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A physical map of the mouse genome is an essential tool for
both positional cloning and genomic sequencing in this key
model system for biomedical research. Indeed, the construction
of a mouse physical map with markers spaced at an average
interval of 300 kb is one of the stated goals of the Human
Genome Project'. Here we report the results of a project at the
Whitehead Institute/MIT Center for Genome Research to con-
struct such a physical map of the mouse. We built the map by
screening sequenced-tagged sites (STSs) against a large-insert
yeast artificial chromosome (YAC) library and then integrating
the STS-content information with a dense genetic map. The
integrated map shows the location of 9,787 loci, providing land-
marks with an average spacing of approximately 300 kb and
affording YAC coverage of approximately 92% of the mouse
genome. We also report the results of a project at the MRC UK
Mouse Genome Centre targeted at chromosome X. The project
produced a YAC-based map containing 619 loci (with 121 loci in

common with the Whitehead map and 498 additional loci), pro-
viding especially dense coverage of this sex chromosome. The
YAC-based physical map directly facilitates positional cloning of
mouse mutations by providing ready access to most of the
genome. More generally, use of this map in addition to a newly
constructed radiation hybrid (RH) map? provides a comprehen-
sive framework for mouse genomic studies.

We used the same basic strategy and methods to construct the
YAC-based map of the mouse genome as in our previous work
assembling a physical map of the human genome?. The STSs
used for screening came from several sources: simple-sequence
length polymorphisms (SSLPs) taken from a dense genetic map
that we had previously constructed®® STSs developed from
cDNA sequences from mouse genes; and STSs developed from
random mouse genomic sequence. The genetic markers are
especially valuable because they provide ‘top-down’ information
about location.

Table 1 ¢ Distribution of loci and contigs on genome-wide map

Physical Total Average
Chromosome length (Mb)'> loci spacing (kb)

1 216 802 269
2 208.5 771 270
3 179.7 549 327
4 176.7 536 330
5 170.4 583 292
6 165.9 602 276
7 155.7 545 286
8 149.1 493 302
9 143.7 526 273
10 144.9 428 339
1 141.6 593 239
12 146.4 432 339
13 131.4 483 272
14 133.8 400 335
15 121.5 405 300
16 114 371 307
17 115.5 365 316
18 116.4 356 327
19 81.9 207 396
X 186.9 340 550
Total 3,000 9,787 317

Loci on Loci on Doubly linked  Singly linked
genetic map STS-content map contigs contigs
511 635 97 71
507 600 101 70
343 398 58 49
350 400 71 59
402 422 24 54
368 471 69 48
357 416 72 53
350 376 61 45
336 398 64 44
293 320 61 48
350 518 69 40
278 367 60 38
303 425 58 36
259 323 50 41
264 332 47 38
215 318 49 33
255 198 37 31
231 270 42 30
134 158 29 23
230 241 51 43
6,336 7,586 1,170 894

"Whitehead Institute for Biomedical Research, Cambridge, Massachusetts 02142, USA. >MRC UK Mouse Genome Centre and Mammalian Genetics Unit,
Harwell, OX11 ORD, UK. 3Sanger Centre Wellcome Trust Genome Campus, Hinxton, Cambridge CBI10 1SA, UK. “National Center for Biotechnology
Information, National Library of Medicine, National Institutes of Health, Bethesda, Maryland 20894, USA. *Department of Biochemistry and Molecular
Biology, The Johns Hopkins University School of Medicine, Baltimore, Maryland 21205, USA. °Montreal General Hospital Research Institute, McGill
University, Montreal H3G 1A4, Canada. "Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA.
Correspondence should be addressed to E.S.L. (e-mail: lander@genome.wi.mit.edu) or T.J.H. (e-mail: thudson@genome.wi.mit.edu).

