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Fig. 4 Protective effect of JM8-36 immunization. LOU rats
immunized as described in Fig. 2 legend, giving positive immuno-
fluorescence reactions and significant eosinophil-dependent
cytotoxicity, were infected with 800 S. mansoni cercariae. Parasite
burdens were measured 3 weeks later by liver perfusion'é. The
number of worms obtained from rats immunized with JM8-36 AB,
antibodies (W) was compared with those obtained from control
groups, that is LOU rats injected with physiological saline ({ll) or
with IgM purified from normal rat serum ([J). The percentage of
protection was calculated by the formula (a —b)/a X100, where
a=the number of worms obtained from the saline-injected
control group and b =the number of worms recovered from AB,-
immunized rats.

Thus, immunization with anti-idiotype antibodies represents
an alternative approach to immunization against pathogens.
Although recent studies have produced encouraging results®'2
concerning the potential substitution of conventional vaccines
by anti-idiotype antibodies, this strategy is only in its early
stages'’. In the context of schistosomiasis, idiotype vaccines
could be of particular use when relevant protective epitopes
cannot easily be produced by the modern tools of molecular
biology. Although the rat is a non-permissive host, there is now
clear evidence'® that ali the specific effector mechanisms of
immunity described in this model also occur in human infection.
The possibility of using such immunization procedures in
humans remains unexplored and cannot be directly extrapolated
from experimental infections. However, work in progress in our
laboratory, indicating the existence of cross-reacting idiotypes
in human schistosome infection, is encouraging.

We thank Claudine Colson for her help in the preparation of
the manuscript. This work was supported by INSERM U167-
CNRS 624 and the WHO-UNDP Special Program for Research
and Training in Tropical Diseases.

Received 18 February; accepted 24 April 1985.

1. Grzych, J. M., Capron, M., Bazin, H. & Capron, A. J. Immun. 129, 2739-2743 (1982).
2. Dissous, C., Grzych, J. M. & Capron, A. J. Immun. 129, 2232-2234 (1982).
3. Dissous, C., Prata, A. & Capron, A. J. infect. Dis. 149, 227-233 (1984).
4. Grzych, J. M., Capron, M., Dissous, C. & Capron, A. J. Immun. 133, 998-1004 (1984).
5. Jemne, N. K. Ann. Immun., Inst. Pasteur, Paris 125C, 373-389 (1974).
6. Bazin, H., Grzych, J. M., Verwaerde, C. & Capron, A. Ann. Immun. Inst. Pasteur, Paris
131D, 359 (1980).
7. Capron, M. et al. Eur. J. Immun. 8, 127-133 (1978).
8. Sacks, D. L., Esser, K. M. & Sher, A. J. exp. Med. 155, 1108-1119 (1982).
9. McNamara, M. K., Ward, R. E. & Kohler, H. Science 226, 1325-1326 (1984).
10. Stein, K. E. & Soderstrom, T. J. exp. Med. 160, 1001-1011 (1984).
11. Kennedy, R. C., Melnick, J. L. & Dreesman, G. R. Science 223, 930-931 (1984).
12. Reagan, K. J., Wunner, W. H., Wiktor, T. J. & Koprowski, H. J. Virol. 48, 660-666 (1983).
13. Sacks, D. L. in New Approaches 1o Vaccine Development (eds Bell, R. & Torrigiani, G.)
121-131 (Schwabe, Basel, 1984).
14. Capron, A., Dessaint, J. P., Capron, M. & Joseph, M. in Progress in Immunology Vol. §
(eds Yamamura, Y. & Tada, T.) 1305-1316 (Academic, Tokyo, 1984).
15. Bazin, H., Beckers, A. & Ouerinjean, P. Eur. J. Immun. 4, 44-48 (1974).
16. Smithers, S. R. & Terry, R. J. Parasitology 55, 695-700 (1965).

