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A physical map of a genome is an essential guide for navigation, allowing the location of any gene or other landmark in the
chromosomal DNA. We have constructed a physical map of the mouse genome that contains 296 contigs of overlapping bacterial
clones and 16,992 unique markers. The mouse contigs were aligned to the human genome sequence on the basis of 51,486
homology matches, thus enabling use of the conserved synteny (correspondence between chromosome blocks) of the two
genomes to accelerate construction of the mouse map. The map provides a framework for assembly of whole-genome shotgun
sequence data, and a tile path of clones for generation of the reference sequence. Definition of the human–mouse alignment at this
level of resolution enables identification of a mouse clone that corresponds to almost any position in the human genome. The
human sequence may be used to facilitate construction of other mammalian genome maps using the same strategy.

The recent revolution in large-scale analysis of genomes has already
yielded near-complete DNA sequences of a diverse range of organ-
isms including bacteria, a yeast, a worm, a fly and humans1–7. The
sequence of the mouse genome will have a huge impact on
biological research and human health. It will provide critical
information and reagents for use in mouse experimental models.
It will become possible to unravel the mechanisms of complex
mammalian biological processes and human disease. The mouse
genome sequence will provide the first opportunity to compare the
complete sequence and organization of the human genome with
that of another mammal. It will aid discovery and annotation of
gene structures and other functionally important sequences in both
genomes.

Assembly of each large genome sequence to date has been
underpinned by production of a comprehensive map of overlapping
large-insert bacterial clones (for example, cosmids8 or bacterial
artificial chromosome (BAC) clones9)10–13 for sequencing, and, in
some cases, for integration with whole-genome shotgun sequence
data (refs 5, 7; see also review in ref. 14). The clones provide
substrates for finishing each section of the genome sequence
separately, making it easier to eliminate errors and to achieve a
final accuracy of more than 99.99% (refs 14–16). The study of other
large genomes requires physical maps of a similar standard for
sequencing and biological studies.

Comparisons between genomes reveal homologous sequences,
for example within individual genes, that reflect their common
evolutionary origin and subsequent conservation. Similarity
between genomes is also evident at the level of long-range sequence
organization. A ‘conserved segment’ (also called a ‘conserved
linkage’) refers to a region where the order of multiple genes on a

single chromosome segment (and hence the linkage between them)
is the same in both species. A ‘conserved synteny’ refers to a region
where the chromosomal location of multiple genes is conserved, but
not necessarily their precise order17–19. In general, the degree of
similarity at all levels is higher between species that diverged more
recently from a common ancestor. The long-range organization of
the mouse and human genomes is very similar, and may comprise
about 180 conserved syntenic regions6,17. Detailed studies in some
smaller regions suggest that precise gene order has been conserved,
confirming the existence of conserved segments20,21. The similarity
in sequence organization between these two genomes suggests that
the human genome can be used as a framework to map the mouse
genome20,21, and possibly other mammalian genomes as well.
Alignment of the different genome maps over their entire length
would simultaneously define the syntenic relationship between
them at a new level of resolution, and accelerate the process of
constructing the mouse clone map.

Using the human sequence as a framework
We constructed a physical clone map of the mouse genome in two
phases. In the first phase, we compared restriction digest patterns
(‘fingerprints’) of 305,716 BAC clones22. We identified overlaps
between clones on the basis of similarity between fingerprints and
used this information to construct 7,587 contigs of overlapping
clones. In parallel, we determined sequences at the ends of the
mouse DNA fragments cloned in the BACs (that is, BAC end
sequences, or BESs). We aligned the mouse BAC contigs to the
human genome sequence by identifying matches between human
sequence and mouse BESs. We extended and joined contigs where
possible after re-examining the fingerprint data. Overlapping fin-
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gerprints were required to support each join, while juxtaposition of
the mouse clone contigs along the human genome greatly acceler-
ated the manual editing process. This phase resulted in generation
of a human–mouse homology clone map. In the second phase, we
used a set of independently mapped mouse markers (available in
existing genetic and radiation hybrid maps of the mouse) to
position the BAC contigs in the mouse genome. After further
manual contig editing was carried out, we generated a mouse
clone map comprising 296 contigs.

