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A genetic map of the mouse with
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We have constructed a genetic map of the mouse genome containing 4,006 simple
sequence length polymorphims (SSLPs). The map provides an average spacing of 0.35
centiMorgans (cM) between markers, corresponding to about 750 kb. Approximately
90% of the genome lies within 1.1 cM of a marker and 99% lies within 2.2 cM. The
markers have an average polymorphism rate of 50% in crosses between laboratory
strains. The markers are distributed in a relatively uniform fashion across the genome,
although some deviations from randomness can be detected. In particular, there is a
significant underrepresentation of markers on the X chromosome. This map represents
the two-thirds point toward our goal of developing a mouse genetic map containing

6,000 SSLPs.

Dense linkage maps are an invaluable tool for genetic
and genomic analysis. They facilitate high resolution
genetic mapping and positional cloning of monogenic
traits, allow genetic dissection of polygenic traits,
permit fine-structure linkage disequilibrium studies,
assist in evolutionary comparisons and provide an
ordered scaffold on which complete physical maps of
genomes can be assembled. The power of genetic maps
increases with their density. For key organisms such as
the human and mouse, extremely dense genetic maps
are essential.

The discovery of simple sequencelength polymorphisms
(SSLPs) or microsatellites has greatly accelerated genetic
map construction'™. SSLPs occur at high frequency
throughout mammalian genomes, tend to be highly
polymorphic, are easily assayed by the polymerase chain
reaction (PCR), and can be disseminated simply by
publishing the sequence of their PCR primers. Several
projects are underway to build dense SSLP maps of the
human genome, notably by Weissenbach and his
colleagues at Généthon®*,

For the past three years, the Whitehead Institute/
MIT Center for Genome Research (CGR) has been
developing an SSLP map of the mouse*®-*. In 1992, we
reported an initial map consisting of 317 markers*. In
October 1993, we reported a 1518 marker map,
integrated into the mouse gene map®’. Here, we report
the construction of a genetic map of the mouse genome
containing 4,006 SSLPs. Markers are distributed at an
average spacing of 0.35 cM, corresponding to about
750kb. The map represents the two-thirds point toward
our goal of developing a mouse genetic map containing
6,000 SSLPs.

Construction of genetic map

The mouse genetic map was constructed essentially as
before*. Briefly, random clones containing the simple
sequence repeat (CA)_ were identified by oligonucleotide
hybridization from total mouse genomic libraries with
size-selected inserts and their DNA sequence was
determined by single-pass automated sequencing. Also,
mouse DNA sequences containing a variety of simple
sequence repeats were identified in known gene sequences,
primarily from GenBank. A PCR assay encompassing
each simple sequence repeat was designed based on
computer analysis. The PCR assays were tested for
polymorphism on 12 inbred mouse strains. Those that
defined different alleles in the OB and CAST strains —
about 92% of the total — were genotyped in 46 progeny
from an (OB x CAST) F, intercross. Because the cross
involves 92 meioses, there is a crossover every 1.1 ¢cM on
average and markers can be ordered to this resolution (see
Methodology).

The genetic map contains 4,006 SSLPs, of which 3,783
were derived from anonymous clones and 223 were taken
from known gene sequences reported in GenBank and
elsewhere (Fig. 1; see end of paper). The map densely
covers all 20 mouse chromosomes and has a total genetic
length of 1409 cM (Table 1). Because the markers were
genotyped in an F, intercross, the map represents sex-
averaged genetic distance. The observed genetic distances
agree reasonably well with previous consensus estimates
based on data from various mouse crosses.

A full description of the markers — including primer
sequences, complete locus sequence, allele sizes in
characterized inbred strains and genotypes in the cross —
would require more than 250 journal pages and is thus
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Table 1 Genetic markers and genetic length by chromosome

Chromosome No. of

markers
1 310
2 307
3 223
4 228
5 257
6 221
7 230
8 208
9 205
10 184
11 215
12 186
13 207
14 183
15 172
16 134
17 165
18 153
19 84
X 134
Total 4006

No. of
random
markers

293
290
212
220
245
205
215
202
188
177
191
177
200
170
165
133
148
148
81
123
3783

No. fi

rom

GENBANK

17
17
11
8
12
16
15
6
17
7
24
9
7
13
7
1
17
5
3
11
223

‘Consensus’

genetic

length?
98
107

Observed
genetic
length®

114.6
95.8
67.6
74.7
85.4
63.4
69.3
75.0
711
73.4
84.5
61.7
65.3
66.0
62.7
54.7
51.1
44.5
57.0
71.5

1409.2

2Based on ‘consensus’ genetic map in Encyclopedia of the Mouse Genome (1993).
®Distance between most proximal and most distal markers in the map reported here.

Table 2 Distribution of random markers based
on cytogenetic length of chromosomes

Based on cytogenetic length®

Expected no.
of markers®

Chromosome No. of random % of
markers® total length

Autosomes only
1 293 7.7%
2 290 7.4%
3 212 6.4%
4 220 6.3%
5 245 6.1%
6 205 5.9%
7 215 5.5%
8 202 5.3%
9 188 5.1%
10 177 5.1%
1 191 5.0%
12 177 5.2%
13 200 4.7%
14 170 4.8%
15 165 4.3%
16 133 4.1%
17 148 4.1%
18 148 4.1%
19 81 2.9%

Total 3660 100.0%

Autosomes versus X

Autosomes 3660 93.7%
X 123 6.3%

Total 3783 100.0%

281.2
271.5
234.0
230.1
221.9
216.0
202.7
194.1
187.1
185.1
184.4

HHEHFH+HHHHFHHHHE+ A

16.1
15.9
14.8
14.7
14.4
14.3
13.8
13.6
13.3
13.3
13.2
13.4
12.8
12.9
12.3
11.9
12.0
12.1
10.2

14.9
14.9

Z-score?

0.73
117
-1.48
-0.69
1.60
-0.77
0.89
0.58
0.07
-0.61
0.50
-1.01
2.26
-0.33
0.55
-1.32
-0.28
-0.30
-2.52

6.90
-6.90

aCytogenetic length taken from ref. 10.
®Only random markers are considered to avoid biases in chromosomal distribution of

known genes.

°Mean + standard deviation. For comparison of autosomes to X chromosome, the
expectation reflects the fact that 10% of the random markers were derived from male DNA
(thus under-representingthe X chromosome by a factor of two) and 90% from female DNA.
9Z-score = (observed-expected)/standard deviation. For the autosomes, none of the Z-
scores are significant at the p=0.05 level after Bonferroni correction for muitiple testing. For
the comparison of autosomes to X chromosome, the Z-score is significant at p < 0.0001.
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omitted. Instead, thisinformation can be obtained for any
subset of markers by sending queries to an automatic
electronic mail server maintained by CGR. To obtain a
query form, send electronic mail consisting of the single
word “help” to genome_database@genome.wi.mit.edu.
Over the Internet, queries are typically answered in under
two minutes.

Our SSLP map has recently been integrated with the
mouse gene map®®. Over 250 SSLPs were genotyped in a
B6 % (B6 X SPRET) backcross in which Copeland, Jenkins
and colleagues have genetically mapped RFLPs for about
1,000 genes.

Distribution of genetic markers

A key issue in evaluating a map is the distribution of
markers throughout the genome. Analysis of our initial
317 marker mouse map suggested that SSLPs were
distributed in a relatively uniform fashion. With more
than 4,000 markers on the current map, it is possible to
reinvestigate this question with greater precision.

