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Abstract

The availability of genomic clones representative of the T cell receptor gamma (TRG1@ and TRG2@) ovine loci enabled us to compare

the germline genomic organization and nucleotide diversity of joining ( J) segments and reconstruct their evolutionary history by

phylogenetic analysis of cattle, sheep and human expressed sequences. Expression profiling (RT-PCR data) in fetus and adult indicated that

only the ovine J genes in which two or more of the key sequence features, such as recombination signal sequences (RSS), 3V splice sites, and
core sequences, are missing or severely altered fail to be transcribed. Comparative genomic examination of the two human with the six sheep

germline transcription promoters located at 5V of the relevant constant (C)-distal J segments showed a strong conservation of the redundant

STAT consensus motifs, indicating that TRG1@ and TRG2@ loci are under the influence of IL-7 and STAT signalling. These findings

support the phylogenetic analysis of human and Bovidae (cattle and sheep) that revealed a different grouping pattern of C-distal compared to

C-proximal J segments. Likewise, the phylogenetic behaviour of either C-distal and C-proximal J segments is in accordance with the

Bovidae TRG clusters evolution. Comparison of sheep and human structures of recombination signal sequences (RSS) has highlighted a

greater conservation in sheep 12 RSS rather than 23 RSS thus suggesting that the initial recruitment of recombination activating genes (RAG)

products requires at least one relatively high-affinity RSS per recombination event.
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1. Introduction

g/y T cells represent only a small percentage (1–5%) of

circulating T lymphocytes in most adult organisms, as

human and mouse (‘‘gy low’’ species), but this percentage

increases in artiodactyls and chicken (‘‘gy high’’ species) to

more than 70% in young subjects (Hein and MacKay, 1991;

Six et al., 1996). However, although various immunopro-

tective and immunoregulating functions have been proposed

for g/y T cells, we still lack a compelling explanation of how

these cells developed and were conserved along the evolu-

tionary pathway. We know a great deal about the important

biological properties of g/y T cells which differentiate them

from a/h T cells and about the differences existing between
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species and strains with regard to the function of this

specific lymphocyte population. Still much remains to be

learned about the stage of the lymphocyte development in

the ‘‘gy high’’ species where the different regulation takes

place, which results in a preferential differentiation of gy T

cells (Ciccarese et al., 1997). The early TCR gy expression

may be a direct determinant of cell fate toward gy
maturation; likewise, the pre-TCR may be a dominant

determinant of the commitment to the ah lineage (Instruc-

tive Model). This hypothesis is substantiated by the

correlation between the complexity of the TCR gy gene

loci and the abundance of gy-expressing T cells in the

organism (Dudley et al., 1995; Hoffman et al., 1998). In

short, the larger the number of the gy genes (as is the case

for Bovidae and chicken) the higher the likelihood of gy
TCR being expressed in early thymocytes and, conse-

quently, the larger the number of gy T that undertake

differentiation (Hayday, 2000).

The gy TCR expression is closely linked to the rearrange-

ment of the involved genes during lymphocyte maturation.

According to the accessibility hypothesis, V(D)J recombina-

tion could be regulated by developmental changes in the

accessibility to recombinases of chromatin-embedded recom-

bination signal sequences (RSSs), even if recent evidence

shows that beyond acting as a chromatin barrier, RSS possess

specific features that could remarkably influence the effi-

ciency and specificity of V(D)J recombinational events

(Krangel, 2003). IL-7 interacting with IL-7R is an essential

cytokine for early lymphocyte development, when V(D)J

recombination takes place. It promotes recombination in IgH

and TCRg loci as it induces germline transcription and DNA

rearrangement in V(D)J segments (He and Malek, 1996;

Corcoran et al., 1998; Ye et al., 1999). IL-7 interacting with

IL-7R basically regulates TCRg locus accessibility to

recombinases and trascriptional machinery by triggering the

activation of STAT proteins (Lee et al., 2001; Huang et al.,

2001). Activated STAT proteins translocate into the nucleus

and bind to specific consensus motifs (TCCNNNGAA)

found, among others, in promoters at 5V joining segments

but also in enhancers and Hsa elements of human and mouse

TCRg loci (Lee et al., 2001). In cattle and in sheep the TRG

locus has two different locations on chromosome 4, one at

position 4q31 (locus TRG1@), and the other one (TRG2@) at

4q22 (Miccoli et al., 2003; in preparation). In companion

paper we have established that TRG1@ locus spans about

140 kb and consists of three clusters named TRG5, TRG3,

and TRG1 according to the constant (C) genes. We have

demonstrated that in sheep, TRG1@ locus V, J, and C

segments are arranged in the same transcriptional orientation,

with a V–J–J–C structural scheme having, in the case of

TRG5 and TRG3 clusters, repeated structures within V gene

regions.

