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ABSTRACT Major histocompatibility complex (MHC)
genes encode cell surface proteins whose function is to bind
and present intracellularly processed peptides to T lympho-
cytes ofthe immune system. ExtensiveMHC diversity has been
documented in many species and is maintained by some form
ofbalancing selection. We report here that both European and
North American populations of moose (Alces alces) exhibit
very low levels of genetic diversity at an expressed MHC class
II DRB locus. The observed polymorphism was restricted to
six amino acid substitutions, all in the peptide binding site,
and four of these were shared between continents. The data
imply that the moose have lost MHC diversity in a population
bottleneck, prior to the divergence of the Old and New World
subspecies. Sequence analysis of mtDNA showed that the two
subspecies diverged at least 100,000 years ago. Thus, viable
moose populations with very restricted MHC diversity have
been maintained for a long period of time. Both positive
selection for polymorphism and intraexonic recombination
have contributed to the generation ofMHC diversity after the
putative bottleneck.

The major histocompatibility complex (MHC) class I and class
II molecules exhibit an extraordinary high degree of genetic
polymorphism in many vertebrate species (1). The MHC
polymorphism occurs predominantly at residues involved in
peptide binding (2-4), and there is compelling evidence that
the polymorphism is maintained by some form of balancing
selection (5-8). The essential role of the MHC molecules for
immunological recognition of foreign peptide antigens implies
that the cause for this selection is related to the influ-
ence of MHC polymorphism on host defense against patho-
gens (9, 10). Consequently, it has been suggested that species
with low MHC polymorphism may be particularly vulnerable
to infectious diseases (11, 12).
The moose is the largest deer in the world and has a

circumpolar distribution in the Northern Hemisphere. It
evolved in Eurasia and entered America by way of the Bering
land bridge during the Pleistocene (13). The moose from the
Old and New Worlds are considered to be subspecies (14). Our
interest in characterizing MHC polymorphism in the moose is
due to the occurrence of high mortality caused by a nematode
(Elaphostrongylus spp.) parasitizing the central nervous system
(15), as well as a wasting disease associated with a recently
identified retrovirus (16). We have observed low levels of
MHC polymorphism in Swedish moose for both class I genes
and for class II DQ andDR genes by using restriction fragment
length polymorphism and single strand conformation poly-
morphism (SSCP) analyses (H. Ellegren, S.M., K. Wallin, and
L.A., unpublished data). The objective of this study was to
provide further insights into the level of moose MHC poly-
morphism by DNA sequence analysis.t The DRB gene was
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chosen for this purpose because it is the most polymorphic
class II gene in cattle and humans (17, 18). Moreover, to test
whether low levels of MHC polymorphism are characteristic
for the moose, samples from both the European and North
American subspecies were analyzed.

MATERIALS AND METHODS

Samples. Blood or tissue samples were available from 30
Swedish moose from five localities (Lycksele and Laisdalen,
county of Lappland; Robertsfors, county of Vasterbotten;
Sala, county of Uppland; Tranas, county of Smaland). Tissue
samples from 19 Canadian moose collected in seven different
national parks (Yoho, Terra Nova, Jasper, Banff, Glacier,
Kootenay, and Prince Albert) were kindly provided by C.
Strobeck (Department of Zoology, University of Alberta,
Edmonton, Canada). The localities were geographically well
distributed within each country.
SSCP and Sequence Analysis of DRB1 Exon 2. Genomic

DNA was prepared, and PCR amplification ofDRB exon 2 was
carried out with the primers LA31 and LA32 as described (19).
SSCP analysis was carried out on fragments fractionated by 8%
polyacrylamide gel electrophoresis.(SE600, Hoefer) at a con-
stant temperature of +20°C. SSCP fragments were visualized
by silver staining. PCR fragments corresponding to individual
alleles were used for direct sequencing after a second round of
PCR with LA31 and a nested primer, F1 (5'-GCTCAC-
CTCGCCGCTGCAC-3'). The sequence analysis involved a
total of 21 moose representing the 10 alleles revealed by SSCP
analysis. For homozygotes, an aliquot of the reaction mixture
from the first round of PCR was used as template, while for
heterozygotes, allelic fragments were isolated from polyacryl-
amide gels containing SSCP fragments. Gel fragments were
put in 100 jIl of sterile water, and the supernatant obtained
after repeated freezing and thawing was desalted with the
Qiaex kit (Qiagen, Chatsworth, CA). Ten microliters of the
desalted eluate was used as template in a second round of PCR.
The resulting PCR product was used forDNA sequencing after
purification with QIAEX. DNA sequencing on both strands
was carried out on an ABI 373A instrument by using cycle
sequencing and dye terminators (Applied Biosystem).
cDNA Analysis. Blood samples were collected from two