There are a variety of ways to study whether the
distribution of markersis uniform. Oneapproachistoask
whether the observed number of markers on each
chromosome agrees with expectation assuming that
markers are uniformly distributed with respect to
cytogeneticlength!®. For the autosomes, the chromosomal
distribution of the random markers agrees remarkably
well with expectation (Table 2). There are no statistically
significant deviations (after accounting for multiple
hypothesis testing).

In contrast, the X chromosome shows a clear deficit of
random markers (Table 2). In examining the proportion
of markers from the X chromosome, a small correction is
required inasmuch as the first 10% of the random markers
were isolated from male DNA* while the remaining 90%
were isolated from female DNA. After adjusting for this
slight systematic underrepresentation, the X chromosome
contains only 52% as many markers as expected under the
assumption of a uniform distribution across cytogenetic
length. Possible explanations for such a striking deficit
include: (i) a lower density of (CA), repeat sequences on
the X chromosome or (ii) a lower rate of polymorphism
among (CA)_repeats presenton the X chromosome. (The
trivial explanation that our “female” DNA source was
actually from a male was excluded on two grounds. We
confirmed the sex of the DNA sources by using PCR
assays for the mouse Zfx and Zfy loci on the X and Y
chromosomes, respectively!. We also noted that the
proportion of markers on the X chromosome was twofold
higher among those markers isolated from the female
DNA than the known male DNA.)

Anotherwayto study the distribution of genetic markers
is to examine the occurrence of clusters of crossovers and
clusters of markers in the map. In our data, the position of
every marker relative to every crossover can be identified.
Byorderingall crossovers (occurringin any of the meioses
studied) and all markers relative to one another, the map
of each chromosome can be reduced by alongstring of the
form “mmmmeccmmmcc. . .”, where each m denotes the
occurrence of a marker and each ¢ denotes the occurrence
of a crossover (in one of the meioses studied). The string
above, for example, indicates a succession of a block of
four markers which showed no recombination in the
meioses studied, an interval of two crossovers, a block of
three markers which showed no recombination, and so
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Table 3 Distribution of number of crossovers
between consecutive random markers®
Crossovers Observed Expected® P (longest run > n)°
perinterval No. Percentage No. Percentage
0 2866 76.1% 2800.6 £26.8 74.4% 100%
1 641 17.0% 717.4 +241 191% 100%
2 176 4.7% 183.7 £13.2 4.9% 100%
3 52 1.4% 471 + 6.8 1.3% 100%
4 19 0.5% 121 + 35 0.3% 98%
5 8 0.2% 3.1+ 1.8 0.1% 65%
6 2 0.1% 08+ 09 <0.1% 24%
7 0 0.0% 02+ 05 <0.1% 7%
8 0 0.0% 01 % 02 <0.1% 2%
9 1 <0.1% 00+ 01 <01% 0.5%
Total 3765

2Only random markers are considered, to avoid biases in distribution of known

genes.

®See methodology concerning calculation.
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on. Runs of many consecutive c’s correspond to large
genetic intervals, while runs of many consecutive m’s
correspond to large blocks of recombinationally
unseparated markers.

Ifgenetic markersare uniformly distributed with respect
to crossovers, then the string should correspond to tossing
acoinwith probability 1t of being “m” and probability &,
(=1-x_) of being “c”. Here, n_ = M/(M+C) where M is
the total number of markers and C is the total number of
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Fig. 2 a, Observed proportion of genetic intervals in the map having = i
crossovers compared to the expected proportion of ©' (where ©,_ = 0.26). b,
Observed proportion of blocks in the map containing > i recombinationally
unseparated markers compared to the expected proportion of n_ ' (where n_ =
0.74). Data (a and b) are plotted on a logarithmic scale, for which the expected
data fall on the solid lines. Observed data are plotted as points. Dotted lines
indicate upper and lower confidence intervals corresponding to 2 standard
deviations.
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crossovers. The expected proportion of genetic intervals
containing 2 i consecutive crossovers is easily seen to be
n ! (that is, the probability that an m is followed by at least
i consecutive ¢’s). The distribution of the length of the
longest genetic interval (the longest run of ¢’s) can also be
calculated’ (see Methodology). Similarly, the expected
proportion of blocks containing > i recombinationally
unseparated markers is 7t and the distribution of the
longest such block can be calculated. To avoid bias due to
the distribution of gene sequences, the analysis was
performed using only the randomly generated markers.

The observed distribution of interval lengths fits
expectation reasonably well although there is a modest
excess of larger intervals, suggesting some clustering
of crossovers (Table 3 and Fig. 2a). The longest run of
consecutive crossovers has expected length 5, with a
95% confidence interval of roughly 4-8. The single
outlier is the distal interval on chromosome 19 between
D19Mit33 and D19Mit76, which had 9 crossovers or
about 10 cM. The probability that such a large interval
would occur by chance anywhere in the map is only
0.005. (Genotypes were carefully reconfirmed to ensure
that the crossovers did not result from mistyping.)
The data suggest the possibility of a recombinational
hotspot near the telomere of chromosome 19, at least
in (CAST x B6) F2 crosses. Interestingly, there does
notappear to be enhanced recombination in a (SPRET
x B6) x B6 backcross: Eicher and Shown!® reported
that the interval D19Mit1-D19Mit33-DI19Mit6
measured only 5 cM. This might be due to a difference
between the strains or to enhanced recombination
being present only in male meiosis (which contributes
to recombination frequency in F2 intercrosses but not
in M. spretus backcrosses in which only the female
parent segregates for polymorphisms).

The distribution of the number of markers occurring
between consecutive crossovers also shows some modest
evidence of clustering (Table 4 and Fig. 2b). There are
significantly more occurrences of consecutive crossovers
without an intervening marker than expected by chance
(387 versus 334.3 £+ 15.8; Z-score = 3.4). These data are
consistent with the presence of recombinational hotspots
in some regions. Adjusting for this excess, the remainder
of this distribution is not a bad fit to expectation. The
largest block of recombinationally unseparated markers
would be expected to contain about 23 markers, with a
95% confidence interval of 19-34. In fact, the largest
observed blockis 32 which falls within the expected range.

The map appears to provide convenient entry points
for nearly the entire genome. Approximately 90% of the
map lies within 1.1 cM of a marker and 98.8% lies within
2.2 ¢M. The coverage is only slightly less than the
expectation for randomly spaced markers, which is 93%
and 99.5%, respectively (based on expectations in Tables
3and 4).

Polymorphism among mouse strains

SSLPs are particularly useful for mouse genetics because
they are highly variable even among inbred laboratory
mouse strains, making it possible to genotype virtually
any cross of interest*, For the SSLPs in the map, allele sizes
were determined in 12 inbred strains (ten laboratory
strains, which are derived from M. m. domesticusand M.
m. musculus progenitors; the different subspecies M, m.
castaneus; and the different species M. spretus). The SSLPs
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Fig. 3 Histogram
showing number
of distinct allele
sizes among 12
strains
characterized for
SSLP markers
reported here.

Proportion

12

Number of Alieles

in the map are necessarily variant between OB and CAST,
since this was a prerequisite for genetic mapping in the
Cross.

The average number of alleles per SSLP was 4.5 (Fig. 3).
Conveniently, over 75% of the pairwise allele difference
are >4 bp — making it possible to score the difference on
high percentage agarose gels. The polymorphism rate
between laboratory strains and the different species M.
spretus or the different subspecies M. m. castaneus was
about 94%, while the polymorphism rate among

Table 4 Distribution of number of random markers
occurring between consecutive crossovers?

