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A locus in the human genome, not associated

ABSTRACT
ific gene, has been found to be a site of restriction

with any s

fragment length polymorphism. The polymorphism was found
by hybridizing a 16-kilobase-pair segment of sin y human
DNA, selected from the human genome library cloned in phage

ACHAA, to a Southern transfer of total human DNA digested
with EcoRIL. DNAs from a number of individuals from within
Mormon pedigrees as well as random individuals have been
examined. locus is highly variable, with at least eight alleles

resent, homozygotes accounting for less than 25% of the in-
Sividuals examined. The polymorphism appears to be the result
of DNA rearrangements ratK:: than base-pair substitutions or
modifications. Examination of the DNA from seven members
of a family revealed fragment lenfths that are consistent with
their inheritance as Mendelian alleles through three genera-

tions.

Because of the scarcity of useful genetic marker loci, the human
genetic linkage map has relatively few entries. For a marker
locus to be useful in linkage studies, it must be the site of several
variants (alleles). With several alleles occurring at reasonable
frequencies in the population, parental individuals heterozygous
at different marker loci will be common and cosegregation of
markers can be scored among their progeny.

Almost all polymorphic marker loci thus far identified in
humans represent biochemical variations, such as isozymes or
cell surface markers. Most of these loci do not have a sufficient
number and frequency of alleles to be of general use in linkage
studies in families, and many are not appropriate for prenatal
diagnosis. A few biochemical and immunological loci having
reasonably frequent variants within the human population have
been described, however, and shown to be useful for linkage
studies and for the resolution of genetic models (1).

We have argued (2) that a large number of DNA sequence
variations exist in the human population. Some of these should
be detectable as variants in the lengths of the DNA fragments
produced by a restriction enzyme (restriction fragment length
polymorphism or RFLP). These loci will define arbitrary ge-
netic sites, not necessarily associated with any specific genes,
and should prove highly suitable as genetic markers. A linkage
map of the human can be constructed by determining the
pattern of cosegregation of these genetic markers in human
pedigrees. A map based on several hundred such loci will have
a sufficient marker density to allow the placement of any other
locus with reasonable certainty (2, 3). RFLP markers specifi-
cally associated with the human - and +y-globin loci have al-
ready been reported (4, 5). We will describe here an arbitrary
locus showing a significant frequency of DNA sequence vari-
ation.

In these experiments, the restriction fragments from the DNA
of a locus are revealed by hybridization with a radiolabeled
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recombinant DNA probe. The search for polymorphisms has
been facilitated by choosing as probes recombinant DNA seg-
ments that have twa characteristics. First, it is important that
the segments be entirely single copy because repetitious se-
quences obscure the fragments representing the locus and reveal
a large and bewildering number of unlinked sequences of only
partial homology. Second, the use of long probes permits long
segments of DNA and many restriction sites to be examined in
a single experiment.

Unfortunately, most long segments of human DNA contain
repetitive sequences because the DNA organization of the
human genome follows the general pattern of interspersed
unique and repeated elements found in most eukaryotes (6).
However, these studies do suggest that some sequences of length
more than 13 kilobase pairs (kb) are completely unique.
Therefore, our approach has been to screen with radiolabeled
human repetitious DNA a library consisting of human genome
segments of length 15-20 kb carried in the A phage vector
Charon 4A (7) in order to detect clones that are free of repetitive
human DNA. We have identified a number of such clones and
have tested five of them as probes against restriction endonu-
clease-digested DNA of individual humans. The polymorphism
revealed by one of these, \CH4A-rHs18, has been examined
in detail and is the subject of this report.

