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Characterization of an Avian (Gallus gallus domesticus) TCR
ad Gene Locus1

Takayuki Kubota, 2* Jin-yi Wang,* Thomas W. F. Göbel,3¶ Richard D. Hockett,4§

Max D. Cooper,*†‡i and Chen-lo H. Chen5*‡

Mammalian TCRd genes are located in the midst of the TCRa gene locus. In the chicken, one large Vd gene family, two Dd gene
segments, two Jd gene segments, and one Cd gene have been identified. The TCRd genes were deleted on both alleles inab T cell
lines, thereby indicating conservation of the combined TCRad locus in birds. Va and Vd gene segments were found to rearrange
with one, both or neither of the Dd segments and either of the two Jd segments. Exonuclease activity, P-addition, and N-addition
during VDJ d rearrangement contributed to TCRd repertoire diversification in the first embryonic wave of T cells. An unbiased
Vd1 repertoire was observed at all ages, but an acquired Jd1 usage bias occurred in the TCRd repertoire. The unrestricted
combinatorial diversity of relatively complex TCRg and d loci may contribute to the remarkable abundance ofgd T cells in this
avian representative. The Journal of Immunology,1999, 163: 3858–3866.

I n birds and mammals, T cell differentiation proceeds along
two discrete pathways characterized by the expression ofab
or gd TCRs (1, 2). The conservation of these T cell lineages

during vertebrate evolution is further indicated by identification of
a, b, g, andd TCR genes among amphibian (3, 4), bony fish (5, 6),
and cartilaginous fish representatives (7). In the chicken, thegd T
cells comprise up to 50% of the T cells (1, 2, 8), a much higher
proportion than found in humans and mice (9). Analysis of the
chicken TCRg locus indicates three Vg subfamilies, each contain-
ing ;10 members, three Jg segments and a single Cg gene (10).
Members of each of the three Vg subfamilies may undergo rear-
rangement with each of the Jg segments, yielding a remarkably
large number of possible TCRg VJ rearrangements. In contrast to
the highly regulated rearrangement pattern of the different Vg
genes during murine ontogeny, the TCRg repertoire of the first
wave of avian thymocytes appears to be unrestricted and relatively
diverse. The chicken TCRa and b loci are relatively simple by
comparison, in that each contains only two V gene subfamilies
(11–13) vs the 20–30 subfamilies of Va and Vb genes found in
mice and humans (14).

While the selection, differentiation, and function ofab T cells
have been well characterized, the biological role ofgd T cells and
the mechanism for their lineage divergence from theab T cells are
still incompletely understood. Thegd T cells may play an immu-
noregulatory role in immune responses (15–17). Conversely, they
appear to require cytokine help from theirab T cell neighbors for
their proliferation (18–20) and for their participation in graft-vs-
host reactions (21, 22). Because of the relative high frequency of
gd T cells, experimental accessibility to the embryo, and well-
defined developmental waves of thymic progenitor influx into the
thymus (23), the chicken provides an attractive model for the ex-
ploration of unresolved questions of thegd T cell lineage. While
the TCRa, b, andg genes have all been characterized in this spe-
cies, the utility of the chicken model for study of thegd T cell
lineage would be greatly enhanced by characterization of the
TCRd genes and their utilization. In these studies, we have iden-
tified chicken TCRd genes, located these within the TCRa gene
locus, and initiated an analysis of TCRd repertoire diversity in this
avian representative.

Materials and Methods
Chickens, cells, and cell lines

Eggs of the inbred SC strain (B2B2) of White Leghorn chickens (Hyline
International, Dallas Center, IA) were incubated at 41°C in a humidified
incubator. Hatched chicks were housed and maintained under conventional
vivarium conditions. Erythrocytes and lymphocytes were isolated from
thymus, spleen, bursa, peripheral blood, and intestinal epithelium as de-
scribed (24). Thegd and Vb11 ab T cells were purified by FACS (FAC-
Star; Becton Dickinson, Mountain View, CA) after staining PBL with the
PE-conjugated TCR1 mAb (anti-gdTCR) and FITC-conjugated TCR2
mAb (anti-Vb1TCR) (Southern Biotechnology Associates, Birmingham,
AL). The Marek disease virus-inducedab T cell lines CU16, CU36, CU38,
CU47, CU48, and CU132A (25), SPF-13 (M. Linial, Fred Huchins Cancer
Research Center, Seattle, WA), and UG9 (L. Schierman, University of
Georgia, Athens, GA); the reticuloendotheliosis virus (strain T)-trans-
formed gd T cells lines 855/4, 855/2, 857/7 (K. McNagny and T. Graf,
European Molecular Biology Laboratory, Heidelberg, Germany) were
maintained in a humidified atmosphere at 41°C.