In this paper, our aims were: i) to determine the genomic

organization, sequence analysis and transcription assay of

sheep TRG1@ and TRG2@ loci J gene segments; ii) to

perform a detailed evolutionary analysis of the J region in
Bovidae and human; iii) to identify the promoters for

germline transcription in both sheep loci and comparing

them with the corresponding human sequences; iv) to

compare sheep and human structures of the 23 and of the

12 RSS. The comparative analysis of the germline

promoters located at the 5V of each C-distal J gene strongly

supports the key role of such promoters in determining the

local accessibility to the site-specific recombination machi-

nery. Phylogenetic analysis of joining genes shows a

correlation between the distribution of J segments of

Bovidae in the phylogenetic trees and their position in the

TRG clusters genomic organization. Bovidae J segments

have evolved both as elements belonging to the evolu-

tionary relationship existing between V and C genes of each

TRG cluster, and as C-proximal or C-distal placed elements

within the cluster itself. This data provides a genomic

perspective for the understanding of the ‘‘gy high’’

speciation. The important immunoprotective role of a large

gy T cell population in ruminant animals is likely to have

caused during the evolution a series of functional duplica-

tions of a minimal TRG structure. The reiterations have

involved also STAT proteins nucleotide motifs responding

to IL-7 signalling and thereby regulating the recombination

accessibility to the TRG@ loci.
2. Materials and methods

2.1. Joining genes mapping and subcloning

Isolated BAC clone, address 201E2 (see Section 3.1 and

Table 1b companion paper) DNAwas digested with various

rare-cutting restriction enzymes. DNA samples separation

was performed on 1.2% agarose gel. Gels were run on a

CHEF for 15 h, at 14 -C, 6V/cm, 120- and 2 s switching time

in 0.5X TBE. The gels were blotted onto a nylon membrane

(Amersham), which was then hybridized by using the DIG

High Prime DNA Labeling and Detection Kit (Roche

Diagnostic GmbH) to various J specific cDNA probes.

The cDNA clones were a gift from Dr. WR Hein (Basel

Institute for Immunology, Basel, Switzerland). Amplified

DNA fragments and subclone inserts were purified using the

High Pure PCR Product Purification Kit (Roche Diagnostic

GmbH). Nucleotide sequences were determined using a

commercial service and the resulting sequences were

compared to existing ones using the Basic BLASTN research

program and VISTA tools for comparative genomics

(website: http://gsd.1bl.gov/vista/index.shtml).

The distances between J and C elements were deter-

mined by PCR on BAC DNAs with primers based on

published cDNA sequences. Approximately 0.7 Ag of each

BAC DNA template were used in the PCR reactions. The

standard buffer reaction consisted of 10� PCR buffer

(Roche Diagnostic GmbH); 0.2 mM of each dNTP; primers

at 0.05 AM; 2.5 U Expand Long Template Polymerase

(Roche Diagnostic GmbH) was added in a 50 AL final
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volume. The thermal cycling protocol was: 4 min 94 -C, 30
s 94 -C, 40 s 58 -C, 5 min 68 -C for 30 cycles. The final

cycle was extended for 15 min at 68 -C.

2.2. RT-PCRs (J transcription assay)

To test for the presence of correctly spliced transcription

products, 10 J-specific 18- to 21-mer primers were designed.

Five C-specific primers were also synthesized. Total RNAs

were extracted from adult and fetus ovine spleen (Trizol

method-Invitrogen) and polyA(+)RNAs were purified

(Dynabeads oligo(dT)25-Dynal). First strand cDNA synthesis

was performed using C third exon specific primers (cDNA

synthesis kit-Invitrogen). Ten microliters of the purified

cDNA (50 AL) were used together with two primers, one for J

or V and one for the relevantC first exon, in a standard 50 AL-
PCR reaction. PCR reactions were stopped during the

exponential phase (20 cycles) and at the end point (35

cycles). PCR products were run on a 2.0% agarose gel,

stained and analysed by ChemiDoc (Bio-Rad). Quantitative

analyses of PCR products using the program Quantity-one

(Bio-Rad) indicated in all cases that the relative ratio of the

various transcripts at 20 and 35 cycles was substantially the

same. The following primers were used, for J1.1: 5V-TTC-
AACGTTGGAACAAAACT-3V, for J1.2: 5V-AAGCTCATA-
ATAGCTCCCCA-3 V, f o r J3 .1 : 5 V-AAACCAA -

CTGAGCTCATAG-3V, for J3.2: 5V-CAGGGTTAATTGG-
CAGGGA-3V, for J5.1: 5V-GATCAAGGTATTTGGTGAAG-
3V, for J5.2: 5V-TCGGCGATGGGACAAAACT-3V, for J2.1/
J6.1: 5V-GAAGATATTTGGAGAAGGAG-3V, for J2.2/J6.2:
5V-CAAAACTCATTGTCACAGG-3V, for J4.1: 5V-ATCTT-
TGGTGGAGGAACA-3V, for J4.2: 5V-CAGGTTGGAA-
GATGTTTGG-3V.

