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We have analyzed the genomic structure of three mouse t haplotypes of the t 9 complementation group. Each of 
these t haplotypes, t wls, t 4, and t ~1, is known to have resulted from a rare recombination event between a 
complete t haplotype and a wild-type chromosome. Using molecular probes that identify sequences in the distal 
portion of the t complex, we have shown that each of these t haplotypes contains a similar (perhaps identical) 
deletion of one group of t complex sequences, and duplication of another group. These data suggest that the 
recombination events that produced these three t haplotypes involved similar unequal crossovers within the 
distal inversion. The deletion and duplication of genetic material associated with all members of the t 9 
complementation group tested provides a molecular explanation for the recessive lethal mutation associated 
with these t haplotypes. 
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The t complex of the mouse is a large region (12-15 cM) 
of the proximal third of chromosome 17, which includes 
the major histocompatibility (H-2) complex. Variant 

fo rms  of the t complex known as complete t haplotypes 
are found in wild mouse populations (Frischauf 1985; 
Silver 1985b). Such t haplotypes have a number of fea- 
tures in common that distinguish them from their wild- 
type counterparts. These include the suppression of re- 
combination with the wild-type chromosome over the 
entire length of the t complex, and the selective trans- 
mission of the variant form by heterozygous males to 
their progeny. Although complete t haplotypes are indis- 
tinguishable from one another in nearly all other proper- 
ties, different t haplotypes can carry different lethal mu- 
tations that complement each other in genetic tests. At 
present, 16 different complementation groups are 
known (Klein et al. 1984). Although few have been 
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studied in any detail, it appears that each member of a 
particular complemention group causes the same dis- 
tinctive syndrome of disturbances leading to embryonic 
death, and that members of the different groups inter- 
rupt development at different times (Bennett 1975; 
Sherman and Wudl 1977; Magnuson 1983). 

In recent years remarkable progress has been made in 
understanding the genetic and molecular basis of the un- 
usual properties of t haplotypes. For example, an expla- 
nation for the almost complete suppression of recombi- 
nation between t haplotype and wild-type chromosomal 
segments has been provided by the demonstration that 
in t haplotypes, two regions of the t complex are in- 
verted. One of these inversions is in the proximal por- 
tion, spanning the region between the T and qk  loci 
(Herrmann et al. 1986; Sarvetnick et al. 1986), and the 
other is in the distal portion, spanning the interval be- 
tween the t f  locus and the H-2 complex (Artzt et al. 
1982b; Shin et al. 1983; Pla and Condamine 1984). Rare 
recombination events do occur, however, and the re- 
sulting recombinant chromosomes are known as partial 
t haplotypes, to indicate that part of the t complex is 
derived from the variant t haplotype and part from the 
wild-type parental chromosome. The crossovers that 
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create partial t haplotypes must occur either at sites be- 
tween or within the inversions. In the latter case, the 
formation of chromosomes containing deleted and/or 
duplicated regions can be expected, as first observed by 
Silver et al. (1980). Further studies have led to the iden- 
tification of several partial t haplotypes in which recom- 
bination within the proximal inversion has resulted in 
coupled deletions and duplications or to duplication of 
almost the entire inverted region (Herrmann et al. 1986; 
Sarvetnick et al. 1986; Herrmann et al. 1987). 

With respect to t haplotype effects on sperm function, 
nothing is known as yet about the genes responsible, but 
it has been demonstrated that at least five loci distrib- 

u t e d  throughout the t complex are involved (Lyon 1984; 
Silver and Remis 1987). Similarly, nothing is known 
about the functions of the genes represented by the 
lethal mutations, but it has been shown that representa- 
tives of different lethal complementation groups map to 
different positions in the t complex, suggesting that they 
are nonallelic (Artzt et al. 1982a; Artzt 1984; Shin et al. 
1984). 

Among the lethal t mutations, members of the t 9 
complementation group are exceptional in that none 
have been found in wild populations. Instead, they have 
all arisen in laboratory stocks, with only six alleles iden- 
tified in over 50 years of laboratory breeding: t 9 and t a 
(Dunn and Gluecksohn-Waelsch 1953; Moser and 
Gluecksohn-Waelsch 1967), t W~8 (Bennett and Dunn 
1960), t W3~ (Dunn et al. 1962), t w52 (Bennett et al. 1976), 
and t ks~, described for the first time in this report. It was 
Lyon (1960) who first appreciated that the generation of 
such new alleles results from a rare recombination event 
between t haplotype-bearing and wild-type chromo- 
somes. In the case of the members of the t 9 complemen- 
tation group, the t complex of the recombinant chromo- 
some that carries one of these alleles consists of a prox- 
imal region, from the markers T to qk, derived from the 
t-haplotype parent and a distal region, from the marker 
tf to the H-2 complex, derived from the wild-type parent 
(Dunn et al. 1962; Bennett et al. 1976; Artzt et al. 
1982a). 

