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The essential point of our report was
that early colonies are transient, and that
the later-appearing multilineage colonies
which contain primitive precursors are not
derived from the early colonies. Therefore,
the character of later colonies could no
longer be invoked as proof of the primi-
tiveness of the cells originating the early
colonies. Faced with transient early
colonies that had no primitive cells and
contained practically only terminally
differentiating erythroid cells, and now
lacking any evidence for derivation from
pluripotential precursors, we proposed the
straightforward interpretation: that early
and late colonies arise from different kinds
of cell, and that the early transient colonies
might in fact arise from committed pre-
cursors possessing limited proliferative
potential.

There is an important additional con-
sequence of the unrelatedness of early and
late colonies which concerns the question
of probability of 'self renewal'. The con-
cept that this probability could increase
during the development of spleen colonies
was originally invoked to explain their
increasing relative content of primitive
precursors with time. An increase in self
renewal probability during the course of
spleen colony growth is the central
assumption in the simulation performed
by Blackett et al. However, our result
removed both the need for this postulate
and the evidence supporting it.

The important issue now is whether
both early and late spleen colonies arise
from an initially homogeneous precursor
cell population. There is now abundant
evidence that they do not: (1) Eight-day
spleen colony-forming units (CFU-S[8])
are killed by 5-fluorouracil, while CFU-
S[12] are relatively spared2. (2) In sub-
lethally irradiated mice, CFU-S[7] initiate
DNA synthesis whereas CFU-S[11] do
not3. (3) CFU-SJ7] are twice as sensitive
as CFU-S[11] to photoinactivation by the
membrane-binding agent merocyanine
540 (ref. 4). (4) CFU-S[7] are resistant to
inactivation by anti-Qa-m2 antibody plus
complement, while most CFU-S[12] are
inactivated5. (5) CFU-S sorted on the basis
of binding of pokeweed mitogen segregate
into a population high in proliferative
capacity and ability to generate primitive
precursors, and a second population hav-
ing lower proliferative capacity and rela-
tively enriched in CFU-S[7] (ref. 6). Sort-
ing on the basis of H33342 staining7 and
anti-H-2K binding similarly segregates
cells forming early and late spleen
colonies.

These experiments show conclusively,
that early and late spleen colonies are
derived from different and separable types
of precursor cells, and directly refute the
model proposed by Blackett et al. Until
contrary evidence appears, the available
negative evidence provides more than
ademiate reason to Question the notion

that spleen colonies scored at early times
arise from pluripotential precursors with
extensive proliferative potential.
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DNA fingerprint analysis
in immigration test-cases

RECENTLY, Jeffreys et al.1 used 'finger-
prints' of mini-satellites to check maternity
in an immigration case. I do not dispute
their conclusion that the boy (X) seeking
immigration was the son of the putative
mother (M), and not the son of an
unrelated woman or of a sister of M, but
their statistical analysis includes some
deficiencies.

A complete analysis of the pedigree,
which involved X, M and three undisputed
offspring (B, SI and S2) of M, requires
construction of a series of likelihoods tak-
ing account of the distribution of DNA
bands in each individual, for example
information about homozygosity of par-
ticular mini-satellites is provided by
whether or not all the sibs shared any
particular band. It is useful first, however,
to reanalyse the summary data given by
Jeffreys et al} in which, having assumed
that X had the same father as B, Si and
S2, they deduced that 25 fragments, all of
which were present in M, must have been
inherited from X's mother. Following
Jeffreys et al, I assume that shared bands
represent identical alleles at a hypervari-
able locus, and that the frequency (x) is
the same for all bands. For the model
where M is the aunt of X, I have computed
the probability that M has the band and
X has inherited his from a sister of M
(Table 1). The relevant likelihood ratio is
LJ Lm = 0.6325 = 1(T5. Jeffreys et al.1 com-
puted, instead, the probability that M and
a sister (assumed, but not stated, not to
be an identical twin) share a band, which
is not relevant because the band has to be

transmitted to X. Their value of 0.62 is so
close to 0.63, however, that overall prob-
abilities are little different.

The basic data on the 95 bands observed
and the computation of likelihood in terms
of the pi]k, the prior probabilities of occur-
rence of the bands in different family
members, are given in Table 2. Computa-
tion of pijk for each model is straightfor-
ward, but tedious.

For models unrelated (u) and mother
(m) ail possible genotypes of mother and
father have to be considered. For example,
if both are heterozygotes for a band, the
prior frequency of the mating is 4<jrz(l —
q)2, i = 1 since M has the band, and the
conditional probabilities that fc = 0, 1, 2
and 3 are 1/64, 9/64, 27/64 and 27/64,
respectively; the conditional probability
that j = 0 is 1/2 — q/2 under model u and
1/4 under model m. Summation over com-
binations of genotypes gives the pijk.

For model a, where M is the aunt, a
two-stage process can be used. First, all
possible matings among the parents of M
and her sister and for these the conditional
probabilities of each genotype of M and
of the band inherited by X from his mother
(that is, M's sister) have to be enumerated.
For example, if both the grandparents are
heterozygotes, the joint probability that M
is a heterozygote and X does not inherit
the band from his mother is 1/4. From
these data, prior probabilities of each of
the possible inheritance patterns can be
computed as a function of q. Second, these;
alternatives have to be taken with each
possible genotype of the father, and the
conditional probabilities that X has the
band and the number of sibs with the band
computed. For example, if r3 denotes the
prior probability that M is a heterozygote
and X does not inherit the band from his
mother, the prior probability of the corre-
sponding mating of M to a heterozygote
is 2<j(l - q)r3, i = 1 (M is a heterozygote),
7 = 0 with probability 1/2, and fc = 0 with
probability 1/64. Subsequent summation
yields the piJk.

The likelihoods can be obtained for any
value of q, but as there is ho prior know-
ledge of band frequency in the Ghanaian
population, q has to be estimated for each
model by maximizing the likelihood. The
important likelihood ratio is LJLm =
O.OOOO35 (Table 3) which, though six times
higher than the probability ratio calcu-
lated by Jeffreys et al, is still very small.
If the likelihood computations are
repeated with q = 0.l4, the value pre-
viously used1, the corresponding ratio is
much reduced (1.3xlO~7); and 0.14 was
at the upper end of frequencies observed
in British Caucasians2. Also, because
frequencies of bands differ2, these likeli-
hood calculations overestimate LJLm if
M is indeed the mother.

There are many assumptions in these;:
analyses, but there seems no justification
in avoiding a formal method whatever thi
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Table 1 Probability that M carries the band and X has a maternally derived band for each model
, in the reduced analysis

Model

M unrelated to X (u)
M aunt of X (a)
M mother of X (m)

Probability

qx
x)/2

q

Likelihood ratio

L u /L a = 0.413" = 2.5 xlO"1 0

0.6325 = 9.6xl0~6

x, Band frequency, assumed to be the same for each band (x = 0.26); q, allele frequency
x = 2q-q2). I

Table 2 The number of bands (nlJk) present in the sample with i = (0)1 if the band is (absent)
• present in M, j = (0) 1 if the band is (absent) present in X, fc = 0, 1, 2, 3 is the number of sibs with

the band, and computation of likelihood

No. of sibs

Band absent in M (i = 0)
Band present in M (i = 1)

Band absent in X (j = 0)
0 1 2 3

Band present in X 0 = 1)
0 1 2 3

10
5

7
13

9
13

2
15

p,ik, Probability corresponding to niJk. The log likelihood is computed conditional on the
occurrence of the band in at least one individual, with summation excluding the 000 class:
In L = 2 , 1 } 1k nijk[ln pi)k - In poooL

Table 3 Maximum likelihood estimates of
allele frequency (qmzx) for each model, together
with corresponding log likelihoods (In L) and
likelihood ratios in the full analysis, assuming

B, SI, S2 and X all have the same father

Model lnZ, Likelihood ratios

0 ' 9u 0.32 -256.78 LJLm = 2.\ x 10'
a 0.26 -247.05 t u / L a = 5.9x 10"5

m 0.18 -236.78 L a / £ m = 3.5 x 10"5

model. As more information about the
frequencies and inheritance of the mini-
sateilites becomes available, the models

I can be refined and the obvious power of
I the DNA-fingerprint technique utilized.
•Nevertheless, I do not believe that com-
parisons such as these give positive iden-
tification as suggested1, only evidence that
alternatives are highly unlikely.

I thank John Brookfield for providing
' the basic data, Susan Brotherstone for
computational assistance, and members of
Leicester University's Genetics Depart-
ment for financial assistance.
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JEFFREYS ETAL. REPLY—We thank Pro-
fessor Hill for his rigorous statistical
analysis of the DNA fingerprint data of
this immigration test-case. We are pleased
that the new analysis gives ranges of values

for the likelihood ratios which are broadly
similar to ours. We reiterate that even the
new analysis includes a number of
assumptions. The maximum likelihood
values of q are based on only one family,
and will be inaccurate. It is assumed that
there is no variation in q between bands,
and it is assumed that bands with the same
mobility are always allelic and that bands
with different mobilities never are.

We admit that we have not provided
positive identification of the mother of X
in a mathematical sense, since no proba-
bility calculation could do this. However,
we believe that the probability of error in
this case is so low that it would be legally
appropriate to treat the test as providing
positive identification.
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X;autosome translocations in
females with Duchenne or
Becker muscular dystrophy
RAY et al.1 recently documented their
efforts at isolating the gene for Duchenne
muscular dystrophy by studying DNA
cloned from the breakpoint of an X;21
translocation associated with Duchenne
muscular dystrophy. However, the female
patient2 from whom this X-chromosomal
material was derived3, clearly had Becker
muscular dystrophy and not Duchenne
dystrophy, as she was 20 years old and
still ambulant. It thus seemed timely to
critically review all the reported cases of

muscular dystrophy in females associated
with an X;autosome translocation (Table
1) in order to try and designate them as
Duchenne or Becker type.

Duchenne muscular dystrophy is an X-
linked condition with onset in early child-
hood and a rapidly progressive course, so
that the vast majority of affected boys lose
the ability to walk by the age of 12 years4;
Becker muscular dystrophy has an iden-
tical pattern of muscle involvement but
follows a more benign course, and affected
males will remain ambulant beyond 16
years of age and usually into adult life5.
Inevitably there will also be occasional
cases who may fall in the grey zone
between the two and be a little milder than
the usual Duchenne but not quite as mild
as the usual Becker type and lose ability
to walk between 13 and 16 years.

Careful attention has been paid to the
diagnosis of male cases of either
Duchenne or Becker dystrophy in the
application of restriction fragment length
polymorphism (RFLP) studies and detec-
tion of deletions. It would seem logical to
pay the same attention to the initial diag-
nosis in the X;autosome translocation
females from which the DNA sequences
are cloned, rather than loosely referring
to them all as Duchenne muscular
dystrophy, as seems to have been the
current practice.

Of the twelve cases documented to date,
four6"9 conform closely to Duchenne
dystrophy and a further four10'13 also seem
to have a Duchenne severity but are still
too young to be certain. One additional
case14 is probably a Duchenne but was
only published in abstract form with no
mention of the age, which had to be sur-
mised from the date of birth and timing
of the abstract (approximately 14 years);
she was said to be "unable to walk without
assistance", which is also difficult to inter-
pret. One case2 conforms to Becker type
and another15 also seems likely to be, but
is too young (13 years) to be certain about
ambulation beyond 16 years. The remain-
ing case16 (published only in abstract
form) has insufficient clinical data to draw
any conclusions. Two of these cases are
somewhat atypical, one10 having an
associated dysmorphic syndrome and the
other9 an associated Turner's syndrome.

Recent studies17"20 have shown that the
gene locus for Becker muscular dystrophy
is very close to that for Duchenne and it
seems likely that the two conditions are
allelic. Studies with some of the probes
(for example pERT 87.8)21 have shown
deletions in approximately 9% (5/57) of
cases of Duchenne muscular dystrophy
but none with cases of Becker muscular
dystrophy.