Total RNAs were extracted from young adult bovine

spleen (Trizol method-Invitrogen) and polyA(+)RNAs were

purified (Dynabeads oligo(dT)25-Dynal). The treated RNA

was used to generate full-length cDNA. First strand cDNA

synthesis (cDNA synthesis kit-Invitrogen) was performed

using bovine C4 first exon specific primer (C4BR1: 5V-
GGTCTTCATGGTATTTCCCT-3V). The 5V RACE PCR

were performed with a second C4 specific primer

(C4BR3: 5V-GTTGCAGCCTGTTGATGGTT-3V) and an

ovine V6 specific primer (V6: 5V-CAACTTGAGCCCCAC-
CACC-3V). PCR products obtained were purified with High

Pure PCR Product Purification Kit (Roche Diagnostic

GmbH) and cloned into pCR-XL-TOPO vector (TOPO

XL PCR cloning kit; Invitrogen).

2.3. Sequence alignment and computational analysis

The nucleotide Joining sequences were multialigned on

the basis of amino acids alignment using CLUSTALW

(Thompson et al., 1994; website: http://www.ebi.ac.uk/

clustalw/), with manually optimization by using GeneDoc

program (Nicholas et al., 1997; website: http://www.psc.edu/

biomed/genedoc/). Multiple sequence alignments of human
(NG 001336.2) and sheep (see accession numbers in Table

1b, companion paper) 5V Joining sequences and of human

(NG 001336.2) and sheep (see accession numbers in Table

1b, companion paper) RSS were constructed using the

program CLUSTAL W, with GeneDoc manually optimi-

zation. Sequence logos of 23RSSs extracted from the 3V
ends of functional V elements from human and sheep, and

of 12RSSs extracted from the 5V ends of functional J

elements from human and sheep, were by WebLogo

(website: http://weblogo.berkeley.edu/logo.cgi). Repetitive

elements AluSx (275 bp), SINE Bov-tA3 (126 bp), SINE

Bov-A2 (272 bp) and LINE Bov-B (62 bp) were identified

by Repeat Masker (website: http://www.repeatmasker.org/

cgi-bin/WEBRepeatMasker) (A.F.A. Smit and P. Green,

unpublished data. Current Version: 3.0.2).

2.4. Drawing of joining segments dendrograms

TRGJ sequences used in the analysis were: human

(Homo sapiens): J1, J2, JP, JP1, JP2 (NG001336.2), Jd1
(M20289), Jd2 (L36386), Jd4 (AJ249814); cattle (Bos

taurus): J1S1 (D16131), J1S2 (D16122), J1S3 (D16129),

J2S1 (D13648), J2S2 (D13653), J2S3 (D16117), J4S1

(AY560834), J5S1 (U73186); sheep (Ovis aries): J1S1

(AY362774), J1S2 (AY362778), J3S1 (AY362776), J5S1,

J5P and J5S2 (AY147900), J2S1 (AF540883), J2S2

(AY362771), J6S1 (AF540882), J6S2 (AY362773), J4S1

(AF540884), J4S2 (AY362772); platyrrhina (Aotus nancy-

maae): JP1 (AF333732), J2 (AF378747), JP (AF378749);

chicken (Gallus gallus): J1S1 (U78238), J2S1 (U78240),

J3S1 (U78241). Phylogenetic analysis was done on amino-

acidic aligned sequences using PROTML from Molphy

(Adachi and Hasegawa, 1992). ML reconstructions utilized

PROTML program with the Jones–Taylor–Thornton (JTT-

f). The analysis on nucleotide aligned sequences was

performed using maximum parsimony method (MP) on

non-synonymous positions (1+2 codon position). We used

the neighbor-joining (NJ; Saitou and Nei, 1987) method to

reconstruct the phylogenetic trees. MP as implemented in

PAUP*4.04 b (Swofford, 2000) was used to examine the

reliability of topologies generated by the NJ method. The

reliability of trees was examined by the bootstrap test

(Felsestein, 1985) and the interior-branch test (Rzhetsky

and Nei, 1992; Sitnikova, 1996), which produced the

bootstrap probability (PB) values, for each interior branch

in the tree.
3. Results

3.1. Phylogenetic analysis of J segments highlights a C-

related evolutionary pattern and confirms a cattle-and

sheep-specific TRG cluster evolution

Fig. 1 shows the location of J segments on a physical

map, relative to their own C and to the other J, as well as
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Fig. 1. Schematic illustration of sheep and human TRG loci J and C genes. J genes are depicted as boxes filled with different colors (in online version) on the

basis of their location with respect to C; C genes are white with the exception of the pseudogene C6 (grey) (Miccoli et al., 2001). The map of TRG2@ locus

scheme is an update containing newly identified J2.2, J6.2, and J4.2 gene segments. The distances between gene segments, assessed by PCR, are indicated.