Markers Observed Expected® P(longest run = n)®
perblock No. Percentage No. Percentage
0 387 29.6% 3348 £ 158 25.6% 100%
1 251 19.2% 249.0 £14.2 19.1% 100%
2 168 12.9% 185.2 + 12.6 14.2% 100%
3 110 8.4% 137.8 + 111 10.5% 100%
4 77 5.9% 1025 + 9.7 7.8% 100%
5 78 6.0% 762 + 85 5.8% 100%
6 61 4.7% 56.7 £+ 74 4.3% 100%
7 39 3.0% 422 + 64 3.2% 100%
8 31 2.4% 314 £+ 55 2.4% 100%
9 28 21% 233 + 438 1.8% 100%
10 17 1.3% 174 + 441 1.3% 100%
1" 14 1.1% 129 = 3.6 1.0% 100%
12 9 0.7% 9.6 + 3.1 0.7% 100%
13 10 0.8% 71+ 27 0.5% 100%
14 13 1.0% 53+ 23 0.4% 100%
15 3 0.2% 40+ 2.0 0.3% 100%
16 2 0.2% 29+ 1.7 0.2% 100%
17 2 0.2% 22+ 15 0.2% 100%
18 2 0.2% 16+ 1.3 0.1% 99%
19 1 0.1% 12+ 141 0.1% 97%
20 0 0.0% 09+ 09 0.1% 93%
21 1 0.1% 0.7 £ 08 0.1% 85%
22 0 0.0% 05+ 0.7 <0.1% 76%
23 0 0.0% 04+ 06 <0.1% 66%
24 1 0.1% 03+ 05 <0.1% 55%
25 0 0.0% 02+ 05 <0.1% 45%
26 0 0.0% 02+ 04 <0.1% 36%
27 1 0.1% 0.1+ 03 <0.1% 28%
28 0 0.0% 01+ 03 <0.1% 22%
29 0 0.0% 01+ 03 <0.1% 17%
30 0 0.0% 00+ 0.2 <0.1% 13%
31 0 0.0% 00+ 02 <0.1% 10%
32 1 0.1% 00+ 02 <0.1% 7%
Total 1307

20nly random markers are considered to avoid biases in distribution of known

genes.

®See methodology concerning calculation.
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laboratory strains averaged about 50% (Table 5). In only
five of 45 pairwise comparisons among the ten laboratory
strains was the polymorphism rate below 44%: C3H-DBA
(39%),C3H-BALB (37%), C3H-A (34%), BALB-A (32%),
and OB-B6 (1%). (The last case is expected since OB and
B6 are a congenic pair, with OB having been derived by
repeated backcrossing to B6 with selection for the ob
mutation.)

Interestingly, the polymorphism rateamonglaboratory
strains was not constant across chromosomes (Table 6).
The most extreme deviation was for the X chromosome,
which showed a polymorphism rate of only 33% as
compared to 50% for the autosomes. Also, chromosome
10 showed a significantly lower rate of polymorphism
(36%). The rate of polymorphism between laboratory
strains and M. spretus or M. m. castaneus did not vary
significantly across chromosomes.

Discussion

The 4,006 marker genetic map of the mouse constructed
here constitutes the densest SSLP map constructed in any
organism so far. The total genetic length has not grown
significantly with the addition of the last 2,500 markers,
suggesting that the map covers essentially the entire mouse
genome. Interestingly, the genetic length of 1409 cM
measured in our (CAST X OB) F, intercross is significantly
larger than the length of 1224 c¢M in a (SPRET X B6)
backcross. (For this comparison, the genetic length of the
SPRET X B6 backcross was recalculated using the Kosambi
map function. The corresponding lengths are 1,436 and
1,344 cM with Haldane’s map function®.) The discrepancy
is more striking than it may appear, as the F, intercross
reflects sex-averaged genetic distance while the backcross
measures female genetic distance, which is generally
thought to be substantially larger than in males. The
difference may reflect crossover-suppression caused by
local inversions between laboratory mouse and the
evolutionarily more distant M. spretus®.

Byanumber of tests, the markers appear to be relatively
uniformly distributed across the genome, although some
modest evidence of clustering is present. There is only one
suprisingly large gap, a 10 cM interval at the distal end of
chromosome 19. Increased recombination in subtelomeric
regions has been suggested for some human
chromosomes'‘. More generally, there is a slight overall
excess clustering of crossovers, which could reflect non-
uniformity in the distribution of recombination or (CA)_
repeats with respect to physical distance. Recombinational
hotspots and coldspots are certainly known to exist in
many organisms including the mouse®, but the relative
uniformity of marker distribution indicates that their
effect is not dramatic on maps of this density and
resolution. Studies involving much denser maps may
reveal greater clustering of recombination at a finer level,
while studies involving many more meioses might reveal
greater clustering of markers.

An unexpected observation is the nearly twofold
underrepresentation of markers on the X chromosome.
The deficit could be due either to a deficit of (CA)_ repeats
on the X chromosome or a lower polymorphism rate
among those (CA)_ repeats on the X chromosome. In
principle, these alternatives could be distinguished by
determining the chromosomal distribution of the (CA),
repeats that were not polymorphicbetween OBand CAST.
It is also striking that the rate of polymorphism among
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Table 5 Rate of polymorphism for SSLP markers among 12 mouse strains®

trait, one can proceed even more
rapidly by using ‘phenotyping

oB
B6
DBA
A
C3H

BALB

AKR
NON
NOD
LP

SPR

CAST

oB

1%
55%
54%
55%
54%
54%
55%
57%
57%
93%

100%

B6 DBA A C3H BALB AKR NON NOD
52% -

53%  48% -

52% 39% 34% -

51% 46% 32% 37% -

52% 48% 46% 45% 44% -

53% 52% 49% 49% 48% 49% -

54% 50% 51% 50% 50% 48% 45% -
55% 52% 53% 50% 49% 52% 52% 52%
92% 92% 92% 92% 92% 92% 92% 92%
98% 94% 94% 95% 94% 95% 95% 95%

pooling’® in which one initially
genotypes only two samples —
containing pooled DNA fromaffected
progeny and unaffected progeny,
respectively. The two samples should
show similar proportions of the two
parental alleles at markers unlinked
to the trait, but quite different
proportions for linked markers. In
this manner, one can initially localize
a trait with only about 200 PCR
reactions, a task that can be
accomplished in a few days. Once

LP SPR CAST

92% -
94% 94% -

aStrains designations are: OB, C57BL/6J-ob/ob; B6, C57BL/6J; DBA, DBA/2J; A, A/J; C3H, C3H/
HeJ; BALB, BALB/cJ; AKR, AKR/J; NON, NON/Lt; NOD, NOD/MrkTacBr; LP, LP/J; SPR, SPRET/Ei;

CAST, CAST/Ei.
bStandard error of the mean is approximately 0.8% for rates near 50% and 0.3% for rates near 95%.

