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ABSTRACT A hallmark of major histocompatibility com-
plex (MHC) genes is their extraordinarily high level of poly-
morphism. Polymorphic residues on MHC molecules deter-
mine which peptide ligands they bind and present to effector T
lymphocytes. Although the genetic mechanisms responsible for
MHC polymorphism have been delineated, the timetable and
the pathway of their diversification remain unclear. To trace
MHC evolution, we have characterized a highly polymorphic
microsatellite containing tandem repeats (TRs) of two tetra-
nucleotide units, TGGA and GGCA, located at the 3’ end of the
second intron in the class II Eb gene of mouse. On the basis of
length as well as sequence variations, 11 TR alleles were defined
in 55 inbred mouse strains, which included MHC recombinant
haplotypes and haplotypes derived from different subspecies of
mouse. In this extensive sampling, a striking concordance was
observed between the serologically identified class IT proteins
and the associated TR alleles. Examination of several strains
carrying the same MHC haplotypes as well as strains carrying
recombinant MHC haplotypes indicates that TR alleles are
extremely stable. These observations suggest that TR polymor-
phism predates the separation of various subspecies of mouse.
On the basis of sequence divergence, a genealogical tree has
been constructed to depict evolution of the different TR alleles.
Finally, evidence is presented that suggests this microsatellite
polymorphism is generated by slipped-strand mispairing dur-
ing DNA replication.

The murine major histocompatibility complex (H-2) repre-
sents a cluster of tightly linked genes encoding antigens of the
class I, class II, and class III families (1). The class II family
encompasses four functional genes, Ab, Aa, Eb, and Ea,
which encode the corresponding polypeptides. The Ag and
A; polypeptides make up the heterodimeric I-A molecule,
whereas the Eg and E; polypeptides make up the het-
erodimeric I-E molecule. Both the I-A and I-E molecules are
expressed as glycoproteins on the surface of specialized
antigen-presenting cells such as macrophages, B cells, and
dendritic cells. During an immune response, these molecules
bind processed peptides from exogenous antigens and pre-
sent them to CD4* T lymphocytes (2).

The class II (as well as the class I) family represents the most
polymorphic genes known to date. The high degree of poly-
morphism has been positively selected and maintained
through evolution so that there are over 100 alleles at this locus
in mouse and man. This diversity of major histocompatibility
complex (MHC) molecules results in their ability to bind a
wide variety of peptide ligands and has direct functional
relevance for immune responses. Although the genetic mech-
anism contributing to MHC polymorphism has been delin-
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eated, the relative time over which this diversification oc-
curred is still perplexing. While some studies suggest that the
generation of MHC alleles is an ongoing process (3, 4), others
indicate that certain MHC alleles are shared by different
species (5, 6). On the basis of the latter observations, it has
been proposed that many of the MHC alleles represent ancient
polymorphisms that have survived millions of years of diver-
sification of the Mus species (transspecies evolution).

In recent years much attention has been drawn to repeat
DNA sequences as a tool for studying polymorphism and
evolution. Tandem repeats (TRs) of simple DNA sequences
are scattered throughout the mammalian genomes (7). These
sequences are usually present within an intron and upstream
or downstream from a gene. The tandem repeats are often
characterized by a high degree of polymorphism, which leads
to a great variation in the length of repeat sequences (8). Since
these repeat sequences tend to vary extensively between
individuals (strains) within a species, they have been ex-
tremely useful for identification of individuals, as well as for
linkage mapping in pedigrees (9). Depending on the length,
these polymorphic sequences are referred to as minisatellites
[also called variable number of tandem repeats (VNTRs)] or
microsatellites [also called simple sequence-length polymor-
phisms (SSLPs)].

Several types of microsatellites have been observed in
man, mouse, and other eukaryotes. The most prominent of
these are the (CA), [or (GT),] repeats, 50-100,000 copies of
which are interspersed throughout the human genome (10,
11). The (CA), repeats have already been found associated
with a few hundred genes and are rapidly becoming a staple
for linkage analysis (12). A long stretch of (GT), repeat, along
with shorter stretches of (GA), and (CT), repeats, has also
been observed at the 5’ region of the class I Eb gene in mouse
(13). However, the extent of polymorphism in these micro-
satellites is not known.

