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A B S T R A C T

T cell receptors (TCRs) are a class of T cell surface molecules that recognize the antigen-derived peptides pre-
sented by the major histocompatibility complex (MHC) and are able to trigger a series of immune responses.
TCRs are important members of the adaptive immune system that arose in the jawed fish 500 million years ago.
T cell receptor beta variable (TRBV) genes have been widely used to characterize TCR repertoires. Studying the
evolution of TRBV may help us to better understand the adaptive immune system. To investigate TRBV evolution
and its impacts on the usages of TRBV genes in human populations, we compared the TRBV genes and their
homologous sequences among humans, mouse, rhesus and chimpanzee, analyzed the single-nucleotide poly-
morphisms (SNPs) located at TRBV loci, and sequenced TCR repertoires in the peripheral blood of 97 healthy
donors. We found that functional TRBVs are more evolutionarily conserved but possess more SNPs in human
populations than do nonfunctional (pseudo) TRBVs. Based on the conservation levels in the four species, we
classified the functional TRBVs into 2 groups: old (conserved between mouse and humans) and new (conserved
only in primates). The new TRBVs evolve faster and possess more SNPs than the old TRBVs. The variations in
TRBV genes frequencies in the peripheral blood of healthy donors are negatively correlated with SNP density.
These observations suggest that TRBV usages may be influenced by TCR-MHC co-evolution.

1. Introduction

T cell receptors (TCRs), a class of T cell surface molecules, primarily
comprise alpha and beta chains that belong to the immunoglobulin
super family. They can recognize antigen-derived peptides (8–20 amino
acids) encompassed by the major histocompatibility complex (MHC)
molecule and trigger a series of immune responses, including cellular
activation, differentiation, proliferation, dissemination, acquisition and
the deployment of effecter functions, aimed at preserving tissues and
eliminating infections [2,8,9,32]. Distinct T cell clones express different
TCR molecules and form a highly diverse repertoire at both the in-
dividual and population levels. TCR repertoires may be closely related
to the disease status of patients. Several clinical studies had unveiled
the potential utility of TCR repertoires as virus infection diagnostics and
in surgery prognosis prediction and health status surveillance

[2,10,39]. The TCR repertoire is highly related to human survival and
worthy of in-depth investigation. Better understanding the TCR would
directly promote the progress of immune therapy and benefit patients
with distinct diseases. For example, the TCR gene therapy (TCR-T), a
component of adoptive T cell therapy strategies, relays on rational TCR
sequence modifications, which could be benefit from a better under-
standing of how this sequences evolve and gain important functions in
human species.

A TCR is a disulfide-linked membrane-anchored heterodimeric
protein normally consisting of the highly variable alpha (α) and beta
(β) chains or gamma (γ) and delta (δ) chains. Each chain is composed of
two extracellular domains: a Variable (V) region and a Constant (C)
region. The Constant region is proximal to the cell membrane and is
followed by a transmembrane region and a short cytoplasmic tail,
whereas the Variable region binds to the peptide/MHC complex.
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Among all these regions, the V region of beta chains is believed to be
the most specific to disease and external antigens [12]. In a human
genomic context, 65 TRBV genes are clustered within the TRB locus on
human chromosome 7 within 514 kbp of each other and subjected to
gene recombination; during T cell development, only one TRBV is re-
tained for each T cell [17,33]. The V region has three hypervariable
complementarity determining regions (CDRs). CDR1 and CDR2 pri-
marily interact with MHC helices and are entirely encoded by TRBV
segments. CDR3 mainly interacts with antigen-derived peptides and is
mainly produced by V-D-J-C segments with junction diversity.

This adaptive immune system is believed to have arisen in the jawed
fishes 500 million years ago [34]. Two major events took place during
the evolution of the adaptive immune system: the emergence of re-
combination-activating genes (RAGs) and massive genomic duplica-
tions [11]. The RAG-related TCR and MHC system is believed to pro-
vide an opportunity for rapid changes over evolutionary time in
response to pathogens [19], whereas the genomic duplications in-
creased the candidate gene pools for further evolution. Translocations
and duplications were observed during the TCR evolution [1,40]. A
common feature exists in all vertebrate TRBV genomic structures: the
TRBV cluster locates at the upstream of the D-J-C repeated cluster, and
a single TRBV locates at the end of the TRB locus [40]. However, TRBV
genes varied extensively throughout vertebrate evolution and became
somewhat conserved only after the divergence of primate lineages (65
million years ago) [25].

