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Summary

We report the construction of a linkage map of the hu-
man genome, based on the pattern of inheritance of
403 polymorphic loci, including 393 RFLPs, in a panel
of DNAs from 21 three-generation families. By a com-
bination of mathematical linkage analysis and physi-
cal localization of selected clones, it was possible to
arrange these loci into linkage groups representing 23
human chromosomes. We estimate that the linkage
map is detectably linked to at least 95% of the DNA in
the human genome.

Introduction

The extensive genetic variation present in humans re-
presents an invaluable resource for molecular biology
and for medical investigation (McKusick, 1986). Cloning
and characterization of genes underlying human inherited
traits has helped elucidate the molecular basis for a wide
range of physiological processes in higher organisms
(e.g., Goldstein and Brown, 1983). The difficulty with ex-
tending this approach to all heritable traits and diseases
is that the vast majority of such genes are known only by
their phenotype: their protein product is unknown. In ex-
perimental higher organisms, the time-honored approach
to the study and, more recently, the cloning of such genes
is to identify their location in the genome through the use
of a genetic linkage map.

The notion of a genetic map dates back to 1911, when
Sturtevant, while an undergraduate in T. H. Morgan's lab,
realized that linkage information could be used to deter-
mine the relative position of genes along a chromosome,
and at once produced the first genetic map, comprising
five sex-linked loci in Drosophila (Sturtevant, 1913, 1965).
At the time, the internal consistency of the linear map
provided important support for the chromosomal theory of

inheritance. Over the next 75 years, complete genetic link-
age maps proved to be essential tools for studying the
properties of mutations. Genetic markers gained new im-
portance with the advent of recombinant DNA, since
cloned markers provide starting points for cloning closely
linked genes by chromosomal walking (Bender et al.,
1983). Unfortunately, the construction of complete genetic
linkage maps has traditionally required the isolation of
hundreds of single-gene mutations with easily scored
phenotypes, followed by extensive interbreeding of mu-
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Such an effort has only been practical in a few intensively
studied genetic systems, such as Escherichia coli, Sac-
charomyces cerevisiae, Drosophila melanogaster, Cae-
norhabditis elegans, Zea mays, and Mus musculus. In hu-
mans, despite great interest and occasional successes
in detecting linkage (e.g., Mohr, 1954), construction of a
genetic map seemed impractical.

Several years ago, Botstein et al. (1980) argued that it
was feasible to construct a complete linkage map of the
human genome using common variations in DNA se-
quence, most conveniently visualized as restriction frag-
ment length polymorphisms (RFLPs), as genetic markers.
With such polymorphisms as markers, geneticists could
study inheritance in existing pedigrees, since all individu-
als would be heterozygous at many loci.

Systematic screening has revealed that RFLPs are not
uncommon (Willard et al., 1985) in the human genome, al-
though the majority show only a low degree of polymor-
phism. Through the study of the inheritance of randomly
selected RFLPs in human families, linkage has been de-
tected to a number of human diseases, including Du-
chenne muscular dystrophy (Davies et al., 1983), Hunting-
ton's disease (Gusella et al., 1983), cystic fibrosis (Tsui
et al., 1985; Knowlton et al., 1985; Wainwright et al., 1985;
White et al., 1985b), adult polycystic kidney disease
(Reeders et al., 1985), retinoblastoma (Cavenee et al.,
1983), familial Alzheimer’s disease (St George-Hyslop et
al., 1987), bipolar affective disorder (Egeland et al., 1987),
von Recklinghausen neurofibromatosis (Barker et al.,
1987a; Seizinger et al., 1987), multiple endocrine neopla-
sia type 2a (Mathew et al., 1987; Simpson et al., 1987) and
familial polyposis (Bodmer et al., 1987). The existence of
nearby DNA probes has facilitated the molecular cloning
of the genes for chronic granulomatous disease (Royer-
Pokora et al., 1986), Duchenne muscular dystrophy (Mo-
naco et al.,1986), and retinoblastoma (Friend et al., 1987;
Lee et al., 1986).

The availability of a complete linkage map of the human
genome would greatly amplify the power of this approach
to human molecular genetics. With such a map, (1) the
chromosomal location of newly discovered linkages wouid
be known at once; (2) several nearby starting points would
be available for efforts to clone disease genes; (3) pre-
natal or presymptomatic diagnosis of individuals at risk
would become more accurate, through the use of markers
flanking the disease gene, and more widely available,
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since most families would likely be informative for at least
some of the markers near the disease; (4) the search for
disease genes would become more efficient, because a
map would assure that the entire genome had been
scanned and because muitilocus analysis would de-
crease the number of meioses required to detect linkage
(Lathrop et al., 1984; Lander and Botstein, 1986a,b); (5) it
would become possible to map heterogeneous genetic
disorders (Lander and Botstein, 1986a) and rare recessive
diseases (Lander and Botstein, 1987), as well as to test
whether there is a genetic basis for disorders whose in-
heritance is currently unclear; and (6) one could begin to
study the nature of recombination in humans. In addition,
the availability of a genetic map would assist efforts to
construct a complete physical map of the human genome;
islands of overlapping clones could be genetically or-
dered by means of polymorphisms they detect, even be-
fore the intervening DNA had been identified.

In view of the value of a complete human linkage map,
an international collaboration called the Centre d’Etude
du Polymorphisme Humain (CEPH) was organized in
1984. The CEPH maintains cell lines from 40 three-
generation human families, consisting in most cases of
four grandparents, two parents, and an average of eight
children. Such families are ideal for genetic mapping, be-
cause the cis-trans relationship (i.e., linkage phase) of al-
leles in the parents can frequently be inferred from grand-
parental DNAs (Figure 1) and, once this is determined,
crossovers can be counted in the meioses giving rise to
the children. The CEPH distributes DNAs from these fami-
lies to collaborating investigators around the world. Since
collaborators use the same reference panel of families,
data generated by one group can be used by others to de-
tect new linkages. In particular, crossovers in the families
can be mapped, allowing the order of probes to be deter-
mined. The collective efforts of the CEPH collaboration
will eventually produce a far more detailed map than could
any group alone. To date, hundreds of RFLPs have been
identified (Willard et al., 1985; Schumm et al., 1987,
Nakamura et al., 1987), including an increasing number
with a higher degree of polymorphism, but relatively few
have been mapped. At present, detailed RFLP linkage
maps have been published only for the X chromosome (21
markers spanning 185 cM) (Drayna et al., 1984), a chro-
mosomal region in 6p (four linked loci spanning 20 cM)
(Leach et al., 1986), a chromosomal region in 13q (nine
loci spanning 70 cM) (Leppert et al., 1986), and prelimi-
nary reports for chromosome 7 (Donis-Keller et al., 1986)
and chromosome 12 (White et al., 1986).

We report the construction of a linkage map of the hu-
man genome, based on the pattern of inheritance of 403
polymorphic loci, including 393 RFLPs, in a panel of
DNAs from 21 three-generation families. By a combination
of mathematical linkage analysis and physical localization
of selected clones, it was possible to arrange these ioci
into linkage groups representing the 23 human chromo-
somes. We estimate that the linkage map is detectably
linked to at least 95% of the DNA in the human genome.
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Figure 1. Inheritance of a RFLP Locus in a CEPH Family

RFLP probe CRI-L1265, which detects a single locus on chromosome
5, displays three alieles on Southern hybridization to DNA from CEPH
reference family 1341 digested with the restriction endonuclease Taq!.
The alleles correspond to single fragments of size 10.0 kb, 7.7 kb, and
6.5 kb, respectively. For each of the parents, one can infer which allele
was inherited from the grandmother and which from the grandfather
(i.e., linkage phase is known). For each child, one can then infer the
grandparental origin of their two alleles.

