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Evidence for Balancing Selection at the Major
Histocompatibility Complex in a Free-Living
Ruminant
S. Paterson

Evidence for selective maintenance of genetic diversity at the major histocompat-
ibility complex (MHC) was investigated in an unmanaged population of Soay sheep
on the island of Hirta, St. Kilda, Scotland. Animals were sampled as newborn lambs
and between 887 and 1209 individuals were typed at each of five microsatellite
markers located either within or flanking the ovine MHC. Markers located within
the MHC showed high levels of linkage disequilibrium with each other but not with
flanking markers. Hardy-Weinberg proportions were found for all loci; however, two
of the three markers within the MHC showed relatively even allele frequency dis-
tributions that were unlikely to have resulted from neutrality and suggest the action
of recent balancing selection. Sequence polymorphism was examined within DRB,
a class II gene immediately adjacent to one of the microsatellite markers, and high
correlation of sequence polymorphism with microsatellite length variation was
found. An excess of nonsynonymous substitution compared to synonymous sub-
stitution was found, indicating the action of balancing selection favoring novel MHC
variants and hence increased diversity over a longer time period.

Molecular techniques have steadily in-
creased the known level of genetic varia-
tion present in natural populations, but
the processes that can act to maintain ge-
netic diversity are still poorly understood.
For example, balancing selection has been
relatively poorly documented in nature,
the few known examples including the
sickle-cell hemoglobin polymorphism in
humans (Allison 1964), color and band
polymorphism in Cepea nemoralis (Jones
et al. 1977), warfarin resistance in rats
(Bishop 1981), and alcohol dehydroge-
nase (Adh) polymorphism in Drosophila
melanogaster (van Delden 1982). The sys-
tems outlined above, however, are con-
fined to particular species, and in some
cases little is known about their molecular
basis (although it is noted that sickle cell
anemia in humans and Adh in D. melano-
gaster are exceptionally well characterized
at the molecular level). In order to study
the maintenance of genetic diversity in the
natural environment, a system is required
which is common to a large group of or-
ganisms and which is well understood at
the molecular and physiological level. In
this respect, the major histocompatibility
complex (MHC) of vertebrates has be-
come an evolutionary genetic paradigm
(Hedrick 1994).

The MHC of vertebrates comprises a

group of closely linked genes which play
a central role in immune surveillance and
response (Klein 1986; Weir and Stewart
1993). MHC molecules loaded with pep-
tides derived from invading pathogens are
presented on the surface of infected cells
or of specialized cells of the immune sys-
tem. These unique MHC-peptide combi-
nations are recognized by the immune sys-
tem to produce a highly effective and spe-
cific response against foreign pathogens
(Benacerraf 1981). High levels of diversity
and polymorphism at certain loci within
the complex have been documented in a
wide range of vertebrate species (Klein
1986).

A number of indirect lines of evidence
suggest a selective force maintaining MHC
diversity. First, where genealogies of MHC
allele sequences have been constructed
from a number of species [for example,
primates (Klein et al. 1993a) and felines
( Yuhki and O’Brien 1997)] it is observed
that the divergence of allelic MHC lineages
predates the speciation event giving rise
to separate taxa. This suggests the action
of some form of balancing selection over
long periods of evolutionary time. Second,
comparisons of allelic sequences present
within mice and human populations indi-
cate that the rate of nonsynonymous sub-
stitution exceeds the rate of synonymous
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Figure 1. Schematic (not to scale) of part of sheep
chromosome 20 showing MHC region (box) and micro-
satellite markers used in this study. Genetic distances
and nomenclature are taken from Crawford et al.
(1995).