(q) Indicates SINE-LINE insertion and a (?) is a schematic representation of STAT consensus motif (Lee et al., 2001).
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their respective distances in both sheep TRG1@ and

TRG2@ loci. All J gene segments are in the same

transcriptional orientation as the relevant C. The J

segments (2 for each cluster, except for the TRG5 which

has three of them) play a critical role in the recombination

event and occupy a genomic position that places them

right in the central part of each cluster. Newly isolated J

segments were identified by examining the sequences for J

core motifs, DNA recombination signals, RNA splice sites

and comparative analysis of genomic sequences by

mVISTA.

The nucleotide and deduced amino acid sequences of the

seven J segments belonging to TRG1, TRG3 and TRG5

clusters, respectively are reported in Fig. 2a. J gene

segments are typically 49–60 bases in length and are

flanked by DNA recombination signal sequences (RSSs) at

the 5V end and by an RNA splice site at the 3V end. J1.2 may

be considered a pseudogene (IMGT Database) because it is

defective in the RSS heptamer upstream of the open reading

frame and contains a premature stop codon. Fig. 2b shows

the alignment of the J2.1–J6.1 and J2.2–J6.2 segments,

plus the nucleotide and deduced amino acid sequences of

J4.1 and J4.2. In spite of the fact that the J4.2 RSS nonamer

does not conform to the 90% consensus recombination

features, this J is considered as a transcribed pseudogene

(see Table 1).

In all sheep J genes the centrally located conserved

Phe-Gly (or Asn)-X-Gly amino acid motif, whose presence

defines the functionality of J genes (IMGT Database),

seems expanded to a Lys-X-Phe-Gly-X-Gly-X-Lys-Leu

amino acid motif, whose conservation reaffirms the

importance of these aminoacids in generating the correct

tertiary conformation of the G strand in the upper h sheet

of the variable domain. In this respect, the only exceptions

are J3.2 and J5P since both of them can be considered

vestigial. J5P has no donor splicing site at 3V end and

altered RSS; J3.2 exhibits a canonical RSS upstream of the
open reading frame, but has no donor splicing site at 3V
end and presents significant amino acid sequence varia-

tions from functional J segments. To investigate the

evolutionary behaviour of J with respect to C and V gene

segments of each TRG cluster, the amino acid sequences

putatively encoded by all sheep germline J elements, with

the exception of J3.2, were aligned with the homologous

complete sequences expressed in cattle, human, platyrrhina

and chicken available in the public databases. The human

Jd locus segments Jd1 (M20289), Jd2 (L36386) and Jd4
(AJ249814), were included in the alignment. Fig. 3 shows

the phylogenetic tree obtained by the maximum parsimony

(MP) method (as implemented in PAUP*4.04b, used to

examine the reliability of topologies generated by the NJ

method, on non-synonymous positions). The results of

phylogenetic analyses appear to emphasize the fundamental

role of J genes in the recombination event since the

bootstrap value close to 85% supports a clear-cut sub-

division of human and sheep J sequences into two main

groups. Group I consists of all the Js occupying the position

closest to the constant gene (C-proximal) while group II

consists of all the Js occupying the farthest position from

the constant gene (C-distal). At present we have knowledge

of the position of the genes on the physical map only for

human and sheep TRG loci.

If cattle and sheep J sequences are considered, a

significant distribution can be noticed in the tree, which is

closely related to the clusters from TRG1 to TRG6 in

relation to both group I and group II. Group III consists of

chicken J genes only, with the exception of human JP and

sheep J5P, these latter having in the physical map an

intermediate position with respect to the other two J

segments (Fig. 1) and platyrrhina JP. The same topology,

as well as the same cluster distribution, was observed in a

tree constructed by ML utilizing the PROTML program

with the JTT-f method on amino acid sequences (not

shown).



J1.1 ggccatcataattccactagaatttgaaggaatcagtggagctaaattagtctaaagtttttgatacaggctgaatcactgtg

        N   S   Y   I   K   N   F   N   V   G   T   K   L   V   V   T 
J1.1 T AAT AGT TAC ATA AAA AAC TTC AAC GTT GGA ACA AAA CTT GTC GTC ACA G gtaggtatcagagaa 

J1.2 tgccagtacaaagtttttaactgctagtcatgtcatgaaggtaggtgaaggctgagattattgtaggagcttcaaccagggta

G   S   E   *   K   K   I   F   G   K   G   P   K   L   I   I   A   P   H 
J1.2 AT GGC TCA GAA TGA AAG AAG ATA TTT GGA AAA GGA CCT AAG CTC ATA ATA GCT CCC CAT G gt