In this report, we describe a highly polymorphic microsat-
ellite made up of two tetranucleotide blocks, (TGGA), and
(GGCA),, located at the 3’ end of the second intron in the Eb
gene. We investigate the stability of this microsatellite,
demonstrate its application in the characterization of H-2
haplotypes and recombinants, discuss its implication in trans-
species evolution, and speculate on the mechanism of its
diversification.

MATERIALS AND METHODS
Mice. The A.DB (1R) strain was obtained from David
Sachs (14) through the Hazelton Laboratories America,
Vienna, VA. All other strains (54 altogether) were bred and
maintained in the Department of Genetics, Washington Uni-
versity School of Medicine, St. Louis.

Abbreviations: MHC, major histocompatibility complex; SSLP,
simple sequence length polymorphism; TR, tandem repeat.
tTo whom reprint requests should be addressed.
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DNA. Genomic DNA was isolated from the liver either
directly or after isolation of the nuclei following a standard
protocol. High molecular weight DNA was spooled out from
66% (vol/vol) ethanol and dissolved in water.

PCR. The primers were A, 5'-CGACTGTAGAACCT-
TAGCCTG-3' (2161-2181); B, 5'-TGGAGCTGTCCTCCT-
TGTAG-3' (2281-2300); and C, 5'-GTGGACACAATTCCT-
GTTTTC-3' (2465-2485). Primers A and B were used for
determining the length polymorphism, and primers A and C
were used for determining the allele sequence. The numbers
in parentheses correspond to the nucleotide positions in
figure 3 of ref. 15. The amplification was carried out for 35
cycles with AmpliTag DNA polymerase (Perkin-Elmer/
Cetus), following the supplier’s protocol. Each cycle con-
sisted of 1 min at 94°C, 2 min at 58°C, and 2 min at 72°C. DNA
was heated at 95°C for 5 min at the beginning and at 72°C for
7 min at the end of cycles.

SSLP. DNA was labeled during amplification either inter-
nally (Fig. 2) with [*2P]dCTP or at the 5’ end (Fig. 4) with a
5’ 32P-labeled primer. After diluting in 50% (vol/vol) forma-
mide and heating at 95°C for 5 min, the length of the amplified
DNA was determined by electrophoresis through a sequenc-
ing gel. Autoradiography was for 1-3 days.

DNA Sequencing. To minimize error due to Taq poly-
merase-induced misincorporation of nucleotides, DNA was
sequenced directly (without cloning) after PCR amplification
utilizing the fmol DNA sequencing system (Promega), and
deoxyadenosine 5’-[y-[33S]thio]triphosphate. Sequence of
only the variable portion of DNA is shown in Fig. 3. The
alleles are named after the length of the DNA sequence
presented, which is always 42 nt shorter than the DNA
sequence amplified. Sequences for the haplotypes b, d, and
k; f and q; and s were taken from refs. 15, 16, and 17,
respectively.

RESULTS

Identification of TR Alleles. A tandem repeat of a tetranu-
cleotide, GGCA, was observed at the 3’ end of second intron
in the Eb gene of murine MHC (15). Interestingly, the number
of repeats varied in four of the six H-2 haplotypes sequenced
(15-17). On further examination, we noticed another tetra-
nucleotide repeat, TGGA, immediately 5’ to the GGCA
repeat (Fig. 1). The number of each repeat varied consider-
ably from haplotype to haplotype, and together these two
repeats represented a highly polymorphic microsatellite.
Potentially, many of the H-2 haplotypes could be identified
on the basis of length variation of this microsatellite.