individuals, both ofwhom turned out to be homozygous for the
DRB1*4 allele. mRNA was prepared from buffy-coat cells by
using the QuickPrep Micro mRNA purification kit (Pharma-
cia). First strand cDNA synthesis was performed with random
primers by using the Reverse Transcription System (Promega).
The product of first strand synthesis was diluted to 20% of its
initial concentration and 5 gul of the diluted product was used

Abbreviations: MHC, major histocompatibility complex; SSCP, single
strand conformation polymorphism; D loop, displacement loop.
tTo whom reprint requests should be addressed.
tThe sequences reported in this paper have been deposited in the
GenBank data base (accession nos. X82398 and X83278-83286).
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as template for PCR amplification with the highly conserved
DRB primers LA59 (5'-GATGGATCCGTGCGCTTCGA-
CAGCGAC-3') and LA23 (5'-ATCGAATTCGCTG-
CAGGGGCTGGGTCTTG-3'). PCR reactions were carried
out with 10 pmol of each primer and 200 tiM each dNTP in a
reaction buffer containing 1.5 mM MgCl2, 50mM KCI, 10mM
Tris-HCl (pH 8.3), and 0.5 unit of Taq DNA polymerase in 20
,Ll. A total of 30 cycles were performed in a thermocycler
(Perkin-Elmer model 9600) as follows: 10 s at 94°C, 10 s at
50°C, and 30 s at 72°C, except that the three first cycles had
denaturation times of 30 s at 95°C. The PCR product was
diluted to 1% of its initial concentration and 2 ,ul of the diluted
product was used for a second round of PCR with the same
primers. The amplified product was purified and sequenced
from both strands as described above.
mtDNA Analysis. A segment of the hypervariable control

region of mtDNA was amplified by PCR by using the primers
LmPro (L15997) 5'-GCCATCAACTCCCAAAGCT and
TDKT (H16498) 5'-CCTGAAGTAGGAACCAGATG (20);
the primer designations are composed of a coded name fol-
lowed by the human nucleotide reference number. L or H indi-
cates light or heavy strand. PCR and SSCP analyses were
carried out essentially as described above. The DNA sequences
of the mtDNA types of six Swedish and 10 Canadian moose
were determined by cycle sequencing of the PCR products
without subcloning.

Phylogenetic Analyses. Neighbor-joining phylogenetic trees
(21) were constructed by using the MEGA program (22) and by
applying genetic distances estimated with Kimura's two-
parameter method (23). The relative frequencies of nonsyn-
onymous (dN) and synonymous substitutions (ds) were esti-
mated according to Nei and Gojobori (24) applying Jukes and
Cantor's (25) correction for multiple hits. Genetic distances
between mtDNA haplotypes were calculated by means of the
Kimura two-parameter method using MEGA. The average pair-
wise distance between mtDNA haplotypes from Swedish and
Canadian moose was calculated according to Nei (26).

RESULTS
SSCP and Sequence Analysis of DRBI Exon 2. Allelic

fragments representing a single locus, denoted DRB1, were
amplified by PCR from genomic DNA by using cattle-specific
primers for DRB exon 2; this exon encodes half of the DR
peptide binding sites and harbors the great majority of poly-
morphic codons in mammalian DRB genes (3). SSCP analysis
revealed seven and four DRB1 alleles among Swedish and
Canadian moose, respectively, and only one allele was shared
between continents (Table 1). The alleles were further inves-
tigated by sequencing exon 2. The polymorphism was restricted
to 10 nucleotide substitutions causing altogether six amino acid

Table 1. MHC DRB1 allele frequencies in Swedish and
Canadian moose

Sweden Canada
Allele (n = 30) (n = 19)

