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SUMMARY

Tandem-repetitive DNA hybridization probes based on a putative hu-
man recombination signal detect multiple polymorphic minisatellite
fragments in human DNA. The genetic complexity of the resulting
individual-specific DNA "fingerprints" was investigated by studying
a large sibship affected by neurofibromatosis and a more extensive
pedigree segregating for two different hemoglobinopathies. The segre-
gation of up to 41 different heterozygous DNA fragments from each
parent could be analyzed in a single sibship, using two different repeat
probes. Most of these variable DNA fragments could not be paired as
alleles, to an extent which suggests that the DNA fingerprints are
together derived from - 60 heterozygous loci (- 120 variable frag-
ments), only a proportion of which can be scored in a given individual.
Two or three of the DNA fragments detected by one probe showed
tight linkage and may be derived from long minisatellite(s) that are
cleaved to produce more than one polymorphic DNA fragment. Ex-
cluding allelic and linked DNA fragments, almost all remaining scor-
able fragments segregated independently, allowing up to 34 unlinked
loci to be examined simultaneously. These loci are scattered over
most or all of the human autosomes. Minisatellite probes are therefore
suitable for rapid marker generation and can be applied to linkage
analysis in human pedigrees.
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INTRODUCTION

Restriction fragment length polymorphisms (RFLPs) provide a rich source of
genetic markers in man and have been extensively used in linkage analysis,
studies of chromosome abnormalities in cancer, and antenatal diagnosis of
genetic disease (see [1-4]). The overall level of genetic variability in human
DNA is, however, low, and most single-copy DNA probes detect few if any
RFLPs [5, 6]. Furthermore, most of these RFLPs result from base substitu-
tional gain or loss of a restriction endonuclease cleavage site to produce di-
morphisms that can be relatively uninformative in pedigree analysis.

Hypervariable minisatellite regions, consisting of tandem repeats of a short
sequence and showing multiallelic variation in repeat copy number, exist in
human DNA and provide highly informative genetic markers [7-10]. A subset
of human minisatellites share a 10-16 base pair (bp) common "core" sequence
embedded within each repeat unit [11]. This core sequence may be a recombi-
nation signal in human DNA implicated in the generation of hypervariable
tandem-repetitive regions. Hybridization probes consisting of tandem repeats
of the core sequence can detect multiple hypervariable DNA fragments in
Southern blot analyses of human DNA [11]. Two repeated core probes have
been developed, each of which detects a different pattern of variable DNA
fragments to produce distinct DNA "fingerprints" that are individual-specific
and show somatic and germ-line stability [12]. To estimate the number of
hypervariable loci that can be studied using these probes, and to determine the
feasibility of using DNA fingerprints for linkage analysis in man, we have
investigated the DNA fingerprints of two large families, one segregating for
neurofibromatosis and the other for hereditary persistence of fetal hemoglobin
apparently determined by an autosomal dominant gene not linked to the ,B-
globin gene cluster.

MATERIALS AND METHODS

DNA Isolation

Fresh blood was diluted with an equal volume of 1 x SSC (SSC, saline sodium
citrate, 0.15 M NaCl, 15 mM trisodium citrate, pH 7.0), layered onto Histopaque-1077
(Sigma, St. Louis, Mo.), and nucleated cells collected by centrifugation. Alternatively,
frozen blood was thawed in 2 vol 1 x SSC and nucleated cells plus nuclei pelleted by
centrifugation at 10,000 g for 15 min. High molecular weight DNA was prepared as
described [5].