We set up an assay based on PCR amplification of a
segment of DNA encompassing the repeat sequences, fol-
lowed by sizing the DN A fragments by urea/PAGE. In the 12
standard haplotypes examined (Table 1), seven length vari-
ations were detected (Fig. 2 Left). The haplotypes b, k, r, and
v had the same length, as did f and s, and « and z, whereas
d, q, j, and p each had a unique length. The p haplotype had
the shortest sequence (50 nt), and the « and z haplotypes had
the longest sequence (106 nt).

We then examined 19 wild-derived haplotypes (Table 1)
and detected seven length variations as well, six of which
were identical to those found in the standard haplotypes (Fig.
2 Right). TR 58 was not observed in the wild haplotypes,
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F16.1. Structure of the Eb gene indicating the position of the TR
sequence. L, leader; TM, transmembrane; CP, cytoplasmic; 3'UT,
3’ untranslated sequences.
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Table 1. Eb TR alleles in the standard and wild-derived strains

Strain* Eb' allele TR allele
FAIYUM-3 w206% 106a
B10.NZW u(2) 106b
B10.PL u 106b
B10.D2 d 98
STU d8 98
B10.MOL/K w? 98
B10.LIB55(A) wi3 93a
B10.STA39(A) wi3 93b
B10.Q q 74a
B10.WR7(A) w7 74b
B10.M f 70
B10.S s 70
B10.DDD 5% 70
B10 b 66
B10.BR k 66
B10.RIII r 66
B10.SM v 66
B10.SNA70(A) k 66
B10.W10LT(A) kY 66
B10.KPB128(A) s 66
B10.GAA37(A) s 66
B10.KPA42(A) v 66
B10.BUA1(A) wl6 66
B10.BUA1%(A) wl6 66
B10.MOL1 k? 66
B10.WB j 58
B10.P p 50
B10.CHR51(A) p 50
B10.STC77(A) p 50
C3H.W3(A) w? 50
B10.BAC/K w? 50

*The ‘A’ in parentheses indicates an Ann Arbor strain.
TData from ref. 18, except where indicated otherwise.
iData from ref. 19.

$Data from ref. 20.

YData from ref. 21.

whereas TR 93 was lacking in the standard haplotypes.
Except for TR 93, each length variation differed from the
other by a multiple of 4 nt, suggesting loss or gain of one or
more of the tetranucleotide repeats.

To determine if the length variations represented any
sequence heterogeneity, we amplified DNA from 25 of the 31
strains by PCR and sequenced them directly. The remaining
six strains had already been sequenced (see Materials and
Methods). Only three of the eight length variations showed
any sequence differences (Fig. 3). These included TR 106
(FAIYUM-3 and B10.NZW or B10.PL), TR 93 (B10.LIBSS
and B10.STA39), and TR 74 (B10.Q and B10.WR?7). The two
TR 106 alleles, as well as the two TR 74 alleles, demonstrated
a considerable variation in the number of tetranucleotide
repeats. The two TR 93 alleles, on the other hand, had
swapped one repeat unit for the other. The largest group
(composed of four standard and eight wild-derived haplo-
types), which represented the length variation 66, all yielded
an identical nucleotide sequence. Likewise, the standard
haplotype p and four other wild-derived haplotypes all shared
the same sequence (allele 50). Altogether 11 TR alleles were
identified in the 31 strains examined (Fig. 3). The 106a and
106b, 93a and 93b, and 74a and 74b alleles can also be
discriminated by single-stranded conformation polymor-
phism (SSCP) gel analysis, which circumvents the more
time-consuming DNA sequencing (data not shown).

