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The T-cell receptor (TCR) plays a central role in the immune system, and >90% of human T cells present a receptor
that consists of the & TCR subunit (TCRA) and the 3 subunit (TCRB). Here we report an analysis of 63 variable
genes (BV), spanning 553 kb of TCRB that yielded 279 single-nucleotide polymorphisms (SNPs). Samples were
drawn from 10 individuals and represent four populations—African American, Chinese, Mexican, and Northern
European. We found nine variants that produce nonfunctional BV segments, removing those genes from the TCRB
genomic repertoire. There was significant heterogeneity among population samples in SNP frequency (including
the BV-inactivating sites), indicating the need for multiple-population samples for adequate variant discovery. In
addition, we observed considerable linkage disequilibrium (LD) (> > 0.1) over distances of ~30 kb in TCRB, and,
in general, the distribution of #* as a function of physical distance was in close agreement with neutral coalescent
simulations. LD in TCRB showed considerable spatial variation across the locus, being concentrated in “blocks”
of LD; however, coalescent simulations of the locus illustrated that the heterogeneity of LD we observed in TCRB
did not differ markedly from that expected from neutral processes. Finally, examination of the extended genotypes
for each subject demonstrated homozygous stretches of >100 kb in the locus of several individuals. These results
provide the basis for optimization of locuswide SNP typing in TCRB for studies of genotype-phenotype association.

Introduction

T lymphocytes generate and/or regulate immune re-
sponsiveness through a highly variable T-cell receptor
(TCR) composed of two polypeptide subunits. The ma-
jority of T cells (>90%) express a receptor composed of
the @ TCR subunit (TCRA) and the 8 subunit (TCRB).
During differentiation, each T cell recombines its TCR
from smaller gene segments spread across the loci. In
the human TCRB locus (MIM 186930) this involves the
variable (V), diversity (D), joining (J), and constant (C)
segments that span 630 kb of chromosome 7 (fig. 1A)
(Davis and Bjorkman 1988; Jorgensen et al. 1992;
Rowen et al. 1996). Polymorphism in individual TCRB
V segments or small portions of TCRB has been ana-
lyzed in studies reported elsewhere but not by systematic
large-scale resequencing (reviewed in Day et al. 1994;
Arden et al. 1995; Rowen et al. 1996). Furthermore,
some of the polymorphisms identified in these studies
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have been associated with progression of autoimmune
disease in rheumatoid arthritis (Maksymowych et al.
1992; McDermott et al. 1995) and with changes in both
expression and function of the TCRB gene (Charmley
etal. 1993; Posnett et al. 1994; De Inocencio et al. 1995).
Until a systematic attempt is made to find a dense array
of SNPs across the TCRB cluster, the power to detect
association between variants in this locus and disease
susceptibility will remain low (Day et al. 1994; Rowen
etal. 1996). Similarly, detailed knowledge of the patterns
of linkage disequilibrium (LD) across the TCRB locus
has also had to await a more comprehensive scan for
polymorphism, although previous studies with small
marker sets have suggested that there may be extensive
LD in TCRB (Charmley and Concannon 1995; Charm-
ley et al. 199S5). Lastly, resequencing across a tandem
array of genes affords a novel opportunity to examine
the pattern of segregating variation in the face of po-
tential intergenic exchange.

Subjects and Methods

Population Samples

DNA samples of 10 individuals from each of four
populations—African American, Chinese, Mexican, and
Northern European—were drawn from the Coriell Cell
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Figure 1

Genomic structure, variant mapping to BV genomic structure, and variant mapping to TCRB structure. A, TCRB spans 667

kb and contains 65 variable (V) segments; the diversity, joining, and constant (DJC) segments of the T-cell receptor, as well as several trypsinogen
(Try) genes, and a dopamine-g-hydroxylase-like-pseudogene (Do). B, Numbers below the figure denote variants found within each gene feature:
promoter, exon 1 and 2, intron and the recombination-signal sequence (RSS). For exons, the first number in parentheses indicates nonsynonymous
changes in both pseudogene and functional V segments combined, and the second number indicates nonsynonymous changes in functional V
segments only. Arrows indicate the PCR primers. C, Variants mapped to the TCRB structural features: leader peptide (LDR), framework regions
(FR1, FR2, FR3), and complementarity-determining regions (CDR1, CDR2, and CDR3). The number of nonsynonymous changes in functional

V segments is provided below each structural feature.

Repositories’ Human Diversity Collection. Chimpanzee
DNA (BIO2020-CHM) was obtained from Quantum
Biotechnologies.

Primer Selection

Primer pairs were chosen to uniquely amplify 63 of
the variable gene (BV) segments and pseudogenes in the
TCRB locus. Each amplicon included both exons of the
BV segment, the intervening intron, the recombination-
signal sequence, and any known promoter elements. The
average amplicon was 886 bp. To ensure primer speci-
ficity, partial matches of primer sequences to the entire
TCRB locus were evaluated using a Smith-Waterman
alignment tool. All primers for BV segments mismatched
at least two of the four bases on the 3’ end of the primer
with all other BV genes. To ensure amplicon specificity,
all gene-specific assemblies were aligned with reference
sequences for all other BV segments, using phrap and
cross_match software. For genes belonging to multi-
member BV gene subfamilies, sequence traces from
amplified BV segments were assembled with reference
genomic sequences for all other subfamily members

(Rowen et al. 1996). All PCR primers and conditions
are provided at the Nickerson Laboratory home page.

