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Abstract The receptor of a T lymphocyte (TCR) re-
cognizes nonself antigens in the company of major his-
tocompatibility complex (MHC) molecules presented
to it by the antigen-presenting cell. The variable region
of TCR is encoded by either a concatenation of varia-
ble region (TCR-V), diversity region (TCR-D), and
joining region (TCR-J) genes, or a concatenation of
TCR-V and TCR-J genes. The TCR-V genes exist as a
multigene family in vertebrate species. Here we study
the evolutionary relationships of TCR-V genes from
humans, sheep, cattle, rabbits, mice, and chicken. These
six species can be classified into two groups according
to the frequency of gd T-cells in their peripheral T-cell
populations. The “gd low” group of species includes
humans and mice, in which gd T-cells constitute very
limited portion of the T-cell population. The “gd high”
group includes sheep, cattle, rabbits, and chicken, in
which gd T-cells comprise up to 60% of the T-cell pop-
ulation. Here, we compiled TCR-V sequences from the
six species and conducted a phylogenetic analysis. We
identified various TCR-V gene subgroups based on the
analysis. We found that humans and mice have repre-
sentatives from nearly all of the subgroups identified,
while other species have lost subgroups to different ex-
tent. Therefore, the gd low species have a high degree
of diversity of TCR-V genes, while gd high species all
have limited diversity of TCR-V genes. This pattern is
similar to that found for immunoglobulin variable re-
gion (IGV) genes.
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Introduction

T lymphocytes have the ability to mount a specific cell-
mediated immune response to foreign antigens. Each T
lymphocyte expresses a unique TCR heterodimer that
reacts with a specific antigen peptide mostly bound to a
cell-associated MHC molecule. T lymphocytes can be
divided into two subsets according to the specificity of
their heterodimer antigen receptors: ab T lymphocytes
and gd T lymphocytes. The former lymphocytes express
receptors composed of a and b polypeptide chains, and
the latter express receptors composed of g and d chains.
Each of the polypeptides is encoded by a combination
of separate genes. For example, a and g polypeptides
are encoded by TCR-V genes, TCR-J genes, and TCR-
C genes, whereas b and d polypeptides are encoded by
these three genes plus diversity (TCR-D) genes. Fur-
thermore, the TCR-V regions can be divided into com-
plementarity-determining regions (CDRs) and frame-
work regions (FRs), where the CDRs congregate on
the surface of the TCR molecules which comes in con-
tact with the antigen-MHC assemblage, while the FRs
provide the framework structure of three-dimensional
conformations. The CDRs have been shown to contri-
bute most of the specificity of MHC recognition and
antigen binding by the TCRs (e.g., Chothia et al. 1988;
Davis and Bjorkman 1988; Hong et al. 1992).

The gd T-cells show different frequencies and physi-
ological distributions in different animal species. The
gd high species, which include sheep, cattle, rabbits,
and chicken, have a much higher proportion (up to
60%) of gd T lymphocytes in the peripheral T-cell pool
than the gd low species (e.g., humans and mice), in
which the proportion of gd T-cells is around 5% (Sa-
wasdikosol et al. 1993; see Hein and Dudler 1993 and
references therein).
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Table 1 Number of TCR-V gene families and genomic genes
identified from five mammalian and one avian species