In light of the evidence that recombination between t 
haplotype and wild-type DNA can result in deletion 
and/or duplication of genetic material, we sought to de- 
termine whether the members of the t 9 complementa- 
tion group contain such genomic alterations, which 
might be responsible for the lethal phenotype common 
to these t haplotypes. This investigation relied on the 
use of random DNA clones originally isolated from the 
proximal portion of mouse chromosome 17 by microdis- 
section and microcloning (R6hme et al. 1984). Using 
these clones as probes in the analysis of t W~8, t a, and t ks1 
haplotype DNA, one set of sequences was found to be 
deleted and another set duplicated in each of the t haplo- 
types tested. The map positions of the deleted and dupli- 
cated sequences on the wild-type chromosome were de- 
termined. The data from these studies indicate that the 
recombination events that produced these three t haplo- 
types involved similar unequal crossovers within the 
distal inversion. 

Results 

Iden t i f i ca t ion  of  sequences  that  are de le ted  or 
dup l i ca ted  in the t W18 hap lo type  

In this analysis we made use of 25 of the cloned DNA 
probes that were obtained by microdissection of the 
proximal third of chromosome 17; these probes were se- 
lected on the basis of the finding that they represent 
unique or low-copy-number sequences that map to chro- 
mosome 17 (R6hme et al. 1984). To determine whether  
any of these sequences are deleted in the t W18 haplotype, 
we took advantage of the availability of an embryonic 
stem (ES) cell line isolated from mouse embryos homo- 
zygous for the t W18 lethal haplotype (Martin et al. 1987). 
Genomic DNA was isolated from these t~ls/ t  w18 ES 
cells, as well as from ES ceils homozygous for a com- 
plete t haplotype, t Ws, and from wild-type ES cells 
(Martin et al. 1987), digested with restriction endonu- 
cleases, and analyzed by the Southern blot hybridization 
technique. 

Clone Tu443, which hybridizes to a single MspI frag- 
ment, of approximately 15 kb in wild-type DNA and 8 
kb in tws/t ~'s DNA, did not hybridize to any MspI frag- 
ment  in DNA from tw~8/t w18 cells (Fig. 1A). Probe Tu94 
which hybridizes to a single TaqI fragment of approxi- 
mately 4.6 kb in both wild-type and tws/t W5 DNA, did 
not hybridize to any TaqI fragments in DNA from the 
twls/t w18 cells (Fig. 1B). Similarly, clone Tu180, which 
hybridizes to a 7 - k b T a q I  fragment in wild-type and tws/ 
t ws DNA, did not hybridize to any TaqI fragment in twos~ 
t ~'Is DNA (Fig. 1C). Rehybridization of the blots with 
other probes, such as Tu111 (R6hme et al. 1984) dem- 
onstrated that other DNA fragments are readily detect- 
able in the lane containing tw~s/t ~ s  DNA (Fig. 1D and 
data not shown). To eliminate the possibility that the 
sequences represented by the Tu443, Tu94, or Tul80 
probes were undetectable in the endonuclease digests of 
twos/twos DNA because they were contained within very 
small DNA fragments that ran off the gels, these probes 
were hybridized to tw~8/t w18 DNA fragments obtained by 
digestion with other endonucleases; again the results 
were negative (data not shown). From these results it is 
clear that the D17Leh443, 94, and 180 loci identified by 
the Tu443, Tu94, and Tul80  probes, respectively, are 
deleted in the t W18 haplotype. 

