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ABSTRACT

The Structure and Organization of the Mouse t Complex

Howard S. Fox

Variant forms of the proximal region of mouse
chromosome 17, known as t haplotypes, are found at high
frequencies in wild mice. 1t haplotypes differ from
wild-type in their effects on reproduction, embryonic
development, and meiotic recombination. Partial t
haplotypes, laboratory derived portions of complete t
haplotypes, express only a subset of the t-specific
phenotypes. Genetic and molecular studies performed on t
haplotypes have led to theories concerning the nature of the
t-specific phenotypes. However many of these theories are
in conflict with one another, in part because of the
relative difficulty of comparing t haplotypes with each
other and with wild-type chromosones.

In order to obtain a better understanding of t
haplotypes, DNA probes recognizing t complex sequences have
been sought. Novel DNA clones as well as previously
described clones have been used as probes of genomic DNA
from t haplotype-containing and wild-type mice in

blot-hybridization experiments. These experiments mapped
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sequences homologous to these clones to the t complex, and
have allowed the comparison of wild-type and t DNA.

These studies also permitted the identification of
t-specific polymorphic restriction fragments. Such
restriction fragments are present in all complete t
haplotypes and absent from wild-type mice. However, partial
t haplotypes contain subsets of these restriction fragments,
and each can be classified according to the t-specific
fragments it contains. This is the first molecular evidence
that independent partial t haplotypes contain different
lengths of t haplotype DNA. The t-specific restriction
fragments have been shown to map to and thus define
different regions of the t haplotypes. These regions of 1t
haplotype DNA could then be correlated with genetic loci
proposed to control t-specific phenotypes, particularly the
property of transmission ratio distortion.

The studies described here, in addition to recent
studies performed by others, have allowed an evaluation of
hypotheses about the evolution of t haplotypes. This has
led to the proposal of a theory concerning the origin and
maintainence of t haplotypes. A molecular and genetic
examination of a novel wild-derived t haplotype is described

and discussed in relation to this theory.
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INTRODUCTION
A. Discovery of t haplotypes

The t complex of mice has puzzled investigators since
its discovery over 50 years ago. The study of the i complex
was initiated by the finding of a short tailed mouse in a
laboratory mouse stock (Dobrovolskaia-Zavadskaia, 1927).
Genetic analysis of the inheritance of this short tail
revealed that it was caused by a dominant mutation, which
was given the name Brachyury (T). Heterozygotes (+/T) had a
short-tailed phenotype, whereas homozygotes (T/T) could not
be produced due to embryonic lethality (Chesley, 1935). It
was then found, also in laboratory stocks, that there
existed what were thought to be recessive alleles of T,
denoted t alleles, which interacted with T (in T/t mice) to
yield mice with no tail, and which were themselves
homozygous embryonic lethals (Dobrovolskaia-Zavadskaia and
Kobozieff, 1932; Chesley and Dunn, 1936;
Gluecksohn-Schoenheimer, 1940). No recombination could be
found between T and t alleles (Dunn and
Gluecksohn-Schoenheimer, 1943). Some t alleles of
independent origin were found to complement each other and
were thus thought to be different mutations (Dunn, 1937;
Dunn 1956). Since these "t alleles" or "t mutations" are

now known to cause many different effects mediated by



distinct, separable genes, investigators now refer to them
as 1t haplotypes.

An examination of wild mice revealed that i haplotypes
could be found at relatively high frequencies in most mouse
populations. Approximately 25% of wild mice carry t
haplotypes, and t haplotypes have been found in all
geographic areas in which they have been sought except one,
an island in Long Island Sound, New York (Dunn, 1964; Klein,
1975; Klein et al., 1984). Thus t haplotypes can be thought
of as a natural polymorphism in the mouse genome. The 1t
complex was mapped to the IXth linkage group in the mouse,

which was later located on chromosome 17 (Klein, 1971).

B. Properties of t haplotypes

t haplotypes have been found to contain a number of
loci that function differently than their wild-type
counterparts. The first of these is the property by which t
haplotypes have been traditionally identified, interaction
with the T mutation to cause taillessness. This locus in t
haplotypes has been called the t complex tail interaction
locus (tet or tint)., This gene causes the tailless
phenotype only when it is heterozygous with T; when it is
present with a wild-type Brachyury locus or when it is
homozygous there is no effect (Dunn, 1937). A mutation with

similar properties of interaction with T has been created in



a wild-type chromosome 17 by ENU mutagenesis. The fact that
there is recombination between this locus and T demonstrates
that it is not allelic to T (Bode, 1984).

The second property of t haplotypes is their
association with embryonic lethalities. A mating between a
tailless mouse, T/tX, with a tailless mouse carrying the
same t haplotype, T/tX, yields only tailless offspring,
T/tX, since both T/T and tX/tX are lethal. As new t
haplotypes were identified, they were tested to determine if
they carried the same embryonic lethal as those carried by
previously identified t haplotypes. If T/tX crossed to T/t¥
yielded only tailless offspring, tX/t¥ was considered lethal
and tX and tY thus belong to the same complementation group.
If normal tailed (tX/tY) offspring were produced, tX and t¥
must belong to different complementation groups.

Thus far, sixteen different complementation groups have
been described, fifteen in wild mice and and one (32)
derived only in the laboratory (Chesley and Dunn, 1936;
Dunn, 1937, Dunn and Gluecksohn-Waelsch, 1953a; Dunn and
Suckling, 1956; Dunn, 1957; Bennett and Dunn, 1958; Bennett
et al., 1959a; Bennett and Dunn, 1960; Dunn and Bennett,
1971a; Dunn et al., 1973; Winking, 1979; Guenet et al.,
1980; Klein et al., 1984). Six of these lethal haplotypes
have been examined to determine the developmental

abnormalities they cause. The t lethalities studied have



been found to act at different, distinct stages of
embryogenesis and have characteristic patterns of defects.

The Elg complementation group, which includes Eﬂig, is
distinguished by preimplantation lethality (Smith, 1956;
Hillman et al., 1970). The defect prevents the morula from
progressing to the blastocyst stage. It has been reported
(Smith, 1956; Mintz, 1964; Klein and Radska, 1968), and
refuted (Hillman and Tasca, 1973; Erickson et al., 1974),
that the defect is due to deficiencies in ribosomal RNA
synthesis. Similarly, contradictory data exist regarding
differences in ATP metabolism in t12 or t¥32 homozygous
embryos as compared to heterozygous or wild-type embryos
(Ginsberg and Hillman, 1975; Erickson et al., 1974). The
defect that is present may be cell lethal, since homozygous
embryos could not be rescued in chimeras (Mintz, 1964).

EEEQ:l and EEZQ appear to act soon after implantation.
3&2&:1 leads to a general disorganization within the embryo,
with no tissue being the obvious target for the mutation
(Guenet et al., 1980). For Eﬂli, the defect is believed to
be in the trophectoderm, which fails to invade into and
establish close contacts with the uterine decidua (Babiarz
et al., 1982).

Three complementation groups, EQ, 3!2, and Eﬁ, appear

to act in the embryonic tissues of the conceptus within a



few days following implantation. The EQ complementation
group, which includes Eé, acts shortly after implantation at
the egg cylinder stage. Homozygous embryos show a defect
in the formation of the embryonic ectoderm
(Gluecksohn-Schoenheimer, 1940; Nadijcka and Hillman, 1975).
On the basis of blastocyst outgrowth experiments, it has
been reported that the inner cell mass cells are most
affected by this mutation (Erickson and Pederson, 1975),
although a similar study also demonstrated the trophectoderm
to be abnormal (Wudl et al., 1977). Another study also
showed defects in in vitro outgrowths of isolated inner cell
mass cells (Hogan et al., 1980). Because these
abnormalities could not be corrected in aggregates between
putative homozygous and wild-type embryos, it was suggested
that a generalized cell lethality exists (Wudl and Sherman,
1978). This is supported by an earlier result of the
failure of putative homozygous embryos to grow in ectopic
sites (Wudl et al., 1977).

The Eﬂi complementation group mutation causes death at
days 7-8 of development. The embryonic endoderm becomes
pyknotic and degenerates (Bennett and Dunn, 1958).

Outgrowth culture experiments yielded a greater percentage
of the outgrowths dying when embryos and inner cell mass
cells are obtained from crosses that produced homozygoous

embryos than when they are obtained from control crosses.



Since this fraction dying corresponded to the expected
number of homozygous embryos, it was suggested that this
mutation causes a generalized cell lethality (Wudl and
Sherman, 1976; Hogan et al., 1980). However in this case it
has been clearly refuted, since an embyonic stem cell line
has been established from a 3&2/;&2 homozygous embryo
(Magnuson et al., 1982). This cell line grows well under
standard culture conditions, and differentiates to form
derivatives of all three germ layers, as do wild-type
embryonic stem cell lines.

The 32 complementation group, which includes iﬁ and
3El§, dies on approximately the eighth day of development.
In such embryos the mesoderm is unable to migrate from the
primitive streak, and such mesoderm appears abnormal
(Bennett and Dunn, 1960; Moser and Gluecksohn-Waelsch, 1967;
Spiegelman and Bennett, 1974). Following the injection of
"abnormal" (presumptive homozygous t¥18/t¥W18) embryos into
testes, tumors were produced that resembled neuroblastomas,
without mesodermal derivatives (a percentage did produce
normal appearing tumors including mesoderm, but these were
thought to be misclassified) (Artzt and Bennett, 1972).
Thus it was suggested that Eﬁl§ blocks normal mesoderm
formation. However, recently a Eﬂlé/iﬂl§ homozygous
embryonic stem cell line has been established which, when

allowed to differentiate, forms derivatives of all three



germ layers, including mesoderm (G. Martin, personal
communication).

A study of the growth rate of embryos in litters
segregating for Eﬂl§ suggested a different mode of action
for the lethality (Snow and Bennett, 1978). Presumptive
Eﬂl§/§ll§ homozygous embryos had fewer cells than did their
normal litter mates at 6 1/4 days of development, before any
other abnormality could be noted. This was apparently due
to a mitotic arrest of cells just outside the proliferative
zone of the embryo, an area of high mitotic activity.

Within the proliferative zone new cells are formed, however
the dividing cells seem to be abnormal in their orientation,
since their growth results in a thickening of the embryo
instead of the normal lengthening of the embryo. Thus there
may be a defect in mitosis in Eﬂlé/gﬂlé homozygotes.

Two complementation groups, Eﬂl and EELBEl, contain
lethal loci that act late in embryonic development. Members
of the Eﬁl complementation group, which includes Eﬂlﬂ, die
late in development, with the lethality occuring from
between day 9 and term. Homozygous embryos show cell death
in the ventral half of the neural tube and brain (Bennett at
al, 1959a,b). Tumors produced by transplanting inner cell
mass cells to the testes showed derivatives of all three
germ layers for both heterozygous and homozygous embryos,

although neither cartilage nor bone was present in the



homozygous tumors (Axelrod et al., 1981). A permanent
fibroblast-like homozygous t¥12/t¥W12 cell line was
established from one of the tumors. The lethality
associated with the QELHEl group has not been carefully
examined, but it has been reported to cause lethality at
days 11-12 of development (Winking, 1979).

t haplotypes also have been identified that do not
carry absolute lethalities, since tX/tX offspring can be
produced. Most are instead classified as semilethals since
fewer tX/tX animals are born than expected, and fetal
wastage has been demonstrated. Homozygous embryos may show
a variety of defects, including otocephaly, and can die from
these defects between implantation and birth (Bennett and
Dunn, 1969). Mice carring two complementing t haplotypes
also show differing degrees of prenatal lethality, and have
embryonic appearances similar to those of semilethal
homozygous embryos (Silagi, 1962).

The third characteristic property of t haplotypes is
transmission ratio distortion in the male. Male mice
heterozygous for a t haplotype will transmit the t haplotype
to up to 100% of his offspring. Mice derived from the wild
carrying t haplotypes show extremely high distortion (Dunn,
1957), whereas in the laboratory the transmission ratio of 1
haplotypes can be lowered by the laboratory genetic

background (Bennett et al., 1983). The genotype of the



female also appears to modulate the degree of transmission
ratio distortion in the male (Demin et al., 1978), and
alterations in the the time of fertilization similarly
affect the degree of distortion (Braden, 1958; McGrath and
Hillman, 1980b,c). Females heterozygous for t haplotypes
transmit both forms of chromosome 17 to their offspring in
Mendelian ratios.

The mechanism that causes transmission ratio distortion
is unknown. The preferential fertilization is not due to a
lack of wild-type sperm, as the segregation ratio of
wild-type and t-haplotype sperm is normal during meiosis
(Hammerberg and Klein, 1975b), and approximately equal
numbers of wild-type and t haplotype sperm are present in
the ejaculate of heterozygous mice (Silver and 0Olds-Clarke,
1984). This is distinct from a similar system in

Drosophila, Segregator Distorter (SD), in which there is an

apparent "killing" of the wild-type sperm by the SD sperm
(Hartl and Haraizumi, 1976). Numerous differences have been
reported between sperm from heterozygous (+/t) and wild-type
(+/+) mice. No structural differences could be found
between wild-type and t haplotype containing sperm (Hillman
and Nadijcka, 1978a,b), but abnormal mobility of sperm from
heterozygous mice has been demonstrated (0lds-Clarke, 1973;
Katz et al., 1979, Tessler et al., 1981). Sperm from

heterozygous males show a quicker penetration of eggs in
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vitro (0lds-Clarke and Carey, 1978), and such sperm also
show increased energy usage than do wild-type spermn
(Ginsberg and Hillman, 1974; Nadijcka and Hillman, 1980b).
Thus a difference in energy production or usage may
contribute to transmission ratio distortion. Another study
indicates that a difference exists in glycosyltransferase
activity in heterozygous (+/t) and homozygous (t/t) sperm
when compared to wild-type sperm (Shur and Bennett, 1979).
This was shown to be due to less inhibitory activity in t
sperm, and it was suggested that this may have a role in
transmission ratio distortion (Shur, 1981). 1In addition,
the various sperm antigens found to be associated with t
haplotypes (Bennett et al., 1972; Yanagisawa et al., 1974,
see below), as well as the Tcp-1 gene (Silver, 1981Db, see
below) may have a role in this phenomenon.

A fourth effect of t haplotypes on mice is sterility in
male mice that carry two complete t haplotypes. This
sterility is thought to take two different forms. 1In male
mice carrying two complementing t haplotypes, sperm are
produced, but have been reported to have structural defects
(Dooher and Bennett, 1977) although this has been disputed
(01ds, 1971; Hillman and Nadijcka, 1980; Nadijcka and
Hillman, 1980a). It has also been found that a reduced
number of sperm are present in the ejaculate of sterile

tX/tY males, and it is suggested that this reduction alone
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is sufficient to explain the sterility (Tucker, 1980).
However, when such sperm are used in an in vitro
fertilization assay, they are still defective compared to
wild-type sperm (McGrath and Hillman, 1980a). A second form
of sterility is found in male mice carrying two semilethal t
haplotypes. In such males, spermatogenesis is greatly
perturbed by microtubular defects, and normal appearing
sperm are not present (Dooher and Bennett, 1974). Mice
carrying a combination of a lethal haplotype and a
semilethal haplotype have a phenotype like those carrying
two complementing lethalities (Bennett, 1975).

A final property of t haplotypes is the suppression of
recombination in the proximal region of chromosome 17 (see
Figure 1). As genetic loci were mapped near T on chromosome
17, they were examined for recombination with t haplotypes.
It was discovered that when a t haplotype was present in
heterozygotes, the recombination with the wild-type
chromosome between T and the fused (Fu) (Dunn and Caspari,
1945; Dunn and Gluecksohn-Waelsch, 1953b), tufted (tf) (Lyon
and Phillips, 1956), and the histocompatibility-2 complex
(H-=2) (Hammerberg and Klein, 1975a) loci was greatly
reduced. When a t haplotype is present only about 1/1000
recombinant offspring can be detected over this distance of
approximately 15 centimorgans, a reduction in the normal

recombination frequency of over 100-fold. The area of
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Figure 1. Mouse Chromosome 17

The chromosome 17 genotype of a mouse heterozygous for
a complete t haplotype (+/t) is shown. Genetic markers are
indicated on the wild-type (upper) chromosome, spaced
according to relative recombination frequencies (reviewed in
Klein, 1979; and Roderick and Davisson, 1981). These
markers are T (brachyury), gk (quaking), Fu (fused), tf
(tufted), H-2 (the histocompatability-2 complex), Ce=2
(kidney catalase), Pgk-2 (phosphoglycerate kinase-2), C-3
(complement component-3), thf (thin fur), and Ir-5 (immune
response-5). Parentheses indicate that Pgk-2 and Ce-2 have
not been mapped relative to each other. The zigzag line
indicates the region of t DNA present in a complete t
haplotype-containing (lower) chromosome, thus defining the t

complex.
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recombination suppression is limited within the chromosome,
however, as free recombination can occur proximally between
t haplotypes and the centromere (Forejt et al., 1980), and
distally between t haplotypes and the phosphoglycerate
kinase-2 (Pgk-2) (Nadeau and Phillips, 1984) and kidney
catalase-2 (Ce-2) loci (Artzt, 1984). An additional result
which came out of the H-2 recombination studies was that
there are a limited number of H-2 haplotypes that are
associated with t haplotypes, as compared to the extremely
high level of polymorphism found in wild-type mice
(Hammerberg and Klein, 1975c; Strum et al., 1982; Nizetic et
al., 1984).

There have been two theories as to the cause of this
recombination suppression in t haplotypes. It has been
proposed that differences exist between i haplotypes and
wild-type chromosomes in their middle repetitive DNA (Lyon
et al., 1979a) or in primary gene order (Silver and Artzt,
1981). Since inversions are known to suppress recombination
(Sturtevant, 1926), evidence for inversions was sought by
two cytogenetic methods. First, an inversion the size of
the t complex should show inversion loops during chromosome
pairing in meiosis, and second, these chromosomes should
yield anaphase bridges in the germ cells. However, although

both effects were sought, neither was observed (Womack and
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Roderick, 1974; Tres and Erickson, 1982). This discrepancy
between the genetic and cytological data is discussed below.
It was discovered, however, that recombination between
two t haplotypes can occur at apparently normal levels
(Silver and Artzt, 1981). This finding was made possible by
the discovery of a spontaneous tf mutation in a complete t
haplotype. In a female mouse containing this t (tf)
chromosome in combination with a distal t haplotype
containing T in its proximal wild-type region, recombination
occured between T and tf. When this experiment was repeated
using t haplotypes containing distinguishable H-2 complexes,
it was found that in t haplotypes the gene order was
T - H-2 - tf, as opposed to the T - tf - H-2 order found in
wild type chromosomes (Artzt et al., 1982b; Pla and
Condamine, 1984). Additional studies indicate that the
entire H-2 complex appears to be inverted in t haplotypes

(Shin et al., 1983a; Shin et al., 1984).

