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A genetic linkage map of the human genome was constructed that consists of 1416 loci,
including 279 genes and expressed sequences. The loci are represented by 1676 poly-
morphic systems genotyped with the CEPH reference pedigree resource. A total of 339
microsatellite repeat markers assayed by PCR are contained within the map, and of the
351 markers with heterozygosities of at least 70%, 205 are microsatellites. Seven telomere
loci define physical and genetic endpoints for 2q, 4p, 7q, 8p, 149, 16p, and 16q, and in other
cases distal markers on the maps have been localized to terminal cytogenetic bands.
Therefore, at least 92% of the autosomal length of the genome and 95% of the X chro-
mosome is estimated to be spanned by the map. Since the maps have relatively high
marker density and numerous highly informative loci, they can be used to map disease
phenotypes, even for those with limited pedigree resources. The baseline map provides
afoundation for achieving continuity of tlone-based physical maps and for the development
of a truly integrated physical, genetic, and cytogenetic map of the human.

Genetic linkage mapping has become an
important technology applied to the study
of human biology and, in particular, for the
delineation of the molecular basis of disease
through gene isolation and characterization

of mutations in DNA. Once the chromo-

somal location of a disease-producing gene
has been determined, fine structure genetic
mapping narrows the region to be searched.
Subsequent studies often include examina-
tion of known' genes mapping to the area
and isolation of new genes by positional
cloning strategies. The success of this ap-
proach has been stunning, and the pace is
accelerating rapidly, due in large part to the
availability of sets of mapped genetic mark-
ers and improvements in physical mapping
methods. Landmarks from the past few
years include isolation of genes responsible
for cystic fibrosis (1), neurofibromatosis (2),
and fragile X-linked mental retardation
(3). Since these disorders segregate as single
Mendelian traits and because reasonably
large pedigree resources were available,
there. was every expectation that the genes
eventually would be cloned and that the
molecular basis of the disorders would be
determined quickly. This prediction has
been fulfilled. It was not obvious, however,
that the bases for common disorders such as
diabetes, colon cancer, breast cancer, and
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affective disorders could be resolved by this
approach since they could be caused by
multiple, independent genes and, in addi-
tion, might be influenced by environmental
factors. Although progress in mapping bi-
polar affective disorder and schizophrenia
has been slow (4), evidence supporting the
feasibility of this approach for common
diseases has come from reports of the isola-
tion of a gene responsible for colon cancer
(5); mapping of a breast cancer locus (6);
and verification, by linkage and mutation
analysis, .that a candidate gene (glucoki-
nase) is responsible for a form of diabetes
7).

Despite these successes, genetic linkage
maps for the human chromosomes are not
yet ideal for trait mapping. For example,
the correspondence between the end points
of the genetic linkage maps and the physi-
cal termini of chromosomes remains uncer-
tain because only a few human telomeres
have been identified in cloned DNA (8-
10). Therefore, the extent to which the
human genome is encompassed by genetic
maps is not fully known. In addition, cen-
tromere-specific polymorphisms are avail-
able for only a few chromosomes, limiting
the definition of these structures within the
context of linkage maps. The most signifi-
cant weakness of the currently available
genetic maps, however, is the lack of highly
informative markers that are evenly spaced
along the chromosome. Most of the
mapped markers are restriction fragment
length polymorphisms (RFLPs) (11) as-
sayed by DNA hybridization [see, for exam-
ple, Donis-Keller et al. (12)]. Although
these DNA markers are abundant in the
genome, the most informative members of
this class, VNTRs (variable number of tan-
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dem repeats) or minisatellites (13), tend to
cluster near the ends of chromosomes (14,
15). Furthermore, only a small number of
cloned genes have been incorporated into
linkage maps because of the low degree of
restriction site polymorphism within or
nearby these coding sequences.

In addition to their utility for disease
gene localization, genetic linkage maps
could prove valuable for clone-based phys-
ical mapping of whole chromosomes, par-
ticularly as a means of facilitating closure
attempts, since the position of contigs
along the chromosome and locations of
gaps could be readily identified. Until quite
recently, the advantage of applying genetic
mapping to this purpose and its use in
focusing DNA sequencing efforts have not
been fully appreciated because of the lack of
high-resolution maps containing markers
that could also be readily used as physical
mapping reagents.