Similar results obtained with probe p54M provided ev- 
idence that the D17Leh54 locus represented by this 
probe is also deleted in t ~'I8 haplotype DNA. The p54M 
probe, a subclone of a cosmid clone isolated using the 
microclone Tu54, hybridizes strongly to three TaqI frag- 
ments of approximately 5.2, 2.4, and 1.6 kb in wild-type 
DNA and two fragments of 8.4 and 1.6 kb in tws/t~s 
DNA, and very weakly to at least one other fragment in 
both genotypes (Fig. 1E). When this probe was hybrid- 
ized to TaqI digests of DNA from t ~ 8 / t  ~18 cells, the only 
hybridization signal detectable was very faint and local- 
ized to three bands corresponding to the three promi- 
nent wild-type bands and to two faint bands in t~s/t  ws 
DNA. Since the t ~'~s lane contained an amount of DNA 
equivalent to that present in the wild-type lane (data not 
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Figure 1. Deletion of sequences in the t w18, t a, and t k~l haplotypes. Southern blot hybridization analysis of genomic DNA from cells 
or animals of the designated genotypes. The genotype of the wild-type chromosome is indicated in parentheses. Each lane contains 10 
~g of genomic DNA digested with MspI (A) or TaqI (B,C,D,E), and was hybridized with the designated probes Tu443, 94, 180, 111, or 
p54M. The smear in lanes tksU + and tk~Utw5 (A) is due to incomplete competition with mouse DNA of repetitive sequences present in 
the probe Tu443. 

shown), it seems likely that the absence of any strongly 
hybridizing fragments was due to deletion in the t w18 
haplotype of sequences represented by the p54M probe. 
The faint bands could either be due to cross-hybridizing 
sequences elsewhere in the genome or could result from 
hybridization of the probe to fragments derived from the 
DNA of the wild-type feeder cells with which the twos/ 
t w~8 ES cells were co-cultivated, and which may not have 
been completely removed from the ES cell sample. 

To determine whether sequences are duplicated in the 
t W~s haplotype, an analysis was carried out with a subset 
of the remaining probes, which detect restriction frag- 
ment  length polymorphisms (RFLPs) between wild-type 
and t-haplotype DNA (Fig. 2). The Tu89 probe hy- 
bridizes strongly to three MspI fragments of approxi- 
mately 14-18 kb in wild-type DNA and to two MspI 
fragments of 45 and 3 kb in DNA from t~s/t  Ws cells (Fig. 
2A). When the Tu89 probe was hybridized to MspI di- 
gests of tw~s/t w~s DNA, the hybridization pattern ob- 
served indicated that the t wls haplotype contains the 
three wild-type-specific and the two t-specific Tu89 
fragments (Fig. 2A). It thus appears that the D17Leh89 
sequences, represented by the Tu89 probe, are dupli- 
cated in the t wls haplotype. Similar results were ob- 
tained with the Tu467 probe, which hybridizes strongly 
to two TaqI fragments, of approximately 3.0 and 2.3 kb 
in wild-type DNA, two fragments of approximately 4.3 
and 2.6 kb in t~5/t w5 DNA, and all four fragments in 
tw~s/t wls DNA (Fig. 2B). These data indicate that the 
D17Leh467 sequences, represented by the Tu467 probe, 
are also duplicated in the t W~s haplotype. Results with 
the Tu525 probe were essentially the same, but in this 
case the tw~s/t ~ s  DNA was found to contain not only 

the 6.7-kb EcoRI fragment found in wild-type (strain 
129) DNA and the 4-kb EcoRI fragment observed in t ~s- 
haplotype DNA, but also a 2-kb fragment (Fig. 2C). The 
simplest explanation for the observed pattern of hybrid- 
ization is that the Tu525 sequences are duplicated in the 
t w~s haplotype, and that the 6.7- and 2-kb fragments are 
wild-type alleles for which the t~Is/t  wl8 cells are hetero- 
zygous. Consistent with this interpretation is the obser- 
vation that in the blot of twls/t ~18 DNA, the intensities 
of hybridization of the 6.7- and 2-kb fragments are each 
approximately half that of the 4-kb t-specific fragment. 

Dele t ions  and  dupl icat ions  in the t 4 and t ks1 haplo types  

To determine whether the loci that are deleted and du- 
plicated in the t W18 haplotype are similarly altered in 
other members of the t 9 complementation group, a study 
of the t 4 and t ksl haplotypes was carried out. However, in 
this case the analysis was more complicated because no 
cell lines homozygous for these t haplotypes are avail- 
able, and embryos homozygous for t haplotypes in this 
complementation group die by approximately 10 days of 
gestation (Bennett and Dunn 1960; Moser and Glueck- 
sohn-Waelsch 1967), making it very difficult to obtain 
sufficient ta/t 4 or tksVtksl embryonic DNA for these 
studies. We therefore analyzed DNA from t a and t ks~ an- 
imals heterozygous with the wild-type form of the t 
complex (t4/+ and t k~ /+  ) and heterozygous with a com- 
plete t haplotype (t4/t ru~4 and tk~l/t Ws) using molecular 
probes which show RFLPs between t-haplotype and 
wild-type sequences (see Materials and methods). In this 
case deletion of a sequence represented by a given probe 
would be demonstrated if in t4/+ and tk~I/+ DNA only 
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F igure  2. Duplication of sequences in the t w18, t a, and t ks1 haplotypes. Southern blot hybridization analysis of genomic DNA from 
cells or animals of the designated genotypes. The genotype of the wild-type chromosome is indicated in parentheses. Each lane 
contains 10 ~g of genomic DNA digested with MspI (A) or TaqI (B,C) and was hybridized with the designated probes, Tu89, 467, or 
525. 