Figure 2. Schematic of DRB gene showing exon 2 and adjacent 39 intron containing the OLADRB microsatellite
(– – –,,,– – –). The primer pair DRB-ex and DRB-int amplify an approximately 480–550 bp fragment correspond-
ing to Ovar-DRB exon 2 plus adjacent OLADRB microsatellite. The primer pair DRB-schw and DRB-int amplify an
approximately 200–270 bp fragment corresponding to the OLADRB microsatellite.

substitution at the antigen presenting site
(APS), thus favoring new MHC variants
and increasing diversity (Hughes et al.
1994; Hughes and Nei 1988, 1989). Finally,
in human populations the large numbers
of alleles present at MHC loci show a rel-
atively even distribution, leading to higher
levels of heterozygosity than may be ex-
plained under neutral theory (Hedrick
and Thomson 1983) and suggesting the ac-
tion of recent balancing selection. So far,
however, there is a paucity of population-
based studies of MHC diversity, with these
last two lines of evidence being confined
to a relatively small number of taxa, and
often involving species whose recent ge-
netic history has been heavily influenced
by humans.

In this article I examine patterns of di-
versity found at the MHC in the unmana-
ged population of Soay sheep living on St.
Kilda. I find evidence of balancing selec-
tion from allele frequency distributions
and expressed sequence polymorphism.

Materials and Methods

Study Site, Animals, and Sampling
The archipelago of St. Kilda lies 45 miles
west of the Outer Hebrides, Scotland
(578499N, 088349W), consisting of the is-

lands of Hirta, Soay, Dun, and Boreray.
Soay sheep are a primitive breed of sheep,
resembling the neolithic domestic sheep
first brought to Britain about 5000 B.C.
They may have been introduced to St. Kil-
da as early as 2000 B.C. and since historic
times have been restricted to the uninhab-
ited island of Soay (Jewell et al. 1974).

In 1932, following the evacuation of the
human population 2 years previously, 107
Soay sheep (20 rams, 44 ewes, 21 ewe
lambs, and 22 castrated ram lambs) were
introduced from Soay (99 ha) to the larger
island of Hirta (638 ha; Jewell et al. 1974).
Numbers increased rapidly and since 1952
have fluctuated between 600 and 1800 an-
imals. The population of sheep within the
study area (approximately 200 ha) consti-
tutes about one-third of the total Hirta
population, fluctuating in size between 200
and 550 animals and correlating closely
with the rest of the island population
(Clutton-Brock et al. 1991, 1992). Since
1985 at least 95% of lambs born within the
study area have been caught and individ-
ually tagged. Blood samples and ear
punches for genetic analysis were taken
from lambs at this time.

Microsatellite Analysis
DNA was isolated from ear punches or
white blood cells by standard proteinase
K digestion, followed by phenol/chloro-
form extraction and ethanol precipitation
(Sambrook et al. 1989). After preliminary
trials of a total of 13 published ovine or
bovine microsatellites mapped to the MHC
region (Bishop et al. 1994; Crawford et al.
1995), five loci were selected for this study
on the basis of their map locations and
their variability in the study population.
The location of these markers relative to
each other is shown in Figure 1, with ge-
netic distances based on a mapping flock
of domestic sheep described in Crawford
et al. (1995). The markers OLADRB
(Schwaiger et al. 1993a) and OLADRBps
(Blattman and Beh 1992) are located with-

in MHC class II DRB expressed and nonex-
pressed genes, respectively, OMHC1 is lo-
cated within the MHC class I region (Groth
and Wetherall 1994) and BM1815 and
BM1818 (Bishop et al. 1994) were used as
flanking marker controls. Animals were
sampled as newborn lambs between 1988
and 1994 and between 887 and 1209 indi-
viduals were typed at each of these five
microsatellite markers. Sample sizes var-
ied between loci due to time constraints
on this project and due to the ease with
which some loci amplified relative to oth-
ers.

Microsatellite primer sequences are de-
scribed elsewhere (Crawford et al. 1995),
with the exception of OLADRB for which I
used specific primers designed to allow
strong amplification from sheep sequence
(DRB-schw, 59-TGT/GGCAGCGGCGAGGT-
GAG and DRB-int, 59-CGTACCCAGAT/G