NATURE VOL. 316 4 JULY 1985

Individual-specific
‘fingerprints’ of human DNA

A. J. Jeffreys*, V. Wilson* & S. L. Theint

* Department of Genetics, University of Leicester, University Road,
Leicester LE1 7RH, UK

+ MRC Molecular Haematology Unit, Nuffield Department of
Clinical Medicine, John Radcliffe Hospital, Headington,

Oxford OX39DU, UK

Simple tandem-repetitive regions of DNA (or ‘minisatellites’)
which are dispersed in the human genome frequently show substan-
tial length polymorphism arising from unequal exchanges which
alter the number of short tandem repeats in a minisatellite' . We
have shown previously that the repeat elements in a subset of
human minisatellites share a common 10-15-base-pair (bp) ‘core’
sequence which might act as a recombination signal in the gener-
ation of these hypervariable regions®. A hybridization probe con-
sisting of the core repeated in tandem can detect many highly
polymorphic minisatellites simultaneously to provide a set of
genetic markers of general use in human linkage analysis®. We
now show that other variant (core), probes can detect additional
sets of hypervariable minisatellites to produce somatically stable
DNA ‘fingerprints’ which are completely specific to an individual
(or to his or her identical twin) and can be applied directly to
problems of human identification, including parenthood testing.
Three human minisatellites, termed 33.5, 33.6 and 33.15, each
comprised of tandem repeats of various versions of the core
sequence, have been cloned previously and characterized® (Fig.

Table 1 Similarities of DNA fingerprints between random pairs of
individuals
No. of Probability Maximum
fragments x that mean
DNA per fragment allelic
fragment individual in Ais frequency/
Probe size (kb) +s.d. present in B homozygosity
33.6 10-20 28%1.0 0.11 0.06
6-10 5113 0.18 0.09
4-6 59+1.6 0.28 0.14
33.15 10-20 29+1.0 0.08 0.04
6-10 5.1%1.1 0.20 0.10
4-6 6.7+1.2 0.27 0.14

Samples (8 ug) of blood DNAS taken from a random sample of 20
unrelated British caucasians were digested with Hinfl and Southern
blot hybridized with minisatellite probes 33.6 or 33.15 as described in
Fig. 1 legend. Each DNA fingerprint (individual A) was compared with
the pattern in the adjacent gel track (individual B), and the number of
bands in A which were clearly absent from B, plus those which had a
co-migrating counterpart of roughly similar autoradiographic intensity
in B, were scored. The data shown are averages for all pairwise com-
parisons. A small proportion (~6%) of additional weakly hybridizing
fragments in A were matched by strongly hybridizing fragments in B,
and because in such cases it was not possible to decide whether the
band in A was also present in B, such fragments were ignored. If
co-migrating bands in A and B are always identical alleles of the same
minisatellite locus, then the probability x that an allele in A is also
present in B is related to the frequency g of that allele by x =2q—g°.
As the allele frequency is low, then g°« g and therefore the mean
probability £ is approximately related to the mean allele frequency §
by X = 24. Furthermore, assuming that there is little variance in ¢ between
alleles, then the number of alleles n = 1/4 and the mean homozygosity
is therefore approximately given by Y| g;~ng”>= 4. In practice, an
(unknown) proportion of co-migrating bands in A and B will be derived
by chance from different minisatellite loci, and thus the estimates of
mean allele frequency and homozygosity are maximal and depend on
the electrophoretic resolution of minisatellite fragments. Probability
estimates: the mean probability that all fragments detected by probe
33.15 irlllindividual A are also present in B is 0.08%° x0.20°" x0.27%" =
3x107°.
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Fig. 1 Hypervariable fingerprints of human
DNA. DNA samples prepared from three
individual placentae (1-3) were digested with
Hinf1 and/or Sau3A and Southern blot hybrid-
ized with 32P-labelled single-stranded DNA
probes prepared from M13 recombinants 33.5,
33.6 or 33.15, each of which contains a human
minisatellite consisting of tandem repeats of
closely related variants of the consensus
sequences shown; the repeat unit in 33.6 is in
turn a diverged trimer’. Each probe produces
a different fragment pattern whase complexity
is largely independent of the tetranucleotide s
restriction endonuclease used. Resolution of woh |
polymorphic fragments less than 4 kb long is