J1.2 aagtaaatttttttccattt 

J3.1 ttccagtacaaaatttttaacttccagtcatgacatgaagttaggagaaggctaagattattgtaggagcttcaaccagtgtg

         S   S   G   W   K   K   I   F   G   K   A   T   E   L   I   V   A   S   P 
J3.1 AC AGT TCA GGC TGG AAG AAG ATA TTT GGA AAA GCA ACT GAG CTC ATA GTA GCT TCC CCT G gt

J3.1 gagtaatgtttttctcttttttgccttagttatgg 

J3.2 taattgcctatctgtttggtttgtgaaaggcatgtttcctgtaatgatggagttgaggatttcagacagttgagagcacagtg

N   C   N   H   R   N   Q   C   P   G   L   I   G   R   D   S 
J3.2 G AAT TGC AAT CAC AGG AAC CAG TGT CCA GGG TTA ATT GGC AGG GAT TCA gttgcaaccaaaatact 

J5.1 ccaccacaaagtgttttgaacttcgaatcacatgttgaagcaaagagaaggctgagatttttgtagaagctccaatcattgtg

        Q   G   I   K   V   F   G   E   G   T   K   L   V   V   I   P   P 
J5.1 A CAA GGG ATC AAG GTA TTT GGT GAA GGA ACT AAG CTC GTA GTA ATA CCT CCT G gtaagtaactt 

J5.2 gactgtcacagttacattaggatttgaagaaatcagaggtgctaaattagtctacagtttttgatatgggttggatcactgtg

        S   Y   Y   V   K   I   F   G   D   G   T   K   L   V   V   T 
J5.2 G AGT TAT TAT GTA AAA ATC TTC GGC GAT GGG ACA AAA CTT GTA GTC ACA G gtaggtatcagagga 

J5P gtatatttctacaaatattgaaaagatatgggcacaatttgagagcaggcacagagggagatttctataaaagctttttaggtgt

        Q   T   G   G   Q   S   I   E   V   F   G   S   R   T   Q   L   I   V   T   

J5P  G CAA ACA GGT GGC CAG AGC ATC GAA GTG TTT GGT TCC AGA ACA CAA CTT ATT GTT ACA G gc

J5P  gaagtttctttaaattctgtagtgaggtaggga

a 

J2.1 agtatgaagtttttttgacttctagtcactttataaaggtagaaaaaggctggattattgtaggagcatttatcattgtg
J6.1 cagtatg-ag-----a--------------------------g------------------------t------------  

         S   S   G   W   K   K   I   F   G   E   G   A   N   I   I   V   T   P   P 
J2.1 AC AGC TCG GGC TGG AAG AAG ATA TTT GGA GAA GGA GCT AAC ATC ATA GTA ACT CCT CCC G 
J6.1 -- --- GA- --- --- --- --- --- --- --- --- --- --- --- --- --- A-- --- --- --- - 

J2.1 gtaagtatcgttttttctattcttactgtagtcactaaaatactgatagatgctttgtagaaacaacttgggatctccct  
J6.1 ---------a-ag-----g---------atagtca--------------------------------------------- 

J2.2 caaagtcatcgttattctagaatttgaagaaatcagagaagctaattagtctaaagtttttgatatgacttgaatcactgtg
J6.2 agtca----a---c-a----------g--------------------------------------ca---------------

        N   N   Y   I   K   N   F   N   V   G   A   K   L   I   V   T    
J2.2 G AAT AAT TAC ATA AAA AAC TTC AAT GTT GGA GCA AAA CTC ATT GTC ACA G gtaggtatcagaa 
J6.2 - --- G-- --- --- --- --- --- --- --- --G --- --- --- --- --- --- - -------------  
            D 

J4.1 tgtcatgattccactaggatttaaagaactcaggcaagctagattagtctaaagtttttgccacaggttgaatcactgtg

        N   L   N   V   M   I   F   G   G   G   T   K   V   F   V   Q 
J4.1 G AAT TTA AAC TAC ATG ATC TTT GGT GGA GGA ACA AAA GTT TTC GTC CAA G gtaagtacctga 

J4.2 ccagcccaaagttgttaaactgctagtcacttcatgaaggtaggagaaggctgagctcactgtaggagcctgaaccagtgtg

S   S   G   W   K   M   F   G   E   G   T   K   L   I   V   A   P   C
J4.2 AC AGC TCA GGT TGG AAG ATG TTT GGA GAA GGA ACT AAG CTC ATA GTA GCT CCC TGT G gtaagt

b

Fig. 2. Nucleotide and amino acid sequences of J genes belonging to sheep TRG1@ (a) and TRG2@ (b) loci. J2.1, J6.1 and J4.1 genes are placed based on

previous report (Miccoli et al., 2003). Uppercase coding sequences are indicated in triplet form. Deduced amino acid sequences are presented on the top and the

conserved K-X-F-G-X-G-X-K-L motifs are boxed. Heptamers and nonamers and the donor splice sites in the 5V and 3V, respectively are underlined. The

translation stop codon in the amino acid sequence is indicated (*).
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Table 1

