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T-cell antigen receptors (TRs) in vertebrates can be divided into αβ or γδ, encoded by TRA/D, TRG, or TRB loci. TRs play a central role in mammal cellular immunity, which occurs by rearrangement of V, D, J, and C genes in the loci. The bat is the only mammal with flying ability and is considered the main host of zoonotic viruses, an important public health concern. However, at present, little is known about the composition of bat TR genes. Based on the whole genome sequence of the greater horseshoe bat (Rhinolophus ferrumequinum) and referring to the TR/IG annotation rules formulated by the international ImMunoGeneTics information system (IMGT), we present a complete annotation of TRA/D, TRG, and TRB loci of R. ferrumequinum. A total of 128 V segments, three D segments, 85 J segments, and 6 C segments were annotated and compared with other known mammalian data. The characteristics of the TR locus and germline genes of R. ferrumequinum are analyzed.
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1 Introduction

Vertebrate T cells participate in adaptive immune responses via their diversified T-cell antigen receptors (TRs) on the surface of cells. TRs are composed of two polymorphic chains, which can be divided into two types: αβ and γδ polypeptide chains encoded by four loci, TRA, TRD, TRB, and TRG. Each polypeptide chain contains a variable region and a constant region, rearranged by germline V (variable) gene and/or D (diversity) gene and J (joining) gene (1, 2). The TR recombination process is conducted by the product of recombination activating genes (RAG-1/RAG-2) by making double-strand breaks at the recombination signal sequence and then shearing and inserting to rearrange V(D)J genes (3). Immunoglobulin (IG) and TR loci contain hundreds of germline genes. For example, humans have 608–665 B-cell receptor (BCR) and T-cell receptor (TCR) genes, and mice contain more than 800 BCR and TCR genes, which can be divided into functional genes, open reading frames (ORFs), and pseudogenes, according to functionality (4).

The annotation of TR and IG loci is challenging because germline genes do not have the classical intron/exon structure that can be detected by standard annotation software. Furthermore, most of the sequences are very short; J gene is between 40 and 60 bp, and D gene is only approximately 10 bp. The international ImMunoGeneTics information system (IMGT; http://www.imgt.org/) is the authoritative database for immunogenetics and immunoinformatics, which describes the accurate annotation rules for TR and IG genes in detail. In the process of locus annotation of TR or IG, the identification of V, D, J, and C genes is the most important part. This must then be followed by a complete description of each gene. For example, a complete V gene segment includes L-part (L-part1+L-part2)+V-region+V-RSS. Next is the functional determination of germline genes, which can be divided into three types according to IMGT: 1) functional gene (functional, F) means that there is an ORF and no defect of stop codon and splice site. Based on the severity of the identified defect, it can be defined as 2) ORF or 3) P (pseudogene, P). The final step is to classify the group or subgroup according to the nucleotide similarity and the location of the cluster (5–7).

Vertebrates have four TR loci, which, to date, have been completely or partially annotated in humans, mice, cattle, and some other species (http://www.imgt.org/IMGTrepertoire/LocusGenes/#C). The structural characteristics of different loci have also been summarized. For species after teleost, TRA, and TRD loci are in the same loci. TRA and TRD loci share part of V gene but have independent J and C genes. The mammalian TRD locus is usually located downstream of TRAV gene. Upstream of TRAJ gene, there is always a TRDV gene with the opposite transcription direction downstream of TRDC gene (8). A large number of VHδ genes were found in TRA/D loci of Xenopus and platypus, which were highly homologous to their own IGHV. These VHδ genes could rearrange with Dδ, Jδ, and Cδ genes (9, 10). In addition, a fifth TCRμ locus was found in monotremes and marsupials, and Vμ gene and VHδ of platypus owned the clearest evolutionary association. Researchers hypothesized that TCRμ locus originated from the recombination of V gene contributed by IgH locus and D, J, and C genes contributed by TRD locus (11–14). TRG locus usually has two structures: one is the typical form of V–J–C translocon, where the replication occurs in J–C clusters, such as in humans, rabbits, and possums. The other comprises V–J–C clusters formed in multiples due to genome duplication, such as in cattle, dogs, and mice (15). The structure of TRB locus in mammals is relatively conservative. Semi-clusters are a common feature, and upstream usually contains multiple V genes with varying numbers, and several D–J–C clusters distributed downstream. The D–J–C cluster increases the size of the germline gene pool that can be used for recombination (16).

There are more than 1,400 different bats, which together account for 20% of all mammals and occur in six continents (17, 18). Bat (Chiroptera) consists of two suborders, based on morphological, molecular, and fossil evidence: Yinpterochiroptera (which comprises megabats and several families of microbats) and Yangochiroptera (comprises all remaining microbats families) (19–22). Bats are host to many viruses, including many virulent ones, but studies have indicated that these viruses typically do not cause clinical symptoms for the bats (23–25). Although many immune-related genes have been identified in some bat species, lack of experimental models and related reagents have meant that research on the adaptive immunity of bats is limited (22). Major mammalian antibody subclasses have been detected in bats, including IgA, IgE, IgM, and IgG (26, 27). Early studies reported that the scale level and duration of antibody reaction of bats to antigens might be lower in virus-infected bats, but it is still unclear the specific role of antibodies in virus infection. At the genome level, bats seem to have more BCR germline genes than humans, which may provide more antigen specificity for the naive BCR. Meanwhile, no somatic hypermutation was found in the small brown bat, which also indicates that bats may rely more on germline pools to respond to infection (28, 29).

At present, the genomes and transcriptomes of at least 44 species of bats are available in the database (30, 31). However, due to the incomplete sequencing and annotation of these bats’ genomes and transcriptomes, the systematic and complete annotation of bats’ whole genome has not been completed. In particular, the annotation of bats’ immune genes such as TCR and BCR is currently lacking. The degree of genome analysis at the chromosome level only has three bats: Rhinolophus ferrumequinum (greater horseshoe bat), Phyllostomus discolor (pale spear-nosed bat), and Pipistrellus pipistrellus (common pipistrelle). The greater horseshoe bat is an insectivorous bat species with a very wide distribution in the Palearctic, occurring in northern Africa, southern Europe, and Asia (32, 33). We evaluated the integrity of genome and the difficulty of obtaining samples. Using the annotation rules of IMGT-ONTOLOGY, we annotated TRA/D, TRB, and TRG of the greater horseshoe bat (R. ferrumequinum) completely; and we compared the annotated genes with those of humans, mice, pigs, dogs, cattle, and other species in the database.



2 Materials and Methods


2.1 Annotation of the T-Cell Antigen Receptor Locus of Rhinolophus ferrumequinum

Based on the whole genome sequence (GCA_004115265.3) shared by the National Center for Biotechnology Information (NCBI) and submitted by the Vertebrate Genomes Project to whole genome shotgun sequencing, the genome has 28 chromosomes, with a total length of 2,075.77 Mb. We were able to complete the current analysis because of the high quality and coverage of this genome. Supplementary Table 1 provides additional information of whole genome sequence of the greater horseshoe bat.

Annotation work was undertaken following the process outlined in Figure 1. The first step was to locate the TR locus in the chromosome. According to the gene information of mammalian TR loci recorded in the IMGT database, TRA/D loci are usually located in OR10G2 (Olfactory receptor family 10 subfamily G member 2) gene and DAD1 (Defender against cell death 1). TRG locus is located between AMPH (Amphiphysin) gene and STARD3NL (Related to steroidogenic acute regulatory protein D3-N-terminal like) gene. TRB locus is located between MOXD2 (Monooxygenase-beta-hydroxylase-like 2) and EPHB6 (Ephrin type-b receptor 6) genes.




Figure 1 | The annotation process of T-cell antigen receptor (TR) locus includes four parts: identification, description, functional determination, and family clustering of germline genes.