TCRAV TCRBV TCRGV TCRDV

Humanb 32 (45)a 34 (75) 6 (14) 3 (4)c

Moused 21 (100) 20 (25) 5 (7) 4 (10)c

Rabbit 2 (??)e 9 (111)f 2 (16)g 5 (15)h

Sheep ?? (14)i 17 (120)j 6 (113)k 7 (128)k

Cattle 7 (20)l 9 (122)m 7 (15–20)n 1 (40–50)n

Chicken 2 (20–25)o 2 (a few)p 3 (126)q 2 (??)r

a Number of gene families (based upon 75% sequence similarity
criterion) with the number of genomic genes shown in paren-
theses.
b Arden et al. (1995a); Klein and Hořejši (1997)
c A small number of TCRAV genes were found to be used as
TCRDV genes in gd T-cells in humans and mice, and they are not
included in the TCRDV gene family
d Wang et al. (1994); Arden et al. (1995b); Klein and Hořejši
(1997)
e Marche and Kindt (1986)
f Isono et al. (1994)
g Isono et al. (1995)
h Kim et al. (1995)
i Hein et al. (1991); Massari et al. (1997)
j Grossberger et al. (1993)
k Hein and Dudler (1993); Hein (1994)
l Ishiguro et al. (1990)
mTanaka et al. (1990)
n Hein and Dudler (1997)
o Gobel et al. (1994)
p Tjoelker et al. (1990)
q Six et al. (1996)
r Chen et al. (1996)

To investigate the difference between the gd high
and gd low species, we considered whether the degree
of diversity of the TCR-V genes is correlated with the
frequency of gd T-cells. Humans and mice have been
shown to have a seemly high degree of diversity of the
TCR-V genes (e.g., Arden et al. 1995a, b; Clark et al.
1995; Rowen et al. 1996), and this may be a general fea-
ture of gd low species. However, the level of diversity
of TCR-V genes for the gd high species has not been
studied.

The purpose of this paper is to address this question
using the sequence information available in the public
database. The analysis of compiled sequence data now
enables us to reconstruct the evolutionary history of
TCR-V genes and examine the degree of gene diversity
in different species. This study also provides insight
into the mechanism of evolution and function of TCR
molecules.

Materials and methods

TCR-V sequences used in the study

In humans, the TCRA (encoding a chain) and TCRD (encoding d
chain) loci are mapped to the same position, near the centromere
of Chromosome (Chr) 14. In fact, the TCRD locus is located be-
tween TCRAV and TCRAJ clusters (Klein and Hořejši 1997) so
that the TCRAV and TCRDV genes are closely linked. The
TCRB (encoding b chain) and TCRG (encoding g chain) loci oc-
cupy distinct regions on different arms of Chr 7. The TCR-V
genes from the four loci can be grouped into families (based upon
75% sequence similarity criterion), in which members of a given
family are more similar to each other than they are to members of
any other families.

In this analysis, we used representative TCR-V sequences for
each gene family found in humans, sheep, cattle, rabbits, mice,
and chicken (see Table 1 for number of gene families found in
each of these species and footnotes for references), excluding
pseudogenes. We chose these six species because their TCR-V
gene repertoires were relatively well characterized, and a suffi-
cient number of TCRAV, TCRBV, TCRGV, and TCRDV se-
quences is available at the time of this study. The DNA sequences
of the TCR-V genes from these species were retrieved from Gen-
Bank, along with officially adopted individual gene names
(WHO-IUIS nomenclature sub-committee on TCR designation,
1995) wherever applicable. We used cDNA sequences as well as
germline sequences. The mixed usage of cDNA and germ line se-
quences should not affect the results of our phylogenetic analysis,
since somatic mutations rarely occur in the TCR-V genes (Ikuta
et al. 1985).

Here we list the names of the sequences used, together with
their GenBank accession numbers. To simplify gene notation, we
used the letter “A” followed by a unique number (the number of
the gene family to which the gene belongs wherever possible) to
designate the TCRAV genes. Similarly, we used the letter “B” for
TCRBV genes, “D” for TCRDV genes, and “G” for TCRGV
genes. In humans and mice, there are a small number of TCRV
genes that can be rearranged to TCRAJ or TCRDJ genes to form
either an a chain or a d chain, and they are designated AD
genes.

