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ABSTRACT

The major histocompatibility complex (MHC) is a fundamental part of the vertebrate immune system,
and the high variability in many MHC genes is thought to play an essential role in recognition of parasites.
The Przewalski’s horse is extinct in the wild and all the living individuals descend from 13 founders, most
of whom were captured around the turn of the century. One of the primary genetic concerns in endangered
species is whether they have ample adaptive variation to respond to novel selective factors. In examining
14 Przewalski’s horses that are broadly representative of the living animals, we found six different class 11
DRB major histocompatibility sequences. The sequences showed extensive nonsynonymous variation,
concentrated in the putative antigen-binding sites, and little synonymous variation. Individuals had from
two to four sequences as determined by single-stranded conformation polymorphism (SSCP) analysis. On
the basis of the SSCP data, phylogenetic analysis of the nucleotide sequences, and segregation in a family
group, we conclude that four of these sequences are from one gene (although one sequence codes for
a nonfunctional allele because it contains a stop codon) and two other sequences are from another gene.
The position of the stop codon is at the same amino-acid position as in a closely related sequence from
the domestic horse. Because other organisms have extensive variation at homologous loci, the Przewalski’s

horse may have quite low variation in this important adaptive region.

HE major histocompatibility complex (MHC) is a

fundamental part of the immune system in nearly
all vertebrates (e.g., Edwards and Hedrick 1998). MHC
genes were first observed by the rejection of tissue and
organ transplants from donors that differed genetically
from the recipients and have been genetically impli-
cated in a number of human autoimmune diseases. In
addition, MHC genes have been suggested as important
in mate selection and maternal-fetal interaction (e.g.,
Hedrick 1994; Edwards and Hedrick 1998). The high
variability in many MHC genes, the highest known in
any vertebrate genes, is thought to be an essential aspect
of the ability of an organism to recognize different para-
sites (e.g., Apanius et al. 1997; Hedrick and Kim 1999;
following convention, we use the term parasites to refer
to viral, bacterial, protozoan, and other parasites and
pathogens). As a result, documenting the amount of
MHC variation in a given species should provide insight
into its potential resistance or susceptibility to various
parasites.

Demonstrating the connection between MHC varia-
tion and resistance to parasites is a difficult experimen-
tal challenge (Klein and O’Huigin 1994; Hedrick and
Kim 1999), but there are several well-documented cases
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in which specific MHC haplotypes or genotypes provide
resistance to parasites (Briles et al. 1977; Hill et al.
1991; Xu et al. 1993; Thursz et al. 1997; Paterson et
al. 1998; Carringtonetal. 1999). One of the challenges
in demonstrating such associations is because the MHC
is a multigene family, and it is difficult to separate the
effects of specific alleles from the background genotype.
In fact, because of the high variability within loci and
the similarity of alleles between loci, it has often been
difficult to determine which MHC sequences are allelic
and which are from other genes. Partly because of this
problem, there have been only a few population genetic
studies using MHC alleles known by sequence in spe-
cies other than humans (e.g., Mikko and Andersson
19953a,b; Mikko et al. 1997; Fraser and Bailey 1998;
Hedrick and Parker 1998; Paterson 1998). Here we
document the variation in class 11 DRB MHC sequences
from the endangered Przewalski’s horse and have evi-
dence from family, sequence, and other data that these
sequences are from two genes, one of which has a non-
functional allele. Understanding the inheritance of this
variation will provide a tool both to elucidate the struc-
ture of the DRB region in horses and to examine the
connection of genetic resistance to parasites in the
Przewalski’s horse and related equids.