388

nature genetics ¢ volume 22 ¢ august 1999



#A © 1999 Nature America Inc. » http://genetics.nature.com

#2 © 1999 Nature America Inc. « http://genetics.nature.com letter

D10Mita Idzoc«;
DLOMiLTS D10MitTS
D10MitI81 4 D1omits1 I393<13 I255\>2 I35‘7b6
45706 J324g10
D10Mi279 M09176 g
otoMizss 1 oromizre 30708 28510 Jassg7 52012 od0es [asTr
e M-08526 36208 uisca
D10Mit280 -
1 oromizes 12721 i10es 433mo
D10Mi28 oom 20007
prowize e
D10MitI8s -+ oromitr7 4637
M-10439
DIOMit79 -} oromize I45“‘18
D10MitIS4 M-11054
i T e 13596
D10MitI66 D10MiB0
D10MinB2 M02231 1o
M-09304 Ja20as.
D10Mit245 1 oromus2 13722 38007 21112 o208 2onii
ooz 1 otominsz 12006
D10MitIS3 Mo1343 21408
D10MitI67 1
D10MIT7
prowzs ] T EZEUN B TEE
: T T T T
D10Mitg0 M-03005 s>
Dlomis2 1 o1ominnza 4591
M-08290 Jesse2
D1oMitIs2
M-08355
D1OMi246 T oromors
DioMiL D10OMit312
D10MitS0 M11518 B EgGH Imm
D10MitI89 D10MiBL
D10MizL0 M-00220 EET R SO CuEeN Eons
olomizar 1 o10minies 11703 ga10a2  ge03bs
10208 42006 43363
D1OMiB4
- B - 334n8 410010 503
e M00512 J1o0cs
D10Mit248 1 o1omitios a0hs, Rezei
D10MitE3 01330 13110
D10Mit104 M0s722 10300
D10Mit190 1 o1omiso 36910
D10Mi206 1 piovites e
D10MitL46 -+ o10mit206
DIOMIRLL
D10Mi212
D10MitZ81 01556 12503 gasaniz
1 o10miz10 oezn7 - essil 71 45103
D10Mit168 05867 3792 j4a7h
D1oMiSL 00692
D1OMi213 I oromiso jed0d10 572 15907 asel [uests  Ju7sa0
D10MitIE M-08430 29306
D1oviRs 1 oromiase 303010 127a10 wena 131011 st
17129
D10M283 R75036 a
-+ otomizzz
D10Mit124
bl 1 o1omines Jesze12
oz M-05680. 345a1 1502
D1oMi: 1 oromier 462212 126a11
D10MitL6 oB21s
D10Mit83 02936 3106
D10MitBs 1 oiomiues 411e3 Iwaae wgmi
D10Mi249 1
7T = TECTEN FEae)
D10MitI06
D10MitE7
oo ——— | 1
02050 R ey
D10Mi214 Mromges 1275
D10Mit105 M-02380- j416b5 46022 Ja00DLL
D10Mi25 i - 179012 g3tics
D10Mit250 D10Mi308 1312 Jaoses
DloMita 10670 IMQE] I]lﬁgi IAmmz
D10MiLe M-09870
T 1 oromier 3 Y [ B Issnev Issem
D10MitI26 DIOMILZS
1 otomizta
D10Mit251 .
§ 1 o1omitios I‘UM
pomis? -1 o1omitzs0
D10MitIS6 M-04960 7575 IAsza7 I;gvgg Iasanz
D10Mits2 1 oromizst
D10Mit284 110106 39169 [391d11 34601
Diowins 09542 38908 o114 a23011
oroMiss I oromis 291011 43303
-+ o1omites R 32010 a16a10
D10Mit5
M-08367
D10MiLOL Mo1268 6eT ESCIN EJCON i TR TR F57hT
D10Mit252 MPC1049 1770 assa3
D10Mit253 1 oromiez IJ]sln Imeaz
D10Mita4 1 o1omizs2
D10Mi255 1 o10mitzss G
D10MiIea o010 je17g11 Ingus Iz:ucm
D1oMi215 1 o1omitiss
1 o10mitzs3
D10MiS3 3
T 1 oromizas [[626T Jiociz [IEonT2
1 o10mits I|31n7 22401
D10Mit107 T oromies
D1OMitSS 1 orovitsa 2z EECEN TEE T R TR B
D10Mits 1 o1omitzss 516
D10Mit108 -+ o10mins I““12
D10MIL09 D10Mit109 E——
1 =
D10Mit257 D1OMi285 o I I
1 otomiiss
D1oMitLa7
otovittes I oromitss 777c; JRoss  Jiore
o885 13663 asii7  g0iio
D10MitE8 01410 97722 a3vas adst 21410 a1dg12 12308
DiomiEe 1 o1omitz16
D10MitL48 D1OMiL48
D10Mi256 /T\ Mo2276 [ [ = [ B3