According to the functional annotations from IMGT (www.imgt.
org), human TRBVs are classified into 3 types: pseudo, open reading
frame (ORF) and functional. Twelve human TRBVs have been con-
firmed as pseudo genes; seven have been identified as ORFs, and forty-
seven have been identified as functional genes. A recent study explored
the differences in amino acid composition between pseudo and func-
tional TRBVs [37], and the results suggest that distinct conservative
patterns exist in these two groups: Some amino acids were more fre-
quently used in pseudo TRBVs, whereas others were not. The conserved
patterns of amino acid composition are mostly the consequence of
evolution. However, it remains unclear how evolution has influenced
population polymorphisms and whether it has influenced the usages of
TRBVs in individual humans. Addressing these questions can help us
understand the formation and evolution of the human immune system.

To this end, we analyzed human TRBV evolutionary features (evo-
lutionary rates, sequence divergence and phylogenetic trees) using
three comparison species, used the SNPs in TRBVs to identify TRBV
polymorphisms in a human population, and identified human TRBV
usages in peripheral blood by sampling 97 healthy donors. Association
analyses were performed to unveil the correlations among the evolution
features, polymorphisms and usages of human TRBVs. This study pro-
vides new insights into the evolution of the adaptive immune system.

2. Materials and methods

2.1. DNA sequences from public databases

The reference genome sequences were all downloaded from UCSC
Genome Browser (https://genome.ucsc.edu/). The genome versions
were as follows: GRCh38 for humans, rheMac8 for rhesus, panTro5 for
chimpanzees, and GRCm38 for mouse. The human TRB locus nucleotide
sequence was obtained from NCBI GenBank (GeneID: 6957), which can
be completely mapped onto chromosome 7 of the human reference
genome.

2.2. Genomic coordinates and nucleotide sequences of human gene
sequences and their homologous sequences in the comparison species

Human TRBV gene coordinates were obtained from the annotation
by NCBI GenBank. Based on these coordinates and using the UCSC
LiftOver tool from UCSC (http://genome.ucsc.edu/cgi-bin/hgLiftOver),

we located the homologous sequences in the comparison species, and
we retrieved the nucleotide sequences according to the sequence loca-
tions on the reference genome. In total, 61 TRBVs were located in the
human genome.

2.3. Determination of functional and nonfunctional (pseudo) TRBVs

Human TRBV nucleotide sequences and their homologous se-
quences in the comparison species were translated into amino se-
quences utilizing the function “Codon” of BioPerl (http://bioperl.org/).
Human TRBV genes and their homologous sequences in the comparison
species were defined as pseudo or nonfunctional genes only when in-
appropriate positions of start/stop codons were observed. The ORF
TRBVs were grouped into the functional group since the functionalities
of ORFs were unclear. The annotations were verified in the IMGT da-
tabase (http://www.imgt.org/) to ensure all pseudo TRBVs were cor-
rectly annotated.

2.4. TRBV sequence alignments between human and comparison species,
phylogenetic tree construction, and Ka/Ks calculation

TRBV coding sequences and protein sequences from human and
comparison species were aligned using ParaAT [44] and T-Coffee [27].
Trees for each TRBV were constructed using MEGA X [20] based on the
nucleotide alignment results. The Ka/Ks (nonsynonymous substitution
rate / synonymous substitution rate) values for TRBVs were calculated
using the ‘codeml’ method of PAML software [43]. Three models were
performed including the branch models (model= 1, NSsties= 0), site
models (model= 0, NSsties= 0 1 2 3 4 5 6 7 8) and branch-site models
(model= 2, NSsties= 2, branches of non-primates and primates were
labeled respectively). Likelihood ratio tests (LRT) were performed be-
tween the M2 and M1 as well as M8 and M7 results of site models
respectively to test the significance of positive selections [4]. Bayes
Empirical Bayes (BEB) analysis was used to detect the positive selection
sites. All scripts, parameters and results for the alignments, tree con-
structions and Ka/Ks calculations are provided in Supplementary file 1.
Full length human TRB and the homologous sequence in mouse, rhesus
and chimpanzee were aligned and the dot plots generated by DOTM-
ATCHER from EMBOSS [31] were used to exhibit the similarities be-
tween each two sequences. The window size and identity threshold
were set to 500 and 75 when comparing the rhesus and chimpanzee to
humans. When comparing mouse to humans, we set the window size to
200 and the identity threshold to 50 since TRB sequences of these two
species were highly diverse. Based on the TRBV protein sequence
alignment results from T-Coffee, a phylogenic tree was generated by
MEGA X using the neighbor-joining method.