The second step was the identification of germline genes. We analyzed sequences among the borne genes, e.g., V gene based on human and mouse patterns by the IgBLAST tool. For V gene of TRA/D locus, if the output result was TRAV/TRDV, we annotated it as V gene shared by TRA and TRD loci. Furthermore, the sequence was imported into Geneious Prime software, and the homology of the sequence was compared using the germline gene information recorded in the IMGT database, including the existing V, D, J, and C genes of humans, mice, pigs, and dogs. The third step was description of the germline genes. Here, four parts were described according to the types of germline genes.

Part (1): V gene is composed of three parts: L-Part+V-exon+V-RS. The L-part contains two segments, L-part1 and L-part2, with a part of intron between part1 and part2. L-part1 contains two conservative components: Init-codon and Donor-splice. L-part2 contains one conservative component: the Acceptor-splice. Part2 is next to the V-exon part, which is divided into six segments: FR1+CDR1+FR2+CDR2+FR3+CDR3. The three FR regions contain three conservative amino acid positions: 1st-Cys, Conserved-Trp, and 2nd-Cys. The last original part is 23 RSS: V-Heptamer+V-Spacers (23 bp)+V-Nonamer.

Part (2): The D gene consists of three parts: 5′D-RS+D-region+3′D-RS. 5′D-RS includes 5′D-Nonamer+5′D-Spacers (12 bp)+5′ Heptamer. The D-region usually consists of about 10- to 15-bp G-rich sequences. The 3′D-RS includes 3′D-Heptamer+3′D-Spacers (23 bp)+3′D-Nonamer.

Part (3): The J gene consists of two parts: J-RS+J-region. J-RS includes J-Nonamer+J-Spacer (12 bp)+J-Heptamer. There are two conserved components in the J-region: the [W,F]-[G,A]-X-G motif and splicing site.

Part (4): The composition of C gene is different due to its loci: TRAC and TRDC usually consist of four exons: Exon1+Exon2+Exon3+Exon4UTR. TRGC usually consists of three exons: Exon1+Exon2+Exon3. TRGC-Exon2 usually has multiple situations: Ex2A, Ex2B, Ex2C, Ex2R, and Ex2T. TRBC typically consists of four exons: Exon1+Exon2+Exon3+Exon4.

The fourth step was the functional identification of germline genes, for which the following guidelines were used: 1) 3′ RSS sequence of V gene (7–23–9), J gene 5′ end RSS sequence (9–12–7), 5′ end RSS sequence (9–12–7), and 3′ end RSS sequence (7–23–9) of D gene; 2) consideration of whether the 5′ end of V gene contains a leader sequence; 3) conserved acceptor and donor splicing site; 4) length of coding region; and 5) frameshift or stop codon of coding region. The final step was classification of group and subgroup of germline genes. For each identified and analyzed V gene, a phylogenetic evolution tree was constructed to name V gene uniformly based on existing species. If no homologous V gene was found, it was named according to its position in the loci. Each D, J, and C gene was named according to its physical location in its own cluster.



2.2 Comparison of the T-Cell Antigen Receptor Locus of Rhinolophus ferrumequinum and Other Mammals

The analysis results of TRA/D, TRG, and TRB loci were drawn into physical maps by Geneious Prime software according to the annotation of IMGT. Information about the four TR loci of each species in the IMGT database was compared. At the same time, the number of germline genes and subgroups among species was compared, and the nucleotide and amino acid composition of annotated genes were analyzed. With the use of a classical RSS sequence, the mutation number was counted, and a conservative analysis of 12/23 RSS sequences of V and J genes was carried out.




3 Results


3.1 TRA/TRD Locus

Sequences analyzed included the following: 847 kb between OR10G2 and DAD1, 174 kb between AMPH and STARD3L, and 240 kb between MOXD2 and EPHB6. Using the whole genome assembly (GCA_004115265.3) of R. ferrumequinum recorded in the NCBI, we identified TRA/D locus (Figure 2). The result of the TRA/D locus annotation described below are  summarized in Table 1. TRA/D locus with forward orientation was located on chromosome 6 (NC_046289); 5′ end borne gene-OR10G2 (2449106…2450211, GeneID: 117023609); and 3′ end borne gene-DAD1 (3318653…3336546, GeneID: 117024015). The total length of TRA locus from the first TRAV gene at the 5′ end to the last TRAC gene at the 3′ end was approximately 850 kb (2456031…330546), including 81 TRAV genes (classified into 34 groups), 60 TRAJ genes (classified into 60 groups), and one TRAC gene. TRA and TRD loci share a part of V gene, but TRD locus has its own D, J, and C genes. The total length of TRD locus from the first TRDV gene to the last reversed TRDV gene was approximately 660 kb (2571156…3228878), including 18 TRDV genes (classified into 11 families), four TRDJ genes (classified into four families), one TRDD gene, and one TRDC gene. The entire organization of TRA/D locus is as follows: Vα(55)-Vα/δ(10)-Vδ(1)-Vα(8)-Vδ(1)-Vα(2)-Vδ(1)-Vα(4)-Vδ(2)-Dδ(1)-Jδ(4)-Cδ(1)-Vδ(1)-Jα(60)-Cα(1). The structure of TRA/D loci in bats suggests that many TRAV and TRDV genes are located upstream of the loci. TRD loci share a part of V genes with TRA loci, and TRD loci have a complete D–J–C cluster, including one TRDD gene, four TRDJ genes, and one TRDC gene. There is a TRDV gene with opposite transcription direction downstream of TRDC gene, and finally a TRA locus J–C cluster, including 60 TRAJ genes and one TRAC gene. Supplementary Table 2 provides detailed information for each annotated TRA/D locus germline gene in chromosome 6.




Figure 2 | The schematic representation of the genomic organization of the bat TRA/D locus. The diagram shows the position of all the related and unrelated TRA/D genes according to nomenclature. The L-part and RSSs are not shown. The arrows indicate the transcriptional orientation of the genes. The number represents the specific location of the genes in chromosome 6 of Rhinolophus ferrumequinum (NC_046289.1).




Table 1 | Statistical analysis of TRA/D loci in humans (Homo sapiens), mice (Mus musculus), cows (Bos taurus), dogs (Canis lupus familiaris), cats (Felis catus), rhesus monkeys (Macaca mulatta), sheep (Ovis aries), rabbits (Oryctolagus cuniculus), and bats (Rhinolophus ferrumequinum).





3.2 TRG Locus

TRG locus (Figure 3) is located on chromosome 20 (NC_046303) in reverse orientation: 5′ end borne gene-AMPH (52427198…52205147, GeneID: 117012456) and 3′ end borne gene-STARD3NL (52030211…51976009, GeneID: 117012446). The result of the TRG locus annotation described below are summarized in Table 2. The whole length of TRG locus from the first TRGV gene at 5′ end to the last TRGC gene at 3′ end is approximately 150 kb (52427198…51976009), including 14 TRGV genes (classified into seven families), six TRGJ genes (classified into three families), and two TRGC genes (classified into two families). The organization of TRG locus is as follows: Vγ(7)-Jγ(4)-Cγ(1)-Vγ(7)-Jγ(4)-Cγ(1). It suggests that TRG locus of R. ferrumequinum is composed of two V–J–C gene clusters, and each gene cluster is composed of the same number of genes, including seven V genes, four J genes, and two C genes. Supplementary Table 3 provides detailed information for each annotated TRG locus germline gene in chromosome 20.




Figure 3 | The schematic representation of the genomic organization of the bat TRG locus. The diagram shows the position of all the related and unrelated TRG genes according to nomenclature. The L-part and RSSs are not shown. The arrows indicate the transcriptional orientation of the genes. The number represents the specific location of the genes in chromosome 20 of Rhinolophus ferrumequinum (NC_046303.1).