DNA Amplification and Sequencing

PCR and sequencing reactions were performed in a
manner that minimized handling of samples, as de-
scribed elsewhere (Nickerson et al. 1998). All dye primer
sequencing reactions were pooled directly in 96-well
plates, precipitated in the microtiter plate, diluted in
loading buffer, and directly loaded on an ABI 377 or
373 Prism DNA sequence analyzer.

Sequence Analysis

Analysis was performed as described elsewhere (Nick-
erson et al. 1998), with the following modifications. All
polymorphic sites were identified and genotyped using
PolyPhred, version 3.0 (Nickerson et al. 1997). Exten-
sive confirmation of all individual genotypes was per-
formed. First, all genotype calls by PolyPhred were
verified independently by two analysts. Second, all
genotypes were checked for consistency by comparing
them with the opposite-strand genotype or with redun-
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dant sequencing reactions. Multiple sequencing coverage
was available for 44% of all called genotypes, with
>99% confirmation. Third, all SNPs found on one chro-
mosome (a single heterozygote) or two chromosomes
(two heterozygotes or a single homozygote) were ream-
plified and resequenced for confirmation. Fourth, geno-
types were also evaluated by comparison with Hardy-
Weinberg equilibrium expectations. After Bonferonni
correction, none of these tests indicated significant de-
parture. We have consistently found that all polymor-
phisms identified in this manner can be confirmed by a
second, different genotyping assay (Nickerson et al.
1998; Nickerson et al. 2000). Mapping of SNPs onto a
common TCRB V segment structure was accomplished
using the International InMunoGeneTics Database Web
site. TCRB variants were mapped onto GenBank ref-
erence sequences U66059, U66060, and U66061. All
variants and genotypes are available at the Nickerson
Laboratory Web site. The variants are also available at
the Single Nucleotide Polymorphism Database Web site.

Statistical Analysis

Population genetic parameters and tests (w, 6, and
Tajima’s D) were calculated as described elsewhere (Ful-
lerton et al. 2000). Fg, statistics (Weir 1996) were cal-
culated using the Genetic Data Analysis (GDA) package.
Expected frequencies of minor alleles + 1 SD, under an
infinite-sites model, were generated by sampling from
the distribution given by

1
P (j copies in a sample of # copies) = >
]

where

(shown as equation 9.69 in Ewens [1979]). The expected
number of variants shared across four samples drawn
from the same panmictic population was estimated as
follows: The entire diploid genotype for each individual
sequenced in our data set was randomly assigned to one
of four “pseudopopulations” to produce four “popu-
lations” of 10 individuals. Each pseudopopulation sam-
ple was then scanned for variants. The total number of
variants shared by all four populations and the number
of population-specific variants were tallied. This process
was then repeated 1,000 times to create 95% confidence
intervals of the number of variants shared by all four
populations and of the number of population-specific
variants. This method is formally equivalent to ran-
domly permuting genotypes over populations (Hudson
et al. 1992).
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Homozygosity Block Analysis

Chromosomal blocks of homozygosity within each in-
dividual were assessed as follows: Beginning at one end
of TCRB, genotypes at each SNP site were successively
tested for homozygosity. When one homozygous geno-
type was found, successive genotypes were scanned for
homozygosity until either a heterozygous genotype or a
missing genotype was encountered, at which point the
homozygous segment was considered ended. If the dis-
tance between the first and last homozygous genotypes
was >10 kb, the start and end positions of the segment
were recorded. Scanning of the remaining genotypes
then resumed. When the next homozygous SNP geno-
type was encountered, a new scan for homozygosity be-
gan. All 279 SNPs were used to assess homozygosity.
The same strategy was applied to the simulated data.

Coalescent Simulation

We created genealogical trees, according to the pro-
cedure outlined by Hudson (1991) for the coalescent
model with infinitely many sites. At each position in a
sample of chromosomes, our program (available at the
Kruglyak Laboratory Web site) stores the trees that de-
scribe the history of these chromosomes from the present
sample all the way back to the time of their common
ancestor. The gene trees differ across nucleotide positions
only when a crossover event has occurred to break up
one of the chromosomes. To account for this and to track
finite genomic segments, we store the positions and time
of each recombination. Between recombinations, the ge-
netic history of the entire region can be described with
a single tree structure. In placing crossovers, we assume
that recombination occurs at a constant rate of 0.01/
Mb per generation. To calculate the coalescence times,
we used a constant effective population size of 10,000
individuals. For this study, gene trees were calculated for
a sample of 80 chromosomes along a 1-Mb region.

