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A new strategy for mapping the human genome
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SUMMARY Recent advances in agarose gel electrophoresis of large DNA fragments raise the
possibility of an entirely new approach to mapping mammalian genomes. In this article is
discussed the potential of this technology for tackling problems such as construction of linkage
maps, identifying chromosome translocation breakpoints, and moving from linked markers to
genes causing diseases such as the muscular dystrophies and Huntington's chorea.

Traditionally, human genetics has relied on family
studies to construct linkage maps and on- cyto-
genetics to identify chromosome structural abnorma-
lities. More recently these approaches have 'been
improved by the introduction of recombinant DNA
to provide a source of new linkage markers, of
improved chromosome banding methods to increase
cytogenetic resolution, and of in situ hybridisation of
cloned DNA sequences for accurate gene localis-
ation. However, despite these advances, family
studies and cytogenetics still have significant dis-
advantages, particularly in their inability to provide
resolution at the level of a million base pairs (Mb)
and smaller. Thus, there exists a gap in the range of
resolving powers of the techniques currently avail-
able to the human geneticist, from family studies and
cytogenetics at one level to DNA cloning and
sequence analysis at the other.

In the last two years several strategies have been
proposed to bridge this gap. In the opinion of the
author, the most hopeful of these is the use of new
forms of agarose gel electrophoresis capable of
separating very large DNA fragments. By exploiting
this technology, many problems could be tackled that
are either difficult or impossible to solve by con-
ventional means. These include the ordering of
genetic markers and construction of complete link-
age maps; the isolation of DNA sequences from
chromosome translocation breakpoints; the detec-
tion of DNA deletions too small to be seen
cytogenetically; and moving from closely linked
markers to genes causing diseases whose biochemical
basis is unknown.
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Electrophoresis of large DNA fragments

In 1984, Schwartz and Cantor,' and independently
Carle and Olson,2 described a new form of agarose
gel electrophoresis, which has since become known
as orthogonal field alternation gel electrophoresis or
OFAGE for short. Conventional agarose gel electro-
phoresis is one of the mainstays of the analysis of
small DNA molecules such as cloned genes or viral
genomes, but is limited by its inability to resolve
DNA fragments longer than about 20 kilobases (kb)
This limit arises because of the tendency of long
DNA molecules to align themselves as rods in the
agarose matrix and migrate end on, with a mobility
that is independent of their length. In OFAGE, the
DNA molecules are subjected not to one constant
electrical field, but to two alternating fields, arranged
at an angle of between 90° and 1800 to each other (fig
1). Thus, the molecules are forced to turn a corner in
the gel every time the field direction is changed. The
speed with which a molecule can change its direction
is a simple function of its length, and the size range
of molecules that are resolved in an OFAGE gel is
dependent on the time between each change of field
direction. There is no theoretical upper limit to the
size of DNA molecules that can be separated. In the
original studies, OFAGE was used to separate whole
yeast chromosomes whose lengths range from 30 to
2000 kb. It has since been applied to various other
biological problems.

Mapping a human chromosome using OFAGE

A genetic map is a series of markers linked together
in an orderly way and serves as a framework for
investigating the structure and function of genes and
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FIG 1 Movemient ofDNA molecules in an OFAGE gel. The
two pairs ofelectrodes are designated I + and 1- and 2+
and 2-. The electric current is switched at regular intervals
between the two pairs of electrodes. The conformation of a
long DNA molecule at various points in the switching cycle is
shown, the arrowhead indicating the leading end of the
molecule. The net migration over the course of the run is
vertically downwards on the diagram.

chromosomes. The markers used in human genetics
include cytogenetic bands, cloned genes and other
DNA sequences localised by in situ hybridisation or
somatic cell genetics, and polymorphic markers
mapped by family studies and linkage analysis. As
discussed earlier, these techniques do not provide
resolution at the level of I Mb and below. The
genomes of simpler organisms such as viruses can be
mapped by a biochemical approach, namely res-
triction enzyme analysis. The markers in this type of
map are specific DNA sequences recognised and
cleaved by restriction endonucleases, and the dis-
tances between the markers are determined precisely
by gel electrophoresis of the DNA fragments
produced by restriction enzyme cleavage. If this
approach could be applied to human chromosomes,
it would provide a means of mapping at the 1 Mb to
10 kb level, the area not covered by current
techniques.
Most restriction enzymes recognise sequences of 4,

5, or 6 base pairs and cut mammalian DNA into
fragments a few hundred to a few thousand base
pairs long. Therefore, a restriction digest of total
human DNA produced by such an enzyme contains
several million fragments. Specific fragments can, of
course, be identified by Southern blotting and
hybridisation with a radioactive probe sequence, but
until recently there has been no way of using

restriction enzymes to map large regions of DNA,
such as whole human chromosomes.