Results and Discussion

Identification, Characterization and

Pedigree Studies of RFLPs

We tested 1680 clones from a Charon 4A phage library of
human genomic DNA (Lawn et al., 1978) to see whether
they detected restriction fragment length polymorphism
by hybridization to Southern blots of DNA from five un-
related individuals, each digested with six to nine re-
striction enzymes. Over 500 probes were identified that
detected variable banding patterns indicative of poly-
morphism (Schumm et al., 1987). From this collection, a
subset of the 180 probes detecting the highest degree
of polymorphism were selected for inheritance studies in
the 21 CEPH families for which cell lines were available
or for which a sufficient quantity of DNA for these studies
could be provided by the CEPH. An additional 46 probes
detecting polymorphism were similarly identified from hu-
man genomic cosmid libraries (D. Bowden, unpublished
results), from phage libraries of human genomic DNA
grown on recombination deficient hosts (Wyman et al.,
1986), and from two chromosome-specific phage libraries,
described below. The probes were hybridized to Southern
blots of DNAs from the parents of the families to confirm
the observed polymorphic pattern and to determine which
families were informative for linkage analysis (by virtue of
one or both parents being heterozygous for the RFLP).
For each informative family, genotypic data were then
gathered on all family members. (Probes with fewer than
45 informative meioses in the families were omitted from
further analysis.) Table 1 summarizes the probe-enzyme
combinations for these markers, together with their heter-
ozygosities, polymorphism information content (PIC; Bot-
stein et al., 1980), and number of informative meioses in
the CEPH families studied.
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As part of a parallel effort to produce high-resolution
linkage maps of chromosomes 7 and 16, inheritance data
were similarly gathered for 42 probes on chromosome 7
(Barker et al., 1987) and for 37 probes on chromosome 16
(T. Keith, unpublished results) isolated from libraries en-
riched for these chromosomes; probes on these chromo-
somes also arose in the whole genome screen described
above, yielding a total of 59 probes on chromosome 7 and
40 on chromosome 16. We also studied the inheritance of
54 further RFLPs detected by probes that had been iso-
lated by other investigators and localized to chromosomes
or subchromosomal regions (Table 2). In ali, we deter-
mined the inheritance of 360 RFLPs. In addition, we in-
cluded in our analysis previously published data on 46 loci
that had been contributed to the CEPH (Table 3).

Construction of the Linkage Map
Multilocus genetic linkage analysis is required for the ac-
curate construction of human linkage maps, including the
determination of locus order. Such multilocus analysis
has been limited until recently by the inability of available
algorithms and computer programs to analyze more than
three or four loci simultaneously (Leppert et al., 1986;
Drayna et al., 1984; Morton et al., 1986; Smith, 1986). We
recently developed faster algorithms, which permit simui-
taneous maximum likelihood map distance estimation in
CEPH families for many loci (Lander and Green, 1987),
and have embodied these algorithms in computer pro-
grams (Lander et al., 1987; Barker et al., 1987a). This has
made possible the use of new analytical strategies for
constructing the map.
Construction of Linkage Groups and Physical
Assignment to Chromosomes
The traditional measure of support for linkage of a pair of
loci, the LOD score, is defined as the logyo of the ratio of
the probability that the data would have arisen if the loci
are linked to the probability that the data would have
arisen if the loci are unlinked (Morton, 1955). The conven-
tional threshold for declaring linkage is a LOD score of 3.0,
which would indicate that the observed data are 1000-fold
more likely to have occurred for a pair of linked loci than
for a pair of unlinked loci. However, since an arbitrary pair
of loci is a priori 50-fold more likely to be unlinked than
linked, a LOD score of 3.0 provides only about 20:1 odds
in favor of linkage (Morton, 1955). In other words, one ex-
pects about one in 20 independent linkages with a LOD
score of 3.0 to be spurious. Because of the large num-
ber of comparisons performed in the present study, we
adopted a stricter threshold of LOD 4.0 in order to lower
the odds of spurious linkage to about 200:1 against. (In
fact, three spurious LOD scores of 4.0 between pairs of
loci on separate chromosomes occurred in the data set.
The anomalies became obvious upon multipoint analysis
and were resolved by physical assignment of various
linked loci.)

Throughout the course of the project, linkage data were
analyzed on a weekly basis in order to monitor the overall
progress toward a linkage map and to select a subset of

the probes for physical assignment to chromosomes. We
describe here only the final rounds of analysis, performed
on the completed data set. The analysis began with the
computation of the recombination fraction and LOD score
between each of the 81,003 pairs of loci. Using the thresh-
old of LOD 4.0 for linkage, the loci could be grouped into
linkage groups and unlinked loci. Linkage groups were
immediately assigned to specific chromosomes if they
contained a probe whose chromosomal location had pre-
viously been determined. Otherwise, linkage groups were
assigned to chromosomes by means of hybridizing one or
more probes to panels of rodent-human hybrid cells con-
taining varying human chromosomal complements. Un-
linked probes were also assigned in this manner. Each au-
tosome contained at least one linkage group. We then
turned to multilocus analysis to detect linkage between
syntenic linkage groups, to detect linkage between linkage
groups and the unlinked probes, and to construct genetic
maps for each chromosome.

Multilocus Analysis of Chromosome Maps

In constructing maps in experimental organisms, one can
usually determine the correct order of the loci first (based
on data from three-point crosses) and then estimate the
map distances between consecutive loci. Individual three-
point crosses are less efficient for analyzing human
crosses, because different families are informative for
different triplets of loci; integrating all of the information re-
quires simultaneous multilocus analysis of the loci. To de-
termine the genetic order of a set of loci, map distances
and the corresponding likelihoods should ideally be deter-
mined for all possible orders of the loci (Ott, 1985); a
genetic order is accepted if it is considerably more likely
to have given rise to the data than alternative orders.

For linkage groups containing only six loci, it is straight-
forward to compute the maximum-likelihood multipoint
map for each of the 360 possible orders for the loci and
to then compare the likelihoods (Lander and Green, 1987,
Lander et al., 1987). Of course, this becomes impossible
as the number of loci increases, since the number of pos-
sible orders grows exponentially. Instead, maps can be
constructed by sequentially adding loci to a map (as in-
deed is done in experimental genetic organisms). We
have employed two such strategies for making maps of
the more densely covered chromosomes, both of which
led to the same results.

In the first approach, loci were first sorted by their infor-
mativeness, and a pair of highly informative linked loci
were chosen as the nucleus of the map. The next most in-
formative locus was then selected and placed in each pos-
sible position with respect to the two loci. The maximum
likelihood distances for each of the orders were com-
puted, and the locus was added to the map if one order
was preferred over the others by a 100:1 odds ratio (i.e.,
if the observed data were 100-fold more likely to have
arisen with that order than with any other order). If the lo-
cus could not be uniquely placed in this manner, another
locus was tested in the same way. Thus, only conservative
additions were made to the map. When no remaining lo-