the wild type-specific fragment(s) were detectable, and if 
in ta/t ru~a and tksl/t ws DNA only the t-specific frag- 
ment(s) were observed. A duplication would be demon- 
strated if both the wild-type and t-specific fragments 
were detected in all the heterozygote samples. 

Of the four loci deleted in t W18, only two could be 
studied in this analysis because only the Tu443 and 
p54M probes detected RFLPs between t-haplotype and 
wild-type DNA. Probe Tu443 was found to hybridize to 
a 15-kb MspI fragment specific to wild type in t4/+ and 
tk~V+ DNA {Fig. 1A), and to an 8-kb MspI t-specific 
fragment in ta/t 7~w24 and tksVt ws DNA (Fig. 1A). This hy- 
bridization pattern indicates that the D17Leh443 locus 
is deleted in the t a and t ks1 haplotypes. An analogous re- 
sult was obtained using the probe p54M. In this case, 
four hybridizing fragments of approximately 5.2, 5.0, 2.6, 
and 2.4 kb were detected in ta/+ and tk~/+ DNA (Fig. 
1E). Although different in size from the fragments de- 
tected in strain 129 DNA (Fig. 1E), these fragments were 
found to be specific to the wild-type chromosome 
present in these heterozygotes (data not shown); no t- 
specific fragments were detected. In t4/t Tuw24 and tk~l/tw5 
DNA probe p54M hybridized to two t-specific fragments 
of approximately 8.4 and 1.6 kb; no wild-type fragments 
were detected (Fig. 1E). Taken together these data indi- 
cate that the D17Leh54 locus is deleted in the t a and t k~l 
haplotypes. 

Analysis of the t a and t k~ heterozygotes using the mo- 

lecular probes representing the loci that are duplicated 
in the t W~s haplotype (D17Leh89, 467, and 525)showed 
hybridization to both t-specific and wild-type specific 
fragments in all samples (Fig. 2A,B,C). These data indi- 
cate that those loci are also duplicated in t 4 and t ks~ hap- 
lotypes. 

Genetic mapping of deleted and duplicated sequences 

The map positions of the sequences deleted in the t w18 
haplotype were determined by recombinant inbred (RI) 
strain analysis (Taylor 1978). For each probe that repre- 
sents a sequence deleted in the t wI8 haplotype, a RFLP 
between the C57BL/6 (B) and DBA/2 (D) strains of mice 
was identified. The strain distribution patterns (SDPs) of 
the B and D alleles of the D17Leh443, D17Leh94, 
D 17Leh180, and D 17Leh54 loci were then determined 
by hybridization of the probes to Southem blots of ge- 
nomic DNA from each of 26 strains in the BXD RI set. 
These SDPs are shown (Table 1) in comparison with the 
SDPs previously determined for other markers in the t 
complex. The data indicate that although the four de- 
leted loci have not been separated from one another by 
recombination in any of the BXD strains, they have been 
separated from the a-globin pseudogene 4 (Hba-4ps) 
locus in one strain, from the a A-crystallin (Crya-1) 
locus in four strains, and from the T1 region of the H-2 
complex in five strains. These results place these loci 1 
cM proximal to Hba-4ps (95% confidence interval of 
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Table 1. Strain dis tr ibut ion pattern in BXD recombinant  inbred strains of alleles of the loci that  are deleted or dupl icated in the 
t haplotypes of  the t 9 complementa t ion  group 

BXD strains 

0 0 0 0 0 0 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 3 3 3 
1 2 3 5 8 9 1 2 3 4 5 6 8 9 0 1 2 3 4 5 7 8 9 0 1 2 

Loci 
D 17 Leh 443 
D 17 Leh 94 

D B D D B B B D B B B B D B B B D B D D B D B D D D D17 Leh 180 
D17 Leh 54M I 

x 
I 

Hba-ps4* D B D D B B B D B - B B D B B D D B D D B D B D D D 

X X X 
Crya-1 b D B D D B D D D B B B D D B B D D B D D B D B D D D 

I 
T1 region of X 

H-2 complex ~ [ 
D B D D B D D D B B B D D B B D D B D D D D B D D D 

D17 Leh 89 
D17 Leh 525 

B, Allele carried by C57BL/6 mice. 
D, Allele carried by DBA/2 mice. 
a Data from Mann et al. (1986). 
b Our data, obtained with a probe described by King et al. (1982). The finding that BXD strain 24 carried the D allele disagrees with the 
data published by Skow and Donner (1985). 
c Our data, obtained with a probe described by Winoto et al. (1983). 

