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A Comprehensive Genetic Linkage Map
of the Human Genome

NIH/CEPH Collaborative Mapping Group*

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, 14q, 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 clone-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 closur&,
attempts, since the position of contlg
along the chromosome and locations of -
gaps could be readily identified. Until quité»
recently, the advantage of applying genetic®
mapping to this purpose and its use i3
focusing DNA sequencing efforts have not=
been fully appreciated because of the lack otg
high-resolution maps containing markerss
that could also be readily used as phystcalm
mapping reagents.

Because of the perceived need to qulckly‘”
and systematically develop a high-resolug
tion genetic linkage map of the humano
genome, several international efforts hav.
been launched during the past several years%
At the National Institutes of Health
(NIH), the National Center for Humang
and Genome Research (NCHGR) initiated=
a program to develop “index maps” for eachl
of the human chromosomes consisting ofg
genetic markers with interval spacing of no@
more than 15 c¢cM (centimorgans) andS
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
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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 (25) 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.



The CHROMPIC option is used to identify
the locations of likely data errors, and after
correction of the data set, the process is
repeated. After new BUILD analyses, the
FLIPS option is used to test permutations of
markers (commonly in sets of three or four)
to identify the best map order. MAP-
MAKER |[version 1.0 (26)] was used to
construct the genetic map for chromosome
9. In the case of chromosome 22, both
MAPMAKER and CRI-MAP were used for
map construction.

For all maps, the criteria established for
odds of marker order were at least 1000:1,
regardless of the map construction programs
or strategies chosen. Loci that were not
ordered uniquely by these criteria were
placed along the intervals to which they
could reside (as shown in Fig. 1). In gener-
al, the various mapping programs produce
maps with comparable genetic orders. Both
CRI-MAP and MAPMAKER were written
expressly for the purpose of quickly finding

the best genetic order for large numbers of
loci and they perform that task well. The
major difference between CRI-MAP and
MAPMAKER (from the user’s perspective)
is that CRI-MAP takes advantage of more
genotypic data, inferring genotypes where
possible. Because LINKAGE, which has
traditionally been used for disease mapping,
uses more of the genotypic data set in its
calculations, it produces more accurate re-
combination fractions but is slower and not
practical for the simultaneous mapping of
large numbers of markers. Statistical sup-
port for map order is termed local (odds for
inversion of small sets of markers) or global
(support for one entire map order over
another map order). Local support is less
robust and is very sensitive to genotyping
errors.

The genetic maps. Graphical representa-
tions of the chromosome maps, which in-
clude a total of 1416 genetic loci, are given
in Fig. 1. For each chromosome, one link-

Table 2. Predicted and observed map lengths. Estimates for the physical lengths of the chromo-
somes and mean chiasma map lengths were taken from N. E. Morton (38). In some cases,
estimates of the physical lengths of the chromosomes contained within the genetic maps were
based on genetic markers developed from cloned telomere segments (chromosomes 2, 4, 7, 8, and
14) or by physical mapping that established the subtelomere locations of genetic markers to within
a few hundred kilobases of the T,AGj; telomere repeat element (chromosome 16, p and q). For other
cases, estimates were inferred from cytogenetic localizations of markers from the most distal
portions of the linkage maps and by estimating the percentage of the chromosome arm included
within these cytogenetic bands. For example, in the case of chromosome 8, an 8p telomere
polymorphism estimated to reside within 150 kb of the T,AG; repeat defines the physical and
genetic end point of the short arm of the chromosome. The penultimate marker from the 8q linkage
map and uniquely localized (D8S139) maps to the most terminal cytogenetic band (8g24.3—qter),
which we estimate spans approximately 5% of the long arm. In addition, the terminal uniquely
localized 8q genetic marker, GPT, extends the linkage map approximately 19 cM in the distal
direction. Therefore, from these observations we estimate that the genetic map covers approxi-

mately 95% of 8q and 100% of 8p.

Estimated
. physical
e P;ﬁ?;?éz? Chiasma Observed lengths (cM) map Mapped
length (Mb) (mean cM) coverage telomere
Male Female Sexavg %p  %q

1 263 282 308 478 390 95 95 —
2 255 261 283 442 354 95 100 q
3 214 188 276 399 334 95 95 —
4 203 231 208 356 275 100 95 p
5 194 198 245 363 297 95 95 —

6 183 213 194 321 249 90 98 —

7 171 178 207 355 267 95 100 q

8 155 172 183 298 237 100 95 p

9 145 146 128 220 170 70 95 —
10 144 167 191 322 250 95 95 —
1" 144 150 225 276 245 95 95 —
12 143 196 144 289 201 90 90 —
13 114 130 193 246 219 0 95 —
14 109 113 134 216 171 0 95 q
15 106 148 146 212 178 0 95 —
16 98 145 133 197 162 99 98 p.q
17 92 196 137 200 168 95 95 —
18 85 143 72 161 109 70 90 —
19 63 146 98 134 114 85 80 —
20 72 180 135 162 147 95 95 —
21 50 70 57 78 67 0 95 —
22 60 81 81 115 98 0 90 —
X 164 NA NA 208 NA 95 95 —
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age map is shown representing the sex-
average map for which recombination be-
tween the sexes was not distinguished. Also
shown are idiograms representing the band-
ing pattern of metaphase chromosomes
stained with Giemsa dye and observed un-
der the light microscope (37). A subset of
genetic markers on the sex-average map
sublocalized by physical methods, such as
fluorescence in situ hybridization (FISH),
are connected to their chromosomal band
assignments in the idiogram. These genetic
loci served to orient the linkage maps and
assisted in estimating the extent of genetic
and physical chromosome coverage. Re-
combination frequencies for all maps have
been converted to centiMorgans by means
of the Kosambi mapping function.

Table 2 summarizes the predicted and
observed genetic map distances for each of
the chromosomes. Also included are the
estimates for the physical lengths of the
chromosomes (38) and the percent of the
physical distance included in the genetic
maps. For chromosomes 1 to 16 and chro-
mosome 22, the observed sex-average
length exceeded the predicted length based
on chiasma counts, except for chromo-
somes 12 and 16 which are within 2% and
10% of the chiasma estimate, respectively.
For chromosomes 17 to 21, the observed
lengths of the sex-average maps were some-
what less than the chiasma estimates. How-
ever, in all cases the genetic distance (in
centimorgans) exceeded the estimated
physical distance (in megabases), if one
assumes a correspondence of 1 ctM = 1 Mb.
Maps of the individual chromosomes were
constructed by the authors indicated with
the map descriptions; their affiliations are
listed at the end of the References and
Notes section.