Using the gene trees that were produced by the coa-
lescent model, we placed mutations on the trees, using
a constant mutation rate of 2 x 10~® per nucleotide per
generation. Our method is formally equivalent to placing
a Poisson distribution of mutations along each branch,
with the Poisson parameter proportional to branch
length (Hudson 1991).

Because the region we sequenced was not continuous,
we used the sequenced regions as a template for extract-
ing SNPs from our simulation. Starting 100 kb from the
5" end of our continuous 1-Mb simulated segment, we
collected all the SNPs that occurred over the region equal
in size to the first continuous sequenced region sampled
(851 bases). We then excluded the next region over a
distance equal to the gap between the first and second
continuous sequenced regions sampled (1,214 bases).
This process was continued until we had extracted SNPs
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Table 1
Sequence Diversity () in Different Regions of the TCRB Locus, Stratified by
Population

African Northern
Region American Chinese Mexican European Overall
Scanned? (m = 10) (m = 10) (n = 10) (m = 10) (n = 40)
Coding 15 2 (92) (56) 10 8 (59) 102 (55) 13 4 (114)
Noncoding 2(67) (44) 3 (47) 5 (47) 2 (84
Pseudogene 12 5 (69) (39) 5 (44) 0 (42) 6 (81
Overall 12.0 (228) 6.9 (139) 4 (150) 4 (144) 10 2 (279)

NOTE.—Data are mean x 10

~* (total number of segregating sites in each category).

* The numbers of bases analyzed in each region were 17,227 (coding), 22,534
(noncoding), and 16,087 (pseudogene); and the total number of bases analyzed was

55,848.

from our simulated data over the exact number of
regions and total distance sequenced.

Linkage Disequilibrium and Heterogeneity Testing

We calculated association, using three distinct mea-
sures of LD: #* (Sved 1971), d*, and D’ (Lewontin 1964;
Devlin and Risch 1995). Because these statistics are sub-
ject to substantial variation in small samples when the
minor-allele frequencies are very low, we excluded all
SNPs with minor-allele frequencies <.1 from our anal-
ysis, except as otherwise noted. When both SNPs were
heterozygous in either the sample or our simulated data,
we used the expectation-maximization algorithm (Hill
1974; Weir 1996) to obtain maximum-likelihood esti-
mates of haplotype frequencies from counts of geno-
types. On the basis of the estimates of frequencies of
the four gametic types for each SNP pair in each of the
four population samples, we tested heterogeneity in LD
across population samples, using a permutation test
analogous to that of Hudson et al. (1992). First, per-
mutations were performed by randomly assigning each
genotype to a population. Then, for each site pair, the
LD statistics were calculated, and the largest between-
population difference was retained. From 1,000 such
permutations, we obtained a null distribution for the
maximum between-population difference, and the prob-
ability of the observed between-population difference
was determined from this null distribution.

Results

Sequence Variation in TCRB

The human TCRB locus contains V, D, J, and C gene
segments as well as unrelated smaller genes located at
either end of the locus (i.e., a dopamine-B3-hydroxy-
lase-like pseudogene [Do] and several trypsinogen genes
[Try] [see fig. 1A]). The most abundant gene segments
(65 total) are the Vs, which are spread across the locus.
Most are 5’ to the D, J, and C segments, but one func-
tional V is located 3’ to the constant regions (Lai et al.

1988). Of the 65 V segments, 46 are functional, and 19
are pseudogenes. For this study, 63 of the V segments
were sequenced in 40 individuals. The only segments
not scanned were the duplicated copies of BV13S2
(Arden et al. 1995), also known as BV6-2 and BV6-3
(Rowen et al. 1996), which are nearly identical in se-
quence. Sequence variants were identified in almost all
V segments, with the exception of BV7S2 and BV22S1
(BV4-3 and BV2, respectively) (Rowen et al. 1996), both
of which encode functional V segments. Overall, 55,848
bp of this 553-kb locus were sampled for variation
across 40 individuals. The average spacing between sam-
pled regions was 7.0 + 4.5 kb.

In total, we identified 279 SNPs in 55,848 bp (i.e., ~1
SNP every 200 bp). The estimate of overall nucleotide
diversity (w) was 10.2 x 107* (table 1), which means
that two chromosomes chosen at random will differ an
average of once every 980 nucleotides. The Watterson
(1975) estimate of 6 = 4N,, which was based on the
number of segregating sites, was 10.1 x 107*. Given
the number of segregating sites, the per-site heterozy-
gosity was slightly (but not significantly) higher than
expected under strict neutrality (Tajima’s D = 0.0153,
P> .1 [Tajima 1989]). In fact, the frequency spectrum
for the entire data set shows a remarkably good fit to
that expected under the infinite-sites model, both within
each population (data not shown) and when pooled
across populations (fig. 2). Coding sequence showed the
highest nucleotide diversity (13.4 x 107*), followed by
pseudogene sequence (9.6 x 107*) and noncoding se-
quence (8.2 x 107%) (table 1); however, given that the
95% confidence intervals overlap, these estimates of di-
versity across functional classes were not significantly
different. These diversity estimates are also similar to the
level of polymorphism observed in other recent genomic
surveys (Cargill et al. 1999; Halushka et al. 1999; Sach-
idanandam et al. 2001; Venter et al. 2001).