0 .03-7 cM; Silver 1985a), in the vicinity of t f  (Fox et al. 
1984; Mann et al. 1986). The location of the deleted se- 
quences proximal to tf in the wild-type chromosome has 
been confirmed in an independent study by conven- 
tional recombinational analysis of back-cross indi- 
viduals (B.G Herrmann, M. Bfican and H. Lehrach, un- 
publ.). 

RI strain analysis was also used to determine the map 
position of the duplicated loci. RFLPs appropriate for 
mapping these sequences using the BXD RI strains could 
be found only for the Tu89 and Tu525 probes, but not for 
Tu467. The SDPs of the B and D alleles of the D17Leh89 
and D17Leh525 loci shown in Table 1 indicate that no 
recombination had occurred between these two se- 
quences in the BXD RI strains, but that they are sepa- 
rated by recombination from the cluster of deleted se- 
quences in five strains. These data indicate that the du- 
plicated cluster is 6.8 cM distal to the cluster of deleted 
sequences (95% confidence interval 1.2 - 24 cM). More- 
over, the SDP of the duplicated loci is the same as that of 
sequences in the T1 region of the H-2  complex that are 
represented by the probe mp22.1 (Winoto et al. 1983), 
indicating that these loci map in or near the H-2  com- 
plex. 

To define better the position of the duplicated probes 
in this region, we took advantage of the existence of 
congenic intra-H-2 recombinant strains between AKR 
and C57BL/6 (Fig. 3A; Flaherty 1976; Flaherty et al. 
1981; Robinson et al. 1987) and the finding that appro- 
priate RFLPs between these strains could be identified 
for each of the duplicated sequences. For example, 

Tu467 hybridizes to a 4.4-kb TaqI  fragment in C57BL/6 
DNA, but this fragment is absent from AKR DNA; 
Southern blot analysis showed that the B6.K1 and B6.K2 
recombinant strains do not carry a Tu467 hybridizing 
fragment (data not shown), indicating that these strains 
carry the AKR allele of D17Leh467 locus (Fig. 3B). Simi- 
larly, the B6.K1 and B6.K2 recombinant strains were 
found to carry the AKR alleles of the D 17Leh89 and 525 
loci (see Fig. 3B). Our data, in conjunction with pre- 
viously published analysis of the H-2  complex sequences 
carried by the congenic intra-H-2 recombinant strains 
(see Fig. 3A), localize the sequences that are duplicated 
in the t Wm haplotype to a region of the H-2  complex 
distal to the Qa-2 ,3  region in wild-type chromatin. Fur- 
ther experiments have placed the group of duplicated 
probes distal to the T1 region (K. Fischer-Lindahl, M. 
Bfican, H. Lehrach, unpubl.). 

D i s c u s s i o n  

It has been known for some time that the members of 
the t 9 complementation group arose by recombination 
between t-haplotype and wild-type chromatin, and that 
in each case the resulting t complex consists of a prox- 
imal portion derived from the t-haplotype parent and a 
distal portion derived from the wild-type parent. We 
have taken advantage of the availability of DNA probes, 
obtained by microdissection and microclonmg of frag- 
ments of mouse chromosome 17 (R6hme et al. 1984), to 
carry out a structural analysis of three t haplotypes from 
the  t 9 complementation group, t wls, t ~ and t ks1, tO gain 
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Figure 3. Segregation in congenic intra-H-2 recombinant strains of loci that are duplicated in the t haplotypes of the t 9 complemen- 
tation group. (A) Schematic representation of the H-2 region of the intra-H-2 recombinant strains, B6.K1 and B6.K2. The portions of 
the 1-1-2 region derived from each parental strain [AKR (black) and C57BL/6 (stippled)] are shown. The derivation of part of this region 
(white) in the B6.K1 strain is unknown. These maps are based on data from Flaherty {1976), Flaherty et al. (1981), and Robinson et al. 
(in press). (B) Distribution in these strains of the alleles of the loci represented by the Tu467, 525, and 89 probes. The table is based on 
the results of Southern blot hybridization analysis; ( - ) fragment not present, ( + ) fragment present. 

insight into the nature of the recombination events that 
created them. 