PRZEWALSKI’'S HORSE

The Przewalski’s horse, also known as the takhi and
the Asian, or Mongolian, wild horse (Equus przewalskii),
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is the only extant species of horse other than the domes-
tic horse, E. caballus (Boyd and Houpt 1994). Przew-
alski’s and domestic horses are closely related and, al-
though Przewalski’s horse has 66 chromosomes and the
domestic horse 64, they will breed and produce viable
offspring. In fact, some researchers (e.g., Nowak and
Paradiso 1983; Ishida et al. 1995) suggest that Przew-
alski’s and domestic horse are both the species E. ca-
ballus and that the Przewalski’s chromosome number is
the ancestral one (Benirschke et al. 1965; Ryder et al.
1978). The Przewalski’s horse was once widespread in
Eurasia but now is assumed extinct in nature with the
last confirmed observation of a wild animal in the 1960s
and the last wild captured animal in 1947 (Ryder and
Wedemeyer 1982). The captive population of Przew-
alski’s horses, which now numbers >1200 animals in
facilities around the world, is descended from 13 ani-
mals. Twelve of these founders were Przewalski’s horses,
11 of which were captured around 1900, and the other
founder a domestic horse mare. In recent years, Przew-
alski’s horses have been released to reserves in Mongolia
and China in an effort to reestablish wild populations
(Ryder 1993).

The pedigree of the captive population has been ex-
amined to determine the effect of over 12 generations
in captivity on the expected amount of genetic variation
and inbreeding (MacCluer et al. 1986; Thompson
1986; Geyer and Thompson 1988; Geyer et al. 1989;
Ballou 1994). These pedigree studies suggest that the
extent of genetic diversity has been greatly reduced, with
60-70% of the original alleles lost because of inbreeding
and genetic drift, primarily in the early generations of
captivity.

The Przewalski’s horse has been examined for the
level of genetic variation in blood group and allozyme
loci (Bowling and Ryder 1987) and mtDNA (Ryder
1994). The level of heterozygosity in the blood group
and allozyme loci was comparable to that found in do-
mestic horses, but the average number of alleles was
much lower (Hedrick 1988); part of this reduction may
be a reflection of a larger sample size for the domestic
horse (Bowling and Ryder 1988). Unlike the amount
and pattern of variation observed for blood group loci,
allozyme loci, or mtDNA, which should be determined
primarily by nonselective factors (although some studies
have shown that each of these genetic markers may be
influenced by selection), such as inbreeding and genetic
drift, the amount of variation at MHC loci should be
influenced by selective as well as nonselective factors.

METHODS

Samples of genomic DNA from 14 Przewalski’s horses
were obtained from O. A. Ryder and L. Chemnick (Cen-
ter for Reproduction of Endangered Species, Zoological
Society of San Diego) and used for polymerase chain
reaction. A 250-bp fragment of a MHC class 11 DRB3

exon 2 was amplified using the following primers: LA31,
5-GATGGATCCTCTCTCTGCAGCACATTTCC
T-3" and LA32, 5’-CTTGAATTCGCGCTCACCTCGCC
GCTG-3’, where the underlined sequences are BamHI
and EcoRI restriction sites, respectively. These are the
same primers used to amplify this gene in cattle
(Andersson et al. 1991; Sigurdardottir et al. 1991)
and in the domestic horse (Gustafsson and Anders-
son 1994). Fraser and Bailey (1996) used these se-
guences as a basis for designing primer sequences in
their study.

Thirty-five cycles of PCR were carried out in a Perkin-
Elmer (Norwalk, CT) 9600 thermal cycler with denatur-
ation at 94° for 30 sec, annealing at 50° for 30 sec,
and extension at 72° for 30 sec. Each 10-pl reaction
contained 40 ng of genomic DNA, 0.5 um of oligonucle-
otide primers, 1.5 mm Mg, and 0.5 units of Taqg polymer-
ase (Perkin-Elmer/Cetus, Emeryville, CA) as recom-
mended by the manufacturer. The amplified products
were digested with BamHI and EcoRIl (Promega Corpora-
tion, Madison, WI) and cloned into either pUC18 or
M13mp18 and M13mp19. Single-stranded conforma-
tion polymorphism (SSCP) was carried out with the
same PCR conditions but included 1 p.Ci of [*P]dATP
in each reaction. Samples were electrophoresed at 4°
on a 6% acylamide gel with 2.6% crosslinking at 50 W
for 3.5 hr. The gel was transferred to 3MM Whatman
paper, dried, and exposed overnight to X-ray film (Fuji
RX). Subclones were also analyzed by SSCP to ensure
that only those subclones with SSCP patterns identical
to the original genomic samples were sequenced. A
minimum of two subclones for each allele were se-
guenced on both strands by the chain termination
method using a Sequenase sequencing kit (United
States Biochemical Corporation, Cleveland).