MATERIALS AND METHODS

Preparation of Human DNA. Human DNA was prepared
from peripheral white blood cells by lysis in 0.1% NaDodSO4
and proteinase K (8). Typically, 20 ml of heparinized blood was
gently mixed with 20 ml of 1.8% NaCl and 20 ml of 6% (wt/vol)
Dextran 70 (Macrodex, Pharmacia) in 1.8% NaCl and the
erythrocytes were allowed to settle. The supernatant was cen-
trifuged at low speed at 4°C and the pellet was resuspended in
7 ml of HpO for 45 sec to lyse residual erythrocytes. Seven
milliliters of 1.8% NaCl was then added, and the remaining cells
were pelleted and resuspended in 10 ml of lysis buffer (0.1 M
NaCl/10 mM Tris-HCI, pH 7.8/1 mM EDTA). The cells were
lysed by dropwise addition into 10 ml of lysis buffer containing
1% NaDodSO4 and 0.4 mg of proteinase K per ml (Boehringer
Mannheim) at room temperature. Shaking of this mixture for
1-2 hr at room temperature was followed by two extractions
with equal volumes of phenol and two extractions with
CHCl;s/isoamyl alcohol, 24:1 (vol/vol). DNA, in the aqueous
phase, was precipitated by addition of 2.5 vol of isopropanol
and mixed by pouring back and forth in beakers. The fibrous
DNA precipitate, typically 200 ug, was mechanically removed
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and redissolved in 1-2 ml of 10 mM Tris-HCI, pH 7.8/1 mM
EDTA. The DNA was further purified by equilibrium sedi-
mentation in CsCl/ethidium bromide gradients as follows: 1
ml of the DNA solution was added to 12 ml of 50 mM Tris-HC]
(pH 8.0), 0.2 M NaCl, 1 mM EDTA, 6% (wt/vol) sucrose, 0.3
mg of ethidium bromide per ml, and 0.87 g of CsCl per ml, and
the mixture was centrifuged for 48-65 hr at 40,000 rpm in a
50Ti rotor. The fluorescent DNA bands were removed from
the gradients by puncture with a 16-gauge needle under
long-wavelength ultraviolet illumination. Ethidium bromide
was removed by successive washes with isopropanol, and CsCl
was removed by dialysis against 10 mM Tris-HCI, pH 7.8/0.1
mM EDTA.

Digestion, Electrophoresis, Transfer, and Hybridization
of DNA. Restriction enzymes were obtained from Bethesda
Research Laboratories (Rockville, MD), Boehringer Mannheim,
and New England BioLabs and used as directed. Restriction
digestions of human DNA were carried out at a DNA concen-
tration of 100 ug/ml. Human DNA was monitored for com-
plete digestion by removal of a volume containing 1 ug of
human DNA (immediately after enzyme addition) into 1 ug
of A phage DNA (New England BioLabs) foggarallel digestion.
Digestion of the human DNA was judged toﬁmcomplete if the
A\ DNA was fully digested. Electrophoresis in 0.4% or 0.5%
agarose (FMC, Rockland, ME) gels was carried out according
to Hayward and Smith (9). Nick-translations (10) were carried
out for 90 min at 15°C in a final volume of 10 ul, containing
15 uM each [32P]dATP, [32P]dCTP, and [32P]dTTP (approxi-
mately 400 Ci/mmol, 1 Ci = 8.7 X 101° becquerels; Amersham
and New England Nuclear), 30 mM dGTP (P-L Biochemicals),
50 mM Tris-HCI (pH 7.4), 5 mM MgClg, 20 mM 2-mercapto-
ethanol, 2 ug of DNase I (Worthington; stored and activated
according to ref. 10), and 1 ul of DNase-free Escherichia coli
DNA polymerase I (a gift from Ronald Davis). Human DNA
was transferred from gel to diazobenzyloxymethyl-paper and
hybridized with nick-translated probes by the methods of Al-
wine et al. (11) and Wabhl et al. (12), with a final wash of the
paper in 15 mM NaCl/1.5 mM trisodium citrate/0.1% Na-
DodSOy, pH 7.4, for 30 min at 51-53°C. Autoradiography was
for 16 hr to 10 days at —80°C with Kodak XR-5 film, backed
by a Lightning-Plus intensifying screen (DuPont).