C. Gene products of t haplotypes and the t lethal loci

Because the mouse H-2 complex lies within the area of
recombination suppression of t haplotypes, it has been
proposed that t haplotypes maintain this whole region as a
"supergene" complex in wild mice (Snell, 1968). It was also
speculated that, like the H-2 complex, different t complex

genes in t haplotype similarly encode cell surface antigens
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(Gluecksohn-Waelsch and Erickson, 1970). This suggestion
that t haplotypes affect cell surface antigens appeared to
be consistent with data from morphological studies of the t
lethalities, which suggested that each of the lethalities is
due to defects in cell-cell interactions (Artzt and Bennett,
1975). Thus a search for cell surface antigens encoded by t
complex genes began. Since the i complex was known to
affect both sperm and embryos, and sperm were easier to
obtain in large quantities than embryos, antisera were
raised first against sperm from T and t haplotype containing
mice. The first antiserum reported was thought to be
specific for products of the T locus. This antiserum
reacted against sperm from mice that carried T (either
heterozygous with wild-type, T/+, or heterozygous with a t
haplotype, T/t) but not with wild-type (+/+) mice (Bennett

et al., 1972). Similar antisera were prepared which were

reported to recognize sperm carrying 39, 22, 3“1, Ew2’ 1”5,
and t¥32 (Yanagisawa et al., 1974; Artzt and Bennett, 1977).
The differences in the antigens detected by many of these
antisera are thought to be due to different terminal
carbohydrates (Chang and Bennett, 1980).

An antiserum raised against teratocarcinoma cells (the
F9 cell line), which have characteristics similar to those
of early embryonic cells, was also tested against t

haplotype sperm (Artzt et al., 1973). It was found that
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twice as many sperm from a heterozygous +/£l§ mouse as from
a wild-type +/+ mouse were required to remove the anti-F9
specificity from this antisera, thus the antigen was thought
to be the wild-type product of a Elg—specific gene (Artzt et
al., 1974). Furthermore, the molecule believed to be
recognized by this serum was reported to be identical in
size and structure to H-2 molecules, and to be similarly
associated with a betap microglobulin-like molecule (Vitetta
et al., 1975).

These results, however, have been disputed. Although
putative homozygous embryos of a given t haplotype are
labelled with anti-sperm antisera raised against that
haplotype, each serum labelled embryos at the morula stage
(Kemler et al., 1976). Thus the antigen recognized may not
be in any way related to the specific embryological defect.
Since 1 haplotypes suppress recombination over a large
region, the gene encoding such an antigen may be anywhere
along the t complex, and not necessesarily the lethal locus.
Furthermore, attempts to repeat such experiments in another
laboratory by raising antisera against sperm has failed
(Gable et al., 1979; Goodfellow et al., 1979). It was
argued that in these experiments, different, more sensitive
techniques were used for the assay (anti-globulin

immunoassay instead of sperm cytotoxicity) and that the
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techniques used previously may have lead to spurious
positive results.

The anti-F9 antiserum, which was reported to be the
product of the wild-type ng gene, indeed showed decreased
staining of putative 313/313 embryos, however it showed a
similar pattern on putative in/gﬂé embryos, thus negating
any claim for specificity to the 313 haplotype (Kemler et
al., 1976). Another study showed no difference in embryos
in litters segregating for Elg or a number of other
embryonic lethals, although nondefinitive differences were
noted for Eﬂi and EQEl (Erickson and Lewis, 1980).
Furthermore, the contention that the F9 antigen is an
H-2-1ike molecule has been withdrawn, and it is now thought
to be a high molecular weight glycoprotein (Artzt et al.,
1982b; Chang et al., 1983).

A different approach has also been taken to find
protein products of the t complex. This involved comparing
two-dimensional gels of in vitro labeled testis proteins
from congenic mice. Congenic mice are inbred mice that are
created by certain mating schemes to differ only at defined
loci (see Green, 1981, for a discussion of congenic mice).
Such congenic mice were created for t haplotypes by the
repeated backcrossing of a t haplotype to an established
inbred line. After 20 such backcrosses, the probability

that a locus unlinked to the t complex is not derived from



19

the inbred strain is approximately 10-6, However, there is
a 137 chance that a locus 10cM away from the t complex is
not derived from the inbred strain. A comparison of many
independently derived congenic lines greatly increases the
probability that any differences seen between congenic mice
are indeed due to the presence of the t haplotype. Such
comparisons were performed for these protein studies.

A 63 kilodalton protein was initially identified, which
has an acidic form when a t haplotype is present, and has a
basic form when a wild-type chromosome is present (Silver et
al., 1979). In vitro translation of testis RNA showed this
protein to be a direct translation product of a t complex
gene, named t complex protein 1 (Icp-1) (Danska and Silver,
1980). The t haplotype acidic form of this gene is referred
to as Tep-12, and the wild-type basic form as Tcp-1P.
Further studies identified seven more polymorphic proteins
mapping to the t complex (Silver et al., 1983a), five of
which are direct translation products.

The function and relatedness of the t complex lethal
genes has long been a cause for speculation. After the
discovery of apparently normal recombination between

different t haplotypes, the different lethal genes were

mapped. The genes studied (tW73, twLubl —+wl18 [49], tw32
(£12], tw5, tw12 [t¥1], and tO [t&]) were found to be

nonallelic, and to map throughout the 15 cM span of the t
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complex (Artzt et al., 1982a; Condamine et al., 1983; Artzt,
1984). The recombinant t chromosomes created in these
experiments were then used in a variation of the genetic
cis-trans test to determine whether the lethal genes showed
a functional relationship. It was found that mice carrying
a certain 1 haplotype containing two lethals in cis on one
chromosome, when in combination with the appropriate
"reciprocal" t haplotype carrying no lethals, shows 1007%
complementation, compared to mice carrying the parental
combinations of 1 chromosomes with the lethal genes in
trans, which show 70-80% complementation (Shin et al.,
1983b). These data were considered to provide evidence
supporting the hypothesis that the 1 lethal genes are
interrelated and part of the same "cistron." However,
alternative explanations are also plausible. Since the
degree of complementation between two t haplotypes is known
to vary with genetic background (Klyde, 1970), the
difference between 70-807 and 1007 complementation could be
attributable to this effect. Furthermore, the differences
between the recombinant t haplotypes used in this study are
not limited to the lethal loci but also extend to undefined
portions of their parental t haplotypes. Deleterious genes
within these regions could also lead to the differences in
complementation. In fact, this was propsed in this study

and examples were presented that show this effect (Shin et
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al., 1983b). The proper control for this experiment would
entail having identical genetic backgrounds for the tests of
the lethal loci in cis and in trans. This is difficult
since each lethal locus is present not only in the
background of the laboratory mouse in which the t haplotype
is carried, but also within the context of the i haplotype
with which it is associated. The finding of two particular
combinations of these recombinant t haplotypes that give
full complementation is not convincing as proof of
functional relationship between the t haplotype lethal loci,
especially since almost all other combinantions yield poorer
complementation (P. Mains and L. Silver, personal
communication).

At present, there is no convincing evidence for
specific functions or gene products associated with any of
the lethal genes. In analogy to the manner in which genes
that affect enzyme expression have been classified (Paigen,
1980), it has been proposed the t haplotype lethal gene loci
may act by similar mechanisms (Lyon, 1981). Genes causing
lethality in early development presumably act through
malfunction of a molecule essential for development. This
molecule(s) can either be a direct protein product of the
lethal gene locus, the lethal locus being a structural gene.
Alternatively, this locus may in some way modify a protein

or produce products that regulate expression of a protein,
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the locus thus encoding a processing, regulatory, or

temporal gene.
D. Partial t haplotypes

Despite the strong suppression of recombination between
wild-type and t DNA, rare crossing over does occur in the
region between T and tf, and this produces what are known as
partial t haplotypes (see Figure 2). These were found as
"exceptions" in the balanced lethal crosses used to maintain
t haplotypes. In a cross of the genotypes T/tX x T/tX only
tailless (T/tX) offspring would be expected. However, at a
rate of 0.27, exceptional offspring are produced, having the
normal tailed phenotype (Dunn et al., 1962). Breeding
analysis of these animals showed that in addition to
containing the original t haplotype, these animals also
carry a new t haplotype (tX/t2) (Dunn and
Gluecksohn-Waelsch, 1953a). The "mutation" that creates
these new haplotypes, apparently from the original t
haplotype, also alters the properties of the haplotype.

They no longer carry the parental lethal gene, do not have a
high transmission ratio in the male, are fertile when
homozygous, and do not suppress crossing over between T and
tf (Dunn and Gleucksohn-Waelsch, 1953b; Lyon and Phillips,
1959; Dunn et al., 1962).
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Figure 2. Schematic Representation of t Complex Region
Genotypes

Representative genotypes with a complete t haplotype
(top) and the three classes of partial t haplotypes (below)
are given with some of the markers shown in Figure 1. The
straight line represents wild-type DNA, the zigzag line
represents t haplotype DNA. The inversion of if and H-2 in
t haplotype relative to wild-type DNA (Artzt et al., 1982)

is indicated.
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It was proposed that this "mutation" is actually
recombination between a t haplotype and wild-type within the
t complex region (Lyon and Phillips, 1959). Proof of this
was obtained from crosses utilizing the tf gene as a marker
to determine if crossing over occurs during the generation
of these exceptions (Lyon and Meredith, 1964a,b,c). Mice of

the genotype (Ttf/tX) were mated inter se. The normal

tailed exceptions (tX/t1), when each chromosome was bred
out, were shown to be tX/tBtf. Thus, the change from tX to
1L was accompained by crossing over in the T-tf interval,
with the new t haplotype generally retaining the tail
interaction factor and losing the parental lethality. Since
T is proximal to tf, these chromosomes, which retained the
"t-like" properties in this region, are known as proximal
partial t haplotypes. Such chromosomes allow crossing over
with wild-type in their distal extent, where the tufted gene
is located. In the proximal region, crossing over is still
suppressed from T to the quaking (gk) mutation (Bennett et
al., 1979).

In the same series of experiments described above, Lyon
and Meredith found that a cross of a t haplotype-containing
normal tailed, nontufted mouse (+tf/tX) to a short tailed,
tufted mouse (Ttf/+tf) generated a t haplotype-containing
short tailed, nontufted mouse (Ttf/+tR). A similar event

occured in a cross of a t haplotype-containing tailless,
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nontufted mouse (Ttf/1X) to a normal tailed, tufted mouse
(+tf/+tf), which generated a t haplotype-containing short
tailed, nontufted mouse (TtR/+tf). These chromosomes are
apparently the consequence of the reciprocal events to the
ones described above, since they do not carry the gene
responsible for tail interaction, but still carry the
embryonic lethal gene. These haplotypes are known as distal
t haplotypes. These chromosomes allow crossing over with
wild-type in their proximal extent, marked by the T gene,
and continue to suppress crossing over with tf. A third
class of partial t haplotypes have been derived from
proximal and distal t haplotypes. These are the central 3t
haplotypes, which do not contain the tail interaction locus
or the lethal gene, and which allow crossing over both
proximally and distally (Dunn and Bennett, 1968; Dunn and
Bennett, 1971b; Lyon and Mason, 1977; Lyon et al., 1979a;
Lyon, 1984).

Since the partial t haplotypes genetically separate the
tail interaction locus from the lethal genes, it was clear
that at least these effects are mediated by independent
genes. Partial t haplotypes have been extensively used to
analyze the sterility and transmission ratio distortion
properties of t haplotypes. Males that are homozygous for
proximal t haplotypes are fully fertile (Dunn and

Gluecksohn-Waelsch, 1953a; Lyon and Meredith, 1964a),
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however a proximal t haplotype in combination with a
complete t haplotype shows reduced fertility (Braden and
Gluecksohn-Waelsch, 1958; Dunn and Bennett, 1969; Bennett
and Dunn, 1971; Lyon and Mason, 1977; Erickson et al., 1978;
Hammerberg, 1981; Hammerberg, 1982). Thus there are thought
to be at least two loci responsible for sterility in t
haplotypes, one mapping proximally (denoted t complex
sterility locus-1: tcs-1) and one distally (tecs=2). Two
gene doses of tcs-1 apparently have no effect, whereas two
doses of tcs-1 and one of tcs-2 render an animal partially
sterile, and two doses of both leads to complete sterility
(see Silver, 1981a). An anomolous result obtained was that
proximal t haplotypes in combination with a certain 3t
haplotype, Eé, were fully fertile. Although Eé was
previously thought be like all complete t haplotypes, it was
proposed that Eé is lacking in the proximal sterility factor
found in other complete t haplotypes (Lyon and Mason, 1977).
Thus in the compound heterozygotes for a proximal haplotype
and Eé, animals would only have one dose of tcs-1 and one
dose of tcs-2 and thus be fertile. Proof that Eé differs
from complete t haplotypes has been obtained in this study.
The genetic control of segregation distortion was also
shown to be regulated by multiple loci. Many different
investigators have reported on the transmission ratios of

partial t haplotypes when they were present isolated from
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other t haplotypes or in combinations of %t haplotypes.
Isolated proximal partial t haplotypes show two different
phenoytypes: either a normal transmission ratio or a low
transmission ratio, ranging from 10-40% (Dunn et al., 1962;
Lyon and Meredith, 1964a; Lyon and Mason, 1977; Lyon, 1984).
Distal partial t haplotypes show a variable ratio, but when
results are averaged a normal ratio results (Lyon and Mason,
1977; Styrna and Klein, 1982). Central haplotypes show a
low ratio (Dunn and Bennett, 1968; Lyon and Mason, 1977;
Lyon, 1984). When combinations of proximal and distal

haplotypes are present in a mouse in the cis or trans

orientations, a variety of results are obtained. When a
proximal and a distal t haplotype are present together, in
some experiments they are transmitted at equal ratios, in
other studies the proximal haplotype is transmitted at a
high level, and in yet other studies the distal haplotype is
transmitted at a high level (Lyon and Mason, 1977;
Hammerberg, 1982; Styrna and Klein, 1982; Lyon, 1984).
Central haplotypes have the property of being transmitted
equally when present in combination with a complete t
haplotype, and equally when present in combination with a
low ratio proximal haplotype (Dunn and Bennett, 1968; Lyon,
1984).

To explain these results, models have been proposed

regarding interaction of t haplotype loci to produce
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segregation distortion. One model contends that
transmission ratio distortion is controlled by two loci, one
mapping proximally and one distally, which may act in a
distorter-responder relationship (Gluecksohn-Waelsch, 1971;
Demin et al., 1978; Styrna and Klein, 1982; Bennett et al.,
1983). This model fails, however, to predict which t
haplotype, when combinations of t haplotypes are present in
a mouse, will be transmitted at a high ratio, or why central
haplotypes in combination with complete t haplotypes show a
normal transmission ratio.

An alternate model, which answers the above critism,
has also been proposed. This model contends that there is a
locus, present in the central region of t haplotypes (thus
defining central haplotypes) which acts as a responder locus
(t complex responder, Tcr) to the action of at least three

distorter loci (t complex distorters, Tecd-1, Tcd-2, and

zgg;;) (Lyon and Mason, 1977; Lyon, 1984). The model states
that heterozygosity for Tcr is absolutely necessary for
distortion of transmission ratio and that the degree to
which a t haplotype (either partial or complete) is
transmitted at an abnormal ratio depends on which of the
distortion loci are present.

This model is thus able to predict both whether a male
carrying combinations of partial t haplotypes will show

transmission ratio distortion, and which chromosome will be
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transmitted at a high ratio (Lyon, 1984). For example, a
chromosome that carries Tcr will be transmitted at a high

ratio if Tcd-1 and Tcd-2 are present in cis or trans, and at

the highest level if all three distortion loci are present.
Even if only Tcr is present on one chromosome, and the
distorters present on the other chromosome, the chromosome
containing Tcr will be transmitted at a high ratio. If Tcr
is present on both chromosomes, both will be transmitted
equally, regardless of the number of distorters present. 1In
contrast, an isolated Tcr locus, or Tcr in combination with
Ted-1 or Ted-3 will be transmitted at a low ratio. The
Tcd-1 locus was proposed to map proximally, the Tcd-2 locus
distally, and the Tcd-3 locus medially. Inherent in the
this model is the hypothesis that different partial t
haplotypes of a given class, proximal, central, or distal,
may carry different lengths of t haplotype DNA (Lyon and
Meredith, 1964a; Lyon and Mason, 1977). However, this model
has been criticized as involving circular reasoning, since
the partial t haplotypes were proposed to have different
transmission ratio distortion factors and thus different
lengths based on their transmission ratio distorting
properties, without any independent verification of the
amount of t haplotype DNA they contain. Proof that partial
! haplotypes can indeed carry different lengths of t

haplotype DNA has been obtained in this study.
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Partial t haplotypes have also been used to examine the
structure of the t complex. After the discovery of the
Tcp-1 polymorphism between t haplotypes and wild-type,
partial t haplotypes were examined for the presence of this
marker. A potential problem in this analysis is that the
partial t haplotypes have not been bred onto congenic
strains. Background differences in the mice containing the
partial t haplotypes could obscure the mapping if that
background contained alleles like those in t haplotypes.
However, the Tcp-1 allele found in t haplotypes has thus far
been found in all complete t haplotypes and is absent from
both the inbred and noninbred mice that do not contain t
haplotypes. Thus this allele can be used as a marker in
studies on t haplotypes. |

All proximal haplotypes carry this marker whereas all
distal t haplotypes do not, thus mapping the Tcp-1 gene to
the proximal region of t haplotypes. Suprisingly, however,
in 4 out of the 15 proximal t haplotypes examined a
duplication of this protein was found (the chromosomes
expressed both Tecp-12& and Egg:lh) (Silver et al., 1980).
This provided evidence that the crossing over events that
lead to the generation of partial t haplotypes can be, in a
large number of cases, unequal, as had been proposed earlier

(Lyon and Meredith, 1964b; Lyon and Bechtol, 1977).
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One of the i haplotype complementation groups, 32,
consists entirely of haplotypes which have arisen from other
t haplotypes (t4 and t2 from t12, Dunn and
Gluecksohn-Waelsch, 1953a; t¥18 from t¥11 (t¥5), Bennett and
Dunn, 1960; t¥30 from tW12, Dunn et al., 1962; t¥W52 from
tW2, Bennett et al, 1976; and Eﬁﬁl from t¥3, V. Bode,
personal communication). These haplotypes are unique to t
lethals in that they allow crossing over with tf and H-2,
and do not distort transmission ratio when heterozygous with
wild-type. In the cases of t¥30, Eﬁig, and E&El, it was
shown directly that they arose by recombinantion between a t
haplotype and wild-type because they picked up the tf marker
from the wild-type chromosome during their generation. 1In
analogy to the theory and finding of unequal crossing over
between t and wild-type DNA described above, it has been
proposed that an unequal crossing over to create members of
the 32 group could create a lethality by either duplication
or deletion of genes (Lyon and Meredith 1964b, Silver,
1983).

E. Other t complex genes affecting spermatogenesis and

embryogenesis

In addition to T, there are a number of other mutations
in wild-type chromosome 17 which, like some of the t

haplotype genes, affect spermatogenesis or embryonic
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development. Three genes that map in the t complex are
known to affect spermatogenesis: quaking (gk), hybrid
sterility (Hst) and T-associated sex reversal (Tas). The gk
nutation was first observed as a neurological mutation
(Sidman et al., 1964). Homozygous mice had a distinct
tremor, and histological examination revealed severely
deficient myelination in the central nervous systemn.
Homozygous males were found to be sterile, with a defect in
spermatid differentiation, possibly of lipid metaoblism,
which leads to a virtual azoospermia (W. Bennett et al.,
1971) .

The Hst gene was discovered in an a study designed to
examine the genetic basis for male sterility in F1 offspring
of crosses between wild mice and laboratory mice (Forejt and
Ivanyi, 1975). Two different alleles of this gene exist in
laboratory strains: one which causes sterility (Hst-18),
and one which allows fertility (Hst-1£). This gene has been
mapped to the area between T and H-2. In sterile males,
testis weight was significantly less than in fertile males,
and spermatogenesis appeared to break down at the
spermatogonia stage.