Table 1. CRI RFLP Probes

Probe Chr. Enz. Alleles Het PIC  Meioses Assighment Probe Chr. Enz. Alleles Het PIC Meloses Assighment
CRI-C52 1 E 3 57 .50 193 linkage CRI-C47 4 B 2 33 .26 101 linkage
CRI-L56 1 M 2 .33 .26 105 linkage CRI-C82 4 M 4 52 .48 174 linkage
CRI-L112 1 B 2 .45 .38 144 linkage CRI-L9 4 H 2 40 .29 116 linkage
CRI-L336 1 R 7 .76 N4 260 hybrid panel CRI-L114 4 H 2 29 24 91 linkage
CRI-L423 1M 2 40 .33 139 linkage CRI-1231 4 M 2 a7 a7 64 linkage
CRI-L461 17T 2 .50 .38 158 linkage CRI-L503 4 T 2 .48 .38 183 hybrid panel
CRI-L501 1 7T >6 .50 .48 170 hybrid panel CRI-L527 4 T 2 45 .38 159 linkage
CRI-L589 1 E 2 52 .40 172 linkage CRI-L1180 4 MT 4 67 .52 208 linkage
CRI-L673 1 M 2 .40 .29 127 linkage CRI-L1210 4 Bg 2 29 .24 91 linkage
CRI-L744 1 R 5 .52 .52 161 hybrid panel CRI-L1408 4 M 3 50 .43 176 linkage
CRI-L816 1 B 2 .24 19 72 linkage* CRI-R107 4 M 2 .50 .38 162 linkage
CRI-L931 1 T 2 .26 21 78 linkage CRI-R171 4 Bg 2 31 .26 106 linkage
CRI-L943 1 7T 2 .36 .33 120 linkage CRI-R227 4 ET 6 .81 .76 267 linkage
CRI-L1039 1 M 2 .40 3 94 linkage CRI-R234 4 Bg 8 57 .57 193 linkage
CRI-L1046 1 TM 16 .74 .74 262 linkage CRI-R622 4 T 4 21 21 70 linkage
CRI-L1054 1 M 4 .36 .33 122 linkage CRI-V820 4 T 3 .67 .55 215 linkage
CRI-L1191 1 M 2 .40 .33 128 linkage
CRI-L1199 1 M 8 .80 .88 283 hybrid panel CRI-C44 5 M 6 74 .67 238 linkage
CRI-L1201 1 7T 2 .43 .33 132 linkage CRI-C61 5 T 4 .64 .57 199 linkage
CRI-L1209 1 7T 6 .64 .64 234 hybrid panel CRI-L45 5 M 4 .76 74 250 linkage
CRI-L1226 1 M 5 .67 62 210 linkage CRI-L118 5 P 2 .29 .26 117 linkage
CRI-R39 1 M 2 A7 14 49 linkage CRI-L123 5 MR>20 .71 Al 231 hybrid panel
CRI-R117 1 M 2 .29 26 g1 linkage CRI-L334 5 T 5 .64 .60 161 linkage
CRI-R275 1 E 2 .26 .21 86 linkage CRI-L372 5 M 4 .64 .57 224 hybrid panel
CRI-R629 1 H 2 .50 .33 158 linkage CRI-L401 5 T 2 .38 .33 118 linkage
CRI-R1002 1 T 2 .52 .38 169 linkage CRI-L407 5 T 2 .50 .33 181 linkage
CRI-S182 1 M 3 .43 .40 148 linkage CRI-L433 5 MP 6 .60 .50 192 linkage
CRI-1.540 5 P 3 .52 .50 170 linkage
CRI-C13B 2 P 4 .67 .60 229 linkage CRI-L986 5 T 2 .45 .33 143 linkage
CRI-C36 2 E 2 .33 .29 122 linkage CRI-L1072 5 T 2 .36 .31 113 linkage
CRI-C43 2 E 2 21 21 69 linkage CRI-L1155 5 THc 4 .48 .36 164 linkage
CRI-C84 2 E 2 .50 .38 160 linkage CRI-L1194 5 M 2 .33 .29 103 linkage
CRI-L.22 2 T 6 .79 .76 261 linkage CRI-L1200 5 T 3 .40 .36 120 linkage
CRI-L34 2 M 3 .40 .31 146 linkage CRI-L1265 5 T 4 .62 .57 209 linkage
CRI-L301 2 T 2 .48 .36 155 linkage CRI-P148 5 T 3 57 .57 188 linkage
CRI-L379 2 M 2 .21 .21 63 linkage CRI-P152 5 Bg 2 .38 .29 113 linkage
CRI-L452 2 Bg 4 .55 .45 182 linkage CRI-R36 5 T 4 .57 .57 170 linkage
CRI-L523 2 R 2 .38 .26 120 linkage CRI-R379 5 M 4 .55 .55 147 linkage
CRI-L586 2 M 2 .40 .36 128 hybrid panel CRI-R535 5 M 3 .45 43 145 linkage
CRI-L625 2 MT 7 .62 .57 215 hybrid panet CRI-R1005 5 H 2 19 17 64 linkage
CRI-L750 2 T 2 .26 .26 78 linkage CRI-T39 5 M 2 48 .33 103 linkage
CRI-L1202 2 T 2 .26 19 85 linkage CRIV1022 5 M 4 .58 .48 186 linkage
CRI-L1229 2 T 4 .57 .45 185 linkage
CRI-L1247 2 M 2 .55 .40 172 linkage CRi-L171 6 TM 8 .55 .45 195 hybrid panel
CRI-L1287 2 M 2 21 .21 69 linkage CRI-L320 6 MT 6 .50 .40 166 linkage
CRI-P20 2 Bg 2 24 .21 82 linkage CRI-L322 6 M 3 .48 .43 144 linkage
CRI-P40 2 E 2 .50 .38 153 linkage CRI-L994 6 T 2 .31 .26 112 hybrid panel
CRI-P166 2 M 4 67 .62 217 linkage CRI-L1065 6 R 11 .74 74 243 hybrid panet
CRI-R4 2 7T 2 48 .38 155 linkage CRI-L1077 6 T 5 .50 43 152 hybrid panel
CRI-R40 2 BgM 5 38 .36 128  linkage CRI-P74 6 P 2 3 .3 127  linkage
CRI-R221 2 T 4 .40 .40 139 linkage CRI-R125 6 H 2 .40 .33 122 linkage
CRI-R322 2 BgT 5 .55 .40 185 linkage CRI-R368 6 M 4 .52 .45 180 linkage
CRI-T18 6 R 3 12 .07 48 linkage*
CRI-C17 3 M 4 .69 .57 235 linkage CRI-T22 6 H 10 .26 .26 85 inkage
CRI-L162 3 7T 2 19 17 61 linkage*
CRI-L182 3 M 2 .43 .36 131 linkage CRI-L281 7 MT 11 79 .71 273 linkage
CRI-L326 3 M 4 .40 .33 146 linkage CRI-L390 7 Bg 2 19 17 60 linkage
CRI-L619 3 7T 6 .40 .36 140 linkage CRI-L544 7 M 2 .52 43 177 linkage
CRI-L892 3 T 5 7 .64 231 hybrid panel CRI-L751 7 M 3 7 .57 249 linkage
CRI-L1169 3 M 3 74 69 260  linkage CRI-L819 7 H 2 40 29 138  linkage
CRI-P112 3 M 2 .40 .33 t22 linkage CRI-L887 7 M 3 .55 .48 195 linkage
CRI-P145 3 0T 2 .48 .36 134 hybrid panel CRI-L917 7 HHe 4 sl .67 237 hybrid panel
CRI-R59 3 M 5 .67 52 245  linkage CRI-L966 7 R 8 .74 .69 242  hybrid panel
CRI-R96 3 M 3 .64 .60 251 linkage CRI-L1020 7 HT 8 .79 .76 271 hybrid panel
CRI-R208 3 BgM 5 .76 .71 258  hybrid panel CRI-L1033 7 M 2 3 .31 119 linkage
CRI-R532 3 M 5 62 .48 191 linkage CRI-L1238 7 E 2 50 .43 167  linkage
CRI-U1 3 M 2 .36 .31 116 linkage CRI-P137 7 T 2 .45 .40 142 linkage




Table 1. (continued)

Probe Chr. Enz. Alleles Het PIC Meioses Assignment Probe Chr. Enz. Alleles Het PIC Meloses Assignment
CRI-R12 7 M 5§ .31 .20 102 linkage CR-L409 12 EHc 4 60 .45 185 linkage
CRI-R40 7 M 2 45 .36 143 linkage CR-416 12 E 10 .52 50 167  hybrid panel
CRI-RS3 7 Bg 3 40 .33 126  linkage CR-B09 12 M 3 45 .40 155  hybrid panei
CRIFR944 7 M 4 43 .36 141 linkage CR-P102 12 M 2 24 24 68 linkage
CR-RO67 7 M 4 40 33 113 linkage CR-PI53 12 M 2 45 .36 120 linkage

CR-R102 12 T 4 60 .52 203  linkage
CRI-C96 8 Bg 4 20 .24 88  linkage CRI-V8B34 12 M 2 50 .33 117 linkage
CRI-L40 8 Bg 2 .40 .3 126  linkage
CR-L186 8 T 4 57 55 176  linkage CR-R214 13 T 2 40 3 131 linkage
CR-L388 8 T 2 40 .33 137 linkage CRI-V1134 13 H 3 60 .52 188 linkage
CR-L413 8 P 5 64 .60 218  hybrd panel
CRI-L580 8 T 2 55 45 174  linkage CRI-C70 14 M 6 7N .67 235  linkage
CR-L1212 8 M 2 49 17 58 linkage CRI-L329 14 7T 3 48 36 114 linkage
CR-L1251 8 M 4 62 48 207  hybrid panel CRI-L436 14 T 2 52 36 203 hybrid panel
CRI-L1427 8 T 5 40 .38 134 linkage CR-L1013 14 Bg 2 43 .33 152  linkage
CRI-R150 8 H 2 50 .31 137 hybrid panel CRI-L1113 14 P 2 48 3 159  linkage
CRI-R191 8 MT 7 .74 .64 253 linkage
CRI-R370 8 M 2 50 .40 169 linkage CRI-L146 15 HM 6 .62 .55 183 .. .linkage
CRI-U4 8 M. 3 3 .33 99 linkage CRI-L389 15 Bg 6 .21 21 84 hybrid panel
CRI-V822 8 E 2 57 .40 181 linkage* CRI-L442 15 M 3 60 50 193  linkage
CRI-'VI225 8 E 4 69 69 200 linkage CRI-L1204 15 M 2 .57 .43 167 - hybrid panel