The Przewalski’s horse has been in captivity for a
number of generations, and the total number of individ-
uals over the history of the captive population is ~2000.
As a result, analysis of the pedigree is quite complicated,
and we have used Pedpack (Thomas 1986) for this pur-
pose. From this software package, we can draw pedi-
grees, calculated inbreeding coefficients, and deter-
mine the expected number of copies of a given founder
gene that has survived (gene survival) in a given individ-
ual or sample of individuals (see Thomas 1990 for an
introduction to the theory used in the calculation of
gene survival). Note that the gene survival values are
not probabilities.

RESULTS

Pedigree analysis: To assist interpretation of the mo-
lecular data, we first present pedigree analysis of the
sample of 14 horses. Figure 1 gives the Przewalski’s horse
pedigree, trimmed (Geyer and Thompson 1988) so
that only the 14 sampled animals (gray symbols) and
their ancestors including the 13 founders (black sym-
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DOM 11 12 17 18 40 39 52 1 5

157 8888

Figure 1.—Pedigree showing the 13 founders of the living Przewalski’s horse (black symbols) and the 14 animals (gray symbols)
that we sampled for MHC. The small black circles indicate “marriage nodes” and the numbers indicate studbook numbers.
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TABLE 1

Studbook number, inbreeding coefficient, and gene survival from the 13 founders of the horses that
were sequenced for class Il DRB gene

Founder

No. f 1 5 52 11 12

DOM 17 18 39 40 211 212 231

339* 0.207 0.12 0.06 006 — —
320° 0.250 0.12 0.06 006 — —
504° 0.334 0.11 0.05
669° 0.334 011 005 005 — —
473 0334 011 005 005 — —
1170 0406 — — — — —
781 0365 0.11 005 005 — —

8888 0.340 0.24 012 012 — —
398 0464 — — — 048 0.25
615 0405 — — — 048 025

1190 0.308 — — — 041 021

1246 0317 — — — 034 017

1576 0304 — — — 033 0.17

668 0.110 0.12 0.06 0.06 0.36 0.19

0.06 006 031 026 022 062 —
0.06 0.06 030 025 021 061 —
0.06 0.06 030 0.24 0.20
0.06 006 030 024 020 058 —
0.06 0.06 030 024 020 058 —
0.10 0.10 0.10 0.10 0.10 0.30 0.80
0.06 0.06 029 024 020 057 —
0.02 002 013 0.11 0.23

025 014 014 014 014 — — —
025 015 015 015 015 — — —
021 015 015 030 024 — — —
0.17 012 0.12 045
017 011 046 046 0.32
019 012 012 012 012 008 023 0.12

032 — — —

No., studbook number; f, inbreeding coefficient.
2 Parents in the family group examined.
b Progeny in the family group examined.

bols) are indicated. In this pedigree representation
from Pedpack (Thomas 1986), the pedigree is read
from top to bottom, circles represent females, squares
represent males, small circles represent “marriage”
nodes with the resulting offspring below, and the num-
bers indicate the studbook numbers.

An attempt was made both to make our sample as
representative of founder origin as possible and to have
a family group to examine Mendelian segregation of
the MHC gene. Table 1 gives, for each individual sam-
pled, the overall inbreeding coefficient and the gene
survival (Geyer and Thompson 1988) from each
founder. The family group has parents 339 and 320 and
progeny 504, 669, and 473. These individuals and 781
have quite similar founder representation, mainly from
the Munich group (founders 17, 18, 39, and 40) and
the Woburn group (211 and 212). Individual 1107 had
high representation (0.80) from the horse (231) cap-
tured in 1947 (termed the New Askanova), 8888 had the
highest representation from the Old Askanova group (1,
5, and 52), the group of 398, 615, 1190, 1246, and 1576
had representation from the Old Prague group [11, 12,
and the domestic horse mare (DOM)], and 668 had
representation from all 13 founders. The inbreeding
coefficients ranged from 0.110 for 668 to 0.464 for 398
with an average of 0.320.