An illustration of the human–mouse homology clone map
produced in the first phase is shown in Fig. 1. Within a 1.6-
megabase (Mb) region of human chromosome 6 (6q16.1), 11 of
the 15 segments of human sequence match to 29 of the BESs within
a mouse BAC contig. This contig is located on mouse chromosome
4 (Mmu4). The syntenic relationship between the two genomes in
this area was previously indicated by the proximity of the two loci
CNR1 and GABRR1 (human) and their corresponding homologues
Cnr1 and Gabrr1 (mouse) (also shown in Fig. 1). In our analysis
here, a further 29 homologous crosslinks between these two loci are
added.

We found 51,486 homologous crosslinks between the two gen-
omes during this analysis, which corresponds to one match per
54 kb on average (assuming a 2.8-Gb mouse genome; see Methods).
These matches were derived from a complete set of 453,962 BESs.
Some 73% of the BESs contained more than 100 base pairs (bp) of
contiguous unique sequence; we excluded the rest from the analysis.

In all, 1,326 of the BESs matched human chromosome 20 sequence.
We found that 19% of them matched putative coding regions (163
matches to known genes, 80 to new genes, 8 to putative genes and 1
to a pseudogene). The rest were matches to other conserved
sequences in introns (32%) and intergenic regions (49%).
Human–mouse sequence homologies in non-coding regions have
also been observed in other studies20,23,24. From this analysis it is
clear that non-coding homologies contributed significantly to the
alignment.

Of the clones in the human genome tile path, 88% are collinear
with the mouse BAC map (Table 1). For individual human
chromosomes, coverage by aligned mouse contigs exceeds 80% on
all except chromosome 19 (61%) and the Y chromosome (0%).
Lower coverage of these human chromosomes can be accounted for
by several factors. First, we used only BES matches with unique
locations in the human tile path for the alignment. BESs matching
regions of human sequence containing dispersed low-copy repeats
were filtered out of the analysis. Such regions are known on human
chromosome 19 (notably including zinc-finger-containing genes
among others21,25). Second, a significant fraction of chromosome 19
clones (49 in all) are included in the total in Table 1 but contain
pericentromeric repetitive sequence, and any BES matches to them
were excluded. A further 118 clones on chromosome 19 were
covered by contigs aligned in our study, but we did not score
them in Table 1 because they contained no high-scoring matches to
BESs. This is reflected in the low overall density of BES matches on
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Figure 1 Construction of human–mouse homology clone map. Alignment between part of

human chromosome 6 (Hsa6) and mouse chromosome 4 (Mmu4). Clone contigs are

shown as blue and pale pink boxes, respectively. A 1.6-Mb interval is enlarged, showing

part of Hsa6q16.1 aligned to a 1.3-Mb mouse BAC contig. The accompanying megabase

scale for Hsa6 starts from one end of the chromosome (ptel, 0 Mb; qtel,172 Mb), whereas

the megabase scale shown for the mouse contig starts at one end of that contig. a, Human

accessions. Filled and clear boxes denote accessions with and without matches to BESs,

respectively. b, Matches between human sequence and BESs. Black lines denote high-

homology BLAST matches and dashed lines indicate medium-homology BLAST matches

(see Methods for details). c, Mouse BAC clone contig. All clones having at least one BES

that matches a human accession are shown in red (black and white squares at the ends of

clones denote BESs with and without matches to human accessions, respectively). Black

lines represent a subset of the other clones in the contig (the rest have been omitted for

clarity, but can be viewed in Supplementary Information). Previous alignment of the two

human loci CNR1 and GABRR1 with their mouse homologues can be viewed in the NCBI

versus MGD alignment ( http://www.ncbi.nlm.nih.gov/Homology). Another human locus