TGAGTGAAGTATC; see Figure 2). PCR was
carried out in a Hybaid Omnigene thermal
cycler in 10 ml reactions overlaid with min-
eral oil containing: 13 PARR buffer (Cam-
bio, UK); 10% DMSO; 2.0 mM MgCl2; 0.1
mM dGTP, dATP, and dTTP; 0.01 mM dCTP;
0.5 mCi a-32P dCTP; 0.25 U Taq polymerase;
4 pmol of each primer; 50 ng genomic
DNA. Standard cycling conditions were
938C for 2 min followed by 7 cycles of 938C
for 30 s, 528C for 60 s, 728C for 30 s, and
25 cycles of 938C for 30 s, 548C for 60 s,
728C for 30 s with the following modifica-
tions of annealing temperature: OLADRB,
468C and 548C; BM1815, 508C and 568C;
BM1818, 488C and 508C. PCR products
were separated on 6% denaturing poly-
acrylamide gels and visualized by expo-
sure to Kodak X-OMATy AR X-ray film for
12–144 h depending on signal strength
(Sambrook et al. 1989).

Cloning and Sequencing Ovar-DRB
Exon 2
The gene DRB encodes a class II MHC
product involved in antigen presentation
for which high levels of diversity have
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Table 1. Population data for the five microsatellite loci screened in the Soay population

Marker
No. of animals
screened No. of alleles Heterozygosity

Hardy-
Weinberg
exact text
(P value)

MB1815
OLADRB
OLADRBps
OMHC1
BM1818

961
1,209

887
1,025

893

3
8
6
5
6

0.51
0.80
0.77
0.58
0.66

.17

.16

.97

.27

.38

For each locus, the number of animals typed, the number of alleles found, heterozygosity and Hardy-Weinberg
exact P values are shown. The loci OLADRB, OLADRBps, and OMHC1 (shown in boldface) lie within the ovine
MHC, BM1815 and BM1818 are flanking loci (see Figure 1).

been found in humans, mice, cattle, and
sheep (Klein et al. 1993b; Schwaiger et al.
1993b). The vast majority of the polymor-
phism found in this gene is located in exon
2 which encodes the antigen presentation
site (Brown et al. 1988; Klein et al. 1993b).
The microsatellite OLADRB used in this
study (see above) is located within an in-
tron approximately 30 bp 39 to exon 2 (Fig-
ure 2; Schwaiger et al. 1993a).

To assay sequence diversity within this
region, DRB exon 2 was PCR amplified, pu-
rified, and cloned from 15 animals (13 ho-
mozygotes and 2 heterozygotes) repre-
senting between four and six copies of
each of the six common microsatellite
length variants at OLADRB. DRB exon 2
and the flanking microsatellite sequence
were amplified from genomic sheep DNA
in 50 ml reactions in 0.5 ml Eppendorf
tubes containing the following (Schwaiger
et al. 1994): 150 ng genomic DNA; 2.0 mM
MgCl2; 20 pmol primer DRB-ex (TCTCTGC-
AGCACATTTCCTGG), 20 pmol primer DRB-
int (CGTACCCAGA-G/TGAGTGAAGTATC),
PARR buffer (Cambio), 2 U Taq polymer-
ase, 10% DMSO, and 100 mM dNTPs. Re-
actions were overlaid with light mineral oil
and temperature cycled in a Hybaid Om-
nigene as follows: 938C for 2 min; 30 cycles
of 468C for 50 s, 728C for 50 s, 938C for 50
s; 468C for 50 s; 728C for 5 min. PCR prod-
ucts were then gel purified on 1.5% aga-
rose gels using Promega Wizard preps fol-
lowing manufacturer’s instructions. Puri-
fied PCR product was then ligated into
Promega T-vector in a 10 ml reaction con-
taining 10–30 ng insert DNA; 30 mM Tris-
HCl (pH 7.5);10 mM MgCl2; 10 mM DTT; 10
mM ATP; 50 ng T-vector; and 1 U T4 ligase.
Reactions were incubated at 158C for 4 h
followed by 48C overnight. Ligations were
then transformed into E. coli JM109 cells
by electroporation. Cells were plated on
Amp/IPTG L-agar plates. Positive clones
were screened to ensure that PCR prod-
ucts of the desired length were inserted
and to determine orientation of insert.