laboratory strains was significantly lower on the X
chromosome than for other chromosomes, although there
was no difference for the rate of polymorphism between
laboratory strains and the more distant CAST or SPR. In
the human, the X chromosome has been reported to have
athreefold lower rate of RFLP polymorphism!®. The effect
hasbeenattributed to the different geneticand population
genetic forces acting on the X chromosome as compared
to the autosomes. For example, the mutation rate is
thought to be higher in the male germline than the female
germline. As X chromosomes pass through the male
germline only 2/3 as often as do autosomes, the mutation
rate may be correspondingly lower. Also, the fact that X
chromosomes function in the haploid state in males

implies that selection

acts differently, which

Table 6 Polymorphism rate for SSLP
markers by chromosome

may diminish
polymorphism. Our

data suggest that the

Chromosome  Among lab Lab strains versus presence of reduced
strains®® SPR or CAST® polymorphism onthe X
1 55% 94% chromosome may be
2 49% 94% general, at least in
3 51% 95% mammals.
g igfﬁ; ggﬁ The 4,006-marker
6 47% 04% SSLP map should
7 48% 93% facilitate a wide range of
8 45% 94% biological studies. For
9 53% 94% initial genetic mapping
10 36% 97% studies, one can select
1 55% 94% about 100 markers
12 50% 93% s d at 15 M
13 48% 94% spaced 2
14 49% 94% intervals. It may be
15 51% 94% convenient to use
16 46% 94% polymorphisms thatare
17 59% 92% easily resolved on
18 52?’ 952/’ agarose gels (about 75%
1)(9 gg;‘: 8121‘;: of the tot'al). To map a
Genome-wide 49% 94% polygenic or

quantitative trait', one

aPairwise comparisons of OB, B6, DBA, A C3H,

would genotype each

BALB, AKR, NON, NOD, and LP. progeny for each
bStandard error of the mean for each chromosome ~ marker, atask that might
depends on number of markers studied, butis <1%  takeafewmonthsorless.

in all cases.
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To map a monogenic

initial linkage is detected, individual
progeny should be genotyped using
all markers in the region to identify
the closest flanking markers. Since a
typical gene should lie at an average
distance of 375 kb from a marker and since yeast artificial
chromosome YAClibraries with average insert size of 700
kb are available’?, chromosomal walking to the gene
shouldberapid. Inaddition toitsapplication in positional
cloning, the map should be valuable for evolutionary
studies as well?..

For the purpose of constructing a physical map of the
mouse genome with overlapping YACs, an even denser
genetic map would be desirable. With a map consisting of
6,000 SSLPs, the average spacing between markers would
be 500 kb and the typical gene would be at an average
distance of 250 kb, both distances being smaller than the
average size of current YACs. Given the presence of
50,000-100,000 (CA)_ repeats in the mouse genome and
the availability of streamlined methods for genetic map
construction, such a goal should be feasible.

Methodology

Construction of genetic map. Briefly, (i) sequences containing
simple sequence repeats (almost all (CA), ) were obtained, either
through sequencing of genomic clones that hybridize to (CA) ; or
(GT),,, orbysearching sequence databases; (i) PCR primers flanking
the simple sequence repeat were selected; (iii) the PCR assays were
usedto characterizeallele sizes in 12 mouse strains: C57BL/6]-ob/ob,
C57BL/6J, DBA/2], A/T, C3H/He], BALB/cJ, AKR/], NON/Lt, NOD/
MrkTacBr, LP/] (alllaboratory strains, derived from M. m. domesticus
and M. m. musculus), SPRET/Ei (a strain of the species M. spretus),
and CAST/Ei (a strain of the subspecies M. m. castaneus); (iv) for
those assays detecting variation between OB and CAST, 46 progeny
from an (OB x CAST)F2 intercross were genotyped; and (v) genetic
maps were constructed by using the MAPMAKER computer
package®, incorporating amathematical error-checking procedure?®.
These steps were performed essentially as described’, with the
following modifications: the OB and B6 strains are a congenic pair,
with OB having been constructed by repeated backcrossing to B6
with selection for the ob mutation.

Genomic libraries. The short-insert total genomic libraries were
constructed by using a variety of different procedures: complete
single digestion with Mbol, Alul, Haelll, and complete triple digests
using Alul, Haelll and Rsal. Digests were fractionated on 4% NuSieve
GTG agarose and fragments between 200 and 500 bp were selected
for ligation into M13mp19. (Some libraries were also prepared by
ligation into the plasmid pcDNAIL but this vector was eventually
abandoned in favour of M13mp19 due to the superior sequence
quality obtained from the single stranded template.) All libraries
weretransformedinto XL1-Bluecells (Stratagene). DNA was prepared
from M13 clones by using a magnetic bead miniprep, essentially as
previously described®.
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Length screen of clones. In some proportion of clones, the (CA)_
repeat is too close or too far from the cloning site to allow PCR
primers to be selected on both sides. To avoid sequencing such
clones, a preliminary screening step was used to determine the size
of the insert and the position of the repeat relative to the vector
sequence. Miniprepped DNA was diluted 30-fold in distilled, de-
ionized H,0, and 1 ul of this dilution was used as the template in a
15l PCR reaction using AmpliTaq DNA polymerase (Perkin-Elmer
Cetus) set up according to the manufacturer’s specifications. Three
PCR reactions were performed on each miniprep: (1) with primers
flanking the M13 cloning site (“Forward”: 5'-TGTAAA-
ACGACGGCCAGT-3" and “Reverse”: 5'-CAGGAAACAGC-
TATGACC-3"); (2) with the “Forward” primer and a primer
complementarytoa(CA) -repeat (5'-CCCGGATCC(GT),-3");and
(3) with the “Forward” primer and a primer complementary to a
(GT), -repeat (5-CCCGGATCC(CA),-3"). Reaction 1 is designed
to measure the length of the insert, while Reaction 2 or 3 is designed
to measure the distance from the Forward primer to the repeat.
Reaction 1 and a pool of reactions 2 and 3 were electrophoresed on
a 2% Metaphor agarose gel (FMC Bioproducts). Clones with insert
size less than 700 bp and with the repeat within a range of 50-500 bp
from the Forward primer were sequenced. Length screening was
carried out in high throughput in 96-well microtitre plates.

Duplicate checking. To avoid mapping previously encountered
simple sequence repeats, a computer program was used to compare
newly determined DNA sequences to previously sequenced clones.
The proportion of duplicates remained in the range of 5-10%
throughout the project, owing to periodic substitution of newlibraries
constructed with different restriction enzymes.

Genotyping. To genotype F, progeny for SSR polymorphisms, PCR
reactions were performed with one radioactively labeled primer and
one unlabelled primer and the products were visualized upon
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developed elsewhere, the laboratory designation is retained (for example, D4Nds1 is denoted Nds1). For loci developed from genes for which a
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Nature Genetics volume 7 june 1994 225



Chromosome

226

@ © 1994 Nature Publishing Group http://www.nature.com/naturegenetics

1.1
19

14
14
1.1
11

12
1.1

22

23

1.1
1.1

33

2.1

1.7

2.2
12

t1 gt 11l

1141 111

[T

1111

1 111l

[~ 64
167
118

\\\

. ___ 298
120

171

228

173

279
—_ 174
- 8

175
161
237
18
74
214
- 299
- 300

303

_
—_— 126
L — 1
: 127

283

215
253

183

81

84
45
85

\

136

65 160 295 296 58 294

242 275 1

[ ——— — 29
F———— 6867 662
59119

230 3 168

52231 276 4

69 169 211

20 277 225
278
244 71 121 243 72 170

245

122(812)

-
é
———

212

233 246 73 247

235 234 236 213

75
249

124 280 156 5 301 76 177 302 21(Mylf)