Fig. 1 Integrated genetic and physical map of mouse chromosome 10 (continued on the next two pages). The two long vertical axes represent the two maps, with
the genetic map? on the left and the physical map on the right. The associated columns of marker names represent the order of the markers on the two maps. On
the genetic map, the relative spacing reflects the genetic distances between the markers based on the Whitehead/MIT cross®. Markers on the physical map are
displayed as equally spaced because intermarker distances are not known. Lines connecting the two map axes connect markers that appear on both maps. Names
in red denote dominant markers whose genetic map positions are known with slightly lower resolution. Names in blue denote STSs doubly linked to more than
one chromosome but assigned to chromosome 10 by the genetic map. Bars displayed to the right of the maps represent YAC clones. Filled bars represent a posi-
tive YAC hit with the designated STS. Open bars represent negative assays for markers thought to be contained within a YAC. YAC names are displayed at the top
right of each bar. YACs detected by only a single marker are not displayed. Gaps between YAC contigs are displayed as horizontal lines; green horizontal lines
indicate that the contig above has been correctly oriented by genetic data from the EUCIB project5. Searchable versions of these maps are available (http:/www-
genome.wi.mit.edu/cgi-bin/mouse/index).

The STSs were screened against a subset of the MIT YAC large-scale automation system referred to as the Genomatron?.
library® consisting of 21,120 clones. These clones have an average Positive YAC addresses were identified for 9,864 STSs.
insert size of 820 kb; thus the subset provides an estimated 5.8- We then undertook the construction of a physical map. Con-
fold coverage of the genome. We identified on average 5.9 YAC siderable care was required because YAC libraries include a sub-
addresses per STS, consistent with the expected coverage. The stantial number of chimaeric clones, which contain inserts from
screening of the YAC library involved PCR of combinatorial more than one genomic region; it is estimated that 35% of the
pools using a novel five-dimensional pooling scheme designed to  MIT mouse YAC library clones may be chimaeric®. Accordingly,
be robust against false positives and false negatives. The project two STSs are not considered nearby in the genome on the basis of
involved more than 17 million PCR reactions performed using a linkage by a single YAC clone. Rather, double linkage (by two
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Fig. 1 Integrated genetic and physical map of mouse chromosome 10 (continued from previous page).

independent YAC clones) is required.

We first assigned 8,203 STSs to individual chromosomes
based on double linkage to genetic markers. We then con-
structed a map of each chromosome by integrating the YAC-
linkage information with the known genetic map positions of
the genetic markers using the co2 software package’. Doubly
linked contigs were identified and then single-linkage informa-
tion was used to join doubly linked contigs known to lie nearby.
The maps were closely inspected to identify apparent conflicts in
order between the genetic and physical maps. We found 57
instances in which a genetic marker was triply linked to loci in a
different ‘bin’ on the genetic map. The linkage was to an adjacent
bin in 53% of cases and to markers at most two bins away in 68%
of the cases. Such local conflicts are likely due to either chromo-
some-specific repeats or to the statistical uncertainty inherent in
the two mapping methods. Only nine instances were found of
strong linkage to markers separated by more than five bins on

390

the genetic map. These cases are likely to be due to laboratory
errors such as mislabelled primer tubes. Finally, we oriented the
contigs with regard to the genetic map using data from both the
MIT and EUCIB crosses*>. The ordering of markers is consis-
tent with the genetic map, but fine-structure order may be
imperfect owing to imperfections in YAC-STS data.

The map contains 9,787 loci distributed across the 19 auto-
somes and the X chromosome. We have integrated the final STS-
content map containing 7,586 loci with a 6,432-locus genetic
map by virtue of 4,229 loci in common. The 4,229 genetically
mapped markers provide a secure framework for the STS-con-
tent map. The remaining 3,355 loci on the STS-content map
consist primarily of random genomic STSs together with 700
STS derived from mouse genes. The STS-content map contains
1,170 doubly linked anchored contigs, with neighbours joined
by single links into 894 singly linked anchored contigs. Not yet
included in the STS-content map are 180 doubly linked contigs
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Fig. 1 Integrated genetic and physical map of mouse chromosome 10 (continued from previous page).