DRB1 *1 0.28 0
DRB1*2 0.38 0
DRB1*3 0.05 0.18
DRB1*4 0.12 0
DRB1*5 0 0.58
DRB1*6 0.13 0
DRB1*7 0 0.21
DRB1*8 0.02 0
DRB1*9 0.02 0
DRB1*10 0 0.03

substitutions (Fig. 1 A and B). The moose DRB diversity is
minute compared with that of cattle (Fig. 1A) and a number
of other species, with respect to the number of alleles and, in
particular, the number of substitutions between alleles. How-
ever, the polymorphism is most certainly functionally signifi-
cant, as all substitutions occur at positions involved in peptide
binding.
The relative frequencies of nonsynonymous and synony-

mous substitutions among DRB1 alleles differed significantly
at codons for the peptide binding site (dN = 0.113 + 0.032; ds
= 0; P < 0.001). This provides evidence that the accumulation
of DRB diversity has been promoted by positive Darwinian
selection. For instance, alleles 1 and 3 differ by a single synon-
ymous substitution but by eight nonsynonymous substitutions
at five codons for residues involved in peptide binding (Fig.
1B).
DRB cDNA Analysis. cDNA was isolated from peripheral

blood lymphocytes of Swedish moose and subjected to PCR
and subsequent sequence analysis. This was done to ensure
that our estimate ofDRB diversity was based on an expressed
locus and that PCR of genomic DNA with cattle-specific
primers did not fail to amplify a second more polymorphic
DRB locus. The experiment was expected to amplify all ex-

pressed DRB genes since the primers used corresponded to
highly conserved parts ofDRB exons 2 and 3. Direct sequenc-
ing of the amplified product from two presumed homozygotes
showed that the cDNA products were derived from a single
predominantly expressed locus identical to that defined by
PCR analysis of genomic DNA (Fig. 2).

Phylogenetic Analyses. A phylogenetic-tree analysis of
moose, cattle, and human DRB alleles illustrates the very
restricted moose DRB diversity (Fig. 3). Moreover, the fre-
quency of synonymous substitutions between alleles was esti-
mated at 0.087 ± 0.021, 0.046 ± 0.015, and 0.009 ± 0.009 for
humans, cattle, and moose, respectively. The striking differ-
ences in interallelic genetic distances show that DRB alleles in
the moose must be a lot younger than human and cattle alleles
(Fig. 3); some of the allelic lineages in humans are assumed to
be tens of millions of years old (4).
mtDNA Analysis. A part of the hypervariable displacement

loop (D loop) ofmtDNA was amplified by PCR and sequenced
to get an estimate of the time since divergence of European
and North American moose populations. SSCP and sequence
analyses of the amplified fragments resolved two and seven
mtDNA types among the samples of Swedish and Canadian
moose, respectively. A striking difference between D-loop
sequences from Swedish and Canadian moose was that the
former contained an insertion of 75 nucleotides. A total of 28
polymorphic positions, all due to transition mutations, were
found among the nine alleles (Table 2). The subspecies status
of European and Canadian moose is supported by the clear
dichotomy in D-loop sequences from the two populations (Fig.
4); the insertion was not included in the phylogenetic analyses.
We observed an average pairwise nucleotide distance of

3.9% between mtDNA sequences from different continents.
Applying the estimated molecular clock rate of 0.118 x 10-6
substitutions per site per year for the D loop in humans (29)
to these data, we obtained a divergence time of 165,000 years
B.P. for the two subspecies. A higher estimate of about 350,000
years was obtained by relating the moose data with the
corresponding D-loop distance between domestic cattle and
American bison (10.6%) who are assumed, on the basis of
allozyme and paleontological evidence, to have diverged from
a common ancestor 1 million years ago (30). We conclude that
the divergence time for the European and North American
populations included in this study is in the range of 100,000-
400,000 years B.P. Thus, the split between the two subspecies
must predate the last Pleistocene glaciation, which lasted from
about 120,000 to 10,000 years B.P. (31), and the two subspecies
have recolonized previously glaciated areas from different

The allele frequencies have been obtained by pooling data from
different localities, and there may be allele frequency differences
between localities.
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FIG. 1. (A) Alignment of moose and cattle (19) DRB amino acid sequences encoded by exon 2. Identity to the master sequence in each species
is indicated with a dash. + marks positions in the peptide binding site (3). (B) Polymorphic codons with corresponding amino acid residues for
the 10 moose DRB1 alleles.