The 12 standard haplotypes represented seven alleles, and
the 19 wild-derived haplotypes represented eight alleles.
Three alleles (106b, 74a, and 58) were present only in the
standard haplotypes, whereas four (106a, 93a, 93b, and 74b)
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Fi1G. 2. Length variation of the microsatellite in the standard and
wild-derived haplotypes. Numbers on each side represent the num-
ber of nucleotides as determined by sequencing (see Fig. 3). The
actual size of the amplified DNA fragments is 42 nt higher (e.g., the
length of the H-22 allele is 148 nt and that of the H-27 allele is 92 nt).
Note that the H-2¥ and B10.STC77 lanes were each contaminated
with DNA from the adjacent lanes, H-2 and B10.MOL1, respec-
tively. The strains B10.NZW, B10.PL, B10.D2, B10.Q, B10.M,
B10.S, B10, B10.BR, B10.RIII, B10.SM, B10.WB, and B10.P were
used as representatives for the haplotypes z, u, d, q, f, s, b, k, r, v,
J, and p, respectively.

were exclusive in the wild haplotypes; the remaining four (98,
70, 66, and 50) were found in both categories. The 13 Ann
Arbor strains represented a sample of an extended natural
population (not a local deme), and five TR alleles were
detected in this group (Table 1).

The overall number of TGGA repeats varied from 3 to 13.
Nine of the 12 standard haplotypes and 16 of the 19 wild-
derived haplotypes had four or fewer TGGA repeats. The
standard haplotypes j and u or z, along with the wild-derived
strains B10.WR7, B10.LIBS5, and B10.STA39, all had a
substantially larger number, 7-13, of TGGA repeats. Simi-
larly, the number of GGCA repeats varied from 3 to 17.
Unlike TGGA, the GGCA repeats varied considerably
throughout the standard, as well as the wild-derived, haplo-
types (Fig. 3). The estimate of heterozygosity for the entire
population is 80%, and the estimate is comparable between
the standard and wild-derived strains (81% vs. 75%). The
overall polymorphism information content (PIC; ref. 22)
value is 0.78.

Stability of TR Alleles. Because the number of tetranucle-
otide repeats varied considerably from strain to strain, it was

108a  GATCC ATTC /// (TGGA)2 TAGA TGGA GGTA //// 1111 (GGCA)16 TGCA GGCA GCCTA

106b . LG (YGGANB /14 L 1 1T (GGCANO 11
08 G.. /1l (TGGAR .... .... ... (GGCAM TGCA (GGCAY ... ... .....
93a co... .G..TGA (TGGA® /711 1111 111l 1 1111 (GGCAY /111 11T ...
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58 . G (TGGAW /1T 1 111 @GGCAB /111 111
50 o G I (TGGAY 111111 1 111 @GGCAS 1111 11

FiG. 3. Sequence of the TR alleles in the standard and wild-
derived haplotypes. The alleles have been ordered according to
decreasing length and aligned to maximize the number of TGGA and
GGCA repeats. The ‘‘a’’ and ‘“‘b’’ refer to alleles that cannot be
separated by length variations (see Fig. 2). A period indicates an
identity with the nucleotide above it, whereas a slash indicates the
absence of the nucleotide below or above it.
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of interest to determine if the TR alleles carried by different
strains with the same Eb region are identical or not. We
analyzed eight strains of Eb* [B10.A (2R), B10.BR, B10.AL,
B10.A, C3H, A.TL, AKM, and A/Sn] and five strains of Eb4
(B10.0OL, B10.D2, DBA/2, B10.NZB, and BALB/c). Some
of these strains were established independently while others
were derivatives thereof. Each of the Eb*, as well as each of
the Eb4, strains showed an identical length TR allele (results
not shown). Further analysis revealed that all the Eb* strains
also had an identical sequence in their TR alleles (results not
shown). It is, therefore, likely that the TR alleles are also
identical in other strains carrying the same Eb region.