2.5. Calculation of SNP densities of TRBV genes

SNP data were downloaded from dbSNP150 [36]. All SNPs located
in the TRB locus were retrieved. For each TRBV, the SNP density was
calculated as the total number of SNPs located in the TRBV coding re-
gion divided by the TRBV coding sequence length.

2.6. Sample collection

All of the clinical samples in this study were provided by Sun Yat-
Sen University Foshan Hospital (Guangdong, China). Peripheral blood
mononuclear cells (PBMCs) from 97 healthy donors were collected. All
donors were diagnosed “Normal” through medical examinations.
Information on all of the donors is provided in Supplementary file 2. All
fresh PBMCs were lysed with TRIzol® Reagent (Invitrogen, USA) and
frozen at −80 °C until further processing. This study was approved by
Sun Yat-Sen University Foshan Hospital. All donors provided written
informed consent, and all experiments were conducted according to the
guidelines of the Declaration of Helsinki.
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2.7. TCR sequencing preparation

Total RNA was extracted from 1ml of PBMC lysate using a total
RNA Kit (OMEGA, USA) according to the manufacturer’s instructions.
Approximately 1 μg of total RNA was reverse transcribed into 5′ RACE-
ready cDNA by using the SMARTer PCR cDNA synthesis kit (Clontech,
USA). To obtain specific, clean products, a TCR library for sequencing
was prepared through semi-nested PCR amplifications. The first-round
reaction was performed using 1 μg cDNA and 0.2ml of Advantage 2
polymerase mix (Clontech, USA), Nested Universal Primer (NUP,
Clontech, 5′-AAGCAGTGGTATCAACGCAGAGT-3′) and 3′-TCRβ outer
primer (5′-AGATCTCTGCTTCTGATGGCT-3′). The first-round PCR pro-
ducts were purified with a gel extraction kit (QIAGEN, German) and
used as template for the second amplification with 3′-TCRβ inner
primer (5′-TGGCTCAAACACAGCGACCT-3′). The 3′-TCR β outer and
inner primers were homologous to both TRBC1 and TRBC2 and were
validated as reliable nested primers for TCR amplification in our pre-
vious study [24].

2.8. RNA sequencing and analysis

The TRB libraries were sequenced (2×150 bp) using the Illumina
HiSeq 2500 platform. Low-quality sequences were discarded, and se-
quence reads beginning with TRBC1 and TRBC2 sequences were ex-
tracted. BLAT [18] was used to identify TRBV genes of every read based
on the reference TRB sequences (GenBank GeneID: 6957). Nucleotide
sequences were translated into amino acid (aa) sequences, which were
aligned to find specific TRBVs. A subset of these alignment sequences
without V -J-C genes was then filtered. A one-step tool was developed
for generating the TCR repertoire data from the Illumina sequencing
data. The tool can be downloaded from the website along with one
example: https://github.com/jinyabin1990/TCR_one_step.

2.9. Population distribution indexes of TRBVs and statistical analysis

Each TRBV usage in the population was estimated by its frequency,
which was calculated as the number of mapped read counts that
mapped to the TRBV divided by the total read counts that mapped to
the total TRBVs. We used three equality/inequality measures to esti-
mate the variation in TRBV usage in the peripheral blood of healthy

Fig. 1. Homologous TRBV genes between humans and three model species. a) Venn plot of the overlap of human functional TRBVs with homologous sequences that
were also functional in the three comparison species. b) Sequence identities were calculated by comparing the human TRBV genes and protein sequences to their
homologous sequences in mouse, rhesus and chimpanzee. TRBV genes were divided into a pseudo group (pseudo) and a functional group (functional). Protein
sequences (protein) used for the alignments were translated from the functional human TRBV genes and their homologous sequences. c) and d) Phylogenetic trees
were constructed for all conserved 15 TRBVs from Fig. 1a (the intersection of rhesus, chimpanzee and mouse) based on the alignments of nucleotide sequences in the
four species. The tree topologies were the same for all TRBVs (Fig. 1c) except for TRBV30 (Fig. 1d). These trees (Fig. 1c&d) were used in later Ka/Ks analysis using the
‘codeml’ function in PAML. Along with each branch of the tree (Fig. 1d) are the Ka/Ks values for TRBV30. e) Ka/Ks values for the other TRBVs (the conserved 15
TRBVs minus TRBV30, n= 14) in all branches are shown using the branch models in PAML. f) An evolutionary tree constructed based on TRBV protein sequences
(n=15) that are functional in human, mouse, rhesus and chimpanzee. The percentage of trees in which associated taxa clustered together is shown next to the
branches. Branch length represents the number of substitutions per site.
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For the formulas above, xi and xj (where i and j range from 1 to 97)
refer to the TRBV frequency of the related donor, xM is the mean TRBV
frequency of all donors, and n is the total number of donors. We did not
calculate the diversity index of the TCR repertoire for each donor; ra-
ther, we calculated the indexes for each TRBV to estimate the usage
deviations among different donors, to see if one TRBV is stable among
different individuals in population.