In the report of Ray et al.1, only one
Duchenne dystrophy patient out of 50
studied showed a deletion for their XJ-1
clone, and this was also the only case
which showed a deletion for pERT87. In
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Hypervariable 'minisatellite' regions
in human DNA ._.—.
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The human genome contains many dispersed tandem-repetitive 'minisatellite' regions detected via a shared 10-15-base
pair 'core' sequence similar to the generalized recombination signal (\) of Escherichia coli. Many minisatellites are highly
polymorphic due to allelic variation in repeat copy number in the minisatellite. A probe based on a tandem-repeat of the
core sequenceftfin detect many highly variable loci simultaneously and can provide an individual-specific DNA 'fingerprint'
of general use in human genetic analysis. '

DNA POLYMORPHISMS have revolutionized human genetic
analysis and have found general use in antenatal diagnosis1,
mapping of human linkage groups2'3, indirect localization of
genetic disease loci by linkage2'4'5 and analysis of the role of
mitotic nondisjunction and recombination in inherited cancer6"9.
Single-copy human DNA probes are used normally to detect
restriction fragment length polymorphisms (RFLPs), most of
which result from small-scale changes in DNA, usually base
substitutions, which create or destroy specific restriction
endonuclease cleavage sites10'11. As the mean heterozygosity of
human DNA is low (~0.001 per base pair)10"12, few if any
restriction endonucleases will detect a R.FLP at a given locus,
although the probability of detection is improved for enzymes
such as Afspl and TaqYI which contain the mutable CpG
doublet in their recognition sequence13. Even when detected,
most RFLPs are only dimorphic (presence or absence of a
restriction endonuclease cleavage site) with a heterozygosity,
determined by allele frequencies, which can never exceed 50%
add which is usually much less. As a result, all such RFLPs will
be! uninformative in pedigree analysis whenever critical
individuals are homozygous.

'Genetic analysis in man could be simplified considerably by
the availability of probes for hypervariable regions of human
DNA showing multiallelic variation and correspondingly high
heterozygosities. The first such region was isolated by chance
by Wyman and White14 from a library of random segments of
human DNA. The structural basis for multiallelic variation at
this locus is not yet known. Subsequently, and again by chance,
several other highly variable regions have been discovered near
the human insulin gene15, a-related globin genes16"18 and the
c-Ha-ros-1 oncogene19. In each case, the variable region consists
of tandem repeats of a short sequence (or 'minisatellite') and
polymorphism results from allelic differences in the number of
repeats, arising presumably by mitotic or meiotic unequal
exchanges or by DNA slippage during replication. The resulting
minisatellite length variation can be detected using any restric-
tion endonuclease which does not cleave the repeat unit and
provides for such loci a set of stably inherited genetic markers.

We have described previously a short minisatellite comprised
of four tandem repeats of a 33-base pair (bp) sequence in an

intron of the human myoglobin gene (ref. 20; Fig. 1). The 33-bp
repeat showed some similarity in sequence to three other hyper-
variable human minisatellites characterized previously and on
the basis that the myoglobin minisatellite was flanked by a 9-bp
direct repeat characteristic of the target site duplications gener-
ated by transposable elements, we suggested that this minisatel-
lite and some other hypervariable regions were related via trans-
position. We show here that the myoglobin 33-bp repeat is
indeed capable of detecting other human minisatellites, some
of which are highly polymorphic. These regions, however, are
not related by transposition, but instead share a common short
'core' sequence in each repeat unit, which in turn provides a
powerful probe for hypervariable regions. " \

Probe for variable human DNA
A pure repeat probe was prepared from the human myoglobin
minisatellite by purification of a single 33-bp repeat element
followed by head-to-tail ligation and cloning of the resulting
polymer into pUC 13 (ref. 21; Fig. 1). Cleavage of one of the
resulting recombinants, pAV33.7, with BamVLl plus EcoRI
released a 767-bp DNA insert comprised almost entirely of 23
repeats of the 33-bp sequence.

Low stringency hybridization of this repetitive insert to human
DNA digested with restriction endonuclease £coRI detected
numerous cross-hybridizing DNA fragments, some of which
showed signs of polymorphic variation (data not shown). To
improve the detection of polymorphisms, the hybridization was
repeated with human DNA digested with Hinfl or Haelll, both
of which cleave at a 4-bp sequence not present in the 33-bp
repeat sequence and which should release minisatellites in rela-
tively small DNA fragments whose size will reflect more closely
the number of repeats per minisatellite. As shown in Fig. 2, the
repetitive probe detected multiple DNA fragments in human
DNA as well as the parent DNA fragment from the human
myoglobin gene. The larger DNA fragments (in the range 2-6
kilobases (kb) and substantially larger than the mean DNA
fragment size of —0.3 kb in human DNA digested with Hinfl
or Haelll) in particular showed variation between the three
individuals examined; these variants were transmitted
apparently in a Mendelian fashion, in that each polymorphic
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GACCGAGGTCTAAAGCTGQAGGTGGGCAGGAAG
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Fig. 1 Construction of a tandem-repetitive hybridization probe
for 33-related DNA sequences, a, b, This probe was derived from
a tandem repetitive segment of the human myoglobin gene20. This
region, located in the first intron and comprising four repeats of
a 33-bp sequence flanked by a 9-bp direct repeat (r), was isolated
in a 169-bp Hmfl fragment, end-repaired and amplified by cloning
into the Smal site of pUC13 (ref. 21). c, A 33-bp repeat monomer
was isolated by cleaving the third and fourth repeat with Avail
(A); a single base substitution in repeats 1 and 2 eliminates this
site and creates instead a Ddel (D) cleavage site20, d, Ligation of
the 33-bp monomer via the non-identical Auall sticky ends pro-
duced a head-to-tail polymer. Polymers containing 5»10 repeats
were isolated by preparative agarose gel electrophoresis33, end-
repaired, ligated into the Smal site of pUC13 and cloned in E.
coli JM83 (ref. 21). e, The structure of clone pAV33.7 was confirmed
by excision of the insert at the polylinker with BamHl plus EcoRI,
fill-in labelling with a-32P-dCTP at the BamHl site, and partial
digestion with Avail, f, Labelled partial digest products were
resolved by electrophoresis on a 2% agarose gel. pAV33.7 contains
23 repeats of the 33-bp monomer contained in a 767-bp

BamHl/EcoRl fragment as shown (e).

band in the daughter could be.identified within one or other
(but not both) parents. Variation was detectable in both Hind
and Jfaelll digests of human DNA, consistent with polymorph-
ism resulting from length variation of minisatellite regions.

Isolation of minisatellites
A human genomic library20 of 10-20 kb SauZA partials of human
DNA cloned in phage A L47.1 (ref. 22) was screened by hybridiz-
ation with the 33-bp repeat probe from pAV33.7. At least 40
strongly-to-weakly hybridizing plaques were identified in a
library of 3 x 10s recombinants, consistent with the complexity
of the Southern blot hybridization (Fig. 2). A random selection
of eight of these positive plaques was purified (A33.1-15) and
Sofithern blot analysis of phage DNA showed that in each
recbmbinant the hybridizing DNA was localized in a unique
short (0.2-2 kb) region of the recombinant. Sequence analysis
(Fig. 3) showed that this region in each of the eight recombinants

Fig. 2 Detection of multiple 33-related sequences in human DNA.
10 u,g samples of DNA from individual 1 (daughter), 2 (mother)
and 3 (father) were digested with Hmfl or Haelll, electrophoresed
through a 1% agarose gel and transferred by blotting35 to a Pall
Biodyne membrane to prevent the loss of small DNA fragments.
The membrane was hybridized in 1 x SSC at 60° with dextran
sulphate36 to the insert from pAV33.7 (Fig. 1) labelled in vitro with
32P (ref. 20). The arrowed fragment in each digest is derived from
the minisatellite located in the myoglobin gene (Fig. 1); a survey
of DNA from 12 individuals digested with Haelll showed that
this myoglobin minisatellite is monomorphic (data not shown).

contains a minisatellite of 3-29 tandem copi«t»of a repeat
sequence whose length ranged from 16 bp in A 33.15 to 64 bp in
A33.4. Most minisatellites contained an integral number of
repeats. In A 33.6, the 37-bp repeat consisted in turn of a diverged
trimer of a basic 12-bp unit. Each A 33 recombinant represented
a different region of the human genome, judged by the clone-
specific DNA sequences flanking each minisatellite.

Highly polymorphic minisatellites
The eight cloned minisatellite regions were located in 0.5-2.2-kb
.Hmfl DNA fragments, smaller than the clearly polymorphic
2-6-kb DNA fragments detected by pAV33.7 in Hmfl digests
of human DNA (Fig. 2). To determine whether any of the cloned
regions were also polymorphic, 32P-labelled single-stranded
DNA probes were prepared from suitable M13 subclones of
each minisatellite and hybridized at high stringency to a panel
of 14 unrelated British Caucasian DNAs digested with Hmfl.
Typical hybridization patterns are shown in Fig. 5, showing that
under these hybridization conditions each probe detects a
unique Tegion of the human genome. Alleles -detected by each
probe are summarized in Table 1 where in each case, the most
common Hmfl allele corresponded in size to the Hinfl
minisatellite fragment in clones A33.1-15, suggesting that these
regions have been isolated without major rearrangement.

In the limited population sample studied, four of the eight
minisatellites showed polymorphic variation. Three of the
regions were highly polymorphic with between five and eight
resolvable Hmfl fragment-length alleles detected per locus. This
variation almost certainly results from variation in the repeat
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Repeat length
(bp)

62

32

64

17

37

33
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Table 1 Allelic

Divergence
%

0.2 ±0.2

14.1±2.5

6.9±1.5

9.2 ±1.9 '

0.7 ±0.4

5.9 ±0.6

0.0 ±0.0

1.1 ±0.5

variation at individual cloned minisatellites

Length (bp)

3,150
2,600
2,350 —

! *2,300
2,190
1,950
*450

2,280
2,140

*2,015
1,950
1,780

* 1,660

1,800 ~
1,650
1,570

*1,535
1,450
1,400
1,350
1,280

* 1,460

*990

1,410
* 1,220

Alleles

No. repeats

40
31

• — , - , 27
' 2 6 " - - > - . , ,

24
20
6

18
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prepared from white blood cells10 from 14 unrelated British Caucasians (seven male, seven female), digested with Hinfl and Southern
blot hybridized at very high stringency with probes from subcloned minisatellites as described in Fig. 5 a, b. Cloned alleles whose sequences are
shown in Fig. 3 are indicated (*). The divergence of each sequenced minisatellite from a hypothetical (consensus),, sequence is given as the mean
percentage unique substitution divergence (±s.e.m.) to correct for variants which have diffused over more than one repeat. For example, A33.15
shows 13 variants (10 substitutions and three deletions) but only five distinct variants over 29 repeats of a 16-bp sequence, giving a divergence
from a (consensus)29 sequence of 5/(29x16)= 1.1%. The number of repeats in each allele was estimated from DNA fragment size; this estimate
for alleles of A33.6 is approximate (t) because of the trimeric nature of the A33.6 repeat unit (Fig. 3). Approximate values of 8 = 4Ncu, where Ne

is the effective population size and u is the rate of production of new length variants per locus per gamete, were estimated for each minisatellite
from the number of different alleles (na) in the sample of 14 individuals by extensive population computer simulations designed to estimate the

i number of different, selectively equivalent alleles that could be maintained at steady-state in a population according to three recombinational
models: A, random unequal crossing over between two alleles at meiosis, giving a new allele comprised of a random-length 5' segment of one allele
fused to random length 3' segment of the second allele; B, constrained unequal exchange such that an allele mutates at random to gain or lose
between one and three repeats; C, constrained slippage causing the gain or loss of only a single repeat. In each model, it is assumed as a first
approximation that u is independent of the number of repeats in allele, as for the loci presented there is at most only a two-fold variation in allele
length. Simulations were performed for values of 8 from 0.1 to 100, using population sizes Nc from 50 to 500, and were continued for 10 Ne

generations, steady state being achieved within ~ JVe generations. Results from model A closely approximated the infinite allele model at 8 < 2,
when) the expected number of alleles na in a sample of i individuals is given by na = £ i ' (8/6 + i~ l)(ref. 31). Model C is the charge state model
for which na has yet to be solved as a function of 8 (ref. 32).

copy number in minisatellites, as alleles generally differed in
length by an integral number of repeat units. In addition, longer
alleles tended to hybridize with minisatellite probes more
strongly than shorter alleles (see individual 1 in Fig. 5a), again
suggesting that longer alleles contain more repeat sequence.

