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RESEARCH 

Toward the Construction of Integrated 
Physical and Genetic Maps of the Mouse 

Genome Using Interspersed Repetitive 
Sequence PCR (IRS-PCR) Genomics 

Kent W. Hunter, 1'4 Laura Riba, 1 Leo Schalkwyk, 2 Ma t thew Clark, 2 
Sergei Resenchuk, 2 Alicia Beeghly, 2 Jenny Su, 1 Felix Tinkov, 1 

Pang Lee, ~ Elango Ramu, ~ Hans Lehrach, 2'3 and David Housman ~ 

1Center for Cancer Research, Massachusetts Institute of Technology, Cambridge, Massachusetts 021 39; 
2Imperial Cancer Research Fund, Genome Analysis, Lincoln's Inn Fields, London, WC2A 3PX UK 

Using two recently developed techniques, IRS-PCR YAC walking and IRS-PCR genotyping, a framework- 
integrated physical and genetic map of the mouse genome was constructed. The map consists of 821 contigs, 
containing 7746 YAC clones originating from three different YAC libraries. Three hundred eighty of the 
contigs have been anchored to the genetic map. Approximately 16% of the physical length of the mouse 
genome is estimated to be represented. 

A major task in developing our understanding of 
the human genome is the creation of integrated 
physical and genetic maps of the human genome 
and selected model systems (Chapman et al. 
1993; Collins and Galas 1993). One major ap- 
proach strategy to realize this goal has been the 
development and use of PCR-based sequence- 
tagged sites (STSs) as anchors for genetic and 
physical maps. Simple sequence length polymor- 
phisms (SSLPs) have been the primary source of 
STS-based genetic markers in humans  (Murray et 
al. 1994) and mice (Cornall et al. 1991; Watson et 
al. 1992; Copeland et al. 1993; Dietrich et al. 
1992, 1993, 1994; Hunter et al. 1993). STS con- 
tent mapping of libraries of yeast artificial chro- 
mosomes (YACs; Burke et al. 1987) has been a 
primary means of physical mapping (for review, 
see Schlessinger et al. 1991; Chumakov et al. 
1992; Foote et al. 1992; Cohen et al. 1993; Vetrie 
et al. 1994). The recent development of two tech- 
niques, based on interspersed repetitive sequence 
PCR (IRS-PCR; Nelson et al. 1989), has permitted 
the development of an alternative, complemen- 
tary strategy for integrated physical and genetic 
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4Corresponding author. 
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mapping in the mouse genome. IRS-PCR-based 
strategies permit rapid, low-cost, and accurate 
genotyping (McCarthy et al. 1995) and screening 
of YAC libraries (Hunter et al. 1994; Liu et al. 
1995; Aburatani et al. 1996; Qin et al. 1996). 

Both genetic and physical mapping using 
IRS-PCR depend on the use of PCR primers, 
which permit amplification of DNA sequences lo- 
cated between two interspersed repetitive ele- 
ments oriented in opposite directions in the ge- 
nome separated by a distance that is within range 
of a conventional PCR reaction. Individual loci 
can be assayed by isolating single-copy sequences 
located between pairs of repetitive elements ori- 
ented in this manner  and using each of these 
sequences as a hybridization probe against IRS- 
PCR products from a large number of individuals 
or YAC pools in a dot-blot format. In the mouse 
the B1 repeat element has proved most favorable 
for analysis of this type. 

IRS-PCR products can be mapped genetically 
by taking advantage of the genetic differences 
among mouse species or strains in the amplifica- 
tion of specific IRS-PCR products. Segregation of 
an amplification polymorphism is detected easily 
among a panel of DNAs derived from an inter- 
specific backcross panel by hybridizing a probe 
representing an individual IRS-PCR product from 
the nonrecurrent parent to filters of gridded IRS- 
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PCR products of individual backcross animals. 
High resolution mapping is possible by genotyp- 
ing large numbers of animals per filter, and a 
single investigator is capable of screening hun- 
dreds of clones per week (McCarthy et al. 1995; 
Ramu et al. 1996). The resulting map consistently 
replicates the results obtained by conventional 
methods and therefore produces a map with high 
confidence (McCarthy et al. 1995; Ramu et al. 
1996). To date, >400 amplification polymor- 
phism loci have been mapped (McCarthy et al. 
1995; Ramu et al. 1996). 