CRI-P78 15 B 2 3 .33 121 linkage
CRI-L659 9 T 2 45 a8 141 linkage CRI-P452 15 M 2 24 21 82 linkage
CRI-L1022 9 P 2 26 24 90 hybrid panel CRI-R382 15 M 4 .62 .60 191 linkage
CR-L1263 8 T 4 64 52 225  hybrd panel
CRI-L1424 9 H 2 43 .3 143 linkage* CR-L223 16 T 2 48 40 159  linkage
CRPI10 9 E 2 45 33 151  linkage CRI-L922 16 HHc 4 .50 43 163 . linkage
CRI-P111 9 T 2 55 .36 169  linkage CRI-R93 16 HM 4 64 62 226  linkage
CRI-R3 9 E 2 5 .33 154  linkage -

CRI-L581 17 T 3 56 - .50 196  hybrid panel
CRI-368 10 H 8 .74 .74 232  hybridpanel CRMS46 17 M 3 43 40 132 linkage
CRI-L647 10 T 5 50 .48 152  hybrid panel CRI-P3 17 M 2 52 3t 1556 linkage
CRI-L893 10 E 2 40 .31 136 linkage ‘
CRI-L941 10 M 2 .36 .31 118 linkage CRI-L84 18 M 2 36 .31 119 linkage
CRLL1005 10 H 2 31 .21 96  linkage CR-L189 18 P 23 .74 74 264  hybrd panel
CRI-L1083 10 M 3 55 45 182 hybrid panel CRI-L261 18 M 2 .52 .40 1814 linkage

CRI-L821 18 M 2 26 26 81 linkage*
CRI-L424 11 EH 4 57 55 171 linkage CRIFL1156 18 M 3 57 55 179 linkage
CRI-L451 11 EM 4 38 .31 102 linkage CRI-P30 18 BgT 4 52 43 161 linkage
CRI-L605 1 M 7 2l 50 227 hybrid panel CRI-R397 18 P 5 .57 .55 190 hybrid panel
CRHL7T62 11 T 5 62 .50 206 linkage
CRI-L834 11 M 2 45 .33 142  linkage CRI-L127 20 M 2 43 3 130  linkage
CRI-L937 11 Hc 2 .33 .24 97 linkage CR-L355 20 Bg 22 .74 .74 257  hybrid panei
CRI-L944 " T 5 45 .36 149  linkage* CR-L1214 20 Bg 17 98 .88 334 hybrid panel
CRI-L962 11 M 6 71 62 245 hybrid panel CRI-L1239 20 M 2 .40 .33 115 linkage
CRI1382 11 MT 4 57 48 173 linkage
CRI-R83 11 HMTE6 71 69 265 linkage CR-427 21 R 25 95 .83 327  hybridpanel
CR:R365 11 Bg 5 .48 .48 157  linkage
CR-R397 11 R 4 43 .38 157  linkage CR-L518 22 T 2 B 3 130 linkage*
CRI-R548 11 P 2 2 19 76 linkage CRI-L1272 22 Bg K] 40 3 131 linkage
CRI-RO75 11 T 2 50 .38 159  linkage CRI-R657 22 T 2 40 36 134  hybrid pane!
CRLVG28 11 M 3 48 40 144  linkage

CRI-C88 X M 2 14 14 20  sexlinkage
CRI-C2 12 PE 8 .71 .69 229 linkage CR-L1391 X M 3 48 48 8  sex-linkage
CRI-C86 12 P 4 17 14 56  linkage CRI-R393 X T 2 34 .34 49 sex-linkage
CRH303 12 M 2 24 .29 82 linkage CRI-$232 X E >7 .90 .90 138 sex-linkage
CR-L375 12 T 3 57 43 183  hybrid panel

Enzymes are: B, BamHI; Bg, Bglll; E, EcoRl; H, Hindlll; He, Hincll; M, Mspi; P, Pstl; R, Rsal; T, Taql. Alleles is the number of different alleles
present in the parents of the CEPH families screened, Het is the proportion of these parents that are heterozygotes, and PIC is polymorphism
information content (Botstein et al., 1980). Meioses is the number of informative meioses in the parents in the CEPH families studied. Assignment
lists whether the locus detected by the probe was initially assigned to the indicated chromosome via hybrid panels, or via linkage to previously
assigned loci. An asterisk indicates that the initial two-point LOD score exceeded 3.0, but fell below the more stringent threshold of 4.0. The probes
on chromosomes 7 and 16 isolated from the screening of libraries enriched for these chromosomes are described in detaii elsewhere (Barker
et al., 1987; T. Keith et al., unpublished data). Probes designated with the letter R are random probes from the Charon 4A library; with the letter
L, probes from this library screened for single-copy human inserts; with the letter S, probes from the chromosome 7-specific library, some of which
did not tie on chromosome 7; with the letters P and O, probes from the phage and cosmid libraries enriched for chromosome 16; with the letter
C, probes from a total genomic cosmid library (D. Bowden, unpublished data); with the letters T, U, and V, probes from libraries propagated in

recombination-deficient hosts.
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Table 2. Physically Localized Anchor RFLP Loci

Locus Probe Location Enzyme(s) Alleles Het PIC Meioses Reference

AT3 pAT3 1g23-925 P 2 43 36 143 Prochownic et al., 1983
REN pHRNES1.9  1p21-qter H 2 .50 40 164 Hobart et al., 1984
CRYGP1 p5G1 2q33-q35 M 2 .29 .24 8t Meakin et al., 1985
D2S1 L2.30 2p25 Bg,M 4 .69 48 223 Lothe et al., 1986
D2SSs IMR32-6 2p16-p15 M 2 .38 26 116 Shiloh et al., 1985
D2S6 pXG-18 2q32-q36 T 2 .62 43 219 Davatetis, 1985

D3S1 HS3 3q12 H 2 .40 3t 122 Zabel et al., 1983
D3s2 p12-32 3p21-p14; 3g21-gter M 2 .38 29 118 Barker et al., 1984
D3S4 B67 3pter-g21 ™ 5 .45 .38 154 Morle et al., 1984
ADH3 pADH73 4921-g25 M 2 .26 .24 84 Smith et al., 1984
HEXB pHexB43 5q13 P 2 10 10 32 O'Dowd, 1985

DHFR CHB203 5q11.1-g13.2;5q23 M 2 .19 a7 60 Anagnou et al., 1984
HPRTP2 plambda500 5p14 M 2 .31 24 89 Patel et al., 1984
COL1A2 NJ-3 7921.3-g22.1 EMT 12 .21 19 87 Tsipouras et al., 1983
MET pmetD, H 7q21-g31 T 7 62 55 223 Cooper et al., 1984
D7s8 pJ3.11 7922 M 2 52 33 183 Cooper and Schmidtke, 1985
TCRB pT10 7932; 7q35-q36 Bg 2 .50 33 153 Berliner et al., 1985
PLAT pCGE217 8pi2 He, P 4 .43 36 136 CRi

ABL pablK2 9q34 P 2 .24 A7 74 Srinivasan et al., 1981
D9S1 pHF12-8 9pter-qt1 T 2 .26 .21 82 Naylor et al., 1984
IRBP H.4 IRBP 10p11.2-q11.2 Bg, M 4 19 19 67 Liou et al., 1987

PLAU pCGE194 10g24-qter Bg 2 31 24 101 CRI

VTR.4 VTR4.1 10q26 E 9 .38 .38 120 Colb et al., 1986
D11S16  p32-1 11p13 M 3 .52 .50 173 Feder et al., 1985

SEA clone 3 11913 H 2 .33 .26 97 D. Smith, personal comm.
CAT pINT-800 11p13 T 2 A7 14 50 Quan et al., 1986