A heatmap was produced and hierarchical clustering of TRBVs was
performed in R using the ‘pheatmap’ package. All statistical analyses
were performed in R.

3. Results

3.1. Comparisons of human TRBV genes with the TRBV genes of three other
species

To investigate how TCR sequences evolved in mammalian species,
we used the mouse, rhesus and chimpanzee as the comparison species
for human. Over 90% of the human TRBVs were mapped to homologous
sequences in these species, using the LiftOver tool from the UCSC. Both
coding sequences and the protein sequences were used to perform
comparisons.

Human TRBV genes were divided into two groups: 1) functional
TRBVs, which potentially express functional protein sequences (n= 49)
and 2) pseudo TRBVs, which do not produce functional proteins
(n=12). A TRBV was defined as a pseudo TRBV in our study only if
inappropriate start/end codons were observed, which was consistent
with the annotations from the IMGT (Section 2.3). The overlap of
functional human TRBVs with functional homologous sequences in the
comparison species is shown in a Venn plot (Fig. 1a). All human
functional TRBVs were mapped to homologous sequences in at least one
comparison species. A phylogenetic tree (Fig. 1f, Section 2.4) was
generated based on the functional and homologous TRBV protein se-
quences (n=15 * 4) in all four species to exhibit the sequence di-
vergences. For the most part homologous genes in the different species
cluster together in the tree. However, there are a number of exceptions,
where different TRBV from the mouse cluster closer together, such as
mouse TRBV10-1 and mouse TRBV10-3. This suggested that mouse TRB
locus was still undergoing duplications which are the major way that
TRBV gene expanded.

DNA and protein sequence identities were calculated from the
alignments between the human TRBVs and the homologous sequences
in the comparison species (Fig. 1b). Not unexpectedly, the human TRBV
sequences were most conserved in chimpanzee and least in mouse,
which is consistent with the phylogenetic tree results. The protein se-
quence identities were lower than the nucleotide sequence identities,
suggesting that nonsynonymous substitutions and reading frame shifts
exist between the human and comparison species.

For each conserved TRBV (n= 15), we constructed an unrooted
phylogenic tree based on the nucleotide sequences in the four species.
Except for TRBV30 (Fig. 1d), all trees exhibited similar topology
(Fig. 1c). The evolutionary rates (Ka/Ks values) were calculated for
these TRBVs using the ‘codeml’ function in PAML based on the related
tree topology. First, we performed the branch model which allows the
Ka/Ks to vary among branches in the phylogeny and are useful for

detecting positive selection acting on particular lineages [26]. The Ka/
Ks value of each branch is shown in Fig. 1e (TRBV30 was excluded for
its phylogenetic tree was different form the others). This result sug-
gested that some of the conserved TRBV genes had undergone ac-
celerated evolution, especially in the human-chimpanzee branch.
However the significances of the positive selections were not given in
this model. Secondly, we performed the site models which allow the
Ka/Ks to vary among codons. The results showed that the average Ka/
Ks were below 1 for most TRBVs, which is not surprising since positive
selection is unlikely to affect all sites. Our results also showed that only
3 TRBVs possessed one positive selection coden, while others did not
possess any positive selection site. The LRT tests between M7 (beta) and
M8 (beta&ω) showed that only TRBV20-1 and TRBV28 might under
positive selection (LRT, p < 0.05). A result summary of site models
was provided in Supplementary file 4. Finally we conducted the branch-
site model, which allow Ka/Ks to vary both among sites and across
branches on the tree to see if positive selection sites may exist between
the primate lineage and non-primate lineage. We found that 3 sites of
TRBV2 and 1 site of TRBV20-1 were under positive selection (BEB,
p < 0.05). All analysis showed that a small section of these TRBVs
were under positive selection especially in the primate lineage, while
others were not, which is comprehensive since these 15 TRBVs are the
most conserved TRBVs across human, rhesus, chimpanzee and mouse.
All PAML results were provided in Supplementary file 1.