There is considerable variation in the level of repeat sequence
homogeneity in each sequenced minisatellite region (Fig. 3).
Some minisatellites (for example, A33.3 and 5) show substantial
repeat divergence, suggesting that these regions are not actively
undergoing sequence homogenization by unequal exchange23;
as expected, these regions show no polymorphic variation in
repeat number (Table 1). Instead, the highly polymorphic
minisatellites (A33.1,4 and 6) all show high repeat copy number
together with substantial sequence homogeneity of repeats. In
addition, base substitutions in the repeat units of hypervariable
minisatellites tend to be present in more than one repeat (see,
for example, A33.15 in Fig. 3) which indicates that these
minisatellites are actively and repeatedly engaging in unequal
exchange, resulting in the diffusion of novel base substitutions
across more than one repeat unit23.

We used computer simulations to estimate the rate of unequal
exchange needed to maintain the number of different (neutral)
alleles (na) seen in our population sample (Table 1). Although
space does not allow a detailed description of the population

simulations, we find that for a population of Ne diploid
individuals starting with a monomorphic minisatellite contain-
ing say 30 repeats, na reaches a steady state in ~ Ne generations,
the mean value of na being determined both by the parameter
6 = 4New, where u is the rate of production of new length alleles
per locus per gamete, and by the model of unequal exchange
used in the population simulation. Three models have been
investigated: (1) random meiotic unequal exchange between
minisatellite alleles; (2) constrained sister chromatid exchange;
(3) DNA slippage causing the gain or loss of a single repeat
(Table 1, models A, B and C respectively). We favour the
constrained exchange model because of the tendency for
minisatellite base substitution variants to diffuse to non-adjacent
repeats (Fig. 3), together with the tendency of different length
alleles of minisatellites to differ from each other by several rather
than either one or many repeat units (Table 1). For the highly
polymorphic minisatellites, we estimate 0 to be 2-6. Given that
the effective population size Nc for human populations has been
estimated at ~I0 4 (ref. 24), this gives values of u, the mutation
rate to a new length allele, of —0.5-1.5 x 10~4 per gamete for a
minisatellite ~1 kb long.

. This value is higher than the base substitution neutral muta-
tion rate in man, which from studies of non-coding DNA
sequence divergence in man and higher primates has been
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Fig. 3 Sequences of a selection of
minisatellite regions detected by the
myoglobin 33-repeat probe. The consensus
sequence (con) of the tandem repetitive
region in each of the genomic clones A33.1-
15 is shown, together with 50 bp of 5' and
3' flanking DNA (lower case). Differences
from the consensus sequences are also
shown for the individual numbered repeats
(X, A or G; Y, C or T; - , missing nucleo-
tide; >»<«, region not sequenced although
clearly a tandem repeat of the consensus
sequence, or of a close derivative of the
consensus, by inspection of sequencing
autoradiographs).
Methods. A library of 10-20-kb human
DNA fragments cloned in bacteriophage
AL47.1 (refs 20,22) was screened by
hybridization with32P-labelled pAV33.7
insert as described in Fig. 2. A random selec-
tion of eight positive plaques was purified
to give recombinants A33.1-15. Each phage
DNA was digested with Hinfl or Haelll,
electrophoresed through a 1.5% agarosegel,
and 33-repeat related sequences localized
by Southern blot hybridization with
pAV33.7 DNA (Fig. 2). Each recombinant
gave a single positive Hinfl and Haelll
fragment, except for A33.4 and 11 which
gave no detectable positive Haelll frag-
ments (because of the presence of a Haelll
cleavage site in the repeat regions in these
clones; data not shown). Suitable positive
Hinfl and Haelll fragments were isolated
by preparative gel electrophoresis33, end-
repaired if necessary and blunt-end ligated
into the Smal site of M13mp8 (ref. 37). M13
recombinants were isolated after transfor-
mation into E. coli JM101 and sequenced
by the dideoxynucleotide chain-termination
method38-39. Each subcloned A 33 fragment
contained a tandem repetitive region which
in some cases could be sequenced directly.
In other cases where the repeat region was
too far from the sequencing primer site, the
M13 inserts were shortened by cleavage with
suitable restriction endonucleases and

resequenced.

i

estimated at 1.0x10 9 substitution per nucleotide site per
year25"27. Assuming that the generation time in man is 20 yr,
this predicts a base substitution mutation rate of 2 x 10~5 per
1-kb minisatellite per gamete, lower than the estimated unequal

'exchange rate of 10 per gamete. This disparity in rates23 is
probably sufficient to maintain the amount of repeat sequence
homogeneity seen in the hypervariable minisatellites A 33.1, 4
and 6.

The rate of unequal exchange can therefore be as high as 10~4

per kb minisatellite sequence and presumably is proportional
to minisatellite length. In contrast, the rate of homologous
recombination at meiosis in/human DNA is —1 centimorgan
per 106 bp (ref. 2) or 10~s per kb. The apparently very high rate
of unequal exchange in minisatellites suggests either that they
are hotspots for meiotic recombination, or that most exchanges
are between sister chromatids at mitosis in the germline.

A x sequence in minisatellites?
The length and sequence of the consensus minisatellite repeat
sequences vary considerably; none of them are flanked by direct
repeats (Fig. 3), in contrast to the repeat region in the myoglobin
gene (Fig. 1). Thus, it is unlikely that these minisatellites are
related by transposition of a common ancestral sequence. We
therefore used dot-matrix comparisons28 of each minisatellite
repeat consensus with the myoglobin 33-bp repeat sequence to
determine which region(s) of the 33-bp repeat probe were detect-
ing each minisatellite. Remarkably, the consensus sequence of

each minisatellite repeat aligns with the myoglobin repeat
specifically over a unique 10-15-bp core region of the 33-bp
probe sequence (Fig. 4). This shared core region consists of an
almost invariant sequence GGGCAGGAXG preceded by a 5-bp
sequence common to most, but not all, repeats.

This core region in each cloned minisatellite suggests strongly ,
that this sequence might help to generate minisatellites by pro-
moting the initial tandem duplication of unique sequence DNA
and/ or by stimulating the subsequent unequal exchanges
required to amplify the duplication into a minisatellite. As
polymorphic minisatellites may also be recombination hotspots
(see above), it might be significant that the core sequence is
similar in length and in G content to the x sequence, a signal
for generalized recombination in E. coli29 (Fig. 4a). Although
the precise function of x is unknown, current recombination
models30 suggest that this sequence binds the recBC gene prod-
uct, endonuclease V, which unwinds locally and nicks DNA to
produce a single-stranded DNA projection required for the
generation of Holliday junctions. In principle, DNA repair
synthesis from the nicking site, followed by ligation to the
single-stranded DNA projection, could generate a short tandem
duplication with each duplicate containing a x sequence capable
of promoting unequal exchange and amplification of the dupli-
cated region to produce a minisatellite (Fig. 46). Although this
model is highly speculative, it predicts that isolated core (or
core-like) sequences may also be hotspots for initiating human
chromosome recombination.
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Probe for hypervariable regions
The repeat length of each minisatellite region is usually half
(A33.5 and 15), the same (A33.3, 6, 10 and 11) or double the
length (A33.1 and 4) of the 33-bp probe from the human
myoglobin gene (Fig. 3). This suggests that detection of
minisatellites by pAV33.7 depends not only on the presence of
a core sequence in each repeat but also on an in-phase alignment
of cross-hybridizable core sequences in a heteroduplex between
a minisatellite and the 33-bp repeat probe. If this is correct,
then a probe consisting only of a tandem-repeated core sequence
should be able to detect not only the human DNA fragments
detectable by pAV33.7, but also additional minisatellites incap-
able of forming stable heteroduplexes with the 33-bp repeat
probe. We therefore used the minisatellite from A 33.15, compris-
ing 29 almost identical repeats of an almost perfect 16-bp core
sequence, as a hybridization probe for additional minisatellites.

As shown in Fig. 5, this repeated core probe detects a complex
profile of hybridizing fragments in human DNA digested with
Hintt, including most, but not all, of the bands detected pre-
viously with the 33-bp repeat probe from pAV33.7 (comparative
data not shown). Only the largest (4-20 kb) Hinfl fragments
can be resolved fully; these show extreme polymorphism to the
extent that the hybridization profile provides an individual-
specific DNA 'fingerprint'. Large fragment hyperpolymorphism
is to be expected as, if the rate of unequal exchange is propor-
tional to minis^ellite length, then long minisatellites (—10 kb
long) will have a greater unequal exchange rate (u~ 0.001),
raising both the heterozygosity and the number of alleles in a
population.

Pedigree analysis
To establish that these large highly polymorphic fragments are
stably inherited and segregate in a mendelian fashion, we ana-
lysed Hih fl digests of DNAs taken from an extensive Asian-
Indian pedigree of Gujerati origin, including 54 individuals
spanning four generations. The Southern blot/gel elec-
trophoresis time was increased to improve the resolution of
these large fragments. Typical examples of part of this pedigree
are shown in Fig. Sd, e, confirming that the polymorphic vari-
ation is so great that all individuals, even in a single sibship of
a fijrst-cousin marriage (Fig. 5e), can be distinguished.

"Pie families in Fig. 5d,e show that most of the large Hinfl
fragments are transmitted from each parent to only some of the
offspring, establishing that most of these fragments are present
in the heterozygous state and that the heterozygosity for these
large hypervariable fragments must be approaching 100%. Fur-
thermore, inheritance is Mendelian in that these heterozygous
bands are transmitted on average to 50% of the offspring; 48
cleiarly-resolved different heterozygous parental bands were
scored in four sibships of 4-6 individuals and gave a total of
11$ cases in which an offspring had inherited a given parental
band, compared with 124 cases where the band had not been
transmitted (data not shown). Conversely, all fragments in off-
spring can be traced back to one or other parent, then in turn
to their parents (with one exception, see below) and therefore
provide a set of stably inherited genetic markers. No band is
specifically transmitted from father to son or father to daughter
(Fig. 5d), eliminating Y and X linkage respectively and implying
that these minisatellite fragments are mainly autosomal in origin.
Although it is not yet known from where in the set of autosomes
these DNA fragments originate, they are not derived from a
single localized region of one autosome. Instead, pairs of paren-
tal fragments can be identified which segregate independently
in the offspring (Fig. 5d). Precisely, a pair of bands AB in one
parent (and absent from the other) cannot be allelic, nor linked
• closely in repulsion, if there is at least one AB or offspring;
the presence of A- or —B recombinant progeny further estab-
lishes lack of tight linkage in coupling between A and B. Careful
examination of the original autoradiograph of the family shown
in Fig. 5d reveals, by these criteria, at least 10 resolvable bands
in the mother, eight of which are mutually non-allelic and not
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Fig. 4 A common *-like core sequence shared by the repeat
sequence of each minisatellite region. The sequence of each region
was compared with the 33-bp tandem repetitive sequence in
pAV33.7 and with its reverse complement, using dot-matrix analy-
sis with variable windows and matching criteria28. In each case,
only a single unambiguous region of sequence similarity was found
between the myoglobin 33-bp repeat sequence and the A33-repeat
sequence. The same region was shared by the repeats of all eight
A33 clones, a, The aligned sequence of each repeat consensus,
each of which is given as an arbitrary cyclic permutation of the
consensus shown in Fig. 3. The common core sequence shared by
all repeats is also shown and positions in each consensus which
conform to the core sequence are identified by upper case letters.
Invariant nucleotides in the canonical core sequence are under-
lined; the generalized recombination signal (x) of E. coli is given
also29. The beginning/end point of each repeat consensus (Fig. 3)
is identified by • ; in the case of A33.4 and A33.15, there is a
non-integral number of repeats (Fig. 3) and the separate repeat
beginning and end points are shown by V. 6, Model for minisatellite
generation promoted by *-like sequences. (1) A x-like region
denoted by a box. RecBC enzyme binds to x and unwinds DNA.
(2) Nicking produces a single-strand projection (3), which can be
assimilated into a homologous duplex to form the precursor of a
Holliday junction30. (4) Alternatively, DNA repair synthesis fol-
lowed by (5) ligation and segregation produces a tandem duplica-
tion of a x-containing sequence which can amplify further by
unequal exchange. The length of the tandem repeat is determined

by the extent of repair synthesis.

linked closely. Two other bands may each be an allele of one
of the eight unlinked fragments, in that only A- and — B progeny
are observed in the limited number of offspring analysed,
although such a small sample is insufficient to prove that such
pairs of fragments are alleles of a single locus. We conclude
that the core probe can give useful information simultaneously
on at least several distinct unlinked hypervariable loci.

