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Major histocompatibility complex (MHC) genes are the most polymorphic loci known for vertebrates. Although this has
been known for over two decades, the selective forces maintaining this genetic diversity are unclear. Efforts to study
selection on these loci in nature have been hampered because no simple MHC typing systems are available. Here, we
describe and evaluate a microsatellite-based MHC genotyping system for house mice (Mus domesticus). Thirty-five
MHC-linked microsatellite loci were tested for amplification and scoring reliability, and 21 were deemed useful. These 21
toci were efficient at discriminating among nine serologically distinct MHC haplotypes, with 52 % of microsatellite pairs
providing 100 % resolution. Since these microsatellite loci are scattered across the entire MHC region, they will be
effective at detecting recombinant haplotypes. The number of alleles is higher for microsatellites inside the MHC than
outside it, which presumably reflects genetic hitchhiking with MHC alleles under balancing selection. This microsatellite
typing system now allows testing hypotheses about the nature of selection operating on MHC genes in natural
populations of M. domesticus and other munid rodent species.
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Genes in the vertebrate major histocompatibility
complex (MHC) play a critical role in immune recog-
nition and the initiation of immune responses (KLEIN
1986). When T-lymphocytes recognize foreign anti-
gens presented by MHC proteins on the surfaces of
cells, this event triggers both the cellular and humoral
immune responses. Cellular immunity involves the
destruction of cells infected with intracellular para-
sites by cytotoxic T-cells, and humoral immunity
involves the B-cell production of antibodies aimed at
neutralizing extracellular invaders by B-cells.

MHC genes are highly polymorphic due to the
action of diversifying and balancing natural selection,
but the exact nature of this selection is unclear (APA-
NIUS et al. 1997). Due to their critical role in immu-
nity, it is generally assumed that the selective
pressures affecting MHC diversity come directly from
infectious diseases, but the form of that selection is
debated (HUGHES and NEI 1992; SLADE and Mc-
CALLUM 1992; PoTTs and SLEvV 1995). In addition to
parasite-mediated selection, it has been shown that
female house mice (Mus domesticus) prefer to mate
with MHC-dissimilar males (POTTS et al. 1991}, and
these behaviors could also maintain MHC diversity
(HEDRICK 1992), MHC-based mating patterns may
have evolved so that individuals can produce disease
resistant MHC-heterozygous offspring or to allow
them to avoid mating with relatives that could result
in inbreeding depression in their offspring (POTTS
and WAKELAND 1993). There is also some evidence
that non-random spontaneous abortion might favor
MHC diversity in some species (ALBERTS and OBER
1993).

Since natural selection operates in natural popula-
tions, an important, underutilized approach to under-
standing the selective forces affecting MHC genes is
to test for associations between MHC genotypes and
variables such as discase resistance or mate choice in
wild populations. The barrier to doing this has been
the lack of a simple and inexpensive MHC genotyp-
ing system for any animal species. Characterizing
MHC loci in new species is a massive undertaking. In
the few species for whom the MHC antigen-present-
ing loci are fully characterized, it would be an ex-
tremely labor intensive task to obtain a complete
genotype for all of an individual’s MHC loci (its
haplotype) with any of the currently available meth-
ods (for example, SSCP, DGGE (PotTs 1996), and
allele specific probes (ALLEN et al. 1994)). Thus,
population studies in which all MHC genes are typed
are generally not feasible. Consequently, all non-sero-
logical MHC studies in natural animal populations
have been restricted to the use of one or a few loci
(references in EDWARDS and PoTTsS 1996 ). However,
because recombination generally creates linkage equi-
librium across the MHC region (KLITZ and THOMP-
SON 1987), a single locus will be a poor marker for
the rest of the antigen-presenting loci, and this will
often provide inaccurate haplotype information.

The discovery of hypervariable microsatellite loci
densely distributed across all vertebrate chromo-
somes, including the MHC region, now makes it
possible to obtain MHC haplotypes indirectly by
genotyping a series of these loci spread across the
MHC. Microsatellites are useful for discriminating
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alleles at single loci in the MHC region of mice
(SAHA et al. 1993), humans (ABRAHAM et al. 1993),
cattle (ELLEGREN et al. 1993; DAVIES et al. 1994) and
sheep (OUTTERIDGE et al. 1996). Furthermore,
CROUAU-ROY et al. (1996) found that genotypes at
three linked microsatellite loci were identical in a
sample of humans sharing the same MHC haplotype,
suggesting that associations between MHC genes and
linked microsatellites may persist for thousands of
years in unrecombined chromosomes, and so may be
useful for distinguishing distinct MHC haplotypes.