3.2. Human TRB locus VS the homologous gene in comparative species

To investigate how the entire TRB loci evolved among these three
species, we performed global alignments among these three species.

We aligned human TRBV genes to the homologous sequences in the
genome of all three species by using the UCSC LiftOver tool (Sections
2.2 and 2.4). We found that the positions of homologous TRBVs in
rhesus and chimpanzee were mostly identical to the corresponding
positions in humans (Fig. 2b&c). One duplication and one translocation
were observed between human and rhesus (Fig. 2b). No duplication and
translocation was observed between humans and chimpanzee (Fig. 2c).
However, homologous TRBVs were not so identical between humans
and mouse, and we could observe many duplications between human
and mouse TRB sequences (Fig. 2a). These results revealed a conserved
pattern of TRBV gene position among the primates, suggesting high
conservation of the recognition mechanism in V-D-J somatic re-
combination in primates.

Based on the conserved sequence structure between the human TRB
locus and its homologous sequence in rhesus, we performed a full-length
alignment to globally review the TRB locus in humans and other species
(Section 2.4). The alignment is shown in a dot plot (Fig. 2d–f). TRB
homologous sequence in mouse showed significant difference to the
human TRB sequence. Two major duplication regions were observed in
rhesus and chimpanzee. Some duplicated sites were deleted in humans.
Thus, TRBVs were closer to each other in humans than in rhesus and
chimpanzee, and each human TRBV might be more evenly and effi-
ciently selected during T cell maturation, which might contribute to the
high diversity of T cell repertoires in humans. This possibility could be
examined by analyzing the correlation between TRB sequence length
and TCR diversity in multiple species in future studies.

All of these results demonstrated that although most of the human
TRBV genes could be mapped in three comparison mammal species,
there were significant differences between the primates and non-pri-
mates. These results are consistent with a previous conclusion that the
TCR repertoire was very stable only in primates [25,38]. Additionally,
some TRBV genes are exhibiting accelerated evolutionary rates within
the primates, especially in the human-chimpanzee branch.

3.3. The SNPs in human TRBVs

We downloaded dbSNP 150 and associated the SNPs to the human
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TRBV locations to investigate whether SNP density was related to the
evolutionary characteristics of TRBV genes.

The human functional TRBVs were divided into 2 groups: old and
new. The old group represented the human TRBVs that are also func-
tional in mouse (n=1+15+2, Fig. 1a), whereas the new group re-
presented the human homologous TRBVs that are not functional in
mouse but are functional in rhesus or chimpanzee (n=9+19+3,
Fig. 1a). Thus, all TRBVs were classified into 3 groups: 1) pseudo genes
(n=12), 2) old genes (n= 18) and 3) new genes (n=31). The
grouping details are listed in Supplementary file 3. Comparison of
homologous TRBVs between rhesus and human revealed that the old
TRBVs were the most conserved type, whereas the pseudo TRBVs were
the least conserved (Fig. 3a). Furthermore, the new TRBVs possessed
higher evolutionary rates (Ka/Ks values) than did the old TRBVs when
only used rhesus as comparative species (Fig. 3b). This finding is con-
sistent with the previously proposed hypothesis that a new gene in its
early stage typically undergoes rapid changes in sequence, structure
and expression, which indicates a continuous evolution of function; a
significant role of positive selection in these changes can often be de-
tected [23].

Another useful indicator of natural selection is the abundance of
polymorphisms [14]. Thus, we downloaded the SNP data from dbSNP
and retrieved all SNPs that are located at the TRB locus to observe TRBV
polymorphisms. We identified 57 k SNPs located at the locus of TRB
(514 k). The average SNP density was 0.1109 (57 k/514 k) for the TRB
locus. When associating the SNPs to the related TRBVs, we found that
SNP densities were the lowest in pseudo TRBVs and the highest in new
TRBVs (Fig. 3c, Wilcoxon rank sum test, pseudo VS new: p=0.002317;
new VS old: p= 0.01438; pseudo VS functional: p= 0.01879). More
conserved genes can be expected to possess lower levels of sequence
polymorphism than do less conserved genes [14]. Accordingly, in this
study, the more conserved, old TRBVs possessed fewer SNPs than did
the less conserved, new TRBVs. However, compared to the pseudo

TRBVs, the old and new TRBVs are more conserved (Fig. 3a) but have
higher numbers of SNPs (Fig. 3c). This observation may be attributed to
the TCR-MHC restriction that the usage of functional TRBVs are re-
stricted by MHC molecular type [3]. The pseudo TRBVs are not re-
stricted by the MHC as they are their nonfunctional and are under
neutral evolution. Thus, the SNP densities of pseudo TRBVs were close
to the average SNP density at the TRB locus (Fig. 3c, the TRB average
SNP density is marked by a red line), in which most sites were non-
coding regions and under neutral selections. The new TRBVs had the
highest number of SNPs (Fig. 3c), suggesting that the new TRBVs may
have tightly co-evolved with the highly diverse MHC molecules.