Table 2 | Statistical analysis of TRG loci in humans (Homo sapiens), mice (Mus musculus), dogs (Canis lupus familiaris), cats (Felis catus), rhesus monkeys (Macaca mulatta), rabbits (Oryctolagus cuniculus), and bats (Rhinolophus ferrumequinum).





3.3 TRB Locus

TRB locus (Figure 4) is located on chromosome 26 (NC_046309) in reverse orientation: the 5′ end borne gene-MOXD2 (8164121 … 8171343, Gene ID: 117018015) and the 3′ end borne gene-EPHB6 (7911840 … 7926436, Gene ID: 117018107). The result of the TRB locus annotation described below are summarized in Table 3. The total length of TRB locus from the first TRBV gene at 5′ end to the last reverse TRBV gene at 3′ end is approximately 203 kb (8159483…7911840), including 29 TRBV genes (classified into 25 families), two TRBD genes (classified into two families), 15 TRBJ genes (classified into two families), and two TRBC genes. The entire organization of TRB locus is as follows: Vβ(28)-Dβ(1)-Jβ(6)-Cβ(1)-Dβ(1)-Jβ(9)-Cβ(1)-Vβ(1).




Figure 4 | The schematic representation of the genomic organization of the bat TRB locus. The diagram shows the position of all the related and unrelated TRB genes according to nomenclature. The L-part and RSSs are not shown. The arrows indicate the transcriptional orientation of the genes. The number represents the specific location of the genes in chromosome 26 of Rhinolophus ferrumequinum (NC_046309.1).




Table 3 | Statistical analysis of TRB loci in humans (Homo sapiens), mice (Mus musculus), dogs (Canis lupus familiaris), cats (Felis catus), rhesus monkeys (Macaca mulatta), rabbits (Oryctolagus cuniculus), and bats (Rhinolophus ferrumequinum).



The structure of TRB locus of R. ferrumequinum indicates that upstream is a V cluster composed of 28 TRBV genes, and downstream are two complete D–J–C gene clusters. The first cluster contains: one D gene, six J genes, and one C gene. The second cluster contains one D gene, nine J genes, and one C gene. There is a TRBV gene with the opposite transcription direction downstream of the second TRBC gene. Detailed information about each annotated TRB locus germline gene in chromosome 26 is given in Supplementary Table 4.



3.4 Classification of Germline Gene in Four T-Cell Antigen Receptor Locus of Rhinolophus ferrumequinum


3.4.1 Classification and Phylogenetic Analysis of V Genes

1) A total of 81 TRAV genes were found in TRA loci, and the nucleotide similarity of these 81 genes ranged from 25.1% to 98.9%. With the use of 75% as a standard for nucleotide homology where genes belong to the same group, it was divided into 31 groups. To analyze the classification and affiliation between annotated V genes of bats and other species, we selected V gene sequences of primate representative species (humans), carnivorous representative species (dogs), and artiodactyl representative species (cattle) from the IMGT database to construct phylogenetic trees. There were two criteria for selecting genes: one was to select only potential functional genes and in-frame pseudogenes, and the other was to select only one gene for each subgroup.

After all the selected V genes were compared by ClustalW method, MEGA7 was used for the neighbor-joining (N-J) method of rootless tree construction. The phylogenetic tree constructed using 31 bat TRAV genes is shown in Figure 5A. The results reflect the homology of the annotated bat TRAV genes with other species. We named the bat TRAV genes according to the comparison results. There are three groups—TRAV8, TRAV18, and TRAV19—of which TRAV8-2 gene and the rest of TRAV8 members contribute only about 65% identity. However, in the evolutionary branch, we found that TRAV8-2 and TRAV8-1 clustered to the same branch. As TRAV8-2 is a pseudogene, we incorporated it into TRAV8 group. The same situation occurred with the identity between TRAV18-1 and TRAV18-2 of 73.8%, and TRAV19-1 and TRAV19-2 at 69.6%. Of the 31 families, 27 can form branches with human and cattle genes at the same time. Genes that failed to find homology were named according to their positions in the locus. There are 16 multigene groups in TRAV, and six groups have been significantly amplified, including TRAV8, TRAV13, TRAV14, TRAV24, TRAV25, and TRAV27 (each family has five members). Ten groups are composed of two to four members, namely, TRAV2, TRAV3, TRAV9, TRAV18, TRAV19, TRAV22, TRAV23, TRAV29, TRAV32, and TRAV33; and the remaining 20 are single gene groups.




Figure 5 | Phylogenetic analysis of TRAV (A), TRBV (B), TRDV (C), TRGV (D) genes. Unrooted trees were constructed using the neighbor-joining method based on V-REGION nucleotide sequences of bats, dogs, humans, mice, and cows. The percentage of the nodes in 1,000 bootstrap replicates are show on the branches. Bat genes are labeled in pink. The international ImMunoGeneTics information system (IMGT) standardized abbreviation for taxon is used: six letters for species (Rhinolophus ferrumequinum, Rhinol; Homo sapiens, Homspa; Mus musculus, Muscul; Bos taurus, Bostau) and nine letters for subspecies (Canlupfam).



2) There are 18 TRDV genes in TRD locus, and the nucleotide identity is between 27% and 98.6%. The 18 TRDV genes are divided into 11 families, including TRDV5, TRDV6, TRDV7, TRDV8, TRDV9, TRDV10, TRDV11, and single gene groups. The phylogenetic tree constructed by the 11 TRDV genes of bats with humans, dogs, and cattle is shown in Figure 5C. Except for TRDV10 family, all the bat groups were homologous with the other three species. Of the 18 TRDV genes, only two shared with TRA loci were classified as pseudogenes, and the remaining 16 were functional genes.

3) TRG locus contains 14 TRGV genes with nucleotide similarity ranging from 33% to 99%. Because TRG locus of the bat is composed of two identical V–J–C gene clusters, the 14 TRGV genes are divided into seven groups with nucleotide identity ranging from 94.6% to 99.0%. A phylogenetic tree was constructed with the annotated TRDV genes of the bat and TRDV genes of humans, dogs, cattle, and mice (Figure 5D). All TRGV genes of the bat were homologous with the other four species. The 14 TRGV genes have a high proportion of pseudogenes. Five of 14 were classified as pseudogenes, three as ORFs, and six as functional genes. Because the recorded data of TRDV and TRGV genes between species are limited and the uniformity is not high, they were named according to position in the locus.

4) TRB locus contains 29 TRBV genes with nucleotide identity ranging from 33.7% to 94.2%. The 29 TRBV genes were divided into 25 groups. The phylogenetic trees (Figure 5B) constructed for humans, mice, dogs, and pigs showed that all the annotated TRBV genes of the bat were homologous with the other species. Human TRBV1 could not cluster with TRBV1 group of cattle, mice, pigs, and bats but was on the branch of TRBV4. There are three multigene groups, with TRBV5 and TRBV6 having two gene members and TRBV12 having three gene members. The 29 TRBV genes have one pseudogene and two ORFs, and the remaining 26 are classified as functional genes. The descriptions of pseudogenes and ORFs of all germline genes of the TR locus of bats are shown in Supplementary Table 5.

The amino acid sequences of some TRAV genes (81 TRAV genes in Supplementary Figure 1) and all TRDV, TRGV, and TRBV genes annotated for bats were aligned according to the unique number of the IMGT V-region (Figure 6), to ensure maximum homology.




Figure 6 | The international ImMunoGeneTics information system (IMGT) Protein display of the bat TRAV (A), TRDV (B), TRGV (C), and TRBV (D) genes. TRAV genes are only shown at TRAV1 to TRAV10. The description of the FR-IMGT and CDR-IMGT is according to IMGT unique numbering for V-region. The four conserved amino acid of the V-domain (1st-CYS 23, CONSERVED-TRP 41, hydrophobic AA 89, 2nd-CYS 104) are indicated in colors.