The Tas gene was discovered during an atteumpt to
backcross the _EE mutation onto the C57BL/6J inbred strain
(Washburn and Eicher, 1983). ThR acts as an allele of T in

that it shortens the tail of heterozygotes, interacts with t
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haplotypes to yield tailless offspring, and is homozygous
lethal (Johnson, 1974; Johnson, 1975). It differs from T,
however, in that it seems to be a deletion of a number of
other genes. ThP exhibits pseudominance of gk, does not
express Tcp-1, and is unable to be inherited maternally
(Johnson, 1975; Bennett et al., 1975; Silver et al., 1979;
see below). Because of the latter property, male mice
carrying _EE also carry the Y chromosome from the AKR/J
strain in which _QE was discovered. On the fourth to fifth
backcross of THP onto C57BL/6J, the presence of
hermaphrodites and a shortage of males was noted.
Examination of embryos showed that this was a sex-reversal
phenomenon, with XY (male) mice developing ovotestes or true
ovaries. Since numerous backcrosses onto the C57BL/6J
background were required to elicit this phenotype, multiple
genes elsewhere in the genome in C57BL/6J must interact to
cause this effect. The Tas gene was defined as causing this
sex-reversal of the _ER mutation (with its associated
AKR/J-derived Y chromosome) on the C57BL/6J background.

Two additional genes mapping to the t complex affect
embryonic development: fused (Fu) and t-associated maternal
effect (Tme). The Fu gene was discovered in a laboratory
stock of mice, and maps between T and tf. Like T, Fu causes
a shortening of the tail in heterozygotes (Reed, 1937). Fu

exhibits incomplete penetrance, which varies with genetic
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background. Fused homozygotes are viable on some
backgrounds, and lethal on others (Dunn and
Gluecksohn-Waelsch, 1954) Homozygous embryos show
duplications in the posterior neural tube (Theiler and
Gluecksohn-Waelsch, 1956). Two alleles of fused have also
been identified. Kinky (Fukl) was found by a mouse
fancier, and causes a "kinky" short tail in heterozygotes
(Caspari and David, 1940). Kinky homozygotes are lethal at
days 9-10 of development, and show disorganization and
duplication of embryonic tissues (Dunn and Caspari, 1945;
Gluecksohn-Schoenheimer, 1949). Knobbly (FuKP) arose in a
mutagenesis experiment, and causes a "knobbly" short tail in
heterozygotes (Lyon, 1977). Knobbly may show incomplete
penetrance, or possibly a low transmission ratio in the
male. Knobbly homozygotes die at nine days of development,
and show initial defects in the embryonic ectoderm
(Jacobs-Cohen et al., 1984).

The t-associated maternal effect (zgg) was first
identified in the _QR mutant described above. Only males
carrying EEE could pass on the chromosome. When females
carrying lQB pass this chromosome on to their offspring, the
embryos die at approximately 14 days of development
(Johnson, 1974). Defects such as edema and polydactyly were

noted. This maternal effect lethality could be rescued in

aggregation chimeras between maternally-derived _ER embryos
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and wild-type embryos (Bennett, 1978). Such rescued
chimeras, if female, still could not pass on the _EE
mutation. Nuclear transplant experiments have indicated
that the defect is nuclear, not cytoplasmic (McGrath and
Solter, 1984). A partial t haplotype, tWLUub2  has been
described that exhibits an identical maternal effect
(Winking and Silver, 1984). It has been proposed that the
recombination event that created this partial t haplotype,
which occured proximally in the same region as the _QR

deletion, also created the maternal effect at or near the

recombination point.

F. Evolution of t Haplotypes

The question of how and when t haplotypes originated
and why they are maintained in wild mouse populations has
led to much speculation. The finding of a relatively low
level of DNA polymorphisms in the H-2 region in t haplotypes
led to the proposal that all t haplotypes originated from a
common ancestor (Shin et al., 1982). A study of the
serological relatedness of the H-2 antigens in t haplotypes
also led to this hypothesis (Nizetic et al., 1984). Some
researchers suggest that the common ancestor is most likely
to be t¥2, since other t haplotypes have been reported to
arise from it (Dunn, et al., 1973; Bennett et al., 1976),

whereas others believe the ancestor was a nonlethal
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chromosome (Nizetic et al., 1984) . An alternate proposal
was based upon the high degree of homology between different
t haplotypes and their distinction from wild-type in DNA
studies on the H-2 region and in a 2-D gel analysis of
testicular proteins (Silver, 1982; Silver et al., 1983b). It
was suggested that t haplotypes represent introgressions
into mouse subspecies by genetic material from a distinct
species. The t complex region from this species would be
normal in the context of the its species of origin, and
would only exhibit the t-specific phenotypes in the

background of Mus musculus. Thus it was suggested that all

1 haplotypes carrying the same lethality and H-2 haplotype
arose from the same ancestor.
The time at which t haplotypes originated has been

thought to predate the separation of Mus musculus into

different subspecies, since t haplotypes are found in at
least two (Dunn et al., 1973), and possibly three (as
reviewed in Sage, 1981), different subspecies of Mus
musculus. A study that identified similar deletions in the
Eilﬂﬁé gene in 1t haplotypes isolated from different Mus
musculus subspecies supports the theory of t haplotype
origin before subspeciation (Dembic et al., 1984).

The maintainence of t haplotypes in mouse populations
is considered to be due to the transmission ratio distortion

properties of t haplotypes (see Dunn, 1964). This has led
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to speculation concerning the origin of the t haplotype
lethal genes. It has been argued that the t lethal genes
comprise a group of fuctionally related genes that govern
stage-specific transitions during embryonic development
(Bennett, 1975; Shin et al., 1983b). However, it has been
pointed out that recombination suppressing chromosomes which
have the advantage of transmission ratio distortion may act
as a lethal sink and pick up sporadic, recessive embryonic
lethalities at no harm to the survival of the chromosome
(Paigen, 1980; Tres and Erickson, 1982). In fact, in a
transmission ratio distorting chromosome that is also
homozygous sterile, recessive lethalities are actually an
advantage since they decrease the number of sterile males in
the population, who cannot contribute to the spread of the
chromosome (Lewontin and Dunn, 1960; Lewontin, 1962;
Lewontin, 1968). Thus the t haplotype lethal genes may be

secondary events in the evolution of t haplotypes.
G. Intent of this research

In order to obtain a better understanding of t
haplotypes and the t complex, DNA probes recognizing t
complex sequences have been sought. The characterization of
the genomic DNA of t haplotype-containing and wild-type mice
with these probes allows the comparison of various t

haplotypes to each other and to the wild-type form of the t



39

complex. These comparisons have allowed a molecular
characterization of the t complex region of chromosome 17.
The comparison of t haplotypes with wild-type supports the
view that t haplotypes are a variant of this chromosomal
region, but that they do not differ greatly from the
wild-type form of this region. Partial t haplotypes have
also been characterized, and it has been shown that partial
t haplotypes can contain different amounts of t haplotype
DNA, thereby accounting for their different phenotypes. The
t haplotype property of transmission ratio distortion has
been analyzed in light of this characterization, and support
for the multiple loci model of Lyon has been obtained.

These results with the partial t haplotypes are also
discussed with respect to their continued suppression of
recombination, and a mechanism causing this suppression is
discussed. Finally, a theory concerning the origin and

evolution of t haplotypes 1s presented.
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MATERIALS AND METHODS
A. DNA isolation
1. Plasmids

a. Miniprep

This protocol was used to extract microgram amounts of
plasmid DNA from 5 ml cultures of bacteria. It is an
adaptation of a protocol supplied by D. Hanahan, CSHL. The
bacteria in 5 ml overnight culture were pelletted by
centrifugation (2,000 r.p.m. in an International
centrifuge). The supernatant was removed by aspiration, and
the bacterial pellet resuspended in 350 microliters of STET
(8% sucrose, 0.5% Triton X-100, 50 mM EDTA, 10 mM Tris, pH
8.0) and transferred to a microfuge tube. A dash of
powdered lysozyme was added, the tube vortexed briefly,
placed in a boiling water bath for 40 seconds, and this was
followed immediately by centrifugation for 10 minutes at
room temperature. The pellet was removed with a toothpick
and discarded. 200 microliters of 5 M NH;,O0Ac was added to

the supernatant, and the tube was filled with isopropanol
and mixed. The mixture was chilled at -20°C for 10 minutes,
and the DNA recovered by centrifugation at 4°C. The pellet

was resuspended in 100 microliters 5mM Tris, pH 7.6,
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0.1 mM EDTA. 10 microliters was sufficient to perform
restriction enzyme digests and gel electrophoresis. To
eliminate RNA which could mask small restriction fragments,
RNase was added to the digestion or to the gel loading
buffer. When such preparations were used as plasmid DNA
stocks, they were usually further purified by the addition
of 1-2 microliters of 10 mg/ml RNase, incubated at room
temperature for 30 minutes, followed by phenol/chloroforn

(1:1) and chloroform extractions and ethanol precipitation.

b. Maxiprep

This protocol was used to extract milligram amounts of
plasmid DNA from 500 ml cultures of bacteria. The protocol
was supplied by D. Hanahan, CSHL. The bacteria from a 500
ml saturated culture were pelleted by centrifugation (2,500
r.p.m. in a Sorvall centrifuge). The pellet was resuspended
in 8 mls of 50 mM Tris, pH 8.0, 50 mM EDTA, and 15% sucrose;
and transferred to an SW41 ultracentrifuge tube. 0.1 mls of
a fresh 10 mg/ml solution of lysozyme was added, and the
mixture left for 5 minutes on ice. 0.25 mls of 207 SDS was
added, mixed by inverting the tube several times, and left
10 minutes on ice. 1 ml of 5 M KAc was added, mixed by
inversion, and left on ice 1 hour to overnight. This lysate
was cleared by ultracentrifugation at 30,000 r.p.m. for 30
minutes at 4°C in an SW41 rotor. Supercoiled plasmid DNA

was purified by equlibrium centrifugation in cesium
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chloride-ethidium bromide gradients as described by Maniatis

et al., 1982.
2. Phage

a. Miniprep

This protocol was used to extract microgram amounts of
phage DNA from 10 ml bacterial lysates. It is an adaptation
of a protocol supplied by C. Doyle, CSHL. 100 microliters
of a phage stock made from a 1 ml plug suspension was mixed
with 200 microliters of a stationary culture of plating
bacteria (grown with the addition of 0.2% maltose to the
medium) and 200 microliters of 10 mM MgS0,, 10 mM CaClp, and
10 mM Tris, pH7.6 in a 50 ml sterile culture tube, and was
incubated at 37°C for 15 minutes. 10 mls of medium was
added, and the mixture incubated in a shaking 37°C incubator
until lysis was achieved (usually 9-12 hours). A few drops
of chloroform was added, and the bacterial debris was
pelleted by low speed (2,000 r.p.m. in an Inernational
centrifuge) centrifugation. The supernatants were decanted
into Ti50 ultracentrifuge tubes. 100 microliters of 10 mM
Tris, pH 7.6, 100 microlites of 1 M MgS0O,, and 20
microliters of 10 mg/ml DNAse was added, mixed by inversion,
and incubated at 37°C for 20-30 minutes. The tubes were
then filled with 0.5 M EDTA (1-2 mls), and centrifuged in a

Ti50 rotor at 32,000 r.p.m. for 1 hour at 4°C. The
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supernatant was decanted or aspirated away, the pellet was
dried briefly, and then resuspended in 0.5 mls of SM (100 mM
NaCl, 10 mM MgSO,, 50 mM Tris, pH 7.6, 0.01% gelatin) and
transferred to a microfuge tube. 5 microliters of 107 SDS
and 5 microliters of 0.5 M EDTA were added, and the mixture
incubated at 68°C for 20 minutes. One phenol/chloroform
(1:1) and one chloroform extraction was performed to remove
proteins. One-half volume of 7.5 M NH;O0Ac was added,
followed by one volume of isopropanol. The DNA was allowed
to precipitate for a few hours or overnight at -20°C or 30
minutes in a dry ice-ethanol bath. DNA was recovered by
centrifugation for 15 minutes, and the DNA resuspended in
100 microliters of 5 mM Tris, pH 7.6, 0.1 mM EDTA. 10
microliters was sufficient to perform restriction enzyme
digestion and gel electrophoresis. To eliminate RNA which
could mask small restriction fragments, RNAse was added to

the digests or to the gel loading buffer.

b. Maxiprep

This protocol was used to extract milligram amounts of
phage DNA from 500 ml bacterial lysates. It is an
adaptation of protocols described by Maniatis et al., 1982.
5 microliters of a plate lysate stock of phage were mixed
with 5 ODgpp units of bacteria, grown with the addition of
0.2% maltose to the medium, in SM. The mixture was

incubated for 20 minutes at 37°C, and 500 mls of medium was



L

added and the mixture incubated with shaking at 37°C until
lysis occured, usually 6-9 hrs. 10 mls of chloroform was
added and shaking incubation continued for 15 minutes.

50 microliters of 10 mg/ml DNase and 50 microliters of 10
mg/ml RNase were added and the mixture was incubated for 30
minutes at room temperature. 29.2 grams of NaCl was added,
dissolved by swirling, and the mixture was left at 4°C for
60 minutes. Debris was removed by centrifugation (4,000
r.p.m. in a Sorvall centrifuge) for 15 minutes, and 10%
weight/volume ratio of PEG 6,000 was added. The phage were
precipitated by stirring at 49C for 90 minutes to overnight,
and were recovered by centrifugation (4,000 r.p.m. in a
Sorvall centrigure) for 20 minutes. The supernatant was
decanted away, and the pellet allowed to dry briefly
upsidedown. The pellet was resuspended in 6 mls TM (50 mM
Tris, pH 7.8, 10 mM MgSOA), and two chloroform extractions
were performed. A step gradient was constructed in SW41
ultracentrifuge tubes by layering, from the bottom up, 3 mls
of 407% glycerol in TM, 1 ml 57 glycerol in TM, and the phage
suspension. Centrifugation in an SW41 rotor was performed
at 35,000 r.p.m. for 1 hour at 49C. The pellet was
resuspended in 1 ml TM, and 0.5 ml aliquots added to two
microfuge tubes. To each aliquot, 1 microliter of a mixture
of 10 mg/ml DNase, 1 mg/ml RNase was added, and incubated at

370C for 30 minutes. 25 microliters of 0.5 M EDTA was



45

added, followed by 15 microliters of 207% SDS and 15
microliters of 20 mg/ml predigested pronase. The mixture
was incubated at 37°C for 1 hour, followed by two
phenol/chloroform (1:1) extractions and one chloroform
extraction. One-half volume of 7.5 M NHAOAc was added,
followed by one volume of isopropanol, and the DNA allowed
to precipitate at -20°C for two hours, or in a dry
ice-ethanol bath for 30 minutes. DNA was recovered by
centrifugation, washed in 70% ethanol, and resuspended in

0.5 mls of 5 mM Tris, pH 7.6, 0.1 mM EDTA.
3. Mammalian genomic DNA

a. Mouse organs

This protocol is an adaptation of that described by
Silver, 1982. It was used to extract high molecular wieght
DNA from organs of adult mice, or from whole newborn mice.
Samples were homogenized in 50 mM Tris (pH 8.0), 50 mM EDTA,
and 250 mM sucrose on ice. It was found that recovery of
DNA from fresh samples was facilitated by the addition of
0.2% Triton X-100 in the first homogenization. A crude
nuclear fraction was recovered by centrifugation (2,000
r.p.m. in an International centrifuge). Nuclei were washed
by homogenization in the same buffer, recovered by
centrifugation, and resuspended in 2-10 mls of 50 mM Tris,

pH 8.0, and 50 mM EDTA. SDS was added to 2%, and pronase
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(self-digested at 37°C for 3 hr prior to use) was added to 1
mg/ml. Proteolytic digestion was allowed to proceed at 37°C
overnight, usually 8-12 hrs. Sample volumes were increased
to 5-15 mls with 50 mM Tris and 50 mM EDTA, and a single
phenol extraction, followed by extractions with
phenol/chloroform/isoamyl alcohol (50:48:2) were performed
to extract proteins until a clean interface could be
obtained. A single chloroform extraction was performed to
remove residual phenol. One-fourth volume of 10 M NH,OAc
was added to the sample, followed by two volumes of -20°C
absolute ethanol. The precipitated DNA was recovered by
spooling, dipped in 70% ethanol to wash, allowed to dry
briefly, and resuspended in 5 mM Tris (pH 7.6) and 0.1 mM
EDTA by gentle rocking overnight at 4°C. The purified DNA

was stored at 4°C.

b. Cell lines

This protocol was supplied by L. Silver, Princeton.
Cell pellets were homogenized in 50 mM Tris, pH 8.0, 50 mM
EDTA, and 100 mM NaCl. SDS and pronase addition,
proteolytic digestion, and DNA purification proceeded as

described for mouse organs.

c. Mouse tails
This protocol is an adaptation of one supplied by R.

Brinster, Phil. A 2-3 cm length of tail was removed from a
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mouse and placed in a microfuge tube containing 0.6 mls of
50 mM NaCl, 50 mM EDTA, and 50 mM Tris, pH 8.0. The tail
was chopped finely with scissors, 30 microliters of 10 mg/ml
collagenase added, and the mixture incubated at 370C for 1
hour. 35 microliters of 207 SDS was added and mixed,
followed by 75 microliters of 20 mg/ml predigested pronase.
The mixture was incubated overnight at 37°9C overnight. The
sample was then extracted with equal volumes of phenol,
phenol/chloroform (1:1) and chloroform. One-tenth volume of
3 M NaAc was added, mixed, and the tube was filled with cold
(-20°C) isoproponal. If a precipitate did not form and
condense after the isoproponal was mixed, the tube was
rocked gently at 4°C for 10-20 minutes to obtain this
precipitate. DNA was spooled onto a heat-sealed glass
micropipette, dipped in 70% ethanol to wash, allowed to dry
briefly, and resuspended in 0.5 mls of 5 mM Tris, pH 7.6,
0.1 mM EDTA by rocking overnight at 4°C. 150 microliters of
this preparation usually contained 5-10 micrograms of DNA,
sufficient to restriction enzyme digest for

blot-hybridization analysis.

B. RNA isolation

This protocol was supplied by N. Sarvetnick, CSHL. A
S olution of 5 M guanidium isothiocyanate, 50 mM Tris, pH

7 .6, 10 mM EDTA, 5% beta-mercaptoethanol was prepared by
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first disolving the guanidium isothiocyanante in water by
stirring overnight, followed by the addition of the other
components. Fresh spleens were homogenized by a mechanical
homogenizer in 12 mls of the guanidium solution. The
homogenizer was rinsed in 3 mls of the guanidium solution,
and the homogenate and the rinse were mixed in a Corex tube,
the volume increase to the top of the tube with the
guanidium solution, and centrifuged at 10,000 r.p.m. (in a
Sorvall centrifuge) for 20 minutes. The supernatant was
decanted into a clean tube, one-tenth volume (1.65 mls) of
20% Sarkosyl was added to it, and the solution was brought
to 65°C for 2-3 minutes. CsCl was added to 0.1 g/ml (1.7
g), and a step gradient was constructed in an SW27 tube by
layering 6 mls of 5.7 M CsCl, the extract (approximately
17.5 mls), and the tube filled with of 0.1 g/ml CsCl, 27%
Sarkosyl in the guanidium solution. The solution was
centrifuged in an SW27 rotor at 25,000 r.p.m. for 16 hours
at 200C.