We observed a significant difference in SNP density of the TRBVs
between the 5′-half of TRB (n= 30) and the 3′-half (n= 31) (Fig. 3d&f,
Wilcoxon rank sum test, p= 0.000775). We calculated the DNA se-
quence substitution rates between humans and rhesus for the TRBVs at
the 5′- and 3′-halves. The results showed that the DNA sequence sub-
stitution rates in TRBVs at the 5′-half were significantly higher than
those in TRBVs at the 3′-half (Fig. 3e, Wilcoxon rank sum test,
p= 0.005547), which is consistent with the evolutionary signature of
more conserved genes (genes with fewer substitutions) possessing fewer
SNPs. Additionally, 13 of 18 (72.2%) old TRBVs were located in the 3′-
half (Fig. 3f). These results demonstrated that evolutionary forces were
unevenly distributed throughout the length of the TRB locus. The 3′-
half was more conserved than the 5′-half. We consider this may be
related to the evolutionary patterns of the whole TRB locus, where
duplications were mostly observed in the 5′-half of TRB locus from the
results of full-length TRB locus alignment (Fig. 2e–g).

3.4. The pseudo, old and new TRBV usage distributions in the peripheral
blood of 97 healthy donors

TRBVs in different groups show distinct evolutionary patterns, and
TRBVs exhibit different levels of polymorphisms among populations.

Fig. 2. The alignment results of homologous TRB locus between humans versus mouse, rhesus and chimpanzee. The loci of homologous TRBVs were matched
between human versus mouse (a), rhesus (b) and chimpanzee (c). The lines connected homologous TRBVs between different species. Human TRBV regions were
marked in green. D-J-C referred the TRBD-J-C regions in human TRB and was marked in red. V30 referred to the TRBV30 gene at the end of the TRB locus. b) The dot
plot of full-length alignments of homologous TRB locus between humans versus mouse (d), rhesus (e) and chimpanzee (f) were generated by DOTMATCHER in
EMBOSS (Section 2.4). g) Self-alignment of the human TRB locus was also performed to detect the duplication sites. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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We were interested in determining how the usage of the three groups of
TRBVs is distributed in the peripheral blood of human populations.
Thus, we performed RNA sequencing of the peripheral blood TCR re-
pertoires of 97 healthy donors aged 19 to 70 (Supplementary file 2).

It has been reported that TCR repertoire diversity is negatively
correlated with age [13]. Consistently in our cohort, the values of
Shannon entropy, a diversity index, of all donor TCR repertoires in
PBMCs were negatively correlated with age (Pearson correlation test,
p= 0.000572). However if TRBV usages were influenced by age, our
results would be influenced by the sampling the cohort with different
ranging of age. To evaluate whether some TRBV usages may be influ-
enced by age, we performed multiple Pearson’s correlation tests be-
tween usage of each TRBV and donor age, with p values adjusted by the
Benjamini and Hochberg method. No correlation was observed between
any TRBV and age, suggesting that the age did not significantly influ-
ence TRBV usage.

The TRBV usages of each donor are shown in Fig. 4a. In general, the
gene usages varied a lot among different TRBVs. However, the varia-
tions of TRBV usages between individuals were low. Besides, we found
that pseudo TRBV usages were significantly lower than were old TRBV
usages (Wilcoxon rank sum test, p= 2.11e−5, Fig. 4b) and that they
could be hierarchically clustered (Fig. 4a). However, usages of the new
TRBVs did not significantly differ from those of old TRBVs (Fig. 4b). We
also investigated the population distributions of the three groups based
on TRBV Gini coefficients, Shannon entropies and relative standard
deviations (Section 2.9, Fig. 4c–e). The results showed that the usages
of pseudo TRBVs were more diverse than those of the other TRBVs in
human populations, with usages of the old and new TRBVs being less
variable.