DNA library screening

A splenic cDNA library (SC strain) was constructed in the Uni-ZAP XR
vector (Stratagene, La Jolla, CA), and an erythrocytelfix genomic library
was a gift of C. Thompson (University of Chicago; Ref. 8). The libraries
were screened as previously described (10, 11), and isolated genomic
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clones were analyzed by restriction mapping and Southern blotting. Hy-
bridizing fragments were subcloned into pBluescript (Stratagene) or pCRII
(TA Cloning Kit; Invitrogen, San Diego, CA) for sequencing.

Northern and Southern blot analysis

Cellular RNA was prepared either by the guanidinium thiocyanate/cesium
chloride method (26) or with Tri reagent (Molecular Research Center, Cin-
cinnati, OH). Poly(A) RNA was isolated with a poly(A) quick mRNA
isolation kit (Strategene). Genomic DNA was prepared as described (10,
11). Northern and Southern blot hybridizations used Magna nylon mem-
branes (Micron Separations, Westboro, MA) at 42°C in 50% formamide
buffer and probed with cDNA32P-labeled with a Prime-It II random primer
labeling kit (Stratagene) or with oligonucleotides labeled with [g-32P]ATP.

cDNA and oligonucleotide probes

Va1 and Ca cDNA probes were derived from TCRa cDNA of T cell line
UG9 (11). The Va2 probe was prepared by amplification of TCRa cDNA
of the CU132A T cell line using PCR primers Va2up-1/Va2down. The Vd1
probe was purified fromHhaI digestion of V1.1-TCRd cDNA and the Cd
probe was generated by PCR (Cdup/Cddown-1). The Jd1 oligonucleotide
probe was synthesized as AGAACAGATAAGCTTGTATTTGGAAGTG
GAACCACTCTCACAGTTGAACCA.

Polymerase chain reaction

cDNA prepared from various tissues using a superscript RNase H2 reverse
transcriptase kit (Life Technologies, Gaithersburg, MD) or purified from
the chicken spleen library (Magic Lambda Preps DNA Purification System;
Promega, Madison, WI) was used as a template for PCR. PCR (1.25 mM each
dNTP, 1.5 mM MgCl2, 0.2 mM each primer, 1 UTaq polymerase in 50ml
total volume) was performed under the following conditions: 1 min at 94°C, 35
cycles of 1 min at 55°C and 2 min at 72°C. PCR products were cloned into
pCRII (TA Cloning Kit; Invitrogen). The PCR primers were: Va2up-1, 59-
GGGAATTCCAACTGCTGGATGCCATGGGGCAGACC-39; Va2down, 59-
ACGCGTCGACACAGCACAGAGGTACAAGGCACTGT-39; Cdup, 59-
GATTCTATTCCAGAGGTCATTGTGAT-39; Cddown-1, 59-TTCTCCAT
TTTGACATCTTCTGCAG-39; Vdup, 59-TGGAAACGTCTGGTGGAGGT-
39; Cddown-2, 59-ATTAGAGGACATCTCCAAACTG-39; Va2up-2, 59-
CAACTGCTGGATGCCATGGGGCAGACCGTT-39.

Sequencing and sequence analysis

The nucleotide sequence of double-stranded DNA was determined using a
thermal sequenase radiolabeled terminated cycle sequencing kit (Amer-
sham Life Science, Arlington Heights, IL) or an automated DNA sequenc-
ing system (Li-Cor, Lincoln, NE). The DNASIS (Hitachi Software Engi-

neering, Tokyo, Japan) and Lasergene (DNAstar, Madison, WI) analysis
software were used for data analysis.