Analysis of the expression of sheep J genes

Gene name Adult Fetus

J5.1a + +

J5.2 + +

J5Pb � �
J3.1a + +

J3.2b � �
J1.1a + +

J1.2c + +

J6.1a + +

J6.2 + +

J2.1a + +

J2.2 + +

J4.1a + +

J4.2 + +

The results of RT-PCR performed on polyA+RNA extracted from fetus (F)

and adult (A) spleen, meant do determine whether they are represented in

TCR g chain repertoire, are shown. (+) To indicate that a PCR product was

observed. (�) To indicate that a PCR product was not observed. The gene-

specific oligonucleotide primers used are described in Materials and

methods; their efficiency was determined on genomic clones and negative

or low results were repeated twice.
a Control (Hein and Dudler, 1997).
b Vestigal form.
c Coding region has stop codon.
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3.2. Transcription assay of J segments

To examine whether the newly identified J5.2, JP,

J3.2 and J1.2 from TRG1@ and J6.2, J2.2 and J4.2 from

TRG2@ are transcribed and spliced, we performed

RT-PCR reactions on first-strand cDNA prepared from

adult and fetus spleen polyA(+)RNA. Reactions included

J5.1, J3.1, J1.1, J6.1, J2.1 and J1.1 as control for

each cluster, since they were previously reported as a

cDNA isolated from a sheep library (Hein and Dudler,

1993).

The RT-PCR data on TRG1@ J segments indicates

that the only segments that, accordingly to the definition

of vestigial, does not appear to be transcribed either in

the fetus or in the adult, are J3.2 and J5P (Table 1). A

premature stop codon does not affect transcription as is

the case for J1.2. Now from the RT-PCR data presented

in Table 1, it is clear that there is an mRNA species

containing the J1.2 exon, a finding very similar to that of

the VP exon (see also Section 3.3 companion paper). In

this case however it is conceivable that the stop codon is

too close to the J1.2 segment 3V splice site and could

thus escape the Nonsense-Mediated mRNA Decay

(NMD) mechanism. Taken together, this data indicates

that only J genes in which two or more of the key

sequence features (RSS, 3V splice sites, and core

sequences) are missing or severely altered fail to be

transcribed. Minor differences in the RSS, 3V splice sites

and core sequences are assumed to represent normal

variation and not lethal mutations.
3.3. Comparison of STAT consensus motifs in the pro-

moters for germline transcription of sheep and human J

segments

One of the objectives of the present research was to

study the 5V regions of the J segments of the sheep

genome which play a key role to determine the

‘‘recombinational accessibility’’ of the gamma locus

and compare them with the already identified human

ones. While the enhancer elements govern the general

accessibility of each locus in the V(D)J recombination,

the germline transcription promoters play a crucial role

in gene recombination in that they control local

accessibility (Sikes et al., 1999). In particular the IL-7

and STAT5 proteins are required for accessibility to the

TRG locus. IL-7 binding to IL-7R activates the

STAT5A and STAT5B proteins; these latter dimerize

forming both homodimers and heterodimers, traslocate

into the nucleus, bind to the consensus binding motif

(TTCNNNGAA) in the 5V regions of J segments and

induce germline transcription in these regions (Ye et al.,

1999; Schlissel et al., 2000). We aligned the two

human with the six ovine germline transcription pro-

moters located at 5V of the relevant C-distal J seg-

ments (Fig. 4). Sheep and human 5V J germline

promoters show a relatively high sequence similarity,

i.e., 75% for the first 200 bp and 72% for the last 150

bp, that include RSSs. Two STAT consensus motifs were

found about 300 bp upstream of sheep J1.2, J3.1, J5.1,

and human J1.1 (Fig. 4a), and are conserved in both

location and sequence. The only difference observed

concerns sheep J3.1 second motif (TTANNNGAA) and

human J1.1 and J2.1 (Fig. 4a,b) second motif

(TTCNNNGTA). This latter is considered atypical (Lee

et al., 2001). It was impossible to align the three 5V J

regions belonging to the sheep TRG2@ locus either with

human 5V J1.1 or with the 5V regions belonging to the

Joining segments of TRG1@ due to two reasons: first,

they are too divergent to be aligned properly and, second,

the 5V J regions of TRG2@ contain a copy of different

repetitive elements inserted between the STAT motifs and

the Joining segment. Strikingly, an AluSx (275 bp)

sequence is inserted in human J2.1, a Bov-tA3 SINE

(126 bp) in sheep 5V J2.1 and 5V J6.1 and a Bov-A2 SINE

(272 bp) with a truncated Bov-B LINE (62 bp) in J4.2

(Fig. 4b).