TR Alleles in Eb Recombinants. The high degree of poly-
morphism and the stability of the TR alleles suggest that these
sequences can be used as a genetic marker to identify the Eb
alleles. Several intra-I region recombinants have been shown
to have crossed over within a narrow segment of DNA in the
EDb intron 2 (referred to as the Eb hotspot), just 5’ to the TR
sequence (15, 17, 23). We analyzed some of these as well as
several new recombinants for the TR alleles (Table 2). Fig. 4
shows a urea/PAGE analysis of the PCR-amplified DNA from
these recombinants along with their parental strains. The
recombinant B10.GD had been analyzed before by DNA
sequencing (15). A.DB(1R), a recombinant derived indepen-
dently from the same parental alleles, had presumably crossed
over in a direction opposite to B10.GD (14). Fig. 4 shows that
B10.GD carries the TR allele of the b haplotype, whereas
A.DB(IR) carries the TR allele of the d haplotype, thus
marking the 3’ boundary and confirming the reciprocal orien-
tation of the crossover. The 3’ boundary and the direction of
crossover of the other recombinants, such as B10.TFRS,
B10.TBFR6, B10.QSR2, and B10.THR2 are also apparent
from this analysis. More recently, we have mapped the cross-
over site in B10.THR2 to a 1-kb stretch of DNA just 5’ to the
TR allele (B.K.S., unpublished results). Several of the k and
s recombinants (Table 2) have been reported earlier (17); only
two examples are shown here (Fig. 4). In each instance the TR
allele in the recombinant was identical in length as well as in
sequence (data not shown) to one or the other parental strain,
which rules out TR sequence as the site of recombination.

DISCUSSION

To the best of our knowledge, this is the first description of
a compound microsatellite containing TRs of two tetranucle-
otide blocks, TGGA and GGCA. Weller et al. (24) noted a
long tandem repeat of (TGGA);¢s located 1 kb upstream from
the human myoglobin gene with a sequence divergence of
about 20%. An even longer repeat, (TGGA)49, With about the
same level of sequence divergence and at the same relative
location was observed by Boylan et al. (25) in the myelin

Table 2. Eb TR alleles in the intra-I region recombinants

Eb Parental EbTR
recombinant Eb alleles allele(s)
B10.GD d/b b
A.DB(1IR) b/d d
B10.TFRS flk k
B10.TBFR6 k/f f
B10.THR2 s/k/b k, b
B10.QSR2 s/q q
B10.ASR7 k/s s
B10.ASR11 s/k k
B10.ASR1 s/k k
B10.ASR12 s/k k
B10.BASR1 k/s s
B10.S(8R) k/s s
B10.S(9R) s/k k
B10.HTT s/k k
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Fi1G. 4. TR alleles in the Eb recombinants and their parents. The
parents are identified by their H-2 alleles. The H-2¢ lane was
inadvertently underloaded (see Fig. 2 for a better visualization of
H-24 with respect to H-2%).

basic protein gene. Although the extent of polymorphism in
the myoglobin microsatellite is not known, the myelin basic
protein microsatellite has been shown to be highly polymor-
phic, and 10 alleles have been identified. The microsatellite,
(TGGA), (GGCA),, described in this report is also highly
polymorphic, and 11 alleles (referred to as TRs) have been
detected thus far (Table 1 and Fig. 3).

TR Alleles Can Predict the H-2 Serology. Our analysis of
microsatellites in the standard H-2 haplotypes defined seven
TR alleles associated with Eb. To extend this analysis,
several different mouse strains with wild-derived haplotypes
were also studied. Importantly, a high percentage of wild-
derived H-2 haplotypes have been found to carry MHC
alleles serologically identical to those found in laboratory
strains. For example, Klein and colleagues (26) trapped mice
in granaries at different locations around Ann Arbor, Mich-
igan, in order to sample a wild-derived natural population. In
a comprehensive serological analysis, the authors noted that
several of these wild-derived H-2 haplotypes carried class I
and class II alleles whose products were indistinguishable
from those in laboratory strains. However, serological typing
of the Eb allele is more difficult than typing of the Ab or Aa
allele. First, several of the mouse strains carry an Eb/Ea null
allele so that there is no cell surface expression of the EgE3
heterodimer, prohibiting any serology of the Eb or Ea poly-
peptide. Second, the I-E molecules appear serologically less
complex than the corresponding I-A molecules. Therefore,
the origin of Eb alleles in the wild-derived strains is frequently
inferred from typing of the more polymorphic Ab and Aa
alleles as well as their I-E phenotype (Table 1). In spite of
these caveats, there is a remarkable correspondence between
the assigned Eb alleles and the TR alleles identified here.
Indeed, of the 10 wild-derived strains that have been assigned
with a standard Eb allele, 8 are consistent with our designa-
tion of the TR alleles. The two exceptions are B10.KPB128
and B10.GAA37, which were assigned as Eb®, and hence
should carry the TR 70 allele. But our analysis indicates that
both of these strains carry the TR allele 66. This could have
resulted from a meiotic crossover between an Eb* strain and
one carrying a TR 66 allele (see below). Further studies
including DNA sequencing are necessary to confirm this
notion. In any case, the strong association between most of
the TR alleles and the corresponding Eb alleles in both the
standard and wild haplotypes indicates that these two mark-
ers are in linkage disequilibrium. A similar observation was
made by Rieb er al. (27) in the HLA system, where the
authors noticed a strong correlation between the sequence
variability of the dinucleotide repeats, (GT),,(GA), (located
in the second intron of the DRB gene, the human homologue
of the mouse Eb gene) and serologic specificities of the
HLA-DRB alleles.