Chromosome 1

N. C. Dracopolid, P. O'Connell®, T. |. Els-
ner®, J.-M. Lalouel®, R. L. White®, K. H.
Buetowd, D. Y. Nishimura®, J. C. Murray®,
C. Helms', S. K. Mishra', H. Donis-Keller",
J. M. Halle, M. K. LeeS, M.-C. King9, J.
Attwood", N. E. Morton', E. B. Robson", M.
Mahtanii, H. F. Willardi, N. J. RoyleX, I.
Patelx, A. J. Jeffreys*, V. Verga', T. Jen-
kins', J. L. Weber™, A. L. Mitchell", A. E.
Bale"

This map is a reproduction of the CEPH
consortium linkage map of human chromo-
some 1 (30). The map contains 99 loci [128
systems; see (16) for a discussion of sys-
tems). Fifty-eight loci are uniquely placed
on the map with likelihood support
>1000:1, and the remaining loci that are
not excluded with these odds are arrayed in
narrow intervals along this fixed map. D172
and D1S68, located in the terminal bands
of both chromosome arms, also define the
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genetic end points. Therefore we estimate
that the linkage map reflects approximate-
ly 95% of the physical length (263 Mb)
(38) of the chromosome. The map is
anchored at the centromere by the
uniquely placed a-satellite polymorphism,
D1Z5. The male, female, and sex-average
maps extend for 308, 478, and 390 cM,
respectively. Comparison of 4205 geno-
types submitted in duplicate demonstrated
a typing error rate of 0.6%. Therefore, the
length of these multipoint maps is likely to
be inflated by approximately 68 cM. Al-
though RFLP markers currently dominate
the map (only six microsatellite repeats
are included), genotypes from a recently
constructed chromosome 1 microsatellite
map of 33 loci (39) will be available for
development of a detailed combined map
in the future.

Chromosome 2

R. Anker2, T. Steinbrueck®, M. Holt?, J. L.
Weber®, H. Donis-Keller2

The sex-average linkage map for chro-
mosome 2 is 354 cM in length: 283 cM for
males, 442 cM for females. Although this
is considerably longer than the estimate
(261 cM) based on chiasma counts (38),
the observed length is consistent with
genetic measurements for chromosome 1
(which is very close in physical length to
chromosome 2) and similar with respect to
the number of mapped markers. We esti-
mate that more than 95% of the physical
length of chromosome 2 (255 Mb) (38) is
contained within the genetic map since
one of the most distal markers on the short
arm, ACP1, has been cytogenetically
mapped to 2p25-pter, and the q terminus
is contained within a telomere YAC clone
(8), D2F69S1, that detects three RFLPs.
The same cosmid subclone that detects
the 2qter polymorphism (with LODs of 12
to 73 with multiple markers) detects two
RFLP systems at the p terminus of chro-
mosome 8 (see chromosome 8 descrip-
tion). Altogether there are 22 mapped
markers with heterozygosities of at least
70%; 10 are RFLPs and 12 (from a total of
21) are microsatellite polymorphisms. A
total of 79 loci (96 systems) are included
in the map and 36 have been uniquely
localized. The sex-average map contains
seven intervals that exceed 15 c¢M, and
one of these near the p terminus consti-
tutes a genetic gap of nearly 60 cM. Our
map is similar in length and number of
uniquely localized markers to the recently
reported CEPH consortium map (40) ex-
cept that the CEPH map included a single
microsatellite marker (ours has 21) and we
have added 24 new polymorphic systems
including a telomere locus.
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Chromosome 3

S. L. Naylor?, S. ShermanP, H. A. Drabkin®,
E. Whishenand®, D. Garcia?, R. Chinn?, B.
DuBois?, P. Wilkied, J. L. Weber?, Y. Na-
kamura®

The sex-average map spans 334 cM and
consists of 51 loci, of which 48 have been
uniquely placed. Although neither telo-
mere has yet been cloned, we estimate that
approximately 95% of the physical length
of the chromosome is included in the ge-
netic map on the basis of correlations be-
tween distal linkage markers that have also
been placed within the cytogenetic map.
The average interval between markers is
about 7 cM although there are some gaps
occurring in the telomeric regions. Howev-
er, no gap is greater than 20 cM on the
sex-average map. The sex-specific maps are
276 cM and 399 cM for males and females,
respectively. For some intervals, there is
significantly more recombination occurring
in males compared to females. Seventeen
microsatellite markers have been incorpo-
rated in the map, and of the 13 markers
with heterozygosities in excess of 70%, 11
are microsatellites that are relatively evenly
distributed along the length of the map.

Chromosome 4

J. C. Murray?, K. H. Buetow®, T. Hudson®,
J. L. Weber?, T. Scherpbier-Heddema®

The sex-average map length of this

framework map is identical to the 39-locus
map reported by Mills et al. (36). However,
the male map is 10 cM shorter and the
female map 9 cM longer than the Mills et
al. map (36). Ten of the 81 markers report-
ed in this map have heterozygosities of at
least 70%, and six of these are microsatel-
lite markers (from a total of 25) assayed by
PCR. The largest gaps in the map are 26
cM in the female map and 18 cM in both
the sex-average and the male maps. In the
sex-average map, the average interval dis-
tance is 7 cM, with 28 of the 38 intervals
being less than 10 cM. Differences in posi-
tion-specific recombination rates for the
chromosome 4 linkage map have been re-
cently described (41). Except for the most
distal portions of the map that are repre-
sented by highly informative RFLPs, the
current map contains highly informative
microsatellite markers that are relatively
evenly spaced. In addition, since there are
currently no gaps greater than 20 ctM on the
sex-average map, the map reported here
provides a useful framework against which
to carry out linkage studies.

Chromosome 5

R. Plaetke®®, L. Bernard®, M. Carlson®, A.
J. Jeffreys?, Y. Nakamura®, A. E. Retief', L.
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Warnich', B. Weiffenbache, S. Wood®, R.
L. White2 P

The map was built with markers from
more than 200 available for chromosome 5
in the CEPH database (V5). Except for one
marker, D5S71, which has a heterozygosity
of 31%, selection of markers was based on
heterozygosities of at least 40%, and on
children (more than 100) from matings
where at least one parent is heterozygous.
We constructed the map with the program
package LINKAGE (23) and an automated
algorithm (34) that adds “test markers” to a
primary map after evaluating their location
with multipoint analysis. The 20-marker
primary map (loci marked “°” in Fig. 1) was
validated, and odds against inversion of
adjacent loci were greater than 1000:1 in
every case. Of the 42 markers in the final
map, 41 are RFLPs. Four markers have
heterozygosities of at least 70%, and four
others have heterozygosities ranging from
67 to 70%. Numerous microsatellite mark-
ers are now available and it is expected that
chromosome 5 will soon be represented
with a map that contains highly informa-
tive markers assayed by PCR. All but four
pairs of loci map with odds of at least
1000:1 against local inversion. The loci at
four intervals can be permuted and the
appearance of the markers in the order
shown in the map represents the most likely
as follows: D5S48-D5S73 (35:1), D5S56—
D5S59 (282:1), D5S39-HEXB (67:1),
D5S390-D5S64 (279:1). At 297 cM, the
sex-average map is slightly longer than the
map published by Weiffenbach et al. (42).
Physical mapping data allowed us to locate
the centromere between HPRTP2 and
D5S76; more precise localization was not
possible because we were able to map
D5S21 only within a 1-LOD unit confi-
dence interval. The order of markers on our
map agrees with two published maps (42,
43); on a third, however (44), the order of
D5S83 and D5S71 was reversed, with odds
of 10:1. When the location of D5S83 on
our map was determined by including the
information of three adjacent loci on each
side, the odds against inversion with D5S71
were 13360:1.