Results
Identification of a TCRd candidate and its expression pattern

Members of five human Va subfamilies and four mouse Va sub-
families have been found to recombine with DJ segments of the
TCRd gene family to contribute to the TCRd repertoire in these
mammalian representatives (14, 27). Given the conservation of the
central structural features of TCRa, b, andg in birds and mam-
mals (1, 2), we hypothesized that isolation of Va1Ca2 clones
from a cDNA library would allow us to identify TCRd genes in the
chicken. When Va1Ca2 cDNA clones were isolated by differen-
tial screening of a splenic library, the sequence analysis of three
clones revealed a V region, a J-like segment, and a C region. The
V regions proved to have sequence identity with previously iden-
tified members of the Va1 subfamily. The J segments from the
three clones were identical, but differed from known Ja segments
sequences (11). Conservation of 12 of 16 amino acids in mamma-
lian Jd1 segments has been observed (28), and comparison of the
new chicken J sequence (TDKLVFGSGTTLTVEP) with the mam-
malian consensus Jd1 sequence indicated conservation of 10 amino
acid residues (see Fig. 7D), thereby suggesting these Va1Ca2 clones
represent TCRd clones that employ Va segments.

The remaining 1085 bp of the Va1Ca2 clones included an open
reading frame coding for 154 amino acids flanked by a 39 untrans-
lated region. This open reading frame sequence differed from the
chicken TCR Ca, Cb, and Cg sequences (10–12) and was most
homologous to the mammalian TCRd C regions, with which it
shared 51–54% and 27–30% identity at the nucleotide and amino
acid levels, respectively (Fig. 1). The predicted transmembrane
region (residues 123–149), which contained two positively
charged residues, Arg134and Lys139, and the short cytoplasmic tail
of 5 aa residues resembled comparable regions in the TCRd chains
of other species. Two cysteine residues (Cys29 and Cys79) in the
extracellular region of 125 residues could form the intrachain di-
sulfide bond of this putative Cd domain, and an additional Cys108

could form an interchain disulfide bond with the cysteine residue

FIGURE 1. Comparison of predicted protein
sequence of the candidate chicken Cd with the Cd
sequences in other vertebrates. Alignments have
been optimized manually in reference to the
amino acid residues conserved in the TCR C re-
gions. Designation of extracellular (EX), trans-
membrane (TM), and cytoplasmic (CYT) do-
mains is based on human and mouse TCRd data.
Dashes (-) indicate identity and spaces (/) mark
gaps. Bold letters indicate amino acid residues
conserved in at least two mammalian, avian, and
fish representatives, and asterisks (p) indicates
residues conserved in all species for which se-
quence information is available (Refs. 7, 29, 31).
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of the TCRg-chain (10). All three Va1Ca2 clones contained the
same C region sequence. Analysis of genomic DNA using this
candidate Cd probe yielded one hybridizing band withXbaI (4.1
kb) andHindIII (1.95 kb) digests and two bands (2.7 kb and 1.8
kb) with EcoRI digests (not shown). The composite results suggest
the chicken TCRd locus contains one Cd region gene, as is also the
case for mammalian species (29, 30).

The candidate Cd probe was used to screen a splenic cDNA
library for the purpose of isolating TCRd clones using Vd seg-
ments. A full-length clone containing a leader sequence of 21 aa,
a V region containing 96–98 aa, a Jd segment, and the Cd region
was isolated in this manner (Fig. 2). The region between V and J
in this and other TCRd clones was relatively long, suggesting that
these clones contained a Dd segment. All of the clones analyzed
used the same Jd segment, which we termed Jd1. The Cd region,
encoding residues 122–275, was flanked by a 39 untranslated re-
gion of 623 bp. A consensus polyadenylylation sequence
(AATAAA) was found 13 nt upstream of the poly(A) tail. The V
region amino acid sequence differs from the chicken Va, Vb, and
Vg subfamilies (2, 10–12) and has;30% homology to mamma-
lian Vd. Highly conserved residues in mammalian, avian, and fish
TCRs were also present in this candidate Vd sequence. These in-
clude two cysteine residues, Cys22 and Cys96, that may form an
intrachain disulfide bond in the Vd domain (30).