This was done by restriction digest with
PvuII, PCR amplification of OLADRB micro-
satellite and PCR amplification of DRB
exon 2 plus microsatellite. At least 6
clones for OLADRB homozygotes and at
least 10 clones for OLADRB heterozygotes
(5 clones for each allele) were sequenced
using dye-labeled M13 (-21) forward prim-
er and loaded on an ABI 377 automatic se-
quencer.

Statistical Treatment
Disequilibria. Hardy-Weinberg assump-
tions for each locus and linkage equilibri-
um assumptions for pairs of loci were test-
ed by the Markov-chain method in the
population genetic package Genepop 1.2
(Raymond and Rousset 1995), which gen-
erates exact tests for multiple alleles (Guo
and Thompson 1992). Disequilibrium anal-
ysis was conducted within cohorts in case
of any possible biases due to temporal
fluctuations in allele frequencies.

The relative importance of linkage and
genetic drift between cohorts in contrib-
uting to disequilibrium were tested by cal-
culating variance components of linkage
disequilibrium following the method of
Ohta (1982). D and D denote the within2 2

IS ST

and between cohort components of dis-
equilibrium and D denotes the total dis-2

IT

equilibrium:

2 2D 5 E (g 2 x y ) , (1)OIS ij,k i,k j,k5 6i, j

2 2D 5 E (x y 2 x̄ ȳ ) , and (2)OST i,k j,k i j5 6i, j

2 2D 5 E (g 2 x̄ ȳ ) , (3)OIT ij,k i j5 6i, j

where is the frequency of chromosomesgij,k

in cohort k carrying alleles i and j at loci
A and B, respectively, and and arex yi,k j,k

the frequencies of and in cohort k,A Bi j

respectively. Population means are given
by 5 1/n 5 1/n andn nḡ S g , x̄ S x ,ij k51 ij,k j k51 i,k

5 1/n where n is the numbernȳ S y ,j k51 j,k

of cohorts.
These components (D , D , and D )2 2 2

IS ST IT

were subsequently adjusted for heterozy-
gosity such that

2D
D* 5 , (4)

H HA B

where 5 and 5 (Hedrick2 2H S x̄ H S ȳA i i B i i

1994).
Allele frequency distributions. Balancing

selection was tested for by using Watter-
son’s (1978) homozygosity test (F 5
S p ) for sampling n alleles at given allelen 2

i51 i

frequencies under a neutral model and re-
lating the calculated F value for each locus
to published significance levels (Watter-
son 1978).

Synonymous versus nonsynonymous sub-
stitutions. Nucleotides believed to be in-
volved in antigen presentation were iden-
tified by comparison with the model pro-
duced by Brown et al. (1988, 1993a,b). Ge-
netic distances for synonymous (dS) and
non-synonymous substitutions (dN) were
calculated using the Jukes-Cantor correc-
tion for multiple hits (Kumar et al. 1993).
The difference between these distances (d
5 d̄N 2 d̄S) was tested against the t distri-
bution with infinite degrees of freedom ac-
cording to the test statistic

t 5 d/s(d), (5)

where s(d) is the standard error of d, given
by s(d) 5 [var(d̄S) 1 var(d̄N)]1/2 (Kumar et
al. 1993).

Results

Microsatellite Variation
Summary data for the five microsatellite
loci are shown in Table 1. All loci were
found to be in Hardy-Weinberg propor-
tions.

Linkage Disequilibrium
Microsatellites are believed to be selec-
tively neutral (Bruford and Wayne 1993)
and are used in this study to act as mark-
ers for any adjacent sites within the MHC
under selection. To detect any effects of
balancing selection, such an approach re-
quires linkage disequilibrium between
neutral markers and selected sites within
the MHC. Patterns of linkage disequilibri-
um were analyzed to justify the use of
such an approach. No attempt is made to
conclude whether selection is an impor-
tant factor in the generation of observed
patterns of linkage disequilibrium (see
Discussion).
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Table 2. Variance components of linkage disequilibrium for all pairwise comparisons partitioned into
within and between cohort components

Loci compared

Distance
between
loci (cM)