Population Subdivision

Stratification of the sequence variants among popu-
lations was evident: only 96 of the 279 variants were
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Figure 2 Frequency spectrum for TCRB. Observed minor-allele
frequencies at each of the 279 varying sites (filled circles) sorted in
descending order; solid bars indicate + 1 SD of the expected fre-
quencies (line), under an infinite-sites model.

shared by all four populations. We performed a com-
puter simulation that randomly reshuffled the 40 ob-
served diploid genotypes into four populations at each
site. The results of reshuffling the data 1,000 times pro-
duced 95% confidence intervals of 102-142 for the
number of SNPs present in all four populations. We
conclude that the observed value of 96 has a <5% prob-
ability of occurring by chance under the null hypothesis
of panmixia and that fewer than the expected number
of SNPs are shared across all four population samples.

Of the 183 population-specific sites, 111 were found
in only a single population: 86 in the African American
population, 13 in the Chinese population, 6 in the
Mexican population, and 6 in the Northern European
population. Computer resampling produced 95% con-
fidence intervals of 73-87 sites present in single popu-
lations, suggesting that the data differ markedly from
homogeneity. All population-specific sites in non-African
populations were singletons or doubletons, and their rar-
ity suggests that they were recently introduced into the
population by mutation.

Both the number of variant sites (S) and the level of
nucleotide diversity () varied among populations (table
1). The most variable population (African American, =
= 12.0 x 10*) was nearly twice as diverse as the least
variable (Chinese, 7 = 6.9 x 107*). This finding agrees
with studies reported elsewhere that indicate greater se-
quence diversity in populations of African origin (Cav-
alli-Sforza et al. 1996; Nickerson et al. 1998). Note that
because our sample is African American, the observed
nucleotide diversity may be elevated partly by admixture
and partly by the diverse origin from heterogeneous pop-
ulations within Africa. Consistent with these findings,
F,; measures were significantly greater than zero for all
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population pairs (table 2) (Weir 1996). The estimate of
Fg; over all sites for the four populations was 0.140,
indicating that ~14% of the variation was population
specific, a figure in close agreement with other obser-
vations (Cavalli-Sforza et al. 1996).

Structural Mapping of Variants

Variation was distributed throughout the sequence of
each BV segment, including the promoter, both exons,
an intron, and the recombination-signal sequence re-
quired for TCRB genomic rearrangement (fig. 1B). Of
the 139 variants identified in exonic sequence, 101
(74%) were nonsynonymous (74% and 70% in func-
tional BV segments and pseudogenes, respectively). In
contrast, three recent large-scale surveys of human ge-
nomic diversity indicate lower fractions of nonsynony-
mous changes (47%, 54%, and 53%, as reported by
Cargill et al. [1999]; Halushka et al. [1999]; Venter et
al. [2001], respectively).

To characterize the functional consequences of these
coding changes, variants were translated. We found that
7 of the 72 coding changes inactivated otherwise func-
tional BV segments and that one change reactivated a
BV segment previously classified as a pseudogene (table
3). In addition, we characterized the population fre-
quency of a large insertion-deletion that removes two
functional BV segments (table 3). The frequencies of
these inactivating variants suggest that the size of the
TCRB V repertoire varies both within and among pop-
ulations. We found individuals in each population who
differed by at least two functional BV segments in their
total TCRB gene count. The most extreme example was
an individual who had lost 11% (5 of 47) of the BV
repertoire.

The functional significance of the coding variants were
also evaluated by mapping changes onto the TCRB con-
sensus structure (Ruiz et al. 2000). The variable region
of the TCRB molecule consists of three relatively invar-
iant framework regions (FR), and three hypervariable
complementarity-determining regions (CDRs) responsi-
ble for antigen recognition (Garboczi et al. 1996; Garcia
et al. 1996). Nonsynonymous coding variants were dis-
tributed throughout each of the structural elements of
the BV segment, including both of the first two CDRs

Table 2
Pairwise Estimates of Population Subdivision (F,,)
African Northern
Population American  Chinese Mexican  European
African American —
Chinese 178 —
Mexican 157 .045 —
Northern European 176 .091 151 —

NOTE.—P < .01 (by bootstrapping over sites for Fg; statistics for
all population pairs).
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Table 3

BV Segment-Inactivating Substitutions
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FREQUENCY OF INACTIVATING ALLELE IN

dbSNP SUBSTITUTION African Northern

BV SEGMENT? SS No. TYPE OUTCOME Americans  Chinese ~ Mexicans  Europeans  All
BV06S1 (BV7-3) 458428 SNP Mutation of invariant Cys” 3 .05 .06 15 .14
BV08S5 (BV12-2)° 19641 SNP Stop? .8 7 .65 28 .62
BV09S1 (BV3-1) 19643 SNP Splice-site disruption® .05 .01
BV12S2 (BV10-1) 19660 SNP Stop? 3 25 2 7 .36
BV13S7 (BV6-8)f 458517 SNP Stop* 4 A1
BV20S1 (BV30) 19678 SNP Stop®t .05 25 .3 15
BV21S1 (BV11-1) 458534 SNP Stop* .05 .01
BV25S1 (BV16) 19695 SNP Stop™" .61 .06 16
BV(07S2-13S2

(BV4-3, BV6-2) 21.5-kb deletion  Deletion of genes' 7 .55 .8 .5 .64

* Nomenclature follows Arden et al. (1995). Nomenclature in parentheses follows Rowen et al. (1996).

b Previously identified (Luyrink et al. 1993).
¢ Previously identified as pseudogene (Rowen et al. 1996).