To determine the tissue distribution of the candidate TCRd tran-
scripts, a cDNA probe corresponding to the predicted Cd region
was used for Northern blot analysis. A 1.7-kb transcript was de-
tected in the thymus, spleen, intestine, andgd T cell lines (Fig. 3),
whereas transcripts were not detected in the bursa, liver, brain, or
ab T cell lines. The confinement of transcripts detected by this
probe togd T cell lines and tissues known to be enriched ingd T
cells provides confirmatory evidence for the TCRd identity of this
TCR C region gene.

A multimember Vd1 subfamily in the chicken

All of the Vd sequences identified by screening a splenic cDNA
library shared at least 75% identity at the nucleotide level. This
degree of homology was indicative of membership in the same V
subfamily in accordance with traditional definition. Therefore,
these Vd sequences were designated as members of the Vd1 sub-
family. Additional Vd1 cDNA sequences were obtained from adult
splenocytes, thymocytes, and intestinal epithelial lymphocytes and
from embryonic thymocytes and splenocytes by RT-PCR using the
Cddown-2 primer and a conserved Vd1up primer at the 59 end of
Vd1. Among the;30 Vd1 members defined in this survey (;200
clones), amino acid diversity was evident throughout the sequence
of Vd1 subfamily members, but deletions of codons for amino acid
residues were seen only in the CDR1 and CDR2 regions (Fig. 4A).
The chicken Vd1 subfamily members share,30% identity at the
amino acid level with human and mouse Vd segments. Interest-
ingly, the amino acid sequence homology between the chicken

FIGURE 2. Nucleotide and predicted amino acid sequence of a candidate TCRd cDNA (GenBank accession no. AF175433). Boundaries between the
leader peptide (L), variable (V), junctional (J) extracellular (EX), transmembrane (TM), and cytoplasmic (CYT) regions are indicated by arrowheads. The
21-residue leader peptide was predicted by the PSORT program. Two potential N-glycosylation sites are boxed. A consensus polyadenylylation sequence
is underlined.

FIGURE 3. Northern blot analysis of different tissues and T cell lines
with the candidate TCR Cd cDNA probe. RNA from threegd T cell lines
(855/4, 855/2, and 857/7), threeab T cell lines (SPF13, CU16, CU132A),
intestinal epithelial lymphocytes, thymocytes, splenocytes, bursal lympho-
cytes, liver, and brain was electrophoresed in agarose, blotted onto a nylon
membrane, and hybridized with the32P-labeled Cd and GAPDH probes.
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Vd1 members and VH segments is relatively high, up to 49%,
whereas the identity between the chicken and human Vd sequences
is only 25% (Fig. 5A). Comparison of the chicken TCR Vg with
Vl amino acid sequences revealed;30% identity, a degree of
homology comparable to that observed between the avian and
mammalian TCRg region sequences (Fig. 5B).

In a search for additional Vd subfamilies in the chicken, we
analyzed Va2Vd12Cd1 cDNA clones. All such clones (27 in
number) contained truncated TCRd inserts rather than Vd genes
belonging to another Vd subfamily. A Southern blot analysis of
genomic DNA digested with five different restriction enzymes and
probed with Vd1.1 cDNA revealed the presence of multiple
genomic DNA bands, indicating a multiple-member Vd1 gene sub-

family (Fig. 4B). To isolate germline Vd segments, a genomic
DNA library was screened with the Vd1 cDNA probe. Three pos-
itive clones were chosen randomly, and their sequence analysis
yielded seven Vd members, three of which appear to be pseudo-
genes. Vd1.31 and 1.32 contained a stop codon and Vd1.30 lacked
an essential cysteine residue needed to form an intrachain disulfide
bond; Vd1.30 also had a nonconsensus recombinational signal se-
quence (Fig. 4A, data not shown). The consensus recombinational
signal sequence, including a 23-bp spacer sequence, was found to
be conserved in four other Vd1 members (1.26, 1.27, 1.28, 1.29).
No cDNA clones identical with the Vd1.29 genomic sequence
were isolated, probably because the 59 amino acid sequence from
this gene differed from those employed for the design of the PCR