Within
cohort
component
D (D )2 *

IS IS

Between
cohort
component
D (D )2 *

ST ST

Total population
D (D )2 *

IT IT

OLADRB-OLDRBps
OLADRBps-OMHC1
OLADRB-OMHC1
OMHC1-BM1818
OLADRBps-BM1818
OLADRB-BM1818
OLADRB-BM1815
OLADRBps-BM1815
OMHC1-BM1815
BM1815-BM1818

2.6
2.9
5.5

10.3
13.2
15.8
17.2
19.8
22.7
33.0

0.11540 (0.1792)
0.05780 (0.1214)
0.05294 (0.1087)
0.00609 (0.0147)
0.01159 (0.0212)
0.01115 (0.0199)
0.00690 (0.0158)
0.00822 (0.0193)
0.01267 (0.0392)
0.00407 (0.0110)

0.00257 (0.0040)
0.00392 (0.0082)
0.00280 (0.0057)
0.00264 (0.0064)
0.00263 (0.0048)
0.00218 (0.0039)
0.00344 (0.0079)
0.00463 (0.0109)
0.00323 (0.0100)
0.00346 (0.0094)

0.12482 (0.1938)
0.06839 (0.1436)
0.06610 (0.1357)
0.01627 (0.0393)
0.02060 (0.0377)
0.02044 (0.0365)
0.01914 (0.0438)
0.01930 (0.0453)
0.02616 (0.0809)
0.01692 (0.0457)

Genetic distances between loci shown. The figures adjusted for heterozygosity are shown in brackets. Pairwise
comparisons between loci within the MHC are shown in boldface.

Table 3. Allele sizes and frequencies for microsatellite markers used in this study

Marker

BM1815

Size (bp) Frequency

OLADRB

Size (bp) Frequency

OLADRBps

Size (bp) Frequency

OMHC1

Size (bp) Frequency

BM1818

Size (bp) Frequency

Allele 1
Allele 2
Allele 3
Allele 4
Allele 5
Allele 6
Allele 7
Allele 8

141
146
153
—
—
—
—
—

0.041
0.479
0.480
—
—
—
—
—

205
213
257
263
267
269
276
287

0.211
0.113
0.236
0.133
0.158
0.001
0.141
0.008

265
271
273
277
281
283
—
—

0.108
0.124
0.258
0.086
0.304
0.121
—
—

184
192
198
202
206
—
—
—

0.111
0.096
0.598
0.079
0.116
—
—
—

258
260
264
276
278
280
282
—

0.085
0.331
0.064
0.005
0.086
0.001
0.428
—

Observed proportion homozygotes
Watterson’s test statistic (Sp )2

i

Probability

0.494
0.462 (k 5 3)

n.s.

0.204
0.187 (k 5 8)

p , .01

0.212
0.208 (k 5 6)

p , .01

0.419
0.399 (k 5 5)

n.s.

0.345
0.312 (k 5 7)

n.s.

MHC markers shown in boldface. The proportion of homozygotes, Watterson’s (1978) test statistic for balancing selection (Sp ), and the probability of the observed frequency2
i

distribution under neutrality are shown for each marker. Effects of balancing selection are observed at OLADRB and OLADRBps, despite Hardy-Weinberg proportions for all
loci. n.s. 5 not significant.

Significant disequilibrium (within co-
horts) was found between pairs of mark-
ers within the MHC (P , .001 in all cases)
but not for comparisons involving flanking
markers. As shown by the variance com-
ponents presented in Table 2, the degree
of total disequilibrium (D ) between mark-2

IT

ers within the MHC was three to six times
higher than between MHC and flanking
markers, with the highest disequilibrium
observed between the two class II markers
OLADRB and OLADRBps. Disequilibrium
within cohorts (D ) was up to 10 times2

IS

higher between markers in the MHC com-
pared with disequilibrium between MHC
and flanking markers. Compared to total
disequilibrium (D ), disequilibrium within2

IT

cohorts (D ) more accurately reflects dis-2
IS

equilibrium due to linkage, this measure
(D ) is independent of disequilibrium due2

IS

to temporal variation in allele frequencies
(D ). The effect of genetic drift in allele2

ST

frequencies between cohorts upon dis-
equilibrium (D ) was approximately equal2

ST

for all locus pairs.