Previous genetic and molecular analyses of the t w18 
lethal haplotype had shown that the crossover had oc- 
curred in the interval between the D 17Leh 122 and tf loci 
(Bennett et al. 1976; Fox et al. 1984). Since at least part 
of this region lies within the distal inversion character- 
istic of all complete t haplotypes, there are four possible 
ways in which recombination might have occurred, as 
illustrated in Figure 4. One possibility is that recombi- 
nation between t- and wild-type chromatin occurred be- 
tween homologous sequences, outside of and proximal 
to the distal inversion. If this were the case, the recombi- 
nation event would not generate either deletions or du- 
plications (see Fig. 4A). The three remaining possibilities 
all involve unequal crossing-over. Recombination could 
have taken place between sequences within the distal 
inversion in t chromatin, but outside the inversion in 
wild-type chromatin, which would result in duplication 
of sequences designated Y in Figure 4B, or the converse 
might have occurred, which would result in deletion of 
sequences designated X in Figure 4C. Finally, if recombi- 
nation occurred within the inversion in both t- and 
wild-type chromatin, both deletion of sequences desig- 
nated X and duplication of sequences designated Y 
would occur (Fig. 4D). 

Our data showing that one group of probes is deleted 
and another duplicated in members of the t 9 comple- 
mentation group are clearly consistent with the latter 
case. Moreover, if the hypothesis that the crossover oc- 
curred within the limits of the distal inversion is cor- 
rect, one would predict that in the wild-type chromo- 
some the deleted sequences would map between the 
proximal end of the distal inversion and the position of 
the crossover in the wild-type DNA. Conversely , the re- 

gion between the position of the crossover and the prox- 
imal end of the inversion in the t chromosome should be 
duplicated in the recombinant chromosome. Again, our 
data are consistent with this hypothesis: The deleted 
loci were found to lie in a cluster that maps approxi- 
mately 1 cM proximal to t f  in wild type, and the dupli- 
cated loci were found to lie in a cluster that maps distal 
to the Q a - 2 , 3  region of the H - 2  complex in wild-type, or 
proximal to this region in t haplotypes (see Figs. 4 and 5). 

What we now know about the structure of the 
members of the t 9 complementation group (see Fig. 5) 
provides some insight into the mechanism by which the 
recombination events that created them occurred. For 
the recombinant products to be duplicated for one end of 
the inverted region, deleted for the opposite end, and for 
the central region of the inversion to be present in single 
copy, recombination must have taken place at nonequi- 
valent positions on the two chromosomes. This could 
have occurred when the inverted regions were paired in 
a linear and nonhomologous manner, mediated perhaps 
by chromosome breaks, or by homology resulting from 
short repetitive elements that occur at different posi- 
tions on the two chromosomes, or from a sequence 
transposed and inverted on one of the two chromo- 
somes. In contrast, other partial t haplotypes such as 
t wlub2 and T t  ~ are apparently deleted for one portion of 
the inverted region and duplicated for the remaining 
portion; no part of the inverted region is present in 
single copy (Herrmann et al. 1986; Sarvetnick et al. 
1986). In these cases recombination presumably oc- 
curred at equivalent points on the t-haplotype and wild- 
type chromosomes, possibly mediated by a second, 
smaller inversion contained within the inverted region 
or by repetitive elements occurring in both orientations. 
In the case of another class of the partial t haplotypes t a45 
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within inversion [ I deleted sequences 
outside inversion 

within inversion l 
duplicated sequences outside inversion [ ~  

Figure 4. Four possible modes of recombination be- 
tween a wild-type and a complete t-haplotype chromo- 
some, leading to the formation of a distal partial t hap- 
lotype. Above are maps of the wild-type and t-haplo- 
type forms of the t complex. The circle indicates the 
centromere of chromosome 17. The straight and wavy 
lines represent wild-type and t-haplotype chromatin, 
respectively. The parentheses indicate the positions of 
the regions that are inverted in t haplotypes, relative to 
wild-type. The "proximal inversion" contains the phe- 
notypic markers T and qk, and the "distal inversion" 
contains the phenotypic marker tf  and the H-2 complex 
(cross-hatched box). The relative position of the 
D 17Leh 122 locus { 122) is shown. Immediately beneath 
is shown an expansion of the region from D17Leh122 
to the end of the t complex, including markers desig- 
nated X and Y. Four possible modes of recombination 
in this region are designated A,B,C,D. The recombinant 
chromosomes that would result from each of these 
modes of recombination, and the consequent deletions 
and duplications, are diagrammed below. 