Looking at the alignments, it is evident that there

is high sequence conservation in the regions immedi-

ately upstream of the STAT motifs and the RSSs;

however, the conservation becomes less clear in the

region that includes the initiation sites of germline

transcription. The phylogenetic conservation of STAT

consensus motifs in all of the six sheep 5V J germline

promoters belonging to both TRG@ loci indicates that

these are under the strong influence of IL-7 and

STAT5 signaling.
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3.4. Comparison of sheep and human recombination signal

sequences

Differences in RSS heptamer and nonamer elements, as

well as in the less well conserved spacer and coding

flanking sequence, can influence recombination frequency

and, consequently, the relative representation of different

gene segments in the primary antigen receptor repertoire.

RSS are composed of a conserved palindromic heptamer,

whose consensus is CACAGTG, and an AT-rich nonamer

(ACAAAAACC) separated by less conserved 12(T1) or
23(T1) bp spacers. V –J recombination occurs only between

pairs of gene segments flanked, respectively, by RSS

containing 23 (23RSS) and 12 (12RSS) bp spacers, which

is referred to as the 12 / 23 rule. To relate sequence

conservation and function (i.e., recombinational capability),

human RSS sequences of rearranged and transcribed V and J

gamma segments were retrieved from the IMGT Database

and compared to those of sheep genes found transcribed in

our RT-PCR assays, including the J1.2 and VP pseudo-

genes, but excluding J3.2 and J5P. 12 RSS and 23 RSS

sequences were aligned with ClustalW. The alignment
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introduces gaps to promote optimal alignment, as spacers

may vary in length from 11 to 13 bp for 12 RSS and from 22

to 24 bp for 23 RSS. The alignment data have been used to

obtain a consensus by the program WebLogo (Crooks et al.,

2004).

The majority of human (7 /9) and sheep (7 /12) 23 RSS

show a single base pair gap in the spacer (24 bp), while

there are no sheep or human sequences with an 11 or 13

bp spacer separating the heptamer and the nonamer in 12

RSS. Studies using recombination substrates confirmed

that 11 or 13 bp spacers, or 22 or 24 bp spacers, re-

combine less frequently than the wild type 12 or 23 bp

spacers (Feeney et al., 2000). As expected, the first 3 bp

of the heptamer, CAC, which flank the coding end, are

highly (>99%) conserved (Fig. 5); exceptions are human
Fig. 4. Nucleotide sequence alignment of the 5V J regions containing germline

TRG2@ locus and human J2.1. The alignments were generated using ClustalW.

conserved positions are shaded in grey. Frames indicate characteristic STAT con

initiation sites of germline transcription (Lee et al., 2001) and boundaries of J

sequence ( ), a SINE Bov-A2 ( ), and a SINE Bov-tA3 ( ), inserte

respectively are indicated. Bov-A2 together with Bov-tA and Bov-B represent t

and J2.1 correspond to JP1 and JP2 from the IMGT Database (2003).
JP (not shown), and V3.2 and J1.2. The last four

positions are well conserved only in sheep 12RSS (Fig.

5c). Within the consensus nonamer most individual

positions are less conserved, particularly in sheep 23

RSS. However, as indicated by Sakano, a core of three As

flanked by non-As appears to be a key feature of the

sequence (Akamatsu et al., 1994). The A at the fifth

position from the heptamer (A5) has been shown to be

significantly conserved in immunoglobulin (Ramsden et

al., 1994) as well as in TCR (Glusman et al., 2001b)

RSSs. We found A5 to be conserved in human 23 RSS,

sheep 12 RSS, and human 12 RSS (with the exception of

JP), but not in sheep 23 RSS. In accord with Ramsden et

al., we have found that at the second position of the

spacer a T (T2) is present in 7 /9 human 23 RSS and in 7 /
promoters of (a) sheep TRG1@ locus and human J1.1, and (b) sheep

Identical nucleotide positions in all sequences are shaded in black, highly

sensus motifs and the nonamer and heptamer recombination signals. The

segments coding regions are shown by arrows ( ). An Alu repetitive

d in the human 5V J2.1, and in the sheep 5V J4.2, 5VJ2.1 and 5V J6.1,
hree SINE families in the Ruminantia (Nijman et al., 2002). Human J1.1
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12 sheep 23 RSS, and in all sheep and human 12 RSS.

Feeney et al. predicted also that the presence of a G at the

second position was the change most likely to originate a

dramatic decrease in recombination.
4. Discussion

The objective of this study was to conduct a detailed

analysis of the joining region standing between the V and C
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Fig. 5. Sequence Logos of human (a) and sheep (b) 23RSS and sheep 12RSS (c) of all rearranged and transcribed TRG V and J gene segments, obtained by

WebLogo. The heptamer and the nonamer signals are boxed. Taller letters indicate more highly conserved nucleotides. Consensus RSS on the 3V side of IgV and

TRV consists of a highly conserved heptamer (CACAGTG) and a slightly less well conserved nonamer (ACAAAAACC) separated by a 23(T1) bp spacer.