4 All stop codons truncate V segments before CDR3 and thus preclude productive genomic rearrangement.

¢ AG changed to TG in splice acceptor.

f Potential pseudogene (Rowen et al. 1996).

8 Previously identified (Charmley et al. 1993).
" Previously identified (Rowen et al. 1996).

' Previously identified (Seboun et al. 1989).

(CDR1 and CDR2) (fig. 1C). Five of these variants (rs
[reference SNP] numbers 17248, 361354, 361407,
361462, and 361465) map to the CDR apexes that con-
tact the major histocompatibility complex (MHC) pep-
tides in most of the TCR structures solved to date (Gar-
cia et al. 1999). These variants may alter the avidity or
specificity of the TCR. Furthermore, a total of six var-
iants could alter responses to superantigens (SAGs)
which circumvent normal MHC peptide activation of T
cells by binding to TCRB within and outside its antigen-
binding site. Three of the variants mapped to residues
in BV20S1 known to contact SAGs (rs numbers 17268,
361461, and 361462), and an additional three mapped
to hypervariable region 4 (HV4) involved in SAG con-
tacts (Li et al. 1999) (rs numbers 17244, 361355, and
361383). Nucleotide diversity was not significantly
higher in the CDRs than in non-CDR coding sequence
(13.1 x 107*vs. 12.7 x 107*). This suggests that ge-
nomic polymorphism does not contribute to the hyper-
variability of these regions (Funkhouser et al. 1997);
rather, it suggests that the CDR diversity has arisen pri-
marily through divergence among various BV segments
(Funkhouser et al. 1997).

Linkage Disequilibrium in TCRB and Coalescent
Simulation

According to the common-variant/common-disease
hypothesis (Chakravarti 1999), common alleles are
likely to underlie genetic susceptibility to common dis-
eases, so common SNPs may be of particular interest in
association tests. A sample of 80 chromosomes would

generally be adequate to estimate LD across the TCRB
locus, but, because this sample was drawn from four
populations, it is essential that heterogeneity of LD
among populations be tested before pooling. For this
purpose, we applied the following permutation test,
which makes no assumptions about the evolutionary his-
tory of the populations. Using a series of LD statistics
(D, D/, d% and 7*), we compared LD for each site pair,
with minor-allele frequencies for both sites >.1 among
populations, retaining the largest difference in LD be-
tween pairs of populations. These values were compared
with those generated under a null hypothesis of no pop-
ulation substructure, estimated from 1,000 permutations
of the data (i.e., shuffling the population identities while
otherwise retaining the data structure [Hudson et al.
1991]). For each permutation, LD statistics were cal-
culated for each site pair in each population; and the
largest difference between populations was identified.
These permutations generate null distributions, against
which the observed LD differences were compared. Fig-
ure 3 shows the tail probabilities of the permutation tests
for interpopulation differences in 7%, showing that 418
(4.7%) of the 8,911 tests had P < .01, and that sites with
interpopulation differences in LD tended to cluster. The
inference of slight excess population heterogeneity in LD
was consistent among various statistical tests of LD, and
only 7* is reported here. Restricting the permutation test
described above to only those SNPs that segregated in
all four populations gives essentially the same result,
with 175 (3.5%) of 4,950 tests showing significant het-
erogeneity in LD at P < .01. This implies that we need
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to be concerned about spurious appearance of LD when
pooling across populations, even if we restrict our anal-
ysis to sites present in all subpopulation samples.

We calculated LD between each pair of the 96 sites
that (a) had minor-allele frequencies >.1, (b) were shared
by all four populations, and (¢) for which there was
homogeneity in LD across populations (fig. 4A). These
sites were present in 45 of the 63 typed BV segments
and in 32 of the 46 functional BV segments. On average,
LD between common variants extended over consider-
able distances, with considerable variation about the
mean (fig. 4A). The mean value of LD (r*) declined to
0.1 at ~30 kb, a figure that appears to vary widely across
the genome and among population samples (Collins et
al. 1999; Huttley et al. 1999; Dunning et al. 2000; Eaves
et al. 2000; Goddard et al. 2000; Jorde 2000; Kidd et
al. 2000; Pzreworski et al. 2000; Taillon-Miller et al.
2000; Abecasis et al. 2001).