Southern Blot Analysis

Five-microgram samples of human DNA were digested with 20 U of Hinfl in the
presence of 4 mM spermidine trichloride at 370 C for 2 hrs, and recovered after phenol
extraction by ethanol precipitation. Restriction digests were dissolved in 16 Al H20 plus
4 Al gel loading mix (12.5% ficoll 400, 0.2% bromophenol blue, 0.2 M Tris acetate, 0.1 M
Na acetate, I mM EDTA, pH 8.3) and 2 AL Smg/ml ethidium bromide, and loaded onto a
horizontal agarose gel (0.7% Sigma Type I agarose in 40 mM Tris acetate, 20 mM Na
acetate, 0.2 mM EDTA, 0.5 ,ug/ml ethidium bromide, pH 8.3; gels 0.7-cm thick by 20-cm
or 35-cm long). After equilibration for 10 min, gels were electrophoresed at 2 V/cm for
24-48 hrs, until all DNA fragments less than 1.5 kilobases (kb) long had electrophoresed
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off the gel. DNA was transferred by blotting onto a nitrocellulose filter (Sartorius, 0.45
[Lm pore size) [13]. [32P]-labeled single-stranded probe DNA was prepared from the
human minisatellite M13 recombinants 33.6 and 33.15, hybridized to Southern blots in
1 x SSC at 65° C, and autoradiographed as described [11, 12].

Data Analysis

Storage of segregation data and analysis of linkage were performed on a BBC Model B
microcomputer, using programs written by A. J. J. Lod scores were calculated as
described [14, 15].

RESULTS

DNA Fingerprint Probes
Two minisatellite hybridization probes used in this study are described by

Jeffreys et al. [11, 12]. Probe 33.15 consists of a cloned human minisatellite
comprised of 29 repeats of a 16-bp variant of the core sequence. The repeat unit
of the minisatellite in probe 33.6 is a diverged trimer of the most conserved 11-
bp 3' end of the core sequence and is repeated 18 times. The sequences of the
core and probe repeat units are:

core G G A G G T G G G C A G G A G

33.15 A G A G G T G G G C A G G T G G

33.6 (AGGGCTGGAGG)3 .

The difference both in sequence and in repeat length of probes 33.6 and 33.15
results in their detecting different patterns of long hypervariable minisatellite
fragments in Hinfl digests of human DNA [12]. This 4-bp restriction endonu-
clease maximizes the resolution of allelic variation in minisatellites by releasing
long tandem-repetitive minisatellites in DNA fragments with little flanking
DNA.

Analysis ofDNA Fingerprints in a Large Sibship
To investigate the segregation of individual minisatellite DNA fragments, we

have studied a large sibship of 11 English individuals segregating for the periph-
eral form of neurofibromatosis (von Recklinghausen disease), an autosomal
dominant disorder associated with tumors of the peripheral and central nervous
system [16, 17]. No genetic markers have yet been linked to this disease [18].
Blood DNA fingerprints, detected by probes 33.6 and 33.15, of the 11 children
(five affected, one probably affected, and five unaffected) are compared with
their unaffected father in figure 1. Resolution of minisatellite DNA fragments
was maximized by electrophoresis in 35-cm-long agarose gels.
We have previously shown that many of these hypervariable minisatellites,

particularly the largest DNA fragments, have low allele frequencies and are
seldom shared by unrelated individuals [12]. As predicted, almost all of the re-
solvable fragments in the neurofibromatosis family are present in the heterozy-
gous state and are transmitted to only some of the progeny. Even though the
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joined by a dotted line. One maternal fragment that shows evidence of linkage in coupling to
neurofibromatosis is marked with an asterisk; all five definitely affected offspring plus the one in
whom neurofibromatosis is suspected have inherited this fragment, and four out of five unaffected
children do not have this band. This gives a concordance of 9/10 between inheritance of this band
and of neurofibromatosis, or 10/li if the suspected case is scored as positive.