19 281 128 250 129

251

24 23 252 7 180
131(Inha)
132 79 46 284 133 162

61 181

44 216

254

134
53 184 8 83 9 255 80 82

K
-
—
—_—
/
/ Sl(Acrg) 182 49 50
= ®
- —
/
/
%

10 305

256 238 257 25 185 60 11 157

- 306
F ———— 186 86 307
: 135

78 304 77 179 130 282

Nature Genetics volume 7 june 1994



@ © 1994 Nature Publishing Group http://www.nature.com/naturegenetics

Chromosome

187

308 Nds2 87 26

137

258 163

189

88

261 90 13 217 27 188 28 309 259 260 89 310 191 239 311 190 240 226
285 54 12

93 91 96 192 92 94 158 95

138

139 97

218 263 262 286 98 99 29 229

193

140(Myog) 312 287 30 164 31(Ren)
195 194 264 100 196

102 103 101 199 141 198 197 200 288
265 289

43

42

142 47 201 104

105

33 266 290 55 14 202 227 313 219 267 159 34
268

106 107

314 108 143

203

269 57 204 63 35 144 109

16

110 15

145

113 148(Fcgr2) 112 111 114 147 36 146 205 270
149(Crp)

206

32

._.
—
1

H
1)

1.1

LUALEE It dldl ]

41cM

115

271 207 165 150 166
62 116

37 315 151

152 291 272 220 208
221

273

56

241 209

153 222 223 117 17 274
293

F—— 224
210

- 154 155

|

[

2.2
2.3

Nature Genetics volume 7 june 1994 227



2 © 1994 Nature Publishing Group http://www.nature.com/naturegenetics

Chromosome

- 231 1
L1 & 115 76 175
22 176 2 215

-+ 53 118 117 232 233 216 201 4 31 177 Nds2 119 116

149

267

60(1l1rn)

6 79 292 69 80
178

1 1]
T

293 32

[=2)
1]
T

294 151
180 234 83 295 33 217 120

296 121 84 64 268 152

7 204 202 237 236 238 85 86 239 87
154 297

155 241 72 88 298 240 269
270 157 218 8 89 156

244 123 181 243

61 34

90 205 182 124 9 91 125
56

22
1.1 +

33

219
22 246 38 37 35(Hoxd9) 93 36 271 247 158 183 299

159

{
T

13 128
: 94 220 160 66 75 248 95

272
14 126 214 131

27
252 250 98 302 249 221 43 15 Ndsl 184 186 185 130 100
22 7 44 42 96 99 12 301 45 300 161 253 13 39 251 303 129
- 41 273
: 222 58 207 206 162 163
- 211
E 102 275 132 101 188 187 274

LI |
LB

254 189 103

% 62(Thbs1) 276 63
/ 133 104
/ 190 277 16 134 30 255 17

L] |

105 256 278

i 164
/ 304

78

—— .t

[ —— 305 208
2 107 191

77
224 307 70 165 279 192 19 46 106 223 257 Nds3 193 306

— -
—

135(111b)

% 28(Snap) 136 258
§ i

Lol L L ]

137

259 212 308 21 167 166 138

\ 194 168 109 280
281 57
282 260 110 47
\ 283 261

22 26 309
284 285 59 139 195 140

1 |
L

—_

RO L I b b b 1 i b
| |
T

48 286 262 27
225 55
169

\ 143
. 196
14 310 287 197 142 141
N | 263
x 71 226 29(Svpd) 170
50 51 49
27 144

311 288 227 171 289

53 228 290

52 229 25 291 112 111 24 146 172
145 264

198 173

113

147

265 148 174 114 199 210 73 213
1 xI 200 230

T 74 266

Ly
Ty

———
—_—
] ] |

T

28

5.6

228 Nature Genetics volume 7 june 1994



@ © 1994 Nature Publishing Group http://www.nature.com/naturegenetics

Chromosome

60
23 180 149 21 61164 17
130
15 %/’:———202 165 91 23 177 176 54 90 62 166 131
132
22 / 1
203 204 1
22 / 46(Evil) 178 93 222 205 118 55
206 180 167 223 179
12 151 181 168
22 21(112)
169
; /133 224 152 94 95 4 24 226 3 225 63
5182 6 227 96 65 64
L1 /134 183 119 207 153
11 184 120 67 208 135 136 66
Ll 171 170 185 172 69 25 68 7 173 228
11 154
2 §§1 71 209 22(Rpl3Z-ps) 70
L1 137 51
17 186 26 9 231 230 138 229
7 40 174 211 72 98 212 155 210 73 97
49(Mucl) 175 74
187
22 139
140
L1 76 28(Mtsl) 188 29 99 141 232 156
L1 75 100
L1 41 101 233
/ 157
11
/ 189 213 77 10 102
1.1 / 12
190 142 191

103 214 192 143
1 122 105 158 104(Csfm) 56 39

1 79 106 215 107 57 124 144 78 36 123
1 43 108(Fabpi) 80 42 216

1 13 159 13 81 145

—_— 1
1.1 —_— w1
14 110 82 Nds2

16 15 193 218 125
195 194

111

146

196

126 38 127 160 112
198 84 197 17

85 113(Cyr61) 161
86 31 18 199

4+ 200
e
L1 S e —— 1
32 148
33 87 128 114
50 234 220
- 162 219 201 58 115 88 116 129
InE | %9
11 3 19 163

I

Nature Genetics volume 7 june 1994 229



i810/5y © 1994 Nature Publishing Group http://www.nature.com/naturegenetics

Chromosome /]

149

103 50
104 181
227

101

00

1918 199

133

= —®
36 106_96

105 97 2 150 171 192 211 191 210 2

95 193

172

228 39 137 94 93

9284 196 195" 213 107 194

22
1.1
24

I

N o ——
o =

\\

L1 /23 182 24 5 109
' 50 91
\ 138 214
183

38 162 89 55 53
10 229
6 Ndle 215 88

33

—_—— T 18 111 163
11 —Km 216 139 140

56_15
i 198 170m1) 164
218 25 83 7 84 142 87 217 44 132 85
13 178 86
82 114 81 80 173 174 115
152
11 7
77
27 45 143 133 26
78 185

I

5.6 116
: 230 186 15 165 166 9 144

119 118 155 167 187 219 176
____,...————————-31 75 46 29 168

___________._———-—-— 199 146 74

76
11 122 37 220 57 200 52 156

T 11 169 12 47 124 123 221 125 147
Nds2 201 222

40 73 223
6 202

—_—— N =
—_— R ==

233 232
13 128 234 32 206 129 126 65 64 160 159 49 189 205 48
179 127

25

14 226 33

61

190 63 62 130
2 180

I

29
15

208 207 60 131
209
59 51

230 Nature Genetics volume 7 june 1994



@ © 1994 Nature Publishing Group http://www.nature.com/naturegenetics

Chromosome
T 48 248 49 249 146 193 69 178 47(Pgyl) 70 145 123
13 /71 194 225 226 1 103
1 179
0 _'—///_72 180 61 227 147 250
1 X 251 73 124 125 74 170
195
33 __/66 44(116)
)s 229 228 181 148 3 252
2 4 176
22 476 126 75 13 230 127 149
+4 128 77 182 253
12 3 / 196
. ::/ms 105 231 150 106 232 80 78 14 107 104 79 11 129 130
::/57
- 55 52 54 131 81
1 X 233 183 171 132
133
45 184
_/254 255
= 4 109
+ 256 82 200 5 199 197 198
F——————
MU 185 152 257 Nds2 58 134 234 83 258 110 111
22 | 203 112 113 201 235 202 135
236 84 114 84 204 85
22 1 18 205 16 6 260 259 237 19 40 12%Csnb) 86 206 87 7 153 186 Nds4 154 17
Lr 3 261
Kl | 20
F=—————— 1728889 9 9192 155 238
T 207
—-—'\23 93 21 9 22 64 208 156 10
7 ] o
+ \ 115(Sppl)
21 \239 175
116
17 ::%157
240
22 __\94 177
11 --\26 24 25 241 117
22 __\158
11 __\209 187
11 __\ 188 210
\211
33 136 68
u J 118 159 242
0 95 137 160 9 65
11 L 139 138 173
11 __Qm 161 212 213 214 140 189
55\215
* \ 119
. | 29 30 120 245 244 163 164 162 243 217 27(Gus) 216 262 59
1 X 190
63 264 263 39
165 246
6.7 218 219 141 220 166
97
1 32 265 46(Epo) 98 33 60 221 31 168 121 167
1 I 247 99
11 __Qm 142
s | 222 62 100 67
s :::‘W—m
11 m\“ "
101
24
4 122 169 102 192 34 143 144