(RNGTT ) lies between CNR1 and GABRR1 in the human sequence, and its murine

homologue (Rngtt ) is present in the NCBI versus MGD alignment; however, Rngtt has not

been placed in the mouse clone map yet. D4Mit94 and D4Mit137 are additional mouse

markers that have been placed in the clone map by this study.
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this chromosome (Table 1) and may be the result of chromosome-
specific low-copy repeats, as observed previously21,25. We were not
able to align any mouse contigs to the human Y chromosome. Two
reasons may account for this. First, much of the human Y sequence
is repetitive (with Y-specific, X–Y and autosome–Y homologies),
and mouse BES matches to these regions would have been excluded.
Second, only 39% of the BESs were derived from a male mouse
library, and we estimate that only about 0.4% of the BESs were
therefore derived from the mouse Y chromosome.

Of the total coverage of the mouse BAC map (in 211 contigs),
97% (2,658 Mb) is aligned to the human genome sequence. The

other 3% (84 Mb, in 85 contigs) may not have been aligned at this
stage for several reasons. First, the BESs may not find matches in the
human sequence because the human sequence is incomplete. In a
recent analysis, 3% of a curated set of 10,212 full-length human
complementary DNAs (taken from the set in the ‘reference sequence
project’, http://www.ncbi.nlm.nih.gov) were found to have no
match in the human sequence (using BLAT26 to identify matches
with more than 95% identity between cDNA and the human
genome sequence (NCBI Build 28); J.Kent and D. Haussler, personal
communication). This fraction is sufficient to account for all of the
unplaced mouse contigs. Second, most of the unplaced contigs are

Table 1 Summary statistics of human–mouse homology clone map

Human chromosome
number

Human sequence
available (Mb)

Human–mouse sequence
matches

Number of clones in
human tile path

Clones in human tile path that
are covered in mouse

Total Per Mb Number Per cent
...................................................................................................................................................................................................................................................................................................................................................................

1 239 4,888 20.5 2,179 2,060 95
2 242 4,783 19.8 1,951 1,675 86
3 204 3,667 18.0 1,700 1,493 88
4 189 2,747 14.5 1,612 1,510 94
5 182 2,892 15.9 1,973 1,682 85
6 176 3,264 18.5 1,800 1,666 93
7 161 2,957 18.4 1,518 1,342 88
8 143 2,310 16.2 1,210 1,040 86
9 114 2,505 22.0 963 883 92
10 140 2,531 18.1 1,132 1,014 90
11 139 2,606 18.7 1,134 1,013 89
12 137 2,206 16.1 1,022 943 92
13 99 1,318 13.3 851 798 94
14 90 2,103 23.4 655 642 98
15 82 1,721 21.0 671 573 85
16 81 1,470 18.1 726 666 92
17 81 1,585 19.6 656 612 93
18 79 1,226 15.5 616 564 92
19 46 507 11.0 841 512 61
20 61 1,326 21.8 632 608 96
21 34 507 14.9 475 432 91
22 34 439 12.7 345* 279 81
X 149 1,925 12.9 1,555 1,276 82
Y 26 0 0.0 208 0 0

All 2,928 51,483 17.5 26,425 23,283 88
...................................................................................................................................................................................................................................................................................................................................................................

*For chromosome 22, the finished sequence was divided into abutting 100-kb segments for this analysis.

Table 2 Summary statistics of mouse physical clone map by chromosome

Size estimate (Mb) Total contigsMouse chromosome
number

Old* New Number Coverage (Mb)
Percentage of old

size estimate
Percentage of new

size estimate
...................................................................................................................................................................................................................................................................................................................................................................

1 216 196 10 211 98 108
2 209 190 13 186 89 98
3 180 163 8 173 96 106
4 177 160 10 145 82 90
5 170 154 24 156 92 101
6 166 151 16 157 95 104
7 156 141 14 143 92 101
8 149 135 12 140 94 104
9 144 131 15 127 88 97
10 145 131 9 135 93 103
11 142 129 6 107 75 83
12 146 132 8 126 86 95
13 131 119 11 132 101 111
14 134 121 8 130 97 107
15 122 111 7 108 89 98
16 114 103 7 101 88 97
17 116 105 6 95 82 91
18 116 105 6 96 83 91
19 82 74 4 65 80 88
X 187 170 30 132 71 78
Y 86 78 4 14 17 18

Subtotal 228 2,679 87 96
Unlocalized 68 60
Total 3,088 2,800 296 2,739 89 98
...................................................................................................................................................................................................................................................................................................................................................................

