MNAARATMDGYGLTLKFS ISEEKLASGL
MNVERCVQKG | AVHLPFQ LTADTLHQAL
NIRRLSRKGAC IGLDVY -N-MKKEEFEKAV
DSNAAKAETDGYALKLDLS -K-LTAEKLLWAI
INTRVLAE | EAGVGVDYE VTKEELKNAI
LLTNAMVEKELGLKLEFP-D-LTAQTLLES
MNVARSVEKQIAIHLPLK LSEETFSKSL
QNAK | LKDKGVA IVLDRL -S - LEKVELKNAI
INVKRLVEKGGG | SLDKD -S - LTKDSVKEAV
RNCKIMEENGLGLVVDTK LTNEAFRTAI
ITVNHIVKKKLGLRMDSA VTSRLVLDNI
TNARALEASGGGV I LQLS ATEDKVYKAL
TIEAVHCGMRVVVMBQFGBAH TNARALEASGGGV | LQLS -E-ATEDKVYKAL
lTQGBLOIHEEAlFNVV'"IALFFYG-' SNARKMASKGFGLTLDHK -LDVKTFKNAI

Signature motif

DE I LSNPKN¥ TNNVKERSR I MKD - LOMFAFIFGI ILATVILIKVTCSYFFRKRHNKTKLK

SKI INNSS¥SEK|IRKKSALLRE - LBMVLVIIIVIVSIVIIFRKLFSCALQLLKEKRAPQV I VKK | KKK -

LEV INNPKYRNTVKKLRQLALD - FRFIGVVLTVFLLLCLVLRIIYRYTKLVVIKFISARILNRKKLE -
NEMLTNPKYADNAKTRSK | LKB - IF1ILTVVDILLFLIFYY I IKHI IHRVFR IKHRPSKKVKRLGKD-
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