The bulk of our data about how MHC genes affect
immunological mechanisms, parasite resistance, and
mate choice comes from M. domesticus. Microsatel-
lite-based MHC typing is now feasible for this species
because of the recent description of over 7000 mi-
crosatellites for Mus (DIETRICH et al. 1996). Here, we
test the utility of MHC-linked microsatellite loci for
MHC genotyping by evaluating their ability to dis-
criminate among nine known haplotypes from inbred
strains of house mice, and a haplotype from each of
three other Mus species.

MATERIALS AND METHODS
MHC haplotypes and microsatellite loci

Nine serologically defined MHC haplotypes were
chosen to test the discriminating power of microsatel-
lite loci (Table 1). These nine haplotypes are distinct
from one another at their K, 4;, 4,, Eg, D, and L
loci (KLEIN et al. 1983). These antigen-presenting
MHC genes are clustered together with other im-
munological and non-immunological genes in a small
region of Chromosome (Chr) 17 in Mus domesticus
(Fig. 1). Mouse strains carrying these nine haplotypes
were chosen because they are commonly used in
research (WAssoM and KELLY 1990; ATCHLEY and
FITCH 1994) and they differ in both background and
MHC genes. Three additional inbred strains from
other Mus species were chosen as outgroups to evalu-
ate the degree of conservation of the microsatellite
loci (Table 1). In order of increasing phylogenetic
distance from M. domesticus, they were M. castaneus,
M. spretus, and M. caroli (LUNDRIGAN and TUCKER
1994; SILVER 1995). DNA from all 12 inbred strains
was purchased from the Jackson Laboratory.
Thirty-five microsatellite loci closely linked to the
MHC were surveyed in this study (Fig. 1). The
microsatellites are found between 18.00 to 22.50 cM
from the centromere, while the highly polymorphic
antigen-presenting MHC loci are found 18.43 to
19.13 ¢cM from the centromere (HAMVAS et al. 1996).
One microsatellite within Eg (“Saha’, Fig. 1) is de-
scribed by SANT’ANGELO et al. (1991) and SAHA et

al. (1993), and the rest are described by DIETRICH et
al. (1996) and were purchased from Research Genet-
ics, Inc.

Genotyping

Microsatellite loci were amplified via the polymerase
chain reaction (PCR) using Taq polymerase, 0.13 pM
primers, and 1.5 mM Mg** buffer (Boehringer-
Mannheim), consisting of 35 cycles of 30 s each at
94°C, 55°C, and 72°C. The first cycle was preceded
by a denaturing step of 2 min at 94°C, and the last
cycle was followed by an extended annecaling period
of 10 min at 72°C. PCR amplification products were
separated on 7 % polyacrylamide sequencing gels and
disclosed by ethidium bromide staining and UV illu-
mination (POTTS 1996). PCR amplification of all 35
microsatellite loci was examined initially using an-
nealing temperatures of 50°C and 55°C (twice at each
temperature) on a subset of MHC haplotypes (b, d, k,
and ¢). Loci that either amplified poorly or were
difficult to score were not pursued further. Loci that
amplified well were then used to genotype all 12
inbred strains. PCR products were electrophoresed
two times: First, the strains’ relative migration dis-
tances were observed, then similar-sized products
were run in adjacent lanes, in order of decreasing
speed (lineup gels) to corroborate their relative sizes.
We were able to distinguish between PCR products
that differed in size by two base pairs, based on
product sizes reported for M. castaneus, M. spretus,
C57BL/6J, and DBA/2J (Research Genetics, Inc.).