A new mutant allele
The extreme variability of the large Hinfl DNA fragments
detected by the repeat core sequence suggests that the rate of
generation of new length alleles must be very high and possibly
amenable to direct measurement. There is a clear instance of a
new mutation in the pedigree shown in Fig. 5e; individual 17
has a new fragment (arrowed), not present in either parent,
which might have been derived by unequal exchange and slight
expansion of a smaller maternal and paternal fragment present
in the other offspring. In a survey of 27 individuals and their
parents (data to be presented elsewhere), 240 clearly resolved
offspring bands could be traced to one or other parent, the only
exception being the band in individual 17. This gives a mutation
rate u to a new allele for these hypervariable fragments of
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Fig. 5 Polymorphic human DNA frag-
ments detected by hybridization with
individual A 33 probes. Southern blots of
Hinfl digests of DNA from a random
sample of British Caucasians (1-6) and
from selected members of a large British
Asian-Indian pedigree (7-18) were
hybridized with single-stranded 32P-
labelled hybridization probes prepared
from suitable M13 recombinants con-
taining minisatellite regions. The pair of
bands (O) in individual 8 is an example
of non-allelic fragments which are not
tightly linked; the pair marked (•) illus-
trates possible allelism in that each of
the five offspring inherits only one of the
two fragments. The arrowed fragment in
individual 17 is present in neither parent
and is a new mutant. The correct pater-
nity of individual 17 has been verified
as described below.

Methods. 10 jig samples of DNA pre-
pared from white blood cells10 were
digested with Hinfl, electrophoresed
through a 20-cm long 1% agarose gel
and transferred by blotting to a Sartorius
nitrocellulose filter. Single-stranded
32P-labelled hybridization probes
were prepared from M13 recombinants
as follows. Approximately 0.4 u.g Ml3
single-stranded DNA was annealed with 4ng 17-mer sequencing primer40 in 10 (xl 10 mM MgCl2, 10 mM Tris-HCl (pH 8.0) at 60 °C for
30 min. Primer extension was performed by adding 16 ̂ 1 80 (xM dATP, 80 u.M dGTP 80 jiM TTP, 10 mM Tris-HCl (pH 8.0), 0.1 mM EDTA
plus 3 u.1 (30 (iCi)[a-32P]dCTP (3,000 Ci mmoP1) and 1 |xl 5 units U.P1 Klenow fragment (Boehringer) and incubating at 37 °C for IS min.
Extension was completed by adding 2.5 p.1 0.5 mM dCTP and chasing at 37 °C for a further 15 min. The DNA was cleaved at a suitable
restriction endonuclease site either in the insert or in the M13 polylinker distal to the insert, denatured by adding 1/10 vol. 1.5 M NaOH,
0.1 M EDTA, and the 32P-labelled single-stranded DNA fragment extending from the primer was recovered by electrophoresis through a 1.5%
low melting point agarose gel (Sea Plaque). The excised band (specific activity > 109c.p.m. u,g~' DNA) was melted at 100° C in the presence
of 1 mg alkali-sheared carrier human placental- DNA (sheared in 0.3 M NaOH, 20 mM EDTA at 100° C for 5 min) and added directly to a
pre-warmed hybridization chamber; the carrier DNA also suppressed any subsequent hybridization to repetitive DNA sequences. The precise
probes used were: 33.1, a 2,000-nucleotide subcloned Haelll fragment containing the minisatellite plus 350-nucleotide flanking human DNA;
33.4, a 695-nucleotide non-minisatellite Eco RI fragment on the primer-proximal side of the minisatellite contained in a 2,015-nucleotide Hinfl
fragment; 33.15 core, a 592-nucleotide subcloned fragment containing the minisatellite sequence plus 128-nucleotide flanking human DNA.
Hybridizations were performed as described elsewhere36, except that dextran sulphate was replaced by 6% (w/v) polyethylene glycol 6,000
(Fisons) to reduce background labelling41. Filters A and B were hybridized overnight in 0.5 x SSC at 65 °C and washed in 0.2 x SSC at 65 °C.
Filters C-E were hybridized and washed in 1 xSSC at 65 °C. Filters were autoradiographed for 1-3 days at -80 °C using a fast tungstate
intensifying screen. The correct paternity of individual 17 was established using a range of biochemical and blood group markers (haptoglobin,
transferrin, red cell acid phosphatase, phosphoglucomutase I, adenylate kinase, adenosine deaminase, a,-antitrypsin, Gc, Gm, esterase D,
glyoxylase, phosphoglycollate phosphatase, C3, peptidase D, ABO, Rh and HLA; S.L.T., unpublished data), and confirmed further by
rehybridizing this blot with the core minisatellite in A 33.6 to generate a second DNA 'fingerprint' in which all polymorphic bands in individual
17 could be traced back to one or other parent (data not shown). Ŵ»

~53o = 0.004. This estimate is in reasonable agreement with the
population genetic estimate of u~ 0.001 for these very large
Jiypervariable fragments (see above).

Conclusions
Here, we show not only that it is possible to design probes for
the cloning of individual polymorphic minisatellite regions from
human DNA, but also that the shared core sequence, which
possibly serves as a recombination signal and promotes the
formation of minisatellites, can be used for the simultaneous
analysis of multiple hypervariable regions. We anticipate that
these DNA 'fingerprints' will be of general use in human segrega-
tion analysis, in particular for detecting specific bands in close
linkage with disease loci in large pedigrees and for studying
marker loss in tumours. In addition, they provide a-powerful
method for paternity and maternity testing, can be used in
forensic applications and might also be useful in detecting
inbreeding between couples who have had an affected offspring
possibly caused by an autosomal recessive gene carried by both
parents.

The precise sequence of the core consensus shared by the
repeat elements of the cloned minisatellites will be biased by
the particular version of the core present in the myoglobin gene
minisatellite used as the initial hybridization probe. Therefore,
other variant (core)n probes might detect additional polymor-

phic loci not found by the A 33.15 repeated core sequence.
Preliminary experiments have indeed shown that the core
minisatellites in A33.5 and A33.6 also hybridize to multiple
hypervariable loci, many of which are novel. We are attempting
currently to clone large hypervariable regions to provide locus-
specific probes for individual minisatellites.

The detection of new mutant-length alleles of minisatellites
in human pedigrees will help the analysis of rates and mechan-
isms of unequal exchange and gene homogenization and can in
principle be used to determine whether such exchanges occur
by sister chromatid exchange or by recombination between
homologous chromosomes at meiosis. In addition, if the core
sequence is indeed a recombination signal, then its accurate
definition could provide useful substrates for studying mechan-
isms of human recombination.
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Cometary impacts, molecular clouds,
and the motion of the Sun
perpendicular to the galactic plane
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Raup and Sepkoski1 have presented evidence from marine fossils
for a 26-Myr periodicity in the occurrence of mass extinctions.
Using the same data Rampino and Stothers2 obtained a different
period, 30 ± 1 Myr, which agrees with the 33±3-Myr half-period
for the vertical oscillation of the Solar System about the plane of
the galaxy3. To explain this agreement they suggest2 that encoun-
ters with molecular clouds perturb the Sun's family of comets,
causing many to enter the inner Solar System where one or more
collide with the Earth; the cloud encounter rate is modulated at
twice the oscillation frequency, because the number density of
clouds peaks at the galactic plane at the midpoint of the solar
oscillation crossed by the Solar System twice per period. Notwith-
standing an apparent objection to this that the most recent extinc-
tions are not in phase with the solar oscillation4, their model, given
its stochastic nature, can accommodate a few events with large
phase discrepancies. The degree of modulation is crucial: it depends
on the scale height of the population of molecular clouds relative
to the amplitude of the solar motion and tends to zero if this ratio
is large and encounters are entirely random. Here we present data
from CO surveys of molecular clouds both within and beyond the
solar circle, which permit explicit calculation of the strength of
the modulation. The cloud layer near the Sun is too extended and,
as a consequence, the modulation of cloud encounters is too weak
for a statistically significant period to be extracted from the nine
extinctions analysed by Rampino and Stothers.

Although we assume a gaussian distribution of clouds with
z, the distance from the galactic plane, our conclusions do not
depend sensitively on this assumption and remain essentially
unchanged if an exponential or other plausible distribution
function is assumed instead. The empirical parameter crucial to
the mechanism of Rampino and Stothers is, then, the ratio of
the amplitude of the solar oscillation z0 to the half-thickness at
half-density z,/2 of the distribution of local molecular clouds.
One is not free to treat z0 as a free parameter; it is fixed by (1)

the requirement that the period, T, of the oscillation must be
60 Myr, twice the putative extinction period, (2) the circum-
stance that the Sun is now close to the galactic plane so its z
component of velocity, t)x = 7.4kms~', is essentially that at
z = 0, and (3) the constraint of simple harmonic oscillation5,
z0 = vx T/2TT = 72 pc.

Because of the large scatter and uncertainty in the distance
of local clouds, there is, as yet, no reliable measurement of z1/2
in the vicinity of the sun (that is, within ~ 1 kpc) from CO or
other molecular cloud surveys, but there are good measurements
from several large-scale CO surveys of z1/2 as a function of
galactocentric distance for distant clouds both within the solar
circle and beyond. Figure 1 summarizes the survey data. All the
CO surveys are consistent with a gradual increase of z,/2 with
R, proportional approximately to R°5 and a value of z1/2 at the
solar circle of 85 ± 20 pc (uncertainty 1 s.d.) which we will adopt
here for the solar vicinity. Local observations of clouds at known
distances are consistent with this value, but are inconsistent with
a population of clouds significantly more compressed to the
galactic plane. The well-known large concentrations of
molecular clouds in Orion and Monoceros6, for example, rep-
resenting a significant fraction of local clouds by mass, lie
150-200 pc from the plane, or about twice our adopted z,/2.