*Taken from ref. 47.
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short and contain few BESs. The production of additional mouse
sequence in these contigs may allow identification of homology
crosslinks, and hence alignment of the contigs to the corresponding
region in the human genome. Third, there may be insufficient
homology between the two genomes in some regions.

The mouse clone map
The mouse genome comprises 19 autosomes plus the two sex
chromosomes, X and Y. In contrast to the human genome, all the
mouse chromosomes are acrocentric (that is, the centromere is at or
near one end). To construct the clone map for each mouse chromo-
some, we made use of the available genetic map (http://www-
genome.wi.mit.edu/cgi-bin/mouse/index) of 6,559 gene-specific or
simple sequence length polymorphism (SSLP) markers27–29, and also
a radiation hybrid (RH) map30 of 13,558 markers, which included a
subset of 2,446 of the markers previously ordered in the genetic
map. This provided a total unique set of 18,379 markers. We placed
48% (8,789) of these markers within the mouse BAC contigs using
the BESs or matches to available mouse genomic sequence, or by
hybridization of markers to arrayed BAC clones31–33. We then added
another 8,203 markers to the map by hybridization to the BACs. As a
result, we were able to assign a unique position and orientation on a
mouse chromosome to 203 contigs (containing 2,631 Mb, or 96% of
the map coverage), and a chromosome assignment (but not a
position) to 25 more contigs (containing a total of 47 Mb). A
further 68 contigs (containing 60 Mb) have no chromosomal
assignment. A summary of the mouse map by chromosome is
shown in Table 2.

Most mouse BAC contigs contained multiple mouse markers
(average 57 markers per contig). We compared the order of markers
within the contigs to the order suggested previously by the genetic
and RH data. Overall, there was excellent agreement between the
order of markers in each map, as illustrated for example on mouse
chromosome Mmu2 (see Fig. 2; and Supplementary Information
for all chromosomes). There was also concordance of the marker
order in the clone map with that of the European Union RH map

(http://www.genoscope.cns.fr/externe/English/Projets/Projet _
ZZZ/rhmap.html). The availability of integrated map information
permitted assessment of the remaining 27 minor conflicts. We
found two conflicts between the clone map and both the genetic
and RH maps. The other 25 were conflicts solely with the RH map,
and occur in regions where the genetic map offers limited or no
resolution. For example, we inspected the RH data in the 80–90-Mb
region of Mmu2 (Fig. 2) and found that the number of obligate
breaks between the framework markers can be reduced if these
markers are arranged according to the order in the clone map. We
made the same observation in all eight cases examined in detail
(see Supplementary Information). In general, it appears that the
conflicts are caused by local inversions owing to a few (typically one
or two) suboptimally located framework markers in the RH map.
This in turn causes the order of all other markers previously placed
in the RH map relative to that framework marker to be in conflict
with their order in the clone map.

We carried out an additional check of contig assembly by
comparing ‘virtual’ fingerprints calculated from finished mouse
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sequence with the experimental fingerprints in the database. This
was possible for 762 clones, each with more than 100 kb of finished
sequence available. All virtual fingerprints were matched with high
confidence to an experimentally derived fingerprint in the database,
thus confirming the accuracy of the fingerprint data. Some 97% of
them also matched to the expected position in contigs, confirming
the assembled BAC map. The remaining 3% (20 clones) matched to
other unique locations. These can be attributed to errors in tracking
clone names during the project, and are generally resolved later by
checking the overlaps between clones using sequence information as
it becomes available.