The supernatant was aspirated away, the tube cut off
2-3 cm from the bottom, and the pellet scraped from the tube
in 0.5 mls of 5 mM EDTA, 0.5% Sarkosyl, 5%
beta-mercaptoethanol, prepared in DEPC-treated water. The
suspension was brought to 37°C for 20 minutes, vortexed to
disolve the pellet, and phenol/chloroform (1:1) extracted 3

times, and chloroform extracted once. One-tenth volume
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DEPC-treated 3 M NaOAc (the original protocol calls for 3 M
LiCl, which was not available) was added, followed by 2.5
volumes absolute ethanol. RNA was precipitated overnight at
-200C, centrifuged, disolved in DEPC-treated water, and

reprecipitated in 0.3 M NaOAc with 2.5 volumes of ethanol.

C. Isolation of recombinant phage from genomic libraries

A1l techniques performed similar to those described in
Maniatis et al., 1982, except for the hybridization
conditions. Briefly, approximately 800,000 phage were
plated (50,000 phage per plate). Nitrocellulose was used to
make 1lifts of the phage, and such 1ifts were hybridized to
probe in the same manner as used for Southern blots, below,
except a prewashing in 50mM Tris (pH 8.0), 1 M NaCl, 1 mM
EDTA, and 0.1% SDS at 41°C was performed before
hybridization. Positive spots were picked by withdrawing a
plug of phage plagues and agar from the plate with the wide
end of a sterile pasteur pipette. These plugs were
resuspended in 1 ml of SM containing a drop of chloroform,
and the phage were replated at a density of 200-300 per
plate. A second round of screening proceeded, and
individual plaques were isolated by withdrawing small plugs
of phage plaques and agar with the narrow tip of a sterile
pasteur pipette, and resuspended in 1 ml of SM containing a

drop of chroloform. Plate stocks of the phage were made by
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the plate lysate techinque. Confluent lysis was achieved on
freshly poured plates, and the phage harvested by the
addition and subsequent withdrawal of SM to the plate.
Chloroform was added, and debris removed by low speed
centrifugation (2,000 r.p.m. in an International
centrifuge). Phage were stored in SM containing a drop of

chloroform at 4°C.

D. Subcloning

Fragments of recombinant clones were subcloned as
described by Maniatis et al., 1982, except fragments were
not purified from the vector before ligation.
Transformation of the recombinant DNA into E. coli DH1 or

DH5 was performed as described by Hanahan, 1983.

E. Restriction enzyme digestion

1. Digestion conditions

The DNA to be digested was diluted so that the final
concentration of DNA would not exceed 100 mg/ml. The
buffers and incubation temperatures used were as given by
Maniatis et al., 1982; except BglII digests were performed
in a buffer consisting of 20 mM glycine, pH 9.5, 20 mM
MgClpy, 150 mM NaCl, and 6 mM beta-mercaptoethanol; and Taql

digests were performed in a buffer consisting of
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10 mM Tris, pH 8.4, 6 mM MgClp, 100 mM NaCl, and 6 mM
beta-mercaptoethanol.

2. Cloned DNA

DNA from purified recombinant phage or plasmids was
digested with 2-fold excess units of restriction enzyme for

2-3 hours.
3. Genomic digests

Mouse genomic DNA was usually digested as follows. 20
micrograms of DNA (enough for 3 lanes on a gel) was diluted
to 300 microliters. 34 microliters of 10x buffer was added,
followed by 10 units of restriction enzyme. The tube was
tapped to mix, and the sample incubated for 30 minutes,
tapped, and incubated 30 more minutes. 10 more units of
enzyme were added, and the sample was incubated 3 hours to
overnight. A final 10 units of restriction enzyme were
added, 17 microliters removed and added to test digest (see
below) and both samples incubated 3 hours to overnight.

To test for complete digestion, an aligqout of the above
reaction was added to 200 ng plasmid (pBR322 or pUC12) or
viral (SV40 or lambda phage) DNA, incubated as described
above, and electrophoresed on an agarose gel, ethidium
bromide-stained, and examined. When the test DNA was cut to
completion, it was assumed that the genomic DNA was also cut

to completion. If the test DNA was not completely digested,
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another aliquot of restriction enzyme was added and the test

digest repeated.

F. DNA gel electrophoresis and Southern blot-hybridization

techniques
1. Agarose gel electrophoresis

Samples in small volumes were prepared for
electrophoresis by the addition of one-third volume of 4x
gel loading buffer (3.2% SDS, 40 mM Tris, pH8.0, 40 mM EDTA,
4L0% sucrose, dashes of bromophenol blue and xylene cyanol)
was added. Samples in large volumes were first precipitated
by the addition of one-half volume of 7.5 M NH,OAc, 50 mM
EDTA followed by 2 volumes of ethanol, chilled, the DNA
recovered by centrifugation, and then disolved in 1x gel
loading buffer (0.8% SDS, 10 mM Tris, pH8.0, 10 mM EDTA, 10%
sucrose, dashes of bromophenol blue and xylene cyanol). For
the analysis of cloned DNA, 200ng to 1 microgram of DNA was
usually loaded per lane. For genomic DNA, 5 to 10
micrograms of DNA was loaded per lane.

Agarose was made up in 1x Loenings buffer (146 mM Tris
base, 120 mM NaHpPO04+H20, 4.4 mM NapEDTA). In general, for
analysis of large (over 8kb) fragments of DNA, 0.7% gels
were used, medium (2-8 kb) fragments 1.0% gels were used,

and small (0.5-2 kb) fragments 1.5% gels were used. Gels
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were run until marker dyes migrated the desired length at
0.5-0.8 V/cm.

To visualize the DNA, gels were stained in 1
microgram/ml ethidium bromide for 30-60 minutes, destained
in water if faint fragments were being detected, and

examined and photographed under ultraviolet light.
2. Transfer to nitrocellulose

The DNA in the gels was denatured by placing the gel in
several volumes of 1 M NaOH, 1.5 M NaCl for 1 hour;
neutralized by placing the gel in several volumes of 1 M
Tris, pH 8.0, 1.5 M NaCl, for 1 hour, and equilibrated in
several volumes of 10x SSC (1x SSC contains 150 mM NaCl, 15
mM Na3Citrate) for 15 minutes. A piece of nitrocellulose
was cut to the size of the gel and wet in 10x SSC. A
capillary blot was set up in a pyrex dish containing 10x
SSC, consisting of a wick of Whatman 3MM paper leading from
the dish to a supported glass plate. The gel was inverted
onto the wick-covered glass, covered with the
nitrocellulose, follwed by 3 pieces of 3MM paper cut to the
size of the gel, a stack of paper towels, and another glass
plate weighted down with two weights of approximately 100
gram apiece. Capillary transfer was allowed to proceed

overnight, after which the nitrocellulose was removed,
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washed by repeated application of 2x SSC from a squirt

bottle, and baked at 80°C for 2 hours under vacuum.
3. Hybridization conditions

Blots were prehybridized in hybridization solution (50%
formamide, 50 mM HEPES, pH 7.0, 2x Denhart's solution,
3x SSC, 333 ng/ml denatured salmon sperm DNA) in a
Seal-a-meal bag for 1 hour to overnight at 41°C on a rocking
platform (100x Denhardt's solution consists of 2% Ficoll, 27
polyvinylpyrrolidone, and 2% BSA). 3 x 106 c.p.m. of
nick-translated probe per ml of hybridization solution was
boiled to denature the DNA, chilled on ice, and injected
into the hybridization bag, the hole was heat-sealed, and
the probe distributed throughout the blot by rubbing the
mixture around the bag. The blot was hybridized to the

probe for 2-3 days at 41°C on a rocking platform.
4. Nick-translation of probes

To make radiocactive probes, 250 nanograms of DNA was
diluted to 4.5 microliters. 1.5 microliters of 10x
nick-translation buffer (0.5 M Tris, pH 7.2, 0.1 M MgS0y, 5
nM dithiothreitol), 1.5 microliter of 10x cold nucleotides
(200 micromolar dATP, dGTP, dTTP), and 6 microliters of
labelled nucleotide (dCTP, specific activity 800 Ci/mmole)

was added on ice. 0.5 microliters of
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DNase (0.1 micrograms/ml) and 1 microliter of DNA polymerase
1 (2-5 units/microliter) was added, the solution mixed, and
placed at 12-149C for 60-90 minutes. The reaction was
stopped by the addition of 3 volumes of gel loading buffer,
and labelled probe was separated from unincorporated
numcleotides using G-50 spin columns as described by
Maniatis et al., 1982. Specific activities of 1-5 x 108

c.p.m./microgram of DNA were obtained by this procedure.
5. Washing conditions

Following hybridization, the blot was removed from the
bag, rinsed in 2x SSC, and washed in 500 mls of 2x SSC, 0.5%
SDS, rotating at room temperature, for 40-60 minutes. The
wash was changed,at 509C, twice with 0.1x SSC, 0.1% SDS for
40-60 minutes, and twice with 0.1x SSC for 20-30 minutes.

The blot was dried on 3MM paper.
6. Exposure to film

Washed blots were exposed to X-ray film, using an
intensifying screen, overnight at -70°9C. Most blots were

then placed back on film for periods ranging from 6-14 days.
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G. RNA gel electrophoresis and Nothern blot-hybridization

techniques
1. Agarose gel electrophoresis

RNA was separated on formaldehyde gels as described by
Maniatis et al., 1982. The gel was not stained prior to

blotting.
2. Transfer to nitrocellulose

Follwing electrophoresis, the gel was soaked in 20x SSC
for 60 minutes, and blotted as described for the DNA blots

above, except 20x SSC was used as the transfer buffer.
3. Hybridization conditions

Hybridization was performed in a manner similar to that
for the DNA blots above, except that a different
prehybridization mix (50% formamide, 1x Denhart's solution,
5x SSC, 400 ng/ml denatured salmon sperm DNA, and 0.1% SDS)
and hybridization mix (the prehybridization mix plus 10%
dextran sulfate) were used, and hybridization was only
allowed to proceed overnight. Probes, washing, and film

exposure were performed as described for the DNA blots.
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H. Mouse genetics
1. Animals

The complete t haplotypes tQ, t¥W32 W12 W2 and tW5
are reviewed by Bennett, 1975. The origin of the complete t
haplotype tWLubl js described by Winking, 1979, and Winking

and Silver, 1984; tLBB by Silver et al., 1984b; tIuw2,

tTuw7’ tTuw8’ fTuw10’ fTuw11’ +Tuw12, tTuw15’ fTuw18’

tTuwZO’ fTUW21’ fTUWZB, +Tuw24’ fTuw25’ fTUW26’ tTuw28 = gng

tTuw29 by Klein et al., 1984. The origin of the tIUW32
chromosome, which was found in this study not to be a

complete t haplotype, is also described by Klein et al.,

1984 . twLub4 EWLUb6, LWLUb7, and EELBEQ are complete t
haplotypes which were found in wild mice (H. Winking,
personal communication).

The origins of the various partial t haplotypes are
described in the following references: gé - Carter and
Phillips, 1950, and Silver et al., 1984b; Eﬁgg - Lyon and
Bechtol, 1977; Ei and t4 - Dunn and Gluecksohn-Waelsch,
1953; t¥18 _ Bennett and Dunn, 1960; th2 and th18 - Lyon and
Meredith, 1964a; th17 - Lyon and Mason, 1977; th45, th49,

thd1,) tlowH  and tlow3H _ Lyon, 1984; t&8€5 - Vojtiskova et
al., 1976; TtOrl _ Moutier, 1973a,b, and Silver, et al.,
1983a; tTu2 and tTu4 - Styrna and Klein, 1981; t86 - Silver

and Artzt, 1981; tWLub2 _ Winking and Silver, 1984; th44 and
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_ﬁii - Fox et al., 1985. Eﬁil and EEEE were derived from
recombinant chromosomes in a Ttf/t¥2 balanced lethal stock
(V. Bode, personal communication); tloW2H was derived from a
TI-tf recombinant chromosome from a mouse carrying
Tth17/th2tf (M. Lyon, personal communication).

The inbred strain WLA76 was derived from a pair of wild

Mus domesticus mice trapped in Paris, France (J.-L. Guenet,

personal communication). The origins of the other inbred

strains are reviewed by Staats, 1981.

2. Phenotype and genotype determination

Tail lengths of mice were checked at birth and again at
weaning. The presence of the tufted phenotype was noted by
ease of loss of hair in response to physical pulling at four
weeks or later, and the striped patterns of sequential hair
loss in adult mice. When these methods yielded ambiguous
results or could not be applied, the genotype was determined
by analysis of the genomic DNA of the mouse using the probes
identified in this study. Genotypes of mice used in the

genetic experiments were also verified by DNA analysis.
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RESULTS
A. Identification of DNA probes that map to the t complex

When this study was initiated, it was apparent that,
except for the H-2 complex region genes, the number of
previously cloned sequences available that might map to the
t complex was limited. A number of possible approaches to
obtain new probes were considered. Screening random clones
(Kao et al., 1982) was impractical, since the t complex
represents only approximately 1% of the genome (15¢cM out of
a total of 1500cM). Procedures have been described using
fluorescence-activated sorting of chromosomes to obtain
chromosome-specific probes (Davies et al., 1981; Kunkel et
al., 1982), but this is difficult with mouse chromosomes,
and still only approximately one-third of the chromosome 17
clones would have originated from the t complex region.
Another procedure available for obtaining
chromosome-specific probes involves screening clones derived
from interspecies somatic cell hybrids with species-specific
repetitive sequences (Gusella et al., 1980), but again only
one-third would have originated from the t complex, and to
obtain useful probes this procedure requires the subcloning
of unique sequences from each of the clones isolated. To
overcome these difficulties, a technique used to clone DNA

from dissected Drosophila salivary gland polytene
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chromosomes (Scalenghe et al., 1981) was adapted for the
cloning of DNA from dissected regions of mammalian
chromosomes (Rohme et al., 1984). Chromosomal fragments
from the proximal part of mouse chromosome 17 were dissected
and cloned in microscale. A majority of these clones could
be expected to be derived from the t complex region, and
clones containing repetitive DNA could easily be identified
and screened out of the study. The analysis of these clones
is described below.

These microdissection-derived clones were provided by
the laboratory of H. Lehrach, EMBL. They contain EcoRI
restriction fragments of the microdissected chromosome
fragments cloned into the lambda phage vector NM641, and had
been screened as plaques against total mouse DNA. Any
hybridizing clones were presumed to contain highly
repetitive sequences and were not analyzed further. For the
remaining clones the insert sizes were determined, and only
clones containing inserts of 200 bases or more were received
for analysis. Forty eight clones met these criteria. In
many cases, the insert of the clone had been transferred to
the EcoRI site of the plasmid vector pUC9 before it was
received; others were received as recombinant phage in the
lambda vector, and the inserts were then transferred to the

EcoRI site of the plasmid vector pUC13.
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Chromosome mapping experiments performed with somatic
cell hybrids indicated that 957 of the clones tested were
indeed derived from chromosome 17 (Rohme et al., 1984). The
one clone that was found not to map to chromosome 17 was not
analyzed further. 1In order to ascertain whether the
remaining clones were derived from the t complex region, a
search for restriction fragment length polymorphisms (RFLPs)
that distinguish t haplotype and wild-type DNA was
initiated. The mapping of probes to the t complex was
achieved by comparing the hybridization patterns of the
probe to restriction digest blots of genomic DNA from mice
congenic for t haplotypes. These congenic mice were
constructed (J.-L. Guenet, personal communication; Silver,
1982) by backcrossing the t haplotypes onto the 129/SvJ
strain of inbred mice. 1In such mice, the only differences
in the DNA between 129 and 129/t mice are the t haplotype
sequences or sequences closely linked to the t complex.
Thus, the identification of a RFLP between 129 and 129/t DNA
maps the sequence identified by the probe to the t complex
region.

The initial screening of these clones on Southern blots
revealed that the clones fell into three classes. Twenty
three of the clones hybridized to single-copy or low-copy
number sequences in the mouse genome, eight clones

recognized repetitive sequences, and sixteen clones failed
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to hybridize to any sequences. Twenty of the single to low
copy clones were then used in this study as probes to find
sequences mapping to the t complex. Eight of these clones
were found to identify polymorphisms between t and wild-type
DNA. Twelve clones were classified as not identifying a
polymorphism since none of ten different restriction enzymes
used yielded a RFLP. These restriction enzymes were BamHI,
BglIl, EcoRI, HindIII, KpnI, PstI, SstI, Tagql, Pvull, and
XbalI. The localization of such nonpolymorphic clones is
uncertain; they may map to chromosome 17 outside of the t
complex region, or they map map within the t complex but not
in a region in which DNA polymorphisms could be identified
with the restriction enzymes used here. Additionally, the
two nonpolymorphic clones whose chromosomal localization has
not been determined may map to a chromosome other than
chromosome 17. A summary of these data is presented in
Table 1.

A finding of a polymorphism was then verified on a
panel of congenic mice to map the sequence to the t complex.
These congenic mice consisting of 129/SvJ wild-type, and
four different complete t haplotypes, tQO, t®W2, t¥5, and
Eﬂlg, on the 129/SvJ background. Four other complete t

haplotypes, 3”32, tWLubl = twLub7 = and tLmb, were also

examined from F1 mice with 129/SvJ. These clones were then

used as probes on blots of DNA from as many seventeen other
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Table 1. Search for RFLPs between t and Wild-type with
Microdissection-derived Clones

The size of each clone is given in base pairs. Clones
that have been mapped to chromosome 17 through the use of
somatic cell hybrids are indicated: Y - yes, nd - not
determined. Parentheses surround symbols for restriction
enzymes with which the hybridizing restriction fragments
could not be detected. Enzymes that are useful in finding
RFLPs between t haplotype and wild-type DNA (positive
enzymes) are divided into those that were not examined in
detail (not dtl.) and those that were used to identify
t-specific restriction fragments (t-spef.). Restrition
enzymes are BamHI (B), BglII (G), HindIII (H), KpnI (X),
PstI (P), EcoRI (R), SacI (S), TagqIl (T), PvuIl (V), and Xbal
(X).



Clone Sigze 17
Tul?7 300 nd
Tu18 250 nd
Tu23 600 Y

Tu48 250 Y

Tus4 1300 nd
Tuéb5 550 Y

Tub6 450 Y

Tu80 350 Y

Tu94 350 Y

Tu101 600 Y

Tu106 750 Y

Tu108 400 Y

Tul11 2600 nd
Tu115 300 Y

Tul16 1000 Y

Tu122 400 nd
Tul45 1550 Y

Tul74 250 nd
Tu177 550 Y

Tu180 400 Y

Repetitive

TABLE 1
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RFLPs between t and wild-type

Negative

———— ———————————_— — ——————

T,6,X,S,V,P,B,(K,H,R)
T,G,X
T,G,X,S,K,V,P,H,B,R
G,V,R

G,R
7,G6,X,5,K,V,P,H,B,R
T,G,X,R,S
T,V,H,K,B,S,P,G,X, (R)
T,G6,X,S,K,V,P,H,B,R
T,6,X,S,K,V,P,H,B,R
R

T,G,K,V,B,R
7T,G,X,3,K,V,P,H,B, (R)
7,6,X,S,K,V,P,H,B,R
G,V,R
T,6,X,S,K,V,P,H,B,R
7,(G,X,S,K,V,P,H,B,R)
T,6,X,3,V,P,H,B,R, (K)
T,6,X,V,P,H,B,K, (S,R)

Positive
not dtl. t-spcf.