To calculate the encounter rate as the solar system oscillates
sinusoidally through a gaussian distribution of clouds, we may
safely neglect the small present displacement of the Sun from
the galactic plane. The solar velocity components parallel and
perpendicular to the plane are then t>n = v cos b = 18.5 km s-1

and DX = v sin b sin cot = 7.4 km s~' sin wt, where v = 20 km s"1

is the present solar motion relative to local stars and interstellar
matter7, b = 22°, the galactic latitude of the solar apex7, and
o)O = 2Tr/60Myr~1. Because of the low latitude of the apex, the
solar speed as a function of time, t>(r) = t>u(l + 0.164 cos2

tt>o')1/2 ==t>||(l + 0.082 cos2 wot), is always large with respect to
the random motion of the clouds, which may be neglected.
Letting f = In 2 Zo/z2

/2, the number of encounters (extinctions)
per unit time is then simply

r(t) = n(z(t))v(t)o-

= C(l +0.082cos2<u0f) exp (-£sin2a>of) (1)

an explicit function of time at a given f with no free parameters
except the constant of normalization C = nov^a, where n0 is the
in-plane number density of clouds and cr the encounter cross
section. It is tacitly assumed that the encounters are short range,
that is, that the impact parameter b is small with respect to z1/2;
the effect of long range encounters is clearly to reduce the
modulation (see below).
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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 perfusiort16. The
number of worms obtained from rats immunized with JM8-36 AB2
antibodies (SI) was compared with those obtained from control
groups, that is LOU rats injected with physiological saline (HI) or
with IgM purified from normal rat serum ( • ) . The percentage of
protection was calculated by the formula ( a - b ) / a x l 0 0 , where
a — the number of worms obtained from the saline-injected
control group and b = the number of worms recovered from AB2-

immunized rats.

Individual-specific
'fingerprints' of human DNA

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

* Department of Genetics, University of Leicester, University Road,
Leicester LEI 7RH, UK
t MRC Molecular Haematology Unit, Nuffield Department of
Clinical Medicine, John Radcliffe Hospital, Headington,
Oxford OX3 9DU, UK

Simple tandem-repetitive regions of DNA (or 'minisatellites1)
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 minisatellite1"4. 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 regions5. 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 analysis5. We
now show that other variant (core)n 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 characterized5 (Fig.

Thus, immunization with anti-idiotype antibodies represents
an alternative approach to immunization against pathogens.
Although recent studies have produced encouraging results8"12

concerning the potential substitution of conventional vaccines
by anti-idiotype antibodies, this strategy is only in its early
stages13. 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 evidence14 that all the specific effector mechanisms of

| immunity described in this model also occur in human infection.
The possibility of using such immunization procedures in

i;. 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.
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Table 1

Probe
33.6

33.15

Similarities of

DNA
fragment
size (kb)

10-20
6-10
4-6

10-20
6-10
4-6

DNA fingerprints between
individuals

No. of
fragments

per
individual

±s.d.
2.8 ±1.0
5.1 ± 1.3
5.9 ±1.6
2.9 ±1.0
5.1 ±1.1
6.7 ±1.2

Probability
x that

fragment
in A is

present in B
0.11
0.18
0.28
0.08
0.20
0.27

random pairs of

Maximum
mean
allelic

frequency/
homozygosity

0.06
. 0.09
"**0.14

0.04
0.10
0.14

Samples (8 u.g) of blood DNA6 taken from a random sample of 20
unrelated British Caucasians were digested with Hind 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 q of that allele by x = 2q - q2.
As the allele frequency is low, then q2« q and therefore the mean
probability x is approximately related to the mean allele frequency q
by x — 2q. Furthermore, assuming that there is little variance in q between
alleles, then the number of alleles n — l/q and the mean homozygosity
is therefore approximately given by £" q2 = nq2 = q. 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 in individual A are also present in B is 0.0829x0.2051 x0.2767 =
3x10-" .
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Fig. 1 Hypervariable fingerprints of human
DNA. DNA samples prepared from three
individual placentae (1-3) were digested with
Hind 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 trimer5. Each probe produces
a different fragment pattern whose complexity
is largely independent of the tetranucleotide
restriction endonuclease used. Resolution of
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
diverged and invariant Hinfl minisatellite frag-
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ments5 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. D N ^ ^ p s isolated from fresh human prObe: a b c a b c a b c b
placentae as described elsewhere6. Samples
(8 u.g) of DNA were digested with Hinfl and/or 5au3A, 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 filter7. High specific
activity (>109 c.p.m. 32P per u.g DNA) single-stranded M13 probes were prepared as described previously5. 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-nucleotide HaelU fragment containing the minisatellite plus 50 nucleotides of flanking human DNA
subcloned into the Smal site of M13mp8; 33.15, a 592-nucleotide Pstl/Ahalll fragment containing the minisatellite plus 128 nucleotides of
flanking human DNA subcloned into M13mpl9 DNA digested with Pstl plus Smal. Southern blot hybridization and washing were performed
in 1 xSSC at 65 °C as described previously5. Filters were autoradibgraphed 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 DNA5. Probes
33.5 and 33.6 also detect a complex set of hypervariable regions
in human DNA (Fig. 1). Probes 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 riot 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 long 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 pedigrees5.

To determine the variability of DNA fingerprints, DNA
samples from a panel of 20 unrelated British Caucasians were
digested with Hmfl 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
loci5 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 state5.

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 x 1CT11 (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 x 10~u. Similarly, the probability that A and B
have identical fingerprints for both probes 33.15 and 33.6 is
«5xlO~19. 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 B is ~2~15 = 3 x 10~5

(~10~8 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 |xg) 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 Hin(\; 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-lOOu.l) 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 0.25 ml 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 JI.1
water and digested with Hinfl in the presence of 4mM spermidine
trichloride at 37°C for 1 h. Electrophoresis and hybridization were

performed as described for Fig. 1.

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
virus9 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 elsewhere6. 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-ji-g samples of DNA digested with

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

1
M

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)5. 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-

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 (~5 x T0~5) if
the putative father is not related to the true father, but increases
to ~2"6=-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 ~4xlO~8 and ~8xlO~4, 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.

This work is the subject of a UK patent application. Enquiries
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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The tt,-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 (14q24.3-q32.1)'. A deficiency
of AAT in individuals homozygous for the PIZ aliele occurs in
about 1 in 2,000-8,000 Caucasians2 and is associated with an
increased risk of early adult onset emphysema3 and liver disease
in childhood4. We have now used DNA polymorphisms associated
with the AAT gene to investigate the origin of the PI Z aliele.
Using two genomic probes5 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 aliele, but not with normal PIM
alleles. The Z aliele 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, pYL 3.5-6 (ref. 6). Blot
hybridization of leukocyte DNA digested with specific enzymes

Table 1 Aliele frequencies for 5' DNA polymorphisms (4.6-kb probe)
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Restriction
enzyme
Sstl
Mspl
Avail

Alleles
(kb)

1.8,1.9
0.95, 0.98
0.9, 1.1

Aliele frequency

0.649
0.506
0.636

0.351
0.494
0.364

PIC*

0.35
0.38
0.36

* Polymorphism information content, calculated according to the
formula of Botstein et al.21, expressing the extent of variability at each

is described in Fig. 2 legend. The 5' probe (4.6 kilobases, kb)
and 3' probe (6.5 kb) have been described elsewhere7 (Fig. 1),
both having been subcloned from phage clone aAT355.

Of 10 restriction enzymes tested with the 5' 4.6-kb probe, 3
showed restriction site polymorphisms; these were Sstl, Mspl
and Avail. 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 aliele frequencies were as shown in Table 1. The
4.6-kb genomic probe has been completely sequenced8, 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 Sstl and Mspl sites, and 0.2 kb
between Mspl and Avail sites.

A x2 analysis of 2x2 tables, or exact calculation of prob-
abilities where required9, was used to examine the data for
possible association between a specific aliele at one site and a
specific aliele 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

Eco RI Eco RI Eco RI

Bam HI

Fig. 1 The a^-antitrypsin gene and adjacent flanking regions,
described previously417. Solid areas are coding regions, dots indi-
cate untranslated regions, open areas are introns. Restriction sites
for the enzymes £coRI and BamHI (B) are indicated. *, Polymor-
phic restriction sites for Sstl (S), Mspl (M) and Avail (A). The
two genomic probes used in this study are shown above the gene.
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Fig. 2 Patterns of DNA fragments are shown for the three en-
zymes Sstl, Mspl and Avail, 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 32P using a nick-translation kit
(Amersham). After prehybridization, 32P-labelled probe (3.0 xlO7

counts per filter) was hybridized overnight. Filters were rinsed
twicein2xSSC(SSC: 1.5 xlO"4 M Nacl, 1.5 x 10'5 M Na-citrate).
Membranes were washed in 2 xSSC at 60 °C for 45 min, then twice
in 0.1% SDS in 0.1 xSSC 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 aliele designations: H—, ++, — ; — , ++, ++, H—;
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The human genome contains a set of minisatellites, each of which
consists of tandem repeats of a DNA segment containing the 'core'
sequence, a putative recombination signal in human DNA1. Multi-
allelic variation in the number of tandem repeats occurs at many
of these minisatellite loci. Hybridization probes consisting of
tandem repeats of the core sequence detect many hypervariable
minisatellites simultaneously in human DNA1, to produce a DNA
fingerprint that is completely individual-specific and shows somatic
and germline stability . These DNA fingerprints are derived from
a large number of highly informative dispersed autosomal loci
and are suitable for linkage analysis in man3, and for individual
identification in, for example, forensic science and paternity test-
ing2. They can also be used to resolve immigration disputes arising
from lack of proof of family relationships. To illustrate the
potential for positive or inclusive identification, we now describe
the DNA fingerprint analysis of an immigration case, the resolution
of which would have been very difficult and laborious using cur-
rently available single-locus genetic markers.

The case concerned a Ghanaian boy born in the United
Kingdom who emigrated to Ghana to join his father and sub-
sequently returned alone to the United Kingdom to be reunited
with his mother, brother and two sisters. However, there was
evidence to suggest that a substitution might have occurred,
either for an unrelated boy, or for a son of a sister of the mother;
she has several sisters, all of whom live in Ghana. As a result,
the returning boy was not granted residence in the United
Kingdom. Analysis of conventional genetic markers (ABO, Rh,
MN, Se, Pi, Lu, K, Fy, Jk, Gm, Hp, EAP, GLO, PGM, Gc, EsD
and HLA; K.LI. Rogers, personal communication) showed that
the woman and boy in dispute were almost certainly related
(probability of no relationship = 0.01), but could not determine
whether the woman was the boy's mother or aunt. At the request
of the family's solicitor, we therefore carried out a DNA finger-
print analysis to determine the maternity of the boy. To compli-
cate matters, neither the father nor any of the mother's sisters
was available for analysis. Furthermore, while the mother was
certain that the boy was her son, she was not sure about his
paternity. DNA fingerprints from blood DNA samples taken
from available members of the family (the mother M, brother
B, sisters SI and S2 and the boy X in dispute) were prepared
by Southern blot hybridization to two minisatellite probes, each
of which detects a different set of hypervariable minisatellites
in human DNA2>3 (Fig. 1).