DNA of the affected mother is unavailable, maternally derived minisatelhite
fragments can be readily identified as f1 agments present in some offspring but
absent from the father. Paternal fragments can similarly be identified. Using
both probes 33.6 and 33.15, it is possible to score the segregation of 41 paternal
and 32 maternal DNA fragments in this sibship (fig. 1, table 1). Numerous
additional polymorphic fragments also exist but have either been elec
trophoresed off the gel or are incompletely resolved and cannot therefore be
reliably scored.
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TABLE I

SUMMARY OF MINISATELLITE MARKERS IN THE NEUROFIBROMATOSIS FAMILY

FATHER MOTHER

PROBE 33.6 33.15 33.6 33.15

No. fragments scored (n) ........ 24 17 16 16
No. allelic pairs (a) ............. 3 3 2 4
No. linked pairs (b) ........1..... 0 1 0
No. different loci scored (L) ..... 20 14 13 12
Estimated total no. loci (N) ...... 43 23 27 16

NOTE: The no. different loci (L) scored is given by n - a - b. The entire DNA fingerprint, including
unresolved and therefore unscored fragments, is derived from N heterozygous loci (2N fragments). Assuming
that the (n - b) distinct fragments scored are a random sample of the 2N bands in a DNA fingerprint, then the
estimated total number of hypervariable loci N detected by a given probe is related to the number of allelic pairs a
by

N-= I (n - b) (n- b - 1) + 1

(J. F. Y. Brookfield and B. English, personal communication).

Mendelian Inheritance of Hypervariable DNA Fragments
Heterozygous paternal DNA fragments are transmitted on average to 53% of

the progeny. Similarly, maternal fragments showed 48% transmission, again
consistent with 1: 1 segregation (table 2). Furthermore, the number of children
receiving each fragment followed the expected binomial distribution, in which
the proportion of parental fragments that are transmitted to precisely r children
in the sibship of 11 is l Cr/21' (table 2). We conclude that these DNA fragments
show Mendelian inheritance and that the scoring of parental bands, particularly
the smaller and less well-resolved fragments, is not significantly influenced by
possible cases of segregation of two or more superimposed bands that would
give an apparent - 75% transmission frequency. The correct maternity and
paternity of all sibs is also established by these DNA fingerprints.

Identification of Allelic and Linked Pairs ofDNA Fragments
By pairwise comparisons of the segregation patterns of all paternal or mater-

nal DNA fragments in this large sibship, it is possible to identify allelic pairs of
fragments plus pairs that show tight linkage in coupling (the odds of chance
cosegregation of a given pair of bands in this sibship is 1/2,048). Several in-
stances of allelic pairs of both paternal and maternal fragments could be
identified with both probes (fig. 1). Probe 33.6 also detected a linked pair of
fragments in both the mother and father. A similar linkage was found in a
second pedigree (see below), which suggests that at least one of the hypervari-
able regions hybridizing to probe 33.6 is a long minisatellite/satellite that con-
tains internal cleavage site(s) for Hinfl and is therefore cleaved to produce two
or more fragments that cosegregate as a minisatellite "haplotype" in pedigrees.
None of the polymorphic DNA fragments scored using probe 33.15 were pres-
ent in the set of fragments detected by 33.6; any such fragment that hybridized
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to both probes would have been detected as bands of equal size that were
transmitted from the same parent to the same children (i.e., "linked"). These
two probes therefore hybridize to essentially completely different subsets of
human minisatellites. In addition, no bands detected by probe 33.6 were allelic
to, or linked with, any fragments hybridizing to 33.15.

Number and Distribution of Hypervariable Loci Detected
by Probes 33.6 and 33.15

By eliminating alleles and linked fragments, we conclude that 34 and 25
distinct loci separable by at least one recombination event have been scored in
the father and mother, respectively (table 1). For - 80% of loci, only one of the
two alleles is resolved (fig. 1), and the second allele is probably located in the
poorly resolved complex of shorter minisatellite fragments. This implies that
large differences in minisatellite allele lengths must exist, arising presumably
by unequal exchange in these tandem repetitive regions; several allelic pairs
identified in figure 1 do indeed show substantial length differences. From the
proportion of bands that can be paired into alleles, it is possible to estimate that
the total number of heterozygous loci present in the entire DNA fingerprints
detected by probes 33.6 and 33.15 is approximately 43-66, of which roughly
half can be scored in each parent (table 1). It is not possible to determine
allelism between paternal and maternal fragments in this sibship.