—— ——————— ———————

wn 3
janiyep]
=]
<

Tu2, Tu5, Tub, Tu38, Tui3, Tuki, Tu92, Tu9b

No hybridization

Tu22, Tu24, Tu36, Tu37, Tub55, Tubl, Tubi, Tub7, Tu7i, Tu8s,

Tu120, Tul27, Tul56, Tulé2, Tul79, Tuls2
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inbred strains of mice to see if these restriction fragments
were specific to t haplotype DNA. The strains tested were
A/J, AKR/J, BALB/cJ, CBA/CaJ, C3H/Hed, C57BL/6J, C57BL/10J,
c58/J, DBA/1J, DBA/2J, LG/J, LT/ChRed, NZB/B1NJ, RF/J, SM/J,
SWR/J, and WLA76. Restriction fragments identified as
t-specific were named by the number of the clone identifying
them, followed by sequential letters if multiple E—specific'
fragments were observed. A summary of these data can be
found in Tables 2 and 3.

Three of these eight clones recognized single-copy
sequences in the mouse genome by which wild-type and t
haplotype alleles could be distinguished. Tu48 is a 250
base pair genomic restriction fragment. This probe
recognizes a RFLP in DNA digested with BamHI. In wild-type
DNA a 6.1kb restriction fragment hybridizes with the probe,
in t haplotype DNA a 5.9kb (T48) restriction fragment
hybridizes (see Figure 3A). Polymorphisms between t
haplotype and wild-type DNA were also found with this probe
using SacI, PstI, Taqgql, and Xbal, but have not been
extensively characterized.

Tul11 is a 2.6kb genomic restriction fragment. This
probe recognizes a RFLP in Pstl digests. In wild-type DNA a
6.0kb restriction fragment hybridizes with the probe, and in
! haplotype DNA two restriction fragments, 4.4kb and 1.6kb,

(T111), hybridize with the probe (see Figure 3B). These
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Table 2. Identification of t-Specific Restriction Fragments
The absence (-) of the t-specific fragments described

in the text from inbred mouse strains and their presence (+)

in complete t haplotypes is indicated. nd - not determined.



Genotype

TABLE 2

T122 T111
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Wild-type:

129/8vJ
A/T
AKR/J
BALB/cJ
CBA/Cad
C3H/Hed
C57BL/6J
C57BL/10J
Cc58/J
DBA/1J
DBA/2J
LG/J
LT/ChRedJ
NZB/B1NJ
RF/J
SM/J
SWR/J
WLA76

Complete
t0
tu2
WS
twlz
twiz
twLubi
twlub?
tLmb

I O I

+ + + + + + + +

haplotypes:
+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ +

+ + + + + 4+ + +

+ 4+ + + + ++

+ + 4+ +

nd
nd
nd
nd

nd

+ 4+ + + 4+ ++

+ 4+ + + + A+ ++
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Table 3. Summary of t-Specific Restriction Fragments

The sizes of the restriction fragments identified by
each clone that recognizes a t-specific restriction fragment
are listed for wild-type (129/SvJ) and t haplotype (usually
t0/t¥5) DNA. The t-specific restriction fragments are

identified in the far right column.



TABLE 3

Clone Enzyme 129 t t-specific
Tul8 PvuIl 11 11
10.1 Leh - T8
Tul8 BamHI 6.1 5.9 - T48
Tu54 Kpnl 17.5 17
17 16
16.5 13.5
16 13
13.5 10.3 - T54
13
Tub6 Taql 9.7 6.2 - T66A
2-9 [&-4
1.9 2.9
1.7 1.7
0.8 - T66C
Tu66 BamHI 20 21
12.5 20
12 17.5 - T66B
6.3 14
5.8 12.8
8.2
7.0
5-8
Tu80 BamHI 17.5 11.2 - T80A
10.5 10.5
9.9 9.9
8.0 7.2 - T80B
6.2 6.4 - T80C
Tu108 PvulIl 15 15
12 13.5
7.8 12
6.4 9.4 - T108
5~5 6.3
6.1
Tulln PstI 6.0 Lef - T
1.6 - T111
Tu122 Taql 5.1 1.9 - T122
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Figure 3. t-Specific Restriction Fragments (I)
Hybridization patterns of restriction fragments of
genomic DNA using the indicated clones as probes. The
t-specific restriction fragments indicated in the text are
indicated to the right of the panel. Sizes of these
fragments are given in the text and Table 3.
(A) Hybrdization of Tu48 to BamHI digested DNA. Lane 1 -
+/tWLub7. 1ane 2 - tO0/t¥5; lane 3 - +/t3; lane 4 - +/thl17,
(B) Hybridization of Tul11 to Pstl digested DNA. Lane 1 -
+/t¥18: lane 2 - +/tIU2; lane 3 - +/t¥W12; lane 4 - +/+.
(C) Hybridization of Tul122 to Taql digested DNA. Lane 1 -
+/tk; lane 2 - +/th17; lane 3 - +/th33; lane 4 - +/+.
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restriction fragments might be accounted for by the presence
of a PstI site in t haplotype DNA within the hybridizing
sequence accounting for the polymorphism. Polymorphims
between t haplotype and wild-type DNA have also been found
with this probe in Sacl and HindIII digests.

Tu122 is a 400 base pair genomic restriction fragment.
This probe recognizes a RFLP in Tagl digests. In wild-type
DNA, a 5.1kb restriction fragment hybridizes with the probe,
and in t haplotype DNA a 1.9kb (T122) restriction fragment
hybridizes to the probe (see Figure 3C).

Five of the eight polymorphic clones recognized
multiple restriction fragments in the mouse genome. Tul8 is
a 250 base pair genomic restriction fragment. This probe
recognizes a RFLP between 129 and t haplotype DNA digested
with the enzyme PvulIl. When wild-type DNA is present, 11kb
and 10.1kb restriction fragments are recognized, whereas
when t haplotype genomic DNA is present 11kb and 4.4kb (T18)
restriction fragments are recognized (see Figure 4A).
Although this probe recognizes two restriction fragments in
PvuIl blots, only a single restriction fragment is detected
in digests with other enzymes. Whether this clone
recognizes a single copy sequence containing a Pvull
restriction site, or whether there are two copies of this

sequence in the genome, one of which could not be detected
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Figure 4. t-Specific Restriction Fragments (II)
Hybridization patterns of restriction fragments of

genomic DNA using the indicated clones as probes. The

t-specific restriction fragments indicated in the text are

indicated to the right of the panel. Sizes of these

fragments are given in the text and Table 3.

(A) Hybridization of Tul8 to Pvull digested DNA. Lane 1 -

+/tksl; lane 2 - +/+; lane 3 - +/tLMBs lane 4 - +/+.

(B) Hybridization of Tu54 to Kpnl digested DNA. Lane 1 -

+/18; lane 2 - +/th17; lane 3 - +/t4; lane 4 - +/th20,

(C) Hybridization of Tu80 to BamHI digested DNA. Lane 1 -

+/th53; lane 2 - +/Tt0rl; lane 3 - +/tIU2; lane 4 - +/t¥18,

’
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on the screening blots with other enzymes, cannot be
determined at this time.

Tu54 is a 1.3kb genomic restriction fragment. This
probe recognizes RFLPs in digests with a number of enzymes,
and the easily recognizable polymorphism in KpnI digests was
chosen for characterization. This probe recognizes multiple
restriction fragments in the genome, but a 10.3kb (T54) KpnI
restriction fragment hybridizes to this probe only when t
haplotype DNA is present (see Figure 4B). In studies with
this and the other clones describe below, the wild-type
homologues of the t-specific restriction fragments could not
be identified due to the presence of multiple hybridizing
sequences. This probe also identifies polymorphisms between
the wild-type strains 129/SvJ and DBA/2J with Xbal, and
129/SvJ and CBA/J with TagI, but these were not extensively
characterized.

Tubd is a 450 base pair genomic restriction fragment.
This probe recognizes RFLPs in digests with number of
different enzymes. In Taql digests, 6.2kb (T66A) and 0.8kb
(T66C) restriction fragments are found only when t haplotype
DNA is present (see Figure 5A). BamHI digests show a 17.5kb
(T66B) restriction fragment only associated with the
presence of t DNA (Figure 5B). BglII and Taql digests were
also found to yield polymorphisms between t haplotype and

wild-type DNA, but these were not extensively characterized.
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Figure 5. t-Specific Restriction Fragments (III)
Hybridization patterns of restriction fragments of
genomic DNA using the indicated clones as probes. The
t-specific restriction fragments indicated in the text are
indicated to the right of the panel. Sizes of these
fragments are given in the text and Table 3. Positions of
restriction fragments that are polymorphic between the
129/SvJ and DBA/2J strains are indicated to the right of the
panel, identified by their sizes in parentheses.
(A) Hybridization of Tub6 to Taql digested DNA. An asterisk
(¥) highlights the presence of a faint restriction fragment
in lanes 1 and 4. Lane 1 - +/£i; lane 2 - +/§lﬂ§; lane 3 -
+/+; lane 4 - +/tW32,
(B) Hybridization of Tubé6 to BamHI digested DNA. Lane 1 -
+/thk; lane 2 - +/tloWwH  1ane 3 - théd/thdd; lane 4 - +/th49.
(C) Hybridization of Tul08 to Pvull digested DNA. Lane 1 -

+/th20: 1ane 2 - +/t¥18; 1lane 3 - th53/th53; 1ane 4 - +/+.
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Polymorphisms were also observed between wild-type strains
using this clone. 129/SvJ and C57BL/6J mice carry a 9.7kb
hybridizing Taql restriction fragment, whereas C3H/HeJ and
DBA/2J mice (and t haplotypes) carry a 4.4kb hybridizing
Taql restriction fragment (see Figure 5A). Additionally,
129/SvJ and C57BL/6J mice carry a 20kb BamHI fragment,
whereas DBA/2J and BALB/cJ mice carry a 23kb BamHI fragment
(see Figure 5B).

Tu80 is a 350 base pair restriction fragment. This
probe recognizes RFLPs between t haplotypes and wild-type
DNA in BamHI digests. When t haplotype DNA is present, this
probe recognizes 11.2kb (T80A), 7.2kb (T80B), and 6.4kDb
(T80C) restriction fragments not found in wild-type DNA (see
Figure 4C).

Tu108 is a 400 base genomic restriction fragment. This
probe recognizes RFLPs in digests with a number of
restriction enzymes. In Pvull digests, numerous polymorphic
restriction fragments are identified, including a prominent
9.4kb (T108) restriction fragment which is associated only
with the presence of t haplotype DNA (see Figure 5C).
Digests performed with KpnI yield only a single hybridizing
band in both wild-type and t haplotype DNA which is
polymorphic between 129 and t haplotypes. Wild-type DNA
exhibits a 10kb hybridizing restriction fragment, and t

haplotypes an 11kb hybridizing restriction fragment (see
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Silver and 0Olds-Clarke, 1984). BglII and Taql digests also
yield polymorphisms between t haplotype and wild-type DNA,
but these were not characterized. The sequences identified
by this probe were highly polymorphic between wild-type
strains, with at least five different restriction patterns
found in the wild-type strains in Pvull digests, including
7.8kb and 6.4kb restriction fragments present in 129/SvJ,
and 11.5kb and 7.5kb restriction fragments in DBA/2J (see
Figure 5C).

In many of the hybridization experiments performed,
wild-type DNA from two different inbred strains, 129/SvJ and
DBA/2J, was examined. The sizes of of the restriction
fragments identified by these clones in these wild-type
strains are listed in Table 4(A,B,C,D). A summary of the
enzymes which yield RFLPs between these two strains with a
given clone is also given in this table.

Two other probes were used to identify t complex
sequences. The first probe identified in this study that
mapped to the t complex was a genomic clone of an alpha
globin pseudogene, referred to as alpha-pseudogenel. This
gene, one of the two pseudogenes of the five characterized
alpha globin related sequences in the mouse genome (Leder et
al., 1980), had been previously mapped to chromosome 17 in
studies utilizing somatic cell hybrids (Leder et al., 1981;

Popp et al., 1981). Initial screening of the DNA from the
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Table 4(A,B,C,D). Wild-type Restriction Fragment Sizes

The sizes of the restriction fragments identified by
the microdissection-derived clones on the blots used for
screening for RFLPs is indicated for 129/SvJ and DBA/2J with
the restriction enzymes listed. The summary indicates
enzymes which identify RFLPs between these two inbred

strains.
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TABLE 4A

BamHI BglII HindIII Kpnl PstI
Clone 129 DBA 129 DBA 129 DBA 129 DBA 129 DBA

17 14.5 14.5 nd nd 2.7 2.7 nd nd 15.5 15.5

-
(0]
s

Q
s

[N
N
O
N
O

nd nd nd nd nd nd

23 17 17 Toh T4 25 25 23 23 13 13
10 10 6.5 6.5 19 19 15 15 5.9 5.9
9.8 9.8 5.5 5.5 18 18 13 13 5.4 5.4
7.9 7.8 5.2 5.2 13 13 11 11 Le3 4L.3
6.2 6.2 L.8 4.8 8.7 12 5.6 3.6 3.6
VAR Ledh Lol Lol 7.6 2.7 3.4 3.4
2.7 2.7 5.1 2.7 2.7
2.7 1.3 1.3
48 6.1 6.1 Lol 41 nd nd nd nd 8.6 8.6
1.3 1.3
54 nd nd 16 16 18 18 17.5 17.5 20 20
14 14 17 17 17 17 11.5 11.5
12.5 12.5 13 13 16.5 16.5 10 10
9.6 9.6 11.5 11.5 16 16 9.0 9.0
9.4 9.4 11 11 13.5 13.5 8.6 8.6
6.0 6.0 9.0 9.0 13.0 13.0 5.7 5.7
3.5 3.5 8.7 8.7 5.1 5.1
Lob Lok L.3 4.3
3.9 3.9
65 13.5 13.5 6.4 6.4 11 11 5.3 5.3 2.8 2.8
6.5 6.5
66 20 23 16 16 nd nd nd nd nd nd
12.5 12.5 12.5 12.5
12 12 9.3 9.3
6.3 6.3 8.4 8.4
5.8 5.8 6.1 6.1
80 17.5 17.5 7.3 7.3 nd nd nd nd 2.7 2.7
10.5 10.5 6.2 6.2 1.8 1.8
9.9 9.9 5.7 5.7
8.0 8.0 5.1 5.1
6.2 6.2
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TABLE 4B

Summary of

o
=iy
Dy
2
n |
Ay O
—
= A
~m 3
<0
m
HA
o
Q
o
N
T
<
m
HA
o'
[y
= o
[V
—
<
as]
HAQ
9]
3]
99N
N
A

Pvull
Clone 129 DBA

18

4.9 4.9 6.6 6.6
2.7 2.7

18

7.0 7.0

17

14

14

nd

nd

11
10.1 10.1

11

18

H

—

—HH

=T H

g o g
@+

m o

o\~

e ¢ 00N\ ~FON
WV~F ¢ ¢ o o
— [QVANQVER o
o\~

¢ .00 ~F O
WN~F ¢ o o o

7.2 7.2

.2

1

.2

2.2 2.2 1

5.4

5.4

48

Xbal

N~FTO OO0 N3N

wn\

NN\
—OWUNANT— O ¢ ¢ ¢ o o
Nr—r—r——— 0> 0unm

wn\

AN UVYONN O
FOMNANT—O ¢ o o o o
Nr—r—r——c— 0>~ 0 unm
o}

[
o
=]
3
wn\

0 3
—
00 2

-

o 3
[oNe)

nd

o~ 0
. .
M N
o~\O
[saNeY

~ QN
o o
—

~ N

-— —

65

BamHI
Taql

nd

nd

~ONOND-
~ AN —
~-oNOND-
ONNN v —

nd nd nd

nd

66

~ ooy
AN N —
~N oo
NN —
~— O
~t 3 —



83

TABLE 4C

BamHI BglII HindIII KpnI PstI
Clone 129 DBA 129 DBA 129 DBA 129 DBA 129 DBA
94 14 14 Leh L4 1.5 11.5 20 20 13.5 13.5
4.0 4.0 5.1 5.1

101 8.1 8.1 7.3 7.3 20 20 21 21 8.0 8.0
13.5 13.5
106 9.8 9.8 11 11 8.3 8.3 25 25 12 12
L5 4.5
108 nd nd 16 16 nd nd 10 10 nd nd
13 13
8.2 12.5
7.6 8.2
6.8 6.8
5.3 5.3
111 24 24 2.5 2.5 18 18 30 30 6.0 6.0
4o 4.

115 12 12 nd nd

—
.
-

woy W 2
NN

. . L]
wo W 2

25 25 2.2 2.2

116 12 12 4.0 4.0 2. 25 25 3.9 3.9
2. 3.3 3.3

122 nd nd nd nd nd nd nd nd nd nd

145 14 14 6.9 6.9 8.8 8.8 30 30 14 14

2.5 2.5 1.1 1.1 7.8 7.8 3.6 3.6

Lo 4.1 1.8 1.8
3.8 3.8
1.0 1.0

174 nd nd nd nd nd nd nd nd nd nd

177 15 15 nd nd 16 16 nd nd 6.7 6.7
13 13 2.2 2.2
180 3.4 3.4 3.9 3.9 2.3 2.3 18 18 6.2 6.2
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TABLE 4D

Summary of
Pvull SacI TaqlI Xbal RFLPs in
Clone 129 DBA 129 DBA 129 DBA 129 DBA wild-type

94 6.9 6.9 17.5 17.5 5.0 5.0 6.5 6.5 -
2.0 2.0

101 nd nd 6.8 6.8 10.1 4.9 6.6 6.6 Taql

106 nd nd 9.7 9.7 nd nd 13.5 13.5 -

108 15 15 nd nd 12 12 nd nd Pvull
12 12 6.5 6.5 BglII
7.8 11.5 4L.0 4.0
6.4, 7.5 2.5 2.5
5.5 2.2 2.2

111 9.6 9.6 6.0 6.0 3.4 3.4 nd nd -

2.3 2.3
115 nd nd 1.5 11.5 6.1 7.8 1.8 1.8 Taql
116 18 17 12.5 12.5 nd nd 7.0 7.0 Pvull

2.4 2.4
122 nd nd nd nd 5.1 5.1 nd nd -

145 12 12 Le3 4.3 nd nd 9.0 9.0 -
6.6 6.6 2.7 2.7 1.5 1.5
4.0 4.0 1.3 1.3

174 nd nd nd nd nd nd 2.9 2.9 -

177 1.9 1.9 14 14 Lel L4 6.4 6.4 -
2.4 2.4

180 nd nd nd nd nd nd 3.5 3.5 -
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congenic mice was performed with the enzymes PvulI, TaqlI,
and EcoRI. Figure 6 shows the hybridization pattern with
the probe. Lanes 1, 4, and 7 contain 129 (+/+) DNA, lanes
2, 5, and 8 contain 129/t (+/t) DNA, and lanes 3, 6, and 9
contain t/t DNA. In the lanes in which the DNA was digested
with PvuIl (lanes 1-3) or EcoRI (lanes 7-9), no differences
in the hybridization pattern were observed between wild-type
animals and those that carry a t haplotype. But a distinct
restriction fragment length polymorphism was observed in
Taql digests (lanes 4-6). As indicated in Table 5, all
complete t haplotypes examined carry the same 5.2kb
restriction fragment, which is not found in the genomes of
any of the inbred strains studied (but see below).
Furthermore, mice carrying two complete t haplotypes exhibit
only this t-specific restriction fragment and no wild-type
fragments (Figure 6, lane 6). Thus this Taql restriction
fragment represents the alpha-pseudogene4 homologous
sequence that must be located within t haplotype DNA. A
Tagl restriction fragment length polymorphism was also
observed between different inbred strains. 129/SvJ,
BALBc/J, C3H/HeJ, and LT/ChRe mice carry two
alpha-pseudogene/ homologous Taql restriction fragments, 3.8
and 1.4kb, whereas C57BL6/J, C58/J, DBA/1J, DBA/2J, LG/J,
SWR/J, and NZB/B1NJ mice carry a single 3.4-kb fragment (see

Table 5 and below).
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Figure 6. Identification of Hba-ps4 RFLP

Hybridization of alpha-pseudogenel probe to restriction
fragments of genomic DNA, digested with the indicated
restriction enzymes. Lanes 1, 4, and 7 - +/+; lanes 2, 5,

and 8 - +/t; lanes 3, 6, and 9 - t/t.
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Table 5. Hba-ps4 Alleles in Inbred Mice and t Haplotypes
The presence of the wild-type Hba-ps4P OF C alleles in

inbred mice, and the Hba-psgﬁ allele in complete t

haplotypes is indicated on the left. The presence (+) or
absence (-) of the Hbs—ps&ﬁ allele in partial t haplotypes
is indicated on the right. Partial t haplotypes not

carrying Hba—ps&i may contain Hba-pséh Or C except in the
case of Eﬂgg, which is deleted for this locus (0).