Assuming the mouse genome is about 2.8 Gb in total (see
Methods), coverage of the mouse genome in mapped BACs is
virtually complete: 296 contigs of average size 9.3 Mb cover an
estimated 2,739 Mb. The estimated coverage of each mouse
chromosome by BAC contigs is listed in Table 2. Four contigs
were placed on the mouse Y chromosome. The low coverage is
partly due to the lack of previously mapped markers, and partly
because only part of the fingerprinted BAC collection was derived
from a male mouse. A number of the unplaced contigs contain
clones derived solely from the male mouse BAC library, and may
also map to the mouse Y chromosome when more data is available.
The map continues to be updated, and the current version can be
viewed at http://www.ncbi.nlm.nih.gov/genome/guide/mouse
(choose ‘MapViewer’) or at http://www.ensembl.org/Mus_muscu
lus/cytoview (use the ‘Jump to chr.’ box to select chromosome; if
searching specific features, select ‘cytoview’ option to view the
map). The archive of the map at the time of publication is available
as Supplementary Information. The level of continuity of the mouse
clone map is similar to that of the current human genome map,
which comprises 279 contigs covering approximately 2,928 Mb (as
of March 2002; International Human Genome Sequencing Con-
sortium, I. Vastrik, personal communication).

There are 275 gaps in the mouse clone map. Many of these gaps
occur where there is a break in synteny between the two genomes.
No direct measurement of the existing gaps has yet been attempted
(for example by fluorescent in situ hybridization to chromosomes or
DNA fibres). However, 83 gaps in the mouse map are bridged by
human contigs. The total length of human sequence across these
gaps is 51.9 Mb. If we assume collinearity between the mouse and
human genomes across these gaps, then the average size of each gap
in the mouse map is 0.63 Mb. On mouse chromosome 2, for
example, 9 of the 12 gaps between contigs are bridged by segments
of the human sequence ranging from 0.3 to 1.3 Mb (see Fig. 2). More

practically, the tracts of human sequence that bridge gaps in the
mouse map may provide a source of probes (for example, selected
from annotated exons in the human sequence) to screen for new
mouse clones and thus assist in closing the gaps. Conversely, mouse
clones that are collinear with gaps in the human tile path may be
used to assist closure of the human map. Our study indicates that
132 of the 244 gaps in the human map (March 2002 release) are
bridged by mouse contigs and might be closed in this way.

Human–mouse homology maps
Alignment of the human and mouse clone maps using 51,486
homology crosslinks allowed us to define the segments that are
conserved in both genomes at a new level of resolution. In many
cases we were able to locate the boundary between adjacent
segments to within one or a few clones. For example, the sequence
of human chromosome 6 contains 1,800 sections that overlap to
form eight contigs. We numbered each section arbitrarily from 1
(nearest the telomere of the short arm) to 1,800 (nearest the long-
arm telomere) for the purpose of this analysis (Table 3, ‘ptel–qtel’
numbers). We detected 220 high or medium stringency matches
between a 9-Mb region of human 6p25.3 (segment 6.1, represented
by accessions 3–97) and a region of about 9.9 Mb in a mouse BAC
contig mapped to Mmu13A3 (Table 3 and Fig. 3). In addition, we
found that the order of all 220 matches is consistent between the two
maps, supporting the possibility that this is a conserved segment.
The next segment (segment 6.2) starts in human accession 99 and
extends as far as accession 207. This segment is defined by 303
matches of consistent order with a contig on Mmu13. Segments 6.1
and 6.2 are discontinuous in the mouse. The next segment (6.3) is
aligned to another discontinuous region of Mmu13, whereas the
fourth block (6.4) on human 6p is syntenic with a different mouse
chromosome, Mmu17 (Table 3 and Fig. 3). In total, 20 conserved
segments were identified along human chromosome 6, which
subdivide the nine regions of conserved synteny (Fig. 3; see also
Supplementary Information and updated views at http://www.en-
sembl.org/Homo_sapiens/syntenyview). The results of this analysis
can also be viewed with respect to the mouse chromosomes. For
example, mouse chromosome 11 contains five regions of conserved
synteny with the human genome, which are subdivided into 21
conserved segments (Fig. 4; see also Supplementary Information
and updated views at http://www.ensembl.org/Mus_musculus/syn-
tenyview).