3.5. Variation in TRBV gene usage was negatively correlated with SNP
density

To understand how TRBV polymorphisms are associated with TRBV
usage, we performed Pearson correlation tests of the TRBV distribution
indexes (Section 2.9) and the SNP densities at TRBV loci. In our cohort,
we did not observed any correlation between the frequency of TRBV
usage and SNP density (Fig. 5a, Pearson correlation test p= 0.81).
However, we observed significant correlations between TRBV SNP
density and each of the TRBV usage variation indexes (Fig. 5b–d),
suggesting that the usage of TRBVs with higher SNP densities is more
stable among populations than is that of TRBVs with lower SNP den-
sities. When considering only new TRBVs, similar correlations were
observed, with SNP density being negatively correlated with Gini
coefficient (Pearson correlation test, p= 0.0438, not shown in figure),
positively correlated with Shannon entropy (Pearson correlation test,
p= 0.01027, not shown in figure) and negatively correlated with re-
lative standard deviation (Pearson correlation test, p= 0.01137, not
shown in figure). Hence, we confirmed that the TRBV distributions in
the peripheral blood of a healthy population were correlated with the
SNP densities of the related TRBV coding regions.

This relationship might also yield the interesting topic of TCR-MHC
co-evolution. Some recent studies had confirmed that there exist TCR
germ line biases for the MHC molecule indicating a co-evolving pattern
of TCR and MHC. For example, Sharon et al. showed linkage between
multiple MHC and TCR genes using expression quantitative trait loci
analysis [35]. Blevins et al. supported an evolved compatibility exists
alongside MHC bias in the human TCR repertoire [5]. We considered
our results in agreement with these findings since the SNPs in TRBVs
may influence their usages. TRBVs with higher SNP may co-evolve with
MHC more closely, thus lead to a more stable usages in population.

Fig. 3. Comparisons of pseudo, old and new TRBVs. a) Nucleotide sequence identities of the pseudo, old and new TRBVs between human and rhesus.. b) The
evolutionary rates (Ka/Ks values) of the new and old TRBVs using rhesus as the comparison species. c) The SNP densities of the pseudo, old and new TRBVs. The
average SNP density in the full-length TRB locus is represented by the red line. d) The SNP densities of the 5′-half and 3′-half TRBVs. e) The substitution rates of the
5′-half and 3′-half TRBVs. The substitution rates are calculated based on the gene sequence variations between humans and rhesus. f) The TRBV gene loci on the
human TRB locus. The pseudo, old and new TRBVs are marked along the full length of the human TRB locus. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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4. Discussion

Natural selection is one of the strongest forces driving species evo-
lution. Positive and negative selections help purify detrimental muta-
tions and promote beneficial mutations during a species' evolution.
Typically, conserved genes are old and slowly evolving, possess low
SNP densities, have high and stable expression, are subjected to nega-
tive selection and perform important functions [16,21,22,41,42]. In
contrast, non-conserved genes exhibit the opposite properties.

However, our study showed that the evolution of TRBV genes does
not conform to these patterns. The SNP densities in pseudo TRBVs are
similar to the average SNP density of full-length TRBs, in which most
sites are noncoding regions, suggesting that pseudo TRBVs are under
neutral selection. This is not surprising since these TRBVs are assumed
to perform no functions. However, the functional TRBVs, including
those of the old and new groups, are more conserved than the pseudo
TRBVs but possess higher SNPs densities. A possible explanation for this
observation is that the functional TRBVs are co-evolving with MHC. The
MHC molecule is highly diverse in human populations to ensure a di-
versity of potential responses to antigens. TCRs only recognize the
peptides presented by MHC molecules. The most variable regions of
MHC are the ones that bind to the antigen. However the regions that
bind to the TCR would be more conserved. The CDR1 and CDR2 regions
of TRBV directly interact with these regions of the MHC molecule. For
example, The identity of the polymorphic position 77 in the DRβ chain
of class II MHC protein HLA-DR4 co-varies with TCR genes as shown in
a previous studies [35]. Thus, it is highly possible that TRBV poly-
morphisms are evolving along with the highly diverse MHC due to the
close relationship between these two gene families. A recent study had
demonstrated the human TCR-MHC coevolution after divergence from
rodents, which suggested a mechanism for ensuring that any V-J gene
combination can be selected by a single MHC [7]. It’s also reported that
there exist strong trans associations between variation in the MHC locus

and TCR V gene usage [35]. These findings agree with our conclusion
that evolution of TCR is restricted by MHC evolution. The co-evolution
might be one of the mechanisms that drive to increase the TCR re-
pertoire diversities in humans [7].