Because of the perceived need to quickly
and systematically develop a high-resolu-
tion genetic linkage map of the human
genome, several international efforts have
been launched during the past several years.
At the National Institutes of Health
(NIH), the National Center for Human
and Genome Research (NCHGR) initiated
a program to develop “index maps” for each
of the human chromosomes consisting of
genetic markers with interval spacing of no
more than 15 cM (centimorgans) and
marker heterozygosity of at least 70% (16).
Similar efforts to improve the existing ge-
netic maps are also under way under the
auspices of the European Genetic Linkage
Map Project (EUROGEM) and Genethon
(17).

These efforts have been greatly facilitat-
ed by the recognition that polymorphisms
originating from microsatellite repeat ele-
ments, abundant and ubiquitous through-
out the genome, could be exploited for
genetic mapping if they were assayed by the
polymerase chain reaction (PCR) and
DNA sequencing gels (18). A relatively
large number of these markers have already
been developed (19). Furthermore, micro-
satellite markers have proven to be highly
informative and well distributed throughout
the genome. The presence of these markers
in regions adjacent to coding sequences has
enabled the incorporation of cloned genes
into genetic linkage maps (20). The mark-
ers are also “ready-made” sequence tagged

67



sites (STSs), providing useful reagents for
physical mapping (21).

Another important aspect in the devel-
opment of genetic maps was, and continues
to be, the availability of a common refer-
ence pedigree collection and a shared gen-
otype repository. The Centre d’Etude du
Polymorphisme Humain (CEPH), estab-
lished in 1984 by Jean Dausset and Daniel
Cohen, provides DNA from a set of refer-
ence pedigrees to collaborating laboratories
(currently 99 worldwide), maintains a gen-
otype database that is distributed regularly,
and sponsors the construction of consor-
tium linkage maps (22).

Finally, the development of statistical
methods embodied in computer programs
(23-26) have made possible construction of
high-resolution genetic maps containing
100 or more markers. In addition, the
availability of high-speed and relatively in-
expensive workstations for linkage calcula-
tions has made this type of research acces-
sible to a large number of laboratories.

Map-making has been transformed over
the past 10 years from a relatively arcane
pursuit by a small number of human genet-
ics groups to an intensive, highly collabo-
rative process, often involving many labo-
ratories. This activity has led to the publi-
cation of many independent maps present-
ed in a variety of formats. Therefore, it is
not possible to readily achieve a “view” of
the entire genome. Such a “view” is crucial
for those interested in designing efficient
strategies for screening the human genome
in search of locations for heritable traits. It
also has become apparent that defining
chromosome deletions by means of mapped
genetic markers is quite useful for pinpoint-
ing the locations of putative tumor suppres-
sor genes implicated in a wide variety of
neoplasias [for example, see (27, 28)].

To unify a large amount of genotypic
data currently available from the CEPH
database and collaborating laboratories,
members of the genetic mapping communi-
ty have joined together to construct a ge-
netic linkage map of the human genome
which is presented here in a common for-
mat. The map should provide a useful tool
for disease gene mapping, for defining chro-
mosome deletions, and for assessing current
progress and future directions for human
genetic linkage mapping.

Results

Genetic markers and genotypic data. Charac-
teristics of the 1676 genetic markers used to
construct the genetic maps reported in this
study are summarized in Table 1 (see Ap-
pendix, pages 148 to 159). Cytogenetic
band assignments for markers that have
been physically mapped are indicated along
with the relevant literature citations (a

subset of these assignments is also shown in
Fig. 1). The markers are grouped by chro-
mosome and listed alphabetically according
to locus name within each grouping. Mark-
ers that have not been assigned gene abbre-
viations or D segment numbers are placed
at the end of the relevant chromosome
listing. Unless otherwise indicated, the in-
formativeness [heterozygosity and polymor-
phism information content (PIC)] for the
markers has been calculated from the gen-
otypes used to construct the maps.