Subcloning. Phage ACH4A-rHs18 and plasmid vector
pBR322 were digested to completion with EcoRI. The linear-
ized pBR322 was treated with bacterial alkaline phosphatase
(Worthington) to prevent recyclization (13); 2.5 ug of EcoRI
fragments of the phage and 0.25 ug of vector DNA were ligated
by using 5 units of T4 ligase (Bethesda Research Laboratories,
as directed except that 2 mM ATP was used) in 50 ul. Incuba-
tion was at 15°C for 2 hr; then the mixture was diluted 1:10 and
incubation was continued for 16 hr. The ligation products were
used directly to transfect E. coli strain HB101 (14). The re-
combinant plasmid that contained a 5-kb insert in pBR322,
corresponding to fragment D (Fig. 1), was designated pAW101.
In accordance with the Guidelines for Recombinant DNA
Research of the National Institutes of Health, \CH4A-rHs18
was grown in DP50supF, an EK2 host-vector system, and
PAW101 was grown in HB101, an EK1 host-vector system,
both under P2 containment.

RESULTS

Detection of RFLP in Human DNA. Variability in the
lengths of EcoRI fragments at an arbitrary locus in the DNA
from individual humans was examined by digesting the DNA
with restriction endonucleases and transferring it to diazo-
benzyloxymethyl-paper (12, 15). Recombinant phage
ACH4A-rHs18, containing a 16-kb single-copy human DNA
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FIG. 1. Restriction site map of the human insert of phage
ACHA4A-rHs18. A-D are EcoRI fragments; a—d are HindIlI fragments.
The subclone of fragment D in the plasmid vector pBR322, used in
these studies, is designated pAW101. Sites for EcoRI and HindIII
were determined by combined cleavage with the two enzymes, and
fragment lengths were determined by comparison with fragments of
X DNA produced by cleavage with HindIII or Sal I. The map was
confirmed by two-dimensional electrophoresis blotting hybridization
(16) of phage A\CH4A-rHs18, with unlabeled EcoRI fragments and
32P_labeled HindlIII fragments (data not shown).

segment bounded by synthetic EcoRlI sites, was used as probe.
Fig. 1 shows the restriction site map of the human insert of the
phage for the restriction enzymes EcoRI and HindIIl. The
result with human DNA was consistent with EcoRI restriction
fragment D from the phage having homology with a poly-
morphic (and much longer) EcoRI fragment in the DNA from
individual humans and fragments A, B, and C having homology
with nonpolymorphic fragments. Restriction fragment D was
subcloned in the plasmid vector pBR322 and, when used as a
probe, revealed the polymorphic restriction fragment pattern
shown in Fig. 2. Our interpretation of these data is that indi-
viduals with two bands are heterozygous for two fragment
lengths (alleles) and individuals with only one’ band are
homozygous for a single allele or contain two alleles that are not
yet resolved.

Number and Frequency of Alleles. By comparing bands in
the same or adjacent lanes (Fig. 2), at least eight different
fragment lengths could be clearly discriminated. The size range
of fragment lengths was from 14 to 29 kb. Three alleles in the
molecular size range of 14-17 kb are seen in Fig. 2 among in-
dividuals 4621, 4625, 4609, and 4629. Four alleles in the mo-
lecular size range of 19-22 kb are seen among individuals 4454,
4202, 4451, 4571, and 4610. An additional 29-kb EcoRI frag-
ment is seen in individuals 4616 and 4202. Table 1 gives the
lengths of the EcoRI fragments from 43 individuals. Because

4629
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4625
4621
4454
4202
4451
4571
4610
4611
4616
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FI1G. 2. Polymorphisms in human DNA restriction fragments
homologous to pAW101. Five micrograms of DNA from each indi-
vidual was digested with EcoRI, subjected to electrophoresis through
a 0.4% agarose gel, transferred to diazobenzyloxymethyl-paper, and
hybridized with a nick-translated probe prepared from the recom-
binant plasmid pAW101. Numbers above each lane indicate the in-
dividual within a large Mormon pedigree (17); numbers to the left
indicate length of DNA in kb.