TCRAV sequences used in the analysis: (1) human (Homo sa-
piens): A1 (D13077), A2 (L11159), A3 (M13726), A4 (L06886),
A5 (D13069), AD6 (Z14996), A7 (L11161), A8 (L11162), A9
(M13737), A10 (D13075), A11 (M13742), A12 (X70310), A13
(M27374), AD14 (M95394), A15 (Z22965), A16 (M17651), AD17
(D13071), A18 (M17661), A19 (M17662), A20 (M17663), AD21

(M17664), A22 (D13072), A23 (X58736), A24 (X58737), A25
(X58738), A26 (X58739), A27 (M23431), AD28 (X61070), A29
(X58768), A30 (X70305), A31 (X70306), A32 (D13073); (2)
mouse (Mus musculus): A1 (M31647), AD2 (X06771), A3
(M33586), AD4 (M34198), A5 (X02967), AD6 (M37279), AD7
(M37597), A8 (M38680), A9 (X60319), AD10 (M38102), AD11
(M73263), A12 (X03668), A13 (M38681), A14 (D90229), A15
(X57397), AD17 (M16118), A19 (M22604); (3) sheep (Ovis aries):
A622 (M55622), A035 (U78035); (4) cattle (Bos taurus): A011
(D90011), A012 (D90012), A013 (D90013), A014 (D90014), A015
(D90015), A016 (D90016), A017 (D90017); (5) rabbit (Oryctola-
gus cuniculus): A885 (M12885); (6) chicken (Gallus gallus): A611
(U04611), A612 (U04612), A613 (U04613).

TCRBV sequences used in the analysis: (1) human (Homo sa-
piens): B1 (M27904), B2 (L05149), B3 (Z22967), B4 (Z29580), B5
(X04927), B6 (M14262), B7 (M13855), B8 (X07192), B9
(X57614), B10 (M16309), B11 (X74845), B12 (L36092), B13
(X61446), B14 (M14267), B15 (M11951), B16 (X04933), B17
(M27388), B18 (M27189), B19 (M27390), B20 (M13554), B21
(M33233), B22 (L36092), B23 (U03115), B24 (U03115), B25
(U03115), B26 (U03115); (2) mouse (Mus musculus): B1
(M29878), B2 (M21203), B3 (M12415), B4 (M13674), B5
(M15613), B6 (M10093), B7 (X00696), B8 (M15616), B9
(M13677), B10 (X56702), B11 (N00046), B13 (M31648), B14
(M11858), B15 (X04047), B16 (X03671), B17 (M61184), B18
(X16695), B19 (X16691), B20 (X59150), B21 (X16689), B22
(X16690), B23 (X16692), B24 (X16693), B25 (X16694); (3) sheep
(Ovis aries): B1S5 (AF030011), B2S1 (AF030012), B3S1
(AF030013), B4S1 (AF030016), B6S1 (AF030017), B7S1
(AF030018), B8S1 (AF030019), B10S1 (AF030020), B12S1
(AF030021), B13S1 (AF030023), B15S1 (AF030024), B17S1
(AF030025), B22S1 (AF030026); (4) cattle (Bos taurus): B122
(D90122), B123 (D90123), B124 (D90124), B125 (D90125), B126
(D90126), B129 (D90129); (5) rabbit (Oryctolagus cuniculus): B2
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(D17416), B5 (D17417), B6 (D17418), B7S1 (D17419), B8
(D17423), B9 (D17424), B10 (D17425), B11 (D17426), B1
(M14576); (6) chicken (Gallus gallus): B1S1 (M37798), B2S2
(M37806).

TCRGV sequences used in the analysis: (1) human (Homo sa-
piens): G1 (M13429), G2 (M27335), G3 (S60779), G4 (S69780);
(2) mouse (Mus musculus): G1 (M13337), G2 (M13338), G3
(M13336), G4 (Z49051), G5 (Z22847); (3) sheep (Ovis aries):
G1S1 (Z12998), G2S1 (Z12999), G2S2 (Z13000), G2S3 (Z13001),
G2S4 (Z13002), G3S1 (Z13003), G4S1 (Z13004), G5S1 (Z13005),
G5S2 (Z13006), G6S1 (Z13007); (4) cattle (Bos taurus): G119
(D16119), G126 (D16126), G129 (D16129), G130 (D16130), G131
(D16131), G133 (D16133), G186 (U73186), G187 (U73187), G188
(U73188); (5) rabbit (Oryctolagus cuniculus): G1S1 (D38135),
G1S2 (D38137), G1S3 (D38138), G1S4 (D38139), G2S1
(D38142); (6) chicken (Gallus gallus): G1S3 (U78210), G1S4
(U78212), G1S5 (U78213), G1S8 (U78216), G2S7 (U78225),
G2S8 (U78226), G2S9 (U78227), G3S3 (U78230), G3S4
(U78231), G3S8 (U78235).