(containing 462 loci) that were not anchored on the map
because they failed to contain a genetically mapped marker.
These contigs are currently being ordered by RH mapping?, and
will bring the total number of STSs to 10,249.

The markers and contigs on each chromosome are described
(Table 1), and a representative map from chromosome 10 is
shown (Fig. 1). All data (including representations of the contigs
on each chromosome, tables containing all the data and query

~—
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tools for extracting information about particular markers and
clones) are freely available on the World-Wide Web (http://www-
genome.wi.mit.edu/cgi-bin/mouse/index). The web site also
notes the positions of the genes, including cross-species synteny
information for 250 genes whose positions are also known in the
human genome. The data are in good agreement with known
synteny relationships between mouse and human.

We estimated the coverage of the genome by re-examining the
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last 500 random STSs having positive YAC addresses. (The YAC
library itself is known to contain most of the genome on the basis
of test screening®.) Approximately 76% of these STSs fell into
contigs, with 87% being anchored and the rest unanchored. Most
of the remaining 24% of the STSs were singly but not doubly
linked to other loci in the map. Of these, 68% were reliably incor-
porated into the YAC map on the basis of single linkage confirm-
ing that the link was to a marker in a nearby position on the RH
map? (thereby eliminating the risk of linkage through a chi-
maeric YAC). In all, 92% of the STSs were reliably incorporated
into YAC contigs on the basis of double linkage or single linkage
together with RH position.

The overall distribution of STSs is fairly uniform across the
genome, with the exception of chromosome X, which is sparser
owing to the known under-representation of SSLP genetic mark-
ers on this chromosome®. Given the importance of chromosome
X for genomic studies, a separate project was undertaken at the
MRC Mouse Genome Centre to construct a denser map.

We sequenced plasmids containing DNA from flow sorting of
chromosome X. We obtained 1,043 novel sequences and
derived successful STS assays for 702 of these loci. Genetic map-
ping of a subset of these STSs demonstrated that more than
94% were in fact derived from chromosome X. We screened the
702 STSs, together with 230 SSLP markers, against the MIT
YAC library and recovered 4,367 coordinates corresponding to
791 markers. The resulting data were assembled into an STS-
content map on the basis of double and single linkage, together
with information about the genetic order of the SSLP markers.
The problem of linkage through chimaeric YACs is minimized
because most markers are known to lie on a single chromosome
(whereas most chimaeric linkages will, simply by chance, be
inter-chromosomal).

The resulting map contains 619 markers, of which 168 are
SSLP genetic markers (http://www.mgc.har.mrc.ac.uk/xmap/
xmap.html). The loci are organized into 60 doubly linked and 79
singly linked contigs. The MRC map substantially extends the
Whitehead map of chromosome X: it contains 498 new loci
including 44 SSLP genetic markers, and shares 121 SSLPs in
common. Together, the two maps provide 834 mapped STSs on
chromosome X, corresponding to an average marker spacing of
224 kb. An integrated map image that joins the two physical
maps by the 121 shared genetic markers is available on the
Whitehead and the MRC UK web sites.

Construction of a dense YAC-STS map of the mouse genome
fulfils one of the stated goals of the Human Genome Project.
Furthermore, the STS-content maps are currently being inte-
grated with newly-developed RH maps? to provide a compre-
hensive genomic resource parallel to that developed for the
human genome”-8, The availability of such large collections of
mapped STSs, together with associated YAC clones, is essential
to a wide variety of endeavours. The YAC clones facilitate rapid
positional cloning of mouse mutations based on genetic loca-
tion. The two maps together permit efficient localization of
genes” for both candidate gene and comparative mapping pur-
poses. Finally, the STSs provide a scaffold for sequencing of the
genome: they can be used either to identify specific clones to be
sequenced or to anchor genomic sequence obtained from ran-
dom clones or genome-wide shotgun sequencing. Thus, this
map helps set the stage for the completion of the mouse genome
sequence and the beginning of a new era in comparative
genomics.