Restriction enzymes whose recognition sequence
consists entirely of G and C base pairs cut mam-
malian DNA rather infrequently, because stretches of
DNA consisting only of G and C are under-
represented in the genome. Enzymes such as NotI,
whose eight base pair recognition sequence is
GCGGCCGC, will cut DNA even less frequently.
Although this has not been confirmed empirically,
calculations based on dinucleotide frequencies indi-
cate that Notl should cut human DNA, on average,
once every million base pairs and enzymes with six
base pair sites, such as X,niaIII (CGGCCG), every 60
kb.3 Human DNA, digested with one of these
enzymes, would be effectively fractionated by
OFAGE yielding a few tens or hundreds of res-
triction fragments per chromosome. These fragments,
after Southern blotting in the conventional way,
could then be identified by hybridisation with
chromosome specific probes. A complete restriction
map could be generated by linking the fragments
together as follows. A set of chromosome specific
probes, each containing DNA sequences flanking a
site for the infrequently cutting enzyme used to
produce the genomic DNA fragments, is constructed.
A procedure for doing this, currently being tested in
our laboratory, is shown in fig 2. Each 'junction
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FIG 2 Schemie for producing 'junction probes' containing
DNA sequencesflanking a sitefor an infrequently cutting
restriction enzymee such as NotI. (a) Genomlic DNA (which
may he chromnosome specific) is digested tofragmiients ofafew
kh in length with an enzyme such as BantHI. (h) The linear
fragmiients are circularised by treating with DNA ligase at a
low DNA concentration. (c) Circles containing a NotI site.
which form a minority of less than I ",, are linearised by
digestion with NotI. (d) Thefragments are recovered by
cloning into a NotI site of a suitable vector.
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probe' will hybridise to two different DNA fragments
on the Southern blot of the OFAGE gel. These two
fragments must originally have been contiguous in
the genome (fig 3). Thus, by hybridising the blot with
each junction probe in turn, a complete restriction
enzyme site map of the chromosome in question may
be generated.

It then becomes a relatively trivial matter to assign
all of the existing chromosome specific markers to
points on the map, by hybridising probes for these
markers to the same set of OFAGE blots. The order
of the markers and the distances between them
(in physical terms) will be defined by their map

positions.
A map constructed in this way is individual

specific and, unlike genetic maps deduced from
family studies, does not require one to assume that
the order of markers is invariant. Indeed the
technique is also potentially useful for studying long
range variation in chromosome structure between
persons.

Chromosome rearrangements

Deletions and translocations have been shown to
have significant consequences, for example, in caus-

ing diseases such as Duchenne muscular dystrophy4
and retinoblastoma5 or in activation of oncogenes
leading to neoplasia. Such chromosomal aberrations
would show up as a disruption of the normal
OFAGE restriction site map. Cloning of DNA from
the breakpoint or deleted region would also be
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FIG 3 Constructing a restriction map of a chromosome
using OFAGE and NotI junction probes. (a) Southern blot
of an OFAGE gel hybridised with three different NotI
junction probes. (b) Translation of the autoradiogram into
a restriction map of part of the chromosome.

possible, as follows. The deletion or breakpoint will
manifest itself as an OFAGE DNA fragment of
abnormal length. This fragment, together with its
normal homologue, can be isolated from the gel by
standard procedures, and its structure analysed in
greater detail by further restriction mapping and
molecular cloning. In this way the site of the
chromosomal rearrangement could be defined pre-
cisely and any gene whose normal function is being
disrupted identified.

Linked markers and disease genes

Many genetic diseases whose biochemical basis is
not understood have now been mapped using linked
RFLPs. These include Duchenne,6 Becker,' and
myotonic8 muscular dystrophies, Huntington's
chorea,9 cystic fibrosis,101-2 and polycystic kidney
disease."3 The problem now facing workers in this
field is how to 'walk', 'hop', or 'run' the few million
base pairs from the linked marker to the disease gene
itself. There are at least two ways in which OFAGE
could be applied.

Firstly, it has been shown that in several
Mendelian diseases, including Duchenne muscular
dystrophy,4 a and j thalassaemias,"4 and familial
hypercholesterolaemia,'5 DNA deletions at the
disease locus are often involved. Such deletions
would be readily identifiable by OFAGE, as des-
cribed above. Deletions as small as a few kilobases
should be detectable, since changes of fragment
lengths of a few percent are easily resolved by
electrophoresis. (Cytogenetic techniques can only
detect deletions of several megabases in length).
Thus, having identified closely linked markers for a
genetic disease, it would be well worth screening a
series of patients and controls for deletions by
OFAGE.