Chromosome 6

M. Chen?, S. K. Mishra®, H. Y. Zoghbi®, R.
Cottingham®, H. T. Orre, H. M. Cann¢®, H.
Donis-Keller2

The genetic map was constructed from
61 loci (77 polymorphic systems) with 38
loci uniquely placed along a sex-average
length of 249 cM. Fourteen systems (12
loci) have heterozygosities of at least 70%,
and four of these are microsatellites assayed
by PCR. The major histocompatibility
complex (MHC) at 6p21.3 constitutes one
of the most dense regions of expressed



sequences in the human genome, with over
70 functional genes that map within it. In
addition to the MHC complex genes, 21
other genes and transcribed sequences are
contained within this map. Several loci
responsible for inherited disorders have
been mapped to chromosome 6, including a
gene for one form of spinocerebellar ataxia
(SCA1) which is very closely linked to
D6S89 at 6p23 (45), and a gene for retinitis
pigmentosa (RP6) mapped to the short arm
of chromosome 6, centromeric to the HLA
loci (46). Furthermore, mutations in a gene
which maps to this region, peripherin-
RDS, a photoreceptor cell-specific glyco-
protein, have been shown to cause this
form of RP (47). Since neither telomere has
been mapped, evidence that most of the
physical length of the chromosome [183
Mb; (38)] is contained within the genetic
map is based only on cytogenetic assign-
ment of the genetic markers near the ends
of the map to specific cytogenetic bands.
For example, a cluster of 11 markers map
within 6q27, the most terminal cytogenetic
band on the long arm. At the p terminus
the F13Al locus, 17.4 cM proximal to
D6S7, maps to 6p24—pter (48). The esti-
mated genetic length (213 cM), based on
chiasma counts (38), is 85% of the ob-
served genetic length of the sex-average
map; however, the map reported here has
several intervals, particularly on the long
arm, with significant genetic gaps. The
most underrepresented region lies between
D6S26 and TCPI, which contains only
three loci uniquely placed within a region
of nearly 90 cM on the sex-average map.
The female map (321 cM) is approximately
65% larger than the male map (194 cM),
and for nine intervals we observed statisti-
cally significant sex-specific recombination
differences.

Chromosome 7

C. Helms?, S. K. Mishra?, A. K. Burgess?,
S. L. Cline?, D. Knobloch?, A. V. Hing?, G.
Vergnaud®, H. Donis-Keller?

The chromosome 7 baseline map con-
tains 112 loci, with 52 loci uniquely placed,
including markers physically localized to
the p terminal band and several 7q telomere
markers. Because of the relatively low num-
ber of informative meioses, the centromere
locus D7Z2 is not uniquely placed at 1000:1
odds, and maps instead to five genetic
intervals spanning 18 cM on the sex-aver-
age map. The sex-average map length is
267 cM, the female map is 355 cM, and the
male map is 207 cM. We estimate that the
map covers at least 97% of the chromo-
some. This map is 50% longer than the map
length predicted on the basis of chiasma
counts (38). The largest genetic gaps be-
tween uniquely placed loci are 21 ¢M in

females (ERV3-D7S398) and 12.8 in males
(D7S372-D7S396). The map has an over-
all sex-average intermarker distance of 2.36
cM and is one of the most densely mapped
chromosomes in the human genome at the
present time.

The genetic map order agrees well with
previously described chromosome 7 maps
(48). While the map is dominated by
RFLPs, 13 microsatellites including three
gene markers [EGFR, COLIA2, and GCK
(49)] have now been incorporated. Of the
25 markers with heterozygosities of at least
70%, nine are microsatellites. A total of 13
genes are localized in this map, including
the TCRG and TCRB gene clusters, and
the cystic fibrosis locus (CFTR), which is
known to lie near the highly informative
locus D7S23 (50). The high concentration
of genetic markers on the map will provide
an excellent resource for mapping with high
precision other chromosome 7 loci, such as
those implicated in holoprosencephaly
(51), breast cancer (27), and split hand
and foot syndromes (SHFD) (52), in addi-
tion to its usefulness for whole genome
screens for disorders which are as yet un-
mapped.

Chromosome 8

T. Steinbrueck?, C. Read?, S. P. Daiger®,
L. A. Sadler®, J. L. Webere, S. Wood®, H.
Donis-Keller®

The sex-average genetic linkage map
spans 237 ¢cM and includes 59 loci (79
systems), 40 of which are uniquely placed.
Of the 23 microsatellite markers contained
within the map, 13 have heterozygosities of
at least 70%. Microsatellite markers have
not yet been mapped to the most distal
one-third of the long arm; however, D8S28
(one of the two RFLPs with heterozygosities
greater than 70%) provides an informative
locus in this region. A telomere marker
D8F69S2, identified from a YAC telomere
clone, sets the physical and genetic bound-
ary for the 8p terminus (8, 53). In addition,
different allele systems detected by the same
telomere probe map to 2qter (see chromo-
some 2 description). The extent of cover-
age is less certain for the long arm because
the most distal marker, GPT, could lie at
any point along the interval q24.2—qter. As
this band is roughly 5% of the chromosome,
we estimate that the genetic map includes
approximately 95% of the physical length
(155 Mb) (38). Consistent with other ob-
servations for human chromosomes, we find
that the female map length (298 cM) is
roughly 1.5 times the length found for
males (183 cM). The map reported here
includes genotypic data from 22 loci used to
construct a recently reported map (54).
The order of markers shared in common is
identical except for an inversion between
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D8S171 and D8S131. However, our map is
30 cM larger for the interval spanned and
contains an additional eight markers
uniquely mapped within this interval. We
confirm that the most distal marker on the
p arm from Tomfohrde et al. (54) is very
near the telomere, since it maps 3.3 ctM
proximal to D8F69S2. Several important
disease loci have been mapped to chromo-
some 8 recently, including a gene for one
form of retinitis pigmentosa (RP1) mapped
to the pericentromeric region near PLAT
(55), and Werner’s syndrome, a recessive
trait with the appearance of accelerated
aging that has been mapped to an interval

on 8p between D8S87 and ANK1 (56).
Chromosome 9

D. J. Kwiatkowski?, S. Povey®, J. Armoure,
J. Attwood®, R. A. Furlong?, D. R. Gou-
die?, J. L. Haines®, M. A. Pericak-Vance,
S. Slaugenhaupt®, G. Vergnaude, L. War-
nich”, M. A. R. Yuilled

The map of chromosome 9 consists of 32
uniquely ordered markers and an additional
25 markers mapped to more than one inter-
val. Twenty-one of the markers have het-
erozygosities greater than 70%. Twenty-
four can be assayed by PCR, 30 by Southern
blot, and three by analysis of protein poly-
morphisms. The map has a sex-average
length of 170 cM, with female length 220
cM and male length 128 cM, reflecting
increased recombination in females in all
regions apart from 9q34—qter. Comparison
with published maps (12, 57) shows good
concordance apart from the D9S58-D9S60
interval, which is significantly expanded in
the current map, possibly due to errors. The
largest gap in the map is on 9p between
D9S54 and IFNBI (26.6 cM). Because the
telomere has yet to be cloned and the most
distal marker, D9S54, is broadly localized
on the cytogenetic map to 9p22-pter, an
interval of unknown genetic distance re-
mains to be incorporated at 9pter. Howev-
er, we expect that the 99 map covers nearly
all of 9q since several markers are found in
the distal band, 9q34. We observed sup-
pressed recombination in the pericentro-
meric region, and increased recombination
in both subtelomeric regions.