IRS-PCR can also be used to detect YAC over- 
lap and construct contigs by hybridization. Using 
the unique sequences that lie between two B1 
repeat sequences, a PCR product from one YAC is 
used as probe on filters containing gridded sets of 
inter-B1 products derived from the pools for the 
three-dimensional screening arrays of the mouse 
YAC libraries. Overlapping clones are detected by 
hybridization to the x, y, and z coordinates of any 
other YAC that amplifies the same IRS-PCR prod- 
uct. The utility of this technique was demon- 
strated by the construction of a -5-cM contig on 
mouse chromosome 1 (Hunter et al. 1994). 

When combined, these techniques permit 
the highly efficient generation of an integrated 
genetic and physical map of the mouse genome 
because randomly cloned IRS-PCR products are 
screened simultaneously for contig generation 
and amplification polymorphism. Although only 
25% of random inter-B1 products demonstrate 
amplification polymorphism (McCarthy et al. 
1995; Ramu et al. 1996), a sufficiently large num- 
ber of loci are available to produce an integrated 
map of high marker density. The major advan- 
tage to the IRS-PCR approach is that it permits 
the simultaneous screening of multiple libraries 
or interspecific backcrosses in the same hybrid- 
ization while avoiding the necessity of running 
gels or sequencing each probe. 

As a demonstration of the utility of this strat- 
egy, we present here a framework-integrated 
physical and genetic map of the mouse genome, 
consisting of 7746 individual YAC clones from 
three different YAC libraries in 821 contigs. Forty 
six percent of the contigs have been anchored 
genetically (380 of 821 contigs) The contigs de- 
scribed are estimated to cover -16% of the mouse 
genome. 

RESULTS 

Integrated physical and genetic mapping  was 

IRS-PCR PHYSICAL MAPPING OF THE MOUSE GENOME 

performed by hybridizing filters representing the 
three-dimensional screening strategies for the St. 
Mary's Hospital (Chartier et al. 1992), Imperial 
Cancer Research Foundation (ICRF) (Larin et al. 
1991), Massachusetts Institute of Technology 
(MIT)/Whitehead (Kusumi et al. 1993) YAC li- 
braries, and the IRS-PCR genetic mapping filters 
of the Jackson Laboratory BSS interspecific back- 
cross panel (Rowe et al. 1994; McCarthy et al. 
1995) simultaneously with individual clones of 
the probe library (for examples, see Fig. 1). 

A total of 1903 probes were analyzed, the 
YAC coordinates and haplotype data manually 
scored, and the YAC addresses and accompany- 
ing locus designations entered into a Filemaker 
Pro data base. Contigs were identified by analyz- 
ing the YAC data with the computer program 
probeorder (Mott et al. 1993), which uses simu- 
lated annealing to order probes based on shared 
positive YACs and then fits the YACs to the probe 
order. For this first generation analysis, incom- 
plete and ambiguous addresses were omitted and 
relatively permissive criteria for contig assembly 
were used. A single shared positive YAC is ac- 
cepted as a link between probes, and clones ap- 
parently lying in four or more contigs are disre- 
garded. This set of contigs gives an idea of the 
progress of the project but will contain false links 
and should be regarded as the starting point of a 
more detailed analysis that also considers genet- 
ics and other data. A total of 7746 individual YAC 
clones were identified from the three libraries in 
821 contigs. Of the YACs detected, 3436 were 
identified unambiguously (44%). The ambiguity 
of the remaining YACs resulted in either detec- 
tion of only two of the three coordinates or 
caused by the presence of more than one positive 
clone in a set of coordinate pools. Approximately 
46% (380 of 821) of the contigs were anchored to 
the genetic map by ampl i f ica t ion polymor-  
phisms (Fig. 2). Contigs were identified on every 
chromosome except the Y chromosome, as all of 
the YAC libraries were generated from female 
mice. The remaining contigs were identified by 
nonpolymorphic IRS-PCR products, and their ge- 
nomic location is not known. Many of these con- 
tigs are expected to merge with genetically an- 
chored contigs as the density of amplification 
polymorphism probes increases. 

