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ABSTRACT Mouse ¢ haplotypes are variants of chromo-
some 17, consisting of four inversions. Despite the homozygous
lethality and pleiotropic effect on embryonic development,
sperm production, and recombination, they have widely spread
in natural populations of the house mouse (10-40% in fre-
quency) because of the meiotic drive advantage. We sequenced
14 Tcp-1 (t-complex polypeptide 1) genes from four ¢ haplo-
types, nine wild mice, and a rat as a reference. From a
comparison of intron sequences of 610 base pairs, we dated the
origin of ¢ haplotypes to 2.9 = 0.7 million years ago, which
predates the splitting of Mus musculus subspecies (=1 million
years ago). However, the Tcp-1 intron sequences of ¢ haplotypes
from different M. musculus subspecies from various parts of
the world show no divergence, indicating the recent introgres-
sion (no earlier than 0.8 million years ago) of a single ancestral
type. Nucleotide changes in coding regions are also consistent
with this conclusion. Hence, polymorphisms among ¢ haplo-
types including lethality factors have accumulated during this
short time period independently in each M. musculus subspe-
cies.

Mouse ¢ haplotypes are variant forms of chromosome 17 that
involve a large number of loci (1, 2). The ¢ haplotype was
originally detected in a natural population by its interaction
with mutation Brachyury (T) to produce tailless mice (7/1).
Most complete ¢ haplotype mice have recessive lethality
factors and die during embryonic development when ho-
mozygous. However, there are variations in embryonic le-
thalities among various wild mice and some of ¢ haplotype
hybrids bearing different lethality factors can survive. These
t haplotype chromosomes are considered to belong to differ-
ent complementation groups. Thus far, 16 complementation
groups have been identified. Despite homozygous lethality,
heterozygous male mice can transmit >95% of the t chro-
mosomes to their progeny. Because of this bias in segrega-
tion, r chromosomes are found in high frequencies in natural
populations and provide a well-known example of meiotic
drive systems with segregation distorter and sex ratio in
Drosophila (3). Transmission ratio distortion in ¢ haplotypes
is caused by four distorter loci (Tcd-1, -2, -3, and -4) and one
responder locus (7Tcr) (4). These loci are in strong linkage
disequilibrium by recombination suppression that is presum-
ably caused by four chromosomal inversions, In(17)1 through
In(17)4 (5) in the ¢t complex (Fig. 1A).

It has been suggested that ¢ haplotypes were derived from
a single common ancestral type (1-3, 5-7). To date the
spreading of ¢ haplotypes in wild Mus musculus populations

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked *‘advertisement’’
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

6851

and to understand the origin of ¢ haplotypes, we have
sequenced Tcp-I genes from ¢ haplotype and wild mice and
made the phylogenetic analysis. Mouse TCP-1 was first
identified by Silver et al. (8) by two-dimensional gel electro-
phoresis. The ¢ haplotype mice examined thus far exhibit a ¢
haplotype-specific electromorph at the Tcp-I locus, TCP-1A,
whereas most of inbred and wild-type mice exhibit a different
electromorph, TCP-1B. Within ¢ haplotypes, the extent of
DNA polymorphism is high in the fourth inversion, which is
likely to have resulted from occasional recombination be-
tween ¢ haplotype and wild-type chromosomes. On the other
hand, the extent of DNA polymorphism is low in the second
inversion (9). Since the Tcp-I locus is located in the second
inversion (10) and, presumably, frozen in recombination, it
seems that the locus has useful information on the origin and
evolution of ¢ haplotypes. The TCP-1 polypeptide has high
homology with ‘‘chaperonin’’ proteins (11), which are
thought to function in protein folding and assembly. The gene
is in fact highly conserved at the amino acid sequence level
not only within mammals but also within eukaryotes, includ-
ing Drosophila and yeast (11-13). We show that ¢ haplotype-
specific Tcp-1 genes are unusual in terms of both silent and
amino acid replacement substitutions and use this DNA
sequence information to elucidate the origin of ¢ haplo-
types.**