To examine the evolutionary process that generates
LD in TCRB, we performed coalescent simulations of
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Population heterogeneity in LD. Filled squares indicate where the observed values fall within the null distribution (black squares:

an extended region that matched the locus in size and
nucleotide diversity. Because the observed diversity is in
the same range as in other studies of human variation
(Cargill et al. 1999; Halushka et al. 1999) we reasoned
that TCRB could be described using a model applied to
other genomic loci. A model with an effective population
size (N,) of 10,000, a neutral mutation rate of 2 x 107*
per generation (4N, = 8 x 107*), and a per-nucleotide
recombination rate of 1 x 107* (4N, = 4 x 10°*) pro-
duced LD values that declined with distance somewhat
faster than those observed, 2 > 0.1 at ~25 kb (fig. 4B).
There are several potential explanations for the observed
difference, including: less recombination than expected
(but recombination in single sperm cells suggests that
the recombination rate in this region may be slightly
higher than average [Day et al. 1994]), natural selection
distorting haplotype frequencies, and hidden population
structure. Furthermore, a panmictic model is expected
to have less LD than one with population founding,
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Figure 4 LD in TCRB. A, LD (r*) observed across the TCRB
locus for sites common to all four populations having minor-allele
frequencies =.1 plotted against distance. Filled circles indicate 7* for
individual site pairs. Large red circles denote the average +* in 5-kb
bins. B, Same as in panel A, except the SNPs used to calculate LD are
simulated using a coalescent model that replicates the observed sam-
pling procedure. C, Distribution of LD. In the upper right hand triangle
the darkened squares indicate statistically significant LD (P <.01); In
the lower left triangle, the darkened squares indicate complete LD (i.e.
<4 haplotypes are observed).

extinction, interpopulation migration, or population
expansion.
Variation in LD across TCRB

The availability of 96 common SNPs (minor-allele fre-
quency >.10) in 553 kb of sequence (a mean of 1 SNP

Am. ]J. Hum. Genet. 69:381-395, 2001

every 5.8 kb) allowed us to examine the distribution of
LD across TCRB at high resolution. To do this, we plot-
ted, on a two-dimensional grid, LD for each pair of
common sites exhibiting homogeneous LD across the
four populations. Statistically significant LD (P <.01)
appeared to show considerable spatial structure, with
several “blocks” of LD (fig. 4C). We also examined the
pattern of site pairs in complete LD (D’ = 1, implying
that fewer than four two-locus haplotypes were ob-
served) and found similar spatial structure (lower tri-
angle of fig. 4C) compared with that in the blocks of
LD.

It is tempting to conclude that the observed spatial
variation in LD across TCRB is caused by genuine het-
erogeneity in the underlying population-genetic forces
that shape LD. To test this, we first applied a sliding-
window analysis to see whether there was any suggestion
of variability across the locus in = and 6. Figure 5A
shows estimates of = and 6 for each BV segment. A
coalescent simulation of 80 alleles sampled from a pop-
ulation with the given 6 and 4N_ had a 95% confidence
interval (based on 1,000 replicates) of nucleotide-diver-
sity estimates that encompassed the observed variability.
To get an idea of the degree of heterogeneity across the
region in the extent of population subdivision, we cal-
culated Fq; for each site (fig. 5B). This plot shows some-
what elevated F; in the middle of the TCR cluster, but
again the level of heterogeneity is not greater than that
expected under a simple island model.

The apparent degree of clustering of blocks of LD does
not necessarily indicate local depressions in recombi-
nation rate, and, in fact, even the simplest model of
balance between mutation drift and recombination will
generate such blocks. To illustrate this, we performed
simulations under a neutral model with homogeneous
parameters across the locus. This model is not meant to
be an accurate description of TCRB; nonetheless, it pro-
vides a good null model, deviations from which would
provide a sign of true heterogeneity. For illustration pur-
poses, we generated several replicates of simulated data
under this model (fig. 6). All showed some level of spatial
structure and apparent heterogeneity in LD, with some
replicates showing larger blocks and similar coherence
within blocks when compared with the actual data. Al-
though this is not meant to be a statistically rigorous
analysis, it does show that the appearance of blocks of
sites in LD is not sufficient to warrant suspicion of a
recombination cold spot or a selective-sweep event.
Rather, coalescent modeling demonstrates that such pat-
terns are easily generated, even when there is perfect
homogeneity of forces acting on LD.

Homozygous Blocks in TCRB

LD statistics across TCRB are related to the amount
of recombination that has taken place during the time
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size and mutation rate as for figure 4B.

since the most-recent common ancestor of the entire
sample. Even if the ancestry of the sample is an-
cient—and significant LD is therefore confined to short
distances—some chromosomes within the sample will
nonetheless share more-recent ancestry. To examine this
possibility, we identified and plotted regions of homo-
zygosity across =10 kb in each of the individuals in our
sample (fig. 7A). This plot reveals a mosaic structure to
the genotypes, and also highlights differences among the
populations. When we constructed diploids by randomly
drawing pairs of chromosomes from our coalescent sim-
ulation, the pattern of blocks of homozygosity seen in
the simulations was remarkably like that of the observed
data (fig. 7B). The sizes of the blocks of homozygosity
that we see are to be expected in the human genome,
under reasonable distributions of times to common an-
cestry (see Clark 1999), but are only detected when stud-
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LD of four simulated data sets. Plots are as described in figure 4C. Simulated data sets were generated with the same population

ies of sequence variation extend to this scale of breadth
and coverage. We identified several individuals who were
completely homozygous for all sites within regions of
~100 kb, and it implies, as surprising as this may seem,
common ancestry of an individual’s two chromosomes
within the last ~20 generations. The recent identification
of estimated haplotypes on a similar scale in TCRA
(Moffatt et al. 2000) suggests that a haplotype-based
analysis at the scale of the entire TCR may be feasible.