All of the paternal loci scored are autosomal and do not show specific trans-
mission either into daughters (X linkage) or sons (Y linkage). Furthermore, all
pairs AB of paternal DNA fragments (excluding allelic and tightly linked bands)
apparently segregate independently into offspring, to give on average equal
numbers of (AB, --) and (A- , -B) progeny; precise numbers followed the ex-
pected binomial distribution for unlinked loci (table 2). Maternal DNA frag-
ments behaved similarly. More detailed analysis suggests that if these loci are
clustered, then the minimal locus-to-locus spacing must be at least 30 cM (46
map units); any closer spacing would generate significant numbers of pairs
of fragments that tend to cosegregate (linked in coupling) or segregate as
pseudoalleles (linked in repulsion) (table 2). The resolvable minisatellite loci
must therefore be spread over at least half of the 3,300-cM-long human genome
[20] and, additionally, must therefore be scattered over many or all of the
human autosomes.
One minisatellite fragment from the affected mother shows weak evidence of

linkage in coupling with neurofibromatosis (fig. 1). If the one individual in
whom neurofibromatosis is suspected but not confirmed were scored, for the
sake of argument, as positive, then 10/11 children would be concordant for this
fragment and the disease (2 = 1.55 at 0 = 0.1).

DNA Fingerprints of an Extended Pedigree: Possible Linkage to HPFH

We have extended this analysis of DNA fingerprints to a more extensive
4-generation pedigree of Gujarati Asians that is segregating both for ,B-
thalassemia and for the heterocellular form of hereditary persistence of fetal
hemoglobin (HPFH). As shown in figure 2, elevation of HbF is transmitted
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FIG. 2.-Cosegregation of minisatellite fragments, and of HPFH and a minisatellite, in an ex-
tended Gujarati pedigree. A, The segregation of 30 hypervariable fragments from II 4 and 27
fragments from II 5 into offspring III 1-1I1 was screened for possible linkage of pairs AB of parental
fragments; possible examples of linkage showing at least 6/7 (AB, --) offspring were further exam-
ined in additional relatives. The two clearest examples of linkage are shown (a-f, presence of
fragments a-f in an individual; *, fragment absent). Fragments a-c and ef each show perfect
cosegregation; fragment d tends to cosegregate with a-c, but sibship IV 1-4 is uninformative and
identical twins IV 7,8 are recombinant, having inherited a-c but not d. B, Inheritance of I-
thalassemia trait (O, E), HPFH (H), and minisatellite fragment g. Individuals were scored as
having HPFH if they showed > 1% HbF (normal) or > 3% HbF (13-thalassemia trait). HPFH and P-
thalassemia trait segregate independently in III 1-11 and IV 5-8 and are therefore determined by
unlinked loci. Fragment g cosegregates with HPFH in all individuals examined, except for individ-
ual IV 10 who is recombinant.
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independently of P-thalassemia trait and is apparently determined by an auto-
somal dominant gene unlinked to the 3-globin gene cluster (S. L. T. and
D. J. W., manuscript in preparation). A similar Sardinian pedigree has been
reported by Gianni et al. [21].
DNA fingerprints obtained with probes 33.6 and 33.15 have been studied in

this pedigree (examples shown in fig. 3). Thirty variable fragments were scored
in the grandfather (II 4) and 27 fragments in the grandmother (II 5). Study of
their seven offspring (III 1-11) indicated that these fragments were derived
from at least 22 distinct unlinked paternal and 18 maternal autosomal loci, using
the criteria described for the neurofibromatosis family. The remaining DNA
fragments showed evidence of allelism or linkage to other fragments, although
proof with this small sibship is not possible (a given pair of parental DNA
fragments has a 1/64 chance of fortuitously being transmitted either linked or as
alleles in a sibship of seven).