6756  Genetics: Wyman and White

Table 1. Lengths (in kb) of EcoRI fragments

homologous to pAW101
Fragment Fragment
Individual 1 2 Individual 1 2

4142 14.8 20.2 4617 15.7

4202 20.0 28.8 4618 14.8 16.0
4214 22.2 28.2 4620 15.2 22.4
4218 14.8 4621 14.6 15.7
4224 149 20.2 4622 15.1

4225 14.8 20.2 4623 16.1 22.4
4229 14.9 19.7 4624 16.1 22.5
4230 14.7 28.5 4625 14.6 15.7
4451 20.1 4626 21.7

4452 14.8 20.5 4627 14.3 149
4453 149 4628 15.0 20.8
4454 16.3 20.8 4629 149 15.7
4516 20.1 27.6 4873 16.1

4571 14.7 20.9 4874 14.6 22.4
4606 16.0 22.8 4875 14.7 185
4608 15.6 4876 14.8 22.5
4609 15.3 15.6 H2 15.0 15.5
4610 21.9 23.4 H3 144 15.1
4611 15.1 H4 14.4 15.2
4612 16.3 19.7 902 15.7 19.0
4613 20.9 28.2 903 14.8 23.0
4616 15.9 28.0

DNAs from 43 individuals were digested, transferred, and hy-
bridized as described in the legend to Fig. 2. Fragments 1 and 2 cor-
respond to shorter and longer fragments, respectively. Their lengths
were determined by using \CH4A digested with EcoRI and A\CH4A
digested with EcoRI and BamHI as molecular size markers. The
mobilities of these markers had been revealed by prior hybridization
with 32P-labeled phage A\CH4A-rHs18. Lengths reported are the av-
erages of two independent measurements on the same autoradiogram,
except for individuals 902 and 903, where they are the averages of two
independent measurements on each of three autoradiograms. Lengths
for individual 4620 were determined by comparison with other bands
in Fig. 3B.

some alleles differed by only a few hundred base pairs, even
with an agarose gel system optimized for resolution of these long
fragments it was not always possible to determine whether two
fragments had the same or different lengths unless they were
run in adjacent lanes. Furthermore, with improved resolution,
some individuals who appeared to be homozygous might in fact
be heterozygous. For example, although individuals 4451 and
4609 (Fig. 2) and 4626 and 4622 (Fig. 3B) do not show two
distinct bands, the width of the observed band would suggest
the presence of two fragments of similar but different lengths.
Therefore, at present, an accurate account of the number of
alleles is not possible.

Likewise, our data do not provide an accurate estimate of the
frequency of each allele. However, it is apparent that repre-
sentatives of each detected size class are frequent. Consistent
with this notion is the observation that among 56 individuals
of various degrees of relatedness, only 12 were not demonstrably
heterozygous (18 individuals whose fragment lengths were not
measured are included in this estimate but not in Table 1).

Inheritance of RFLP. In order to examine the heritability
of restriction fragment length, the DNAs from seven members
of a family spanning three generations were examined. A
pedigree (17) showing the familial relationships is shown in Fig,
3A and the DNA restriction fragment patterns in Fig. 3B. In
every case the fragment lengths are consistent with their in-
heritance as Mendelian alleles through three generations.

Specifically, assuming that individuals 4629, 4626, and 4622
are actually incompletely resolved heterozygotes for fragments
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FiG. 3. (A) Pedigree (17) showing familial relationships of seven
individuals. (B) Restriction fragment patterns of seven individuals.
DNA was digested, transferred, and hybridized as described in the

legend to Fig. 2.

of similar lengths, the fragment pattern of individual 4620 can
be accounted for by the inheritance of the lower molecular size
fragment from 4626 and the lower molecular size fragment
from 4629. The fragment pattern of individual 4622 is consis-
tent with the inheritance of the lower molecular size fragments
from both 4620 and 4621. The fragment pattern of 4623 and
4624 indicate inheritance of the higher molecular size frag-
ments of 4620 and 4621.

Alternative models of random distribution of fragment
lengths among individuals or of mitochondrial (maternal) in-
heritance can be ruled out. Because each member of the family
appears to be heterozygous, each progeny individual is poten-
tially useful for detecting linkage.