The distribution of the number of probes hy- 
bridizing per unambiguous YAC clones is shown 
in Figure 3. As expected, the majority of clones 
(73%) were detected by only a single probe. The 
generation of a number of small extended con- 
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Figure 1 Example of integrated IRS-PCR genetic and physical screen. (A) IRS- 
PCR YAC filter of the MIT/Whitehead Library. (B) IRS-PCR YAC filter of the St. 
Mary's Hospital and ICRF libraries. (C) IRS-PCR genetic mapping filter of the 
Jackson Laboratory BSS interspecific backcross panel. Samples on the YAC filters 
are in duplicate, arrayed in both diagonals, horizontally or vertically. Addresses of 
individual clones are determined by intersection of the three coordinate pools 
represented on the filter by paired hybridization signals, with the same orienta- 
tion. The Jackson Laboratory BSS panel samples are duplicated either in the 
right-to-left diagonal or in the vertical. Representitive samples are circled. Animals 
heterozygous for the C57BL/6 allele are represented by positive hybridization 
signal, homozygous M. spretus animals do not hybridize. 

tigs was observed, however,  as indicated by 
clones detected by several probes. Clones hit by 
more than two or three probes might  be attrib- 

70% (17 of 24) of the 
predicted YACs (Fig. 
tively triply chimeric 

utable to the presence of 
mul t ip le  isolates of the  
same probe that escape the 
probe library prescreen and 
the subsequent  probe-to- 
probe analysis. 

The efficiency of IRS- 
PCR screening of the vari- 
ous l ibraries was deter-  
mined by comparing the 
number  of clones detected 
compared with the number  
predicted by the number  
of g e n o m e  e q u i v a l e n t s  
screened. The distribution 
of c lones  d e t e c t e d  per  
probe was determined by 
comparing the number  of 
YACs detected in each li- 
brary from each of 100 ge- 
n e t i c a l l y  i n d e p e n d e n t  
probes  to the  p red ic ted  
Poisson distr ibution (Fig. 
4). Genet ical ly  indepen-  
d e n t  c lones  were  used  
rather than the whole data 
set to eliminate any pos- 
sible errors caused by the 
presence of mult iple iso- 
lates of the same probe. No 
significant deviation from 
the predicted curve was ob- 
served in any of the three 
libraries. 

E x a m i n a t i o n  of the  
contigs constructed by ge- 
netically polymorphic loci 
i den t i f i ed  a s i gn i f i c an t  
number  of putatively chi- 
meric clones. To determine 
whether these represented 
l e g i t i m a t e  c h i m e r a s  or 
were attributable to clerical 
or experimental  error, 52 
YACs, with representatives 
f rom all three  libraries,  
were IRS-PCR amplified, 
a n d  t h e  p r o d u c t s  d o t  
b l o t t e d  and  h y b r i d i z e d  
with the putatively posi- 
tive probes. Approximately 
probes assayed detected the 
5), including several puta- 
clones. The remaining 30% 
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F i g u r e  2 Schematic representation of the genetically anchored YAC contigs. Filled circles indicate contigs 
identified by IRS-PCR contiging. Open circles indicate contigs identified by STS content mapping. The filled box 
on chromosome 1 represents the previously described contig (Hunter et al. 1994). 

100  

90  

80 

70 

60  

50 

4 0  

30 

Z0 

10 

1 2 3 4 5 6 7 8 9 10 

Number  o f  probes hybr id iz ing per YAC 

Figure ] Distribution of the number of probes hy- 
bridizing to the unambiguously defined YACs in the 
data base. 

result either from clerical errors or from the in- 
ternal deletion of the IRS-PCR product during 
clonal expansion (Hunter et al. 1994). 

The genome coverage of this set was calcu- 
lated several ways. A simplistic estimate of the 
genome covered was made by calculating the per- 
cent of the YACs in the MIT/Whitehead library 
that were detected by the probes used. Of 18,432 
clones screened, 3070 were assembled into con- 
tigs, indicating that -16.6% of the YAC clonable 
genome had been covered. The calculation was 
also performed by assuming 600 kb of contiguous 
DNA (50% overlap of YACs, with average size of 
400 kb) was covered by each of 821 contigs. On 
the basis of these calculat ions,  (821 con- 
tigs • 600,000 bp per contig/3 • 10  9 bp per ge- 
nome), -16.4% of the physical length of the 
mouse genome should be represented. 
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Comparison of the predicted and observed clone distr ibution. (A) MIT/Whitehead library; (B) St. 
Mary's Hospital library; (C)ICRF library. 