TCRDV sequences ssed in the analysis: (1) human (Homo sa-
piens): D101 (X14545), D102 (X72501), D103 (M23326); (2)
mouse (Mus musculus): D101 (X13314), D104 (M37280), D105
(M37282); (3) sheep (Ovis aries): D1S1 (AJ005903), D2
(AJ005904), D3S2 (Z12996), D4 (AJ005906), D5 (AJ005907), D6
(AJ005908), D7 (AJ005909); (4) cattle (Bos taurus): D113
(D16113), D116 (D16116); (5) rabbit (Oryctolagus cuniculus): D1
(D26555), D4 (D38120), D5 (D38121).

Phylogenetic analysis

The four gene sets (TCRAV, TCRBV, TCRGV, and TCRDV)
were aligned separately using the CLUSTAL W computer pro-
gram (Thompson et al. 1994) with minor visual adjustments. The
CDRs are highly variable and difficult to align, so they were om-
itted. The analysis was therefore based on an alignment of the
FRs only. Sequences with relatively long gaps (16 base pairs)
were excluded.

Phylogenetic analysis was done using the MEGA computer
program (Kumar et al. 1993). First, we estimated distance be-
tween amino acid sequences using p distance (the percentage dis-
similarity). Sites with gaps were ignored for each pair of se-
quences (pairwise deletion option in the MEGA program). This
option was appropriate in this case because only a small number
of gaps were present in the final alignment and most of the gaps
were shared by a group of closely related sequences. We used the
neighbor-joining (NJ; Saitou and Nei 1987) method to reconstruct
the phylogenetic trees. The reliability of trees was examined by
the bootstrap test (Felsenstein 1985) and the interior-branch test
(Rzhetsky and Nei 1992; Sitnikova 1996), which produced the
bootstrap probability (PB) and confidence probability (CP) val-
ues, respectively, for each interior branch in the tree. PB695%
and CP695% are commonly considered statistically significant.
However, PB 180% was also interpreted as high statistical sup-
port for interior branches in the tree, since the bootstrap test is
known to be conservative (Hillis and Bull 1993; Sitnikova et al.
1995; Zharkikh and Li 1992).

The maximum parsimony (MP) method as implemented in
PAUP*4.0 (Swofford 1998) was also used to examine the reliabil-
ity of topologies generated by the NJ method. Two types of boot-
strapping were conducted for the MP trees. First, the standard
stepwise addition c TBR (full heuristic) search was done for 50
bootstrap replicates. We could not conduct more bootstrap repli-
cates because this method is very time consuming. Second, the
fast heuristic (random addition of taxa and no branch swapping
once the first tree is created) was used for 10 000 bootstrap repli-
cates. Although the second method is much faster, it was not very
useful for our data since it had consistently lower bootstrap val-
ues and often showed topologies different from those generated
by the full heuristic method and the NJ method. Therefore, we
present results only from the full heuristic search for MP method
below.

Results

TCRAV and TCRDV gene tree

In humans, sheep, cattle, and mice, TCRAV and
TCRDV sequences have higher sequence similarity to
each other than to other TCR-V genes, and the
TCRDV loci are physically mapped between the
TCRAV and the TCRAJ loci (Arden et al. 1995a, b;
Caccia et al. 1985; Hein and Mackay 1991; Solinas-Tol-
do et al. 1995). Therefore, the TCRAV and TCRDV se-
quences from various species were combined in the
same alignment and are shown in a joint phylogenetic
tree (NJ) in Figure 1. A tree generated by the MP
method shows essentially the same topology as that by
the NJ method except that the MP tree had very low
resolution for deep branches. The bootstrap values
found by MP method are presented in the figure, along
with PBs by the NJ method and CPs by the interior
branch test, for the branches that are important for
identification of the gene subgroups (see below).