Basis for the DNA Polymorphism. RFLP can result from
the creation or elimination of a restriction site by base-pair
substitution or modification or from the movement of sites by
rearrangements of DNA segments (deletions, insertions, or in-
versions). The large number of alleles at this locus suggested to
us that rearrangements involving DNA segments of various
length were likely responsible for the EcoRI fragment poly-
morphism. This was tested by probing the human DNA after
digestion with a different enzyme, BamHI. Polymorphisms due
to rearrangements could be revealed in BamHI-digested DNA,
whereas polymorphisms due to base-pair differences at EcoRI
sites would not. Table 2 shows the fragment lengths for DNA
from individuals 902 and 903 digested with either EcoRI or
BamHL. Digestion with either enzyme gives two fragments in
both cases. DNA from individual 902 shows a 3.3-kb difference
in length both between its EcoRI fragments and between its
BamHI fragments. DNA from individual 903 shows an 8.2-kb
difference in length between the EcoRI fragments and between
the BamHI fragments. Because the differences in length be-
tween the EcoRI fragment pairs and BamHI fragment pairs
are the same for both enzymes, these data are consistent with

Table 2. Lengths (in kb) of EcoRI and BamHI fragments

homologous to pAW101
Fragment Fragment Difference
Individual Enzyme 1 2 2-1)
902 EcoRI 15.7 19.0 33
BamHI 17.8 21.1 3.3
903 EcoRI 14.8 23.0 8.2
BamHI 16.9 25.1 8.2

DNAs from individuals 902 and 903 were digested with EcoRI or
with BamHI and transferred and hybridized as described in the leg-
end to Fig. 2. Lengths of EcoRI fragments are from Table 1. Lengths
of BamHI fragments are the averages of two independent measure-
ments on the same autoradiogram.
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the notion that the variability in restriction fragment lengths
at this locus is due to rearrangements involving DNA segments
of variable lengths.

A Second Polymorphism at this Locus. Human DNA di-
gested with HindIll, transferred to diazobenzyloxymethyl-
paper, and probed with DNA from ACH4A-rHs18 revealed
three invariant fragments of lengths 1.5, 4.2, and 5.5 kb and one
fragment of variable length, either 10.3 or 11.0 kb. These results
suggest that the HindIII restriction fragment c from the phage
(Fig. 1) has homology with the 1.5-kb human fragment, that
fragments a and d have homology with the 4.2- and 5.5-kb
human fragments, and that fragment b has homology with the
variable fragment. Table 3 gives the lengths of the variable
fragments for 47 individuals. Fragments observed for indi-
viduals in the small pedigree (Fig. 3A) are consistent with their
inheritance as Mendelian alleles. Within the population ex-
amined, the 10.3-kb allele is more common than the 11.0-kb
allele. Of 47 individuals, 31 are homozygous for the 10.3-kb
allele, 3 are homozygous for the 11.0-kb allele, and 13 are het-
erozygous. _ '

Comparison of the variable fragments produced with either
EcoRI (Table 1) or HindIII (Table 3) indicates that the HindIII
RFLP is separable from the EcoRI RFLP. Individuals hetero-
zygous for EcoRI fragments (for example, individual 903) can
be homozygous for the HindIII fragments. Likewise, an indi-
vidual, 4608, can be apparently homozygous for EcoRI frag-
ments but heterozygous for HindIII fragments. The precise
location and structural basis for the HindIII polymorphism are
under investigation. The HindIII polymorphism increases the
usefulness of this locus in linkage studies.