DISCUSSION 
The data presented here comprise the first large- 
scale effort to construct  a cont iguous physical 
map of the mouse genome. A significant por t ion 
of the mouse genome is represented, with clones 
or iginat ing from three i n d e p e n d e n t l y  derived 
YAC libraries. In m a n y  cases the contigs identi- 
fied in this s tudy will enable researchers to rap- 
idly identify clones that  extend preexisting con- 
tigs or to increase coverage of a particular region. 
The use of three different libraries will be particu- 
larly impor tan t  in regions that  are not  amenable 
to YAC cloning. In a number  of cases, it was ob- 

served that  regions not  represented in one or two 
of the libraries were often present in the third 
library, enabl ing extension of contigs into re- 
gions that  were refractory to extension in a single 
library. It is anticipated that  a major i ty  of the 
mouse genome can be assembled into contigs by 
this strategy, as a similar strategy was used for the 
construct ion of contigs on h u m a n  3p21-14 dem- 
onstrated that  this technique  is useful for contig 
assembly and extension even in regions of rela- 
tively low repetitive e lement  densi ty  (Aburatani 
et al. 1996). 

In addition, this strategy has resulted in a sig- 
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Figure 5 Example of the individual chimera analy- 
sis. Fifty two individual YAC clones were amplified 
with the B1 primer, the products spotted on filters 
in duplicate, gridded in either diagonal, and hybrid- 
ized with D3Hun2 (A) or D8Hun8 (B). 

nificant portion of the YAC contigs identified to 
be anchored to the genetic map (Fig. 2). Al- 
though only 46% of the contigs were directly lo- 
calized genetically, additional contigs can be lo- 
calized by overlap with genetically anchored con- 
tigs (data  n o t  shown) .  As the  d e n s i t y  of 
genetically localized contigs increases, the unlo- 
calized contigs will be gradually incorporated 
into a contiguous physical map by physical link- 
age to flanking loci. Because the data presented 
here rely primarily on amplification polymor- 
phisms to link the physical and genetic maps, the 
integration with an STS-based contig map can 
only be achieved by identification of clones that 
are common between STS-based and amplifica- 
tion polymorphism contigs. Investigators inter- 
ested in using these data to extend existing con- 
tigs are advised to search the data base with 
clones at the ends of their preexisting contigs to 
determine whether the clones have been identi- 
fied and incorporated into contigs. It is antici- 
pated that integration of the physical maps will 
be facilitated as the density of microsatellite type 
on the Jackson Laboratory BSS panel is increased, 
and the relationship between the microsatellites 
and the amplification polymorphism loci is re- 
solved. To further integrat ion of the various 
physical and genetic maps, all of the Hun loci 
clones used in this study will be deposited with 
Research Genetics for distribution. The nonpoly- 
morphic probes are available to the communi ty  
by contacting us. 

Examination of the integrated physical and 
genetic map revealed clustering of loci and their 

IRS-PCR PHYSICAL MAPPING OF THE MOUSE GENOME 

associated contigs. Although some apparent clus- 
tering might  be explained by duplicate probes 
that escaped detection during our analysis, the 
majority of events leading to clustering are inde- 
pendent  as determined by probe-to-probe hy- 
bridization (data not shown) and identification 
of independent  YAC sets. In addition, sequence 
analysis of clustered loci on chromosomes 13 and 
19 have demonstrated that with two exceptions, 
the loci are independent  (G. Cox and P. Gros, 
pers. comm.). The apparent cluster may be re- 
gions that  are inverted between C57BL/6 and 
Mus spretus and, hence, give no recombination 
over large physical distances and/or are regions of 
high B1 density (Boyle et al. 1990). Further stud- 
ies will be required to address these issues. 

Comparisons of IRS-PCR physical mapping 
and STS content mapping reveal that the capa- 
bility of the two techniques to detect clone over- 
lap are roughly equal. In our hands, the effi- 
ciency of screening the St. Mary's hospital library 
by STS content  mapping was equivalent to that 
of IRS-PCR YAC screening (K. Hunter, unpubl.). 
Independent  researchers have observed similar 
efficiencies in the MIT/Whitehead library (C. 
Fletcher, pers. comm.). We have also been able to 
replicate the construction of a number  of contigs 
constructed by conventional STS content screen- 
ing 0. Weber and M. Meissler; C. Fletcher; L. Zel- 
ter; all pers. comm.). The reproducibility of the 
technique is also excellent. Identical results were 
obtained with probes that  were subsequently 
shown to be identical by clone-to-clone screen- 
ing. 