Discussion

Our study suggests that mutation in the TCRB locus is
consistent with neutral evolutionary processes. One in-
teresting observation was the high proportion of non-
synonymous changes in TCRB (74 %) relative to several
other large-scale surveys of variation in the human ge-



Subrahmanyan et al.: Sequence Variation in TCRB V genes

391

A 0 100 200 300 400 483 kb
— —
[ ] | _F N | |
| | — ] T 1 | . |
[ ] - [ ] ] [ |
| 0 | Nl W | W
AricarAmercan = w  JTE..
H Il BN I NN I B mEE .
I [ I | ] ] ||
HE B EmEES E S . [ J
— - -- — ] —
: | ] J - L
- . [ N T 00O T W
) — 1 I ]
Chinese [] | T 1] _—

Mexican

1 '||

Northern European

o I
[ I
L

|
I i

-
=
o

F.
l

)
l

n
o
o
w
[=3
o

400 483 kb

..,
i

.

Figure 7

. .IE

)
II.!I

Il1
F

g
i

i

Homozygosity in TCRB. Segments of =10 kb in which every site is homozygous in an individual are shown in black. A, Each

row represents genotype information for one individual. B, Same as in panel A, except the data are from a single unselected coalescent simulation.

nome (47%, 54%, and 53%) (Cargill et al. 1999; Hal-
ushka et al. 1999, Venter et al. 2001). This finding has
two potential explanations: (a) the multiplicity of TCRB
genes may result in somewhat relaxed constraints on
amino acid variation, because loss of function of any
one of the genes would have less deleterious consequence
than loss of function of single-copy genes or (b) a portion
of nonsynonymous changes in TCRB could be selectively
favored, because it further diversifies the immune rep-

ertoire. Consistent with a relaxed constraint on amino
acid variation in the locus, the proportion of nonsynon-
ymous variants that we found closely matches the pro-
portion in the absence of any selection against amino
acid changes (76%, assuming all changes are equally
likely). Furthermore, we found no evidence of deviation
from neutrality in the frequency spectrum of nonsynon-
ymous changes (Tajima’s D = 0.0237, P > .10). Chim-
panzee sequence from 17 genes was available for com-
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parison, and, by tallying counts of fixed differences
versus polymorphic sites among variants that are syn-
onymous versus nonsynonymous, we found that non-
synonymous variants are no more likely to be poly-
morphic in humans (x* = 0.06, not significant) (Mc-
Donald and Kreitman 1991). This suggests an absence
of evidence for forces that specifically maintain amino
acid polymorphism in the human lineage. Taken to-
gether, these results suggest that TCRB is a neutrally
evolving multigene family that has generated consider-
able protein diversity through amino acid differences
among gene family members.

Variation in TCRB differs from previous studies of
another multigene family, the olfactory receptor (OR)
genes. Variation in the OR gene cluster on chromosome
17, which contains both functional receptors and pseu-
dogenes, suggests that weak positive selection may sup-
press variability in the functional receptors (Gilad et al.
2000). The ratio of polymorphic to fixed variants in
OR genes appears to be lower in functional genes than
in pseudogenes. This conclusion was supported by a
low level of polymorphism to divergence in both func-
tional OR genes and in pseudogenes (as shown by a
Hudson/Kreitman/Aguadé test), although this effect was
stronger for functional genes. Also, there appeared to
be a lower level of nucleotide and haplotype diversity
in active OR genes than in pseudogenes. In contrast,
nucleotide diversity in TCRB coding regions is higher,
but not significantly so, than that observed in intronic
and pseudogene sequences. Furthermore, the propor-
tion of polymorphic to fixed variants was not signifi-
cantly different between coding sequences and pseudo-
gene sequences in TCRB, in contrast to the OR gene
cluster. In another study of this OR cluster, Sharon et
al. (2000) report a slight excess in the proportion of
nonsynonymous variants in OR genes (66%) relative
to other genomic loci, but the effect is not as great as
that seen in TCRB, a result that further underscores
differences between the two loci.