MATERIALS AND METHODS

Mice and Rat. The taxonomy and geographical origins of
wild and ¢ haplotype mice used in this study are as follows (14,
15, 34): 129/Sv, Mus musculus domesticus; CAS, Mus mus-
culus castaneus from Bogor (Indonesia); MOL, Mus mus-
culus molossinus from Japan; MBT, Mus musculus musculus
from Toshevo (Bulgaria); BAC, Mus musculus bactrianus
from Afghanistan; XBS, Mus spretoides from Slantchev
Briag (Bulgaria); ZBN, Mus spicilegus from Kranero (Bul-
garia); SEI, Mus spretus from Ibiza (Spain); CRP, Mus
cervicolor from Thailand; t*32, M. m. domesticus from
Clinton, Montana (U.S.A.); t*73, M. m. musculus from South
Jutland (Denmark); tRinl, M. m. molossinus from Omiya
(Japan); tBAC, M. m. bactrianus from Afghanistan (Table 1).
The rat is the Fischer rat Rattus norvegicus.

PCR. DNA was extracted from mouse and rat liver spec-
imens and amplified by 30 PCR cycles using T-18 (5'-
AGCTGAATTCCCAGTGAAAGATAACACTGCAT-
TGT-3') and T-19 (5'-AGCTGGATCCCCCAATATTGTTT-

Abbreviation: mya, million years ago.

1To whom reprint requests should be addressed.

**The sequences reported in this paper have been deposited in the
GenBank data base (accession nos. X61211-X61222).
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Table 1. List of mice

Strain or Species or
t haplotype subspecies Origin
129/Sv M. m. domesticus
CAS M. m. castaneus Indonesia (Bogor)
MOL M. m. molossinus Japan
MBT M. m. musculus Bulgaria (Toshevo)
BAC M. m. bactrianus Afghanistan
XBS M. spretoides Bulgaria (Slantchev Briag)
ZBN M. spicilegus Bulgaria (Kranero)
SEI M. spretus Spain (Ibiza)
CRP M. cervicolor Thailand
w32 M. m. domesticus USA (Montana)
73 M. m. musculus Denmark (South Jutland)
tBAC M. m. bactrianus Afghanistan
tRinl M. m. molossinus Japan (Omiya)

TATCCCATGCGT-3') as primers for the 5’ region and T-35
(5'-AGCTGAATTCGTAAGTTACAGAGCAATGCAGAT-
TGTG-3’) and T-37 (5'-AGCTGGATCCACAGCACCTC-
CACCTGGGACCACAG-3') as primers for the 3’ region.
DNA amplifications were performed in 25-ul volumes of 10
mM Tris-HCI (pH 8.3) containing 2.5 mM MgCl,, all four
dNTPs (each at 0.2 mM), each primer at 0.25 uM, 100 ng of
template DNA, and 1 unit of Taq polymerase. The temper-
ature profile for 30 cycles of DNA amplification was 1 min at
93°C (denaturation), 1 min at 65°C (annealing of primers), 1
min 30 sec at 72°C (polymerization). The amplified DNA
fragments were cut with BamHI and EcoRlI, fractionated by
polyacrylamide gel electrophoresis, and visualized by ethid-
ium bromide staining. They were cloned into M13 phage
vectors and sequenced with an automated DNA sequencer
(ABI 370A) over two independent clones for each strain or
haplotype.

RESULTS AND DISCUSSION

We first cloned and partially sequenced the Tcp-/ structural
gene of the 129/Sv mouse (13). The sequenced region in-
cludes three exons coding for amino acids 274—-407 (7) and
contains two introns (Fig. 1B). We made oligonucleotides
and amplified genomic DN As from various mice by the PCR.
Amplified DNA fragments were cloned into M13 phage and
more than two independent clones were sequenced for each
chromosome. To study the genealogical relationships of
Tcp-1 genes, we analyzed nine wild-type mice from various
Mus species, four ¢ haplotypes from different M. musculus
subspecies, and one gene from rat as a reference. All mouse
DNAs contain a B1 repetitive sequence (16) in intron 9 of
Tcp-1, linked with a direct repeat of 15 nucleotides (5'-
ATGC[T]CTAAATACITICTT-3') derived from the host-
targeted sequence. Because the coding region is highly con-
served and phylogenetically less informative (only one syn-
onymous and nonsynonymous difference within the Tcp-/
genes of four ¢ haplotypes), we compared the sequences of
introns 8 and 9 (610 base pairs) excluding the Bl repeat,
which is absent in the rat Tcp-1 gene.