Methods
STS generation (Whitehead). STSs were taken from three sources. First,
simple-sequence length polymorphism markers from the MIT genetic map
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were used, and, in cases in which the existing PCR assay performed poorly
in screening of the YAC library, new assays were designed to amplify a tar-
get sequence flanking but not including the simple sequence repeat. STSs
defined by such assays are denoted by the original locus name followed by a
period and a number (for example, D10Mit33.2), indicating that the STS
was derived from sequence near the SSLP but the specific primers are dif-
ferent. Second, gene sequences were taken from GenBank. Third, we gener-
ated random genomic sequences from 10,000 clones from a small-insert
pUC library prepared from sheared, size-selected genomic DNA from a
C57BL/6 ] female and sequenced them with dye-primer chemistry on an
ABI377 sequencer. Sequences were analysed to remove cloning vector and
known repetitive sequences using the Whitehead/MIT STS pipeline soft-
ware®. PCR primers were selected using PRIMER (M.]. Daly, S. Lincoln and
E.S.L.) with a calculated T, of 58 °C. All STSs were characterized before
screening to confirm that they amplify mouse DNA under a uniform set of
PCR conditions.

Pooling scheme (Whitehead). The YAC library was divided into 22 blocks
of ten 96-well plates (960 clones) each and pooled using a five-dimensional
pooling scheme into 55 pools per block. The pooling scheme was based on
parallel planes in the three-dimensional affine geometry over the finite
field GF(11). Specifically, the 960 clones were mapped into the 113=1,331
points of GF(11)? and the pools corresponded to 5 sets of 11 parallel
planes. The planes were chosen to be orthogonal to the vectors (1,0,0)
(0,1,0) (0,0,1) (0,1,2) and (1,2,1). These directions have the property that
any three are linearly independent. Accordingly, in blocks containing a sin-
gle positive YAC, any three of the five dimensions are thus sufficient to
recover the address. We also chose the combinations so that a single false-
positive hit in any dimension is usually consistent with only a single legiti-
mate address and so that two YAC hits within a block can typically be
resolved without ambiguity. Total yeast DNA was prepared for each of the
1,210 sub-pools. Including various controls, each STS was tested in 1,536
PCR reactions.

PCR screening of the YAC library (Whitehead). High-throughput PCR
screening was performed as described?.

Chromosomal assignment of STSs (Whitehead). STSs having more than
14 hits in the YAC library were eliminated from analysis because such out-
liers may represent STSs detecting low-copy repeat sequences. Genetic
markers were assigned to the chromosomes to which they had been previ-
ously mapped. A small number of genetic markers showing double linkage
to more than one chromosome were eliminated from future rounds of the
chromosomal assignment process, because the data were likely to be due to
repeats or laboratory errors. Of the remaining markers, we assigned those
loci showing double linkage to markers on a single chromosome to that
chromosome and we eliminated any loci doubly linked to more than one
chromosome. This step was repeated 3 times and resulted in chromosomal
assignment of 8,203 of the STSs.

Map construction (Whitehead). The co2 software package (developed at
Whitehead and publicly available at http://www-genome.wi.mit.edu/ftp/dis-
tribution/software/co2) was designed to integrate map information from
multiple sources. It searches marker orders to maximize a scoring function.
The scoring function awards a high score for YACs hitting a pair of adjacent
markers, assesses large penalties for violating the genetic map order and
awards smaller penalties for introducing gaps or breaks in clones. The costs
are optimized to approximate the log likelihood of the given order, so that the
chosen marker order is consistent with as much of the data as possible.