~ d - ~  O 

t- haplotypc O 

( T qk ) 122 ( ff LN~XXX ~ 

__ T+ _+_ f 

122 X + tf y +  i 

r'-, ( ,.'I 
i B C t 
a ~X,. D 
I i t %% 

122 y t  ff X t 

A. 122 X + tf Y +  

y t  + y +  
122 X ff 

122 tf Y+ 
I m \ \ \ \ \ \ ' , ~ )  

~ !  I 

D. 122 yt  ff y +  

. . . . . . .  :- ~ I o , \ \ x \ \ \ \ x ~  

and t aeS, which are duplicated for virtually the whole of 
the inverted region, an extended region of inverted du- 
plication provides the region of homology for recombi- 
nation {Herrmann et al. 1987). 

From our data it is not possible to obtain a minimal 
estimate for the size of the deletion in the members of 
the t 9 complementation group, since no recombination 
between any of the deleted markers was detected in 26 
BXD RI strains or in the products of a high-resolution 
genetic cross (B.G Herrmann, M. Bfican, and H. Lehrach, 
unpubl.). However, the fact that the sequences repre- 
sented by four probes out of 25 tested were found to be 
contained in the deletion might be an indication of a 
fairly large size. Similarly, the duplicated region, repre- 
sented by three other probes may be relatively large. 

At present it is uncertain whether the deletion or the 
duplication is responsible for the recessive lethal pheno- 
type characteristic of members of the t 9 complementa- 
tion group. If the latter is the case, however, then one 
would have to argue that the detrimental effects of the 
aneuploidy are manifested only in animals tetrasomic 

for the region in question, since + / t  Wls, + / t  a, and -~/t ksl 
heterozygotes, which are trisomic for that region, are 
completely normal. Therefore, it seems most likely that 
the cause of the embryonic lethality of the t 9 comple- 
mentat ion group homozygotes is nullisomy for a vital 
gene. 

One approach to identifying the specific structural al- 
terations responsible for the lethal phenotype is to de- 
termine which changes are common to all members of 
the complementation group. The fact that t 4 homozy- 
gotes appear to be more severely affected than t W18 ho- 
mozygotes (Bennett and Dunn 1960; Moser and Glueck- 
sohn-Waelsch 1967) might be an indication that dif- 
ferent members of the t 9 complementation group 
contain different size deletions or duplications. With the 
probes available, however, we were unable to detect any 
differences among the three haplotypes tested, which are 
the only members of the t 9 complementation group still 
extant. We also attempted to narrow down the region of 
deletion potentially responsible for the lethal phenotype 
by carrying out an analysis of the t h2~ haplotype. This t 
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Figure 5. Genetic map of the t haplotypes of the t 9 complementation group. The circle indicates the centromere of chromosome 17. 
The straight and wavy lines represent wild-type and t-haplotype-derived chromatin, respectively. The parentheses indicate the posi- 
tions of the regions that are inverted in t haplotypes, relative to wild-type. The relative order of the markers is shown. Loci present in 
single copy: quaking (qk), Brachyury (T), D17Leh122, e~-globin pseudogene 4 (Hba-ps4), tufted {tf), H-2 complex (cross-hatched box). 
Loci deleted: D17Leh94, 180, 443, and 54. Loci duplicated: D17Leh89, 467, and 525. 

haplotype,  w h i c h  is k n o w n  to con ta in  a de le t ion  encom- 
passing bo th  the  t f  and H b a - p s 4  loci (Lyon et al. 1979; 
Fox et  al. 1984), c o m p l e m e n t s  the  t wls hap lo type  (Lyon 
et al. 1979). Thus,  if any  of the  sequences deleted in t w18 
were found  to be s imi la r ly  deleted in t h2~ this  would  
provide evidence  tha t  those  sequences are no t  respon- 
sible for the  le tha l  phenotype .  However ,  all of the se- 
quences  dele ted in t ~8  were found to be present  in  t h2~ 
(M. Bfican, G.R. Mart in ,  F. Michiels ,  and H. Lehrach, 
unpubl.) .  A l t h o u g h  fur ther  analysis  of the  molecu la r  na- 
ture  of the  l e tha l  m u t a t i o n  wil l  be difficult,  especial ly  
cons ider ing  the  po ten t i a l ly  large size of the  s t ruc tura l ly  
al tered regions, the  data reported here  provide a s tar t ing 
po in t  for the  search for the  le tha l  gene. 