The first step was to establish the paternity of X from the
patterns of hypervariable fragments. Although the father was
unavailable, most of his DNA fingerprint could be reconstructed
from paternal-specific DNA fragments present in at least one
of the three undisputed sibs (B, SI, S2) but absent from M. Of

M X B S1 S2

Fig. 1 DNA fingerprints of a Ghanaian family involved in an immign
dispute. Samples (8 u.g) of blood DNA from the mother (M), the 1
dispute (X), his brother (B), sisters (SI, S2) and an unrelated indi
(U) were digested with Hintl, electrophoresed through a 0.7% ag
and Southern blot-hybridized to 32P-labelled minisatellite probe 33.6 or 31
as described elsewhere1'2. Fragments present in the mother's (M) D |
fingerprints are indicated by a short horizontal line; paternal fragmej
absent from M but present in at least one of the undisputed sibs (B, SI,!
are marked with a long line. 'Maternal' and paternal fragments transmit!
to X are shown by a dot. The DNA fingerprints of X contain no additio
resolved fragments. All fragments including fainter fragments not visible!
this photograph were scored from the original autoradiographs takenf
various exposures; partially resolved fajnter bands, particularly towards t
bottom of the gel, which could not be reliably scored were ignored. I
kilobases.
Methods. Quantitation of DNA fingerprints: 61 DNA fragments were scon
in M, compared with 39 fragments inherited specifically from the fath
One-eighth of the father's heterozygous DNA fragments will not be 1
mitted to B, SI or S2 and thus the corrected estimate for the number j
paternal-specific fragments is 39 x 8/7 = 45. Since the total number of t
ments in the DNA fingerprints of M and the father should be approxin
equal, the number of fragments in M which are shared by the fall
~(61 -45) = 16. The mean probability of band sharing (x) in M and j
father is therefore 16/61 = 0.26, consistent with previous estimates <
from screening a random sample of Northern Europeans (x ~ 0.2, ref. |
Approximately half of the 45 paternal bands were transmitted to B, SI s
S2 (18, 24 and 18, respectively), as expected for heterozygous bands. Of tl
61 bands in M, more than half were inherited by B, SI and S2 (32, 38 i
39, respectively; mean = 36.3), as expected since some of M's bands
shared by the father and will therefore be transmitted to most or all child
If M's DNA fingerprints contain n shared bands transmitted to all child
plus (61 - n) heterozygous bands transmitted to half the children, then n + j
(61 — n) = 36.3, whence n = 12, consistent with the estimate of ~16 1
common to M and the father (see above). The DNA fingerprints of X |
comprised of 21 paternal-specific fragments plus 40 bands shared with 1
The proportion of the latter bands which are maternal-specific and
shared by the father can be estimated in two ways. First, the numbed
maternal-specific bands should be roughly equal to the number specific's
the father, that is, 45/2 = 22.5. Second, n (~12) of the 40 'maternal' 1
in X will be shared maternal/paternal bands (see above), which leave
maternal-specific bands in X. The number of fragments that X has acqu
specifically from his mother is therefore ~25. Probabilities of band sha
The mean probability that a fragment in one individual is matched byj
band of similar electrophoretic mobility and autoradiograph intensity raj
second random person is denned as x (x = 0.2-0.26, see above),
minisatellite fragments are less frequently shared, probably due to lo
allele frequencies and better electrophoretic resolution, and thus the fri
ment sharing probability x is heterogeneous2. Since almost all fragmeii
are inherited independently3, the maximum probability that all n fragmen
in an individual are present in a second random individual is therefore
any heterogeneity in x will reduce this probability. Band sharing 1
sibs: If shared bands always represent identical alleles of the same hyperva
able locus, then, assuming that all alleles have equal frequencies, x is rets
to the allele frequency q by x * 2q — q2. At Hardy-Weinberg equilibriu
the probability that a band in an individual is also present in a sib can I
shown to be (4 + 5q-6q2 + qi)/4(2-q) (case i). The other extreme case' j
that bands shared by unrelated individuals are never allelic (that is, i
there are many loci at which a band with a given electrophoretic mobili
may be found). Then q can be defined as the probability that a given ban
will be found in a random gamete from the population. As before, x = 2q — q
but the probability of band sharing between sibs can now be shown to 1
(\ + q-q2)/(2-q) (case ii). For x = 0.26, q is 0.14 and the probability <

band sharing is 0.62 (case i) or 0.60 (case ii).
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s 39 paternal fragments so identified, approximately half were
sent in the DNA fingerprints of X (Fig. 1). Since DNA

|gments ire seldom shared between the DNA fingerprints of
related individuals2 (see individual U in Fig. 1), this suggests

' strongly that X has the same father as B, SI and S2. After
btracting these paternal-specific DNA fragments, there
nained 40 fragments in X, all of which were present in M.
iis in turn provides strong evidence that M is the mother of
|and therefore that X, B, SI and S2 are true sibs.
low certain is this identification? We have shown previously
t the mean probability that a fragment in the DNA fingerprint

[ one person is present in a second individual selected at
Idom is approximately 0.2 for Nothern Europeans2. The corre-
anding estimate for the father and M is ~0.26 (Fig. 1 legend),
ablishing that DNA fingerprint variability in these Ghanaians
j>ot significantly different from that of Northern Europeans.
he following probability estimates, we shall make the highly
servative assumption that all bands are shared with a uniform
ability of 0.26 per band (see Fig. 1 legend for further dis-

jsion).

lie first question is whether X is related to this family. The
|A fingerprints of X contain 61 scorable fragments, all of
fch are present in M and/ or the father. If X is unrelated, the
bability that each of his bands is present in these parents is
(l-0.26)2 = 0.45; the probability that M and/or the father
chance possess all 61 of X's bands is therefore 0.4561 =
J0~22. X is clearly related to this family.

next problem is whether an unrelated woman, and not
ould be the mother of X. The DNA fingerprints of X contain
natemaP fragments, of which we estimate that —25 were
rited specifically from the mother; remaining fragments are
ed between the mother and father and cannot therefore be
I to adduce evidence for Mrs maternity (Fig. 1 legend). All

ternal-specific fragments in X are present in M. The chance
I'M is unrelated to X but happens to share all 25 fragments
Therefore 0.2625 = 2x 10~15. Thus, X and M must be related,
he final and most difficult problem is whether any of M's
jjrs, who were not available for analysis, could be the mother
. (the father, of course, would have to be M's husband). If

|ls are shared between random people with a mean probabil-
' 0.26, the corresponding chance that a fragment in one

feidual is also present in a sib is 0.62 (Fig. 1 legend). The
I that M is a sister of X's true mother but by chance contains

of X's maternal-specific bands are therefore 0.6225 =
~6. We therefore conclude that, beyond any reasonable

M must be the true mother of X. This evidence, along
| results from conventional marker analysis, was provided

s immigration authorities, who dropped the case against X
nted him residence in the United Kingdom, allowing

i remain with his family.
difficult case demonstrates how DNA fingerprints can

nequivocal positive evidence of relationship, even in some
(Where critical family members are missing. The present
vas simplified by the fact that X has the same father as
s, and that this father did not transmit any bands solely

|{on average, l/16th of paternal bands would be so trans-
i). Such X-unique fragments, while apparently weakening
vidence for the relationship between X and M, would not

tice necessarily invalidate the analysis. X would be
ely to have more than 5 such paternal fragments, in addition

25 maternal-specific fragments. The odds of at least 25
|f 30 specified bands matching by chance between X and
Ithey are unrelated, or if M is X's aunt, is 8x 10~n and

3, respectively. This analysis is therefore robust and would
dear evidence for or against claimed relationships in most

j cases. Usually, of course, all relevant members of a family
|be available, in for example paternity disputes or with

having difficulties in reuniting by immigration; such
will almost always be resolvable using a single DNA

test.
S thank the family and Sheona York of the Hammersmith

i Community Law Centre for their kind oermission

-LETTERSTONATURE- 819

to cite this case, and Dr K. LI. Rogers for providing blood
samples and the results of previous marker tests. A.J.J. is a Lister
Institute Research Fellow, and this work was supported by a
grant from the MRC. The minisatellite probes are the subject
of a Patent Application. Enquiries about the probes and the
DNA fingerprint test should be addressed to the Lister Institute
of Preventive Medicine, Royal National Orthopaedic Hospital,
Brockley Hill, Stanmore, Middlesex, UK.

Received 26 July; accepted 23 September 1985.

1. Jeffreys, A. J., Wilson, V. & Thein, S. L. Nature 314, 67-74 (1985).
2. Jeffreys, A. J., Wilson, V. & Thein, S. L. Nature 316, 76-79 (1985).
3. Jeffreys, A. J., Wilson, V., Thein, S. L., Weatherall, D. J. & Ponder, B. A. J. (in preparation).

Repeat sequence families derived
from mammalian tRNA genes
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Short interspersed repetitive DNA sequences (SINEs) are the
major component of dispersed repetitive DNA in all mammalian
genomes (see refs 1-6 for reviews). Most SINEs contain an
intragenic RNA polymerase III promoter that initiates transcrip-
tion at the 5' end of the repeated DNA sequence7'9 and which has
been proposed to facilitate the transposition and amplification of
these sequences by an RNA-intermediate mechanism10'11. We have
discovered several SINE families in the prosimian Galago
crassicaudatus which have promoter regions similar to transfer
RNA genes12'13. To determine the relationship between Galago
SINEs and mammalian tRNA genes, we have compared their
sequences. Here, we demonstrate that the Galago monomer and
type II SINE families12 are 68 and 62% homologous, respectively,
with a human methionine tRNA gene14. We have extended our
analysis to include the rat identifier15 and mouse B2 (ref. 16)
families and show that their sequences are closely related to alanine
and serine tRNA genes, respectively. Our observations suggest
that many mammalian SINE families are amplified tRNA
pseudogenes.

The most extensively characterized family of SINEs is the
human Alu family, present in excess of 500,000 copies in the
haploid human genome17. The Alu family consensus sequence
corresponds to a dimeric structure composed of two related and
tandemly arranged monomeric units, each ~130 base pairs (bp)
long with an additional 31 bp in the middle of the right-half
sequence (Fig. I)18. This dimeric structure is conserved
throughout the primates13'19, but Alu family-related sequences
are found only as monomeric sequences in rodent species1'2'20"22.
This difference in primate and rodent Alu family structure
suggests that there has been a rapid amplification or replacement
of Alu family sequences since the rodent-primate divergence.

To determine the mechanisms involved in generating or alter-
ing SINEs, we have studied the evolution of Alu family structure
in several primates and discovered that G. crassicaudatus con-
tains two types of Alu family sequence (Fig. 1). One is closely
related to the human Alu family (type I)13 and the other (type
II)12 has an identical right half, but a very different left-half
sequence. We have also discovered that the Galago genome
contains an independent repetitive DNA family, designated
'monomer', which is not homologous with the human Alu
family12. The monomer family is similar in copy number to the
other two Galago families and is closely related to the left-half
sequence of the type II family (Fig. 1). The structural relation-
ship of these Galago families suggests that the type II sequence
has arisen by the integration of a monomer family member into
the centre of a type I family12. This fusion of two separate
repeats has apparently spread as an independent family using
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)RF would be predicted to encode a 44-amino-acid hydro-
liobic protein.
The role of the product of the E5 ORF in the pathogenesis

|f a fibropapilloma is not known, although it may be involved
i the proliferation of the dermal fibroblasts characteristic of a
bropapilloma. ORFs analogous to E5 in BPV-1 have been
ientified in other papillomavirus genomes that have been
equenced. The sequence of E5 ORFs of HPV-la (ref. 17) and

Shope papillomavirus18, which induce purely epithelial lesions,
^owever, are not homologous to the E5 ORF of BPV-1. HPV-6b

associated with condyloma accuminata in humans and con-
|gains an E5a ORF which shares only slight homology with the

ORF of BPV-119. There is, however, a small ORF in the
Jmesponding region of the deer papillomavirus genome20 and
| the BPV-2 genome (W. D. Lancaster, personal communica-
bn) which has ;the potential to encode a peptide strikingly

ilar in size and amino-acid composition to the BPV-1 E5
Like BPV-1, the deer papillomavirus and BPV-2 each

Educes fibropapillomas in their natural host and fibroblastic
umours in hamsters, and readily transforms rodent cells in
ulture.

|. The mechanism by which the putative E2 gene product can
5-activate the NCR transcriptional regulatory element and
interaction with other viral or cellular genes during the

ansformation process remains unknown. The dissociation of
he frarw-activation and transformation functions of the 3' ORFs
lemonstrated here suggests that the E2 gene product may func-
Son indirectly through the activation of the NCR transcriptional
pgulatory element. The activation of the NCR enhancer by the

'.gene product could lead to increased transcription from the
pstream promoter and expression of the 5' ORFs including
6, E6/E7 and El, which have been shown to affect transforma-

lon and plasmid maintenance2"4. However, we have not ruled
put the possibility that the E2 ORF gene product may have a
pirect effect on transformation. Our assay for transformation

been done using the mouse C127 cell line, which is an
iiestablished cell line. It is possible that the E2 ORF has a direct
itransformation function but one that must be assayed in a
tdifferent cell system. Other viral and cellular genes whose prod-
ucts have frans-activation properties, including the adenovirus

ila gene22 and the c-myc gene23, have been shown to interact
rith other transforming genes in transforming primary cells24'25.

is possible that trans- activation is only one of several
vleiotropic functions of the E2 gene product.
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Forensic application of
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Many highly polymorphic minisatellite loci can be detected simul-
taneously in the human genome by hybridization to probes consist-
ing of tandem repeats of the 'core' sequence1. The resulting DNA
fingerprints produced by Southern blot hybridization are com-
prised of multiple hypervariable DNA fragments, show somatic
and germline stability and are completely specific to an
individual2'3. We now show that this technique can be used for
forensic purposes; DNA of high relative molecular mass (Mr) can
be isolated from 4-yr-old bloodstains and semen stains made on
cotton cloth and digested to produce DNA fingerprints suitable
for individual identification. Further, sperm nuclei can be separated
from vaginal cellular debris, obtained from semen-contaminated
vaginal swabs, enabling positive identification of the male
donor/suspect. It is envisaged that DNA fingerprinting will revol-
utionize forensic biology particularly with regard to the iden-
tification of rape suspects.