PRB1 pPRPiI2.2RP 12p13.2 E 5 81 .81 256 Azen et al., 1984
D13S1 p7F12 13q12-q14 MT 4 .64 55 203 Cavenee 6t al., 1984
D13s3 p9A7 13q22-gter H 2 .26 .24 84 Cavenee et al., 1984
D13s4 p1E8 13931 M 2 .60 43 179 Cavenee et al., 1984
D14S1 pAW101 14q32.2 E 8 .74 71 242 Wyman et al., 1982
D15S1 pMS1-14 15q15-921 M 2 .62 45 20 de Martinville et al., 1984
D15S2 pDP151 15q15-q22 E 2 .40 38 131 Brissenden et al., 1986
D1583 pJuU201 15 Bg 3 .50 38 166 Cooper et al., 1985
HBA1 3HVR 16p13 M >10 .93 93 347 Higgs et al., 1981
D17S2 L1.31 17 Bg 4 .38 38 115 Schwartz et al., 1985
D1721 p17H8 17cen E 2 19 A7 70 Willard et al., 1986
MYH2 p10-3 17p13 M 3 .38 33 109 Leinwand et al., 1983
NGFR PE51 17q21-q22 Hc 2 .40 38 133 Chao et al., 1986
D18S1 pHF12-62 18 T 2 57 38 163 Naylor et al., 1984
D18S3 B74 18p11.3 M 2 .50 40 163 Morle et al., 1984
APQC2 pCll-711 19cen-q13.2 T 2 .38 29 137 Jackson et al., 1984
D19S7 p4.1 19cen-q13.2 M 2 .52 43 172 Shaw et al., 1986
D19S8 pt17.1 19cen-q13.2 T 2 .33 .31 105 Shaw et al., 1986
D19S9 p1J2 19cen-q13.2 E 2 19 19 66 Shaw et al., 1986
D20S4 pMB1-27 20g13.2 M 2 43 38 148 de Martinville et al., 1984
D20S5 pRi2.21 20p12 M 2 45 38 141 Goodfellow et al., 1987
D20S6 pD3H12 20p12 T 2 .48 .38 155 Goodfellow et al., 1987
BCEI pS2 21g22.3 B 2 17 14 59 Jakowlew et al., 1984
D21S15 GMG2181 21qg21.2-qter M 4 .50 43 160 Stewart et al., 1984
D21S17  pGSH8 21q21.2-qter Bg 2 .40 .33 128 Stewart et al., 1984
SOD1 pS61-10 21g22.1 M 2 12 A2 36 Lieman-Hurwitz et al., 1982
D22S10  22C1-18 22 T 3 .29 .24 87 Hofker et al., 1985

SIS pSM-1 22q12.3-q13.1 H 2 45 33 144 Clarke et al., 1984

Column headings are as defined in Table 1. Where two conflicting physical localizations have been reported for a locus, both are listed, separated
by a semicolon. The reference CRI indicates gene probes that were isolated at Collaborative Research. The locus SIS is also known as PDGFB.

cus could be uniquely placed in the map, then the locus
with the smallest number of permissible orders was
added to the map, and the entire procedure repeated, with
succeeding loci tested in each position with respect to
each permissible order. Frequently, the number of permis-
sible orders increased in the initial stages of map con-

struction but decreased when succeeding loci were
added, as combined data from many loci resolved am-
biguities cooperatively.

In the second strategy, a set of informative loci sepa-
rated at intervals of roughly 10-20 centiMorgans were
chosen, based on two-point distance calculations. All pos-
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Table 3. Polymorphic Loci from CEPH Database

Locus Location Meioses Reference

PGM1 1p22.1 199 White et al., 1985a
FY 1p21-g23 154 "

RH 1p36.2-p34 163 .

ACP1 2p25 112 N

GC 4q12-q13 194 *

MNS 4q28-q31 180 -

D6SS 6p24-q12 64 Leach et al., 1986
D6S7 6pter-p24 86 .

D6S8 6p21.3 123 "

D6S10 6p 168 .

GLOt 6p21.31-p21.1 150 "

HLAB 6p21.3 55 .

HLADQA 621.3 136 *

HLADRA 6p21.3 83 .

ABO 9q34.1-q34.2 99 White et al, 1985a
AK1 9q34.1-q34.2 38 "

ORM 9q34.3 190 .

D11S12 11p15.5 110 .

HBBC 11p15.1 107 .

HRAS1 11p15.5 239 "

INS 11p15 207 "

D6S9 11 115 Leach et al., 1986
D13S1 13q12-q14 125 Leppert et al., 1986
D1382 13qg22 153 "

D1383 13gq22-qter 112 "

D13S4 13q31 163 .

D13S5 13q12-q22 86 "

D13S6 13q12-g22 58 .

D13S7 13qi2-g22 31 "

D13S10 13q14 19 .

ESD 13q14.11 37 .

HP 16qg22.1 165 White et al., 1985a
SE 19 52 :

DXS3 Xg21.1 35 Drayna et al., 1985
DXS9 Xp22 19 "

DXS15 Xq28 72 -

DXS41 Xp22.2-p22.1 45 .

DXS42 Xq24-q26 55 .

DXS43 Xp22.2-p22.1 57 .

DXS51 Xq27-qgter 77 "

DXS52 Xq28 117 .

DXS143 Xpter-p22 51 “

HPRT Xq26-q27.3 31 N

F9 Xq26 56 "

F8C Xq28 44 *

DXYS1 Xq21.1 64 Page et al., 1982

Meioses is number of informative meioses in the parents in the CEPH
families studied. D6S9 is the locus detected by the probe p3C7, which
was isolated from a chromosome 6-specific library and thus assigned
a designation on chromosome 6. In fact, it lies on chromosome 11 by
our linkage studies and by the hybrid panel results of Leach et al.
(1986).

sible orders of these loci were tested by muitipoint analy-
sis. By trying several possible sets, it was usually possible
to find a set of loci for which one order was strongly fa-
vored over all alternatives (by an odds ratio of 10,000:1).
Remaining markers were then tested in each interval de-
termined by this framework of loci and assigned to an in-
terval when favored by 100:1 odds; markers assigned to
the same interval were then ordered by computing likeli-

Family 1331

SIB 2

Maternal chromosome 1

AV
oooooonoooluooooooool.ooooooooJ

Paternal chromosome 1

l.000..000*.00000.000000P0.000 l

Key: ® informative locus
0 non-informative locus
[ allele inherited from grandmother
[] allele inherited from grandfather

2\ |ocation of crossover
Figure 2. Grandparental Origins of Alleles at 30 Loci on Chromosome
1 in Sibling 2 of CEPH Reference Family 1331

Black ovals correspond to informative loci, white ovals to noninforma-
tive loci. A grey stippled region indicates inheritance from the grand-
father, while a white region indicates inheritance from the grandmother.
Each of the chromosomes 1 inherited by this child apparently under-
went two crossover events, the approximate position of which is indi-
cated by the triangle.

hoods for all possible orders. The process was repeated,
since the addition of loci to the framework made it possi-
ble to place further loci uniquely. Loci that could not be
placed uniquely were assigned to all intervals that could
not be excluded by the 100:1 odds test, and simultaneous
comparisons of all loci within a given region of the map
were performed to further resolve orders. As a test of the
final order, the maximum likelihood multipoint maps were
computed for the various possible permutations of con-
secutive marker triplets embedded in the order.

Once maps were constructed, we used a computer pro-
gram to picture the grandparental origins of the alleles in
each chromosome under study (Figure 2). These pictures
provided strong intuitive support for the genetic orders de-
termined, because they usually indicated fewer than three
crossovers per chromosome. When anomalies were ob-
served, such as double-crossovers involving just a single
probe, the data were rechecked and, where questions re-
mained, additional Southern blots were prepared and the
genotypes determined again; in this way, several data er-
rors were corrected.

For most chromosomes, a majority of the loci fell into a
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unique genetic order, while most of the remaining loci
were assigned to two or three adjacent intervals in the
unique order. Throughout the linkage analysis, sex-spe-
cific recombination fractions were allowed for each inter-
val; final maps were also generated in which the recom-
bination fraction in each interval was not permitted to vary
between the sexes. Recombination fractions were con-
verted to centiMorgans via the Kosambi mapping function
(see Ott, 1985). The distances we report must be regarded
as only rough approximations, because the number of
meioses is relatively small by the standards of experimen-
tal organisms, because the correct mapping function for
human is unknown, and because recombination distances
probably vary with age and genetic background, as they
do in Drosophila (Bridges, 1927), maize (Chang and Kiku-
dome, 1974), and other organisms.