refugia. The mtDNA diversity revealed here provides a tool to or to a population bottleneck. The latter explanation is the
study the phylogeny of moose populations. most plausible one and is supported by the fact that the

heterozygosity at allozyme loci in the moose is low compared
~~~~DISCUSSION wwith other mammals and in relation to its current effective

population size (32); the average heterozygosity has been esti-
This study has revealed that both European and North Amer- mated to be 0.020 compared with 0.143 in humans. The almost
ican moose populations possess low genetic diversity at aMHC complete sharing of DRB sequence motifs between Swedish
class II DRB locus. The functional importance of this locus is and Canadian moose shows that the inferred loss of MHC
validated by our cDNA analysis, as well as the significant excess diversity must predate the divergence between the European
of nonsynonymous substitutions, which provides evidence that and North American subspecies, which occurred more than
the locus is under selection for expressed polymorphism. The 100,000 years B.P. according to our mtDNA analysis.
data imply that the moose, sometime during its population An important question is whether our estimate of MHC
history, has lost most of its DRB diversity. This could be due diversity in the moose is representative since it is not trivial to
to selection for one or a few favored MHC class II haplotypes estimate the degree of genetic diversity in a complex system
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FIG. 2. Comparison of genomic (g) and cDNA (c) sequences obtained for the moose allele AlalDRB1*4; the designation of the moose allele
follows the proposed nomenclature for MHC genes (27). A genomic cattle sequence, corresponding to clone Al (28), is used as a reference. The
nucleotide sequences corresponding to the primers LA31, LA59, LA32, and LA23 are indicated with arrows. The primer pairs LA31/32 and
LA59/23 were used for the PCR amplification of genomic DNA and cDNA, respectively. Intron/exon borders are indicated by vertical arrows.
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1

FIG. 3. Neighbor-joining phylogenetic tree of moose, cattle (19),
and humai (18) DRB exon 2 sequences. d, Genetic distance.

like the MHC. First, the sample size used was rather small.
However, it was adequate for the purpose of this study since
we sampled almost 100 chromosomes representing the two
major phylogenetic groups of moose. The statistical signifi-
cance for a markedly lower DRB diversity in the moose
compared with that in cattle or humans is overwhelming
(compare Figs. 1A and 3). Second, our cattle-specific primers
may not amplify all moose alleles. This could not be a major
bias since we got good amplifications from all individuals.
Thus, if there are alleles which do not amplify well, they should
be rare. Third, there may be other highly polymorphic class II
genes. Although this cannot be formally excluded, it appears
unlikely. Our cDNA experiment showed that the locus inves-
tigated is the predominantly expressed DRB locus in moose. In
humans and cattle, it is the predominantly expressed DRB
Table 2. Mitochondrial D-loop sequences from Swedish and
Canadian moose

Position

11122333 3334444444 44445555
206889124 5570111134 45592223

Sequence Origin 3050666829 1453123551 88942356

1 S GATAACTTTA CTGCTCGCTC GCTAATTG
2 S -----T---- -C-T-----T -T------
3 C AG-GGT-C-G --ATC-ATCT ATC-GCC-
4 C AG-GGT-C-G --ATC-ATCT ATCGGCCA
5 C AGCGGT-C-G T-ATCTATCT ATC-G-C-
6 C AG-GGT-C-G --ATC-ATC- ATC-GCC-
7 C AG-GGT-C-G --ATC-ATCT AT--GCC-
8 C AG-GGTCC-G --ATC-A-CT ATC-GCC-
9 C AG-GGT-CCG --ATC-ATCT ATC-GCC-

The length of the sequenced fragment was 549 nucleotides including
an insertion of 75 nucleotides (position 201-275) in sequences 1 and
2 from Swedish moose. Only the 28 polymorphic positions are shown.
A dash indicates identity to sequence 1. S, Swedish; C, Canadian.

5

4
0 0.001 9d 9

6

3

FIG. 4. Neighbor-joining phylogenetic tree of moose mtDNA
D-loop sequences. Sequences 1 and 2 were from Swedish moose, and
sequences 3-9 were from Canadian moose. d, Genetic distance.

locus which is the most polymorphic one (17, 18). Thus,
although there may well be other expressed DRB genes in the
moose, they are unlikely to be highly polymorphic. Finally, the
DRB sequence data are entirely consistent with our previous
restriction fragment length polymorphism studies of Swedish
moose showing very restricted class I and class IIDQ and DRB
diversity (H. Ellegren, S.M., K. Wallin, and L.A., unpublished