Secondly, OFAGE can provide DNA from a small,
precisely defined region of a chromosome, as a source
of new probes or for complete molecular cloning or
restriction enzyme mapping. This would be done
merely by isolating the relevant DNA fragment from
the OFAGE gel. Such an approach should be much
simpler than other proposed methods for isolating
small regions of chromosomes, such as use of somatic
cell hybrids or chromosome walking.

Conclusions

OFAGE is a new technique that appears to have
great potential in tackling a number of problems of
interest to human geneticists. Many laboratories are
now familiarising themselves with the procedures
involved, and as a result it is likely that many
significant discoveries will be made in the next few
years.

copyright.
 on M

ay 22, 2023 by guest. P
rotected by

http://jm
g.bm

j.com
/

J M
ed G

enet: first published as 10.1136/jm
g.23.5.421 on 1 O

ctober 1986. D
ow

nloaded from
 

http://jmg.bmj.com/


Duncan J Shaw

References

Schwartz DC, Cantor CR. Separation of yeast chromosome-
sized DNAs by pulsed field gradient gel electrophoresis. Cell
1984;37:67-75.

2 Carle GF, Olson MV. Separation of chromosomal DNA
molecules from yeast by orthogonal-field-alternation gel electro-
phoresis. Nucleic Acidis Res 1984;12:5647-64.
Bastie-Sigeac F, Lucotte G. Optimal use of restriction enzymes
in the analysis of human DNA polymorphism. Hitumz Genet
1983;63:162-5.

4 Monaco AP. Bertelson CJ. Middlesworth W, et al. Detection of
deletions spanning the Duchenne muscular dystrophy locus
using a tightly linked DNA segment. Natuire 1985;316:842-5.
Hansen MF, Koufos A, Gallie BL, et at. Osteosarcoma and
retinoblastoma: a shared chromosomal mechanism revealing
recessive predisposition. Proc Natl Acad Sci USA 1985;82:
6216-20.

6 Murray JM, Davies KE, Harper PS, Meredith L, Mueller CR,
Williamson R. Linkage relationship of a cloned DNA sequence
on the short arm of the X chromosome to Duichenne muscular
dystrophy. Nature 1982;300:69-71.
Kingston HM, Sarfarazi M. Thomas NST, Harper PS. Localis-
ation of the Becker muscular dystrophy gene on the short arm of
the X chromosome by linkage to cloned DNA sequences. Huime7
Genet 1984;67:6-17.

8 Shaw DJ, Meredith AL, Sarfarazi M, et al. The apolipoprotein
CII gene: subchromosomal localisation and linkage to the
myotonic dystrophy locus. Humii Genet 1985;70:271-3.

Gusella JF, Wexler NS, Conneally PM, et al. A polymorphic
DNA marker genetically linked to Huntington's disease. Nature
1983;306:234-8.
Knoulton RG, Cohen-Haguenauer 0. Van Long 0, et al. A
polymorphic DNA marker linked to cystic fibrosis is located on
chromosome 7. Nature 1985;318:380-2.

l White R. Woodward S. Leppert M, et aL. A closely linked genetic
marker for cystic fibrosis. Nature 1985;318:382-4.

12 Wainwright BJ, Scambler PJ, Schmidtke J, et al. Localisation of
cystic fibrosis locus to chromosome 7cen-q22. Nature 1985;318:
384-5.

13 Reeders ST. Breunig MH, Davies KE, et al. A highly
polymorphic DNA marker linked to adult polycystic kidney
disease on chromosome 16. Nature 1985;317:542-4.

14 Antonarakis SE, Kazazian HH, Orkin SH, DNA polymorphism
and molecular pathology of the human globin gene clusters.
Humi11 Genet 1985;69:1-14.

15 Horsthemke B, Kessling AM, Seed M, Wynn V, Williamson R,
Humphries SE, Identification of a deletion in the low density
lipoprotein (LDL) receptor gene in a patient with familial
hypercholesterolaemia. Hu,iii Genet 1985;71:75-8.

Correspondence and requests for reprints to Dr
Duncan Shaw, Section of Medical Genetics, Univer-
sity of Wales College of Medicine, Heath Park,
Cardiff CF4 4XN.

424

copyright.
 on M

ay 22, 2023 by guest. P
rotected by

http://jm
g.bm

j.com
/

J M
ed G

enet: first published as 10.1136/jm
g.23.5.421 on 1 O

ctober 1986. D
ow

nloaded from
 

http://jmg.bmj.com/