As a final step, the linkage maps were oriented relative
to the cytogenetic map of the chromosome whenever
there were two or more probes whose genetic order could
be resolved and whose cytogenetic positions were known
and nonoverlapping. The genetic maps did not conflict
with the subchromosomal assignments, except in two
cases. The location of the locus D256 has been reported
to lie at chromosome position 2q32-q36 (Davatelis, 1985);
our linkage data place it genetically near D2S5, which has
been localized to 2p16-p15, and far away from CRYG,
which has been localized to 2q33-935. The conflict be-
tween the genetic data and the published physical lo-
calization remains to be resolved. Also, ORM has been
physically localized to the distal tip of chromosome 9q in
9g34.3, while the ABO blood group has been indirectly as-
signed to 9q34.1-q34.2 on the basis of tight linkage to a
physically assigned locus. Qur genetic data place ABO
distal to ORM.

Recombinational Map of the Human Genome

The genetic maps of the 23 chromosomes are shown in
Figure 3, along with chromosome ideograms to indicate
the placement of those loci that have been physically
localized to subchromosomal regions. The maps indicate
the estimated genetic distances obtained both when sep-
arate male and female recombination fractions are al-
lowed for each interval and when only a single recombina-
tion fraction is allowed. Uncertainties in the genetic order
are indicated.

Sex Differences in Recombination

A striking general feature of the linkage maps is the differ-
ence in recombination rates between the sexes: the
genetic map of the autosomes is roughly 90% longer in
females than in males, although this estimate must be re-
garded as only approximate. Statistical tests (see Ex-
perimental Procedures) confirm that the overall sex-spe-
cificity of recombination is highly significant. Of course,
male and female meioses occur in entirely different tissues
and there is a priori no reason why recombination rates
would be expected to be identical. Even in organisms
such as maize, in which a single individual produces both
male and female gametes, sex differences are observed
in recombination rates (Rhoades, 1941; Carlson, 1977;
Robertson, 1984). Haldane asserted as a general rule

that, in organisms with a chromosomal mechanism of sex
determination, the genetic length is shorter in the heter-
ogametic sex (Haldane, 1922), and this rule applies well
to many organisms, including Drosophila melanogaster,
in which males (XY) show no recombination (Morgan,
1914), the moth Bombyx mori, in which females (ZW) show
no recombination (Maeda, 1939; Tazima, 1964), and Mus
musculus, in which certain intervais show up to twice as
much recombination in females (XX) as in males (XY)
(Davisson and Roderick, 1981). Increased recombination
in human females was first observed in linkage studies be-
tween the ABO blood group and nail-patella syndrome
(Renwick and Schulze, 1965), and has been observed
since for a number of intervals in RFLP linkage maps con-
structed for autosomal regions. Our findings confirm that
the phenomenon is quite general in humans: our linkage
map indicates a substantial femaie excess for all auto-
somes except chromosome 14 (no female excess) and
chromosome 10 (an 18% female excess). Substantial sex
differences may exist for these chromosomes as well, but
may have avoided detection because of limited sample
size or incompleteness of the maps.

Despite the strong overall tendency to greater genetic
length in females, the increase clearly appears to be
nonuniform: many intervals appear much larger in female
meiosis, others are consistent with roughly equal lengths,
and a handful show increased recombination in males. As
an extreme example, the loci R365 and L962 on chromo-
some 11q, which are jointly informative in a large number
of meioses, show 0% recombination in females and 17%
recombination in males (chi-squared = 13.1; p < .0008).
(These recombination fractions are based on two-point
analysis of the loci. As shown on the map, multipoint anai-
ysis yields similar, but slightly different values: 3% in fe-
males and 23% in males, with the additional female dis-
tance inferred indirectly from linkage to other loci.) In view
of the large number of intervals being studied and the
varying amounts of data for different intervals, however,
one must be cautious about the significance of a result for
any particular interval; a detailed statistical analysis of
these data will appear elsewhere. However, the most ef-
fective way to test the suggestion of increased male
recombination in some intervals will now be to study these
same regions in a second, independent set of meioses.
Longer male genetic distance has also previously been
reported for a distal region of 11p in humans (White et al.,
1985a) and for certain intervals in mouse (Davisson and
Roderick, 1981). In maize, for which genetic lengths are
generally longer in male meiosis, some intervals are
reported to be longer in female meiosis (Robertson,
1984). inhomogeneity in the ratio of female to male
genetic length would suggest that, rather than sex differ-
ences being the result solely of generalized increase in
the trans-acting recombinational machinery in human fe-
males, sex-specific chromosomal sites for recombination
may exist throughout the genome (White et al., 1986). Al-
though a special case, the human pseudoautosomal re-
gion provides one example of a clear inhomogeneity: this
small region, in which the X and Y chromosomes recom-
bine in male meiosis, measures about 50 cM in male mei-
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osis but only about 5 ¢cM in female meiosis (Rouyer et al.,
1986; Page et al., 1987).

How Much of the Genome Is Covered?

The probes isolated in the random genomic screen pro-
vide an empirical estimate of the fraction of the DNA in the
genome linked to the map. Of 208 probes isolated from
screening of whole genomic libraries, only five (i.e., 2.4%)
fail to show linkage to another locus in the map with a LOD
score exceeding 3.0. Assuming that the randomly isolated
RFLPs are representative, we therefore estimate that the
probability exceeds 95% that a newly isolated RFLP of a
similar degree of polymorphism will be detectably linked
to the map. Assuming that probes detecting RFLPs are
representative of DNA in the human genome (i.e., that
there are not vast stretches poor in polymorphism or un-
clonable), we estimate that 95% of the DNA in the human
genome is detectably linked to the map.

The linkage groups themselves aiso indicate the degree
of coverage of the genome. Single, coherent linkage
groups emerge for most of the chromosomes, with typi-
cally one unlinked probe that presumably lies in distal
regions. The largest chromosomes are fairly densely cov-
ered, while a few of the smaller chromosomes have more
rudimentary maps. We must now direct attention to filling
in gaps such as those that occur on chromosome 14,
which is represented by two small, unlinked linkage
groups, and chromosome 19, on which none of our ran-
dom probes detected loci and whose map spans only a
short genetic distance.

While a random kilobase of DNA has a 95% chance of
being linked, it would also be of interest to know the
chance that a random centiMorgan of the genome is de-
tectably linked. Since genetic and physical distances
need not be proportional, one would expect that a screen
of randomly isolated DNA probes should systematically
underrepresent regions of genetic map expansion; i.e.,
regions in which a relatively high degree of recombination
occurs in a relatively short physical stretch of DNA. Using
cytogenetic distance as a proxy for physical distance (di-
rect determination of which awaits the availability of physi-
cal maps of genomes), studies in a number of organisms
report or suggest that genetic map expansion occurs in
the distal portions of autosomes: in Drosophila melano-
gaster, genetic map expansion is evident in the distal half
of each autosomal arm (Morton et al., 1976; Lindsley and
Sandler, 1977); in the nematode worm Caenorhabditis ele-
gans, genes identified by mutation are tightly clustered in
the center of the genetic map and quite sparse toward
the ends, strongly suggesting map expansion (Herman,
1987); and in maize, the distal 30% of the cytogenetic
length of the short arm of chromosome 4 contains roughly
two-thirds of the genetic length, and the distal 50% of the
cytogenetic length of the short arm of chromosome 1 has
yet even to be placed on the genetic map, with distal map
expansion the presumed reason (E. Coe, personal com-
munication). In humans, detailed studies of the distribu-
tion of chiasmata (the presumed cytological manifesta-
tions of crossing-over) show a significant excess near the
telomeres (Laurie and Hulten, 1985a, 1985b). The most
completely studied case is chromosome 1, in which the

distal 15% of the chromosome contains 40% of all chias-
mata (Hulten et al., 1982). Similarly, in the construction of
a detailed RFLP linkage map of chromosome 21q, Tanzi
and colleagues have recently found that 40% of the ob-
served genetic length corresponds to the distal 10% of the
cytogenetic arm (R. Tanzi, personal communication). Qur
own data for chromosome 21 show a similar effect: the
loci BCE1 and SOD1 both lie in 21q2 yet are separated by
an estimated genetic distance of 41 cM. Similarly, our map
of chromosome 10 suggests map expansion at the distal
end of 10q, in the region between PLAU and VTR.