In examination of the whole captive population,
Geyer and Thompson (1988) calculated that the ex-
pected number of genes surviving was 10.48 out of the
26 original genes. In our sample of 14 animals, the
expected number of genes surviving is 6.19, 59% of
the 10.48 total possible. The proportional distribution
of these surviving genes over the five groups is not

greatly different than in the world population (Geyer
and Thompson 1988), i.e., 11, 12, and DOM have pro-
portions of 0.132 in our sample and 0.202 in the world
population, 17, 18, 39, and 40 have 0.399 and 0.336,
211 and 212 have 0.304 and 0.166, 1, 5, and 52 have
0.242 and 0.128, and 231 has 0.141 and 0.167.

MHC sequences: Six different sequences were de-
tected (GenBank accession nos. AF084187-AF084192),
and the codons that we found variable in Przewalski’s
horse are given in Table 2. In addition, the amino acids
observed for the same sites in the 11 published se-
quences from the domestic horses are given (Gustafs-
son and Andersson 1994; Fraser and Bailey 1996).
Przewalski’s sequences Eqpr-DRB*1 and Eqpr-DRB*4
differed by only one amino acid (position 65) and Przew-
alski’s sequences Eqpr-DRB*1, Eqpr-DRB*4, Eqpr-
DRB*5, and Eqpr-DRB*6 were all quite similar and dif-
fered from each other by one to four amino acids.

Figure 2 gives the neighbor-joining tree for the 6
Przewalski’s nucleotide sequences and the 11 published
domestic horse nucleotide sequences with cattle se-
guence BoLA-DRB3*0101 (Mikko and Andersson
1995a) as an outgroup. First, note that Przewalski’s se-
quences Eqpr-DRB*1, Eqpr-DRB*4, Eqpr-DRB*5, and
Eqpr-DRB*6 cluster together and separately from Przew-
alski’s sequences Eqpr-DRB*2 and Egpr-DRB*3. Domes-
tic horse sequences DRB*3 and DRB*7 (we use the pre-
viously used designations without the species indicator
for these sequences) also were quite similar to the clus-
ter of 4 Przewalski’s sequences. In all the sequences,
there were only two stop codons and they were in the
similar Przewalski’s sequence Eqpr-DRB*6 and domestic
sequence DRB*3 (different by seven amino acids), and
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TABLE 2

Amino acid sequence of the sites variable for amino acids in the DRB gene in the 6 Przewalski’s horse sequences
(Egpr) and the 11 domestic horse sequences
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+, an antigen-binding site; #, a stop codon; x, an ambiguous sequence.

the stop codon was at position 61 in both. Note that
the Przewalski’s horse individuals (399 and 669) with
Eqpr-DRB*6 did not have ancestry from DOM. In addi-
tion, Przewalski’s sequence Eqpr-DRB*2 and domestic
horse sequence DRB*11 only differed by one amino
acid at position 12, and domestic horse sequence DRB*6
was very similar to these sequences. Both of these clus-
ters had sequences from both species. Domestic horse
sequences DRB*1 and DRB*9 differed only by three
amino acids.

There were synonymous substitutions at only five co-
dons in the Przewalski’s sequences (Table 3), none of
which were putative antigen-binding sites (ABS). Three
of these were sites in which there were also nonsynony-

mous substitutions (positions 27, 84, and 85). There
was synonymous variation at all five of these positions
in the domestic horse sequences. All of the synonymous
substitutions found in the Przewalski’s horse sequences
were also found in the domestic horse sequences.