FIGURE 4. Analysis of the multimember Vd1
subfamily.A, Comparison of amino acid sequence
of chicken Vd1 family members. cDNA sequences
obtained from screening a cDNA library, RT-PCR
analysis of transcripts of thymocytes, splenocytes,
and intestinal epithelial lymphocytes, and genomic
gene segments (bold letter and boxed) are compared
with a commonly used TCRd full-length sequence.
Complementarity determining regions (CDR) are as-
signed according to those identified for mammalian
TCR (10). Dashes (-) indicate identity and spaces (/)
mark gaps (GenBank accession nos. AF175434–
AF175465).B, Southern blot analysis of chicken
genomic DNA with a Vd probe. Bursal DNA (15
mg) were digested with the indicated restriction en-
zymes, electrophoresed in agarose, blotted onto ny-
lon membrane, and hybridized with a32P-labeled
Vd1.1 probe.

3861The Journal of Immunology
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/163/7/3858/1109538/im
199903858p.pdf by guest on 22 M

ay 2023



primer used to amplify Vd1 members. However, cDNA clones
identical with the genomic 1.26, 1.27, and 1.28 sequences were
identified.

Members of both the Va1 and Va2 subfamilies are used in
TCRd transcripts

Two TCR Va subfamilies have been identified in the chicken (2,
11). Va11Cd1 clones representing three Va1 members were iso-
lated from the initial cDNA library screening. To examine whether
Va2 members may also be used in the TCRd repertoire, RT-PCR
was used to amplify splenic cDNA using Va2up-2 and Cddown-2
primers. Sequences of 13 independent PCR clones indicated the
inclusion of at least three Va2 members in the TCRd repertoire
(not shown). The chicken TCRd-chains thus employ Va1, Va2,
and Vd members to generate a diverse TCRd repertoire.

TCRd gene deletion inab T cells

TCRd genes in mouse and human are located within the TCRa
locus (32–35). Coexistence of TCRa and the TCRd gene rear-
rangements on the same allele is thus impossible when TCRa re-
arrangements are accomplished by deletion, and deletion of TCRd
should occur on at least one allele in allab T cells. In fact, TCRd
deletion occurs at a relatively high frequency in the human thymus,
taking place on both alleles in the majority ofab T cells (36, 37).
Our finding that Va segments can recombine with DdJd suggests
that the chicken TCRa and TCRd genes also share the same locus.
To test this prediction, a Southern blot analysis was performed on
DNA isolated from T cell lines and normal T cells. Whereas Cd-
reactive bands could be detected in DNA isolated from erythro-
cytes, normalgd T cells, andgd T cell lines, the Cd gene was
deleted from both alleles in allab T cell lines (Fig. 6), thereby
indicating the conservation of the TCRad locus organization in
birds and mammals. Interestingly, low levels of Cd-reactive DNA
were also identified in normalab T cells.

Identification of two Dd and two Jd gene segments

Initial analysis of TCRd cDNA sequences revealed exclusive us-
age of the Jd1 segment in all of the adult splenic clones examined.
However, another Jd sequence was identified frequently in embry-
onic clones. Examination of the CDR3 regions of the cDNA se-
quences also suggested the existence of two D segments in the
chicken. To identify genomic D and J segments, three genomic
DNA clones containing Vd genes were tested for their reactivity
with a Jd1 probe. The clone that contains Vd1.26 and Vd1.32 was
also found to be Jd1 positive. Sequencing of 8.4 kb DNA down-
stream from Vd1.32 revealed Dd1, Dd2, Jd1, and Jd2 segments
(Fig. 7, A andB). The two Dd segments identified 3.1 kb and 5.6
kb downstream of Vd1.32 in the chicken are similar to the mouse
and human Dd segments (Fig. 7C). The Jd1 and Jd2 segments
located 6 kb and 8 kb 39 of the Vd1.32 gene, respectively, resemble
the human Jd1 and Jd2 segments (Fig. 7D) with ;75% identity at
the amino acid level.

Ontogeny of TCRd repertoire diversification

When the expressed TCRd repertoire from the thymus and spleen
of embryos and from the thymus, spleen, and intestine of adults
was analyzed, a random pattern of Vd1 gene usage was detected as
a function of age and tissue distribution. V gene usage, V-J junc-
tions, and J segment usage of representative TCRd clones from the
first wave of embryonic T cells are shown in Table I. Vd1 mem-
bers recombined with none, one, or two Dd segments, which were
translated in all three reading frames. Exonuclease activity, P-ad-
dition, and N-addition were all evident in the TCRd clones derived
from the first developmental wave of T cells in embryonic tissues.
Similar to the Db usage in the chicken (42), a conserved glycine
residue was observed within the CDR3 domain in 98% of the
in-frame junctions analyzed.