Genotype
Wild-type:
129/SvJ
BALB/cJ
C3H/Hed
C3HeJ/Fed
C57BL/6J
C58/J
DBA/1J

LT/ChRedJ
NZB/B1NJ
SWR/J

t haplotypes:

Complete

COoOQUOTCToCTO000O0

ctctctctctctct

TABLE 5

Genotype

Proximal

taed
th4d
T+Orl
a5l
Tks2
Thil
Th53
Th49

Oct ctct ct

89
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The genetic locus identified by the alpha-pseudogenej

probe has been named hemoglobin alpha, pseudogene, alpha-4,

The allele defined by the C3H pattern (3.8 and

fragments) will be called Hba-ps4iC, the

or Hba-ps4.
1.4kb restriction

allele defined by the C57BL/6J pattern (a 3.4kb restriction

fragment) will be called Hba-pséh, and the allele associated

with t haplotypes (a 5.2kb restriction fragment) will be

called Hba-gsgﬁ. Using these polymorphisms in the inbred

strains described here, the mapping of this sequence to the

Lt complex region in wild-type strains of mice has been

confirmed using recombinant inbred strains and H-2 congenic

mice (D'Eustachio et al., 1984). In this study it was also

f ound that the SM/J strain of inbred mice was unique among
d nbred strains in that it carried the Hba-gséﬁ allele,

P reviously thought to be specific to t haplotypes.
A cDNA for an alpha-crystallin gene, pMalphaA2Cr, had

b een previously cloned from mouse lens RNA (King et al.,
1982). Using polymorphisms identified in inbred mouse
=S T rains, this sequence was mapped to the t complex region
Y2 S 3 ng recombinant inbred and H-2 congenic mice (Skow, 1984).
‘T ere are three alleles of this gene in wild-type, two found
A1 the majority of strains (identified as 11kb or 10kb

T ©striction fragments in digestions performed with HincII),

|14 one found in only a single inbred strain (identified as

| 9kb HincII restriction fragment) (L. Skow, personal
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communication). Examination of t haplotypes revealed that t

haplotypes exhibited two of these alleles, one of the common

alleles (the 11kb HincII fragment), and the rare allele (the

9kb restriction fragment) (see Figure 7). In contrast to

the allele distribution found in inbred mice, almost half of
the t haplotypes carried the rare allele of this gene (Table
6). A BamHI RFLP was also found between t haplotypes and

between wild-type strains, and the alleles identified

followed the same distribution as the HincII alleles.

B . Mapping DNA markers to subregions of t haplotypes

With the characterization of the markers described
a bove, it was then to possible use partial t haplotypes to
map the restriction fragments identified by these clones.

I nn turn, the partial t haplotypes could also be
< haracterized with these clones (see Table 7, Figure 8).
T48 is the most proximal of the t haplotype markers

A & scribed here. This conclusion was based on a number of

T48 is absent from :c._é and all proximal

2 & piotypes derived from t8,

It is absent from all of the central

O bservations.

but is present in all other

B> T oximal haplotypes.
=|-1d distal haplotypes. Since E.é is known to differ from
< Omplete t haplotypes at the proximal end (Silver et al.,
A 983b), and the T48 restriction fragment is present in the

Proxinal haplotypes derived from complete t haplotypes but
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Figure 7. alpha-Crystallin Alleles in t Haplotypes
Hybridization of the alphaACr2 probe to HincII digested
DNA. A 2 kb hybridizing restriction fragment which 1is

present together with the 9kb allele is not shown. Lane 1 -

tTuw7/4Tuw?. 1ane 2 - tITuw8/tTuw8. 1ane 3 - tITuwlO/tTuwlO,

lane 4 - tIuwl5/¢Tuwld: jane 5 - +/tIuw2l: lane 6 -

+/tIuw29. 1ane 7 - +/tWLub7: 1ane 8 - +/t¥32; lane 9 -

jgﬂéﬁgﬂé- lane 10 - EIHA/EEEA; lane 11 - +/£9.

’
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Table 6. alpha-Crystallin Alleles in t Haplotypes

The presence of the 11kb or the 9kb HincII restriction
fragment identified by the alphaACr2 cDNA clone in complete
t haplotypes is indicated. The EIEEE mice were not examined
on an inbred background, however an examination of the aACr2
alleles present in the genetic background of these mice

allowed a determination of the allele they carry.



Haplotype

AlphaCr

TABLE 6

Haplotype

95
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Table 7. Presence of t-Specific Restriction Fragments in
Partial t Haplotypes

The presence (+) or absence (-) of the t-specific
restriction fragments described in the text in partial t
haplotypes is indicated. nd - not determined. The classes
and subclasses of the partial t haplotypes indicated in

Figure 8 are given preceeding the names of the haplotypes.
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TABLE 7

Genotype TL8 T66A T66B T66C T122 T111 ABC T18 T54 T108

Partial t haplotypes:

Proximal
I
a taes + - - - - - nd nd nd -
b th4d - - - - - - nd nd nd -
c TtOrl 4 - - - - - - nd nd -
IT
a Eﬂél + + - - - - - nd nd -
EEE% nd + nd - - nd nd nd nd -
b this - + - - - - nd nd nd -
th53 - + - - - - - - nd -
11T
a Eﬁég + + + - - nd - nd nd -
b th2 - + + - - - nd nd nd -
IV
3 + + + + + + + - - -
EIEA nd + nd nd + nd + nd nd nd
v
th + + + + + + + + - -
thsl + + + + + nd nd + nd -
Twl8 + + + + + + + + - -
Central
tlowH - - + - - - - - nd -
tlow2H _ - + - - - - nd nd -
Tlow3H _ - + - - - - - nd -
Distal
I
th18 - - - - - - - + nd  +
tluz - - - - - - - + + +
I h17
t - - + + + + + + + +
EEE_ - - + + + nd nd nd nd +
ITI
twlub2 _ + + + + + + nd nd 4+
IV
a tb - + + + + + + + + +
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Figure 8. Genetic Map of t Haplotypes

The relative extent of t haplotype DNA in the various 1t
haplotypes was determined by the presence in each haplotype
of t-specific markers. The zigzag line indicates t
haplotype DNA, a gap marked by vertical lines indicates a
deletion. The partial t haplotypes are grouped into the
general classes (proximal, central, and distal) and
subdivided on the basis of their relative lengths. The
partial t haplotypes belonging to these subclasses are given
in Table 7. The positions of the distortion loci (Tecd-1,2,3
and Tcr) are described by Lyon, 1984; the positions of the
protein loci (Tecp-1 and Tcp-3-9) by Silver et al., 1983b;
and the position of the class I-like H-2 genes by Silver,
1982. Several of the classifications were made on the basis
of data not presented here. Eﬁéﬁ does not carry any of the
DNA markers studied, but is placed in the first proximal
subclass because it carries Tcp-12; Eé and Eﬁgg (distal
subclass IV) and LELEEQ (distal subclass III) carry the same
proximal DNA markers but are placed in different subclasses
because Eé and th20 carry Tcp-12 whereas tWLub2 does not
(Silver et al., 1983b and L. Silver, personal

communication).
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not those derived from _é, T48 maps to this region of
difference between Eé and complete t haplotypes. Although
Eé fits the original definition of a complete t haplotype,
the data clearly indicate that Eé is wild-type in the most
proximal region associated with complete t haplotypes and
thus must be considered a long distal t haplotype.

T66A appears to map distal to T48 in t haplotypes.
This marker is present in a subset of all proximal t
haplotypes, including some derived from _é. It is present
in Eé and two other distal haplotypes, but not in any of the
central haplotypes.

T66B appears to map distal to T66A. This marker is
present in a subset of the proximal haplotypes that carry
T66A. It is present in some distal haplotypes that do not
carry T66A, as well as all that do, and is present in all
central haplotypes.

T66C, T80ABC, T111, and T122 are present in identical
sets of the partial t haplotypes, and map distal to T66B.
All six markers are present in only a few proximal
haplotypes, which represent a subset of those that carry
T66B. They are present in the distal haplotypes in which
T66B is present, but they are not present in the central
haplotypes.

T18 appears to map distal to T66C and the other markers

described above. This marker is present in the smallest
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subset of proximal haplotypes, a subset of those that carry
the T66C group, which are also similar in that they all
belong to the 32 lethal complementation group. T18 is
present in the distal haplotypes that do not carry the T66C
group of markers, as well as all that do, but is not present
in the central haplotypes.

T108 and T54 are the most distal markers described.
They appear to be present in all of the distal haplotypes,
but in none of the central or proximal haplotypes.

The Hba-ps4 locus maps distally with T108 and T54. It
differs from these two markers, however, in that the Eﬂgg
distal t haplotype does not carry Hba-psit (Table 5).
Further investigation revealed that th20 was deleted for the
Hba-ps4 sequence: heterozygous mice containing
Eﬁgg/Hba-Eség:E’ or L carry only the Hba-ps4 allele present
on the non-&ﬁgg chromosome (Figure 9). Although the t
haplotype allele identified with this clone was later found
to be present in a wild-type strain, the results here are
nevertheless consistent with it mapping in the distal
region.

The sequence recognized by the alpha-crystallin probe
was mapped in a slightly different manner. Because there
are two different alleles in t haplotypes, and since neither
of the alleles is t-specific, the analysis described above

could not be used. However, it was found that whereas Eﬂg
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Figure 9. Deletion of Hba-ps4 from 3229

Hybridization pattern of the alpha-pseudogene4 probe to
Taql digested genomic DNA from mice of the following
genotypes. Lane 1 - (Hba-ps4C)+/th20; lane 2 -
(Hba-ps4b)+/1h20; lane 3 - (Hba-ps4t)ts6/th20. The Hba-psj
allele of chromosome heterozygous with Ehgg is indicated in

parentheses.
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complete t haplotype carries the 9kb HincII allele (Figure
7, lane 9), the tIU4 proximal partial t haplotype, derived
from Eﬂg, does not carry the 9kb HincII allele (Figure 7,
lane 10). Therefore the alpha-crystallin sequence maps in
the region distal to the t haplotype DNA in EEBA, in the

region where T18, T108, T54, and Hba-ps4 map.

C. Analysis of t complex region genomic clones from the Eﬁi

haplotype

In the wild-type form of chromosome 17, the H-2 complex
has been well characterized. Since the H-2 complex is an
integral part of the t complex, a study of the DNA from this
region may yield information about the structure and
organization of the t complex. A genomic library was
supplied by laboratory of H. Lehrach, EMBL, constructed with
DNA from the embryonic stem cell line homozygous for the Lﬂi
haplotype (Magnuson et al., 1982) in the lambda vector EMBL3
(Frischauf et al., 1984). This library was screened for H-2
class I sequences with the pH2IIa cDNA probe, which
recognizes approximately 30 genes in the mouse genome
(Steinmetz et al., 1981, Steinmetz et al., 1982a; Winoto et
al., 1983, Weiss et al., 1984). Twenty four independent
clones (B1, D5, D6, F1,G1, G2, G3, H2, K1, K2, L6, P3, R2,
R3, S4, s6, T1, T3, T4, T5, V3, Vi, V5, W7, Y2, and Y3), as

determined by comparisons of restriction digests, were
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obtained, with an average insert size of 15kb. Since class
I genes comprise 3.3kb (including introns) of DNA, each
clone carries on the average of 12kb of flanking DNA.

It has been suggested (Lyon et al., 1979a) that the
recombination suppression between t haplotype and wild-type
DNA may be due to differences in middle repetitive DNA.
Additionally, the suggestion that t haplotypes may be
derived from a different species than Mus also leads to the
hypothesis that a difference in the structure or
organization of middle repetitive DNA may exist (Silver,
1982). To examine this possibility, Southern blot of the
DNA from the Eﬁi—derived class I H-2 clones, digested with
the enzymes Sall, BamHI, and EcoRI, were probed with both
wild-type genomic DNA, and genomic DNA containing a t
haplotype. 1If a difference in middle repetitive DNA exists
between t haplotypes and wild-type, restriction fragemnts
might be noted which hybridize to a probe made from t
haplotype containing genomic DNA but not to wild-type
genomic DNA. No reproducible differences could be noted in
the hybridization to the restriction fragment of these
clones (data not shown).

The tW5 genomic library was also screened with a
genomic clone for the H-2 class II E&lﬂhﬂ gene (Steinmetz et
al., 1982b). Three overlapping genomic clones were

obtained, which span 20kb of DNA. Figure 10 indicates that
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Figure 10. Restriction Map of the Eﬁi Eélﬂhé Gene Region
Three recombinant lambda phage clones, J, K, and R,
were isolated from a Eﬂé/gﬂi genomic library using the
Eﬁlﬂﬁé probe. These clones were restriction mapped by
single and double digestion with BamHI (B), EcoRI (R), Sall
(S), and SstI (T), followed by blot-hybridization with the
probe. The comparison to the Eélﬂﬁi gene restriction map of
wild-type expressing strains (derived from results of
Steinmetz et al., 1982b and Mathis et al., 1983a) is shown.
The positions of the five exons in the wild-type gene are
indicated by boxes. The region of the wild-type gene that
the probe was derived from is shown by a bold line. A bold
line also indicated the region that the probe hybridizes to
in the Eﬂi gene. The exon 1 region in wild-type, including
the Sstl site, appears deleted from Eﬁi (indicated by broken
lines), in a manner similar to that observed in wild-type
strains which do not express this gene (Mathis et al.,

1983b, Hyldig-Nelson et al., 1983).
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a restriction map of the clones reveals close similarities
with the wild-type restriction maps of the gene (Steinmetz,
et al., 1982b; Mathis et al., 1983a; Mathis et al., 1983b;
Hyldig-Nielsen et al., 1983). It has been found that a few
inbred strains have deleted the DNA region encompassing the
1st exon of the Eﬂlﬁﬁi gene and thus cannot produce the
EélEﬁé messenger RNA (Mathis et al., 1983b, Hyldig-Nielsen
et al., 1983). The Eﬁi EélEhé gene also appears deleted in
this region. Southern blot analysis indicated that half of
the t haplotypes share this deletion, whereas the others
appear normal. Nothern blot analysis of spleen RNA from two
t haplotypes, one containing this deletion (Eﬁi) and the
other not (Eﬂlg), supports the contention that the deletion
in the t haplotypes causes a loss of transcription of this
gene as it does in wild-type (Figure 11). Studies in
another laboratory confirm and extend these results (Dembic
et al., 1984). 50% of a large sample of t haplotypes
contain this deletion, whereas only 47 of wild mice do not

express this gene (Klein and Figueroa, 1981).

D. Analysis of recombination between a t haplotype

containing a deletion and a distal t haplotype

A genetic experiment in the laboratory generated mice
of the genotype Tt86/th20. These mice thus had a t

haplotype genotype of a distal t haplotype (tS6) in
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Figure 11. Analysis of Eélﬂﬂé Transcripts

Hybridization of the Eﬁlﬁﬂi probe to spleen RNA.
Longer exposures showed no detectable transcripts in lanes 1
and 2. The mice from which the RNA in lanes 2 and 3 was
isolated were congenic on the 129/SvJ genetic background,
which does not express the Egqjpha gene (lane 1), whereas
C3H/Hed mice express this gene (lane 4). The transcript
detected was the size expected for the ggleé transcript
(Mathis et al., 1983). 10 micrograms of RNA was loaded in
each lane, except in lane 4 which was accidentally
overloaded. Rehybridization to a ribosomal RNA probe
indicated approximately equal amounts of RNA were present in
lanes 1-3, and excess amounts in lane 4.
Lane 1 - 129; lane 2 - (129)+/t¥2; lane 3 - (129)+/tW1Z2;

lane 4 - C3H.
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combination with a longer distal t haplotype containing a
deletion of Hba-ps4 (th20). To examine the gene order in
these two haplotypes, females of this genotype were mated to
+tf/+tf male mice and the offspring examined by DNA analysis
(see Figure 12). In this experiment, it was believed that
the recombination frequency between T66A (marking the
proximal region of the chromosome), an H-2 complex region
probe, and Hba-ps4 (which maps near tufted) could be
measured in order to substantiate by molecular means the
inversion in the distal region of t haplotypes, because
preliminary evidence suggested that these haplotypes
contained distinguishable H-2 complexes (L. Silver, personal
communication). However, a more thorough examination of the
genomic DNA from Eﬁé and Eﬁgg digested with numerous
restriction enzymes using the general class I H-2 probe
pHRIIa (Steinmetz et al., 1981) and the class II probe for
the gélﬂgg gene (Steinmetz et al., 1982b) failed to yield
any polymorphisms between these two haplotypes. 1In fact,
since both haplotypes were derived from the Eé haplotype
(th20 as a mutation, t58 as a t/t recombinant with t¥12),
the H-2 regions may actually be identical. A recent study
(Shin et al., 1984) has demonstrated that the Tla region of

the H-2 complex in Eﬁé is indeed derived from Eé and not

twl2,



112

Figure 12. Recombination Between Eéé and th<0

Female IEEQ/EBEQ mice (A - parental genotype) were
mated to +tf/+tf male mice, and the offspring were examined
for recombination between T66A and Hba-psi (Table 8). 6
recombinant offspring were identified out of 59 examined,
yielded a recombination frequency of 10%Z. The two types of

recombinant genotypes are indicated in (B).
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The offspring of these mice could therefore only be
typed for the presence of the T66A restriction fragment,
which could have been contributed only by the iﬁgg
chromosome, and for the Hba—pséﬁ allele, which could only
have been contributed by the Eﬁé chromosome. Three parental
females were used in the experiment. 59 offspring were
examined (see Table 8). 53 offspring were of the parental
type: 27 carried the same markers as Eﬂgg, and 26 the same
markers as _Eé. 6 recombinants were collected, 3 of which
had the proximal region of iﬁé (lacking the T66A marker) and
the distal region of EEZQ (deleted for Hba-ps4) (Figure 12,
recombinant genotype 1), and 3 having the reciprocal
combination of markers (Figure 12, recombinant genotype 2).
This yields a recombination frequency of 10Z. One of the
recombinants has been maintained. This chromosome, Eiﬁl, is

of the second class of recombinant genotypes (offspring

number 3 from female 0195).