Our phylogenetic tree shows that the TCRAV genes
from various vertebrate species form clusters separate
from the TCRDV genes, although the bootstrap value
is not very high. It is likely that the TCRAV and the
TCRDV genes diverged before the divergence of mam-
mals and birds, because chicken TCRAV genes do not
appear to be at the basal branch of the tree. This is con-
sistent with the observation that both ab and gd T-cell
lineages are also found in sharks and skates (Litman
and Rast 1996; Rast et al. 1995, 1997), indicating that
TCRAV and TCRDV lineages were established before
the divergence of cartilaginous fish and bony verte-
brates. Interestingly, human and mouse AD genes be-
long to both TCRAV and TCRDV clusters, with no
dominance of either type, suggesting that these AD
genes originated from both TCRAV and TCRDV
genes. These AD genes are dispersed along the whole
TCRA and TCRD chromosome region and are not lo-
cated in any specific location.

We found that a small number of genes cluster with
those from the other locus. For example, the mouse
D102 gene has sequence similarity to human A4 and
A20 and mouse A12 genes and belong to a cluster of
TCRAV genes, while the human A12 gene belongs to a
cluster of TCRDV genes and has highest sequence sim-
ilarity to the human AD6 and mouse AD17 genes.
These two genes may have been subject to gene con-
version from the other genes or unequal crossing-
over.

We classified the TCRAV and TCRDV genes into
subgroups to demonstrate the evolutionary relationship
of these genes. This classification was based on PB val-
ues ranging from 55% to 100% on the deepest nodes
wherever applicable. For example, the TCRAV genes
can be divided into four clusters that we have named
subgroup A, B, C, and D (see Fig. 1). These subgroups
are supported by PB values ranging from 64% to 100%
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Fig. 1 Phylogenetic (NJ) tree of 48 TCRAV, 19 TCRDV, and 12
TCRADV sequences from five mammalian and one avian species.
Four TCRAV subgroups and two TCRDV subgroups are indi-
cated by brackets. A total length of 75 amino acids per sequence
was used. The PB values generated by the NJ method are shown
on the branches wherever PB values 150%. However, for those
branches used to identify the gene subgroups, the PB values from
the MP method and the interior branch test are also shown, in
order, following the NJ PB values. Those PB values are indicated
by bold fonts. Although not every part of the topology of this NJ
tree could be reproduced by the MP method, the gene subgroups
identified are supported by both NJ and MP methods

and CP values ranging from 80% to 99% (Fig. 1). Each
of the TCRAV subgroups is not necessarily represented
in the genomes of all species. Human and mouse
TCRAV genes are found in four subgroups, whereas
cattle TCRAV genes are found in three subgroups, and
sheep, rabbit, and chicken TCRAV genes are found in
only one subgroup each. This suggests that the common
ancestor of amniotes must have possessed TCRAV
genes from all four subgroups and that three different
subgroups have been lost in the bird and the rabbit li-
neage, respectively, and one subgroup has been lost in
the artiodactyl lineage with subsequent subgroup loss
in sheep.

Fig. 2 Phylogenetic (NJ) tree of 75 TCRBV sequences from six
species. Six TCRBV subgroups and two single TCRBV genes are
indicated by brackets. A total length of 74 amino acids per se-
quence was used. The PB values are indicated in the same way as
for Fig. 1. All subgroups are also supported by the MP method

The evolutionary pattern of the TCRDV genes is
somewhat different. The TCRDV genes can be divided
into two subgroups, A and B, based on the PB values of
56% and 89%, and CPs of 70% and 99%, respectively
(see Fig. 1). Human, mouse, and rabbit TCRDV genes
appear in both of the two subgroups, whereas sheep
and cattle TCRDV genes are seen in only one sub-
group. This suggests that the earliest divergence of
TCRDV genes occurred before mammalian radiation
and subsequently one subgroup of TCRDV genes has
been lost in the artiodactyl lineage. This scenario could
be further investigated if chicken or other avian
TCRDV sequences become available.