3.4.2 Analysis of D Gene and J Gene

According to the naming rules stipulated by IMGT, J genes are classified by C genes and numbered according to the positions in their respective (D)–J–C gene clusters. The length of J gene is 51–66 bp, and the typical [W, F]-[G, A]-X-G motif is retained, determining the function of J gene. There are 12 RSS sequences at the 5′ end and donor splicing sites at the 3′ end of each J gene. We annotated a total of 60 TRAJ genes with nucleotide similarity between 22.2% and 71.9%. According to nucleotide homology, they can be divided into 60 families. The nucleotide and amino acid-deduced sequences of TRAJ are shown in Figure 7A (Supplementary Figure 2 for 60 TRAJs). Only TRAJ1 and TRAJ7 do not contain the conserved [W, F]-[G, A]-XG motif. Of the 60 TRAJ genes, TRAJ1, TRAJ30, TRAJ39, TRAJ42, and TRAJ47 were classified as ORFs; TRAJ7 was classified as a pseudogene; and the remaining 54 were functional genes.




Figure 7 | Nucleotide and deduced amino acid sequences of the bat TRAJ (A), TRDJ (B), TRGJ (C), TRBJ (D), TRBD, and TRBD (E) genes. The heptamer, nonamer, and splice donor are labeled. The numbering adopted for the gene classification is reported on the left of each gene.



A total of four TRDJ genes were annotated with nucleotide similarity between 48.9% and 66.7%, divided into four families. The nucleotide and amino acid-deduced sequences of TRDJ are shown in Figure 7B. Three TRDJ genes contained the conserved FGXG motif and were therefore classified as functional genes. Only TRDJ3 was classified as an ORF. A total of six TRGJ genes were annotated with nucleotide similarity between 53.1% and 100%, which can be divided into two families. The nucleotide and amino acid-deduced sequence are shown in Figure 7C. The similarity between TRGJ1-1 and TRGJ2-1 is 100%, TRGJ1-2 and TRGJ2-2 is 98.3%, and TRGJ1-3 and TRGJ2-3 is 98%. The six TRGJ genes all contain the conserved F-[G, A]-XG motif and RSS sequences and thus were classified as functional genes. A total of 15 TRBJ genes were annotated. As TRB locus contains two D–J–C clusters, the 15 TRBJ genes were divided into two families, with nucleotide similarity ranging from 33.3% to 91.1%. The similarity of TRBJ-4 with TRBJ-5 and TRBJ-6 reached 91.1% and 84.4%, respectively. The nucleotide and amino acid-deduced sequences are shown in Figure 7D. Only one D gene was found in TRD locus. The nucleotide and amino acid-deduced sequence of TRDD1 gene are shown in Figure 7E, consisting of a 14-bp G-rich fragment, and very conservative RSS sequences upstream and downstream. Two D genes were found in TRBV locus. The nucleotide and amino acid-deduced sequences of TRBD1 and TRBD2 genes are shown in Figure 7E. The two TRBD genes are composed of 12- and 15-bp G-rich fragments.



3.4.3 Analysis of C Gene

At the genome level, each C gene is composed of multiple exons. EX1 encodes a constant region, part of the 5′ ends of EX2; EX3 encodes a connecting region, part of the 3′ end of EX3. The first codon of EX4 encodes a transmembrane region, and the rest of EX4 encodes a cytoplasmic region. The fourth exon of TRAC and TRDC is usually untranslated Exon4UTR, while TRGC does not have the fourth exon. Only TRBC usually contains a complete amino acid sequence of the four exons. Exon1, Exon2, and Exon3 have the same size, but different species have different introns. We analyzed the amino acid sequence and intron/exon structure of the annotated C gene of the bat with each other species (Figure 8 and Supplementary Figure 3). We found one TRAC gene and one TRDC gene in TRA/D locus. TRAC1 gene of bats encodes 136 amino acids. The amino acid similarity of TRAC gene between species is 47.1%–81.4%. The highest similarity between TRAC genes of bats and rabbits is 54.5%. Exon1 of TRAC varies from species to species, while Exon2 and Exon3 are highly conserved. TRDC1 gene of bats encodes 142 amino acids, and the amino acid sequence similarity of TRDC gene of each species ranges from 64.1% to 86.35. The similarity between TRDC gene of bats and rhesus monkeys reaches 72.6%. Except for Exon4UTR, the remaining three exons are highly conserved. There are two TRGC genes in TRG locus of the bat, both of which are encoded by 163 amino acids. Because TRGC has multiple Exon2 structures, the intron length and structure of TRGC genes in different species vary. However, we only matched one Exon2 among the two TRGC genes of the bat. There are two TRBC genes in TRB locus of the bat, both of which are encoded by 175 amino acids and consist of four complete exons. The similarity of amino acid sequences among TRBC1 species is between 72.5% and 92.6%, and the similarity of TRBC2 is between 71.3% and 93.8%.




Figure 8 | Deduced amino acid sequences of the bat TRAC (A), TRDC (B), TRGC (C), TRBC1 (D), and TRBC2 genes (E). Rhinolophus ferrumequinum, Rhifer; Homo sapiens, Homspa; Mus musculus, Muscul; Bos taurus, Bostau; Camelus dromedarius, Camdro; Tursiops truncatus, Turtru; Oryctolagus cuniculus, Orycun; Sus scrofa, Susscr; Ovis aries, Oviari; Macaca mulatta, Macmul; Felis catus, Felcat; Mustela putorius furo, Musputfur; Canis lupus familiaris, Canlupfam.






3.5 Germline Gene Recombination Signal Sequence Analysis

Using IMGT guidelines, we statistically analyzed the RSS sequences judged as germline genes (Figure 9). We used the classic 7-mer-CACAGTG (heptamer) and 9-mer-ACAAAAACC (nonamer) as motifs. The number of mutations in the RSS sequence was analyzed: in TRA/D locus, seven of the 81 TRAV genes did not have the 23-RSS sequence, and the number of mutations in the 74 RSS sequences was between zero and nine. The 3′ ends of 18 TRDV genes all have 23-RSS sequences, and the number of mutations in the 18 RSS sequences was between zero and nine; the number of mutations in 15 sequences was less than six; the number of mutations in two sequences was eight; and the number of mutations in one sequence was nine. Of the 60 TRAJ genes, five had no 12-RSS sequence at the 3′ end, and the number of mutations in fifty-five 12-RSS sequences was between zero and seven, of which the number of mutations in 54 sequences was less than six and the number of mutations in one sequence was seven. In TRG locus, two out of 14 TRGV genes did not have 23-RSS sequence, and the number of mutations in the 23-RSS sequence of 12 TRGV genes was between zero and nine, of which 11 have fewer than seven mutations. The number of mutations in one sequence was nine. The six TRGJ genes all have 12-RSS sequences at the 3′ end, and the number of mutations in the 12-RSS sequences of the six TRGJ genes ranged from zero to nine, of which the number of mutations in three genes was less than five and the number of mutations in three genes was nine. In TRB loci, 29 TRBV genes all had 23-RSS sequences, and the number of mutations in 23-RSS sequences of TRBV genes was between one and six, of which only one mutation number was six, and a total of 20 mutations were concentrated in three to four mutations. Only one of the 15 TRBJ genes does not have the 12-RSS sequence, and 14 genes had between two and six mutations in 12 RSS, mainly between three and five. It can be seen that the RSS sequence of TRB locus is more conservative than the other loci.




Figure 9 | Position weight matrixes of recombination signal sequences of T-cell receptor V and J genes. The height of symbols indicates the relative frequency of each nucleotide at that position.