Further evidence of linkage was sought in additional members of the pedi-
gree, and the two strongest cases of linkage are shown in figures 2 and 3.
Fragments a, b, and c detected by probe 33.6 are transmitted in perfect linkage
from IL 4 into his children (III 1-11) and, thence, grandchildren (IV 1-8)
(z = 7.82 at 0 = 0 for three markers). As discussed above, this suggests that
fragments a-c represent a minisatellite "haplotype" derived from a single hy-
pervariable locus. Band d detected by probe 33.15 also shows evidence of
linkage to bands a-c; however, one sibship (IV 1-4) is uninformative since
both parents carry fragment d, and another (IV 5-8) contains a recombinant
(identical twins IV 7 and 8). The evidence of linkage between band d and the a-
c cluster is therefore weak (z = 1.30 at

'

= .1). Maternal bands e (detected by
33.6) and f (detected by 33.15) also show tight linkage both in the descendants
of II 4 and II 5, and in an additional related sibship IV 17-22 (z = 4.52 at 0 =
0). Since probes 33.6 and 33.15 detect different sets of minisatellites and do not
cross-hybridize to fragments e and f, these fragments may represent an ex-
ample of authentic linkage between two different autosomal minisatellite loci.
Finally, the two linkage groups (fragments a-c and e-f) are not alleles of the
same locus. Individual III 1 is a compound heterozygote carrying both the
paternal a-c cluster and the maternal e-f pair; both clusters are transmitted to
two of his four children, establishing that they are not segregating as alleles but
instead must be derived from two unlinked hypervariable regions.
None of the maternal (II 5) minisatellite fragments showed significant linkage

to r-thalassemia trait and are therefore not closely linked to the P-globin gene
cluster on chromosome 11. In contrast, one maternal fragment (g) 8.6 kb in
length tended to cosegregate with HPFH in the seven offspring and in three
informative sibships of grandchildren (fig. 2). Only one recombinant was seen
in 13 progeny, suggesting close linkage (z = 2.06 at 0 = .1). Even allowing for
the fact that 18 loci in II 5 have been investigated, this linkage still appears
significant (the probability that at least one of 24 unlinked bands derived from at
least 18 different loci would show this degree of linkage in coupling with HPFH
by chance is .04). We have further checked that fragment g in II 5 is a single
minisatellite allele, and not two superimposed segregating DNA fragments, by
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FIG. 3.-Examples of linkage in the DNA fingerprints of a Gujarati pedigree segregating for
HPFH. Ten-microgram samples of blood DNA were digested with Hinfl, and DNA fingerprints
were produced as described in figure 1, using probe 33.6 (A) or 33.15 (B). Electrophoresis was
performed in a relative short (20 cm) agarose gel. The relationship between individuals is given in
figure 2. A, Hypervariable fragments a, b, and c are closely linked and are either all present or all
absent in each individual in the pedigree. B, Cosegregation of band g and HPFH (H). Individuals IV
7 and IV 8 are identical twins and have indistinguishable DNA fingerprints. Detailed marker
segregation patterns are given in figure 2.

investigating the DNA fingerprints of all individuals shown in figure 2, digested
with Sau3A instead of Hinfl; every positive fingerprint contained a corre-

sponding Sau3A fragment of size similar to that of fragment g (8.2 kb vs. 8.6
kb), as expected for a single minisatellite fragment L12] (data not shown).