improved in double digests with Hinfl plus

Sau3A, due to the elimination of background
hybridization caused presumably by relatively 6}
diverged and invariant Hinf I minisatellite frag-
ments® which have accumulated Sau3A
cleavage sites within one or more repeat units.
In double digests, the number of resolvable
polymorphic fragments detected by probe 33.15
can be increased from ~15 to ~23 per
individual, at the expense of losing ~20% of
long single-digest minisatellite fragments which
presumably contain a Sau3A cleavage site in
most or all repeat units. "
Methods. DNA was isolated from fresh human
placentac as described elsewhere®. Samples
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(8 ug) of DNA were digested with Hinfl and/or Sau3A, in the presence of 4 mM spermidine trichloride to aid complete digestion, recovered
after phenol extraction by ethanol precipitation, and electrophoresed through a 20-cm long 0.6% agarose gel at 30 V for ~24 h, until all DNA
fragments <1.5 kb long had electrophoresed off the gel. DNA was then transferred by blotting to a Sartorius nitrocellulose filter’. High specific
activity (>10° c.p.m. >2P per ug DNA) single-stranded M13 probes were prepared as described previously®. The precise probes used were:
33.5, a 220-nucleotide Haelll fragment containing the minisatellite plus 60 nucleotides of flanking human DNA, subcloned into the Smal
site of M13mp8 (ref. 8); 33.6, a 720-nuclectide Haelll fragment containing the minisatellite plus 50 nucleotides of flanking human DNA
subcloned into the Smal site of M13mp8; 33.15, a 592-nucleotide Pst1/ Ahalll fragment containing the minisatellite plus 128 nucleotides of
flanking human DNA subcloned into M13mp19 DNA digested with PstI plus Smal. Southern blot hybridization and washing were performed
in 1 XSSC at 65 °C as described previously®. Filters were autoradiographed at room temperature without an intensifier screen for 4 days.

1). Probe 33.15 has been shown to hybridize to multiple hyper-
variable fragments in Hinfl digests of human DNA®. Probes
33.5 and 33.6 also detect a complex set of hypervariable regions
in human DNA (Fig. 1). Prabes 33.5 and 33.15 contain repeats
of a similar version of the complete core sequence and con-
sequently produce similar, but not identical, DNA fingerprints.
In contrast, probe 33.6 is comprised of a shortened derivative
of the core and hybridizes to a largely novel set of hypervariable
fragments. Probe 33.15 detects ~15 resolvable hypervariable
fragments per individual in the 4-20-kilobase size range, whereas
probe 33.6 detects ~11 additional fragments of this size which
are not detected by probe 33.15. Probe 33.5 hybridizes on average
to about two further large fragments not detected by probes 33.6
or 33.15.

The DNA fingerprint pattern for the longest hypervariable
fragments is largely independent of the 4-bp recognition restric-
tion endonuclease used (Fig. 1). This strongly suggests that these
large fragments are not derived from longer minisatellites, but
that each contains a complete fong homogeneous minisatellite
devoid of restriction endonuclease cleavage sites and flanked
by human DNA containing the normal high density of 4-bp
cleavage sites. This is in agreement with previous data showing
that most of these large minisatellite fragments are unlinked
and segregate independently in pedigrees’.

To determine the variability of DNA fingerprints, DNA
samples from a panel of 20 unrelated British caucasians were
digested with Hinfl and fingerprinted using probes 33.6 and
33.15 (Table 1). Pairwise comparisons of the DNA fingerprints
showed that the minisatellite patterns were highly specific to an
individual, and that few fragments are shared between two
randomly selected individuals. The probability of shared bands
increases for smaller minisatellite fragments, probably resulting
from lower genetic variability (higher allele frequencies) of these
loci’ combined with the fortuitous co-migration of unrelated

minisatellite fragments. From the degree of band sharing, one
can obtain maximal approximate estimates of mean allele
frequency and homozygosity (Table 1). For the longest
minisatellite fragments in particular, the mean allele frequency
is very low (<0.04) and the mean heterozygosity rises to >96%.
This is consistent with previous pedigree analysis which has
shown that most of these large hypervariable DNA fragments
are present in the heterozygous state®,