The sequences of 14 Tcp-1 genes are shown in Fig. 2 and
the pairwise nucleotide differences in the two introns are
given in Table 2 (see Fig. 3 for a reconstructed phylogenetic
tree). The sequences of Tcp-1° genes carried by the ¢ haplo-
types are very different from those of Tcp-1° genes in
wild-type M. musculus mice. The mean pairwise distance per
site between Tcp-19 and Tcp-1° is 0.023 = 0.010 at the
synonymous sites, 0.014 = 0.005 at the nonsynonymous
sites, and 0.026 = 0.006 in the intron region (Table 3). This
shows that the synonymous sites and introns have evolved at
nearly the same rate and that the degree (f) of selective
constraints against the nonsynonymous sites is =~60%. The f

Proc. Natl. Acad. Sci. USA 89 (1992)

= 0.6 is unexpectedly high in contrast to the well-conserved
amino acid sequence of TCP-1 polypeptide (11-13). More-
over, comparison of either ¢ haplotype or wild-type se-
quences with the rat homologue indicates that the synony-
mous sites have actually evolved more than twice as fast as
the intron region. In other words, compared with the substi-
tution rate in the intron region, the synonymous rate is faster
between the ¢ haplotypes and wild types but slower between
mice and rat. This accelerated synonymous rate in mice may
be related to the differences in base compositional biases at
the third codon positions. In particular, the T+C content is
significantly different between the mouse and rat genes. In
mice, thymidine is 36.9% and cytidine is 12.7%, whereas in
rat thymidine is 31.6% and cytidine is 16.5%. Interestingly,
however, there is no conspicuous difference in the intron
region (thymidine is 35.5% vs. 36.4% and cytidine is 15.6%
vs. 13.9%). This discordance suggests that base composi-
tional bias at the third codon positions is not due to changes
in mutation pressure. Rather, some relaxation of the selective
constraint against synonymous changes of mouse Tcp-I
genes appears to be more responsible, and in fact the syn-
onymous rate (11.0 = 1.0 per site per 10° year) is as high as
that of a processed pseudogene of Tcp-I (19).

An advantage of using the intron sequences to estimate the
divergence between the ¢ haplotype and wild type is that the
region is much longer than the synonymous sites compared.
We first used the relative rate test and neighbor-joining
method (20, 21) to examine whether the intron sequences of
Tcp-1 have evolved regularly in time. Since we obtained
evidence for a molecular clock (data not shown), we assumed
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FiG. 1. Genetic map of the mouse ¢ complex and the partial
structure of Tcp-I genes. (A) Genetic map of chromosome 17 of
wild-type and ¢ haplotype mice is shown. The four chromosomal
inversions [In(17)]1-4] are shown by the shaded or solid boxes. The
symbols T, Tcp-1, Hba, and H-2 represent Brachyury, t-complex
polypeptide-1, hemoglobin a pseudogene 4, and histocompatibility 2,
respectively. The five loci involved in transmission ratio distortion
are also shown. (B) Partial structure of the Tcp-1 genes of mouse and
rat, showing the intron—exon organization of the region used for the
sequence comparison. Three exons are shown as open boxes. The
mouse Bl repeat is shown as a narrow box. The PCR primers are
indicated by arrows.
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FiG. 2. Tcp-1 DNA sequences from Mus and Rat-
tus species. Nucleotide sequences (1231 base pairs) of
three exons coding for amino acid 274-407 and two
introns of mouse and rat Tcp-I genes are shown. The
exon sequences are boxed. Taxonomies of wild and ¢
haplotype mice are as follows: 129, M. m. domesticus
(129/Sv); CAS, M. m. castaneus; MOL, M. m. mo-
lossinus; MBT, M. m. musculus; BAC, M. m. bactri-
anus; XBS, M. spretoides; ZBN, M. spicilegus; SEI,
M. spretus; CRP, M. cervicolor; t*32, M. m. domesti-
cus; t*73, M. m. musculus; tRinl, M. m. molossinus;
tBAC. M. m. bactrianus. The t*32, %73 and tRinl
complement each other concerning their lethality fac-
tors. The complementation group for #34< has not been
determined. The Tcp-1 sequence of rat (RAT) is from
the Fischer rat Rattus norvegicus. All four ¢ haplotypes
have an identical sequence except at two nucleotide
positions (nucleotide 498 in r*32 and nucleotide 595 in
tBAC circled) where the *32 haplotype has G — C and
the 1BAC has T — C substitutions, respectively. The
former is nonsynonymous change (Ser — Thr) and the
latter is synonymous one. Dots indicate nucleotides
identical with 129/Sv (M. m. domesticus) and dashes
are deletions. The mouse-specific Bl repeat is in dotted
brackets. Direct repeats of the targeted sequence for
the B1 repeat insertion are shown by arrows.
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Table 2. Number of nucleotide differences and percent divergence of Tcp-1 introns among 14 mouse and a rat species