In the total sequence examined, there were 15 posi-
tions that are ABS and 63 that are not (non-ABS). For
both the Przewalski’s and domestic horse, 12 (80%) of
the ABS were variable while for the non-ABS, 16 (25.4%)
were variable in the Przewalski’s horse and 24 (38.1%)
were variable in the domestic horse. There were 3.15
(0.8/0.254) and 2.10 (0.8/0.381) as many variable ABS
as non-ABS per site in the Przewalski’s and domestic
horses, respectively.
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Figure 2.—A neighbor-
joining tree for the 6 Przew-
alski’s horse sequences and
the 11 domestic horse se-
qguences (the numbers indi-
cate bootstrap values for the
internal nodes).
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Table 4 gives the proportions of nonsynonymous (d,)
and synonymous (d;) differences using the Jukes-Cantor
correction (Nei and Gojobori 1986; Kumar et al. 1993)
and their ratio for ABS and non-ABS for the 17 se-
guences in the two species of horses. For the ABS, the
nonsynonymous rate was much higher than the synony-
mous rate for both species with the d,/d; ratio much
larger than unity, suggesting selection for diversity in
these positions. Also in Table 4 are the two-tailed proba-
bilities that these values are different using a t-test (e.g.,
Zhang et al. 1997). For the antigen-binding sites in the
domestic horse and for both horses, these are highly

TABLE 3

The five positions in the 6 Przewalski’s horse sequences
that showed synonymous variation and the 11
sequences in the domestic horse for these positions

Eqpr DRB*1 ctg ggg gcc ggc gtc

Eqpr DRB*2 t—— —-—C —-—g - —_
Eqpr DRB*3 —_— —_— - -—g —t

Eqpr DRB*4 - —_— - - —_
Eqpr DRB*5 - - - - -
Eqpr DRB*6 - —_— —_ —_ R—
DRB*1 t—— —-—C —_— -c-? -
DRB*2 —_— —_— —-a -9 —t

DRB*3 — — — - —
DRB*4 - — - _— a——=2
DRB*5 - —_— - -c-? —_—
DRB*6 t—— ——C -—g - —_—
DRB*7 —_— —_— —_— —_— —_—
DRB*8 — — — - a—-*
DRB*9 t—— ——C —_— -c-? -
DRB*10 g-a* —_— —-— ——X -
DRB*11 t—— ——C -—g —X— -

X, indicates DNA sequence ambiguity.
2 Codes for a different amino acid in the domestic horse.

significant while for Przewalski’s, the probability is only
0.06. However, as Zhang et al. (1997) show, these proba-
bilities are somewhat low so the Przewalski’s horse ratio
is less statistically significant than the 0.06 value suggests.
On the other hand, the ratios in both species for non-
ABS were less than unity but not significantly different,
similar to that found in other species for MHC se-
guences.

From the SSCP analysis and cloning, two different
sequences were found in 10 of the horses, three se-
guences in 2 (1190 and 668), and four sequences in 2
(339 and 669). Finding more than two sequences in
an individual suggests amplification of sequence from
more than one gene, not unexpected in a multigene
family such as the MHC (Ellis et al. 1995; Fraser and
Bailey 1996). We established a possible explanation for
these patterns based on the phylogenetic clustering of
the sequences (however, note that the genetic distances
between sequences here are not larger than that re-
ported in humans and cattle; e.g., Mikko and Anders-
son 1995a) and the pattern of sequences in the family
group. First, the tight clustering of sequences Eqpr-
DRB*1, Eqpr-DRB*4, Eqpr-DRB*5, and Eqpr-DRB*6 sug-
gests that these sequences are from alleles at a single
gene, which we will call gene A with alleles A;, A, As,
and Ag;. Remember, because Ag has a stop codon, there
are only three functional alleles at this putative gene.

Second, if it is assumed that the other two sequences,
Eqpr-DRB*2 and Eqpr-DRB*3, are produced from al-
leles at a second locus, which we will call gene B with
alleles B, and B;, then the pattern of variation within
the family group can be explained if we assume that
individuals that show only one and two sequences for
these two putative genes are homozygotes and heterozy-
gotes, respectively. Table 5 shows that the pattern of
sequences found in the family group can be explained
by segregation of the two-locus haplotypes shown. Hap-
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TABLE 4

Estimated rate of nonsynonymous (d,) and synonymous (d;) differences (standard error in
parentheses) and their ratio in the ABS and non-ABS for the Przewalski’s and domestic horses