Chromosome 10

T. P. Keith?, K. Falls®, H. M. Cann®, J. L.
Weber®, G. Vergnaud®, C. Zheng?, P.
Phipps?, K. Serino?, J. Mao?

The map of chromosome 10 was con-
structed with 111 polymorphic systems (89
loci) from the CEPH V5 database (58), and
13 new microsatellite markers, genotyped
by PCR. Fourteen markers have heterozy-
gosities of at least 70%, and seven of these
are microsatellites. The map contains 42
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ordered loci with global support of 1000:1
odds and local support of at least 1000:1
where the log of the relative odds for
placement, by the permutation of adjacent
trios, was 3 or greater. The male map spans
191 cM and the female map spans 321 cM.
No interval on the sex-average map exceeds
20 cM. The largest distance between two
adjacent markers is 12 cM for D10S33-
D10S32 on the male map and 30 cM for
VIM-D10S89 on the female map. Two-
point LOD scores for each map interval
show a statistically significant (P < 0.05)
excess of recombination in males for the
intervals D10S33-D10S32, pCMMI14-
D10S180, and D10S180-D10S112 and an
excess in females for the intervals D10S17-
D10S28 and D10S62-D10S4. The linkage
map extends to approximately 95% of the
physical length (144 Mb) (38), and while
the centromere-specific polymorphic mark-
er D10Z1 has not been incorporated into
the map, markers on each side of the
centromere (for example, D10S34 and
D10S11) identify this region. In addition,
two new highly informative microsatellite
markers that closely flank the centromere
have recently been reported (59) and
should further refine the pericentromeric
region. Thirty-seven markers included in
this map were previously used to develop
the CEPH chromosome 10 consortium map
(31), and this reported order was also used
as a reference to confirm our map order.
Twenty of the 28 loci from the CEPH
consortium map were placed on the present
map, and the orders were consistent be-
tween the maps.

Chromosome 11

P. Kramer2®, W. Becker?, P. Heutink®, M.
James®, C. Julierd, M. Lathrop®, J. A.
Luty?, Z. Wang®, J. L. Weber®, P. Wilkie®,
M. Littae

The map consists of 72 loci with 41
uniquely placed along a sex-average map
length of 245 cM. Seventeen of the loci
have heterozygosities of at least 70%, 69
are RFLP markers, and 12 are microsatel-
lites assayed by PCR. There are no major
inconsistencies between marker order in
the current map and the orders presented
in previous maps (12, 60). The largest gap
between markers occurs at the terminus of
the long arm, between D11S129 and
D11S387 (19.3 c¢cM on the sex-average
map). Other gaps of substantial size occur
in pl3 between D11S151 and D11S467
(16.7 cM) and pl5 between HBB and
D11S419 (15.9 cM). The female map is
276 cM in length and the male map is 225
cM. In general, female distances are as
much as two to three times greater than
male distances in the central region of the
chromosome. However, as one moves to-
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ward the telomeres, male and female dis-
tances tend to equalize somewhat; then, in
the most distal region, male distances
show a marked and significant increase
over female distances. This pattern is es-
pecially notable on the long arm. In con-
structing this map, the CEPH database
was used directly without attempting to
identify and remove probable typing er-
rors. This may account for the 1.5-fold
increase in map length over that predicted
from chiasmata counts (Table 2). It may
also account for the discrepancy between
the physical and genetic localizations of
the marker D11Z1, which maps physically
to the centromere and genetically distal to
D11S429, a marker localized to 11q13.1
by FISH.

Chromosome 12

M. Holt2, D. Rains?, T. Steinbrueck?, J. L.
Weber®, H. Donis-Keller®

The sex-average genetic linkage map for
chromosome 12, which includes 54 loci (73
systems), is 201 cM in length. The female
(289 cM) is twice the length of the male
map (144 cM). The largest interval (23.5
cM) on the sex-average map is between
1RB2.3 and D12S60. The lack of markers
mapping between markers IGFI and
D12S60 may explain the large intervals in
this region. Twelve of the 15 markers (13
loci) with heterozygosities of at least 70%
are microsatellites. Of the 27 uniquely
placed markers, 10 loci have a heterozygos-
ity of at least 70%. Because the localiza-
tions of distal genetic markers on both ends
of the maps to cytogenetic bands are fairly
broad, we estimate that the genetic linkage
map covers approximately 80% of chromo-
some 12. However, we have recently iden-
tified a polymorphism from a YAC telomere
clone derived from chromosome 12 that is
linked to the most distal markers on 12p
including the vWF locus [two-point LODs
range from 3.6 to 29 (61)] which should
allow us to precisely define the distal por-
tion of 12p in a multipoint map. A total of
16 genes have been mapped to chromosome
12, accounting for nearly one-third of the
markers genetically mapped. There are a
total of five markers at the fSVWF locus,
and four of these are microsatellites.

Chromosome 13

A. M. Bowcock?, S. L. Osborne-Lawrence?,
R. |. Bames?, C. Dunn?, R. L. White®, S.
GerkenP, G. Vergnaud®, A. E. Retief®

The map contains 74 loci that span 193
cM in males and 246 cM in females. It is
likely that at least 95% of chromosome 13q
is mapped, since both a centromeric marker
at D13Z1 and loci sublocalized to the most
distal band of 13q have been incorporated.
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Four additional centromeric markers at
D13Z1 [described by Jabs et al. (62)] exhibit
substantial recombination between each
other and were not placed uniquely on the
map. Morton (38) has estimated that chro-
mosome 13q spans 100 cM in males and
160 cM in females. Since our male map is
nearly twice this length, we expect that
such an inflation in map length may be due
to undetected errors in the genotypic data.

With respect to previously published
maps, Donis-Keller et al. (12) have de-
scribed a map of chromosome 13 that con-
tained 10 loci and spanned 50.1 c¢cM in
males and 79 cM in females; however, more
than 40 cM was contributed to the length
of the map by one locus (D13S3) separated
from the linkage group. Leppert et al. (63)
described a map that contained 16 loci and
spanned a region between D13S6 and
D13S3 that was 80 Mb in males and 243
Mb in females, and Bowcock et al. (64)
constructed a map of chromosome 13 that
contained 39 loci and spanned 172 ¢cM in
males and 209 cM in females. Twenty-six of
the loci included in the Bowcock et al. (64)
map are included in the current 1000:1
odds map. Thirty-six of the loci on this map
are detected with Southern blotting and 11
are detected with PCR amplification (65).
Twelve markers with more than 70% het-
erozygosity were used to construct this map.