A generic problem with strategies based on 
the three-dimensional screening system is the 
high degree of ambiguous clone identification. In 
particular, the existence of two positive clones in 
a set of three-dimensional coordinate pools can 
result in ambiguous scorings. This has been a sig- 
nificant issue in this study, particularly with the 
ICRF library because of the high genome com- 
plexity of plate stacks used to generate the coor- 
dinate pools (-1.5 genome equivalent). To reduce 
this problem and hopefully to increase the effi- 
ciency of screening, a new set of coordinate pools 
defining the ICRF library of lower genomic com- 
plexity has been generated and future analysis 
will be performed using filters with the new ICRF 
coordinate pools. This will reduce the probability 
of having multiple positive clones in the same set 
of coordinate pools and thus reduce the overall 
ambiguity of the data base. Deletion of the target 
sequence in one of the coordinate pools during 
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three-dimensional pool generation can be a prob- 
lem, with both STS and B1 PCR screening result- 
ing in ambiguous YAC addresses. We have in- 
cluded all ambiguous data in our data base, as the 
ambiguous clones still represent a significant re- 
duct ion of effort to identify a specific clone. 
Eventually, as the density of probes increases, the 
identities of many of these ambiguously defined 
clones will be resolved. 

The analysis of the putative chimeric YACs 
yielded several interesting results. As expected, a 
number of YACs hybridized with more than one 
genetically independent  probe, suggesting that 
they were true chimeras. The clones that did not 
hybridize to the relevant probes can be explained 
by either clerical error or by deletion of the inter- 
B1 product. Our analysis of the mouse chromo- 
some 1 contig demonstrated that although IRS- 
PCR YAC walking reproducibly detected the same 
set of YACs and end-clone analysis (Riley et al. 
1990) confirmed overlap, clones often had de- 
leted the inter-B1 product during the generation 
of high molecular weight DNA (Hunter et al. 
1994), presumably because of the intolerance of 
inverted repeats in yeast (Gordenin et al. 1993). 
Therefore, most  of the nonhybridizing clones 
probably fall into this category. Unexpectedly, 
multiple members of several contigs hybridized 
with two genetically independent  probes, sug- 
gesting that the clones might be chimeric for the 
same portions of the genome (Fig. 5). Duplicate 
isolation of the same YAC could explain such re- 
sults. However, results of this type were observed 
in contigs with clones originating from two li- 
braries, and therefore el iminating duplication 
isolation as an explanation for this finding. The 
possible duplication of a genomic region fol- 
lowed by divergence of the genetically separated 
probes would be consistent with these observa- 
tions. Regions of significant genetic duplication 
have been observed in human  YAC contig gen- 
eration (V. Stanton, pers. comm.). Further analy- 
sis to investigate these genomic regions in the 
mouse is clearly warranted. 

To complete the mouse physical genome 
map by IRS-PCR will require -10,000 evenly dis- 
tributed probes. Isolation of probes directly from 
a PCR of whole genomic DNA has provided a 
genetically anchored framework physical map. 
To proceed to completion, alternative sources of 
B1 PCR products, which provide as even a distri- 
bu t ion  t h r o u g h o u t  the genome as possible, 
would be most useful. Generation of IRS-PCR 
products from flow-sorted chromosomal DNA, 

296 @GENOME RESEARCH 

randomly selected YACs, bacterial artificial chro- 
mosome (BACs), or cosmid clones will be an ex- 
cellent way to achieve this goal, as well to anchor 
the YAC contigs to framework cosmid or BAC 
maps. 

METHODS 

Configuration of the YAC Libraries 

The three-dimensional  pooling scheme for the St. Mary's 
Hospital YAC library (Chattier et al. 1992) is described in 
Hunter et al. (1994). The ICRF library pools were arrayed 
essentially as described (Hunter et al. 1994; G. Argryopou- 
lus, pets. comm.). The three-dimensional  configuration of 
the MIT YAC library is described in Kusumi et al. (1993). 