Nature Genetics volume 7 june 1994 231



% © 1994 Nature Publishing Group http://www.nature.com/naturegenetics

Chromosome '

86
1.2 166

11 138 179

167

}% 168 50 84 87 202 169 83 88 139 221 1 204 203 85

116 18 152
205 180 82 171 140 51

}} T 48160 81 89 159 181 46 172 47 141
i1 —————— 7T TT——91 90 79 153 161 222 173 80 77 154 206 92 78
: —— T Nds4 182 117

L1 207 223 76

. U
- o T T 42RndSs) 74 142 43 224 75

118

33 93%Hoxa2) 119
184 183

185
K_B

120

94 122 121 123
125

95 175 174 162

///

L1 143

. 72 124 9%6(Igk-V) 17
71 97 Tgk
16(Cdsb) 186

187

126 209 188 208
19 98 127 3 225
210

70 211 129 176 212 155 5 128 189 4 144 164
2

622 698 21
99
9 29
\228 190 213 131 100 40 226 227 130 229

1.1
L5
22

—_—
——

145

11 68 156 177 178 32 191 146 102 31 101

22

| 411
Iaman

147 53 36 38 37 Nds5 64 35 39

149 106 192 65
10 23 107 54 11 108

63 55 41
115 44(Rho) 150 62
217 216
Cdd) 193 134 218 12 133 151

1
61 52 110 220 194 111(Kap) 135 195 196 219
13(Prp)

25 197
24 59 58 198 136 60 163 112
: 199
I 113
57 114
22 200 137 14
12 201
2+ 26(Pthih) 15

-
—_— e
1

i 4
22

232 Nature Genetics volume 7 june 1994



2 © 1994 Nature Publishing Group http://www.nature.com/naturegenetics

Chromosome

T 74
24 e 21
|78 152
X 75 143 168 153
I | 56 190
65
Mg 76 191
F T 57(Apoe) 154 179 169
v Y T
17 ___\ 124 144 22 23Hv2) 114 112 180 192 115 20
/7
1.1 q_\ 72
11 ___\ 210 117 116
T 224 155 55
14 54 156 225 79 25
= 78
09 4 226
1.5 4 227
228
22 80
11 52
118 Nds5
22 ¢ 29(Ldhl) 81 158 229 27 28(Saa2) 157 170 26(Kal)
¥ 69
h\ S 193
* 82 119 145
x 85
—+ 83 18(Gas2)
T 176 120 195 194 84 86
22 160 199 89 59 232 88 161 111 121 159 70 211 231 198 197 196
0 87
1.7 200
A Nds2 122 91 181
I T 93 182 147 162 212 92 90 201 202 146 30 Ndsl 213
U 214
- o 16 163 233 215
u X 62 19(Tyr) 216 234
S o 31
23 148 5 183 123 32
- 184 171
N i Y
Ll 34 131 36 219 95 63 235 185 126 17 94 96 38 127
22 03 37(Hbb) 33 236 39 217 149 125 128 218 172 129
-+ 220 221
L+ 150 97 130 53 222
A | 98
= = 237 99
x 132 40 173 238 100 7 64 239
e i 240 204 58 66 133
22 206 164 9 102 101 41 8 205
4 68
=X 4
134
27 136
T 106 103 67 105 104
186 107 187 43 135 165
55 188
- 241
71
T 151 207 137 208 108
22 166
T 20910 12 45 109 138 139 13
22 14 46(1gf2) 174 242 167
2T 140 15
R 141 223 47 Nds4 177 189 175

Nature Genetics volume 7 june 1994 233



2 © 1994 Nature Publishing Group http://www.nature.com/naturegenetics

Chromosome

|
T

142 1 153 124 60 141 202 17(Atpdb) 123 158

61

320 159 21 18 171 170 16 203 23 22 143 62
5

B ————

— — —1n
173

30 96

.

1
?

4
22 63

_'_/,/’?64
1.3 24 189

125

35 /97
1 190 191 204

174

65

|
T

=
(3
1
T

5
192 175 176

T
(N | 126
46 66 98
33 127 53
1 177 6 205 67 99
I B 160
T 129 69 128 144 54 68 100
IR A 25 8 7193
I | 70
= 101 27 73 26(@Lph 131 9 206 28 194 179 71 72 132 133 30 31 178 29 130 145
L1 J-/lm 74
::/162 195 104 76 77 161 134 75 102 135 136 146 103
X 78 79 106 105
- 45 150
S B 51 50 80 208 207
L 41 57
(A 107 181 82 83 40 197 196 163 209 147
11 _-/81
::/’— 15(M2)
22/11 210 33 84 32 164 109 108 182
211
22 1 110 111 137
212
33 198
+ 86
: /47 112 34 138 12 185 114
/ 113
/213 151
115
199 165 152 87 166
11 139
L 116 200 117
S ——————
M T 214 154 186 167 35 90 89 215 48
4+ 19
M 188 187 120 168 216
L3 55
_—
A e
22 201
- 49 13 91 148 14 36
T 121(Actal)
140
23 . 2
T 92 52 42
L3 156 56
L+ 93

234 Nature Genetics volume 7 june 1994



@ © 1994 Nature Publishing Group http://www.nature.com/naturegenetics

Chromosome

1 160 186 43 57
B _____,,._/'/_._—’—-—’-— 170
161 58
61 202 187 86(Epor) 85 1 62 83(AcpS) 126 203 60
64 65 63 87 204

1.1

[Pl 4] 414
Tro ot

1 8138 4
B -
188 90
44

1.8

14
1.4

_/./; 95

94 22(Ncam) 26 171

99 98 172

- N“ 27 70 71 193 131 97 96(Crya2) 4

162

w10
j_//‘—Zl(CyplaZ) 141 102 6 28(Cyplal) 142
- 207

174 163 72 208 143 103
22 / 209 48
194

/.--—104 144 47 145 31 32 105 175
106

1.1
E___———————'—‘—-— 164
1.1 - 176 158 165

54
L7 #ﬂ
4 107
12 3 166 75 73
F 55 74 109_108 210
156 179 '8 178 122 123 124

- 7
167 133 146 Nds2 195

EEN

X 113

_\9 180 181 11 134 135 196 111

22 112 110

_\ZH 197 50 157 10 76 33(Crabpl) 198 34

114

- ~
199

136

12
183 36 182
147 168

1.1

37

11]
LA

22

1.4

1.0
12

{

et
Al
N \e

o

|

L L Bid Lt ]