The data in Table 1 allow us to estimate the individual
specificity of a DNA fingerprint. For probe 33.15, the probability
that all 15 resolved fragments in the 4-20-kb size range in an
average individual A are also present in a second unrelated
individual B is 3 x107!! (see Table 1 for details of probability
estimates); the probability that the fingerprints of A and B are
identical, that is, that all fragments less than 4 kb also match
and that B does not possess any additional 4-20-kb fragments,
is therefore «3 x107!!, Similarly, the probability that A and B
have identical fingerprints for both -probes 33.15 and 33.6 is
«5x107', If individuals A and B are related, the chance of
fingerprint identity is increased, to a maximum for parents/off-
spring and sibs. For nonconsanguineous marriages, as the
heterozygosity for each fragment is very high, the probability
that a hypervariable fragment in sib A is present in sib B is
~1/2, and thus the probability that all 15 resolved bands detec-
ted by probe 33.15 in sib A are present in sib Bis ~27*=3x10°
(~107 for both probes 33.15 and 33.6). These DNA fingerprints
are therefore almost totally individual-specific, even within a
single family (except for identical twins, see below).

The DNA fingerprints obtained using these core minisatellite
probes are reproducible and are suitable for individual identifi-
cation. In addition, sufficient DNA (0.5-5 pg) can be isolated
rapidly from a single drop of human blood for DNA fingerprint-
ing. This is illustrated in Fig. 2, in which DNA fingerprints were
produced from a randomized panel of individuals, including
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Fig. 2 Individual identification using DNA fingerprints from
small samples of blood. DNA was prepared by a rapid procedure
using one or two drops of blood from a panel of 11 individuals
and digested with HinfI; DNA fingerprints were prepared as
described in Fig. 1 legend, using 33.15 as a probe. The panel
consisted of nine unrelated individuals, two of whom had been
previously DNA fingerprinted, plus two sisters. The autoradio-
graph was inspected by a colleague who was unaware of the order
of samples on the autoradiograph. He correctly identified the two
previously fingerprinted individuals on the basis of pattern identity,
as well as identifying the two sisters, who have several bands in
common (tracks S). He also correctly deduced the fact that dupli-
cate samples had been taken from another individual (tracks D).
Methods. One or two drops (30-100ul) of blood were collected
from a fingerprick into a 1 ml 1 XSSC in an Eppendorf centrifuge
tube. Cells were pelleted in an Eppendorf microfuge for 1 min,
haemolysed by rapid suspension in 1 ml water and immediately
made isotonic by the addition of 0.25ml 5xSSC. White blood
cells, nuclei and red cell ghosts were pelleted by centrifugation for
3 min, resuspended in 0.2 ml 0.2 M Na-acetate pH 5.6 and lysed
by the addition of SDS to 1%. The lysate was extracted twice with
phenol/chloroform and DNA collected by two rounds of ethanol
precipitation at room temperature. DNA was dissolved in 20 pl
water and digested with Hinf1 in the presence of 4 mM spermidine
trichloride at 37°C for 1 h. Electrophoresis and hybridization were
performed as described for Fig. 1.

two people whose DNA had been fingerprinted previously, and
two sisters. The two previously characterized individuals could
be readily and unambiguously identified on the basis of DNA
fingerprint comparisons, as could the two sisters, who have a
substantial number of minisatellite fragments in common.

We have shown previously that these hypervariable minisatel-
lite fragments are stably inherited in a mendelian fashion, and
that the mutation rate to a new length allele is low (of the order
of 0.001-0.004 per locus per gamete for the longest minisatellite
fragments)®. Several experiments show that these DNA finger-
prints are also somatically stable, an essential prerequisite for
identification purposes (Fig. 3). Thus, the DNA fingerprints for
sperm and blood DNA are indistinguishable, as are the patterns
of monozygous twins. Furthermore, the patterns appear to be
stably maintained in cultured cells, as shown by comparing the
DNA fingerprints of blood DNA with DNA isolated from
Epstein-Barr virus-transformed lymphoblastoid cell lines
derived from the same individual.