Overall, we defined 288 conserved segments contained within 167
regions of conserved synteny (Fig. 5). This compares with a previous

Table 3 Conserved segments between human chromosome 6 and mouse

Segment Human ptel–qtel
number*

GenBank accession
numbers

Human segment
size (Mb)

Human–mouse
homology hits

Hits per
Mb

Mouse chromosome
number

Mouse segment
size (Mb)

...................................................................................................................................................................................................................................................................................................................................................................

6.1 3–97 AL365272–AL031785 9.0 220 24 13 9.9
6.2 99–207 AL031904–AL022726 10.3 303 29 13 9.0
6.3 209–302 AL008627–AL049543 9.5 146 15 13 9.9
6.4 310–374 AL022727–Z97183 5.6 89 16 17 3.4
6.5 376–432 AL161903–AL035690 5.1 116 23 17 4.4
6.6 434–453 AL136087–AL031778 1.8 37 21 17 1.9
6.7 458–537 AL139331–AL390247 6.5 178 27 17 6.6
6.8 560–582 AL360175–AL109918 2.7 70 26 1 3.1
6.9 582–613 AL109918–AL589796 3.1 57 18 9 2.9
6.10 620–771 AL031779–AL365232 12.4 204 16 1 13.2
6.11 773–900 AL603910–AL136082 11.1 257 23 9 10.9
6.12 918–998 AL096817–AL513186 7.0 174 25 4 7.5
6.13 1,005–1,031 AL607077–AL589740 2.9 45 16 4 2.7
6.14 1,033–1,044 Z84482–AL390959 1.1 24 22 4 1.7
6.15 1,048–1,120 AL080285–AL645528 6.8 120 18 10 8.3
6.16 1,121–1,227 AL355586–AL121953 9.2 157 17 10 10.4
6.17 1,229–1,297 AL354716–AL512283 6.2 141 23 10 7.0
6.18 1,301–1,579 AL591428–AL078581 26.1 616 24 10 27.7
6.19 1,584–1,637 AL355497–AL591419 3.9 65 17 10 4.1
6.20 1,639–1,797 AL591499–AL031259 15.0 246 16 17 11.4

Total 155.3 3,265 21 156.0
...................................................................................................................................................................................................................................................................................................................................................................

*Numbered arbitrarily from 1 (nearest the telomere of the short arm) to 1,800 (nearest the long-arm telomere).
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analysis using 2,997 markers, in which 183 conserved segments were
detected6. The existence of multiple adjacent (but discontinuous)
segments within the same syntenic region (for example segments
6.1–6.3 and 6.15–6.19 in Table 2 and Fig. 3) supports the hypothesis
that a significant number of intrachromosomal inversions, in
addition to interchromosomal rearrangements, contributed to
formation of the present-day structures from the chromosomes of
a common ancestor. Our results are consistent with previous
observations for several chromosomal regions34–37, including the
recent high-resolution studies on human chromosomes 19 (refs 21,
38), 21 (ref. 39) and 7 (ref. 20). In the latter study, for example,
comparative analysis using a high density of markers resulted in
detection of 20 conserved segments within 16 regions of conserved
synteny (compared with 25 and 15, respectively, in the present
study). Small conserved segments will inevitably escape detection in
the absence of sufficient homology crosslinks. For example, the
Mmu2–Hsa7 segment reported in the previous study was estimated
to be probably less than 100 kb (ref. 20), and was not detected in
our study here. Anecdotal evidence from detailed comparisons
of finished sequence between the mouse and human chromosomes
indicates the presence of very small regions (as little as 1 kb)
where conserved order is disrupted, either by recent duplications

or insertion of unrelated sequence23,34,39,40. Ultimately, the align-
ment of finished sequences of the two genomes will be required to
define the exact number and boundaries of every conserved
segment.