129 CAS MOL  MBT BAC XBS ZBN SEI CRP w32 ™73 1BAC ¢Rinl Rat
129 — 2 4 6 6 5 7 9 19 13 13 13 13 81
CAS 0.3 — 4 6 6 5 7 9 19 13 13 13 13 81
MOL 0.7 0.7 —_ 4 6 7 9 9 21 15 15 15 15 83
MBT 1.0 1.0 0.7 — 8 9 11 11 23 17 17 17 17 85
BAC 1.0 1.0 1.0 1.3 — 9 11 11 23 17 17 17 17 83
XBS 0.8 0.8 1.2 1.5 1.5 — 2 6 14 12 12 12 12 78
ZBN 1.2 1.2 1.5 1.8 1.8 0.3 —_ 8 16 14 14 14 14 80
SEI 1.5 1.5 1.5 1.8 1.8 1.0 13 —_ 20 16 16 16 16 84
CRP 3.2 3.2 35 39 39 2.3 2.7 34 — 22 22 22 22 84
w32 2.2 2.2 25 2.8 2.8 2.0 2.3 2.7 3.7 — 0 0 0 85
™73 2.2 2.2 2.5 2.8 2.8 2.0 2.3 2.7 3.7 0 — 0 0 85
1BAC 2.2 2.2 2.5 2.8 2.8 2.0 2.3 2.7 3.7 0 0 —_ 0 85
tRinl 2.2 2.2 2.5 2.8 2.8 2.0 2.3 2.7 3.7 0 0 0 — 85
Rat 14.6 14.6 15.0 15.4 15.0 14.0 144 15.2 15.2 15.4 15.4 15.4 15.4 —_

Tcp-1 intron sequences of 610 base pairs were compared. The observed numbers of substitutions are indicated above the diagnonal Nucleotide
dlvergences (%) are below the diagonal, corrected by the Jukes and Cantor method (17). The wild-type strains and ¢ haplotypes compared are

described in Fig. 2.

that the divergence time between mouse and rat is 17 million
years ago (mya) (22) and calibrated the mean divergence rate
of the Tcp-1 intron to be 5 x 10~ per site per year (23). The
phylogenetic tree of these intron sequences also concurred
well with that of mitochondrial DN As (24) and of biochemical
markers (25). Using this rate, we obtained that Tcp-1¢ and
Tcp-1* lineages diverged 2.9 + 0.7 mya. The divergence time
is as old as that between M. cervicolor and other Mus species.
It is consistent with the result of a phylogenetic analysis of
four cutter restriction sites in the a-globin pseudogene (Hb-
4¢) located in In(17)4 (3). The Tcp-1° intron sequences of ¢
haplotypes are not closely related to the Tcp-1 intron se-
quences from any other Mus species including M. spretus, M.
spicilegus, M. spretoides, and M. cervicolor (Table 1 and Fig.
3).