Table 3. Hindlll fragments homologous to \CH4A-rHs18

Fragment Fragment
Individual 10.3-kb  11.0-kb  Individual 10.3-kb  11.0-kb

4126 + 4613 +

4142 + 4615 +

4202 + 4616 + +
4214 + + 4617 +

4218 + 4618 +

4224 + 4620 +

4225 + 4621 + +
4227 + + 4622 +

4228 + 4623 + +
4229 + 4624 + +
4230 + + 4625 +

4334 + 4626 +

4451 + 4627 +

4452 + 4628 +

4453 + 4629 +

4454 + + R1 +

4516 + R3 +

4571 + + R4 +
4606 + + R6 +

4608 + + R7 +

4609 + R9 +

4610 + 902 + +
4611 + 903 +

4612 + +

DNAs from 47 individuals were digested with HindIIl, transferred,
and hybridized as described in the legend to Fig. 2, except the nick-
translated probes were prepared either from A\CH4A-rHs18 or from
pAWI101. In addition to the variable fragments, probe from
ACH4A-rHs18 revealed the nonpolymorphic fragments 1.5, 4.2, and
5.5 kb, and probe from pAW101 revealed nonpolymorphic fragments
1.5 and 5.5 kb, described in the text.

Proc. Natl. Acad. Sci. USA 77 (1980) 6757

DISCUSSION

The cloned human DNA segment found in recombinant phage
ACH4A-1Hs18 defines a locus in human DNA exhibiting a high
degree of DNA sequence polymorphism. We have shown that
there exist at least eight and possibly more variants at this locus,
which are revealed as a series of allelic EcoRI fragments ranging
in size from 14 to 29 kb as well as two alleles revealed as variant
HindIlI fragments. This yields at least 16 distinct allelic com-
binations per chromosome for the marker system defined by
these enzymes.

This level of polymorphism will permit effective application
of this genetic marker system to family linkage studies. The
observation that among 56 individuals only 12 could not clearly
be shown to be heterozygous for EcoRI fragments supports this
notion. Moreover, at least one of these individuals was seen to
be heterozygous for HindIII fragments. Further resolution of
the alleles at this locus can best be achieved by reducing the size
of the restriction fragments containing the polymorphic region
because the smallest difference we can resolve with complete
confidence between restriction fragments in the 15- to 20-kb
size range is perhaps 1 kb. If we can reduce the size of the
smallest fragment containing the polymorphic region to 2 or
3 kb by cutting with additional restriction enzymes, we should
be able to resolve with confidence differences of 0.1 kb between
allelic fragments.

However, the resolution of fragments run in adjacent lanes
is much better than 1 kb. In fact, length differences of as little
as 0.3 kb are readily discriminated, as seen in Fig. 2. The im-
portance of this approach for the use of the locus in its present
stage of development was illustrated in Fig. 2, showing a small
pedigree which is almost completely informative even though
some of the allelic EcoRI fragments are similar in length. Often
the need of the geneticist is to discriminate among several alleles
with respect to their inheritance within a small family group.
In this instance the DNA of parents and children would all be
run on the same gel, permitting the high level of resolution
demonstrated in Fig. 2.

The observation that the DNA structural basis for the poly-
morphism is due to a rearrangement series within the allelic
restriction fragments suggests, by analogy with sites containing
transposable elements found in E. coli (18), yeast (19), and
Drosophila (20), that an active DNA element may reside at this
locus. If so, and if that element can be cloned, we may be able
to develop a hybridization probe that will detect other loci at
which the active element resides, permitting the ready iden-
tification of other highly polymorphic loci.

The procedures outlined here for testing phages that lack
repetitious sequences will eventually produce the large number
of marker loci required for a human linkage map. Furthermore,
new protocols should make the development of additional
probe/restriction enzyme pairs that reveal polymorphism
significantly more efficient. As markers become available, their
linkage relationships will be determined by following segre-
gation in a large Mormon pedigree. The development of a
linkage map could permit antenatal diagnosis by linked markers
for most suspected genetic diseases by testing of fetal cells from
amniotic fluid samples (4, 21). As markers linked to disease loci
are defined, the resolution of the genetic models will become
straightforward (1) because the genotypes will be known even
for cases of incomplete penetrance. The development of
markers for disease loci whose chromosomal location is known
will be aided by this construction of recombinant DNA probes
specific for known chromosomal segments (22).

Finally, although genetic research has historically required
the construction of strains of specific genotype for the testing
of specific genetic hypotheses, detailed marker data from large
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human pedigrees should often permit the identification of in-
dividuals of the required test genotype as the result of natural
matings. This should make the human substantially more
tractable as a system for the study of genetics.
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