The largest gap on the sex-average map
is 12.6 cM and is between D13S127 and
TUBBP2. The average distance between
uniquely placed loci is 4.8 cM. The ratio of
female-to-male recombination is 1.3:1.
Five intervals with statistically significant
sex differences were observed. Only one of
these intervals (D13S1-D13S127) shows
an excess of recombination in females (x?
= 6.12, P = 0.013). An excess of recom-
bination in males was observed near the
distal end of the map between D13S49 and
D13S54 (x> = 6.81, P = 0.009). The
sublocalization of markers agrees with the
genetic map except for ATP1ALI, which
was mapped more distally with somatic cell
hybrids (66), and D13S64, which was
mapped to a more proximal location (67).

Chromosome 14

H. Donis-Keller®, R. Weaver?, S. Ram-
achandra?®, C. Warlick®, A. K. Burgess?, J.
L. Weber®, M. Litt®, D. A. Nickerson?, C. A.
Boysen?, L. Hood?, S. K. Mishra?

This is the first map of chromosome 14
that is continuous along the length of the
long arm; it is bounded at the q terminus by
a highly informative polymorphic locus,
D14S82, that was identified from a YAC
telomere clone. No polymorphic markers
have been mapped to the short arm of this
acrocentric chromosome, and because of
the absence of observed chiasma in male



meioses, there is no estimate for genetic
length [for a physical distance of 16 Mb
(38)]. The 14q sex-average genetic map is
171 cM. The female map is 216 cM in
length, which is approximately 60% longer
than the male map (134 cM). Eight inter-
vals with statistically significant sex-specific
recombination frequencies were observed,
and in all cases female exceeded male re-
combination. Thirty loci, from a total of 42
(49 systems) that were used to construct the
map, are uniquely placed. The markers,
which include 15 loci with heterozygosities
of at least 70%, are well distributed along
the map with the largest interval for the
sex-average map of 16.7 cM (D14S52-
D14S42). In addition to 13 microsatellite
markers, three site polymorphisms assayed
by the oligonucleotide ligation assay [OLA
(68)] are included in the map.

Genotypic data used to construct the
recently reported nine-microsatellite mark-
er map (69) have been incorporated into
the map reported here. The Wang and
Weber map is contained within the interval
D14S50-D14S51 on our map (the order of
shared markers is identical), and our map
extends the chromosome 14q map by 51.5
cM in the telomere direction and 14.5 cM
towards the centromere. Seven genes or
expressed sequences have now been
mapped to 14q including the B-myosin
heavy chain gene which has been shown to
be responsible for a form of familial hyper-
trophic cardiomyopathy previously mapped
to 14q11 (70).

Chromosome 15

A. M. Bowcock® R. |. Barnes? L. E.
Weiss?, J. Tomfohrde?, N. C. Dracopoli®,
T. Hudson®, M. Sarfarazi®, P. Tsipouras®,
T. Jenkins?, G. Vergnaud®

The map contains 53 loci that extend
from 15q11.2-q12 in the Prader-Willi/An-
gelman syndrome region (AS/PWS) to
15q25-qter. The map spans 146 cM in
males and 212 cM in females and therefore
has a female-to-male recombination ratio of
1.5:1. A previously published map of chro-
mosome 15 (71) contained 16 loci and
spanned 146 cM in males and 187 ¢M in
females. Ten of the loci used in this map are
contained in our 1000:1 odds map. Donis-
Keller et al. (12) described a map with nine
linked loci, five of which are contained in
this baseline map. A CEPH consortium
linkage map of chromosome 15 has recently
been described (72) and contains 19 of the
RFLP-based markers and 5 of the PCR-
based markers included in this map. The
order of loci in previous maps does not
conflict with that shown here. Thirty-nine
of the markers used to construct the base-
line map are RFLPs, and 18 are detected
with PCR. There are 13 markers on the

1000:1 odds map with a heterozygosity of at
least 70%. Nine of these are PCR-based.
The largest gap on the map is 14.2 cM and
is between D15S74 and D15S107. The
average distance between uniquely placed
loci is 6.1 cM and the on-average spacing is
4.8 cM. Six intervals with statistically sig-
nificant sex differences were observed. Four
intervals show an excess of recombination
in males (for example, D15S29/D15S38-
D15S36, x* = 9.29, P = 0.002). The most
proximal region showing an excess of re-
combination in females is between D15597
and GABRBS3 in the AS/PW'S region (x* =
5.89, P = 0.015). The last interval shows
an excess of recombination in males and is
located between D15S87 and D15S3 at the
distal end of the map (x* = 14.21, P =
0.0002). An excess of recombination in
males at the distal ends of some of the
autosomes has been reported previously
(15).

The genes for Marfan syndrome (MFYS)
and the recessive form of limb-girdle mus-
cular dystrophy (LGMD2) have been
mapped to chromosome 15, at or near
FBNI1. This study identified several micro-
satellite markers, including two tetranucle-
otide repeats (MH22 and CYP19), and one
(CA),, dinucleotide repeat (D15S103) that
are closely linked to FBNI. In addition, a
(CA), dinucleotide repeat marker,
D15S97, was mapped between D15S11 and
GABRB3 within the vicinity of the PWS/
AS region.

Chromosome 16

H. M. Kozman, G. R. Sutherland, J. C.
Mulley

The current genetic map is based on 67
polymorphisms from 50 loci. These have
been placed into one of the 50 cytogeneti-
cally defined intervals along this chromo-
some (73) and genotyped on the CEPH
reference families. The map extends from
D16S85, which is within 170 to 430 kb of
the 16p telomere (10), to D16S44, which is
within 230 kb of the 16q telomere (74),
and covers more than 99% of the physical
length of this chromosome. The sex-aver-
age map is 162 cM long (133 cM in males,
199 cM in females). The framework genetic
map includes 33 loci in an order that is
compatible with an independently deter-
mined physical order on the cytogenetic
map (73). The comprehensive genetic map
of all 50 loci is anchored to the cytogenetic
map. The average distance between mark-
ers is 3.3 cM. The present genetic map
contains ten loci with minimum heterozy-
gosity of 70% and six (CA),, repeat micro-
satellite markers, which are the first of
many now being characterized for this chro-
mosome (75). Comparison of the sex-spe-
cific recombination rates reveals that the
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female map is 1.5 times larger than the
male map, which departs slightly from the
1.7 genome average (38). Recombination
in distal 16p is greater in males than in
females, and across the region containing
the centromere, recombination is consider-
ably suppressed in males compared with
females (76). A detailed physical map of
cosmid contigs is under construction by
cosmid fingerprinting (77).