TR Alleles Are Stably Inherited. Several lines of evidence
suggest that the TR alleles are stably inherited. First, eight
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different strains containing the Eb* allele, four of which were
derived independently and included standard laboratory
strains as well as wild-derived MHC haplotypes, were found
to have an identical TR allele. The same was true for five
different strains containing the Eb9 allele, although some of
these strains had separated 100-200 generations ago. Second,
analysis of over 50 independently derived Eb recombinants
showed no alteration of the parental TR alleles although the
crossover, in most instances, had occurred just 5’ to the TR
sequence. Third, the TR alleles are shared not only within the
same species but also across species as well. Thus the same
TR alleles observed in Mus domesticus are also found in Mus
molossinus (MOL/K and MOL1) and Mus bactrianus
(BAC/K) (Table 1 and Fig. 2). Also several of the wild-
derived strains examined in this report originated in different
parts of the world. Thus MOL/K and MOL1 were originally
from Japan, STU and DDD were from Germany, FATYUM-3
was from Egypt, and the rest were derived from mice trapped
in the Ann Arbor, Michigan, area. Yet these strains carried
TR alleles that were either identical or similar to one other.
Finally, as discussed earlier, there is a strong correspondence
between the TR alleles and the Eb serology. Together these
observations lead to the conclusion that TR alleles had
evolved before the speciation/subspeciation of the mouse
strains, probably 1-3 million years ago (28), and have since
been maintained stably in the population. On the basis of
serological study of two Ab alleles in several species of mice
and rats, Figueroa et al. (29) also concluded that many of the
MHC polymorphisms predated speciation.

TR Alleles Can Be Used to Trace Evolution. Nucleotide
sequence of the TR alleles (Fig. 3) allows us to make certain
inferences as to the origin and descent of these alleles. The
ancestral TR allele had a simple structure of perfect repeats,
(TGGA), (GGCA),. The number of each repeat varied through
evolution due to unequal meiotic exchanges (30, 31) or slipped-
strand mispairing during DNA replication (32, 33), creating
additional alleles. These are referred to as group I alleles (Fig.
5A) and represent two strains from the standard haplotypes
and seven from the wild-derived haplotypes. Eventually mu-
tations started accumulating within the repeats introducing
sequence heterogeneity and yielding newer alleles. Thus group
IIA, representing the two wild-derived strains B10.LIBSS and
B10.STA39, could have evolved by a simple point deletion of
the guanine nucleotide (dG) from a TGGA repeat (Fig. 5B). It
is intriguing to speculate that both these strains descended
from a common ancestor by a balanced slipped-strand mi-
spairing during replication of DNA (Fig. 5C). This represents
aunique case where the two strains have an identical serologic
specificity (both wi3, Table 1) and yet carry a somewhat
different TR allele. This would suggest that these two strains
have diverged from each other in a more recent time and
represent the latest members of TR alleles in the evolutionary
tree. Group IIB, the largest group, includes 13 members, 4
from the standard and 9 from the wild-derived haplotypes, and
could have been derived from group I by a series of point
mutations (Gto A, Gto T or G to C, and C to T) involving both
the repeats. Group IIIA is generated from group IIB by a
second G to A substitution, whereas group IIIB is generated
from group IIB by a second G to T substitution; both substi-
tutions occurred in the GGCA repeat. FATYUM-3 (group IIB)
and group IIIA members incurred an additional G to T
substitution in the 5’ anchor sequence.