Generation of High Molecular Weight DNAs and 
IRS-PCR Walking Filters 

Generation of YAC three-dimensional  pool DNA and pro- 
duction of the YAC IRS-PCR walking filters is described in 
Hunter et al. (1994). 

Generation of IRS-PCR Genotyping Filters 

Fifty nanograms of each of the Jackson Laboratory BSS 
interspecific backcrosses were amplified and spotted essen- 
tially as described (Hunter et al. 1994). 

IRS-PCR Probe Library Generation 

Fifty nanograms of C57BL/6J genomic DNA was amplified 
with the B1MvsCH primer essentially as described (Hunter 
et al. 1994). The products were then enriched for C57BL/ 
6J-specific products by subtraction with M. spretus prod- 
ucts, based on representation difference analysis (RDA, 
Lisitsyn et al. 1993). The PCR react ion was p h e n o l !  
chloroform extracted, precipitated, washed, dried, and re- 
suspended in TE. Ten micrograms of PCR products was 
digested to complet ion with EcoR2 (Stratagene, Palo Alto, 
CA), and the primers removed by Centricon-100 (Amicon, 
Beverly, MA) purification. The JBglCla adaptor was ligated 
by incubating 2 ~g of EcoR2-digested product with 15 ~l 
each of JBglCla-24 and JEcoR2Cla-13 oligonucleotides, 6 
txl of 10• T4 DNA ligase buffer (New England Biolabs, 
Beverly, MA) in 60-~1 final volume, at 65~ for 20 min, 
cooling slowly to 14~ adding 800 units of T4 DNA ligase 
(New England Biolabs), and incubating overnight at 12- 
16~ One microgram of linkered product was then  pre- 
cipitated with 40 ~,g of M. spretus BIMvsCH-amplified 
products, washed in 70% ethanol, dried, resuspended in 4 
~1 of 30 mM EEPS (pH 8.0), 3 mM EDTA, and overlayed 
with mineral oil. The reaction was denatured at 98~ for S 
min, and 1 ~,l of 5 M NaC1 was added, incubated at 67~ for 
>20 hr (Cot value ~>36 mM/sec), and diluted with 390 ~l of 
TE. Forty microliters of the diluted hybridization reaction 
was extended by incubating at 700C in 50 mM KC1, 10 mM 
Tris (pH 8.3) 1.5 mM MgClz, 200 I*M dNTPs, 15 units of Taq 
polymerase to a final reaction volume of 400 I*l. Ten mi- 
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croliters of 20 t~M JBglCla-24 was added, and the reaction 
cycled 10 times essential as described (Hunter et al. 1994). 
The reaction was phenol /ch loroform extracted, precipi- 
tated, washed in 70% ethanol,  dried, and resuspended in 
3S ~.1 of ddH20. Four microliters of 10 x mung  bean nucle- 
ase buffer and 10 units of mung  bean nuclease (New En- 
gland Biolabs) were added, and incubated for 30 min at 
30~ The reaction was stopped by the addit ion of 160 ~1 
of SO mM Tris (EH 8.9) and incubating at 98~ for S min. 
Forty microliters of the nucleased product  was used as tem- 
plate for a 400-1,1 PCR reaction using the JBglCla-24 primer 
as described (Hunter et al. 1994). The PCR reaction was 
phenol /chloroform extracted, precipitated, washed, dried, 
resuspended in TE, digested with ClaI (New England Bio- 
labs), and subcloned into pBluescript KS(-) ,  (Stratagene, 
Palo Alto, CA). A total of 1S36 clones were isolated and 
arrayed in 96-well dishes. The complexity of the probe 
library was est imated by labeling 96 r andom IRS-PCR 
clones, pooling the probes, and hybridizing this pool to 
gridded filters representing the library. Approximately 900 
(60%) clones did not  hybridize to the pooled probes and 
were assumed to be either single copy or infrequently re- 
peated. Clones that  hybridized to the complex pooled 
probe were excluded from further analysis. 