Allele Frequency Distributions
Individual allele frequencies and the re-
sults of Watterson’s (1978) test for homo-
zygosity are shown in Table 3. Two mark-
ers within the class II region of the MHC,
OLADRB and OLADRBps, showed very
even allele frequency distributions (P ,
.01 in both cases). These are unlikely un-
der neutrality and suggest the action of
balancing selection maintaining heterozy-
gosity in this region of the MHC. Allele fre-
quency distributions at the class I marker
OMHC1 and the two flanking markers
showed no deviations from neutral expec-
tations.

Expressed DRB Exon 2 Sequence
Variation
Five sequence variants were observed in
the animals sampled (Figure 3), although
I note that a larger sample screened by
SSCP or heteroduplex analysis may have
detected other, rarer variants. All the ob-
served sequence variants could be distin-
guished on the basis of adjacent microsa-

tellite length variation. The sequence var-
iants were designated OAMHC205,
OAMHC213, OAMHC257, OAMHC263, and
OAMHC276 (EMBL accession numbers
Y10245–Y10249) due to their association
with OLADRB microsatellite length vari-
ants 205, 213, 257, 263, and 276, respec-
tively. One sequence variant, OAMHC263,
was associated with both the 263 and 267
microsatellite length variants at OLADRB.
Comparison with all submitted sheep DRB
sequences on the EMBL database indicat-
ed that two of these sequences,
OAMHC257 and OAMHC276, appear iden-
tical to alleles sequenced previously from
domestic flocks (EMBL accession num-
bers U00206 and Z11520, respectively).

Codons involved in antigen presentation
are indicated in Figure 3. Within these
sites, the average synonymous substitu-
tion rate (d̄S) was found to be 0.0939 6
0.0705 SE and the average nonsynony-
mous substitution rate (d̄N) was found to
be 0.2945 6 0.0671 SE. t 5 d/s(d) was
found to equal 2.06 (significant at the 5%
level), indicating that the rate of nonsy-
nonymous substitution exceeds the rate
of synonymous substitution, suggesting
the action of selection upon the class II
MHC antigen presenting site of Soay sheep
(Hughes and Nei 1988, 1989).

Discussion

I used three microsatellite loci located
within the MHC and two flanking marker
controls to rapidly assay genetic variation
in the MHC region of Soay sheep. All loci
were in Hardy-Weinberg proportions. The
three markers located within the MHC
showed high levels of linkage disequilib-
rium, but disequilibrium was not found be-
tween MHC and flanking markers.

The demographic history of the Soay
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Figure 3. Alignment of (a) nucleic acid and (b) predicted protein sequence for the five sequence variants found
at DRB exon 2 in the Soay population. Sequences are arbitrarily compared against OAMHC205. Codons/residues
believed to be involved in antigen presentation are highlighted in bold. The boundary between exonic and intronic
sequence is indicated at nucleic acid position 258/259.

sheep on St. Kilda is complex, with an ini-
tial founder event (see Materials and
Methods), overlapping generations, fluc-
tuating population size and variation in re-
productive success (Clutton-Brock et al.
1991, 1992; Pemberton et al. 1996). It is un-
clear the extent to which selection may
have contributed to the level of disequilib-
rium observed within the population since
the influence of these demographic pro-
cesses upon linkage disequilibrium are dif-
ficult to predict. However, regardless as to
cause, the linkage disequilibrium found
within the MHC (but not between MHC
and flanking markers) justifies my ap-
proach of using neutral microsatellite
markers, since any sites within the MHC
under the influence of balancing selection
is likely to be detected using the markers
in this study. Moreover, effects of balanc-
ing selection should not be detected by
flanking marker controls.