TCRBV gene tree

In the phylogenetic tree for TCRBV sequences shown
in Fig. 2, we identified six TCRBV subgroups that are
statistically supported by PB values ranging from 70%
to 100% (Fig. 2). We excluded a cattle TCRBV gene
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Fig. 3 Phylogenetic tree of 44 TCRGV sequences from six spe-
cies. Six TCRGV subgroups and one single TCRGV gene are in-
dicated by brackets. A total length of 74 amino acids per se-
quence was used. The PB values are indicated in the same way as
for Fig. 1. The subgroups are also supported by the MP method
except for group A (see results)

from our data set, because only partial sequence of this
gene was available. However, when it was included, it
belongs to the subgroup A, and we indicate this by
marking “cattle” beside subgroup A in a pair of brack-
ets. One chicken sequence (chicken B1S1) and one
mouse sequence (mouse B2) did not reliably cluster
with any other sequences and are therefore excluded
from the six subgroups (see Fig. 2). The MP tree iden-
tified the same six subgroups, with the same exclusion
of chicken B1S1 and mouse B2 genes, although the PB

value supporting the subgroup A by the MP method is
very low (PBp17%; see Fig. 2). However, all CP values
supporting these six subgroups by the interior-branch
test are higher than 90%.

According to our tree, human and mouse TCRBV
genes are found in all six subgroups, while sheep and
rabbit TCRBV genes belong to five of the subgroups,
TCRBV genes from cattle belong to three subgroups,
and chicken has TCRBV genes from only one sub-
group. We therefore propose that the divergence of the
six subgroups predated the separation between mam-
mals and birds and that artiodactyls and rabbits each
lost one subgroup while chicken lost five of them. Fur-
thermore, cattle lost two more subgroups that are still
present in sheep.

TCRGV gene tree

The phylogenetic tree of TCRGV sequences from var-
ious species shows that TCRGV genes form six sub-
groups, A, B, C, D, E, and F, with the exception of one
mouse sequence (mouse G2; see Fig. 3). A tree gener-
ated by the MP method generally supports the exis-
tence of these six subgroups, with the same exclusion of
the mouse G2 gene. However, in the MP tree the hu-
man G2 gene did not necessarily cluster with subgroup
A, and the MP bootstrap value indicated for the branch
leading to subgroup A is for the cluster without the hu-
man G2 gene. Four of the subgroups are supported by
nearly 100% PB and CP values, indicating high reliabil-
ity of these clusters. One of the other two subgroups
(subgroup F) is composed of one highly supported clus-
ter (PBp95%) plus one sheep sequences (sheep G6S1),
and this subgroup is supported by 72% PB value from
MP method and 95% CP value from the interior-
branch method. Among these six subgroups, three sub-
groups, namely, C, D, and E, consist of only chicken
TCRGV sequences and are highly supported by PB val-
ues (199%), suggesting that all present chicken
TCRGV genes are duplicated from three ancestral
TCRGV sequences. Moreover, the sequence similarity
is relatively high within each chicken subgroup, indicat-
ing that these gene duplications happened only recent-
ly.

Human, rabbit, and cattle TCRGV sequences belong
to two subgroups, A and F, whereas sheep and mouse
TCRGV sequences are found in three of the subgroups,
A, B, and F (see Fig. 3). Therefore, the ancestor of

mammals would have had three subgroups, A, B, and
F, while humans, rabbits, and cattle all lost subgroups
B. Chicken TCRGV genes are divergent from the
TCRGV genes of mammals and generally do not inter-
sperse with other species in the phylogenetic tree. This
pattern, however, was not seen in the TCRAV/DV and
TCRBV gene trees presented above.