24(M

77 D

14 53 148
80 51 78

55 185 16 125 116 184 212 79 81 200 15 38(Lt) 3I7(Myle) 213 20 149
1%2 150 117 214 17

e
o U =i

25
1.1

[

{1
—00
Lkl
[

Nature Genetics volume 7 june 1994 235



@ © 1994 Nature Publishing Group http://www.nature.com/naturegenetics

Chromosome

75 49 181
81

28 76 182 80 154 152 79 77 123 153 Ndsl 166 82 78 167
1

83 50 84 146 104

168 51

169

124

- 16217
183

86(Fisp12)
.
4105 125 106

—_—
\ 137 126 3
19
45 155 52 156
108 184 54 107 44 55
85 53
109
147 170 88(Gjal) 141 40 38 57 89 56 58 36
148
127 59
90 138 128 110 60 5 Nds3 171 172
185 48 112 29 129 111 149 30
130 61
20 15
113

— e B e e e
o NS T R UG U N

— e
—_ =

P = e B b e
B SO SIS SN & SNy 2y

QN

N
8]

45 173 115 157
158 92 91 116 186 64 174
11 722 139 175 23 21

-
e e . K.

2 131
—_— T893 159 132 65 160
} _— s

) —_—— T

2 s

2 176 9 67 161

11 10 95
41

69

120 119 142 177 68 43

12 9%

122

97

98 144

133 134 70 162 178 163 Nds2
99 150

73 143 71 13

135 72

136 33 121 34

100

46 47 101
—_— 017

—_— T 742400 14

: —_— 1
2.3 187
102 165 151 35
145 25

103

|

I

236 Nature Genetics volume 7 june 1994



[ SRS
[N,

- N
~ N

UGN N N = S S
[ N A AN A V- SR G SN N

N
[S)

N om—
oo

e
(&)

1.1
2.3

1.6

5.1

——
—_—

44

1.1
22

[,
[ I N

N

Nature Genetics volume 7 june 1994

| S Y I T O [ S 0 | 1

]

L

11l L1l LELd 0l

g1 11

@ © 1994 Nature Publishing Group http://www.nature.com/naturegenetics

Chromosome

[ 71

B 74

i 72 62 16(Lif) 149 1 129 106 148 73
78 63 77 150 76 2 133 204 75

162

A / 79
/ 80 170 171 107

185

F 152 151

19 82 81

- 169

- 172 163 215 53(Hba-x) 134 83
t 173 205 135 186 84 216

108

51

i 109 110 217 218 136

i 174

B 20 188 175 206 85 137 187 130 21
189

190

139 22 191 176 138

e ——————
\ 141
154 64 87 25 86 140 23

Nds9 24 207 131 11idl4)
164 142

L

- 113 177
5728 89 114 4209 27 192 115

193
31 15(Glutd)  60(Rpo2-1) 30 29(Acrb)
90 210
K 219 65 116 Ndsl 194 7
| 117
- 91 34 118 165 94 68 96 33 92 144 8 93 95 32
. 37 119 159 97 195 36 221 220 66 35(Scya3) 158 56(Rnu3b4) 211 120 178
e 121 40

38(Mpo) 39
41 196
212
179
122
70
213
- 54(Hoxb7)
160
98 222 67
58(Myla) 99
14(Tstap91a) 145 197
59 132 123(Krtl) 198 124
200 125 199 Nds7 146
52(Ae3)
126 10

L

—
201 13 223 147 127
50 224 180 161
181
/202 100 182 225
/ 11
— @
/42 101
/ 167 183 168 12
—
—
— 220
—  ——»
49 48
- 184
104

L

- 69

237



% © 1994 Nature Publishing Group http://www.nature.com/naturegenetics

Chromosome

T a4
Ls 3 81 145
[ & 38 104 37 103 135
Ll 4 183 168 182 1 151 9
L 3 49 43 169 152 82 56
22 " Ndsll 11 12 140 83 184 58 57 170 105 13 10
T 85
20 ===‘/__,;—-’—‘/84 185
2 . 106
“w - 171 108 59 136 107 124 142
Tw r—- 146
. B 153
L 3 147 46 60
L1 4 154
i i 186
L 3\_61
U oSS 109 125 63 62 2 110 187 148
L1 "\111 172 112 126 65 64 127 86
1 X 188
1.1 4 189 54 87
=X 66 88 31 67 113
15 1 Nds1
7] 190 173 89 69 36 90 68
3.1 191
::\71 73 70 35 34 33 72 114 137 74 75 155 91
+ 92
__\130 128 175 192 174 129 3 52
. . \115
11 I
a0 X 156 4
W i‘l'é
2.2 [ 93
1.1 j_ 5 149 157 14
1.1 _L 158 159
N i 160 177 94 176
L 4 193 95(Fos) 138 161
11 -
L1 “t i;s 76
H —+ 17
S i 194 163 6 118 179 47 162 15 119
22§ 121 30 77 78 164 120 165 96
. 97
26 98
1 100 102 166 195 7 180 131 99 101
11 _r\'” 139 167 50 122 53 29 28
LT g 132
\79 16 123 181 80 17(Ckb)
46 141
133
-+ 8(Igh-C) 196 20(Igh-3) 144 150 18 19
13 4 134
10 & 41(Igh2b)  Nds2

238 Nature Genetics volume 7 june 1994



@ © 1994 Nature Publishing Group http://www.nature.com/naturegenetics

Chromosome
T 55
a1 /79
1 132
w f T as
uf—— 06
- 173 44Nid) 56 152 174 172 57 80 114 134 162 207 153 133
=< —\ 115
F———— " vep 115315135 14
L6 _\ 86 16
15 __\197 83 81 163 154 176 58 84 82
116
22 __\ 136
2o \198485 59 60 18
. | 117 38
61 87
R 88 137 177
F=————— 164 63 138 118 89 6219 119 178
i:\%
i X 64 155 179 34
1 F 165 49 180
23 166 91 90 181
1 94
I 120 10 121 182 5 93
R 183 156 139
=x 140 199
T 13 185 21 184 96 20 113 54 208 23
33 157 65 52 186 141 167 122
1 43 39 123 50 66 124 209 187 142 67
- 188 40 41 7
2 1 143 210 11 200 201 25 189 24 168 8 26 101 98 99 68 48 97
12 ¥ 100
L 103 9 125 102
b 27 126 191 69 190
=X 104
* 28 202 193 192 29 159 105
11 L 106 107 160
144
33 145 161 169
4 109
L1 4 146 37 147 203 127 36 194
Lt 3+ 128 110 108 111
7130 195 70 72 112
35 e
- 73 211
33 5174 45 75 212 149 148 213 170
1 129
76 130
33 53
4 196
11 —-\31 214 32 150 151 171
\77 95
4.6 204
78 131
=g 35

Nature Genetics volume 7 june 1994 239



Chromosome

240

22

—_—
—

—
e

4.5

-
——

i\

33

22

/

2 © 1994 Nature Publishing Group http://www.nature.com/naturegenetics

=

|

//

_— T

—_— T
e ——

48

132

40 99

12(Plau) 98

108 Nds1 179 171 147 146
49 1 46 47 10 43 109 78 11
110

126 148 2

119

50

138 137

111 112

51

180

4; 127 13(Tnec) 133 173 172 14
174

15
52 175 128 100
55

45 53 120 54 79 149
17 150
16 56 80 57 3 151 139 182 181

58

129 140

152 59 60 141
18 4

130 61 101 121
62

20 183 27 63 82 26 19(Ctla) 142 25 81 134 21(Tcra-V2)