The heptamer of all the V genes and the poly-A tract of V gene nonamer are highly conserved. The nonamer of TRAV and TRDV has a high degree of diversity in the first four nucleotides, while the whole nonamer of TRGV has high diversity. The diversity of the RSS sequence is more obvious in J gene, although the poly-A tract of J gene nonamer is conservative. The first two nucleotides and the last two of J gene nonamers are diversified, more obvious in the heptamer of J gene. However, the bases (CAC) of the first three nucleotides and the last four nucleotides of J gene heptamer are highly diversified.




4 Discussion

The function of vertebrate T/B cells depends on TCR/BCR, and the TR locus analysis of species is of great significance in understanding immune responses. Information about the four TR loci—TRA/TRD, TRG, and TRB—of many species is included in the IMGT database, and the TR loci of 12 species, including humans, macaques, mice, pigs, cows, sheep, dogs, cats, dolphins, ferrets, rabbits, and zebrafish, have been completely annotated and described (http://www.imgt.org/IMGTrepertoire/LocusGenes/#C). Previous studies have annotated and analyzed one or two loci of a single species. However, for the first time, we annotated the four loci of R. ferrumequinum, the greater horseshoe bat, directly through the whole genome for the distribution characteristics, sequence characteristics, and conservative RSS of germline genes. This work generates suggestions and reference methods for new species with unresolved TR/IG loci. We also believe that high-quality TR locus annotation is the key to the subsequent analysis of the TCR/BCR repertoire of R. ferrumequinum.

Gene replication is the basis of the evolution of antigen-specific receptors, leading to the formation of independent IG/TR sites (34, 35). As mammalian TRD loci are embedded in TRA loci, the length of this locus is the longest of the TR loci. Still, despite this, the structure has not changed much (36), and the amplification events in the genome are part of the reasons for the differences. In TRA/D locus, the most obvious replication events occurred in artiodactyl cattle (3,330 kb) and sheep (2,880 kb). In terms of the structural characteristics of the loci, TRA/D locus of R. ferrumequinum also maintained the conservative structure of mammals. Only primate macaques (806 kb), carnivorous cats (830 kb), and dogs (760 kb) have shorter TRA/D loci than R. ferrumequinum (850 kb).

In contrast, although the coverage of TRG loci is the shortest, the situation among species may be more complicated. Many species have detected the existence of two TRG loci. For example, Atlantic salmon have two loci, TRG1 and TRG2, although the expression of TRG2 cannot be detected (37). In addition, the study of sheep revealed at least two TRG loci on chromosome 4, and expression analysis showed that both have functions (38, 39). The second TRG locus was found in cattle, buffalo, and goats by the same method (40, 41). In contrast, TRG locus structure of R. ferrumequinum is relatively simple and consists of two V–J–C gene clusters with an almost identical composition. The dog’s TRG locus has undergone repeated replication, resulting in eight V–J–C gene clusters (42). The mammalian TRB locus is probably the most conservative, with multiple V genes in the upstream, multiple D–J–C clusters in the downstream, and replication events occurring among D–J–C gene clusters. In the early analysis of chicken expression level, only one D–J–C cluster was found (43). Primate humans, macaques, rodent mice, carnivorous cats, dogs, and R. ferrumequinum all contain two D–J–C clusters. Artiodactyla, including pigs and sheep, represent three D–J–C gene clusters. We found that TRBJ gene of the second D–J–C cluster and the third cluster of pigs and sheep is highly homologous. The replication event is likely to occur in the second gene cluster, and there are four D–J–C clusters downstream of TRB locus of the short-tailed opossum (12). In addition, TRB loci of primate humans (620 kb) and rhesus monkeys (736 kb) have the largest span, and the number of embryonic genes is only slightly less than that of sheep (506 kb). It is worth noting that a TRDV gene and a TRBV gene with opposite transcription directions are arranged downstream of TRDC and TRBC in mammals, and these two reverse-transcribed V genes are expressed in both humans and mice.

The 81 TRAV genes of R. ferrumequinum can be classified into 31 subgroups, of which 14 subgroups are multigene families, and obvious amplification occurs in TRAV8 (11 members), TRAV13 (eight members), TRAV14 (six members), and TRAV24 (seven members). Although 54 human TRAVs can be classified into 44 subgroups, there are only seven multigene groups, and only TRAV8 has more than three members. The most significant is the 183 TRAV of cattle, classified into 42 subgroups of which 34 are multigene groups; and TRAV22, TRAV23, TRAV25, and TRAV26 all have obvious amplification (44). In the 18 TRDVs of R. ferrumequinum, aside from TRDV1 (six members), TRDV3 (two members), and TRDV4 (two members), all other families are single-gene families. The amplification of TRA/D locus is particularly remarkable in artiodactyls. The number of TRDV1 families in cattle and sheep is 50 and 66, respectively, while TRDV1 has only 13 members in humans. The 29 TRBV genes of R. ferrumequinum can be classified into 25 families, and only TRBV6 (two members), TRBV7 (two members), and TRBV12 (three members) are multigene subgroups. According to the statistics of homologous groups of R. ferrumequinum (Supplementary Table 6), the amplification of events tends to be random. TRAV24 and TRAV25 of the greater horseshoe bat and cattle are polygenic families, but TRAV24 and TRAV25 of humans and dogs are monogenic families. Similarly, TRBV6s of the greater horseshoe bat and human are polygenic families, but TRBV6s of the dog and pig are monogenic (16). TRAV24 and TRAV25 of R. ferrumequinum and cattle are obviously polygenic groups, but for humans and dogs, they are monogenic groups. Similarly, TRBV6 of the horse-headed bat and human are polygenic families, but for dogs and pigs, they are monogenic (16).

We counted the CDR region length (Supplementary Table 7) of the homologous TRAV and TRBV genes of different species and concluded that the length of TRBV gene subgroup is conservative among species. Only the lengths of TRBV1 and TRBV17 differ between human beings and bats. However, the CDR region length of TRAV varies greatly among the four species, even though the loss of some statistical information and gene families has affected our analysis. Early researchers put forward an evolutionary model of IG and TCR genes, termed birth-and-death evolution. This evolutionary model explained the emergence of most polygenic families and that some genes become pseudogenes due to extensive mutations. Family amplification occurs simultaneously as mutations and deletions occur between families, a compensation mechanism to maintain diversity. The internal replication of the genome has become a routine event, and the birth of most germline genes comes from the replication of intergenomic fragments. This birth depends more on replicating existing genes than on the formation of new subgroups (45–47).

Birth of genes is accompanied by death because some genes always become pseudogenes because of mutations or frameshifting (45). Sixteen percent of 81 TRAVs, 11% of 18 TRDV genes, 35% of 14 TRGVs, and 3% of 29 TRBVs belong to pseudogenes. Correspondingly, the proportion of TRBV pseudogenes in humans, dogs, and pigs is 19%, 43%, and 31.5%, respectively. TRA/D locus of cattle shows not only a high “birth rate” but also a high death rate. The proportion of TRAV pseudogenes in humans, mice, and cattle is 19%, 16.5%, and 37.2%, respectively (8). Although there is no diversity in cattle, in contrast, 81 TRAV/DV genes of R. ferrumequinum show a larger and more stable germline gene pool than 54 TRAV/DV genes of human beings, similar to IGVH3 gene family of the small brown bat. There may be more preliminary discoveries of combination diversity (28).

We need to evaluate the diversity of the TCR or BCR receptor repertoire of a species. First, this is important in terms of the number of germline genes, which directly affects the diversity of rearrangement and considers the addition and mutation of nucleotides. In previous studies, somatic hypermutation occurred only in B cells of higher vertebrates to produce high-affinity antibodies, which are very rare in T cells. We counted all species in the IMGT database, including our annotated germline gene pool of R. ferrumequinum. Unlike TRAV gene, most mammals have approximately 60 TRAJ genes. It is worth noting that artiodactyls such as sheep and cattle have many replication events in TRA/D locus and TRA/D V gene. The number of TRAJ genes in sheep is 79, but the number of artiodactyl cattle has not increased significantly. The researchers speculated that the 19 TRAJ complementary genes found in sheep might result from replication from TRAJ29 to TRAJ39 due to sequencing errors or amplification (44). The statistical results for D gene are similar. Only cattle and sheep have nine TRAD genes, and surprisingly, there is only one D gene in R. ferrumequinum, the only known species with just one TRDD gene at present.