STS generation (MRC). Mouse chromosomes were prepared for flow sort-
ing essentially as described®, except that dextran sulphate (20 pg/ml) was
added to the culture medium to enhance the stimulation of the spleno-
cytes. Aliquots of 250,000 X chromosomes were sorted using an Epics Elite
ESP flow cytometer (Beckman-Coulter) in sheath buffer (100 mM sodium
chloride, 10 mM Tris base, ] mM EDTA, pH 7.2) into tubes coated with
yeast tRNA (12.5 pg per tube). To each tube (containing (450 pl of chro-
mosome suspension) we added 0.25 M EDTA/10% sodium lauroyl sarco-
sine (50 pl) and Proteinase K (5 pl, 20 mg/ml), then gently mixed the con-
tents and incubated overnight at 42 °C. Proteinase K was inactivated for 40
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min at RT by the addition of phenyl methyl sulphonyl fluoride (PMSF) to
40 pg/ml. The DNA was purified and, after digestion with HindlII, used to
construct a small insert library in pBluescript II- SK+ (Stratagene) using
standard methods. Plasmid DNA was prepared on a Biomek 2000 (Beck-
man-Coulter) using an alkaline lysis method (http://www.genome.ou.
edu/proto.html) and clones containing inserts >100 bp were selected for
sequencing. Sequencing reactions were performed using BigDye Termina-
tors (PE Applied Biosystems) and run on a PE377 Prism sequencer.
Sequences were downloaded to the HOSEpipe management system!? for
STS design. STSs derived from flow-sorted purified chromosome X mater-
ial were named according to microtitre plate number and well address, pre-
fixed by ‘px-° Primer sequences and other STS data are publicly available
(http://www.mgc.har.mrc.ac.uk/xmap/xmap.html).

YAC library DNA pooling and PCR screening (MRC). The YAC library®
was replicated in 96-well plates and the plates divided into 46 stacks, each
comprising 8 plates. Yeast cultures were combined according to a three-
dimensional pooling scheme to provide primary pools (representing each
stack) and secondary pools (representing individual plates, row pools and
column pools from each stack). Yeast DNA was prepared by lithium dode-
cyl sulphate lysis of cells embedded in agarose!!. We screened YAC library
DNA pools by PCR with STSs using AmpliTaq Gold DNA polymerase
(Perkin-Elmer). PCR templates and reactions were prepared on a Biomek
2000 and run on PTC-225 thermal cyclers (M] Research). We eliminated
STSs giving >20 primary pool positives (out of a possible 46) because they
were likely to represent repetitive elements. Secondary level PCR screens
yielded specific plate, row and column coordinates. The library screening
process provides unambiguous coordinate data (where secondary screen-
ing of an individual stack for a single STS provides a single library address)
as well as ambiguous (or ‘inferred’) results where STS screening produces
multiple potential library addresses from a single stack. All PCR reactions
generated from library screening, including negative and C57BL/6
genomic controls, were electrophoresed on 52-well, 8 comb, Nusieve
agarose (Flowgen) gels.

Genetic mapping (MRC). A panel of DNAs from 44 progeny from the
EUCIB (refs 5,12) cross, selected for breakpoints along the length of the
mouse X chromosome, was used for the genetic mapping of random flow
sorted X-chromosome STSs. PCR products were analysed on 8% non-
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denaturing polyacrylamide gels and single-strand conformational poly-
morphisms (SSCP) detected using a silver-staining method'3. STSs that
showed significant linkage (lod>3) to anchor markers on chromosome X
in the EUCIB database (MBx, http://www.hgmp.mrc.ac.uk/MBx/MBx-
Homepage.html) were assigned ‘DXMgc’ numbers. Loci were ordered by
minimizing observed recombinants among the available haplotypes.

Map construction (MRC). The X chromosome map was assembled by
reading files produced by HOSEpipe into the SAM software!4. Subsequent-
ly, the STS content map was built in three stages. Only unambiguous YAC
coordinate data were used in the first two stages. Initially, we incorporated
markers that were genetically mapped to the X chromosome into the devel-
oping STS content map along with STSs that were doubly linked by unam-
biguous YAC coordinates to these genetic anchors. Order as defined by the
EUCIB genetic map was primary. Markers that were on either WI-CGR or
MGD (http://www.informatics.jax.org/bin/ccr/index) genetic maps, but
not EUCIB, were positioned by comparison with flanking markers shared
with the EUCIB map. We subsequently incorporated markers that were
singly linked to other markers already on the map. In the final stage, mark-
ers that detected inferred coordinates were then introduced into the map
where they appeared to improve contiguity. These inferred coordinates
were tested by PCR amplification from YAC clones from the appropriate
wells. If the coordinates were confirmed, the marker was included in the
final map.
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