RESULTS

Of the 35 microsatellite loci, 21 were scorable among
all nine M. domesticus MHC haplotypes (Table 1).
Twenty-three Mir markers amplified; however,
DI17Mit31, 32, 33, and 34 amplify the same (CA),
repeat locus (they share the same left primer but have
different right primers), which left 20 interpretable
Mit loci and Saha. Ten loci (D17Mitl47, 230, 214,
231, 64, 104, 11, Nds2, and Nds3) amplified too
weakly to interpret, and one locus (D17Mit16) am-
plified well, but unusual band patterns for two haplo-
types (r and v) made it difficult to score. Genotypes
(relative PCR product sizes) for the 21 loci among all
12 mouse strains are presented in Table 1. Summary
statistics for the number of alleles among M. domesti-
cus strains are in Table 2.

Phylogeny and amplification

All 21 loci that produced unambiguous genotypes in
M. domesticus were also scorable in M. castaneus and
M. spretus, but 5/21 loci (24 %) did not amplify, or
were uninterpretable in M. caroli (at least four PCR
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attempts). Mus caroli had either no amplification or
unique alleles (not shared with any M. domesticus
strain) at 19/21 microsatellite loci. Mus spretus and
M. castaneus were unique at 14 and 11 loci, respec-
tively, which are similar to the proportion of loci at
which M. domesticus strains were unique relative to
each other (median = 10, range = 6-14). These pat-
terns are consistent with the increasing phylogenetic
distance of M. castaneus, M. spretus, and M. caroli
from M. domesticus.

Allele number for microsatellites in relation to
distance from polymorphic MHC loci

There were more alleles at loci inside the MHC than
outside the region. The average number of alleles (M.
domesticus strains only) is higher for loci between the
K and D loci, than those loci either proximal or distal
to this region (Table 2; Mann-Whitney U= 145.0,
p=0.015).

Table 2. Summary statistics of number of alleles for
21 microsatellite loci among nine inbred strains of Mus
domesticus. “Within MHC” is defined as those loci
Sfound within the region bounded by two flanking poly-
morphic antigen-presenting loci (K and L). “Flanking
MHC” is defined as the region surrounding the
“Within MHC” region

Locus Number of alleles
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Fig. 2. Example of two microsatellite loci that together discrimi-
nate nine major histocompatibility complex (MHC) haplotypes.
Ethidium bromide-stained native polyacrylamide (7 ") gel of PCR
products for D17Mit33 (above) and DI7Mir21 (below). Labels:
M = marker (size standard), lower-case letters (k-r) = MHC hap-
lotypes, -c = negative control (PCR reaction mixture without
DNA); numbers between gels = relative migration speeds of PCR
products, bp = base pairs. Each lane shows two bands; the faster
running band is the actual allele while the slower is an artifact of
dinucleotide microsatellites run on native gels.

Huplotype discrimination

No single microsatellite locus discriminated all nine
MHC haplotypes, but 52 % (109/210) of all two-locus
combinations did (Fig. 2, 3). Since there are 1330
combinations of three loci, to evaluate their discrimi-
nation efficiency, we randomly chose three non-over-
lapping pairs of loci that did not discriminate all nine
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haplotypes and combined them with the remaining 19
loci. Of these 57 triplets, 84 % (48/57) distinguished
all of the haplotypes. This is, of course, an underesti-
mate for the resolving power of three-locus combina-
tions, since it excludes triplets that include two-locus
pairs that already provide 100 % resolution.

Because of their higher polymorphism, combina-
tions of loci from within the MHC were better at
discriminating MHC haplotypes. For 45 pairs in
which both microsatellites were within the MHC,
80 % (36/45) discriminated all nine haplotypes. When
one locus was within the MHC, 57 % (63/110) of
two-locus combinations discriminated all nine, and
when both loci were outside the MHC, only 18 %
(10/55) of the pairs distinguished all of the haplo-

types.
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Fig. 3. Histograms of the number of nine major histocompatibility
complex haplotypes discriminated by one and two MHC-linked
microsatellite loci. Upper panel = discrimination by 21 single mi-
crosatellite loci. Lower panel = discrimination by 210 two-locus
combinations.