Hybridization and Washing Conditions 

Indiv idual  clones were ampli f ied with  vector-specific 
primers directly from bacterial cultures under  the follow- 
ing conditions: S0 mM KC1, 10 InM Tris (pH 8.3), 1.S mM 
MgC12, 200 ~M dNTPs, 0.S ~I,M each SKNot and KSXho, 1 
uni t  of Taq polymerase to a final reaction volume of 20 ~l 
for 5 min  at 94~ 30 cycles each of 10 sec at 94~ 30 sec 
at 55~ and 60 sec at 72~ followed by S rain at 72~ and 
gel-purified th rough  low mel t ing tempera ture  agarose 
(FMC, Rockland, MD). Probes were labeled in 10-~1 reac- 
t ions by the r andom ol igonucleot ide  labeling me thod  
(Feinberg and Vogelstein 1984) in 96-well format. Labeling 
reactions were incubated 90-120 rain at 37~ diluted with 
40 ~l of TE, denatured,  and the unpurified probe added 
directly into the hybridization solution. Hybridizations 
were performed in 5 ml of hybridization solution [50% 
deionized formamide (Fluka, Buchs, Switzerland), 10% 
dextran sulfate (Pharmacia, Piscataway, NJ), 2 x  SSC, 1% 
SDS, ] mM EDTA] at 42~ in 30-ml Sarstedt tubes on a 
bacterial wheel. Filters were washed once at room tempera- 
ture in 2 • SSC, 0.1% SDS, 1 mM sodium pyrophosphate  
for 15 rain and once in 0 .2x SSC, 0.1% SDS, 1 mM sodium 
pyrophosphate  at 65~ for 60 rain, and exposed on film 
for 12-72 hr with intensifying screens. 

Genetic Analysis 

Polymorphic clones were scored manually,  the data en- 
tered into the Jackson Laboratory data base, and analyzed 
using the program MapManager v2.6 (Manly 1993). D Hun 
data can be accessed on the Jackson BSS mapping panel 
through the World Wide Web via the Jackson Laboratory 
H o m e  Page  ( h t t p : / / w w w . j a x . o r g ) ,  by e - m a i l  to  
lbr@aretha.jax.org, or in MGD with accession numbers  
(McCarthy et al. 199S). 

Contig Analysis 

YAC contig data were scored manual ly  and the data en- 

tered into a Filemaker Pro data base, which is available by 
contact ing us. These data were filtered and converted into 
well file format (Mott et al. 1993) using a series of awk 
scripts and assembled into contigs using the program 
probeorder (Mott et al. 1993). 

Oligon ucleotides 

Oligonucleotides used in this study are as follows: JBglCla- 
24, S'-ACCGACGTCGACTATCGATGAACA-3'; JEcoR2Cla- 
13, S'-CCAGGTGTTCATC-3';  KSXho, S'-CCCTCGAG- 
GTCGACGGTATCG-3 ' ;  SKNot,  S ' - G C G G C C G C T C -  
TAGAACTAGTGGATC-3' ;  a n d  BIMvsCH,  5'-AGTT- 
CCAGGACAGCCAGGG-3' (Hunter et al. 1994). 

Isolation of IRS-PCR Probes From Individual YAC 
Clones 

IRS-PCR probes were isolated from individual YAC clones 
in 96-well plates as follows. Twenty microliters of YAC 
glycerol stocks was spun at 1S00 rpm in a Sorval RT6000 
for 5 min  in Costar V-bottom polycarbonate plates. The 
supernatant  was removed by flicking the plate, blott ing 
with a paper towel, the cells resuspended in 201,1 of TE, 6.7 
mM 13ME, and 1 mg/ml  of yeast lytic enzyme and incu- 
bated 37~ for 60 rain. Ten microliters of TE, 0.3% SDS, 
1SO mM of NaC1, and 100 ng/ml  of proteinase K was added, 
and the plate was incubated 37~ for >2 hr. The DNA was 
precipitated by adding an equal volume of isopropanol 
and centrifuging for S min at 2000 rpm. The DNAs were 
washed twice with 70% ethanol,  dried for S rain at 80~ 
under  vacuum, resuspended in 20 ~1 of TE, and amplified 
in a 20-1,1 react ion unde r  the  fo l lowing  condi t ions :  
11 • Deep Vent buffer (New England Biolabs), O.S t*M 
B1MvsCH primer, S I*M MgC12 final concentrat ion,  100 ~,M 
dNTPs, O.S units of Deep Vent exo ]. The cycling condi- 
tions were 94~ for 3 rain, 30 cycles each of 94~ for t0  
sec, $3~ for 30 sec, 72~ for 30 sec, followed by S rain at 
72~ Individual probes were isolated by electrophoresis 
through 2% LMT agarose. 
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