Chromosome 17

P. O'Connell?, R. Plaetke®, D. F. Barkere,
P. R. Fain®, K. K. Kidd9, M. Skolnicke, J.
Phillips®, A. E. Baled, G. Vergnaud, C.
Schwartz, J. L. Weber", O. W. McBride',
L. L. Cavalli-Sforzai, O. I. Balazs¥, J. Mur-
ray', M. F. Leppert™, J.-M. Lalouel™, R. L.
White™

A previous map for chromosome 17
(34) has been extended with CEPH (V5)
data to include 116 loci defined by 133
RFLP systems and five microsatellite
markers assayed by PCR. The map spans
168 cM (137 cM in males and 200 cM in
females) with 51 loci uniquely placed. The
average marker spacing is 4 ¢cM and the
largest interval between markers on the
sex-average map is 9.7 cM. Seventeen of
the 51 unambiguously ordered markers
qualify as “index markers” with heterozy-
gosities of at least 70% (from a total of
21). Selection of 14 of these on the basis
of optimal spacing provides a nearly com-
plete index marker map of chromosome
17, and there are five microsatellite mark-
ers that can be assayed by PCR. New,
highly polymorphic genetic markers have
been placed in and around regions con-
taining genes responsible for neurofibro-
matosis 1 (NF1) at 17ql1.2; Charcot-
Marie-Tooth (CMT) neuropathy; and fa-
milial breast cancer (BRCAI), which has
been localized to 17q21 and linked to
several loci shown on the map presented
here (D17S250, RARA, D17541) (6), and
within several regions where loss of het-
erozygosity has been observed in various
neoplasias.

The new map confirms the distribution
of sex-specific differences in male and fe-
male recombination rates along chromo-
some 17 that was described previously (78).
Although an excess of recombination in the
telomeric regions is observed in males [for
example, for the intervals D17S34-
D175499: x* = 32.3 (DOF = 1); D17S501-
D17S775: x* = 14.6 (DOF = 1)], the
recombination fractions are generally larger
in females than in males between D17S506
and D17S501 [x?* = 129.2 (DOF = 1)]. In
the region between D175499 and D17S506
the recombination frequencies do not differ
significantly between males and females.
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Chromosome 18

R. E. Straub® M. C. Speer®, Y. Luo?, K.
Rojas®, W. Shao?, P. O'Connell°, J. Over-
hauser®, J. Ott2, T. C. Gilliam?

The genetic map of chromosome 18 in-
cludes 14 microsatellite markers (12 dinu-
cleotide and 2 tetranucleotide repeats) (79)
and 2 RFLP markers that are uniquely
placed with odds of 1000:1. Twelve of the
microsatellites and one of the RFLPs have
heterozygosities greater than 70%. The av-
erage heterozygosity of the markers includ-
ed in the map is 72%. In addition, we have
made provisional placements of five addi-
tional markers (three microsatellites and
two RFLPs). The map lengths are 72 cM for
males, 161 cM for females, and 109 cM for
the sex-average distance. A preliminary
framework map (80) was generated with
CRI-MAP (25). The data were then exam-
ined by means of the CHROMPIC option
of CRI-MAP for potential data errors, and
individuals involved in double and higher
order recombination events were regeno-
typed. The map was refined with the
CILINK program (81) of the LINKAGE
package [see (82) for details] and is support-
ed over the next most likely order with odds
>1000:1. The average distance between
markers in the sex-average map is 7.3 cM,
and the largest gap between markers on this
map is 16.7 cM. Although this map is
shorter than that reported by O’Connell et
al. (83), the average distance between
markers is less (7.3 versus 10.5 cM), and
the average marker heterozygosity is greater
(72 versus 49%). Analysis of the data for
differences in the female:male map distance
ratio (MDR) revealed an overall MDR of
2.5:1. In addition, there is evidence in
favor of variability in female:male MDRs
across the chromosome.

Chromosome 19

J. L. Weber?, H. G. Harley®, M. C. Speer®

The chromosome 19 baseline linkage
map was built around a framework of 15
microsatellites and one RFLP (the marker
at locus D19S20). Markers were chosen for
the framework on the basis of high infor-
mativeness, position and spacing along the
chromosome, and the ability to be typed by
PCR. The framework was constructed pri-
marily with the program package CRI-MAP
(25), but pairwise LOD scores and CROSS-
MAP (35) were also utilized. The order for
pairs of markers along the framework was
supported by likelihood ratios (against in-
version) of at least 10'°:1 and also by seven
or more clear recombination events be-
tween each pair of markers. An additional
set of 31 polymorphisms, some PCR-based
but mainly RFLPs, including polymor-
phisms at 12 gene loci, was added to the
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framework in positions that were supported
with odds of at least 1000:1 as determined
by the maximum likelihood calculations.
Duplicate typing of the dinucleotide repeat
polymorphism at the APOC2 locus and
other error checking procedures resulted in
an estimate of typing error for the PCR-
based markers of approximately 0.5%. Fe-
male recombination rates exceeded male
rates in the interior of the map from
D19S177 to HRC, while the pter end of the
map showed an excess of male recombina-
tion. The map is consistent with and ex-
tends previously published linkage maps for
this chromosome (84).

Chromosome 20

T. P. Keith®, K. Falls®, D. W. Bowden®, J. L.
Webere, P. V. Gejman®, J. Hazane, P.
Phipps?, K. Serino®

The sex-average map is 147 cM in length
and consists of 50 loci, 33 of which were
uniquely placed with global odds of 1000:1
and, with the exception of D20S40 and
D20S18, local support of 1000:1. Forty-
three of the markers are from the CEPH V5
database [26 of these were previously in-
cluded in a map by Hazan et al. (17) and
five additional markers are recently mapped
microsatellite markers (one of these was
originally typed by RFLPs]. D20S6, includ-
ed in previous chromosome 20 maps (12,
17, 85) and previously designated a “refer-
ence marker” for chromosome 20 (86), was
not included in the current map because of
observed intralocus recombinants in three
independent data sets. Twenty-six of the 50
markers on the map have heterozygosities of
at least 70% and 34 are microsatellite mark-
ers that can be typed by PCR.

The map spans 162 cM in females and
135 cM in males. On the basis of a
likelihood ratio test from two-point anal-
yses, females show significantly (P < 0.05)
higher recombination frequencies than
males over much of the chromosome,
including the regions spanned from
D20S61-D20S58, D20S18-SRC, PLCI-
ADA, and D20S33-D20S4. In one region
(D20S25-GNAS) there was a significant
excess of male recombination. The aver-
age marker spacing on the female and male
maps is 5 and 4 cM, respectively, with the
largest distance between two adjacent
markers equal to 14 cM on the female map
and 23 cM on the male map.