Region No. of codons Differences E. przewalskii E. caballus Average
ABS 15 dn 0.200 (0.055) 0.303 (0.064) 0.267 (0.057)
d, 0.054 (0.055) 0.025 (0.035) 0.031 (0.034)

dn/d; 3.70 (P = 0.06) 12.1 (P < 0.001) 8.61 (P < 0.001)
Non-ABS 63 d, 0.078 (0.016) 0.114 (0.017) 0.103 (0.015)
ds 0.083 (0.027) 0.162 (0.035) 0.134 (0.031)

d./d; 0.940 (P = 0.87) 0.704 (P = 0.22) 0.769 (P = 0.37)
Total 78 d, 0.098 (0.016) 0.145 (0.017) 0.130 (0.016)
d 0.077 (0.024) 0.132 (0.028) 0.112 (0.025)

dn/d, 1.27 (P = 0.47) 1.10 (P = 0.69) 1.16 (P = 0.55)

lotypes are given because it is assumed that these two
genes are closely linked, as are other class 11 MHC genes
in mammals, and the pattern of genotypes in the parents
and progeny suggests the linkage association given. If
these are the correct parental genotypes, then one
would expect equal numbers of the two progeny geno-
types (assuming no recombination). For three progeny,
a ratio of two A;A; B,B, to one AA; B,B; is as close to
equality as possible.

With these assumptions, the two-locus genotypes for
the 14 individuals are as given in Table 6. Using these
genotypes, the observed frequencies for alleles A;, A,
As, and Ag are 0.536, 0.107, 0.286, and 0.071, respec-
tively, and the observed frequencies for alleles B, and
B; are 0.929 and 0.071. Examining the individuals in
the pedigree, it appears that alleles A, and As are only
present in individuals with the highest ancestry from
the Old Prague group (11, 12, and DOM) and that
allele Aq is only present in individuals with ancestry from
the Woburn group (212 and 231). Similarly, allele B; is
only present in individuals with substantial ancestry
from the Woburn group.

The observed proportions of heterozygotes for puta-
tive loci A and B are 0.286 and 0.071, respectively. Inter-
estingly, for locus A, the two individuals (339 and 668)
with the lowest inbreeding coefficients are both hetero-
zygotes. To obtain an estimate of the expected heterozy-
gosity (Hg) for the A locus, we calculated

He= (1 - )1 - 2pd),
where p; is the frequency of the ith allele at a locus and

f is the inbreeding coefficient. Because of the apparent
separation of our sample into two major groups by both

ancestry and alleles at this locus (group 1 being 339,
320, 504, 669, 473, 1107, 781, and 8888 and group 2
being 398, 615, 1190, 1246, 1576, and 668), we calcu-
lated the expected heterozygosity and observed average
inbreeding coefficient separately for each group (using
the individual inbreeding coefficients in Table 1 for
groups 1 and 2, the average inbreeding coefficients were
0.321 and 0.318, respectively) and then weighted the
expected heterozygosity by the size of the two groups.
The resulting expected heterozygosity for locus A is
0.223, not significantly different from the 0.286 ob-
served (based on a x? test), and the expected heterozy-
gosity for locus B is 0.081, not significantly different
from 0.071.

DISCUSSION

Documenting the extent of MHC variation in a popu-
lation can be a difficult challenge. Here the combina-
tion of SSCP to determine how many sequences there
are in a given individual, phylogenetic analysis of the
sequence data, and segregation of the variants in a fam-
ily group allowed us to develop a reasonable hypothesis
to assign sequences to two specific genes, something
that was not possible for earlier work in the domestic
horse (Gustafsson and Andersson 1994; Fraser and
Bailey 1996). Using these assignments, heterozygosities
were calculated for the two putative genes, values that
were consistent with predictions from population genet-
ics theory.

Like other studies of MHC in closely related species
(e.g., Klein 1987; Gyllensten et al. 1990; Mikko et al.
1997; Fraser and Bailey 1998), we found that the class

TABLE 5

The putative genotypes and haplotypes at two genes, A and B, consistent with the sequence patterns
observed in the family group (studbook numbers are given in parentheses)

Parents

Progeny A.B,/A.B, (504)

AB,/AB; (339) X AB,/AB, (320)

AB,/A;B; (669) AB,/AB, (473)
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TABLE 6

The studbook number, the Przewalski’s horse sequences
for each individual, and the possible genotypes at the
two putative genes, A and B