Differential usage of Jd segments in embryonic and adult TCRd
transcripts

Because our initial assessment suggested that Jd1 and Jd2 may be
differentially employed in embryonic and adult tissues, the cDNA
sequences were examined for Jd usage as a function of age and
tissue distribution. While both Jd1 and Jd2 were equally used in
embryonic tissues,;90% of the cDNA clones from adult tissues
contained the Jd1 segment (Table II). This acquired bias for Jd1
usage by thegd T cell population was noted in thymus, spleen, and
intestinal epithelium samples.

Discussion
In mice and humans, the TCRd gene locus is located within the
TCRa locus, between the long stretch of Va and Ja gene segments

FIGURE 5. Comparison of V region sequences for the chicken TCRgd,
chicken Ig, and human TCRgd chains.A, The chicken TCR Vd1 chain is
compared with the chicken Ig VH (GenBank accession no. M30347-1) and
the human TCR Vd (M21624) chains.B, The chicken TCR Vg2 chain
(U78219-1) is compared with the chicken Igl (M96970) and the human
TCR Vg (X74798) chains. Gaps (/) are introduced to optimize the align-
ment of conserved amino acid residues, and asterisks (p) indicate identity.

FIGURE 6. Southern blot analysis of Cd genes inab T cell lines. DNA
(15mg) from RBC,ab T cell lines (CU47, CU48, CU36, CU38, and UG9),
gd T cell line 855/2, purified Vb11 ab, or gd blood T cells were digested
with EcoRI, electrophoresed in agarose, blotted onto a nylon membrane,
and hybridized with32P-labeled Cd and GAPDH probes. Note that the Cd
genes are deleted on both alleles of theab T cell lines.
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(32–35) where it isflanked by TCRd-deleting elements (36). Our
results indicate that the TCRd genes are also located within the TCRa
gene locus in the avian representative,Gallus gallus domesticus.
Members of previously identified Va1 and Va2 gene subfamilies
were found to recombine with DdJdCd to create functional TCRd
transcripts, thereby indicating a TCRd repertoire diversification
pattern in chickens similar to that seen in mammalian species (14, 27).
The conserved TCRad organization does not permit concordant
TCRa and TCRd rearrangements on the same allele. Therefore,
deletion of the TCRd genes must occur on at least one allele inab T
cells. In ten chickenab T cell lines examined so far (Fig. 6 and data
not shown), thed genes were found deleted on both alleles. The

TCRd-deleting elements,dRec andcJa, preferentially combine dur-
ing human thymocyte differentiation, and this rearrangement prepares
the allele for subsequent TCRa gene rearrangement (36, 37). Our
results suggest that homologues ofdRec-cJa may also function dur-
ing avian thymocyte development, although these were not identified
in the present study. Conservation of the TCRad locus organization in
birds and mammals may well prove to extend to cartilaginous fish, in
which TCRd cDNA has recently been characterized (7), thereby im-
plying an ancient origin of the lineage-commitment mechanism forgd
andab T cell diversion.

Notably, low levels of Cd-hybridizing DNA were found in pe-
ripheralab T cells, despite their absence inab T cell lines. Our

FIGURE 7. Genomic organization and DJ sequences of the chicken TCRd genes.A, Schematic illustration of the chicken TCRad locus.B, Genomic
DNA was sequenced between Vd1.32 and Jd2, and the numbers of exon and intron nucleotides are indicated. The sequence between Ja6 to Ca was
determined by Wang et al. (38). The structure of Ca was determined by Go¨bel et al. (unpublished observations and Ref. 38). The numbers of Va1, Va2,
and Ja segments were estimated by Southern blot and cDNA analysis (Refs. 2 and 11 and unpublished data). It is presently unknown whether or not
members of the Va1, Va2, and Vd1 subfamilies are interspersed in the locus.C, Comparison of the Dd nucleotide and encoded amino acid sequences in
three reading frames from three species. The dot (F) represents a stop codon.D, Comparison of the Jd amino acid sequences from different vertebrate
species. Dashes (-) indicate identity. (Refs. 7 and 39–41; GenBank accession no. AF175434).
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studies (24, 43) indicate the persistence of extrachromosomal
V(D)J deletion circles in recent thymic emigrants, and we have
demonstrated the presence of VJg excision circles in peripheralab
T cells (F.-K. Kong et al., unpublished observations). Therefore,
the Cd-reactive DNA that we observed in the peripheralab T cells
may represent residual TCRd excision circles created during ear-
lier thymocyte differentiation stage.