Table 4 shows the estimated minimum genetic dis-
tances observed in our map for each autosome, as well
as estimates that have been obtained from counts of
chiasmata in male meiosis (Morton et al., 1982; Laurie
and Hulten, 1985a, 1985b). It is difficult to draw a strict
comparison because, on the one hand, our estimates are
simply lower bounds, which must be adjusted upward in
some way to account for “end effects” and for the presence
of some syntenic but as-yet-unlinked loci, and because, on
the other hand, substantial methodological uncertainties
still exist about counting chiasmata. Nevertheless, a
rough comparison can be made. The minimum male
genetic length contained within the linkage groups is
about 80% of the estimate based on chiasmata counts.
The results are broadly consistent with what one would ex-
pect if the documented cases of distal map expansion are
taken as a rule: namely, single, large linkage groups that
somewhat underestimate the total genetic length because
they cannot detect linkage to the most distal regions. If we
take into account the as-yet-unlinked probes known to lie
on certain chromosomes, our estimate of the genetic
length spanned by the mapped loci increases. Allowing a
somewhat arbitrary distance of 30 cM between the linkage
groups and unlinked loci would expand the estimated
male length contained within the limits of the map to 2377
cM, or roughly 92% of that expected. Such close agree-
ment is accidental, however, since the genetic lengths of
the most densely covered chromosomes exceeds the esti-
mates, while the genetic lengths of the more poorly repre-
sented chromosomes fall short.

Distribution of Polymorphism

The RFLPs identified in the random genomic screen
seem to lie somewhat disproportionately on the larger
chromosomes: while chromosomes 1-12 contain about
70% of the cytogenetic length of the genome, some 85%
of the randomly isolated RFLPs fell on these chromo-
somes (Table 5). The same trend is seen for each of the
genomic libraries screened, the figures being 84%, 92%,
and 92% for the Charon 4A library, the cosmid library, and
the library propagated on recombination deficient hosts.
The smaller chromosomes may in fact contain fewer poly-
morphisms per kilobase; alternatively, it is possible that
cytogenetic length systematically overestimates the ac-
tual physical length in DNA base pairs of the smaller chro-
mosomes.

Only three RFLPs from whole genomic libraries were
identified on the X chromosome. This was expected, since
the design of the random screen was systematically bi-
ased against polymorphisms on X: the libraries under-
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Figure 3. Genetic Linkage Maps for 23 Human Chromosomes

Loci are arranged in their most likely order, with map distances indicated in Kosambi centiMorgans. Male and female distances are estimated by
allowing the recombination fraction in each interval to vary between the sexes in the linkage analysis. “Sex-average” distances are obtained by repeat-
ing the linkage analysis with the constraint that the recombination fraction in each interval be equal for males and females; the “sex-average” distances
are thus not simply the mean of the corresponding male and female distances. (Even though two loci are linked, the estimate for the recombination
fraction in one sex, typically the female, can occasionally be quite large. Because the mapping function is extremely imprecise for large recombination
fractions, we have truncated all distances at a maximum of 50 cM, corresponding to roughly 38% recombination.) The locus order indicated is favored
over alternative orders by odds of at least 100:1, with exceptions indicated (on the sex-average map only) as follows: brackets enclose a set of loci
whose mutual order cannot be resolved if 100:1 odds are required; when the genetic position of a locus is poorly resolved relative to the neighboring
region, a thin line to the left of the chromosome indicates its range of possible positions, using the 100:1 odds test. When the thick bar representing
the genetic map narrows to a thin line between two loci, this indicates that no linkage is genetically detectable between the loci; such lines merely
record the fact that the loci on either side lie on the same chromosome. The minimum distance between such “unlinked” loci cannot be determined
with any accuracy; given the number of meioses and the informativeness of the loci, we estimate that most such loci must be separated by at least
40 cM, and have arbitarily indicated the genetic distance as > 40. Thirteen of the loci on the X chromosome were previously analyzed and reported
(Drayna et al., 1984). Accepting this order, we have determined the location of the three additional CRI probes mapped. Subchromosomal assignment
of physically localized loci is indicated to the right of the chromosome ideograms. When there are two or more loci whose genetic and physical
positions have been determined and do not overlap, the genetic linkage map has been oriented relative to the physical chromosome. If such informa-
tion is available for only a single locus but it lies near the telomere, we show the larger part of the linkage map pointing proximally.
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Table 4. Predicted and Observed Genetic Lengths

Predicted Contained in Map

Male Male Female Sex Avg.
1* 195 199 371 282
2 173 140 236 180
3 150 151 235 180
4 138 108 292 201
5 137 139 252 192
6% 131 122 185 151
7 136 173 275 219
8* 131 111 171 147
g* 115 51 110 83
10* 127 94 111 109
11* 110 166 210 180
12* 137 45 97 68
13* 88 28 79 50
14+ 88 42 40 42
15% 96 35 76 52
16 108 164 237 195
17* 109 26 116 56
18* 98 81 210 113
19 97 7 31 13
20 99 52 161 71
21 54 41 73 53
22 60 42 96 7
X - - 193 -
TOTAL 2577 2017 3857 2708

Estimated genetic lengths (Morton et al., 1982) are based on counts
of chiasmata in male meiosis. The observed genetic lengths are the
total distances contained between the lock in linkage groups. An aster-
isk indicates that the chromosome contains a locus or loci not yet
demonstrably linked to the main linkage group; the complete collec-
tion of loci on the chromosome must in fact span a larger genetic in-
terval than that shown. All distances are in centiMorgans.

represented X, being derived from males, and the blots
used for polymorphism screening underrepresented X,
since they included males. In addition, the X chromosome
has been shown to contain a several-fold lower density of
polymorphism (Hofker et al., 1986).

Interestingly, the most informative of the RFLPs show a
tendency to cluster near the ends of the linkage map. Con-
sidering those identified in the random screen that have
heterozygosity greater than 0.70, we find that 11 of 28
(39%) lie within the terminal 5% at either end of the
genetic linkage map, whereas one would expect only two
or three. We speculate that increased polymorphism in
the most distal regions of the chromosomes may be
related to increased recombination in these regions, since
the recombination system itself has been implicated in the
generation of mutations (Brandenburger et al., 198%;
Thomas and Capecchi, 1986). Further support for this no-
tion is provided by the pseudoautosomal region, in which
recombination is tremendously enhanced relative to phys-
ical distance and in which polymorphism appears to be
especially abundant (Cooke et al., 1985; Goodfellow et al.,
1986; Page et al., 1987; Simmler et al., 1985).

Many of the issues raised will require further study to re-
solve. More precise understanding of the differences in

Table 5. Chromosomal Distribution of Loci

“Anchor” Loci

Linkage Data Collected At

Chromosome CRIi RFLPs CRI CEPH Total
1 27 2 3 32
2 24 4 1 29
3 14 3 0 17
4 16 1 2 19
5 25 3 0 28
6 1 0 8 19
7 59 4 4] 63
8 15 1 0 16
9 7 2 3 12

10 6 3 ] 9

11 15 3 5 23

12 11 1 0 12

13 2 3 6 11

14 5 1 0 6

15 7 3 0 10

16 40 1 1 42

17 3 4 0 7

18 7 2 0 9

19 0 4 1 5

20 4 3 0 7

21 1 4 4] 5

22 3 2 0 5

X 4 0 13 17

Total 306 54 43 403

recombination rate between the sexes, more precise esti-
mates of recombinational distances, and the resolution of
local ambiguities of order will require that the genetic
markers be studied in many further meioses. Correlation
of the genetic and cytogenetic maps, which will shed light
on the issue of distal map expansion, will require physical
localization of many of the markers on the genetic map via
in situ hybridization of subclones containing unique se-
quence, linkage mapping of many more probes whose
physical location is already known, or both.

Conclusion
When we began this project some five years ago, we rea-
soned that the most efficient way to construct a compre-
hensive genetic map of the human genome was to isolate
and study random polymorphic loci, rather than to pro-
ceed chromosome by chromosome. Genetic maps fall to-
gether cooperatively: when a sufficiently high density of
loci is reached, linkage maps emerge for all the chromo-
somes at once. Recently, we reached this point. We
should emphasize, however, that this genetic linkage map
represents only an initial step. Some regions are relatively
poorly covered, and must now be filled in. Moreover, con-
siderably more detailed genetic maps should now be con-
structed, since the power of a genetic map increases con-
siderably with its density.