Possible genotype

Studbook
number Sequences A B
339 1,236 AA B,B;
320 1,2 AA; B,B,
504 1,2 AA; B,B,
669 1,236 AAq B,B;
473 1,2 AA; B,B,
1107 1,2 AlA BB,
781 1,2 AA; B,B,
8888 1,2 AA; B,B,
398 2,4 AA, B,B,
615 2,5 AsA; B,B,
1190 1,25 AjA; B,B,
1246 2,5 AA; B,B,
1576 2,5 AsA; B,B,
668 2,4,5 AA; B,B,

Il MHC sequences of the Przewalski’s and domestic
horses were interspersed throughout the phylogenetic
tree. Although we did not find any sequences in the
Przewalski’s horse completely identical to sequences in
domestic horses like DRA (Albright-Fraser et al.
1996), Przewalski’s horse sequence Eqpr DRB*2 and
domestic horse sequence DRB*11 only differed by one
amino acid, and several other Przewalski’s sequences
were very similar to domestic horse sequences. These
findings suggest that much of the polymorphism ob-
served in the two species was ancestral to formation
of these species and that this polymorphism has been
transmitted and maintained in these descendant spe-
cies, a phenomenon known as trans-species polymor-
phism (Klein 1987). Ishida et al. (1995) found that a
Przewalski’s mtDNA sequence was within the genetic
variation of domestic horses and concluded that the
two taxa were only recently diverged. Because similar
MHC sequences are often found in quite divergent spe-
cies, similar conclusions from our data cannot be made.
Additionally, the finding that the only stop codon in
the Przewalski’s horse sequences was at the same exact
position as the only stop codon found previously in
domestic horse sequences suggests that this stop codon
was also ancestral to the divergence of these two species.

As in other species (e.g., Hughes and Nei 1989), we
also found that the rate of nonsynonymous substitutions
was higher than the rate of synonymous substitutions
for putative antigen-binding sites. This finding has been
interpreted to support the hypothesis that selection for
diversity is very strong at these sites and results in a d./
d, ratio larger than unity, the opposite of that expected
for purifying selection. Non-ABS, many of which are
interspersed with the ABS, show no such pattern and
have a ratio slightly lower than unity.

In our sample of 14 individuals, we found six different
class I DRB MHC sequences. However, it appears that
four of these sequences are at what we tentatively desig-
nate as gene A, all of which are very similar and one of
which was nonfunctional because of a stop codon. The
remaining two sequences at what we tentatively desig-
nate as gene B, Eqpr-DRB*2 and Eqpr-DRB*3, then rep-
resent the variation at the other gene. However, Eqpr-
DRB*3 was present in only two individuals, one of which
was a daughter of the other individual with Eqpr-DRB*3,
so that these sequences were identical by descent with
an overall frequency of 0.071, and the observed hetero-
zygosity for this putative gene B was only 0.071.

In the domestic horse, there were eight sequences
clustering with sequences Eqpr-DRB*2 and Eqpr-DRB*3,
substantially more variation in a total sample of only six
horses than we found in our Przewalski’s horse sample.
Also, the putatively homologous gene DRB3 in cattle
has extensive variation with 30 different alleles in a
sample of 50 European and African cattle (Mikko and
Andersson 1995a). Even moose, which are thought to
have low class Il MHC variability, had 7 alleles for their
DRB3 homologue in a sample of 30 Swedish animals
and 4 alleles in a sample of 19 Canadian animals (Mikko
and Andersson 1995b), although most of these alleles
were fairly similar in sequence. Further, in a sample
of 20 North American bison, which went through a
bottleneck at the end of the nineteenth century, 9 differ-
entalleles were found at their DRB3 homologue (Mikko
et al. 1997). In other words, it appears that the Przew-
alski’s horse is quite depauperate in class Il MHC varia-
tion compared to the domestic horse and other not too
distant species.