data).
The well-established trans-species mode of evolution of

MHC polymorphism implies that the accumulation of MHC
diversity is a slow process (4). Thus, it will take a long time to
restore MHC diversity after a population bottleneck. The
moose data are consistent with this hypothesis regarding the
tempo in the accumulation ofnew point mutations. Four of the
six amino acid substitutions were shared between the two
subspecies, and we can thus infer a maximum of two substi-
tutions which have been established in one of the populations
during the last 100,000 years. In contrast, our data imply that
the occurrence of new MHC alleles by recombination events
can be a much more rapid process.

It is likely that some of the observed alleles have been
generated by recombination events subsequent to the diver-
gence from a common ancestor since only one of the ten alleles
was shared between continents (Table 1). The interpretation
that shuffling of polymorphic motifs by intraexonic recombi-
nation has occurred at the moose DRB1 locus is supported by
the striking sharing of polymorphic sequence motifs among the
10 alleles (Fig. 1A and B). Alleles 3 and 4 provide a strong case
for this contention, as they share identical exon 2 sequences,
including the synonymous substitution at codon 85, except at
codons 71 and 74, where allele 3 is identical to alleles 5, 9, and
10 (Fig. 1B). We can exclude the possibility that some of the
alleles reported here are due to PCR artifacts, as the data were
generated by direct sequencing of amplified products, and the
existence of each allele was corroborated by SSCP analysis.
This study, together with the observations of recombinant class
I alleles in tribes of South American Indians (33, 34), shows
that intraexonic recombination plays a significant role in the
generation of MHC diversity.

It has often been suggested that the presence of extensive
MHC diversity ensures the survival of the population since
there will always be some individuals who are able to mount a
protective immune response to a new lethal pathogen-e.g.,
see ref. 35. This view is not based on any empirical evidence
and is now challenged by our moose data, which show that low
MHC diversity, at least in some species, is compatible with
long-term survival of the population. The DRB polymorphism
found in North American moose was restricted to four amino
acid substitutions, and the two most common alleles in Swedish
moose, comprising about 65% of the gene pool, differed by a
single amino acid substitution (Table 1; Fig. 1). This is expect-
ed to cause a restricted repertoire of peptides presented byDR
molecules in the moose. Our previous restriction fragment

Proc. Natl. Acad Sci. USA 92 (1995)
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length polymorphism study of Swedish moose also showed that
class I and class II DQ genes are only weakly polymorphic in
this species (H. Ellegren, S.M., K. Wallin, and L.A., unpub-
lished data). Despite this, viable populations of moose have
apparently been maintained for more than 100,000 years, and
the species has been able to achieve a circumpolar distribution
in the Northern Hemisphere; the moose population in Sweden
only has been estimated at about 300,000 animals. Species with
low MHC diversity have previously been documented (1, 11,
36, 37), but the moose data are unique in the documented time
span involved and that the low degree of polymorphism was
verified by DNA sequencing.

It should be stressed that the results of this study in no way
contradict that genetic diversity at certain MHC loci is main-
tained by balancing selection. On the contrary, it has provided
evidence for selection since all observed amino acid substitu-
tions occur at residues involved in peptide binding and since
there was a significant excess of nonsynonymous substitutions
at codons for the peptide binding site. However, the data are
in agreement with the interpretation that the selection inten-
sity at MHC loci is quite low (4, 38). The MHC system is only
one of many lines of defense against pathogen infections, and
the level of MHC polymorphism does not necessarily have a
large effect on the long-term survival of a population.
We thank Margareta Steen and Hans Ellegren for providing samples

from Swedish moose and Curtis Strobeck for providing DNA samples
from Canadian moose. We also thank Peter Outteridge and Svante
Paabo for discussion. This work was supported by the Swedish
Research Council for Forestry and Agriculture.
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