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Preface

In addition to awarding the Nobel prizes, the Nobel Institution is involved
in various scientific activities. Most important of these are the Nobel sym-
posia, which are sponsored by the Nobel Foundation and its Symposium
Committee.

The Nobel symposia are traditionally arranged according to certain rules,
the most important one being that the topics should be of great current sci-
entific interest. Furthermore, the meetings are small and closed; only 40-50
internationally leading scientists are invited.

The present Nobel symposium on the etiology of human disease at the
DNA level is number 80 in this series of symposia. It was held at Alfred
Nobel’s Bjorkborn, which is located in the middle of Sweden, between June
11 and 14, 1990. The meeting covered an extremely interesting aspect of
biomedical research. The field of human molecular genetics is advancing at
an enormous pace. We were fortunate to attract the leading scientists in the
field to the symposium; they discussed the molecular basis of human disease
from all possible angles. The chapters in this book represent the forefront of
human genetics; the book should be of wide interest to students and scien-
tists in the field of human genetics.

Jan Lindsten
Ulf Pettersson

Stockholm and Uppsala, Sweden
October 1990
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Linkage Genetics in Humans:
Origins and Prospects

David Botstein

Department of Genetics, Stanford University School of Medicine,
- Stanford, California 94305

The rediscovery of Mendel in the first years of this century was immediately
followed by the recognition that some human traits, indeed some human
diseases, are inherited according to Mendel’s laws. It soon became unmis-
takably clear that the mechanisms of heredity in humans are entirely typical
of those in all higher eukaryotes. Among the earliest post-Mendelian discov-
eries was the principle of genetic linkage and the idea of a linkage map (Stur-
tevant, 1913). Yet linkage mapping in humans was not practiced on a large
scale until after 1980, even though the applicability of the principle and, in-
deed, a number of essential statistical methods for detecting linkage had
been in place since the 1930s (see Ott, 1985, for a review). It is the purpose
of this short chapter to sketch briefly how linkage mapping was finally ap-
plied to inherited human diseases, to place the ideas behind human genetic
linkage mapping in their proper historical context, and to give some inkling
of the future and limits to linkage mapping in humans.

LINKAGE MAPPING WITH DNA POLYMORPHISMS

The limiting factor that made linkage mapping difficult between the 1930s
and the 1980s, even for diseases obviously inherited in a simple Mendelian
way, was the supply of adequately polymorphic genes that could serve as
markers. Figure 1 illustrates that Mendelian inheritance and, indeed genetic
linkage, can be observed readily, given only loci (marked A, B and C) such
that the four alleles at each locus in the parents (Al, A2 in the father and
A3, A4 in the mother; B1, B2 in the father and B3, B4 in the mother; and so
on) can all be distinguished. As shown in Fig. 1, when all the alleles can be
distinguished, it is easy to see segregation of the parental alleles (each child
gets either Al or A2 from the father and A3 or A4 from the mother, etc.).
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FIG. 1. Mendelian inheritance, and genetic linkage, can be observed given loci (A, B, C)
such that the four alleles at each locus in the parents can be observed (A1, A2 in the father
and A3, A4 in the mother, etc.). See text for details.

Independence of inheritance of alleles residing on different chromosomes is
equally easily seen (e.g., Al from the father is accompanied by B2 as fre-
quently as BI; the combinations A3,B3; B3,B4; A4,B3; A4,B4 are equally
frequently inherited from the mother; etc.). Linkage is easily observed as
well, as the inheritance of C1 is highly correlated with the inheritance of B1;
C2 is correlated with B2 (both from the father); on the mother’s side we see
correlation of C3 with B3 and C4 with B4 in Fig. 1. Note also that we see,
from these correlations, not only that loci B and C are linked, but also the
so-called linkage phase (i.e., the fact that C3 and B3 lie on the same chro-
mosome in the mother).

Recombinant DNA technology provided a source of polymorphic markers
in the form of restriction fragment length polymorphisms (RFLPs). In 1980
my colleagues and I (Botstein et al., 1980) noted that if there is enough vari-
ation among the DNA sequences of humans, differences in pattern of diges-
tion by sequence-specific endonucleases (the restriction enzymes) would be
found from individual to individual. These differences in restriction fragment
length could be used as codominant genetic markers, just as we used the
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hypothetical alleles Al, etc. in Fig. 1. The method of detection proposed in
1980 (and still the most common) is to use single-copy DNA probes derived
from human genomic clones as hybridization probes in gel-transfer experi-
ments by the method of Southern (1985). Genomic DNA is extracted from
white blood cells, cut with restriction enzymes, separated by size by gel
electrophoresis, “blotted” onto filter paper, hybridized with labeled (radio-
active or fluorescent) DNA probe, and analyzed in comparison with other
samples from the same family. It should be emphasized that the DNA probe
used to elicit the RFLP has a dual nature: it is a genetic marker that can be
placed on a genetic map by linkage via polymorphism it reveals; it is also a
physical marker that can be placed on a physical map because it is a single-
copy DNA sequence. RFLPs thus bind together the genetic and physical
maps of the human genome.