Another feature of TRG loci is the number of TRGC and the diversity of corresponding protein structures. The size of TRGC gene is usually different, caused by the different exon numbers and intron lengths of the coding junction region—evident even among the same species. TRGC2, TRGC3, and TRGC5 of salmon are divided into three exons (EX1, EX2, and EX3), while TRGC1 has two EX2s (37). TRGC1 and TRGC5 of sheep have only one EX2(A), TRGC3 has two EX2(A and C), and TRGC6 has three EX2(A, B, and C) (48). TRGC5 of cattle has only one EX2, but TRGC3 and TRGC7 have two EX2, and TRGC1, TRGC2, TRGC4, and TRGC6 all have three EX2s (49). TRGC1 and TRGC2 of dromedaries also contain three EX2s (50, 51). TRGC2, TRGC3, and TRGC4 of dogs have two EX2s, while TRGC1, TRGC6, TRGC7, and TRGC8 have only one EX2. All monotremes and marsupials lack the second cystamine, necessary for forming intra-chain disulfide bonds, clearly caused by independent mutations (52).

We made a conservative analysis of the RSS sequences of germline genes, but we did not find non-classical RSS before and after V and J genes without RSS sequences. For example, if the spacer was 12 ± 1 bp or 23 ± 1 bp, it would not affect further analysis because the effective recombination only occurred between the 12-bp RSS and the 23-bp RSS (53). RSS sequence-conserved sites of the four loci of R. ferrumequinum are all related. Whether they are heptamer or nonamer, the first four nucleotides of the conserved heptamer sites are CACA, while the conserved site of the nonamer is usually the poly-A tract in the sequence. Because the first three nucleotides of heptamers play an important role in the recombination process, the differences in these positions may affect the recombination of genes. However, at present, we still do not know how—or how much—it will affect the rearrangement if we have atypical RSS before and after germline genes (54).



5 Conclusion

The bat is a special type of mammal that carries many virulent viruses but is not harmed by them. The mechanism of the bat’s viral resistance remains poorly understood because of difficulty obtaining samples and a general lack of relevant research (31). In this paper, the four TR loci of the greater horseshoe bat were annotated completely at the genome level. The structural differences of TR loci between other species and R. ferrumequinum were statistically analyzed, and differences in germline gene composition between species were discussed. Generally speaking, the four TCR loci of R. ferrumequinum are highly conserved compared with other mammals. Homologous genes defined by phylogeny may not participate in the rearrangement process, e.g., homologous genes of TRAV and TRDV, since it is necessary to analyze bat receptor repertoire data through specific primers. We hope this article could provide a basis for the study of the immune mechanism of bats.



Data Availability Statement

Publicly available datasets were analyzed in this study. This data can be found here: https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=59479.



Ethics Statement

Ethical review and approval was not required for the animal study because it is one genome analysis.



Author Contributions

XY and LM designed this research. HZ and XY wrote this manuscript. HZ and LL analyzed the data. All authors contributed to the article and approved the submitted version.



Funding

The National Natural Science Foundation of China (31860257) and Guizhou Provincial High-level Innovative Talents Project [No. (2018) 5637] funded this study.



Acknowledgments

We thank Vertebrate Genomes Project for completing the gene sequencing and sharing the genome sequence.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.741408/full#supplementary-material



References

1. Krebs, JE, Goldstein, ES, and Kilpatrick, ST. Lewin’s Genes X. Sudbury, MA: Jones and Bartlett Publishers (2011). pp. 490–530.

2. Murphy, K. Janeway’s Immunobiology. London and New York: Garland Science (2012). pp. 157–98.

3. McBlane, JF, van Gent, DC, Ramsden, DA, Romeo, C, Cuomo, CA, Gellert, M, et al. Cleavage at a V(D)J Recombination Signal Requires Only RAG1 and RAG2 Proteins and Occurs in Two Steps. Cell (1995) 83:387–95. doi: 10.1016/0092-8674(95)90116-7

4. Giudicelli, V, Chaume, D, and Lefranc, MP. IMGT/GENE-DB: A Comprehensive Database for Human and Mouse Immunoglobulin and T Cell Receptor Genes. Nucleic Acids Res (2005) 33:D256–61. doi: 10.1093/nar/gki010

5. Giudicelli, V, and Lefranc, M-P. Ontology for Immunogenetics: The IMGT-ONTOLOGY. Bioinformatics (1999) 15:1047–54. doi: 10.1093/bioinformatics/15.12.1047

6. Lane, J, Duroux, P, and Lefranc, M-P. From IMGT-ONTOLOGY to IMGT/LIGMotif: The IMGT® Standardized Approach for Immunoglobulin and T Cell Receptor Gene Identification and Description in Large Genomic Sequences. BMC Bioinf (2010) 11:1–16. doi: 10.1186/1471-2105-11-223

7. Giudicelli, V, and Lefranc, MP. Imgt-Ontology 2012. Front Genet (2012) 3:79. doi: 10.3389/fgene.2012.00079

8. Connelley, TK, Degnan, K, Longhi, CW, and Morrison, WI. Genomic Analysis Offers Insights Into the Evolution of the Bovine TRA/TRD Locus. BMC Genomics (2014) 15:1–17. doi: 10.1186/1471-2164-15-994

9. Parra, ZE, Ohta, Y, Criscitiello, MF, Flajnik, MF, and Miller, RD. The Dynamic Tcrδ: Tcrδ Chains in the Amphibian Xenopus Tropicalis Utilize Antibody-Like V Genes. Eur J Immunol (2010) 40(8):2319–29. doi: 10.1002/eji.201040515

10. Wang, X, Parra, ZE, and Miller, RD. Platypus Tcrμ Provides Insight Into the Origins and Evolution of a Uniquely Mammalian TCR Locus. J Immunol (2011) 187(10):5246–54. doi: 10.4049/jimmunol.1101113

11. Parra, ZE, Baker, ML, Schwarz, RS, Deakin, JE, Lindblad-Toh, K, and Miller, RD. A Unique T Cell Receptor Discovered in Marsupials. Proc Natl Acad Sci U S A (2007) 104(23):9776–81. doi: 10.1073/pnas.0609106104

12. Parra, ZE, Baker, ML, Hathaway, J, Lopez, AM, Trujillo, J, Sharp, A, et al. Comparative Genomic Analysis and Evolution of the T Cell Receptor Loci in the Opossum Monodelphis Domestica. BMC Genomics (2008) 9:111. doi: 10.1186/1471-2164-9-111

13. Parra, ZE, Baker, ML, Lopez, AM, Trujillo, J, Volpe, JM, and Miller, RD. Tcrμ Recombination and Transcription Relative to the Conventional TCR During Postnatal Development in Opossums. J Immunol (2009) 182(1):154–63. doi: 10.4049/jimmunol.182.1.154

14. Parra, ZE, Lillie, M, and Miller, RD. A Model for the Evolution of the Mammalian T-Cell Receptor α/δ and μ Loci Based on Evidence From the Duckbill Platypus. Mol Biol Evol (2012) 29(10):3205–14. doi: 10.1093/molbev/mss128

15. Antonacci, R, Massari, S, Linguiti, G, Caputi Jambrenghi, A, Giannico, F, Lefranc, MP, et al. Evolution of the T-Cell Receptor (TR) Loci in the Adaptive Immune Response: The Tale of the TRG Locus in Mammals. Genes (Basel) (2020) 11(6):1–28. doi: 10.3390/genes11060624

16. Pegorier, P, Bertignac, M, Chentli, I, Nguefack Ngoune, V, Folch, G, Jabado-Michaloud, J, et al. IMGT(R) Biocuration and Comparative Study of the T Cell Receptor Beta Locus of Veterinary Species Based on Homo Sapiens TRB. Front Immunol (2020) 11:821. doi: 10.3389/fimmu.2020.00821

17. Simmons, NB, and Cirranello, AL. Bat Species of the World: A Taxonomic and Geographic Database. Available at: http://batnamesorg/2020.