Discussion

Evolution of TCR-V genes in humans and mice:
gd low species

The constitution of the human TCR-V gene repertoire
is similar to that of the mouse repertoire. Humans and
mice both have representatives from all subgroups
identified except for TCRGV genes. In TCRGV genes,
there are three subgroups found exclusively in chicken,
and another small group containing only one mouse
and one sheep TCRGV sequences (subgroup B in
Fig. 3). In the other trees, human and mouse TCR-V
genes disperse all along the tree, while genes from oth-
er species tend to be confined to a few clusters. Inter-
estingly, humans and mice are generally considered to
be more distantly related than are humans and artio-
dactyls or humans and rabbits (e.g., Easteal 1988; Li et
al. 1990), although it is still controversial (e.g., Novacek
1992). Therefore, given that humans have TCR-V gene
repertoires distinct from sheep, cattle, and rabbits, it is
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surprising that humans and mice have similar TCR-V
repertoires.

Sitnikova and Su (1998) studied theIGV genes from
humans, mice, sheep, cattle, rabbits, and chicken and
found that humans and mice have similar IGV gene re-
pertoires and the highest diversity of IGV gene reper-
toire among these six species. When combined with
these results, it seems that the immune system genes
from humans and mice have more similarity to each
other than to those from the other species, in contrast
to the distant evolutionary relationship between them.
However, it is not clear whether there are functional
reasons for this.

Evolution of TCR-V genes in sheep, cattle, rabbits, and
chicken: gd high species

With respect to the TCR-V genes, sheep and cattle are
the most well-described organisms except humans and
mice. Although sheep and cattle are very closely re-
lated species, they show different degrees of diversity
of TCRAV and TCRBV genes. Sheep retain TCRBV
genes from five subgroups, two of which are not found
in cattle (see Fig. 2), whereas cattle possess TCRAV
genes from four subgroups, two of which are absent in
sheep (see Fig. 1). The degree of diversity for the
TCRGV genes is also different in sheep and cattle (see
Fig. 3). Considering that sheep and cattle diverged only
around 20 million years ago (Kumar and Hedges 1998),
the loss of TCR-V subgroups seems to occur frequently
in the ruminant lineages. It is worth pointing out that
although sheep and cattle contain similar repertoires of
IGV genes, pigs, a species closely related to ruminants,
have a different IGV gene repertoire (Sitnikova and Su
1998). Furthermore, camels, a species also closely re-
lated to ruminants, have a form of Ig molecules with no
light chains. This suggests that the repertoire of TCR-V
genes as well as of other immune system genes may
vary greatly within the order of Artiodactyla. In this re-
spect, it would be interesting to study more wild species
of the Artiodactyla, such as deer and hippopotamus,
which occupy ecological niches different from those of
domesticated sheep, cattle, pigs, and camels.

The genomic structure and function of rabbit and
chicken TCR-V genes are not well characterized. How-
ever, the chicken TCR-V genes seem to have the lowest
diversity of all the species we examined. For example,
chicken has TCRAV genes from only one subgroup and
TCRBV genes from only two subgroups. Chicken also
has a limited TCRGV gene repertoire, which shows no
particular sequence similarity to those from the other
species. Interestingly, chicken also has the most re-
stricted IGV gene repertoire yet found in vertebrates
(Ota and Nei 1995; Reynaud et al. 1989). It is not clear
how and why these apparently limited immune system
gene repertoires in chicken came into being.