Biological samples for forensic analysis consist mainly of
bloodstains or semen stains on cloth or other surfaces (often
several days or even weeks old), vaginal swabs taken after an
alleged rape, and sometimes hair roots45. Current methods for
typing blood and semen stains are reviewed by Divall6 and
Sensabaugh7. Typically, a battery of polymorphic protein and
blood group marker systems are used (the Metropolitan Police
Forensic Science Laboratory, London, currently use ABO,
adenylate deaminase (ADA), adenylate kinase (AK), carbonic
anhydrase (CA-II), erythrocyte acid phosphatase (EAP),
esterase D (EsD), glyoxalase I (GLO), haemoglobin (Hb), pep-
tidase A (Pep A), phosphoglucomutase (PGM^, Gm, Lewis and
rhesus (Rh) for blood analysis). Detection of PGM,, EAP, ADA
and Rh is difficult after 26 weeks78; EsD and CAII cannot be
reliably detected after 1 month7. In contrast, only five systems
are at present in common use for identifying genetic markers
in semen (ABO, PGM, GLO, Pep A and Lewis) and all must
be used with considerable caution because semen samples ana-
lysed are often contaminated with vaginal fluid which itself has
enzyme and blood group activity. Semen contains proteolytic
enzymes which further reduce the amounts of proteins
recovered9. Furthermore, bacterial activity may be responsible
for producing erroneous results, particularly in the identification
of ABO blood groups10'11.

DNA fingerprints can only be obtained from high-Mr
undegraded DNA. Previous attempts to isolate DNA from dead
or aged material have been reported from 140-yr-old quagga
muscle12 and 2,400-yr-old mummies13. In both cases only low-Mr
DNA was obtained, and it was therefore necessary to establish
whether intact DNA could be isolated from samples which may
be typically encountered in forensic laboratories.

Multiple samples were prepared from 11 different donors.
Bloodstains and semen stains were prepared by aliquoting fresh
material onto clean cloth which was air-dried before storage at
ambient temperature and humidity. Hair roots were analysed
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Fig. 1 Isolation of high relative molecular mass DNA from dried
bloodstains, semen stains and hair roots. Lane 1, fresh blood
(60^,1); lane 2, 6-week-old bloodstain (60 u,l equivalent); lane 3,
20-month-old bloodstain (60 u,l equivalent); lane 4, fresh semen
(20 n-1); lane 5, 5-week-old semen stain (20 |xl equivalent); lane 6,
degraded sample of 5-yr-old semen stain (40 |xl equivalent); lane
7, fresh hair roots (xl5) (RNA is also clearly visible from hair
roots); lane 8, fresh blood (60 JJLI); lanes 9-14, control human
placental DNA, 0.1 u,g, 0.2 ^g, 0.4 u.g, 0.8 jig, 1.6 |xg, 3.2 (xg respec-
tively.
Methods. Whole blood, semen, hair roots, bloodstains and semen
stains were incubated overnight in 1.5-ml microcentrifuge tubes at
37 °C in 0.01 M Tris-HCl, 0.01 M EDTA, 0.1 M NaCl (pH 8.0)
containing 2% SDS, 20 u,g ml"1 proteinase K and 0.039 M DTT.
DNA was purified by two phenol/chloroform extractions and
precipitated by the addition of 0.1 volume of 2 M sodium acetate
and 2.5 volumes of absolute ethanol. The DNA was pelleted by
centrifugation at 15,000g for 5 min, washed with 70% ethanol and
repelleted. If a residue remained (suggesting contamination by
low-Mr compounds), the sample was dissolved in 20 u.1 of sterile
distilled water and passed down a small spun column (200 u,l
Sephadex G-50 contained in a 0.75-ml microcentrifuge tube)ls.
Samples were electrophoresed on a 10-cm 0.5% agarose gel at 80 V
for 2 h, and DNA was visualized by staining with ethidium

bromide.

1 2 3 4 5 6 7 8 9 10 11 12 13 14

a b e d e
1 2 3 4 5 6 7 8 1 2 1 2 3 1 2 3 4

Fig. 2 Somatic stability and ageing studies. Individual a: lane 1,
degraded sample from 5-yr-old semen stain (40 u,l equivalent);
lane 2, 4-week-old semen stain (40 u.1 equivalent); lane 3, fresh
semen (40 jxl); lane 4, whole blood (60 u.1); lane 5, 4-week-old
bloodstain (60 u,l equivalent); lane 6, 2-yr-old bloodstain; lane 7,
fresh hair roots ( x 15). Individual b (showing differences between
DNA fingerprints of a and an unrelated individual on the same
Southern blot): lane 8, fresh blood (60 u.1). Individual c: lane 1,
fresh semen (20 u.1); lane 2, 11-week-old semen stain (20 u.1
equivalent). Individual d: lane 1, fresh semen (20 u.1); lane 2,
11-week-old semen stain (20 u.1 equivalent); lane 3, hair roots
( x 13). Individual e: lane 1, fresh blood (60 u.1) (the largest band
is high-Mr DNA at the electrophoretic exclusion point); lane 2,
1-day-old bloodstain (80 (jul equivalent); lane 3, 30-month-old
bloodstain (80 u,l equivalent); lane 4, 4-year-old bloodstain (80 |xl
equivalent).
Methods. Samples were prepared as described for Fig. 1. DNA was
digested with Hinfl (20 units), in the presence of 4 mM spermidine
trichloride, for 2 h at 37 °C. Samples were phenol extracted and
ethanol precipitated before electrophoresis through a 20-cm long
0.6% agarose gel at 35 V for 20 h. DNA was denatured in situ,
transferred to a Schleicher and Schull membrane filter (BA85) and
filter-hybridized to 32P-labelled single-stranded minisatellite probe
33.15 as described elsewhere1-2. Autoradiography was carried out

at —80 °C, with an intensifying screen, for 7 days.

fresh. Semen-free and semen-contaminated vaginal swabs (taken
at a known period of time after intercourse) were also obtained
together with blood samples from both the female and the male.
All swabs were stored at -20 °C before use. DNA was extracted
from whole blood, whole semen, vaginal fluid, hair roots, blood-
stains and semen stains by overnight incubation in an SDS/pro-
teinase K/dithiothreitol (DTT) mixture. Because preliminary
experiments showed that semen-contaminated vaginal swabs
contained large amounts of DNA from the female, tending to
obscure many of the bands from the sperm, female cells were
preferentially lysed by preliminary incubation in an SDS/pro-
teinase K mixture. Sperm nuclei are impervious to this treatment
because they are ramified with cross-linked thiol-rich proteins14

and can therefore be separated from the female component by
centrifugation. Sperm nuclei were subsequently lysed by treat-
ment with an SDS/proteinase K/DTT mixture. Electrophoresis
of samples on 0.5% agarose gels showed that high-Mr DNA
could be isolated from bloodstains and semen stains that were
at least 2 years old and from fresh hair roots (Fig. 1). However,
no DNA could be isolated from hair shafts.

DNA fingerprints obtained from all bloodstains, semen stains
and hair roots were shown to be specific to individuals when
compared with whole blood and semen samples (Fig. 2).
Approximately 5 (xl of semen or equivalent semen stain and
60 |xl of blood or equivalent bloodstain were required. Some
samples analysed were partial digests (Fig. 2e) but these also
showed patterns consistent with those of a particular individual.
DNA fingerprints were obtained from bloodstains up to 4 yr
old (Fig. 2e). High-Mr DNA from a 5-yr-old semen stain (Fig. 1,
lane 6; Fig. 2a, lane 1) and a 3-yr-old blood stain had degraded
so that no pattern was visualized. After using the differential
lysis technique only sperm DNA was isolated from a vaginal
swab taken 6.5 h after intercourse (Fig. 3, lane 1).

These preliminary results demonstrate that DNA fingerprints
are capable of changing completely the emphasis of blood-
grouping in forensic science. Using eight polymorphic protein
systems together, Sensabaugh7 quoted a probability of 0.014 for
individual specificity. In practice, the degree of characterization
is often much lower, particularly when semen is grouped. This
leaves a large degree of uncertainty. In contrast, the condition
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Fig. 3 DNA fingerprint from two vaginal swabs taken 6.5 h after
intercourse (lane 1). The pattern is the same as that obtained from
the male donor's blood (lane 2). The female's DNA fingerprint
(from blood) is shown in lane 3.
Methods. Vaginal cells from semen-contaminated swabs were pref-
erentially lysed by a preliminary incubation in the absence of DTT
for 30 min using the lysis mixture described in Fig. 1 legend. Sperm
nuclei were pelleted by centrifugation at 15,000g for 5 min, washed
once, repelleted and lysed with the full SDS/proteinase K/DTT
mixture. DNA was isolated as described in Fig. 1 legend and DNA

fingerprints prepared (Fig. 2 legend).

of non-association has been absolute using traditional blood-
grouping tests, that is, if the phenotype does not match, a
common origin is not possible. Using two DNA minisatellite
probes (33.15 and 33.6)', the degree of association can approach
certainty—thus the probability of chance association using
probe 33.15 is <3 x 10"", and if two probes are used (33.15 and
33.6) the probability is substantially reduced to « 5 x l 0 ~ 1 9

(ref. 2). In short, using this single method, it is now possible for
the forensic scientist to be positive about blood-grouping tests,
whereas in the past, it was only possible to be sure of negative
associations.

A.J.J. is a Lister Institute Research Fellow and this work was
supported in part by a MRC grant to A.J.J. The minisatellite
probes are the subject of a Patent Application. Commercial
enquiries should be addressed to the Lister Institute of Preven-
tive Medicine, Royal National Orthopaedic Hospital, Brockley
Hill, Stanmore, Middlesex HA7 4LP, UK.

Received 7 October; accepted 24 October 1985.

1. Jeffreys, A. J., Wilson, V. & Thein, S. L. Nature 314, 67-73 (1985).
2. Jeffreys, A. J., Wilson, V. & Thein, S. L. Nature 316, 76-79 (1985).
3 Jeffreys, A. J., Brookfield, J. F. Y. & Semeonoff, R. Nature 317, 818-819 (1985).
4 Burgess, R. M., Sutton, J. G. & Whitehead, P. H. J. forens. Sci. 24, 392-396 (1979).
5. Gerler, A. & Nagai, T. Z. Rechtsmed. 90, 15-18 (1983).
6. Djvali, G. B. Eleamphoresis 6, 249-258 (1985).
7. Sensabaugh, G. F. Isoenzymes: Current Topics in Biological and Medical Research Vol. 6,

247-282 (Liss, New York, 1982).
8 Denault, G. C , Takimoto, H. H., Kwan, Q. Y. & Pallos, A. J. forens. Sci. 25,479-498 (1980).
9. Blake, E. T. & Sensabaugh, G. F. J. forens. Sci. 21, 784-796 (1976).