Future work
Physical clone maps of complex genomes provide an essential
framework to produce complete genome sequences. The clones
also provide a source of well-characterized material for experimen-
tal studies. In the absence of large-scale sequencing programmes
(and these may not be expected for a number of genomes in the
foreseeable future), the availability of an accurate clone map will
allow targeted sequencing of regions of specific interest. The
alignment of maps of multiple genomes will also permit rapid
investigation of orthologous gene sequences for structural and
functional comparisons.

The first genomes to be mapped and sequenced in their entirety
have been the result of enormous and expensive efforts. A hallmark
of these studies has been the quality of the product, which has
benefited from cross-validation between independently constructed
maps for long-range information, and from the high accuracy of
finished sequence. In our study, the availability of the human
genome sequence has been exploited for faster characterization of
the mouse genome. This approach will be applicable to many other
mammals, and may also work for more distantly related vertebrates.
Three factors contribute to the success of the mapping strategy: (1)
good coverage of the genome in large contigs after the initial
fingerprinting; (2) high-quality sequence cross-matches between
most of these contigs and the reference sequence; and (3) sufficient
independently mapped markers to order and orient all the contigs
in the new map. Future projects would benefit from a similar depth
of coverage in BACs (at least 15-fold) to ensure good representation
of the genome in long contigs. Some savings might be made in the
number of BESs required for the mapping alignment. One way to
reduce the cost of the project would be to select clones from pre-
existing contigs before sequencing the insert ends. However, this
would reduce the number of sequence anchor points in the final
map with consequent disadvantages (see below). For genomes more
closely related than human and mouse, a higher proportion of the
BESs would be expected to match the reference sequence (compared
with 16% for the human–mouse study), which would allow
reduction in the number of BESs generated without reduction of
cross-matches.

The physical clone map of the mouse has provided 98% coverage
of the genome in BAC contigs of average size more than 9 Mb. From
the more than 300,000 BACs in the map, a complete tiling path of
clones is being selected for production of the finished sequence. So

Hsa5

Hsa17
Hsa2

Hsa7

Hsa22

Mmu11

Figure 4 Conserved segments between mouse chromosome 11 and the human genome.

The pale green bars in the centre of the chromosome ideogram represent the current

extent of contig coverage in the mouse map. Dotted lines between the two species of

same coloured blocks indicate conserved syntenic blocks inverted with respect to each

other relative to the orientation of each chromosome as drawn.

Figure 5 Homology maps of the mouse and human genomes. a, The mouse–human

homology map. Bars in the centre of each mouse chromosome ideogram denote the

ordered and oriented mouse contigs determined by this study. The coloured blocks

adjacent to each mouse chromosome indicate discrete regions where marker order is

conserved between the two genomes. Colours correspond to specific human

chromosomes in b. Positions of human telomeres are located within mouse contigs by

arrows in the colour of their corresponding chromosome: up arrow indicates the p

telomere and down arrow indicates the q telomere. The X-chromosome relationship is

represented by arrows drawn in the direction Xp to Xq from the human. b, The human–

mouse homology map. Bars in the centre of human chromosome ideograms denote clone

contigs in the human genome. Adjacent coloured blocks indicate discrete regions where

marker order is conserved with the mouse. Colours correspond to specific mouse

chromosomes as in a. An interactive display of these figures is available (http://

www.sanger.ac.uk/Projects/M_musculus/publications/fpcmap-2002). Regularly

updated synteny information is also available (http://www.ensembl.org/Mus_musculus/

syntenyview and http://www.ensembl.org/Homo_sapiens/syntenyview).
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far, about 2.8% of the mouse genome sequence is available in this
form (http://www.ncbi.nlm.nih.gov), and completion is scheduled
for 2005. The mouse map contains more than 450,000 BESs
(covering 220 Mb, or 7.8%, of the mouse genome), most of which
contain sufficient unique sequence to anchor the current mouse
whole genome sequence assemblies of 40 million reads (,6 £
coverage; http://trace.ensembl.org). This combined resource will
provide a comprehensive working draft of the mouse genome in the
public domain for immediate use. For example, the January 2002
release of this product included 20,652 annotated transcripts
(http://www.ensembl.org/Mus_musculus/stats). The same
sequence is also assisting the identification of genes on the basis
of sequence conservation41 where no human cDNA is available.
Detailed comparison between human and mouse sequences will
therefore provide a comprehensive catalogue of genes (and ortho-
logous-pair relationships where they exist) for comparative func-
tional and genetic studies. It will also be possible to identify the
evolutionary events at the sequence level that have occurred since
divergence of the two species. A