DISCUSSION

Human pedigree analysis shows that the DNA fingerprints detected by
minisatellite probes can be reliably used for studying the segregation of multi-
ple heterozygous DNA fragments, even in families where one or the other
parent is unavailable for study. Using two such probes, it is possible to analyze
up to 34 hypervariable loci simultaneously in a single individual, a rate of
genetic marker generation that is far higher than that obtained by conventional
methods, including RFLPs, in human genetics. The stable inheritance of vani-
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able minisatellite fragments [11], together with the low population frequency of
individual fragments [12], makes them well suited to linkage analysis, as shown
by the examples of linkage discovered in the two pedigrees analyzed. We
should stress that, while these hypervariable minisatellites may be recombina-
tion hotspots [11], the estimated rates of unequal exchange occurring at long
minisatellite loci (- 0.001 per locus per gamete) is not sufficient to perturb
significantly the linkage between a minisatellite locus and a neighboring gene
such as a disease locus.
We estimate that the total number of hypervariable loci detected together by

minisatellite probes 33.6 and 33.15 is very approximately 60. At least one of the
two alleles of about half of these loci can be resolved in a given DNA
fingerprint, and it therefore follows that in DNA fingerprints of different indi-
viduals the spectrum of scorable loci examined will not necessarily be identical.
Most or all of these loci are genetically unlinked and must therefore be scat-
tered over a substantial proportion of the human genome. Their precise loca-
tion is not known and must await the cloning and regional localization of
individual hypervariable minisatellite loci. Curiously, no minisatellites have yet
been found on the X or Y chromosome in either pedigree studied. We estimate
that approximately 43 different loci have been scored for possible sex linkage in
the father of the neurofibromatosis family together with individual II 4 in the
HPFH family. Since the X and Y chromosomes together constitute - 5% of the
genome of a male, then the probability that none of 43 randomly dispersed loci
resides on these chromosomes is (.95)43 = .1; the apparent lack of sex-linked
minisatellites is therefore not significant.
These dispersed hypervariable minisatellite loci are well suited to the search

for markers linked to disease loci, as shown by the provisional example of
linkage to HPFH. Unlike conventional single-locus genetic analysis, linkage
data cannot be pooled between unrelated small pedigrees, since a different
minisatellite allele is likely to be associated with the disease locus in each
pedigree. Instead, DNA fingerprints are only suitable for studying linkage,
particularly of dominant disorders, in an extensive pedigree and most ideally in
a single large sibship.
So far, probes 33.6 and 33.15 permit up to 34 autosomal hypervariable loci to

be scored in an individual. The chance that at least one of these loci is closely
linked to a given disease locus (within 10 cM) is 20%, assuming random dis-
persal of minisatellites throughout the 3,300-cM-long human linkage map. For
extended pedigrees such as the HPFH family, this probability falls to - 10%
since only one allele of most loci is scorable, and to detect linkage, this allele
must be linked in coupling to the disease locus. To raise these probabilities
above 50% would require the scoring of > 104 hypervariable loci in a single
large sibship and > 208 loci in an extended pedigree (see also [22]). These
numbers exceed the estimated total number of loci detected by the two
minisatellite probes used so far. However, probes 33.6 and 33.15 detect essen-
tially totally different sets of hypervariable loci, which suggests that the total
number of human minisatellites that contain various versions of the core se-
quence may be large.
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In conventional human pedigree analysis using defined single-locus markers,
evidence of linkage between a marker and a disease locus usually directly gives
the approximate genomic location of the disease gene and can be further estab-
lished by analyzing additional pedigrees. The converse is true for DNA
fingerprints, and further analysis of possible linkage between a hypervariable
DNA fragment and a disease is possible only via isolation of the fragment by
preparative gel electrophoresis and cloning. Locus-specific hybridization
probes could then be designed from the isolated minisatellite, either by using
unique sequence DNA segments immediately flanking the minisatellite or by
using the entire minisatellite in high stringency hybridizations. Such locus-
specific probes could be used both to extend the linkage data in additional
families and to localize the minisatellite within the human genome. This ap-
proach is currently being tested by cloning the 8.2-kb Sau3A minisatellite frag-
ment apparently linked to the HPFH locus in the Gujarati pedigree and the 2.0-
kb Hinfl fragment that tends to cosegregate with neurofibromatosis.
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