Relatively low Cd homology is apparent among the different
vertebrate representatives,;30% identity having been seen at the
amino acid level in birds vs mammals, and;25% amino acid
identity in birds vs fish. In the extracellular region, relatively few
amino acid residues are conserved other than the two cysteine
residues that form the disulfide bonds of the Ig domain and a third
cysteine residue that may contribute to the interdisulfide bond be-
tween the TCRg- and d-chains. The Cd transmembrane region,
which includes the conserved Ag receptor transmembrane motif

thought to be important in Ag receptor assembly and function (44),
is more highly conserved.

The combinatorial TCRd repertoire in mice and humans is re-
stricted by the relatively small number (,10) of TCRd gene seg-
ments in these species. In contrast, junctional diversity is exten-
sive, thereby rendering the potential repertoire of mammalian
TCRgd cells more or less comparable to that of TCRab T cells
(33). In the mouse, the TCRgd combinatorial repertoire is limited
further by the preferential recombining patterns of the V and J
gene segments (45–49). While mouse Vd1 is predominately ex-
pressed, together with Vg5 and Vg6, during the first two embry-
onic waves of intrathymic T cell generation (45, 46), Vd4 and Vd6
are expressed preferentially in the intestine, and an array of Vd
genes other than Vd1 predominate in peripheral lymphoid organs
(47). In the human thymus, the relative frequency of Vd1- and
Vd2-expressing T cells is balanced throughout life (48, 49),
whereas restriction of TCR Vd gene usage is observed for the
circulatinggd T cells in adults, of which 60–95% use the Vg9Vd2
gene combination. Vg9Vd2 is also expressed by most intestinal
epithelialgd T cells during fetal life and early infancy, but these
are progressively replaced at later ages bygd T cells preferentially
expressing the Vd1 gene and Vg genes other than Vg9 (49).

Only one Vd gene family could be identified in the chicken, but
this Vd family contains;30 members, a few of which are pseu-
dogenes. The functional Vd1 genes may recombine with one, both,
or neither of the two Dd segments and either of the two Jd seg-
ments. We identified the usage of three of the;25 Va1 members
and three of the;15 Va2 members among four Va1-Cd and 13
Va2-Cd clones that were sequenced. Chickens thus possess a re-
markably diverse and unrestricted TCRd combinatorial repertoire,
as also is the case for their TCRg repertoire (10). Multiple Vd gene
segments have also been found in sheep, cows, and pigs, mam-
malian species that feature higher frequencies ofgd T cells (39–