The rabbit IGV gene repertoire is probably as lim-
ited as that of chicken (see Knight 1992 and references

Table 2 Percentage of gd T cells in the circulating T-cell popula-
tions and diversity of TCR-V and IGV genes in six species

Percentage
of gd T cells

Diversity of
TCR-V genes

Diversity of
IGV genes

Human Low (F5%) High High
Mouse Low (F5%) High High
Rabbit High (F20%) Low Low
Sheep High (F30%) Low Low
Cattle High (F30%) Low Low
Chicken High (F20%) Low Low

therein), and rabbits practically use only one VH (varia-
ble gene encoding the heavy chain) gene in VDJ re-
combination to produce antibodies. Compared with
chicken, however, rabbits seem to have a higher degree
of diversity for TCR-V genes. Rabbits have one sub-
group of TCRAV genes, two subgroups of TCRDV
genes, five subgroups of TCRBV genes, and two sub-
groups of TCRGV genes. However, there are prefer-
ences in TCRGV and TCRDV gene usage in different
rabbit tissues. For example, the rabbit D1 gene is pre-
dominantly expressed in adult peripheral blood lym-
phocytes (PBLs) as part of the gd TCR heterodimer. In
this respect, the usage preference of rabbit TCR-V
genes is similar to the rabbit IGV genes.

Coevolutionary relationship between TCR-V and IGV
gene families

A distinct feature of the phylogenetic relationship of
TCR-V genes is that, in general, human and mouse se-
quences disperse all along the phylogenetic tree, while
genes from sheep, cattle, rabbits, and chicken are re-
stricted to a few clusters. This result is the same as that
obtained from the IG VH and VL (variable gene encod-
ing light chains) gene trees, where humans and mice
contain diverse gene repertoires, and genes from the
other species have more restricted diversity (Sitnikova
and Su 1998; see Table 2).

The Ig molecules can be either anchored in the cell
membrane of B cells or secreted into biological fluids,
while the TCR molecules are functional only on the
surface of T cells and only recognize short antigen pep-
tides bound to MHC molecules except for some gd T
cells. Both B cells and T cells can recognize a huge
spectrum of antigens. The correlation between the div-
ersity of TCR-V genes and IGV genes in a species may
be due to mechanisms for producing diversified B cells
and T cells. In humans, for example, virtually no somat-
ic hypermutation or somatic gene conversion is in-
volved in generation of the primary antibody repertoire
(Klein and Hořejši 1997). Therefore, humans maintain
a diverse IGV gene repertoire to cope with a large
spectrum of antigens. However, the lack of somatic
gene diversification does not seem to be the reason for
the higher level of diversity of TCR-V gene repertoires
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in humans and mice, since there are no somatic gene
conversion/hypermutation events in TCR-V genes in
any of the six species we studied here.

The reason humans and mice have a low frequency
of gd T cells in the peripheral T-cell pool while other
species have a much higher frequency of gd T cells is
unclear, partly because the function of gd T cells is not
fully understood. Recent studies suggest that gd T cells
contribute to immune competence in a way that is dis-
tinct from ab T cells. In three cases, investigators found
that neither peptides bound to foreign agents nor pep-
tides derived from them are recognized by gd T-cell
clones. Instead, protein antigens are recognized by gd T
cells directly without any requirement for antigen proc-
essing (Schild et al. 1994; Sciammas et al. 1994; Wein-
traub et al. 1994). The gd T cells can also recognize a
variety of nonpeptide antigens in addition to peptide
antigens (Poccia et al. 1998). Furthermore, a compari-
son with antibody and ab TCR V domains reveals that
the three-dimensional framework structure of Vd more
closely resembles that of VH than of Va, Vb, or VL (Li
et al. 1998). These results suggest that gd T-cell recep-
tors may be more like immunoglobulins in their recog-
nition properties (Chien et al. 1996; Marchalonis et al.
1997). Therefore, the low frequency of gd T cells in hu-
mans and mice may be due to the fact that the Ig mole-
cules in humans and mice are highly diverged, and may
have undertaken part of the role played by gd T cells in
the other species.

In conclusion, the phylogenetic analysis of TCR-V
genes from the six species reveals different degrees of
diversity of gene repertoire, similar to those seen for
IGV genes. This pattern of TCR diversity must be re-
lated to the diversity of other immune system genes
and prompts further investigation into different mam-
malian and avian immune systems.
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