I investigated the role of balancing se-
lection within the MHC region of Soay
sheep by comparing allele frequency dis-
tributions against neutral expectations
(Watterson 1978). Of the five loci screened

in the Soay sheep population, allele fre-
quency distributions of the two markers
within the MHC class II region, OLADRB
and OLADRBps, showed highly significant
deviations from neutral expectations (P ,
.01 in both cases). By contrast, the allele
frequency distribution of the class I mark-
er OMHC1 and the two flanking control
loci showed no significant deviations. The
recent founder event in the Soay sheep
population could act to eliminate rare al-
leles and lead to even allele frequencies
independent of selection. This, however, is
an unlikely explanation for the results ob-
served in this study, since unusually even
allele frequencies are observed only at
MHC loci, with neither flanking markers at
the MHC nor microsatellites distributed
elsewhere in the Soay genome (Pember-
ton et al., in preparation) showing mark-
edly even allele frequency distributions.
The most likely explanation for the pat-
tern of results observed in this study is
balancing selection at sites within the
MHC acting over the recent history of the
Soay sheep population.

Failure to detect balancing selection at

OMHC1 may suggest that an important se-
lected site lies within the MHC class II re-
gion, but that sufficient recombination be-
tween the class I and II regions exists to
disrupt the effects of balancing selection
in maintaining genetic variation over the
entire MHC region. Indeed, the analysis of
linkage disequilibrium variance compo-
nents implies that linkage disequilibrium
within the class II region is around twofold
higher than that found between class I and
II regions. There is, however, insufficient
data to support this conclusion. Particular
alleles at OMHC1 may be associated with
more than one sequence variant which
would reduce my ability to detect balanc-
ing selection within the class I region of
the MHC using the microsatellite marker
OMHC1. Development of further microsa-
tellite markers or direct genotyping of
functional polymorphism within the MHC
would help increase the resolution of this
study.

I also investigated sequence variation in
DRB, an expressed gene product involved
in antigen binding. As in other studies of
this region in ruminants (Ammer et al.
1992; Schwaiger et al. 1993a,b), high cor-
relation was found between sequence
polymorphism and adjacent microsatellite
length variation. There was no loss of in-
formation by typing microsatellite varia-
tion relative to sequence analysis, indicat-
ing that microsatellite analysis represents
a viable approach to assay genetic varia-
tion at the MHC. Indeed, one sequence
variant OAMHC263 was associated with
two microsatellite length variants at
OLADRB, and it is possible that microsa-
tellite variation is marking functional poly-
morphism outside DRB exon 2 sequence.

In common with previous mouse and
human studies (Hughes and Nei 1988,
1989), I detected evidence of balancing se-
lection in patterns of substitution within
the antigen presentation site. The rate of
evolution appears much higher for non-
synonymous than for synonymous substi-
tutions, indicating selection for increased
diversity at residues associated with anti-
gen presentation to the immune system.
This result suggests that selection has op-
erated to shape extant MHC variation in
the population over a far longer time scale
than is indicated by the allele frequency
results. These results can be compared to
recent studies of domestic cattle (Mikko
and Andersson 1995a), American bison
(Mikko et al., in press), and moose (Mikko
and Andersson 1995b). In common with
this study, these populations show evi-
dence for selection over evolutionary time
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in the pattern of nucleotide substitution in
extant DRB sequences despite either do-
mestication in cattle, which might act to
preclude selection in their recent history,
or bottleneck events in bison and moose,
which would tend to reduce extant MHC
variation.

This study represents one of the most
extensive investigations into MHC diver-
sity within a free-living, nonhuman popu-
lation to date. In common with studies on
human and mouse populations, indirect
evidence suggests that diversity at the
MHC in Soay sheep is nonneutral and is
likely to be maintained by balancing selec-
tion. The mechanism behind this balanc-
ing selection is as yet unclear. Both het-
erozygote advantage (Doherty and Zink-
ernagel 1975) and frequency-dependent
selection in response to parasites (Ham-
ilton 1980; Hill et al. 1991) and reproduc-
tive decisions reducing inbreeding (Potts
et al. 1991, 1994) have been proposed as
mechanisms able to maintain genetic di-
versity in vertebrates at the MHC and
across the genome. Further work in pop-
ulations such as the Soay sheep on St. Kil-
da will be required to elucidate the exact
nature of the selective forces acting on the
MHC.
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