The DNA fingerprints produced by minisatellite probes 33.6
and 33.15 are therefore sufficiently stable and individual-specific
for use in human identification in, for example, forensic
medicine, and could be used for the routine identification and
authentication of human cell lines in culture. They also provide
a reliable method for paternity testing (see Fig. 3). Approxi-
mately half of the polymorphic minisatellite fragments in an
offspring are derived from the father, and these paternal frag-
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Individual:

Probe:

Fig. 3 Somatic stability of DNA fingerprints and their use in
paternity testing. Patterns of hypervariable DNA fragments are
compared between blood (B) and sperm DNA (S) of individual
4, and between blood DNA (B) and DNA isolated from trans-
formed lymphoblastoid cell lines (L) derived from related
individuals 5-7 (6 is the daughter and 7 is the maternal aunt of
woman 5; the kinship is evident in the number of fragments shared
by these individuals). DNA fingerprints are also shown for blood
DNA from identical twins (9, 10) and are compared with their
mother (8), father (11) and two unrelated men (12, 13). Resolved
paternal DNA fragments in the twins (arrowed) were identified
by eliminating maternal bands, and are all present in the father
but not in individuals 12 or 13.

Methods. Lymphoblastoid cell lines transformed by Epstein-Barr
virus® and stored in liquid nitrogen were re-established in liquid
culture after 2 yr. These cultured lymphocytes were washed twice
in normal saline; DNA from the lymphocyte pellet and from white
blood cells was prepared as described elsewhere®. Sperm DNA
was prepared similarly, except that sperm collected from semen
were treated with 1 M 2-mercaptoethanol for 5 min at room tem-
perature before lysis with SDS. DNA fingerprints were prepared
as described for Fig. 1, using 5-ug samples of DNA digested with

Hinfl and hybridized with probe 33.6 (a) or 33.15 (b).

ments can be identified by comparison of the mother’s and
offspring’s DNA fingerprints. All of these paternal fragments
must be present in the father (allowing for a possible rare new
mutation). Because, in practice, probe 33.15 will detect approxi-
mately six resolved paternal fragments in the 4-20-kb range
(Table 1, Fig. 3), we can use the data in Table 1 to estimate the
probability that incorrect paternity will not be detected, that is,
that the putative father will by chance possess all six paternal-
specific DNA fragments. This probability is low (~5x107%) if
the putative father is not related to the true father, but increases
to ~27°=~0.016 if they are closely related (brothers,
father/son). If both probes 33.6 and 33.15 are used, these prob-
abilities are reduced to ~4x107® and ~8X107*, respectively,
although the precise probabilities will depend on the exact
resolution and complexity of the DNA fingerprint patterns
obtained, and wil be improved if additional paternal fragments
<4 kb long can be identified (for example, by using double
digests, Fig. 1). We conclude that in the vast majority of cases,
the combined use of probes 33.6 and 33.15 will be sufficient to
identify cases of incorrect parenthood. An interesting corollary
is that these DNA fingerprints could be used with an equal level
of reliability to establish true biological parentage.
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should be addressed to the NRDC. We thank John F. Y. Brook-
field for helpful discussions, Dr R. S. Pereira for help and advice
with lymphoblastoid cell lines, and Dr G. Corney and many
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DNA restriction fragments associated
with a,-antitrypsin indicate
a single origin for deficiency allele PI Z
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The a,-protease inhibitor, or a-antitrypsin (AAT), a major plasma
inhibitor of leukocyte elastase and bacterial proteases, is encoded
at the PI locus on chromosome 14 (14¢g24.3—32.1)". A deficiency
of AAT in individuals homozygous for the PI Z allele occurs in
about 1 in 2,000-8,000 caucasians® and is asseciated with an
increased risk of early adult onset emphysema® and liver disease
in childhood®. We have now used DNA polymorphisms associated
with the AAT gene to investigate the origin of the PIZ allele.
Using two genomic probes® extending into the 5’ and 3’ flanking
regions, respectively, we have identified eight polymorphic restric-
tion sites. Extensive linkage disequilibrium occurs throughout the
probed region with the PIZ allele, but not with normal PI M
alleles. The Z allele occurs mainly with one haplotype, indicating
a single, relatively recent, origin in caucasians.