Surprisingly, despite a number of substitutions within
wild-type mice, all # haplotypes have an identical Tcp-I intron
sequence (Fig. 2). With the above substitution rate of introns,
we computed a probability that no nucleotide change has
occurred among the four ¢ haplotypes since they first di-
verged. Although this probability depends on the ancestral
relationships of these ¢ haplotypes, we can use a simple
formula for the case of two genes to make an estimate of the
divergence time. Such an estimate is conservative because
we assume implicitly that the other two ¢ haplotypes have
diverged recently. If the ¢ haplotype had evolved before the
divergence of M. musculus, the probability that no substitu-
tion has occurred among two independently evolving Tcp-1
introns becomes extremely small. Under the assumption of
the Poisson process of substitution with a mean rate of 5 x

Table 3. Pairwise distance per nucleotide site

Sequence Within groups Between groups

Synonymous 7t = 0.0056 = 0.0056 dtw = 0.023 + 0.010
sites (90) ww = 0.0344 = 0.0131  dgrr = 0.379 £ 0.079
drw = 0.372 = 0.077

Nonsynonymous =t = 0.0016 + 0.0016 drw = 0.014 * 0.005
sites (309) 7w = 0.0110 = 0.0037  drT = 0.011 * 0.006
drw = 0.014 * 0.005

Introns (610) Tr=0%0 dtw = 0.026 + 0.006

7w = 0.0161 * 0.0034

drt = 0.154 * 0.017

drw = 0.148 + 0.017

Sampling errors are calculated as described by Takahata and
Tajima (18). Within groups, the mean pairwise distance (mx) within
a group, where the subscript indicates either ¢ haplotype (T) or wild
type (W); between groups, the mean pairwise distance (dyxy) between
groups X and ¥, which are mouse wild type (W), mouse ¢ haplotype
(T), or rat (R). The number of base pairs examined is in parentheses.
Data are the mean * the sampling error.

102 per site per year, the divergence time of two orthologous
Tcp-1 introns must be <0.8 million years with 99% confi-
dence. If on the other hand we assume that all four ¢
haplotypes simultaneously diverged, the divergence time
must be <0.4 million years with 99% confidence. In this case,
it must be later than the divergence of the M. musculus
subspecies (1 mya; see Fig. 3). We therefore conclude that
the ¢ haplotypes have most likely had a single recent origin
and spread rapidly in most of M. musculus subspecies
(introgression), including M. m. castaneus (M.S., unpub-
lished data).

The four ¢ haplotype chromosomes used here were derived
from different M. musculus subspecies. The 32 of M. m.
domesticus occurs in Western Europe and America, whereas
the 72 of M. m. musculus occurs in Eastern Europe, North
Asia, and Eastern Siberia (27). The tRin! of M. m. molossinus
and the tPAC of M. m. bactrianus were isplated from Japan
and Afghanistan, respectively. Among these four ¢ haplo-
types, three (%2, 73, and rRi’) were shown to complement
each other for their lethality factors (£2A€ was not character-
ized) so that the four ¢ haplotypes consist of at least three
complementation groups. In addition, many ¢ haplotypes thus
far isolated from M. m. domesticus show various comple-
mentation groups (28) and they do complement the *73in M.
m. musculus. Even in the same subspecigs, some ¢t haplo-
types do have different lethality factors (fow allelism rate).
From these observations we suppose that lethality factors
have accumulated after introgression to respective M. mus-
culus subspecies and that the introgression must have been
such a rapid process that most of the lethality factors could
not be shared by different subspecies. Such introgression in
the worldwide scale would have been impossible by natural
migration alone. It therefore supports the hypothesis that the
spreading of ¢ haplotypes has been facilitated by modem
human activities. This might have occurred as recently as
7000-9000 years ago (7, 29) around which agriculture and
trade routes became disseminated. Polymorphisms among ¢
haplotypes, if present, must have resulted from mdependent
mutations after the mtrogressnon

From these results and prevnous findings (1, 5—7 15, 30,
31), no doubt the second inversion of chromosome 17 had
played an important role in the evolution of ¢ haplotypes. It
has allowed the accumulation of various ¢ haplotype charac-
teristics and prevented them from their dlsas§oc1atlon by
recombination. The inversion might have occurred in the
hneage leading to the present-day ‘‘wild-type”’ chromosomes
(32) in M. musculus subspecnes The mouse population
having the second inversion was probably:small, facilitating
the fixation of the inversion. We speculaté that an ancestor
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