18. Burgin, CJ, Colella, JP, Kahn, PL, and Upham, NS. How Many Species of Mammals are There? J Mammal (2018) 99(1):1–14. doi: 10.1093/jmammal/gyx147

19. Teeling, EC, Springer, MS, Madsen, O, Bates, P, O’Brien, SJ, and Murphy, WJ. A Molecular Phylogeny for Bats Illuminates Biogeography and the Fossil Record. Science (2005) 307(5709):580–4. doi: 10.1126/science.1105113

20. Lei, M, and Dong, D. Phylogenomic Analyses of Bat Subordinal Relationships Based on Transcriptome Data. Sci Rep (2016) 6:27726. doi: 10.1038/srep27726

21. Simmons, NB, Seymour, KL, Habersetzer, J, and Gunnell, GF. Primitive Early Eocene Bat From Wyoming and the Evolution of Flight and Echolocation. Nature (2008) 451(7180):818–21. doi: 10.1038/nature06549

22. Banerjee, A, Baker, ML, Kulcsar, K, Misra, V, Plowright, R, and Mossman, K. Novel Insights Into Immune Systems of Bats. Front Immunol (2020) 11:26. doi: 10.3389/fimmu.2020.00026

23. Zhou, P, Tachedjian, M, Wynne, JW, Boyd, V, Cui, J, Smith, I, et al. Contraction of the Type I IFN Locus and Unusual Constitutive Expression of IFN-Alpha in Bats. Proc Natl Acad Sci U S A (2016) 113(10):2696–701. doi: 10.1073/pnas.1518240113

24. Pavlovich, SS, Lovett, SP, Koroleva, G, Guito, JC, Arnold, CE, Nagle, ER, et al. The Egyptian Rousette Genome Reveals Unexpected Features of Bat Antiviral Immunity. Cell (2018) 173(5):1098–110.e1018. doi: 10.1016/j.cell.2018.03.070

25. Ahn, M, Anderson, DE, Zhang, Q, Tan, CW, Lim, BL, Luko, K, et al. Dampened NLRP3-Mediated Inflammation in Bats and Implications for a Special Viral Reservoir Host. Nat Microbiol (2019) 4(5):789–99. doi: 10.1038/s41564-019-0371-3

26. Baker, ML, Tachedjian, M, and Wang, LF. Immunoglobulin Heavy Chain Diversity in Pteropid Bats: Evidence for a Diverse and Highly Specific Antigen Binding Repertoire. Immunogenetics (2010) 62(3):173–84. doi: 10.1007/s00251-010-0425-4

27. Fugmann, SD, Wynne, JW, Di Rubbo, A, Shiell, BJ, Beddome, G, Cowled, C, et al. Purification and Characterisation of Immunoglobulins From the Australian Black Flying Fox (Pteropus Alecto) Using Anti-Fab Affinity Chromatography Reveals the Low Abundance of IgA. PLoS One (2013) 8(1):1–11. doi: 10.1371/journal.pone.0052930

28. Bratsch, S, Wertz, N, Chaloner, K, Kunz, TH, and Butler, JE. The Little Brown Bat, M. Lucifugus, Displays a Highly Diverse V H, D H and J H Repertoire But Little Evidence of Somatic Hypermutation. Dev Comp Immunol (2011) 35(4):421–30. doi: 10.1016/j.dci.2010.06.004

29. Butler, JE, Wertz, N, Zhao, Y, Zhang, S, Bao, Y, Bratsch, S, et al. The Two Suborders of Chiropterans Have the Canonical Heavy-Chain Immunoglobulin (Ig) Gene Repertoire of Eutherian Mammals. Dev Comp Immunol (2011) 35(3):273–84. doi: 10.1016/j.dci.2010.08.011

30. Hawkins, JA, Kaczmarek, ME, Muller, MA, Drosten, C, Press, WH, and Sawyer, SL. A Metaanalysis of Bat Phylogenetics and Positive Selection Based on Genomes and Transcriptomes From 18 Species. Proc Natl Acad Sci U S A (2019) 116(23):11351–60. doi: 10.1073/pnas.1814995116

31. Jebb, D, Huang, Z, Pippel, M, Hughes, GM, Lavrichenko, K, Devanna, P, et al. Six Reference-Quality Genomes Reveal Evolution of Bat Adaptations. Nature (2020) 583(7817):578–84. doi: 10.1038/s41586-020-2486-3

32. Mehdizadeh, R, Akmali, V, and Sharifi, M. Population Genetic Structure and Phylogeography of the Greater Horseshoe Bat (Rhinolophus Ferrumequinum) Along Alborz and Zagros Mts. In Iran. Mitochondrial DNA A DNA Mapp Seq Anal (2020) 31(3):87–97. doi: 10.1080/24701394.2020.1741562

33. Csorba, G, Ujhelyi, P, and Thomas, N. Horseshoe Batss of the World(Chiroptera : Rhinolophidae). Shropshire: Alana Books (2003).

34. Richards, MH, and Nelson, J. The Evolution of Vertebrate Antigen Receptors: A Phylogenetic Approach. Mol Biol Evol (2000) 17:146–55. doi: 10.1093/oxfordjournals.molbev.a026227

35. Litman, GW, Rast, JP, and Fugmann, SD. The Origins of Vertebrate Adaptive Immunity. Nat Rev Immunol (2010) 10(8):543–53. doi: 10.1038/nri2807

36. Piccinni, B, Massari, S, Caputi Jambrenghi, A, Giannico, F, Lefranc, MP, Ciccarese, S, et al. Sheep (Ovis Aries) T Cell Receptor Alpha (TRA) and Delta (TRD) Genes and Genomic Organization of the TRA/TRD Locus. BMC Genomics (2015) 16:709. doi: 10.1186/s12864-015-1790-z

37. Yazawa, R, Cooper, GA, Beetz-Sargent, M, Robb, A, McKinnel, L, Davidson, WS, et al. Functional Adaptive Diversity of the Atlantic Salmon T-Cell Receptor Gamma Locus. Mol Immunol (2008) 45(8):2150–7. doi: 10.1016/j.molimm.2007.12.007

38. Ciccarese, S, Lipsi, MR, Vonghia, G, and Antonacci, R. T-Cell Receptor TCRG1 and TCRG2 Clusters Map Separately in Two Different Regions of Sheep Chromosome 4. Chromosome Res (1998) 6:419–20. doi: 10.1023/A:1009245830804

39. Vaccarelli, G, Miccoli, MC, Lanave, C, Massari, S, Cribiu, EP, and Ciccarese, S. Genomic Organization of the Sheep TRG1@ Locus and Comparative Analyses of Bovidae and Human Variable Genes. Gene (2005) 357(2):103–14. doi: 10.1016/j.gene.2005.05.033

40. Ciccarese, S, Miccoli, MC, Antonacci, R, Vaccarelli, G, Lanave, C, Massari, S, et al. Evolution of TRG Clusters in Cattle and Sheep Genomes as Drawn From the Structural Analysis of the Ovine TRG2@ Locus. J Mol Evol (2003) 57:52–62. doi: 10.1007/s00239-002-2451-9

41. Antonacci, R, Vaccarelli, G, Di Meo, GP, Piccinni, B, Miccoli, MC, Cribiu, EP, et al. Molecular In Situ Hybridization Analysis of Sheep and Goat BAC Clones Identifies the Transcriptional Orientation of T Cell Receptor Gamma Genes on Chromosome 4 in Bovids. Vet Res Commun (2007) 31(8):977–83. doi: 10.1007/s11259-006-0202-x

42. Massari, S, Bellahcene, F, Vaccarelli, G, Carelli, G, Mineccia, M, Lefranc, MP, et al. The Deduced Structure of the T Cell Receptor Gamma Locus in Canis Lupus Familiaris. Mol Immunol (2009) 46(13):2728–36. doi: 10.1016/j.molimm.2009.05.008

43. Thompson, CB, Tjoelker, LW, Carlson, LM, Lee, K, and Lahti, J. Evolutionary Conservation of Antigen Recognition: The Chicken T-Cell Receptor F8 Chain. Proc Natl Acad Sci (1990) 82:7856–60.