The evolution of V genes has been studied previously based on TCR
sequence divergences [11,28,29]. In addition, the co-evolution of TCR
and MHC has been proposed in several studies [3,7,35]. However, it
remains debated whether TCR-MHC restriction is intrinsic as a con-
sequence of species evolution or is merely a result of T cell thymus
selection during T cell maturation [3]. Each possibility has been sup-
ported by a number of studies [6,15,30,35]. In our study, the high SNP
densities in functional TRBVs suggest that MHC-TCR restriction may
explain the co-evolution of these gene families, in agreement with the
speculation in a previous study that TCR-MHC co-evolution occurs in
vertebrate evolution [28]. The usages of new TRBVs were no fewer than
those of old TRBVs, suggesting that the new TRBVs had already been
integrated into the immune system during human evolution. In addi-
tion, the new TRBVs possess more SNPs than do the old ones, suggesting
that the former may be co-evolving more tightly with MHC genes.
These speculations require verification via large-scale genomic analyses
in the future, by which highly diverse HLA types were investigated, the
corresponding TRBV usages in population were identified, and the
correlations between these two molecules would be in focus.

In contrast to our expectation, evolutionary rate (Ka/Ks) was not
correlated with the expression/usage levels of TRBVs in donor periph-
eral blood. However, the variation in TRBV usage (as indicated by
Shannon entropy, Gini coefficient and relative standard deviation) was
correlated with TRBV SNP density, which means that TRBVs possessing
higher numbers of SNPs would be more stably expressed/used in the
peripheral blood among healthy persons. This observation might also
be explained by TCR-MHC co-evolution. TRBVs with high polymorph-
isms co-evolve strongly with the MHC, leading to stable usage. TRBVs
with low polymorphisms may able to fit in the MHC in some portions of

Fig. 4. TRBVs usages and their distribution indexes. For each TRBV, the average frequency of its usage in all samples, Shannon entropy, Gini coefficient and relative
standard deviation were calculated based on the TRBV usages in all donors (Section 2.9). a) TRBV usages (in rows) in peripheral blood of 97 healthy donors (in
columns). TRBVs are hierarchically clustered on the left side with group annotations. b) Box plot of the average frequencies of pseudo, old and new TRBVs. c) Box plot
of Shannon entropy values of the pseudo, old and new TRBVs. d) Box plot of Gini coefficients of TRBVs in each group. e) Box plot of relative standard deviations of
TRBVs in each group. * referred to the Wilcoxon rank sum test p-value lower than 0.05; ** referred to the Wilcoxon rank sum test p-value lower than 0.01; *** referred
to the Wilcoxon rank sum test p-value lower than 0.001.
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population but be selected against by the thymus in other portions,
leading to variation in usage. This interpretation can explain how MHC
restrictions form during evolution.

In this study, all TRBV gene (n=61) sequences were retrieved from
the reference TRB sequence (GeneID: 6957), which can be completely
mapped to the human genome (GRCh38). However, this version of the
TRB sequence is missing 5 TRBVs relative to the TRBV genes (n= 66) in
IMGT, and the lengths of the two TRB sequences are not identical. This
indicates that the human genome (GRCh38) may have some flaws in the
TRB region. More accurate results can be achieved if a more precise
genome sequence is used. Another limitation of this study is that all of
the donors in this study were Han Chinese from a population in South
China. Although TRBV usages are not expected to differ among popu-
lations from different geographical regions, the conclusions can be
strengthened if donors from all over the world are recruited. Finally,
our proposal that the SNP levels of TRBVs are related to TCR-MHC co-
evolution can be evaluated by large-scale genomic association analyses
in the future.

5. Conclusions

T cell receptors have been a research hotspot for a long time.
However, many of the mechanisms associated with T cell receptors
remain unclear, and the co-evolution of TCR and MHC is poorly

understood. In this study, we compared human TRBVs and their
homologous sequences in three reference species, grouped the TRBVs
into 3 groups based on their features and analyzed the variations of
TRBVs in the peripheral blood of 97 donors. The results showed that
there were great differences in TRBVs between primates and non-pri-
mates. The evolution forces were unequally distributed on the full
length of TRB locus, because 5′-half of the TRB locus were undergoing
more duplications than the 3′-half. The SNP levels show significant
difference among the pseudo, old and new TRBVs. Also in population,
different expression patterns exist among these three groups of TRBVs.
Meanwhile, the variations of TRBVs usages exhibit significant correla-
tions with the SNP levels in population. In conclusion, the evolution of
TRBVs may be influenced by TCR-MHC co-evolution and that the usage
of TRBVs in the peripheral blood of humans from a healthy population
may be influenced by this co-evolution. This study provides new in-
sights into the evolution of the adaptive immune system.
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