Materials  and m e t h o d s  

A n i m a l s  and cell lines 

The origin of the t Wl8 haplotype has been previously described 
by Bennett and Dunn {1960). All analyses of this haplotype 
were performed on DNA obtained from animals maintained in 
L. Silver's mouse colony or from the twls/t W18 ES cell lines iso- 
lated by Martin et al. (1987). The conditions of ES cell culture 
and separation from feeder cells are described in detail by 
Martin (1981). 

The origin of the t 4 haplotype was previously described by 
Moser and Gluecksohn-Waelsch (1967). Animals carrying this 
haplotype were kindly provided by Dr. Salome Waelsch (Albert 
Einstein College of Medicine, New York, New York), and were 
mated to wild-type mice or mice carrying the t ~ 4  haplotype 
to obtain mice with a + / t  4 or a t4/t ~ 4  genotype. 

The t ks~ haplotype was first detected among the offspring of a 
brother x sister mating of Ttf / t  ~'5 + mice in the colony main- 
tained at Kansas State University (Manhattan, Kansas). This is 
a balanced lethal cross that normally produces only tailless, 
nontufted animals, and the new haplotype was first identified 
in a normal-tailed, nontufted female. She was mated back to 
her father (Ttf/t  W5 + ) and gave both tailless tufted (Ttf/tk~ltf) and 
normal tailed, nontufted (t W5 +/tksltf) offspring. The appearance 
of these offspring indicated that the new haplotype was derived 
by recombination, with a gain of the tu f ted  mutation and loss 
of the t ws lethal factor. When mated inter se, the tailless, tufted 
animals gave only tailless, tufted offspring, indicating that the 
recombination event had created a new lethal factor. In further 
complementation tests the recombinant chromosome was 
found to complement the t ~2 and Tt or1, but not the t w~s haplo- 
type (0/38 offspring were normal-tailed). The tailless, tufted off- 

spring were brother x sister mated for 12 generations and then 
backcrossed to the inbred Ttf/ t  W5 + line for six generations be- 
fore sampling for this study. The t k~1 haplotype has a transmis- 
sion ratio of only 37% (47/126) in one group of males. 

D N A  isolation and analysis 

Total cellular DNA was isolated from mouse liver or spleen or 
from ES cells by standard techniques. BXD RI strain DNA was 
purchased from the Jackson Laboratory (Bar Harbor, Maine). 
Mouse genomic DNA was digested, fractionated by electropho- 
resis, and blotted onto a Gene Screen membrane by capillary 
transfer in denaturation solution (1.5 M NaC1 and 0.5 M NaOH) 
as previously described by Herrmann et al. (1986). The filter 
was exposed to UV light and hybridized according to the 
methods described by Church and Gilbert (1984) using 2 x 106 
cpm/ml of hybridization probe. 

Identi f icat ion of t-specific D N A  restriction fragments  

DNA from mice congenic with strain 129/Sv for the complete t 
haplotypes t ~ t ~ ,  t W5' t w12, t w32, and t WLubl, as well as DNA 
from inbred mouse strains (129/Sv, C57BL/6, DBA/2, AKR, 
C57BL/10, C3H/He, C3H/Sw, BALB/c] were examined for the 
presence of restriction fragments specific to t-haplotype DNA. 
Only fragments that were detected in all t-haplotype DNAs an- 
alyzed, but not in any of the wild-type DNAs tested, are re- 
ferred to as t specific. 

Hybridizat ion probes 

Each of the following genomic clones is an EcoRI fragment in- 
serted into pUC9:Tu443 {1.7 kb), Tu94 (0.4 kb), Tu180 (0.4 kb), 
Tu525 (2 kb), Tu467 (1.7 kb), and Tu89 (1.7 kb). They were de- 
rived by microdissection (R6hme et al. 1984). The probe p54M 
(2.9-kb EcoRI fragment), kindly provided by M. Zimmer and 
T.M. Pohl, was derived from a cosmid clone isolated from a 
genomic cosmid library using the clone Tu54, derived by mi- 
crodissection, as a probe. Hybridization probes were prepared 
by isolation of insert DNA from agarose gels by agarase treat- 
ment (Bfican et al. 1986) and radiolabeled to a specific ac t iv i ty  
of 3 x 109 cpm/pg with a2P[dCTP] using the Klenow fragment 
of DNA polymerase I and random hexamer priming (Feinberg 
and Vogelstein 1983). Probes Tu443 and p54M contain repeti- 
tive sequences and therefore are prehybridized against total ge- 
nomic mouse DNA prior to hybridization (Ardeshir et al. 1983). 
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