Table I. TCRd repertoire in embryonic tissuesa

Clone Vd1 Exo P N P Dd1 P N P Dd2 P N P Exo Jd

GENOMIC GATTACGTAC TTTGGGGGCTGGAGTAC
T1279 1.14 1 1 2
S1258 1.4 2 GGGCTGG 2 1
S1224 1.12 2 GGGCTGG 2 1
T1268 1.6 2 TTTGGGGGCTGGA 1 2
S1242 1.24 2 GGGGCTGGAGTAC 1 2
S1257 1.10 2 GGGGGCTGGAG 1 2
T1283 1.22 1 TTTGGGGGCTGG 2 1
T1261 1.28 2 GGGGCTGGAGTAC 1 2
S1221 1.17 1 GGGGGCTGGAGT 1 1
T1284 1.26 2 C TTGGGGGCTGG 1 1
T1287 1.20 2 CG TTGGGGGCTGGAGT 1 1
T1299 1.11 2 TTGGGGGCTGGA ACG2 2
T1297 1.8 1 A TTTGGGGGCTGGAGT 1 2
S1232 1.7 1 A TTTGGGGGCTGGAGTAC 1 2
S1259 1.16 1 A TTTGGGGGCT 1 2
S1229 1.12 2 AA TTTGGGGGCTGG 1 1
T1264 1.9 2 AA TTTGGGGGCTGGAGTAC G 2 2
S1233 1.1 2 A TTGGGGGCTGGAGTAC G 2 2
S1247 1.14 1 TT TTTGGGGGCTGGA CG2 2
T1275 1.5 2 TTT TTTGGGGGCTGGA 1 2
S1227 1.3 2 TCTCTCG TTTGGGGGCTGGA TT 2 1
T1298 1.23 2 GGGCTG TTCT 2 1
S1240 1.2 2 ATTACGTA TTTGGGGGCTGGAGTAC 1 2
S1223 1.14 1 ATTA TA TTGGGGGCTGGAGTA 1 1
S1245 1.14 2 C ATTAC GGGGCTGGA 1 2
T1289 1.15 1 A TAC G TTGGGGGCTGGA 1 2

a Nucleotide sequences of Vd-Jd junctions from TCRd clones representative of the first wave of T cells in embryonic 12-day thymus (T1261–T1299) and 15-day spleen
(S1221–S1259). Vd1 and Jd usage is indicated. Exonuclease activity (Exo) and P (underlined)- and N (italics)-additions are assigned according to genomic sequences for Dd
and Jd segments and are based on the four functional genomic genes and consensus cDNA sequences for Vd1.

Table II. Differential usage of TCR Jd gene segments as a
function of agea

No. of Clones

Total Jd1 Jd2

Embryonic 96 44 (46) 52 (54)
E12 thymus 33 17 (52) 16 (48)
E15 spleen 34 17 (50) 17 (50)
E19 spleen 29 10 (35) 19 (65)

Adult 114 100 (89) 14 (12)
Thymus 27 25 (93) 2 ( 7)
Spleen 38 35 (92) 3 ( 8)
IEL 49 40 (82) 9 (18)

a Values are the numbers of total, Jd11, or Jd21 cDNA clones analyzed from
embryonic or adult tissues. The frequency (in parenthesis) was calculated as % of the
total clones in each category.
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41). However, the combinatorial TCRg repertoire in these species
is more limited than in the chicken. The chicken thus possesses the
most diverse combinatorial TCRgd repertoire characterized to
date. Our comparative analysis of the embryonic and adult TCRd

repertoires in this avian representative failed to reveal a bias in Vd

usage as a function of tissue distribution or age. The same Vd

members expressed bygd T cells in the embryonic thymus and
spleen were used in the adult thymus, spleen, and intestine as well.
This unbiased usage of Vd and Vg (6) segments in the different
lymphoid tissues throughout life is indicative of a remarkably un-
restricted TCRgd combinatorial diversity in the chicken.

However, in contrast to the unbiased Vd usage, we observed an
acquired predominance of Jd1 segment usage bygd T cells in both
the thymus and peripheral lymphoid tissues of adult birds. Anal-
ysis of the human TCRd repertoire has indicated an acquired pref-
erential usage of the Jd1 segment in the adult intestine (50). An
increased representation of rearrangements to Jd1 has also been
observed in the postnatal thymus of humans (49). The basis for the
acquired preference for usage of the conserved Jd1 segment bygd

T cells is presently unknown.
Analysis in mammals indicates thatgd T cells recognize Ag

differently than doab T cells. The CDR3 length distribution of
TCR d-chains resembles that observed for the Ig H chains (51),
and structural analysis of the Vd domain in a humangd TCR
indicates that the Vd framework resembles the VH framework
more closely than Va, Vb, or VL; the CDR configurations share
both VH and Va features (52). Likewise, the chicken Vd1 region
sequence has a relatively low level of homology with chicken Va,
Vb, Vg and mammalian Vd segments, whereas its homology with
chicken Ig VH, ;50% at the amino acid level, is relatively high.
By comparison, the chicken TCR Vg genes exhibit;30% homol-
ogy with the chicken Ig Vl and mammalian TCR Vg region se-
quences. These TCRgd features in the chicken are concordant
with the idea thatgd TCR recognition of Ags resembles the Ab
recognition of Ags (51).
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