E. Analysis of a unique viable t haplotype

In a study of wild mice aimed at identifying new t
haplotypes, two examples of unique viable haplotypes were
found in Haifa, Israel (Klein et al., 1984). The t
haplotype identified in one of these mice was maintained in
the laboratory and named EIBEQE. In contrast to all other

wild-derived t haplotypes examined, this t haplotype
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Table 8. Recombination between Lﬁé and th20
Female mice of the genotype Iﬁéé/&ﬁgg were mated to

+tf/+tf male mice, and t/t recombination in the offspring
was detemined by examining the offspring for T66A (present
in th20) and Hba-psibt (present in tS8) (see Figure 12). The
table list the female parent of each mouse, and the presence
of the EEQ markers (denoted a), the Eﬁé markers (denoted b),
or a set of markers generated by recombination, indicated by

an asterisk (*).
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TABLE 8

Female Mouse 66A Hba-psi Female Mouse 66A Hba-psi

0164 01 a a 0166 22 b b
02 b b 23 % b a
07 a a 24 a a
08 b b 25 a a
09 a a RT* a b
10 a a 28 b b
11% b a 29 b b
12 a a 30 b b
14 b b 31 b b

0166 01% a b 32 a a
02 a a 0195 01 a a
03 b b 02 b b
04 b b 03 b a
05 a a 04 b b
06 a a 05 a a
07 b b 06* b a
08 b b 07 b b
09 b b 08 b b
10 a a 09 b b
11 a a 10 b b
12 b b 11 a a
13 a a 12 a a
14 a a 13 a a
15 a a 14 b b
16 b b 15 b b
17 b b 16 a a
18 b b 17 a a
19 a a 18 a a
20 a a 19 a a
21 b b
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contained only a subset of the t-specific restriction
fragments (see Figure 13A). In addition, it contained the
allele of the Hba-ps4 found in all it haplotypes but only a
single wild-type strain, the 9kb HincII allele of
alpha-crystallin which is found in 507 of the t haplotypes
but only a single inbred strain, an Eﬂlﬁﬁi gene deletion
which is found in 50% of t haplotypes, and an E:%E locus
antigenic specificity unique to t haplotypes which has been
found in 50% of t haplotypes (Nizetic et al., 1984).

To determine if these t haplotype-like alleles are
linked together by recombination suppression as they are in
complete t haplotypes, female mice of the genotype
tIuw32/T+f were mated to +tf/+tf males, and offspring were
examined for recombination between T, tf, and the DNA
markers T48, Hba-ps4, alpha-crystallin, and EélEﬂé (see
Figure 13B). The data in Table 9 show that apparently free
recombination occurs between T48/T, Hba-psi/tf, and
alpha—crystallin/@ilﬂhé.

This mouse was originally identified on the basis of
the presence of tct (wild males were mated to +/T females,
and the production of tailless offspring indicated the
presence of a t haplotype). To discover whether this
haplotype carried transmission ratio distortion loci, male

mice of the genotype tTuW32/T7th17 (transmission ratio

distortion factor genotype ?,?,?,?/-,Tcr,Tcd-3,Tcd-2) and
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Figure 13. Characterization of tIuw3Z2

(A). Homozygous tIUW32 pmice were examined for the
presence of the markers used in this study. The markers
absent from this chromosome are indicated above, and the
markers present below. The presence or absence of the T111
marker was not determined. aACr2 indicates the 9kb HincII
allele, Hba-ps/ indicates the Hba-psit allele, and (H-2)
indicates the deleted form of the EE;REE gene. The zigzag
line indicates the probable presence of t DNA in the
proximal region, the straight line the absence of t DNA in
the central region, and the question marks (?) indicate the
unknown compostition of the distal region.

(B). Recombination between the T48, T, Hba-ps4, tf,
alpha-crystallin (aAcr2), and Ealpha (indicated by H-2) was
determined in offspring from tIUW32/Ttf females (Table 9).
Recombination was found between T48,T; Hba-ps4,tf; and
aACr2,H-2; yielding the same gene order found in wild-type.

(C). The transmission ratio of each chromosome fron

tIuw32/7¢h17 gnq tITuw32/7¢h18 pale mice was determined by

examining the tail length of offspring generated by mating
to wild-type females (transmission of EIBE;E yields normal
tails, transmission of Tth17 or Tth18 yields short tails).

tTuw32/7+h17 nale mice gave 4 normal tailed and 25 short

tailed offspring, whereas ETUW32/ELh17 male mice gave 31

normal tailed and 30 short tailed offspring.
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Table 9. Recombination between EEHEQE and Wild-type

Two female mice of the genotype EIHHQ&/EE; were mated
to +tf/+if male mice, and recombination between T48, T
(tail), Hba-ps4, tf, alpha-crystallin, and Ealpha was
determined by examination of the offspring (see Figure 13B).
The alleles carried by 322!2& were denoted t, the alleles
carried by the wild-type Ttf chromosome were denoted -.
Offspring are listed by litter, and mice carrying a

recombinant set of markers are indicated by an askerisk (*).



Litter # Mouse #

2012

2191

2308

2533

2780

3346

3656
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TABLE 9
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+ +

I+ 4+ + 4+ + 11

L+ 4+ 4+ ++ 1

I+ + 1 01 ++1 1

|+ 4+ + + + + + 1 |

|+ + + + + |

L+ + ++ + + 1

1+ + 1

I+ + 1

L+ + 4+ + + + + 1|

+

L+ ++ 4+ + 1 1

I+ 1+ + 4+ ++ 11

I+ + 01 1 1 + +1

L+ 4+ ++ + 4+ + 1 |
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tITuw32/rth18 (2,2,2,2/-,-,-,Tcd-2) were mated to wild-type

females (see Figure 13C). The male transmission ratio was
measured as the proportion of short tailed offspring (from
the Tth17 or Tth18 chromosome) to normal tailed offspring
(from the EEHEQ% chromosome). Figure 13C shows that the
presence of tIUW32 allowed the ghll chromosome to distort
but not the Eﬁl§ chromosome. EEEEQ& thus carries the Tecd-1
locus, allowing it to raise the ratio of a chromosome (3&11)
which carries Tcr and Tcd-2. &IEEQE does not carry the Tcr
locus, since tIUW32 311ows a chromosome (tB17) that carries
Tcr to distort, and did not allow a chromosome (§£l§) that
lacked both Tecd-1 and Tcr to distort. This experiment did
not allow the determination of the presence of either the

Tcd-2 or Tcd-3 loci in tIuw32,
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DISCUSSION
A. Molecular examination of the t complex

When this project was begun, the only probes available
that recognized sequences mapping to the t complex were
those for the genes of the H-2 complex. As a result of this
work, eight new probes (Tul8, Tui8, Tu54, Tub6, Tu80, Tul08,
Tul11, and Tul22) and one previously described probe
(alpha-pseudogenel), which recognize independent sequences
in t haplotypes have been made available. Furthermore, most
of these probes recognize sequences outside of the H-2
complex region, providing the first probes for the proximal
and central regions of the t complex. 1In addition, while
this work was being completed, four other probes that
recognize t complex sequences have been found. Two of
these, Tul19 and Tu89, were derived from microdissected
chromosome fragments and were analyzed in a manner similar
to that described here (B. Herrmann et al., personal
communication). In t haplotypes, T119 maps between T48 and
T66A, and T89 maps with T18. The two other probes are cDNA
clones, pMalphaACr2 and pMK174, which recognize sequences
that were mapped to the t complex by studies of the
segregation of polymorphismic restriction fragments in
recombinant inbred mouse strains (Skow, 1984; Mann et al.,

1984). The analysis of pMalphaACr2 in t haplotypes was
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performed as part of this study, and the analysis of pMK174
was performed by others in a manner similar to that
described here (L. Silver and R. Elliott, personal
communication). In t haplotypes, pMK174 maps between T48
and T66A, with T119.

The work with the microdissection-derived DNA probes
has allowed a determination of the organization of DNA in
this region. However, there may be some bias in this
analysis, since the the derivation of these clones was not
completely random, as they consisted of repeat-free genomic
EcoRI restriction fragments. The cloning procedure was also
selective for clones with small inserts, the average insert
size was approximately 660 base pairs. Using these clones
as probes on genomic blots, fifteen recognized one or two
restriction fragments, whereas five hybridized to four to
ten restriction fragments. Thus when the highly repetitive
clones are screened out, 3/4 of the clones generated in this
manner recognize one to two copy sequences, and 1/4
recognize low copy number sequences. Through the analysis
with partial t haplotypes, the sequences recognized by these
clones mapped to different regions of the t complex.

All of the sequences hybridizing to four of the
multicopy clones have been shown to map to chromosome 17

(the localization of all of the sequences hybridizing to the
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remaining clone, Tu54, has not been determined). One of
these clones, Tub6, is unique in that it was shown to
hybridize to sequences separable by the recombination events
that created the partial t haplotypes. It may be a general
phenomenon in the genome that related sequences are present
in low copy number on a given chromosome. It is thought
that a major force in genome evolution is the duplication of
sequences and their eventual divergence. Such duplications
may be generated by unequal crossing over, thus leading to
identical but separable sequences. Further unequal crossing
over between similar sequences can then create gene
families. The cross-over intermediate during this unequal
recombination can be resolved with recombination of flanking
markers to yield further duplications or deletions, or
without recombination of flanking markers to yield gene
conversion events. Known examples studied at the molecular
level include the globin genes and the class I H-2 genes
(Bagloni, 1962; Goossens et al., 1980; Higgs et al., 1980;
Leder et al., 1980; Pease et al., 1983; Mellor et al, 1983;
Hess et al., 1984; Weiss et al., 1984). The significance of
the multicopy sequences recognized by the clones in this
study is not known. These sequences may be markers for
uncharacterized gene families, they could be remnants of

nonfunctional duplications of sequences during evolution, or
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they may be involved in a regulatory role in genome
function, such as chromosomal pairing.

This work has also allowed a determination of the
average restriction fragment length in a given area of the
mouse genome. Table 10 shows this value for the enzymes
used in this study (except EcoRI, since the probes were all
EcoRI genomic fragments) calculated from the restriction
fragment sizes present in the wild-type 129/SvJ and DBA/2J
hybridization experiments. Also shown are the average
lengths calculated in a study of human X chromosome probes,
and the expected fragment size based on relative single base
and nearest-neighbor base frequency (Aldridge et al., 1984).
Although these expected fragment size calculations were
based on data from the human genome, it is valid to use them
for comparison to mouse data since the single base and
nearest-neighbor frequencies are similar for man and mouse
(Fasman, 1976). It is clear that all of the average
fragment lengths observed in this study are approximately
equal to the expected values (within 20%) except for those
obtained with the enzymes HindIII and Taql.

The HindIII fragment lengths observed in this study
were about twice those expected. In the study of the human
X chromosome it was found that the observed sizes were
similar to the expected values. There are two possible

reasons for the variation found in this study. The first is



127

Table 10. Average Restriction Fragment Size in Wild-type

The sizes of the restriction fragments recognized by
each microdissection-derived probe was calculated for each
enzyme. These average lengths of restriction fragments were
themselves than averaged for each enzyme to yield an average
restriction fragment length for each enzyme. These are
shown in comparison to the average restriction fragment
lengths observed in a study of the human X chromosome, and
an expected fragment size calculated from relative single
base and nearest-neighbor base frequency (Aldridge et al.,
1984). These expected lenghts are twice those calculated
from the base frequency data since the restriction site
distribution examined on a blot is the sum of the average
fragment size from both ends of the probe, thus doubling the
length, minus the probe length. This approximation is valid
when the probes usesd are much shorter than the average

fragment length, as is the case here (Bishop et al., 1983).
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TABLE 10
Mean Bam Bgl Hnd Kpn Pst Pvu Sac Taq Xba
Expected 1.2 5.3 3.7 17.8 6.3 6.3 10.0 2.5 6.4
Observed
Mouse 17 11.5 6.2 8.0 19.0 7.1 6.9 9.3 4.7 6.0
Human X 12.8 6.4 4.0 12.6 7.1 6.8 9.7 4.7 8.0
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that in this region of the genome, the HindIII recognition
sequence occurs about two-fold less frequently than in the
genome as a whole. A second possibility concerns the
distribution of HindIII sites relative to EcoRI sites.
Since these probes are short EcoRI genomic restriction
fragments, the EcoRI recognition sequence occurs twice in a
small region. Perhaps in regions in which two closely
spaced EcoRI are not present, HindIII sites are distributed
normally. An examination of the t complex region with
probes other than those derived in this manner in addition
to an examination of other regions of the genome will help
distinguish between these possibilities.

The observed fragment lengths for Taql (recognition
sequence TCGA) was 4.7kb both in the present study and in
the study of the human X chromosome. These values are
almost twice as great as the expected value of 2.5kb. A
similar phenomenon was found for the enzyme Mspl
(recognition sequence CCGG) in the human X chromosome study,
and it was proposed that either differences in CpG
distributions existed between the X chromosome and the
autosomes, or base modifications prevented cleavage of some
of the sites (Aldridge et al., 1984). Since the same result
has been obtained for Tagl sites on mouse chromosome 17, the
former explanation is unlikely to be correct, and there is

no mechanism to account for the latter (Tagql is resistent to
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cytosine methylation, the only known base modification in
mammalian genomic DNA). However, an alternate explanation
for this phenomenon is possible. The distribution of the
CpG doublet may vary in the genome not from chromosome to
chromosome but between repetitive sequences and low copy
number sequences. A higher frequency of CpGs in repetitive
sequences relative to low copy sequences would result in
CpGs being further apart in the low copy sequences than
predicted by these genomic averages. In fact, by nearest
neighbor frequency calculations there are 0.9-1.1%Z CpGs in
the mouse or human genome (Fasman, 1976), but mouse
satellite DNA contains 3.47%7 CpG dimers, over three times the
amount in the genomic average (Horz and Altenberger, 1981).
Additionally, there seems to be a clustering of CpG dimers
in the genome, possibly near the 5' end of genes (Tykocinski
and Max, 1984; Bird et al., 1985). Thus the observed Taql
restriction fragment lengths may be typical of those
identified with low copy number probes; the presence of a
higher proportion of CpGs in satellite and possibly other
repetitive DNA as well as the clustering of CpGs leads to
the low expected value when the whole genome is averaged.

In addition to the studies described in this work, more
microdissection-derived clones are being isolated and
analyzed. Mapping of these sequences in wild-type is also

proceeding, which will allow the comparison of the map order
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in t haplotypes and wild-type. Thus at the present time the
t complex region of chromosome 17 is the largest region of
the mouse genome to undergo a detailed molecular

characterization.

B. Strategies for detecting restriction fragment length

polymorphisms

All of the restriction enzymes used in this study except
EcoRI were found to identify at least one RFLP between
wild-type strains or between t haplotypes and wild-type.

The negative result with EcoRI is presumably not meaningful,
since the probes were mostly small EcoRI genomic restriction
fragments, and the EcoRI restriction fragments to which they
are homologous often could not be detected on the Southern
blots. The utility of these restriction enzymes in
identifying polymorphisms can be analyzed in comparison to
the data available in searches for RFLPs in the human
genome. It has been suggested (Skolnick and White, 1982)
and reported (Barker et al., 1984) that a greater number of
polmorphisms can be identified in digests by restriction
enzymes that contain the sequence CpG. This may be the
result of a single base mutation, since when the cytosine
residue is methylated, a deamination will result in a
transition mutation to thymidine: CpG to TpG (Razin and

Riggs, 1980). An obvious corrollary of this is that
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restriction enzymes that contain the sequence TpG should
also show an increase in identifying RFLPs. One of the
restriction enzymes used here, Tagl, contains the CpG
doublet. Two of the restriction enzymes used contained the
TpG doublet, Pstl and Pvull. It has been empirically found
that restriction enzymes with six-base recognition sequences
consisting of an alternating 3 purine/3 pyrimidine string
have been useful in identifying RFLPs (Skolnick et al.,
1984). Five of these enzymes examined, BamHI, BglII, EcoRI,
HindIII, SacIl, contained this pattern of bases. Finally,
two of the enzymes can be categorized as miscellaneous
choices, KpnIl and Xbal.

Based on the number of RFLPs identified here, the
relative ease of obtaining a complete digestion of DNA, and
the ability to identify a polymorphic pattern on a blot due
to the distribution of fragment sizes and their subsequent
ease of separation on the agarose gels (0.8%) used in the
screening, BglII, Pvull, and Taql were the most useful
restriction enzymes in this study. BamHI was also found to
be particularly useful, but it was more difficult to obtain
a complete digestion and lower percentage gels were required
to achieve optimal separation of restriction fragments.

PstI was valuable in that it identified a polymorphism with
one probe (Tul11) that was not found with any other enzyme.

Although MspI is potentially useful because it contains the
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CpG doublet, it was found to yield patterns difficult to
interpret since it often gave incomplete digests, possibly
because of the sensitivity of Mspl to methylation (Sneider,

1980; Busslinger et al., 1983; Keshet and Cedar, 1983).

C. Comparisons of t haplotypes and wild-type chromosomes

The data in this study allow a comparison of the
sequences homologous to these probes in t haplotypes and
wild-type DNA. No quantitative differences in DNA sequences
were found in this study. All probes examined identified
similar number of sequences in both complete t haplotypes
and wild-type, and no deletions or amplifications were
noted. Additionally, the search for t-specific repetitive
elements in the Eﬂi H-2 genomic clones was negative. This
interpertation of this result is limited by the sensitivity
of this experiment; such t-specific repetitive elements
might exist but their detection may have been obscured by
the presence of nearby repetitive elements common to t
haplotypes and wild-type. Furthermore, there may be
repetitive elements found in t haplotypes not found in the
wild-type form of the t complex, but which also exist
elsewhere in the genome. This phenomenon has been

documented in Drosophila, in which families of middle

repetitive elements occupy different chromosomal positions

in different strains (Young, 1979). In this case the total
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genomic probes used would not have allowed the
identification of these sequences.

It was found that except for the polymorphism
identified with the alpha-crystallin probe, all complete t
haplotypes examined were identical. This infrequency of
polymorphisms observed between t haplotypes, parallels the
results obtained with the H-2 class I c¢cDNA probes (Shin et
al., 1982; Silver, 1982) and with testis protein patterns
(Silver et al., 1983b). All complete t haplotypes are very
closely related at the present level of analysis.

Seven of the probes used in this study recognized RFLPs
between the 129/SvJ and DBA/2J inbred strains, whereas eight
of the probes recognized RFLPs between t haplotypes and
wild-type. A higher percentage of the probes that recognize
multiple sequences identify a polymorphism than did the
probes that recognize one to two copy sequences. This is
most likely due fact to the that probes that recognize
multiple sequences have a larger number of chances for
identifying a polymorphic restriction fragment.

The number of probes that recognize differences
between t haplotypes and wild-type was not greatly different
from the number of differences identified between two inbred
strains. It may be significant, however, that only two of
the probes known to identify sequences mapping to the t

complex identified RFLPs between these wild-type strains.
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The other probes that identify polymorphisms between
wild-type strains may actually not map to the t complex, and
a finding of no RFLP between t haplotypes and wild-type
would not be meaningful. Still, at the present time there
is no convincing evidence that wild-derived t haplotypes are
more different in their DNA sequence organization when
compared to inbred strains of mice than the closely related

inbred strains are to each other.

D. Characterization of partial t haplotypes

This set of clones has been used to identify markers
specific to t haplotype DNA. These markers were then used
to classify a large set of independent partial t haplotypes.
The partial t haplotypes made possible the mapping of these
markers, and thus has allowed the separation of these
markers into five different regions of t haplotype DNA.