Previous studies of TCRB (Hood et al. 1993) suggest
that portions of the locus have a dynamic evolutionary
history, including duplication and deletion events, in the
primate lineage. Interestingly, we failed to detect new
deletions within TCRB: 61 of 63 BV segments could be
amplified from all of the 40 samples we examined, and
the two genes that were detected as deletion variants
(BV7S2 and BV9S2) lie within a previously identified
polymorphic 21.5-kb insertion-deletion in TCRB (Se-
boun et al. 1989). These data suggest that TCRB is
relatively stable with respect to gene deletion and that
variation in the size of the TCRB repertoire is primarily
the result of this insertion, as well as the BV-inactivating
variants. The variation in the number of BV gene copies
(£11%) suggests that the human genomic BV reper-
toire is more than sufficient for survival, and the pres-
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ence of variation in the human TCRB repertoire size is
qualitatively similar to the finding of large TCRB de-
letions in wild populations of mice (Jouvin-Marche et
al. 1989).

Taken together, the data we present here, including
the evidence of BV segment—inactivating variants, pro-
vides an excellent starting point for the identification of
disease associations with TCRB. Several features of the
polymorphism data in TCRB need to be considered in
the design of an optimal method of choosing SNPs for
testing a genotype-phenotype association. First, a vital
aspect concerning expression of these genes is that they
successfully proceed through a recombination, trans-
lation, and folding steps to form mature TCR molecules.
Therefore, common variants may influence the pro-
gression and/or function of the TCR, for example, SNPs
in the recombination-signal sequences (13 of which
were identified in active BV genes), SNPs that inactivate
BV genes, and SNPs in the complementarity-determin-
ing regions or superantigen-binding sites. Second, the
levels of polymorphism across the array exhibit varia-
tion consistent with neutrality, so we do not find par-
ticular signs of hot or cold spots of variability. However,
the variability in LD across TCRB suggests that the
density of markers typed may need to vary considerably
across the locus. Perhaps even more informative than
simple SNP scoring would be a tally of homozygosity
blocks and the use of these blocks for tests of association
with immunity phenotypes.

Overall, the magnitude and pattern of LD across the
TCRB array suggest that LD mapping would have a
reasonable chance to succeed in this region of the ge-
nome, but the density of SNPs would have to be rather
high. Every SNP exhibits significant LD with at least
one other SNP, and this implies that hidden variation
would be largely detected by sampling other SNPs.
Although we found some heterogeneity in levels of LD
across populations, most pairs of common SNPs that
are in LD in one population exhibit similar LD in the
other populations. The results also demonstrate how
misleading blocks of LD can be, in that purely neutral
coalescent models with homogeneous rates of mutation
and recombination frequently generate strikingly simi-
lar blocks of multiple SNPs in LD. This simply means
that those regions have had, by chance, relatively few
recombination events in their ancestral history; and, of
course, tightly linked sites would be expected to exhibit
a more highly correlated ancestral history.

Genes whose products are involved in immune re-
sponses are well known for their high levels of varia-
bility, and the patterns of variability often show clear
departures from neutral evolution (Hughes and Nei
1988). In fact, in large-scale scans for genes that exhibit
a signature of natural selection in the form of excess
nonsynonymous substitution, a large portion are found
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to be involved in vertebrate immune response (Endo et
al. 1996). The TCRB data presented here depart mark-
edly from this pattern, and the data appear concordant
with neutrality by virtue of several tests: Tajima’s D,
whether applied to all data or to only the nonsynony-
mous sites, shows no sign of departure from neutral
expectations. The McDonald-Kreitman test (McDon-
ald-Kreitman [1991]) makes use of interspecific diver-
gence to gain power in tests of neutrality, and it too
yields no sign of selection. The data differ from those
of many genes, in that they show a greater proportion
of nonsynonymous differences, but this only makes the
TCRB genes appear less subjected to purifying selection.

Because we know that TCRB is a vital part of the
immune system—and that complete loss of TCRB
would be disastrous for the individual—the question
becomes how selection can produce a pattern so per-
fectly matching the neutral expectation. We suspect that
the answer lies in the fact that TCRB is a tandem array
and that selection on any one gene in the array is weak
and acts only sporadically. The level of pseudogene
polymorphism certainly is consistent with this idea.

Alternatively, we can turn the question around and
ask how strongly selection could be acting on TCRB if
the nature of the repetitive structure of the array, the
gain and loss of genes, and the dispersal of selective
effects across the whole array may attenuate the signal
of selection. For any given bout of selection, it may be
that only one TCRB segment is relevant to the assault.
Compared with a single-copy gene, the force of selection
could be felt as rarely as 1/65 as often for a given TCRB
segment.

Finally, it is important to put the intragenic poly-
morphism of TCRB in the context of the deeper
evolutionary history of this tandem array. When the
different BV segments are aligned according to the
reference sequence, the average nucleotide divergence
across different segments is >40%, indicating that the
tandem array predates the common ancestor of mice
and humans (Su and Nei 2001). In fact, the divergence
of the two oldest subfamilies of BV genes has been es-
timated to have occurred 423 million years ago. This
high divergence among the BV segments makes the like-
lihood of gene conversion events across segments very
low. The analysis of Su and Nei (2001), in fact, finds
no evidence for intersegment exchange, but it does sug-
gest relatively rapid gain and loss of genes in the human-
mouse comparison. Our finding of extensive polymor-
phism for active genes versus pseudogenes is consistent
with the birth-and-death model in this multigene family.
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