Of course, real RFLP markers are never completely polymorphic, and
thus not every mating is “informative,” in the sense of allowing the distinc-
tion between parental alleles. For a given locus, the inheritance of the
marker could be followed in only a fraction of the families under study; in
the remainder the marker is homozygous in key individuals, and thus yields
no information. For this reason, we emphasized the importance of the “in-
formativeness” of markers for mapping, proposing a measure of usefulness
we called the polymorphism information content (PIC). The problem of in-
formativeness of markers made us also propose that a map consisting mainly
of polymorphic markers be constructed, so that even if a marker near a
particular region turned out to be uninformative, the next marker on the map
could be used in its stead, albeit with some loss of resolution. We proposed
in 1980 that standard likelihood measures (“LOD scores”) would serve ad-
mirably for disease mapping as well as for the construction of RFLP linkage
maps.

DISEASE MAPPING WITH RFLP MARKERS

In 1983, the first autosomal disease gene was mapped using RFLPs: Gu-
sella et al. (1983) found that the gene causing Huntington’s disease is linked
to a RFLP marker located near the end of the short arm of chromosome V.
Since then, a large number of other disease genes, including notably the gene
for the recessive disease cystic fibrosis, have been mapped (Table 1). Be-
cause the RFLP markers are useful in physical as well as genetic mapping,
they are crucial in the isolation of actual DNA sequences corresponding to
the disease gene; the particular recent success in isolating the gene that
causes cystic fibrosis was an example of this use of RFLP markers (Rom-
mens et al., 1989; Kerem et al., 1989).

Despite the success in mapping some of the major inherited disease genes
by linkage mapping using individual markers, theoretical analysis shows that
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TABLE 1. Diseases mapped using RLFPs

Disease Chromosome Reference
Duchenne’s muscular dystrophy X Davies et al., 1983
Huntington’'s disease 4 Gusella et al., 1983
Retinoblastoma 13 Cavenee et al., 1983
Cystic fibrosis 7 Tsui et al., 1985;

Knowlton et al., 1985;
White et al., 1985

Adult polycystic kidney disease 16 Reeders et al., 1985
Familial colon cancer 5 Bodmer et al., 1987
von Recklinghausen's 17 Barker et al., 1987;
neurofibromatosis Seizinger et al., 1987
Bilateral acoustic neurofibromatosis 22 Rouleau et al., 1987
Multiple endocrine neoplasia type 2A 10 Simpson et al., 1987

use of a set of mapped markers whose linkage relationships are known and
that span all of the genome will be more efficient and powerful (Lander and
Botstein, 1986a). In large part, this is because of the increased power of
linkage tests with markers flanking a disease gene as compared with single
markers lying to one side. With single markers, single crossover events can
completely reverse the relationship between the marker and the disease
gene, but with flanking markers, only a double-crossover (an exceedingly
rare event) will suffice to switch the marker-disease gene relationship
completely.

Several techniques that take advantage of a complete linkage map have
been suggested that allow either disease gene mapping without family study
(homozygosity mapping; Lander and Botstein, 1987), mapping of diseases
showing heterogeneity of cause (simultaneous search; Lander and Botstein,
1986b) or even mapping of genes contributing to quantitative traits (LLander
and Rotstein, 1988). This last method, which is applicable only to model
systems, has been used to map several traits specified by as many as five
contributing quantitative trait loci in tomato (Paterson et al., 1988).

In 1987, the first reasonably complete genetic linkage map of the human
genome was published by Donis-Keller et al. This map has been preceded
by maps of individual chromosomes and chromosome arms, notably the X
chromosome (Drayna and White, 1985). The Donis-Keller et al. map covers,
in the sense of showing continuous linkage, about 95% of the genome. How-
ever, not all the markers in it are highly informative and routine use as sug-
gested above is not quite yet a reality. Improvement of the map, both with
respect to informativeness of markers and density of markers, is a short-
term goal of the Human Genome Initiative. As the maps become better,