DISCUSSION

This study is significant because it provides a simple
and inexpensive method for inferring complete MHC
haplotypes (genotypes for all MHC loci) for Mus
individuals. We confirmed that a series of microsatel-
lites in and near the M. domesticus MHC are power-
ful at discriminating haplotypes and that
microsatellite allele numbers are higher for loci nearer
to polymorphic antigen-presenting loci. This method
for identifying distinct MHC haplotypes now makes
it possible to investigate the evolutionary forces act-
ing on MHC genes in wild populations of M. domes-
ticus and other murid rodents.

Discriminating MHC haplotypes

Combinations of MHC-linked microsatellites could
easily discriminate among nine MHC haplotypes. No
single microsatellite distinguished all nine haplotypes,
but 52 % of all microsatellite pairs could (Fig. 3).
This is consistent with findings that microsatellites
are useful for distinguishing MHC genotypes at indi-
vidual loci (ABRAHAM et al. 1993; CROUAU-ROY et
al. 1996), and suggests that a combination of mi-
crosatellites provides a practical method for deter-
mining MHC haplotypes. One advantage to using a
series of microsatellites is that recombinant MHC
haplotypes can be identified, which is not the case for
single locus MHC typing systems. This attribute is
especially important if the MHC gene(s) relevant to a
particular component of fitness are not known prior
to beginning a study. Ideally, a field study using this
system should utilize a combination of at least three
or four microsatellites that are both flanking and
internal to the MHC to identify haplotypes and
recombinant haplotypes. While recombinant geno-
types can be identified, this method cannot identify
intragenic recombination nor gene conversion events,
both of which are known to affect the MHC
(EHRLICH and GYLLENSTEN 1991; SHE et al. 1991).
The magnitude of this practical problem is probably
small, but quantification will require a comparison of
MHC gene sequences among microsatellite-defined
MHC haplotypes from natural populations.

Microsatellite polymorphism near MHC

We found that microsatellites nearest the polymor-
phic antigen-presenting loci had more alleles than
microsatellites outside this region (Table 2). Since
inbred mouse strains were originally derived from
wild mouse populations, the number of alleles among
these strains is probably indicative of levels of poly-
morphism at the same loci in natural populations of
M. domesticus. The higher diversity at microsatellite
loci nearest MHC genes is consistent with increased



Hereditas 127 (1997)

MHC genotyping with microsatellites 81

levels of polymorphism in MHC-linked allozyme
genes (NADEAU et al. 1982), and may be due to
“hitchhiking” of neutral microsatellite alleles on se-
lectively maintained MHC alleles (Ellegren et al.
1993). While most recent attention to genetic hitch-
hiking has focused on how directional selection at
one locus will reduce neutral genetic diversity at
linked genes (BRAVERMAN et al. 1995), neutral diver-
sity is expected to be higher near loci where natural
selection maintains multiple alleles (SveEp 1983;
NADEAU and COLLINS 1983; SLATKIN 1995).

Future research

MHC gene polymorphism is one of few well-docu-
mented cases of adaptive molecular variation. Several
lines of evidence indicate that the diversity of MHC
genes is maintained by natural selection (APANIUS et
al. 1997). In order to determine what selective forces
maintain this diversity, we must now measure the
effects of MHC genotypes on fitness in wild popula-
tions. Two potential types of studies include testing
whether parasite loads, mating patterns, or both are
associated with multi-locus MHC genotypes. To date,
such studies have been performed only on humans
(for example HiLL et al. 1991; OBER et al. in press),
and it is difficult to know how well modern human
circumstances reflect the conditions under which
MHC diversity evolved. The multi-locus microsatel-
lite MHC typing system we present here provides the
opportunity to perform similar field studies, as well
as experimental studies, with M. domesticus. Since
most data on the effects of MHC genes on both
disease resistance (WassoM and KELLY 1990) and
mate choice (POTTS et al. 1991) have been collected
from this species, we are now in the powerful position
of being able to tell whether MHC genes have similar
effects on these attributes in the real world.

Finally, microsatellite loci may be conserved be-
tween mammal species for up to 20 million years
(SCHLOTTERER et al. 1991). Since 76 % of the loci we
examined worked well for M. caroli, a species be-
lieved to have diverged from M. domesticus nearly
four million years ago (SILVER 1995), this specific
MHC genotyping system may prove useful for the
study of MHC evolution in other rodents, particu-
larly those in the family Muridae, which accounts for
nearly 25 % of all mammal species.
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