The current map should be of immediate value for sev-
eral purposes, including:
(a) Systematic Mapping of Simple, Single-Gene Disorders
By selecting a panel of about 100-200 probes throughout
the genome, one can efficiently search nearly all regions
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of the genome to locate the cause of any single gene dis-
order. Given the density and informativeness of the mark-
ers in the map and the additional information provided by
multipoint linkage analysis, calculations show that there is
a high likelihood of being able to map any single-gene dis-
order for which about 20-25 phase-known meioses are
available, provided of course that the locus lies within the
95% of the genome currently linked.
(b) Initial Efforts to Map Diseases with Complex Modes of
Inheritance
Without a map, it is difficult to map heterogeneous dis-
eases caused by mutations at any one of several loci,
since evidence for linkage to a particular locus in one fam-
ily is offset by evidence against linkage in another family.
Such genetic complexities become more tractable for link-
age analysis if inheritance data for the whole genome are
analyzed simultaneously (Lander and Botstein, 1986b).
The current map is sufficient to begin such approaches,
although a denser map would increase their efficiency.
(c) Systematic Deletion Mapping of Recessive Onco-
genes, through Study of the Loss of Heterozygosity in
Tumor Cells
A number of types of tumors, such as retinoblastoma
(Cavenee et al., 1985), Wilm's tumor (Fearon et al., 1984),
bilateral acoustic neuroma (Seizinger et al., 1986), and co-
lon cancer (Solomon et al., 1987) are associated with dele-
tions of particular chromosomal regions, which presum-
ably expose recessive oncogenes. The availability of a full
panel of probes will facilitate screening of new tumor
types, by comparing DNAs from tumor tissue and periph-
eral blood for the loss of an allele at a polymorphic locus.
Systematic screening of the genome will guard against
the possibility of being misled by the nonspecific an-
euploidy found in many tumors. In addition, the limits of
deletions can be defined to within the resolution of the map.
(d) Rapid Assignment of Newly Discovered Polymor-
phisms to Chromosomes
The data underlying the linkage map characterize the
pattern of inheritance (i.e., grandmaternal or grandpater-
nal allele) at many loci throughout the genomes of the chil-
dren in the CEPH families studied. The pattern of in-
heritance of any new probe can now be used to identify
at once its approximate chromosomal location (with at
least 95% chance of success), just as is done in mapping
with recombinant inbred strains in mouse. The approach
can serve as a corplement or an alternative to methods
of physical assig.iment, such as in situ hybridization.

With a sufficiently dense linkage map, rare recessive
disease genes can be mapped by using the DNA of inbred
affected children to perform homozygosity mapping (Lan-
der and Botstein, 1987), even when few families are avail-
able with multiple affected children. The current map is
adequate to support preliminary efforts of this sort, but it
is sparser and less evenly spaced than desirable (except
inthe case of chromosomes 7 and 16.) Increasing the den-
sity of the markers by a factor of 2-3 would be desirable,
in order to take full advantage of these methods.

A genetic map consisting of markers spaced no more
than 5 cM apart would be desirable, in order to take full
advantage of the power of linkage mapping. In the current

map, the average spacing is roughly 10 cM, and many in-
tervals are considerably larger. Since a similar mapping
project of comparable scope using the CEPH families is
currently underway in the laboratories of our colleagues
in Salt Lake City (White et al., 1985a), we expect that a
linkage map of twice the average density will result when
the data from the two groups are combined. Together with
the data from other groups constructing detailed linkage
maps of more limited chromosomal regions, a truly com-
plete genetic linkage map of humans will emerge.

(Note: The probes and data generated in this study will be
made available to interested investigators for research
purposes.)

Experimental Procedures

Pedigree DNAs and Hybrid Panels

Human DNA samples from three-generation families (typically having
four grandparents, both parents, and six to 15 children) were provided
by CEPH, the Centre d'Etude du Polymorphisme Humain in Paris, for
CEPH families 12, 66, 1332, 1334, 1344, 1346, 1349, 1413, 1416, 1418,
and 1421. DNA from families 884, 13291, 13292, 13293, 13294, 1331,
1333, 1340, 1341, 1345, 1350, and 1362 was prepared as described
(Bell et al., 1981) from transformed lymphoblast lines, which were pur-
chased from the Camden Cell Repository or were a gift from R. White.
These families comprise 310 individuals; the children in them repre-
sent a total of 362 meioses. Hybrid panels used for assigning probes
to chromosomes were provided by J. Frezal and colleagues and by T.
Shows and colleagues.

DNA Probes

DNA probes were isolated from a total human genomic bacteriophage
library (Lawn et al., 1978), a total human genomic cosmid library pre-
pared in the vector C2RB (Bates and Swift, 1983), two phage libraries
of human DNA flow-sorted for chromosomes 7 and 16, respectively
(van Dilla et al., 1986), a chromosome 16 cosmid library prepared from
arodent-human hybrid cell line bearing chromosome 16 as its only hu-
man chromosome, and three bacteriophage libraries, numbered 185,
285, and 1284, grown on hosts designed not to select against repetitive
sequences (Wyman et al., 1986). Previously reported gene probes,
which were used to assign linkage groups to chromosomes, are de-
scribed in Table 2.

RFLP Identification and Pedigree Analysis

Human clones were tested for restriction fragment length polymor-
phism by hybridization to Southern blots of DNA from five unrelated
individuals. Each DNA sample was digested with six or more of the re-
striction endonucleases BamHI, Bglll, EcoRl, Hincll, HindHl, Mspl,
Pstl, Rsal, and Taql using the conditions specified by the suppliers
(New England Biolabs and BRL) except that 2-5 U/ug of DNA was
used in overnight digests and Mspl digests were carried out at 20°C
to minimize partial digestion. Four micrograms of the resultant DNA
fragments were resolved according to size by horizontal gel elec-
trophoresis in 0.8% agarose at 3 Vicm overnight in Tris-acetate buffer,
and, after staining with ethidium bromide for direct visual inspection,
the DNA fragments were denatured in situ with 0.2 N NaOH. The DNA
fragments were transferred to a nylon filter support (Zeta-Bind,
AMF/Cuno, Meriden, CT) by Southern blotting, and fixed to the filter
by baking at 80°C. DNA probes were labeled with [*2P]-dATP or dCTP
by nick translation. Bacteriophage lambda clones used as hybridiza-
tion probes were grown and DNA prepared as described (Helms et al.,
1985). Cosmid DNAs were prepared by alkaline lysis of minipreps (Ish-
Horowitz and Burke, 1981) or the closed circular DNA purified by
CsCI/EtBr density centrifugation. Probes were hybridized to the filters
in 10% dextran sulfate, 1 M NaCl, 100 mM Tris-HCI (pH 7.5), 5 mM
EDTA, 0.1% sodium pyrophosphate, 0.5% sarkosyl, 0.5 mg/ml heparin,
and 30% formamide, except that probes not known to be free of human
repeated sequences were prehybridized with unlabeled human DNA
(Litt and White, 1985) to block the hybridization of repeated sequences
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to the membrane-bound DNA. The filters were washed twice at room
temperature in 2x SSC for a total of 30 min, followed by two 65°C
washes of 30-60 min each in 0.1x SSC, 0.2% SDS, and were exposed
to X-ray film (Kodak XAR-5) with an intensifying screen (Dupont Cronex
Lightening Plus) for 1-5 days at —80°C. DNA probes were stripped
from the membranes in 0.1 N NaOH. The nylon membranes could be
reused up to 25 times.

Candidate probes for polymorphic loci were hybridized to Southern
blots of DNAs from parents of CEPH families to confirm the observed
polymorphic pattern and to indicate which families were informative for
linkage analysis. Analysis of the inheritance of RFLP loci by Southern
hybridization was conducted on the informative families. Experimental
conditions were identical to those used for RFLP identification and
characterization as described above.

Linkage Analysis

Multipoint linkage analysis was performed using two independently
written computer programs, CRI-MAP and MAPMAKER (Barker et al.,
1987a; Lander et al., 1987). Both programs implement new technigues
for maximum likelihood multipoint linkage analysis (Lander and Green,
1987), but use different strategies to find the marker order. Both pro-
grams are available from the authors. Multipoint analysis was per-
formed without taking interference into account. The significance of
sex differences in two-point crosses was evaluated by means of a likeli-
hood ratio test. The significance of the overall sex difference seen in
multipoint maps was evaluated by means of a permutation test: as a
robust test of whether the likelihood increase resulting from allowing
sex-specific parameters was statistically significant or, instead, simply
the result of doubling the number of parameters to be fit, we computed
the corresponding likelihood increase for 100 examples in which the
sex of the parents had been randomly permuted, but the data were
otherwise identical.
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