On the basis of sequence analysis of the second exon of Ab
alleles, Wakeland et al. (34) defined seven evolutionary
groups among 8 standard and 18 wild haplotypes. Where
direct comparisons can be made, some of the groupings using
Ab sequences (34) and Eb TR sequences (Fig. 5) are identical.
However, there are also notable differences. Some of the
differences could be attributed to the ‘‘hotspot’’ of recom-
bination separating these two loci. It is also noteworthy that
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Fi1G.5. (A) Five evolutionary groups of the Eb TR alleles. Group
1, B10.PL and B10.NZB (both 106b), B10.WR7 (74b), B10.WB (58),
and B10.P, B10.STC77, B10.CHR51, C3H.W3, and B10.BAC/K (all
50); group IIA, B10.LIB55(93a) and B10.STA39 (93b); group IIB,
FAIYUM-3 (106a) and B10, B10.BR, B10.RIII, B10.SM,
B10.W10.LT, B10.KPA42, B10.SNA70, B10.MOL1, B10.BUALl,
B10.KPB128, B10.GAA37, and B10.BUA19 (all 66); group IIIA,
B10.Q (74a) and B10.M, B10.S, and B10.DDD (all 70); and group
I1IB, B10.D2, STU, and B10.MOL/K (all 98). The “‘x”* and ‘‘y”’
refer to the number of respective repeats and are different for
different alleles. (B) Proposed pathway for evolution of the different
groups. The number in parentheses indicates the number of strains
in that group. (C) Schematic showing comparison and proposed
derivation of the 93a and 93b alleles.

tracing evolution using sequence of MHC gene exons may be
obfuscated by their participation in intragenic exchanges or
gene conversion-like events. Thus the inclusion of stable
sequences, such as the TR allele, in studying evolution offers
a unique approach to tracing genealogical relationship.

TR Alleles Are Probably Created by Slipped-Strand Mis-
pairing. Microsatellites are often located close to a hotspot of
recombination (17, 35, 36). This led to the speculation that
unequal crossing-over during a meiotic recombination is the
principal mechanism for generation of length hypervariability
of the microsatellite (30). However the evidence is rather
circumstantial and does not prove that the repeat sequences
are themselves involved in the crossover. Further, there is no
correlation between an increased number of repeats and an
increased rate of recombination. Thus mouse genome, de-
spite having a greater number of (GT), repeats, undergoes
significantly less recombination as reflected by fewer centi-
morgans (cM) in the genetic map of mouse (1600 cM) com-
pared to human (2600 cM) (37). Also, as mentioned before,
analysis of some 50 Eb recombinants indicated that cross-
overs, although always adjacent to, were never within the TR
microsatellite (15, 17, 23). Wahls et al. (38), utilizing cultured
human cells and constructs of the consensus microsatellite
sequence, showed a 13.5-fold stimulation of homologous
recombination. Thus it is more likely that repeat sequences
somehow instigate and/or enhance homologous recombina-
tion. Morral et al. (39) showed by linkage analysis that there
was no exchange of flanking sequences around a microsat-
ellite in several CFTR recombinants, indicating that meiotic
(or mitotic) recombination was less likely to be a cause for the

Proc. Natl. Acad. Sci. USA 90 (1993)

polymorphism of this microsatellite. Addition or deletion of
one or more repeat units, on the other hand, is more likely to
be due to slipped-strand mispairing during DNA replication
(32) as evidenced in B10.LIB55 and B10.STA39.
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