Consensus RSS on the 5V side of J segments is the complement (5V-GGTTTTTGT, 12 bp spacer, CACTGTG- coding region).
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genomic regions in TRG1@ and TRG2@ loci; this analysis

includes the germline structure identification and the profile

expression detection of J segments in fetus and adult.

The evolutionary relationship between the C and V gene

segments within each TRG cluster, demonstrated that in

cattle and sheep the V phylogenetic topology correlates to

the rearrangement process of V segments with the relevant

C. The evolutive analysis conducted here indicates how the

groupings of the phylogenetic tree place each of the sheep J

gene segments within the cluster they belong to. Moreover,

we argue that many still unknown features of the genomic

organization of J genes in cattle, e.g., their belonging to a

given cluster and their distance from C, can be inferred on

the basis of the distribution of the known cattle and sheep

sequences in the tree. Thereafter we propose that the

different evolutive behaviour of C-distal Js as compared

to the behaviour of C-proximal Js is strictly correlated to the

physical proximity of the germline transcription promoters

and then to the recombinational machinery.

The peculiar genomic organization of Bovidae TRG loci

in clusters is likely to imply a biased association of V and J

gene segments. This is in agreement with the increased

variability in sheep 23RSS since it could further favor

specific V –J rearrangements by preferentially recruiting

rearrangement partners. Although the RSS associated with
each V, and J element are phylogenetically conserved, they

usually deviate considerably from the consensus, especially

in the nonamer and spacer (Cowell et al., 2003). With the

availability of complete mouse and human TCR locus

sequences, it became possible to study the TCR-specific

constraints on heptamer, spacer, and nonamer sequences

(Glusman et al., 2001b); however, no analysis of the TRG

locus RSS has been conducted so far. The species- and

locus-specific comparative analysis of the 12 and 23 RSS of

sheep and human TRG loci here presented, emphasizes a

greater conservation in sheep 12 RSS rather than in 23 RSS;

this result is not surprising since the initial recruitment of

recombination activating genes (RAG) products is supposed

to require at least one relatively high-affinity RSS per

recombination event. In fact, the RAG1/2 multimer has been

shown to assemble on an isolated RSS (12 RSS); then the

complementary RSS (23 RSS) enters the complex as naked

DNA (Jones and Gellert, 2002). At this step, pairwise RSS

compatibility may have an impact on V(D)J recombination

efficiency and specificity.

To investigate the ‘‘recombinational accessibility’’ of

gamma locus in the V–J recombination process in Bovidae,

we have identified, in sheep, the promoters for germline

transcription located upstream of the six C-distal J

segments and compared them with the corresponding two
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human sequences. These promoters contain typical binding

sites for activated STAT proteins. It has been proposed that

STAT5 controls the accessibility to the TRG locus by

inducing germline transcription and therefore making

chromatin accessible not only to the transcriptional, but

also to the recombinational machinery. The identification of

these transcriptional regulatory elements may be important

for understanding the expression of g genes in the ‘‘gy
high’’ animals. Our findings show a strong phylogenetic

conservation of STAT consensus motifs in all of the six

sheep 5V J germline promoters of both TRG loci, indicating

they are under the strong influence of IL-7 and STAT

signaling. After entering the thymus, T cell precursors

receive a signal from IL-7R to induce the rearrangement

and transcription of the TRG locus. This will help them to

commit and maintain themselves into the gy T cell lineage.

This is in accord with the hypothesis that during the

evolution of the immune system, gy T cells may have

emerged first by a simple mechanism whereby IL-7, which

is produced by the epithelial cells of the skin and the

intestine, induces V(D)J recombination and clonal cell

expansion.

The conservation of the six STAT motifs found in the

sheep, might be due to the following reasons: i) TRG genes

respond to IL-7 produced by epithelia where gyTare themost

represented T lymphocytes, this being the simplest mecha-

nism to induce recombination; ii) functional needs such as

immunoprotective functions, including the first defensive

barrier in the epithelia of the digestive tract of ruminants, are

likely to have induced genome modifications with reiter-

ations of genomic structures resulting in functional duplica-

tions into gamma loci; iii) consequently a larger number of

gamma genes, each containing its 5V J promoter germline, led

to redundant recombinational events, which in turn produced

functional g transcripts with highly diversified variable

genes. The above mentioned sequence strongly indicates

that gyTcells differentiation dominated over the ah Tcells in

the epithelia, this consequently creating a constitutive

prevalence of gy T also in peripheral blood.
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