Venous blood samples were collected in EDTA from 32 nor-
mal unrelated controls, 26 patients with AAT deficiency (PI
type ZZ), and 15 pairs of parents and 16 sibs of patients with
AAT deficiency. PI type ZZ patients included 12 adults with
emphysema, 3 adults with liver disease, 9 children with liver
disease and 2 healthy adults. Relatives of 16 normal controls
were studied: members of 2 normal two-generation families with
a total of 7 children, and 53 members of a three-generation
family of a PI ZZ proband which included 12 unrelated spouses.
The genetic type of AAT (PI type) was determined by isoelectric
focusing of plasma in acrylamide gels, pH 3.5-6 (ref. 6). Biot
hybridization of leukocyte DNA digested with specific enzymes

Table 1 Allele frequencies for 5 DNA polymorphisms (4.6-kb probe)

Restriction Alleles Allele frequency PIC*
enzyme (kb) + -
Sst1 18,19 0.649 0.351 0.35
Mspt 0.95, 0.98 0.506 0.494 0.38
Avall 09,11 0.636 0.364 0.36

* Polymorphism information content, calculated according to the
formula of Botstein et al?!, expressing the extent of variability at each
locus.
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is described in Fig. 2 legend. The 5’ probe (4.6 kilobases, kb)
and 3’ probe (6.5 kb) have been described elsewhere’ (Fig. 1),
both having been subcloned from phage clone a AT35°.

Of 10 restriction enzymes tested with the 5’ 4.6-kb probe, 3
showed restriction site polymorphisms; these were SstI, Mspl
and Avall. For each enzyme, one or both of two possible
restriction fragments were observed. When a particular restric-
tion site was present (designated +), a shorter DNA fragment
was observed than when the restriction site was absent (desig-
nated —). Family studies indicated that the pair of DNA frag-
ments for each enzyme were alleles. Among 32 unrelated normal
controls, the allele frequencies were as shown in Table 1. The
4.6-kb genomic probe has been completely sequenced?, so the
positions of the restriction sites were identified. Fragments of
the expected sizes were observed. The distances between restric-
tion sites were 2 kb between SstI and Mspl sites, and 0.2 kb
between Mspl and Avall sites.

A x? analysis of 2X2 tables, or exact calculation of prob-
abilities where required®, was used to examine the data for
possible association between a specific allele at one site and a
specific allele at each of the other two sites. No significant
association between alleles was observed, indicating free re-
combination between the three restriction sites, with no evidence

4.6 6.5
—
Eco RI Eco RI Eco R
c 1 co I o g v co RI
53 3
B B . . B BamHI BamHI
M
A 1kb

Fig. 1 The a,-antitrypsin gene and adjacent flanking regions,
described previously*'”. Solid areas are coding regions, dots indi-
cate untranslated regions, open areas are introns. Restriction sites
for the enzymes EcoRl and BamHI (B) are indicated. *, Polymor-
phic restriction sites for Sst1 (S), Mspl (M) and Avall (A). The
two genomic probes used in this study are shown above the gene.

kb [

Avall

Fig. 2 Patterns of DNA fragments are shown for the three en-
zymes Sstl, Mspl and Awvall, using the 4.6-kb 5’ probe. DNA
extracted from leukocytes was completely digested with specific
restriction enzymes according to conditions recommended by the
manufacturer. Fragments were separated by size in 0.8% agarose
gels. DNA fragments were transferred to Biodyne membranes
(Pall). Probes were labelled with >2P using a nick-translation kit
(Amersham). After prehybridization, >*P-labelled probe (3.0 x 107
counts per filter) was hybridized overnight. Filters were rinsed
twice in 2 X SSC (SSC: 1.5 x10™* M Nacl, 1.5 x10~> M Na-citrate).
Membranes were washed in 2 X SSC at 60 °C for 45 min, then twice
in 0.1% SDS in 0.1 X SSC at 60 °C for 45 min, rinsed briefly in SSC,
blotted, then exposed to X-ray film for 2-3 days. Fragment sizes
in kb are indicated on the left. Anode is at the bottom. Arrows
mark the polymorphic fragments. From left to right, lanes show
the following allete designations: +—, ++, ——; —~, ++, ++, +—;
e T S
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