3

153 122 154 34
64

5

155 113

65 66

85

157 156 31 37

29 123 87 88 28 102 158 143 6 86
30

159 39 114

32 33 89 124

67

68

34 160 90 115

Nkil

91

69 116

117

3574 773 184 103 125 71 72 162 161 70
92

104

144

8 176 105 106

145 93 163 38 164

94

166 165 167 42 168

118

75 177 76 185 169 95 96 9
131 97

77 178 135 136

107 36 170

Nature Genetics volume 7 june 1994



1.1
22

22

2.3

2.2
1.1
23
1.1
1.6
1.2

1.4

1.0
L1

2.3
1.1
22

1.1
22

@ © 1994 Nature Publishing Group http://www.nature.com/naturegenetics

Chromosome

T 13 12 125
80
10 11
51 162
T 129 81 150 53
_—/52
::/ 109 130 Nds2
. N / 127
“/ 20 21 110 18 9 131 82 45 164 135 98 163 19
- 136 38 111
/55 137 8 7 54 126
T / 99
—-/m 140 56 83 49 22 139 6 138 112 165 57
+ 151
-:__:_’#/*’___._.-—-//;—ss 120 166 141 113 152 142 154 24 153 585 59 87 86
- 114
B
1T 7w
4 143
25 26 155
4 121 132 115
F———— s
A ————— 61167 128 50
J— 46 88 168 27 17Myo)
S —
= 122 64 62 102 65 101 103 133
T TS 156 144 104 91 123 67 Ndsl 92 3 47 89 66
\ 90
T 1
1 28 117 29 94 169 157 93 146 68 30
I 158 69 118 32 71 70 131 119 2
106 105 95
4 33 134
+4 107
+ 7
+ 37
+ 73
1 9%
+4 170
t——
124
. 171
+ 74
3314718
= 39 172
I 75 76
48 41(Col2al)
4. 148 44 42Prph)
= 78 43
J— 7 m Gy T
S D —
35 79 16 15(Hoxc8)
+ 40 161 149

Nature Genetics volume 7 june 1994 241



% © 1994 Nature Publishing Group http://www.nature.com/naturegenetics

Chromosome

32

107 121 8 130 129 79 55
9 54

108 80

131 122

87 81

109 72

33 100 73

/
—
——
%

33

34 74

56

28 29

98

102 1 101 35 2
133

123

57

103

36

110 3 89 124
134

37 58

60

__’_‘__,..-—-"‘—4 75 10 112 11 99 135 12 13 111 104 59 Nds2
90

96 136 38 82

97

137 39 41 83 125
40

-
{
T

—_—
—

15 63

\ 43

\M 84 91 138 61 126 42 113 44 45 62 85
30

\4& 127
48

—_—
_——e

I T T O I T 1 O I N D o AW ]
TITT

64
47 105 27 114 92 115 67 77 139 66 65 76
140

117 116
923

141

49 78 50
18 19 68
118

794 6 69
26

128

46

11 4

12

51
22 20 53 119 106 86 120 70 95

T 7
L4 3 52

242 Nature Genetics volume 7 june 1994



[N
NGRS SN N

—_—— N e
B =

.—!\)._._.
— o =

——
-

4.5

@ © 1994 Nature Publishing Group http://www.nature.com/naturegenetics

Chromosome

19 163
7

98 18 143 25 58 156 112 48 78 164 99 57 27
26 43

113

165 79 59 55 46 100 131

166 133

144

80 145

44 45 81

114 101

60 23(Pim-1) 146 135 61 134

30 29 167

82 62 28(H2-K) 16 63 147

83(Hsp70)

34 13 102 103 21(H2-Ab) 31 32 22(H2-E) 33 Nds3 Nds2
105 24(H2-M) 126 11 124 148 125 1064 64
47(Tla-psl)

51 50 35(Tctel) 168 137 52 49 136

138

115

!134116106 10 66 67 65 149 36 107 85 157 68 37 108
- 9 117

= 8 139

70 7 69 6 7 86

150

//ﬁ

ISINANIA NN AN

I

] ) 1)
T

87 4 5 88 20(C3) 158 109
| ____.-—-———’_89 110

90 118 151 152
f———
. 53 119 54
4 153 3 159 169 71 140
- 160 120

92

- 93

—+ 94 39 127 111 38 161
Y
- 142 72 121 42
-+ ;4 128 73

%12
75 41
p—————— I

76 96 56

129 130 155 162 154
1123

il

L

l_l]ll
L}

Chromosome

7 64 109 65 66 19 18

/ 32 31 38 67 30 110 146
p— 116 21 20

117
94 27
111 68 93 132 83 82
- 693

_ [714 133 119 15 120 112 98 12 97 62 134 88 84 85 87 135 60 61 59
[ s s 1187196 02

63

114 113 99 23 89 37 104 17(Grll) 148 72
35 73 56 58 136 36 149 57
75 74 24 138 137 54 150 55 105 10 53 76

il

[N N

I

1 1)) )
LI

T _____,_....-————— 78 77
] 40 140 139 152 151 51 107
81 50 100 39

9

/_______,,_
4. —— 3310

141
153 8 79 142 154 125

j

49
46 7 106 48 47 80
126
45
143

e ——————— 4
* 129 44 115 3 155 101 43 6 5 128 4 Ndsl 12

IRERIE RN
L sm e

108
144
16
102 131 41 130 25 145
- 42

Nature Genetics volume 7 june 1994 243



@ © 1994 Nature Publishing Group http://www.nature.com/naturegenetics

Chromosome L‘

32 43 59

_
\78 51 56 42
\44

e M2

LIl 1|

5.6

11l

1.7
1.1

29

L
T

/

- 14 45 I5

111 1

1.1

~

L
) [ 57 39
R § 64
. 63 46
ad 81513 12

47 82
19 21 18 20 65

]

11 11 1]

111 |

66 11

27 24 67 83

- 17

74

109 38 83 4 8
: 58 3 25

- 270 749 26 37
75 54

36

1

55 50

84 34 35

3

76 71

4 6 72

11 ] |

1 111

10.2

/

24

244 Nature Genetics volume 7 june 1994



@ © 1994 Nature Publishing Group http://www.nature.com/naturegenetics

Chromosome z

T 26 55 123
89

124 101 27 102 54
103

72 85 52 53 56
57 125 %0

81 sl

49

48

50

106 105 104 83 82
74

92 73

-
—
/ 107 91 126 86 23 75 108 68 Ndsl 22(Hprt)
60
i / 42 119 112 43 44 45 7 94 8(Dmd) 61 59 120 111 77 25 1
1.1 4

44

4.3
22

4.1

]
T

|
1

87 127 46 76 109 110

111 1
Ty

]
T

128 93 78 62
22 6 14 63 113
T 40
22
a1 18 95 114 16 115 17 19 41 96
N 64 84
22 65
o 3
¥ 38
201 116 97
2 ¥ 7
1.1 129

1.1
Nds2 130 69 3

XPip) 37
66 4 131
132 67 13
s i 80 35 70 118 134 133 10 36 34 11

—\
\
\—
\

. %98
K—

1 411 1
SN

11
22

]
T

22

]
T

1
T

s 121 32
1 5

22 21 20 18

a5 T 135 12 122 31 31
+ 71 30 100 29

Nature Genetics volume 7 june 1994 245