Chromosome 21

S. E. Antonarakis®, A. Chakravarti®, M. G.
Mclnnis?, V. Sharma®, D. Avramopoulos?,
J. E. Blaschak®, M. Litt¢, J.-L. Blouin®

The human chromosome 21 map repre-
sents a subset of 13 evenly spaced and

SCIENCE ¢ VOL. 258 ¢ 2 OCTOBER 1992

highly informative polymorphic loci select-
ed from a collection of more than 50 genet-
ic markers. A comprehensive map of 42
polymorphic markers genotyped in CEPH
pedigrees by PCR will be reported else-
where (87). The map consists of 13 loci, of
which 11 can be genotyped by PCR-based
methods. The heterozygosity of these mark-
ers ranges from 60 to 95%, with 12 of the
13 markers having heterozygosities greater
than 70%. The chromosome 21 map has a
male genetic length of 57 c¢cM, a female
genetic length of 78 cM, and a sex-average
genetic length of 67 cM. On the basis of the
cytogenetic localization of the terminal loci
(D21S120 and D21S112), we estimate that
the genetic map spans almost the entire
physical length of the long arm of the
chromosome (39 Mb) (38). On the sex-
average map the 12 marker intervals range
from 3.2 to 7.9 cM, with an average spac-
ing of 5.6 cM. Sex-specific differences in
recombination frequency were examined
along the chromosome arm by testing each
interval. Significant sex differences were
observed at the terminal intervals:
D21S120-D21S11 where females showed
greater recombination than males, and for
the interval D21S171-D21S112 where
males showed greater recombination than
females. There appears to be excessive re-
combination toward the telomere of the
chromosome. Linkage maps for chromo-
some 21 that contain polymorphic markers
typed by Southern blotting in the CEPH or
the Venezuelan reference pedigrees have
been reported (88). The map presented
here is considerably shorter than the previ-
ously published maps in CEPH pedigrees,
presumably because rigorous error checking
has eliminated false recombination events.
The current map includes approximately
95% of the physical length of the chromo-
some and is comprised of highly informa-
tive, closely spaced markers.

Chromosome 22

J. L. Haines?, K. H. Buetow®, J. A. Trofat-
ter?

The map consists of 22 loci (23 systems)
and includes eight genes that span a sex-
average distance of 98 cM. The male map
(81 cM) is significantly shorter than the
female map (115 cM) [x*> = 63.8 (DOF =
21), P < 0.005], but only one interval
(between MB and D22S102) demonstrates
a sex-specific recombination difference that
reaches statistical significance. Four mark-
ers with heterozygosities above 70% can be
genotyped by PCR and will therefore be
useful as “index markers.” The remaining
19 markers are classical RFLPs. Comparison
of our map to two others reported indicates
that for all markers held in common [four
with the map by Rouleau et al. (89) and 12



with the Dumanski et al. map (33)] the
orders are identical and the distances are
quite similar.

Chromosome X

J. C. Murray®, S. J. Ludwigsen®, K. H.
Buetow®

The linkage map of the X chromosome
contains 71 markers, a relatively modest
number considering that this chromosome
represents approximately 5% of the ge-
nome. Whereas the majority of markers are
RFLP-based, there is now an increasing
availability of microsatellite polymor-
phisms, which will greatly enhance the
quality of this map over the next year.
Fifteen markers in the map have heterozy-
gosities of at least 70%, including 6 of the
20 microsatellites mapped (90). At the
present time, the genetic length of 208 ctM
is similar to that of the chiasma-based (38)
and previously published linkage maps (12,
91). Genetic markers developed from
cloned telomeres have not yet been incor-
porated into the map. However, on the
basis of the positions of cytogenetic tie
points to the most distal markers from the
linkage map (DXS207 and DXS52) and
physical mapping data indicating that
DXS52 lies within a few megabases of the q
telomere (92), we estimate that approxi-
mately 95% of the physical length of the
chromosome is contained within the genet-
ic linkage map. Twenty-two markers are
uniquely placed and there are five intervals
with intermarker spacing greater than 15
cM, including a substantial genetic gap of
44 c¢cM on the short arm. The extent of
genotyping errors has not yet been ascer-
tained since the CEPH database was used
without further evaluation. A number of X
chromosome mapping efforts have also been
carried out by others, and substantial infor-
mation, such as YAC physical mapping
data and high-resolution genetic maps for
several subregions of the X chromosome, is
also available from the Genome Database

(GDB) (93).
Discussion

The major difference between previously
published maps and those presented here
(and also 17, 39, 54, 69) is the informa-
tiveness and type of marker now being used.
For example, a genome map published 5
years ago (12) consisted almost entirely of
RFLPs (397, plus five protein polymor-
phisms), and only 7% of these markers (28)
had heterozygosities of 70% or greater. In
the current map 339 markers are microsat-
ellites and they constitute more than 50%

of markers with heterozygosity of at least
70%. Although 80% of the markers in the

map reported here are RFLPs, the rapid
integration of microsatellites [the first of
which were reported just 3 years ago (18)]
predicts that they will become the domi-
nant markers on the map. The popularity of
microsatellites over RFLPs is due to their
high degree of informativeness, conve-
nience of assay by PCR, relatively even
distribution throughout the genome, and
availability (from publication of primer se-
quences).

The most densely mapped chromosomes
are 7 and 17, with 112 and 116 loci
mapped, respectively. Considering that
chromosome 17 is about 50% as large in
predicted physical distance, but comparable
in estimated genetic length (based on chi-
asma, chromosome 17 is 196 cM and chro-
mosome 7 is 178 cM), it constitutes the
most densely mapped chromosome per
megabase spanned. Except for chromo-
somes 3 and 5 (where the average marker
spacing is 6.4 and 7 cM, respectively), each
chromosome map has an average marker
spacing of less than 5 cM.

As the Y chromosome has no homolog
and only undergoes genetic exchange at the
pseudoautosomal region on Yp with an
Xpter segment, a genetic map for this part
of the genome is not presented. Even so,
the pseudoautosomal region has provided
an opportunity to compare genetic to phys-
ical distance and to study sex-specific re-
combination. The genetic distance of the
pseudoautosomal region is estimated at 4 to
18 cM in female meioses and at 50 cM in
male meioses (no more than several
megabases) (94).

All of the chromosome maps consist of
continuous linkage groups. In a few cases
(chromosomes 2q, 4p, 7q, 8p, 14q, 16p,
and 16q) genetic map closure has been
achieved through telomeric polymor-
phisms, but in the absence of clone-based
physical maps, most of our estimates of
physical genome coverage rely on cytoge-
netic assignments of markers to Giemsa-
stained metaphase chromosomes or on frac-
tional length measurements obtained in
similar FISH experiments. Traditional cy-
togenetic banding patterns have relatively
low resolution (for example, approximately
6 to 10 Mb per band) and are often useless
as a check for the order of closely linked
genetic markers. In addition, it is not
known whether dark staining and light
staining bands have equal DNA content.
However newer methods of interphase
mapping have allowed the orientation of
closely linked markers on the physical map
and could be important in resolving confus-
ing orders in genetic data. For the X chro-
mosome (although the telomeres are not
represented in the map presented here), the
long-range physical maps of the p and q
telomere regions (92, 95) have made possi-

SCIENCE ¢ VOL. 258 ¢ 2 OCTOBER 1992

. ARTICLES

ble estimates of physical coverage for this
map. When only cytogenetic mapping in-
formation is available, more conservative
estimates of coverage have been made.
Undoubtedly extensive physical maps will
be forthcoming in the near future (96), but
we must consider that in genome screens
without physical and genetic telomere
markers, it is difficult to estimate the re-
maining genetic distance. Evidence that
gene sequences extend to the termini of
chromosomes is provided from physical
mapping of the globin locus on 16pter and
the Huntington’s disease locus in terminal
4p, which underscores the importance of
ongoing studies to achieve closure of the
maps. The only additional regions that
await more detailed mapping are the cen-
tromeres and the short arms of the acrocen-
tric chromosomes (chromosomes 13, 14, 15,
21, and 22). However, except for ribosomal
RNA genes, it is unlikely that many addi-
tional genes reside in these regions since
they appear to consist almost entirely of a-
and B-alphoid repeat elements (62, 97).