Genotypic data consisted of RFLPs as-
sayed by Southern blot hybridization (1317
systems), protein polymorphisms (17 sys-
tems, assayed by a variety of methods in-
cluding gel electrophoresis, serologic test-
ing, and enzymatic assay), single base
change polymorphisms assayed by the oli-
gonucleotide ligation assay (OLA) (three
systems; see chromosome 14), and micro-
satellite polymorphisms assayed by PCR
(339). These data are available to interest-
ed investigators (29).

Error checking of genotype data was
routinely performed prior to map construc-
tion. For example, the inheritance of poly-
morphic alleles in families was tested for
parental exclusions (an indicator that indi-
viduals in the pedigree have been misla-
beled or that genotypes have been incor-
rectly scored). The chromosome 1 genotype
data underwent multiple checks during the
building process for the CEPH consortium
map, as discussed in Dracopoli et al. (30), as
did much of the data used in additional map
construction projects of the CEPH consor-
tium (31). All groups (with the exception
of those working on chromosomes 11 and
18) checked the CEPH V5 data for errors,
usually through examining the CRI-MAP
CHROMPIC output (25) for apparent close
double crossovers and intralocus recombi-
nants. Nearly all laboratories retyped sus-
pect data from microsatellite markers (most
of which were found as apparent double
recombinants). Although no error check-
ing was performed on the CEPH database
for chromosome 18, after it was merged
with new data, all suspect data were regeno-
typed and corrected before the final map
was produced. Few laboratories retyped
RFLP markers, but when autoradiographs
were accessible, questionable data were re-
examined; for example, all the CRI-RFLP
markers on chromosome 20 were rescored.
For chromosomes 4 and 15 suspect data
were not removed from the data set during
the map construction process. Changes to
genotypes in systems from chromosomes 18
and 19 were done only after regenotyping.

We found several markers in the CEPH
database chromosome files that genetically
map to a chromosome other than the one
from which they were thought to originate.
Incorrect placement,of a marker on a chro-
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mosome was suspected when, in multipoint
map runs, a marker could not be placed
uniquely and the mapping program would
choose the best (nonunique) placement at
either end of the chromosome, or place it in
most map intervals over the entire map
length. These markers were tested against
the entire CEPH V5 database in two-point
linkage analyses and multiple, significant
(>LOD 4.0) linkages with markers from
other chromosomes revealed their true ori-
gins.

Methodologies used for construction of the
linkage maps. Several computer program
packages are currently available for the
construction of human multipoint linkage
maps. One of the first program packages of
this type to be described, LINKAGE (23),
was used [with a modified version of
CILINK, (32)] to construct genetic maps
described in this report for chromosomes 5
and 17. In addition, the maps for chromo-
somes 5 and 17 were built with an automat-
ed iterative algorithm (32-34) that utilizes
a primary (“skeleton”) map and adds un-
mapped loci to the map after performing
multi-point analyses. In a single iteration,
however, only one marker can be added to
any interval, and none to intervals adjacent
to intervals receiving new markers. At each
step, a new skeleton map is generated and
validated, and then the process is repeated
until no additional markers can be added to
the map. The final distances for the chro-
mosome 1 map shown here were calculated
with LINKAGE, with other independent
multipoint map orders constructed with
MAPMAKER [version 1.0 (26)] and CRI-
MAP [version 2.4 (24, 25)] as described in
Dracopoli et al. (30).

Fourteen chromosome maps were con-
structed by means of the program package
CRI-MAP [version 2.4 (24, 25)] (chromo-
somes 2, 3, 6, 7, 8, 10, 11, 12, 13, 14, 15,
16, 20, and 21). Similarly, the chromo-
some 18 map was constructed by means of
CRI-MAP and CILINK in combination.
CRI-MAP and CROSSMAP (35), a new
program that evaluates map order solely on
the criterion of crossover minimization,
were used to build the chromosome 19 map.
The chromosome 4 and X maps were con-
structed with CRI-MAP (23) in conjunc-
tion with a previously described map-build-
ing strategy (36). The sequence followed
with CRI-MAP, in general, is to use the
BUILD option first to generate initial maps
each beginning with two highly informative
markers spaced approximately 10 cM apart
(determined by initial two-point analyses).
Markers are then uniquely assigned to this
map if their placement in an interval is at
least 1000:1 more likely than placement in
the next best interval, and the most likely
intervals for placement of the remaining
(nonunique) markers are also determined.