As suggested by our pedigree analysis, the two main
groups of Przewalski’s horses showed substantial differ-
entiation in the sequences found. Sequences Eqpr-
DRB*4 and Eqpr-DRB*5 were only found in horses with
a high ancestry from the OId Prague group, and se-
guences Eqpr-DRB*3 and Eqpr-DRB*6 were found in
individuals with a high ancestry from the Woburn group.
We do not have enough samples to determine which
founders or group of founders contributed specific al-
leles, but we can make an educated guess from the gene
survival probabilities for each individual from Table 1
(of course more than one founder may have had each
sequence). For example, the most likely source of both
Eqgpr-DRB*3 and Egpr-DRB*6 is founder 212 with found-
ers 39, 40, and 211 having a reasonable probability of
being the source. In this case, because these sequences
appear to be from alleles at different loci (see Table 5),
this would be the source of the Eqpr-DRB*3-Eqpr-DRB*6
haplotype. The most likely source of Eqpr-DRB*5 is
founder 11, with founder 39 also a likely source. Finally,
the most likely source of Eqpr-DRB*4 is also founder 11.

The overall impact of choosing mates in a managed
population based on increasing the frequency of partic-
ular rare MHC alleles, although recommended by
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Hughes (1991), appears to be generally detrimental
to maintaining overall variation (Hedrick and Miller
1994). From the above analysis it appears that founder
11 may be the source of two of the sequences found in
our study. At one time it was recommended that the
contribution of DOM be systematically reduced, but
detailed examination of the pedigree showed that nearly
all the contribution of DOM was tightly associated with
that of founders 11 and 12 (Geyer and Thompson
1988; Geyer et al. 1989). If a program to reduce the
contribution of DOM were instituted, then the contribu-
tion of 11, the likely source of these sequences, and
perhaps other genetic variation, would also be reduced.

None of the alleles we found appear to be domestic
horse alleles, i.e., descended from DOM. Of course,
the sample of individuals from which domestic horse
sequences were obtained is relatively small and it is likely
that more sequence will be found as the sample size of
domestic horses is increased. The six Przewalski’s horses
with ancestry from DOM had sequences Eqpr-DRB*1,
2, 4, and 5. Sequences Eqpr-DRB*1 and Eqpr-DRB*2
were very common in the other Przewalski’s horses,
which had no known ancestry from domestic horses.
The closest domestic horse sequence to Eqpr-DRB*4
was DRB*3, which differed by four amino acids and a
stop codon. The closest domestic horse sequence to
Eqgpr-DRB*5 was DRB*7, which differed by three amino
acids. Eqpr-DRB*6, which had a stop codon, does not
appear to be a domestic horse allele, even though the
stop codon is in the same amino-acid position, because
the two individuals with this allele do not have any
ancestry from DOM.

Fraser and Bailey (1996) suggest that their findings
support the presence of three DRB loci in at least some
domestic horses. In our sample of 14 Przewalski’s horses,
10 animals have only two sequences. Fraser and Bailey
(1996) found three different sequences in two different
apparently homozygous animals (DRB*4, 5, and 6 in
animal D and DRB*7, 8, and 9 in animal F), and all six
sequences appear to be present in their father. However,
in another animal X, not necessarily thought to be ho-
mozygous, they found only two sequences. Interestingly,
X, which had sequence DRB*11 that was only one amino
acid different from Przewalski’s sequence Eqpr-DRB*2,
was an Andalusian stallion (D. G. Fraser, personal com-
munication), an ancient breed of domestic horse. D. G.
Fraser (personal communication) also found that an-
other unrelated Andalusian horse and two Przewalski’s
horses also appeared to have at most two genes. These
findings appear to suggest that some domestic horses
have three DRB genes, other domestic horses have two
DRB genes, and Przewalski’s horses have two DRB genes.
Such variation in closely related species is not unlikely
because variation in the number of DRB loci has been
well documented in humans (Gongora et al. 1997).
Further data is obviously necessary to understand the
patterns of DRB variation within and between equid
species.

We greatly appreciate the samples provided by O. Ryder and L.
Chemnick of the San Diego Zoo, the assistance of T. Kim and R.
Sheffer with data analysis, T. Kim for producing Figure 2, and the
comments of L. Andersson, S. Ellis, and D. Fraser on an earlier version
of the manuscript. We thank D. Johnson and M. Carrington for their
considerable efforts in attempting to determine the allelism of the
different sequences.
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