Methods
Map construction
Fingerprints of RPCI-23 and RPCI-24 mouse BAC clones22 were generated by separation
of HindIII restriction-enzyme digest fragments on 1.2% agarose gels42. Gel images were
acquired with Image software (http://www.sanger.ac.uk/Software/Image) and restriction
fragments identified using BANDLEADER software (D. Fuhrmann et al., unpublished).
Fingerprints were assembled within the program FPC43 under high stringency conditions
at a probability of 1 £ 10216 and a match tolerance of seven. The BESs44 from clones within
the fingerprint database were then matched to the tile path of human sequence clones.
Human tile path accessions and mouse BESs were repeat masked and then aligned by
BLASTN version 2.0a13MP-WashU, 10 June 1997 (http://blast.wustl.edu; W. Gish,
personal communication)45. All matches longer than 100 bp, and with a significance value
above 0.01, were clustered using the initial fingerprint assembly. A ‘high score’ blast match
(that is, with a blast score .700) was required to anchor each mouse map contig to the
human tile path, supported by at least one other BLASTmatch (Fig. 1). Only matches with
unique locations in the human tile path were used. Matches between the mouse BESs and
human accessions had an average score of 627.29 and an average identity of 72.3%. Contigs
that were adjacent to each other on the basis of their alignment to the human sequence
were inspected manually and joined if fingerprints of the end clones overlapped with
probability scores of better than 1 £ 10212. Markers were added to the map either by
electronic PCR31, or by hybridization using overgo probes33. Markers were incorporated
into the physical map only if they were uniquely placed within the map. Additional joins
were made between contigs that were adjacent according to consistent mouse marker data
if supported additionally by fingerprint overlaps with probability scores of better than
1 £ 10210.

Coverage estimates
The exact length of 125 mouse clones, for which finished sequence was available (totalling
25,349 kb) was divided by the number of HindIII fragments (5,597) observed as single
bands in the fingerprints of these clones. This provided a conversion factor of 4.5 kb per
observed fragment, which was used to calculate all contig sizes in the consensus map as
listed in Table 2. An estimate of 2.8 Gb for the size of the mouse genome was obtained as
follows. Assembled mouse whole-genome shotgun data (November release, covering a
total of 2.41 Gb) contained 91% coverage of 41 Mb of finished mouse genomic sequence.
On this basis, the mouse genome is estimated to cover ,2.8 Gb (2.65 Gb euchromatin plus
heterochromatin). Length estimates for individual mouse chromosomes were taken from
refs 46 and 47, adjusted using the estimate of whole genome size described above (see Table
2). This result suggests that the mouse genome is shorter than the human genome.
Support for this was obtained by comparing contiguous and finished mouse and human
genomic sequence in 13 regions that could be aligned. The combined total lengths were
6.29 Mb (mouse) and 7.78 Mb (human) (ratio 0.8), although values for individual
segments varied between 0.73 and 1.06. These results are in line with previous
observations34,35,39,48–50.
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Supplementary Information accompanies the paper on Nature’s website

(http://www.nature.com/nature). Updated views of the map are available from the authors’

websites (http://www.ensembl.org/Mus_musculus/cytoview and http://www.ncbi.nlm.nih.gov/

genome/guide/mouse), as is an archive version for this publication, plus comparisons and

discussion of genetic, RH and clone maps, and an interactive version of the synteny displays of

Fig. 5 (http://www.sanger.ac.uk/Projects/M_musculus/publications/fpcmap-2002).
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