44. Pegorier, P, Bertignac, M, Nguefack Ngoune, V, Folch, G, Jabado-Michaloud, J, Giudicelli, V, et al. IMGT((R)) Biocuration and Comparative Analysis of Bos Taurus and Ovis Aries TRA/TRD Loci. Genes (Basel) (2020) 12(1):1–20. doi: 10.3390/genes12010030

45. Nei M, GX, and Sitnikova, T. Evolution by the Birth-and-Death Process in Multigene Families of the Vertebrate Immune System. Proc Natl Acad Sci (1997) 94:7799–806. doi: 10.1073/pnas.94.15.7799

46. Nei, M, and Su, C. Evolutionary Dynamics of the T-Cell Receptor VB Gene Family as Inferred From the Human and Mouse Genomic Sequences. Mol Biol Evol (2001) 18:503–13. doi: 10.1093/oxfordjournals.molbev.a003829

47. Rooney, AP, and Nei, M. Concerted and Birth-And-Death Evolution of Multigene Families*. Annu Rev Genet (2005) 39:121–51. doi: 10.1146/annurev.genet.39.073003.112240

48. Miccoli, MC, Lipsi, MR, Massari, S, Lanave, C, and Ciccarese, S. Exon-Intron Organization of TRGC Genes in Sheep. Immunogenetics (2001) 53(5):416–22. doi: 10.1007/s002510100340

49. Conrad, ML, Mawer, MA, Lefranc, MP, McKinnell, L, Whitehead, J, Davis, SK, et al. The Genomic Sequence of the Bovine T Cell Receptor Gamma TRG Loci and Localization of the TRGC5 Cassette. Vet Immunol Immunopathol (2007) 115(3-4):346–56. doi: 10.1016/j.vetimm.2006.10.019

50. Vaccarelli, G, Antonacci, R, Tasco, G, Yang, F, Giordano, L, El Ashmaoui, HM, et al. Generation of Diversity by Somatic Mutation in the Camelus Dromedarius T-Cell Receptor Gamma Variable Domains. Eur J Immunol (2012) 42(12):3416–28. doi: 10.1002/eji.201142176

51. Massari, S, Linguiti, G, Giannico, F, D’Addabbo, P, Ciccarese, S, and Antonacci, R. The Genomic Organisation of the TRA/TRD Locus Validates the Peculiar Characteristics of Dromedary Delta-Chain Expression. Genes (Basel) (2021) 12(4):1–22. doi: 10.3390/genes12040544

52. Parra, ZE, Arnold, T, Nowak, MA, Hellman, L, and Miller, RD. TCR Gamma Chain Diversity in the Spleen of the Duckbill Platypus (Ornithorhynchus Anatinus). Dev Comp Immunol (2006) 30(8):699–710. doi: 10.1016/j.dci.2005.10.002

53. Early, P, Huang, H, Davis, M, Calame, K, and Hood, L. An Immunoglobulin Heavy Chain Variable Region Gene Is Generated From Three Segments of DNA: VH, D and JH. Cell (1980) 19(4):981–92. doi: 10.1016/0092-8674(80)90089-6

54. Radtanakatikanon, A, Keller, SM, Darzentas, N, Moore, PF, Folch, G, Nguefack Ngoune, V, et al. Topology and Expressed Repertoire of the Felis Catus T Cell Receptor Loci. BMC Genomics (2020) 21(1):20. doi: 10.1186/s12864-019-6431-5




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Zhou, Ma, Liu and Yao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-12-741408-g008.jpg





OEBPS/Images/fimmu.2021.741408_cover.jpg
, frontiers
in Immunology

TR Locus Annotation and
Characteristics of Rhinolophus
ferrumequinum





OEBPS/Images/fimmu-12-741408-g003.jpg
@ ThGCT - - -






OEBPS/Images/fimmu-12-741408-g005.jpg





OEBPS/Images/fimmu-12-741408-g001.jpg
Annotated genomic sequence

V gene D gene J gene Cgene
identified identified identified identified
Germline gene description

'—l—'

L-part1(INIT-codon+Donor-splice)
L-part2(Acceptor-splice)
V-region(CDR+FR)
V-RS(heptamer-23-nonamer)

D-region
D-12RS:nonamer+12+heptamer
D-23RS:heptamer+23+nonamer

T

Exont+Exon2+Exon3
+Exon4UTR(If necessary)

Functionality identification

i—J—V

Functional gene

Open reading frame

Pseudogene

Gene group and subgroup classification






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        TR Locus Annotation and Characteristics of Rhinolophus ferrumequinum

      

        		

          1 Introduction

        



        		

          2 Materials and Methods

        

          		

            2.1 Annotation of the T-Cell Antigen Receptor Locus of Rhinolophus ferrumequinum

          



          		

            2.2 Comparison of the T-Cell Antigen Receptor Locus of Rhinolophus ferrumequinum and Other Mammals

          



        



        



        		

          3 Results

        

          		

            3.1 TRA/TRD Locus

          



          		

            3.2 TRG Locus

          



          		

            3.3 TRB Locus

          



          		

            3.4 Classification of Germline Gene in Four T-Cell Antigen Receptor Locus of Rhinolophus ferrumequinum

          

            		

              3.4.1 Classification and Phylogenetic Analysis of V Genes

            



            		

              3.4.2 Analysis of D Gene and J Gene

            



            		

              3.4.3 Analysis of C Gene

            



          



          



          		

            3.5 Germline Gene Recombination Signal Sequence Analysis

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Species Chromosome orientation Size (kb) Number of TRGV genes Number of TRGJ genes Number of TRGC

H. sapiens 7 (REV) 160 12-15 5 2
M. musculus 13 (FWD) 200 7 4 4
C. lupus familiaris 18 (FWD) 450 16 16 8
F. catus A2 (FWD) 290 12 12 6
M. mulatta 3 (FWD) 145 12 5 2
O. cuniculus 10 (REV) 80 11 2 1
R. ferrumequinum 20 (REV) 150 14 6 2
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Species Chromosome orientation Size (kb) Number of TRBV genes Number of TRBD genes Number of TRBJ genes Number of TRBC

H. sapiens 7 (FWD) 620 65-68 2 14 2
Sus scrofa 18 (REV) 407 38 3 20 3
C. lupus familiaris 16 (REV) 27 36 2 12 2
F. catus A2 (FWD) 302 33 2 12 2
M. mulatta 3 (FWD) 736 v 2 14 2
Ovis aries 4 (FWD) 506 94 3 19 3
R. ferrumequinum 26 (REV) 203 29 2 15 2

Data available in international ImMunoGeneTics information system (IMGT) Repertoire (IG and TR) http://imgt.org/IMGTrepertoire/>Locus and genes>Locus description>Locus
descriptions>TRA/D, TRG, TRB>Human, Mouse, Cow, Dog, Cat, Rhesus monkey, Sheep, Rabbit, Pig.
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