These markers have also allowed a determination of the
length of partial t haplotypes. Although it had been
suggested that different partial t haplotypes may differ in
their lengths of t haplotype DNA, there had been no
verification of that theory. The present study has shown
that there are at least five different distal extents of 1t
DNA in the proximal t haplotypes, and four different

proximal extents of t DNA in the distal t haplotypes. 1In
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this analysis the central haplotypes appear homogeneous with
respect to their proximal and distal extents of t DNA.
Confirmation of the differences in lengths between the
partial t haplotypes has been obtained in genetic studies.
The data in this study predict that the proximal haplotype
Eﬁlg contains a longer distal extent of t chromatin than
does the proximal haplotype Eﬂg since Eﬂlﬁ contains the
T66C, T122, T80ABC, T111, and T18 markers whereas tl2 does
not. Furthermore, since the distal haplotype gﬁlé.contains
T18, the t DNA in Eﬂlé should overlap that in Ehlé, whereas
the t DNA in th should not overlap that in _Elﬁ. Indeed,
when recombinant offspring were produced from a mouse
carrying 323 and §£l§, the class of offspring produced
through recombination between the two t haplotypes appears
to contain both t haplotypes in the cis position (Figure
14A,B). This recombinant chromosome allows recombination
between the two t haplotypes when heterozygous with a
wild-type chromosome, indicating that there must be
wild-type DNA between Eﬁg and §£l§ (Lyon and Meredith,
1964b). In contrast, recombination between Eﬂl§ and Eﬁl§
produced a class of offspring that contains what appears to
be a complete t haplotype carrying the Eﬁl§ (Eglg) lethal
locus (Figure 14C,D). This recombinant chromosome
suppresses recombination with wild-type over its whole

length, indicating that there must be overlapping t DNA in
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Figure 14. Differences in Lengths of Partial t Haplotypes
When offspring of Tth18/th2+f (A - parental genotype)
mice were examined for recombination between T and tf, study
of the two classes of recombinant offspring (B - recombinant
genotypes) indicated that overlapping t DNA is not present
in these haplotypes (Lyon and Meredith, 1964b). In
contrast, when offspring of Tth18/tWwl18tf (C - parental
genotype) were examined for recombination between T and tf,
study of the two classes of recombinant offspring (D -
recombinant genotypes) indicated that overlapping t DNA is
present in these haplotypes (Fox et al., 1985). T18
indicates the T118 marker that is absent from Eﬁg but
present in th18 ang tW18, 10 indicates the lethal locus

present in Eﬁlé, and tcl? the lethal locus present in Eﬂl§.
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these haplotypes. The recripocal class of recombinants
contains a small piece of t haplotype DNA that includes the
tW18 (tcl2) lethal locus, supporting the conclusion that
overlapping t haplotype DNA exists in the Eﬂl§ and Eﬁlﬁ
haplotypes, since if they were not overlapping, recombinants
would contain either both parental lethal loci or neither
locus (Fox et al., 1985).

Two of the breakpoints identified in the partial t
haplotypes appear to have phenotypes associated with them.
The 32 lethality is present in all of the longest class of
proximal t haplotypes, extending to the T18 marker (proximal
class V in Figure 8): tW18 +t4 and tX81. These all
presumably arose by recombination between wild-type DNA and
a complete 1t haplotype. The T89 marker also maps in this
same region. It has been found that the Eﬂl§ chromosome
actually carries both the t haplotype and wild-type forms of
T89 (V. Bautch, personal communication). Upon examination,
it was found that Eﬂl§ also carries both the t and wild-type
forms of T18. 3& and Ekil appear by intensity estimates to
be similarly duplicated for these markers. Additionally,
the availability of a 3El§/321§ homozygous cell line has
allowed the identification of deletions of sequences
homologous to the Tu94 and Tul180 clones (G. Martin, personal
communication). Thus unequal crossing over leading to both

duplication and deletion of DNA is associated with this
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lethality, as suggested earlier (Lyon and Meredith, 1964b;
Silver, 1983)

A second breakpoint also seems to give rise to distinct
phenotypes. Recombination between wild-type and the
complete t haplotype EﬂLEEl gave rise to the EELEDE
chromosome. This new partial t haplotype is associated with
a maternal effect (Winking and Silver, 1984) and a recessive
lethality (N. Sarvetnick, personal communication) not
present in its parental chromosomes. As with Eﬁl§, there
are markers duplicated (T, T119, pMK174) and deleted (Tcp-1)
from this chromosome (N. Sarvetnick et al., personal
communication). In this case two phenotypes, a recessive
lethality and a dominant maternal effect, appear associated

with this unequal crossing over.

E. Genetic basis of transmission ratio distortion

In earlier studies, partial t haplotypes were used in
attempts to determine the number, locations, and types of
interactions of t haplotype genes responsible for the
t-specific property of transmission ratio distortion.
Several laboratories have described the results of breeding
experiments set up to determine the transmission ratios in
mice carrying different combinations of proximal, central,
and distal t haplotypes. Additionally, the effect of

certain proximal and central haplotypes in combination with
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complete t haplotypes has also been examined. However,
without a knowledge of the differences between the various
partial t haplotypes, the data from the different studies
appeared contradicatory.

The data from the molecular studies described here
allow a correlation of the physical regions of t haplotype
DNA identified by these markers with the phenotypically
defined loci described by Lyon (Lyon and Mason, 1977; Lyon,
1984). It is now clear that the available data support this
model (see below and Figure 15). The Tcd-1 locus maps
proximally with the T48 restriction fragment. Tcr is distal
to Tcd-1 and maps with T66B. Tcd-3 and the markers T66C,
T80ABC, T111, and T122 together map distal to Tcr. Finally,
the Tcd-2 locus maps most distally with T54 and T108.

The results obtained for three of the genotypes tested
by Lyon (1984) show the preeminince of Tcr in determining
which chromosome will be transmitted at a high level when
combinations of partial t haplotypes are present in a male
mouse. As shown in Figure 15, a male mouse containing
Eﬁil/ﬁié (transmission ratio distortion loci genotype

Ted-1,-,-,-/-,Tcr,Tcd-3,Tcd-2) transmits the distal

haplotype gié, the Tcr containing chromosome, to 997 of his
offspring. A male mouse containing Eﬁl§/£ﬂl§

(Ted-1,Tcr,Ted-3,-/-,-,-,Tcd-2) transmits the proximal

haplotype t¥18 +the Tcr containing chromosome, to 99% of his



142

Figure 15. Transmission Ratio Distortion in t Haplotypes

A. The correlation between the transmission ratio
distortion loci described by Lyon (1984) and regions of t
haplotype DNA defined by the markers characterized in this
study is indicated.

B. Genotypes and transmission ratios of male mice
described by Lyon (1984) to support the hypothesis that the
Tcr locus determines which chromosome 1s transmitted at a
high ratio. The lengths of the partial t haplotypes used

are indicated as determined in the present study.
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offspring. Finally, a mouse containing ilOWH/ih51ih18

(-,Ter,-,-/Tcd-1,-,-,Tcd-2) transmits the central haplotype
Elglﬂ, the Tcr containing chromosome, to 867 of his

offspring.

F. Crossover suppression in t haplotypes

Previous studies have suggested that partial t
haplotypes suppressed recombination over their own length
(Bechtol and Lyon, 1978; Bennett et al., 1979; Lyon et al.,
1979a). With the knowledge gained from this study
concerning the different lengths of the partial t
haplotypes, it is now possible to determine if the
recombination suppressing property of these t haplotypes is
dependent on the amount of t haplotype DNA they contain.

A significant difference in the recombinatory
properties of two proximal t haplotypes, 3&22 and Ei, has
been reported (Gluecksohn-Waelsch and Erickson, 1970). When
in trans with a chromosome carrying the T and tf markers
(Ttf/tX), t2€2 allowed 11% recombination between T and tf
whereas 32 allowed 7%, suggesting that they differ in their
lengths of t haplotype DNA (see Figure 16A). This was
confirmed here in the DNA analysis, since t3 was shown to
carry the DNA markers T66A, T66B, and the markers mapping
with T66C whereas t2€5 does not. Thus t3, which contains a

longer length of t haplotype DNA than does EEEQ, allows
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Figure 16. Recombination Suppression by Partial t
Haplotypes

A. Mice carrying t2€2/Ttf allow more recombination
between T and tf than do mice carrying t3/Ttf
(Gluecksohn-Waelsch and Erickson, 1970). The lengths of
these partial t haplotype are indicated as determined in the
present study, showing that 3222 has less t DNA (it does not
contain T66A,B,C) than t3 does.

B. th42, which does not contain the T66A marker, allows
more recombination between T and if when in cis to §211 than

do thi4 or th53 | which do contain Té6A (Fox et al., 1985).
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significantly less recombination between T and tf than does
taes,

The proximal haplotypes Eﬁéﬁ and 3222 were derived in
the same cross that generated Lﬁﬁé. They differ from thid
in the DNA analysis, however, in that both carry the T66A
marker whereas Eﬁéﬁ does not. To test their recombinatory
properties, these proximal haplotypes were each placed in
cis with the distal haplotype 3211, and the recombination
frequency between T and tf was determined in 322&211/132
heterozygotes (see Figure 16B, Fox et al., 1985). Among the
offspring of Eﬂﬁi&ﬁll/iﬁi heterozygotes, 237 were
recombinant between T and if, whereas with Eﬂéﬁ&ﬂll/lﬁi the
recombination value was 2.5%, and with 3222&211/232 it was
2.2%. Thus both tB44 and 3222 permit significantly less
recombination between T and tf than does th43. The
unusually high rate of recombination observed in these
crosses is probably accounted for by the combined effect of
the translocation T(1;17)190Ca associated with ghll (Bechtol
and Lyon, 1978) as well as a compensatory enhancement of
recombination that is observed in regions adjacent to areas
of recombination suppression in the t complex (Bennett et
al., 1979; Lyon et al., 1979a) and other systems (Roberts,
1976) .

It is clear from these studies that partial t

hap].otypes suppress recombination in the segment of
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chromosome they occupy in proportion to the amount of t

haplotype DNA they contain. The results of Silver and Artzt

(1981) suggest that crossover suppression in the distal part
of t haplotypes is due to a nonhomology between wild-type
and t haplotype DNA, since free recombination occurs in
regions homozygous for t DNA. Artzt et al. (1982) and Shin
et al. (1984) showed that this mismatching is at least in

part due to a chromosomal inversion in the distal region of

the t complex. However, it is unlikely that this inversion

is the sole cause of crossover suppression in t haplotypes,

since the proximal partial t haplotypes, which do not

contain this inversion, still suppress recombination.
Using the clones described here and other t complex

markers, evidence has been obtained for an second inversion

in t haplotypes, within this proximal region of the %
complex (N. Sarvetnick et al., personal communication). The
proximal haplotype EEQEl and the distal haplotype EELEE%
each duplicate and delete markers, and appear to be
complementary to each other, i.e. markers deleted from one
are duplicated in the other. The only way to generate
chromosomes with both duplications and deletions is through
Crossing over within an inversion between t haplotypes and
wild-type, and in this case apparent "reciprocal" crossover

Products have been identified. The limits of this inversion

1s defined by the markers neither duplicated not deleted,
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T48 and T122. Confirmation of this inversion is being
obtained through the mapping of these DNA markers in
wild-type chromosomes (B. Herrmann and H. Lehrach, personal
communication).

The presence of this second inversion in t haplotypes
helps to explain the dilemma of the inability to obtain
cytogenetic evidence for an inversion. For inversion loops
to form during pairing and crossovers to occur leading to
anaphase bridges, a large segment of DNA must be inverted as
a unit. The presence a second inversion can disrupt these
phenomena. Other inversions or other genetic rearrangements
may also be present in t haplotypes, as there is no evidence
concerning the genetic structure in the extreme proximal
region, in the area between the proximal and distal
inversions, or whether the distal inversion actually extends
to the distal 1limit of the i complex.

To date, no partial t haplotypes have been reported in
which an exchange with wild-type DNA has occured between the
loci of T and gk, or between gk and H-2. These are the
regions encompassed by the two inversions in t haplotypes
relative to wild-type. Inversions can in principal suppress
recombination in two ways: either by reduced chiasma
formation or by the occurence of normal chiasmata with
inviability of the crossover products. However, the data

presented in this study show that there are several points
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in between gk and tf where chiasmata can occur between t

haplotypes and wild-type and give rise to viable products.

G. Other t haplotype properties

The loci responsible for the other characteristic t
haplotype properties, tail interaction, male sterility, and
embryonic lethalities, can also be examined in light of the
present data. The tail interaction locus, tct, had
previously been shown to map in the proximal region of %t
haplotypes (Lyon and Meredith, 1964a,b). In this study,
this locus could be localized between T48 and T66A. The
proximal 1limit is T48 since the Eé haplotype and its
derivitives carry tct but not the most proximal marker T48,
and the distal limit is T66A since the proximal haplotypes
(proximal class I in Figure 8) that do not contain T66A do
carry tct.

The property of male sterility is less well understood
at the genetic level than the other t haplotype properties.
The available data suggest that there are two loci, one
proximal and one distal, which interact to cause sterility
(Silver, 1981). Since the proximal locus (tcs-1) is not
found in Eé and its derivatives, it maps to the region
defined by T48, along with Tcd-1. The distal locus (tes-2)
maps in the region defined by T54 and T108, along with

Tcd-2. 1In fact, it has been suggested that the loci causing
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sterility may be the same as some of the distortion loci
(Lyon, 1984).

The t haplotype lethal loci appear to be different
discrete genes, which have been mapped throughout the t
complex, mostly in the distal region (Artzt, 1984). The
markers obtained in this study are also distributed
throughout the t complex. It was originally hoped that
RFLPs could be identified between t haplotypes with these
probes to allow their localization relative to the lethal
loci, with a goal of eventual isolation of these genes
through molecular cloning of the DNA between specific
markers. However the difference between t haplotypes found
with the alpha-crystallin probe is the only RFLP between 1t
haplotypes outside of H-2.

At the present time, the lethal loci made most
accessible to study by the t haplotype markers are the two
created by recombination between t haplotypes and wild-type,
that have duplications and deletions associated with them
(32 and EﬂLBEE). The Eﬁi lethal locus has been reported to
map near H-2X (Shin et al., 1984). Since the H-2 region has
been extensively analyzed in wild-type, this gene may also
accessible to characterization.

Additionally, there is evidence that the
alpha-pseudogene4 probe recognizes sequences linked to the

Fu locus and the tf gene. The demonstation that th20 ig
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deleted for Hba-ps4 supports an earlier contention that 3229
carries a deletion. This hypothesis was based on the
observation that th20  which arose from Eé, picked up a
tufted mutation, failed to complement EEEE, but was still
associated with the tail interaction factor and the parental
lethal locus and H-2 haplotype (Lyon and Bechtol, 1977;
Bechtol and Lyon, 1978). The simplest interpertation of the
data is that Hba-ps4 is closely linked to if and Fu in %t
haplotypes and all three loci were deleted during the
generation of Eﬁgg. Because the Eﬁgg haplotype demonstrates
poorer complementation than Eé does with the complete t
haplotypes Eﬂé, Eﬂég, and Eﬂl, it was suggested that the
postulated deletion of tf would also cover these lethal
genes (Lyon et al., 1979b). However, it is now known that
the Lﬂé and Eﬂlg lethal genes do not map near tf (Artzt et
al., 1982a). Furthermore, poorer complementation is not the
same as complete lethality, which is what would be expected
if the lethal genes were indeed deleted. A likely
possibility is that the lower survival rate of tNn20/tX
embryos is a consequence of the deletion of uncharacterized
genes near Fu, tf, and Hba-ps4, and is not due to a deletion

of specific lethal genes.
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H. Origin and maintainence of t haplotypes

From this and other studies of 1 haplotypes performed
recently, several points about t haplotypes are now clear.

t haplotypes are very closely related to each other, at
least as closely related on the DNA level as are inbred
strains, which probably have a recent, common origin (Ferris
et al., 1982). t haplotypes also do not appear to differ
greatly from wild-type mice, thus no evidence has been
obtained to support the hypothesis that they originated from
a different species. The theory that EEQ is the ancestor
haplotype for the other t haplotypes cannot be valid, since
t¥2 contains a deletion in the Ealpha gene that many other t
haplotypes do not contain.

The conclusion that restriction fragments have been
identified as t-specific is qualified by fact that a limited
nunber of wild-type mice have been examined. A thorough
investigation of wild-type mice, especially including
wild-derived mice, may show that these restriction
fragments, like those identified by the alpha-pseudogenei
and alpha-crystallin probes, are found in non-t
haplotype-containing mice. The same may also be true for
the t haplotype testis proteins (Silver et al., 1983b). t
haplotypes may thus have originated recently within wild

mice.
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The persistence and spread of 1 haplotypes is easily
accounted for by the transmission ratio distorting property
of males carrying t haplotypes. The origin of t haplotypes
can be explained by the acquisition on a chromosome of the
alleles of loci which interact to cause transmission ratio
distortion. Since these loci have been shown to be
separable, they can be maintained as a unit by a series of
inversions in the t complex region, thus creating t
haplotypes. This may have happened once, and the different
H-2 haplotypes in t haplotypes created through evolution, or
it may have happened several times, in mice with related H-2

haplotypes.

The results obtained with the ETUWBZ haplotype are
interesting in the light of the above discussion. This
wild-derived haplotype contains a subset of t haplotype
associated markers and transmission ratio distortion loci.
In the distal region, these markers are not present in the
inverted order present in complete t haplotypes. This
association may represent a stage in the evolutionary origin
of t haplotypes. Molecular and genetic characterization of
wild-derived mice from the region where this haplotype was
derived (Haifa) and other regions should help clarify the
meaning of these results.

The identification of many new t haplotype lethal

complementation groups (Klein et al., 1984) makes the
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contention that the t lethal loci represent the mutation of
a group of genes controlling developmental stage-specific
changes less likely, since the number of t haplotype lethals
increases with the number examined. The lethalities
associated with t haplotypes thus may be thought of as
random "parasitic" mutations, since recessive lethalities
have little effect on a chromosome with the advantage of
transmission ratio distortion. 1In fact, as discussed
previously, these lethalities may actually be advantageous
to the survival and spread of that chromosome. Support of
the contention that the t haplotype lethalities do not
represent "special" developmental genes is that two
lethalities, Ellg and EELEEE, appear to have arisen through
the duplication and deletion of sequences during
recombination. A mutation has also been identified in a
non-% haplotype containing chromosome 17 which does not
complement the EQ lethality (Sanchez et al., 1984). It is
unlikely that such events are selective for genes that
control development. Inactivation by mutation of structural
genes can easily lead to developmental lethality, as has
been exemplified by the viral-insertion induced Mov-13
lethality, which is caused by the mutation of the alphal(I)
collagen gene (Jaenisch et al., 1983; Schnieke et al.,
1983). The embryonic lethalities associated with t

haplotypes may be no more illuminating for developmental
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biololgy than any other accumulation of recessive
lethalities within a 15cM region.

t haplotypes represent a fascinating genetic systemn
within the mouse genome. Multiple, separable loci cause the
non-Mendelian transmission of t-containing chromosomes.
Different combinations of these loci lead to a high, normal,
or low transmission ratios of the chromosome containing
them. The mapping of the transmission ratio distortion loci
within defined regions of t haplotype DNA provides a
framework for further molecular and biological studies of
this phenomenon. t haplotypes are maintained as a unit by
inversions relative to wild-type. These inversions are also
be useful in an experimental sense. Chromosomes containing
inversions can serve as balancer chromosomes in mutagenesis
studies, in a manner similar to the Muller-5 stocks of

Drosophila. Such studies will allow a more thorough study

of mammalian gene mutations and a lethal saturation analysis

of this region.
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