One limitation of the current chromo-
some maps is the low number and uneven
representation of genes and expressed se-
quences. For example, more than 1500
cloned genes have been reported (86) yet
less than 20% have been incorporated into
the genetic maps reported here. This is
mainly due to the low rate of RFLP poly-
morphism previously found at these loci,
and it is expected that since microsatellites
have been found in abundance within in-
trons or nearby gene loci, this deficiency
will be corrected. In fact, of the 279 gene
loci incorporated in the map, 66 are now
represented by microsatellites (ten of these
also have associated RFLPs). One impor-
tant reason for precisely localizing genes in
the maps is to recognize and test them as
candidate disease genes. It is worth noting
that although glucokinase has long been
considered a candidate gene for diabetes
susceptibility, it was not until recently,
when highly informative microsatellite
markers at this locus became available, that
the appropriate studies linking the disease
phenotype with the gene were made possi-
ble (7, 98).

The genome map presented here covers
an autosomal sex-average distance of 4702
cM, which is about 20% larger than the
mean length estimated from chiasma counts
(3734 cM). Since we estimate that as much
as 10% of the physical length of the genome
is not included in the map, we expect that
the apparent map inflation is likely due to
genotyping errors. Several groups have es-
timated error rates from comparisons of
markers that were typed in duplicate (for
example, see chromosome 1 description).
On the basis of these observations of a 0.5
to 1.0% error rate per polymorphic system

75



typed (a 0.5- to 1.0-cM increase per system,
and a total of 1604 autosomal systems), the
overall increase in autosomal map size
would be about 800 to 1600 cM, which is
within the range of the map length increase
that is observed.

We must address the likelihood that
genotyping errors leading to map expansion
may also indicate potentially incorrect mark-
er orders. Buetow’s Monte Carlo simulation
analysis of linkage data indicated that as
multipoint maps approach a 1-cM interlocus
resolution, even a relatively low 0.5% typing
error rate would result in 5% incorrect mark-
er orders (for maps constructed with LOD 3
criteria) (99). However, genotyping error
rates of even 1.5% had minimal effect in
producing incorrect map orders for maps
with less (2 cM) resolution (99). In general,
the data sets used to produce the current
maps were not rigorously checked, and in
the future marker orders for regions with
high marker densities should be rechecked
by duplicate typings, particularly where clus-
tering of apparent recombinant events in
families is observed (100).

The chromosome maps presented here,
particularly those with microsatellite mark-
ers, will be useful for designing linkage
studies in search of genes responsible for
heritable disorders. A subset of markers that
are highly informative and relatively evenly
spaced (for example, at approximately 15-
cM intervals) can be conveniently selected
by examination of the map graphics and
Table 1 (see pages 148 to 159; it also
references the experimental conditions for
the markers). The chromosome 21 map
shown here is designed for this type of
project. Eleven of the 13 markers in the
map (chosen from a much larger collection)
can be assayed by PCR, and the inter-
marker spacing is less than 10 cM. Maps
that are dominated by RFLPs will also be

76

Fig. 1 (pages 77 to 83). Genetic linkage maps for 23 human chromosomes. Graphical represen-
tations are shown for each of the 22 autosomes and the X chromosome (703). The cumulative length
for each sex-average genetic map is indicated at the top of each map graphic (in centimorgans;
recombination fractions were converted to centimorgans by means of Kosambi mapping function).
In order to best illustrate the map intervals and display the marker names, the chromosomes are not
strictly represented according to their physical and genetic size. Loci uniquely placed with odds for
order of at least 1000:1 are tethered to the map (to the right of the vertical map line) and are
represented by HGM gene names and D segment numbers where available. A “*" indicates loci
with heterozygosities of at least 70%. Microsatellite markers assayed by PCR are shown in italics.
The intermarker spacing in centimorgans is indicated to the left of the map line. The sex-average
map also shows markers that are not uniquely ordered. The genetic intervals for these markers are
indicated by solid vertical lines to the left of the corresponding intervals on the map line. These
intervals represent the placement of the markers at 1000:1 odds except for chromosome 3 (only the
most likely intervals for placement at 100:1 odds are shown). The marker names are located to the
left of the interval lines, and when more than one marker maps to the same interval, the markers are
listed (the order for these groups of markers with respect to each other has not been determined).
Dashed interval lines indicate excluded regions for the marker. Representative tie points between
markers included in the genetic maps that have also been cytogenetically mapped are drawn
between the sex-average map and the chromosomal idiogram (to the right of the sex-average map).
Brackets indicate the physical map position of markers based on cytogenetic mapping data
(referenced in Table 1; see pages 148 to 159). Arrows at the end points of tie lines between the
idiogram and the genetic maps indicate a mapped polymorphism from a cloned telomere segment.
The idiograms depict the Giemsa staining pattern at 550-band resolution for metaphase chromo-
somes [ISCN 550 G-bands (37)], except for chromosome 16, which illustrates 850-band resolution.
Loci that may be in an inverted order are indicated with a brace (}) on the sex-average map. For the
chromosome 5 map graphic, a “*" indicates the primary map markers used in the early stages of
map construction. Chromosomes 6 and 7 have brackets on the genetic map lines indicating regions
spanned by the HLA and TCRB gene clusters, both of which have intralocus recombination
(detailed genetic maps for these regions are not shown).

useful to quickly place new markers. Be-
cause these maps depict a comprehensive
collection of markers available for given
regions, they are useful for more detailed
mapping once a disease gene has been
subregionally localized. Since most micro-
satellite markers are highly informative,
simply genotyping a new marker in five to
eight CEPH families (101) should be suffi-
cient to quickly place it in the context of
the current maps (that is, from a two-point
analysis). At the present time the maps
provide a “baseline” upon which future
mapping efforts will be focused. It is expect-
ed that “index maps” for each of the chro-
mosomes will be completed within the next
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year and these will provide even better tools
for disease gene searches. Genetic maps are
never complete. Inherent in the activity is
a continuous process of modification as new
markers are developed and as existing data
are reexamined and corrected. We are now
reaching a point in the genome project
where, for the first time, as in other model
organisms (for example, 102), human ge-
netic and clone-based mapping over rela-
tively large distances will converge, and it is
anticipated full integration of genetic, cy-
togenetic, and physical mapping informa-
tion will be possible, thereby providing a
new “view” of the genome upon which to
base future biological studies.
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