10. Davies, A., Lincoln, P. J. & Martin, P. Forens. Sci. Int. 25, 201-208 (1984).
11. Kishi, K. & Iseki, S. / Immunogenet. 2, 205-210 (1975).
12. Higuchi, R., Bowman, B., Freiberger, M., Ryder, O. A. & Wilson, A. C. Nature 312, 282-284

(1984).
13. Paabo, S. Nature 314, 644-645 (1985).
14. Calvin H. I. & Bedford, J. M. /. Reprod. Fen., Suppl. 13, 65-67 (1971).

Mamatis, T., Fritsch, E. F. & Sambrook, J. Molecular Cloning: A Laboratory Manuaf (Cold
Spring Harbor Laboratory, New York, 1982).

Light regulates many varied physiological and developmental
phenomena during plant growth and differentiation, including the
formation of a photosynthetically competent chloroplast from a
proplastid1. The expression of ribulose 1,5-bisphosphate carboxy-
lase small subunit (rbcS) genes is regulated by light in a develop-
ment- and tissue-specific manner2'3. In some plant species, phyto-
chrome has been demonstrated to mediate this response4"7, and
photoregulation of rbcS expression occurs at least in part at the
level of transcription8'9. We have shown previously that a 5'-
noncoding fragment (4-973 base pairs (bp) upstream of the
messenger RNA cap site) of the pea rbcS ss3.6 gene contains all
of the nucleotide sequence information necessary to direct the
photoregulated expression of a bacterial chloramphenicol
acetyltransferase {cat) gene in tobacco10. Consistent with these
findings, Morelli et al.u have shown by deletion analysis of a
second rbcS gene promoter, that the sequences required for photo-
regulated expression of rbcS E9 reside within the 5'-noncoding
region. They identified an upstream region of ~700 bp needed for
maximum transcription but not light-dark regulation, and a region
from —35 to - 2 bp which included the TATA box and contained
the necessary information for light responsiveness. We now demon-
strate that regulatory sequences 5' distal to the rbcS $s3.6 TATA
box and transcriptional start site not only contain the information
necessary for maximum expression, but also confer photoregula-
tion. These upstream regulatory sequences function independently
of orientation when fused to their homologous promoter or a
heterologous promoter.

The expression of many animal viral and cellular genes is
influenced by regulatory sequences, commonly referred to as
enhancers12"18, which characteristically function independently
of orientation at various distances from the TATA box and start
site of transcription12'16"18. Certain enhancers activate gene
expression only in specific cell types16"18, or in response to
physiological stimuli15. It has not previously been investigated
whether the expression of some plant genes is also regulated by
enhancers.

The nucleotide sequence requirement for photoregulated
expression of the rbcS ss3.6 gene19 was examined using the CAT
expression system20. We and others10-20"23 have demonstrated
the ability of this sytem to compare promoter efficiency and
have shown that for chimaeric genes such as those used here,
in which the mRNAs are identical, CAT activity reflects the
cellular cat mRNA levels10 and therefore the transcriptional
activity directed by the targeted promoter. To overcome any
bias due to different RNA processing or translation efficiencies,
the various test promoter fusions were always compared with
the wild-type promoter.

To define more accurately the sequences within the -973 to
—4 rbcS ss3.6 promoter which are necessary to direct photoregu-
lated expression, a series of promoter deletion mutants was
constructed and tested for their ability to direct photoregulated
cat gene expression in transformed tobacco calli (Fig. 1). Three
of the constructs contain 5' deletions with endpoints at 722, 357
and 92 bp upstream from the cap site and the fourth contains
a 3' deletion lacking sequences —4 to -90 (including the TATA
box).
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DNA fingerprinting dispute laid to rest
EricS. Lander and Bruce Budowle

Two principals In the once-raging debate over forensic DNA typing conclude that the scientific issues have all been
resolved.

THE US public, usually indifferent to
matters scientific, has suddenly become
obsessed with DNA. Nightly newscasts
routinely refer1 to the polymerase chain
reaction (PCR) and even the tabloids
offer commentary on restriction fragment
length polymorphisms (RFLPs). The
new-found fascination with nucleic acids
does not stem from recent breakthroughs
in genetic screening for breast cancer
susceptibility or progress in gene therapy
•— developments which will indeed affect
the lives of millions. Rather, it focuses on
the murder case against the former US
football star, O. J. Simpson.

The Los Angeles trial, starting in
November and to be broadcast live by
several major television networks, will
probably feature the most detailed course
in molecular genetics ever taught to the
US people. This bold experiment in public

lucation should, in principle, be a cause
jfor rejoicing among scientists. The catch is
that the syllabus is being prepared by
attorneys whose primary roles are as
adversaries; the likely result is confusion.
Already, the news weeklies are preparing
the ground with warnings that DNA fing-
erprinting remains "controversial", being
plagued by major unresolved scientific
issues.

Forensic DNA typing certainly did pro-
voke controversy soon after it was intro-
duced into US courts in 1988. The technol-
ogy itself represents perhaps the greatest
idvance in forensic science since the de-
'elopment of ordinary fingerprints in

1892, and is soundly rooted in molecular
biology. The problem, however, stemmed
from the manner of its introduction,
Pioneered by biotech start-up companies
with good intentions but no track record in
forensic science, DNA typing was marred
by several early cases involving poorly
defined procedures and interpretation .
Standards were lacking for such crucial
issues as: declaring a match between pat-
terns; interpreting artefacts on gels;
choosing probes; assembling databases;
and computing genotype frequencies.
There is broad agreement today that many
of these early practices were unaccept-
able, and some indefensible. For its part,
the US Federal Bureau of Investigation
(FBI) moved much more deliberately in
developing procedures, sought public
comment and opted for conservative pro-
cedures.

As a result of these growing pains,
forensic DNA typing was subjected to
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intense debate and scrutiny. When it first
burst on the scene, the supporting scien-
tific literature consisted of a mere handful
of papers. By the middle of this year, there
had been more than 400 scientific papers,
100 scientific conferences, 3 sets of guide-
lines from the Technical Working Group
on DNA Analysis Methods (TWGDAM),
150 court decisions and, importantly, a
3-year study by a National Research
Council (NRC) committee released in
1992 (ref. 2). In the light of this extraor-
dinary scrutiny, it seems appropriate to
ask whether there remains any important
unresolved issue about DNA typing, or
whether it is time to declare the great
DNA fingerprinting controversy over.

As co-authors, we can address these
questions in an even-handed manner.
B.B. was one of the principal architects of
the FBI's DNA typing programme,
whereas E.S.L. was an early and vigorous
critic of the lack of scientific standards,
and served on the NRC committee. In a
world of soundbites, we are often pegged
as, respectively, a "proponent" and an
"opponent" of DNA typing. Such labels
greatly oversimply matters, but it is fair to
say that we represent the range of scien-
tific debate.

We recently discussed the current state
of DNA typing, and could identify no
remaining problem that should prevent
the full use of DNA evidence in any court.
What controversy existed seems to have
been fully resolved by the NRC report,
the TWGDAM guidelines and the exten-
sive scientific literature. The DNA finger-

printing wars are over.
Our goal is to correct the lingering

impression to the contrary. Our analysis
below represents our unanimous opinions
(apart from specific comments about the
workings and intent of the NRC commit-
tee itself, which necessarily are based on
E.S.L.'s recollection). We focus on the
subject most often said to remain prob-
lematical: population genetics. Our main
thesis is that the academic debate that
continues to swirl about population gene-
tic issues is rooted in a misunderstanding
of the NRC report and is, in any case, of
no practical consequence to the courts.
We also touch on how the legal and
scientific community should cope with the
continuing evolution of DNA typing tech-
nology. In particular, we question
whether a steady succession of ad hoc
committees, however distinguished, is a
wise solution.

Laboratory practices
The initial outcry over DNA typing stan-
dards concerned laboratory problems:
poorly defined rules for declaring a match;
experiments without controls; contamin-
ated probes and samples; and sloppy
interpretation of autoradiograms .
Although there is no evidence that these
technical failings resulted in any wrongful
convictions, the lack of standards seemed
to be a recipe for trouble. To address these
problems, the NRC committee enunci-
ated conservative standards for each
laboratory step, based on more than a
decade of experience with human DNA

;*\

Comparing autoradlographs from DNA samples at Cellmark Diagnostics.
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analysis. TWGDAM also developed
guidelines along similar lines. Today,
there is no doubt about the correct labora-
tory protocols to ensure reliable DNA
typing results. Since the NRC report, US
courts have unanimously accepted the
technical reliability of DNA evidence,
both in principle and in practice.

The NRC committee also highlighted
the importance of laboratory accredita-
tion, rigorous quality assurance and quali-
ty control (QA/QC) programs, and exter-
nal blind proficiency tests (tests adminis-
tered by persons outside the testing lab
itself). The importance of these practices
has been universally acknowledged, and
most forensic labs follow TWGDAM's
voluntary quality-control guidelines.

Population genetics
The controversy over population genetics
began as a secondary issue. If DNA
analysis reveals that two samples match at
the loci tested, the final step is to estimate
the frequency of the shared genotype in
the general population, which indicates
the probability that a randomly chosen
person would carry this genotype. Such
estimates depend on surveys of the
appropriate population.

In some early cases, the rarity of
genotype frequencies was greatly over-
stated owing to a technical error: the
calculations were based on overoptimistic
assumptions about the precision with
which genotypes could be measured. One
commercial lab, for example, reported the
astronomical frequency of 1 in
738,000,000,000,000, based on a four-
locus match1. The NRC committee easily
rectified these problems by requiring con-
sistency between the measurement preci-
sion used for forensic analysis and for
population genetic estimates (a practice
that the FBI, in fact, had long followed).

A subtler but more challenging issue
emerged in later cases, concerning the
structure of human populations. The 'pro-
duct rule', used by forensic labs to calcu-
late genotype frequencies, assumed that
the individual alleles comprising a genoty-
pe could be treated as statistically inde-
pendent, and their frequencies
multiplied2. However, some population
geneticists asserted that the assumption of
independence was appropriate for well-
mixed populations (technically, those at
Hardy-Weinberg equilibrium and linkage
equilibrium), but was not necessarily valid
for populations with substructure.
According to this argument, the frequen-
cy of a common Japanese genotype might
be underestimated because the product
rule ignored the fact that common
Japanese alleles tend to occur together in
the US Asian population. Moreover, the
frequency of genotypes arising from
mixed ethnic ancestry might be under-
stated because the product rule was typi-
cally applied to separate racial databases
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(for the Caucasian, Black and Hispanic
populations) and thus did not account for
the presence of genotypes involving com-
mon alleles from different racial groups.
The substructure argument became a
cause celebre, pitting such luminaries as
Lewontin and Hard3 against Chakraborty
and Kidd4. Both sides conceded that sub-
structure could matter in principle, but
many doubted that its effect could be
significant in practice (see ref. 5).

The NRC committee at first attempted
to settle the issue on its merits. The
members agreed that the product rule was
probably near the mark, but were hard
pressed to say just how close. The commit-
tee considered applying formulas from
theoretical population genetics based on
the empirical measures of the degree of
variation and admixture among and with-
in populations. However, it concluded
that there were, at the time, too few hard
data about the loci used in forensic typing
(most classical genetic surveys concerned
protein polymorphisms, likely to be
strongly influenced by natural selection)
and about the precise structure of the US
population. It would be too risky to base a
recommendation on assumptions that
might subsequently turn out to be faulty.

Thomas Caskey (Baylor College) even-
tually pointed the way out the quagmire
when he asked, out of frustration,
whether it was possible to ignore popula-
tion substructure altogether. Taking up
the notion, the NRC committee set out to
fashion an extremely conservative rule
having the virtue that it made virtually no
assumptions.

The ceiling principle
The solution turned out to be quite sim-
ple. Suppose that the US population is
descended from a collection of popula-
tions Pi, P2, . . ., Pn, each sufficiently old
and well mixed to allow the product rule to
be safely applied. Regardless of the
population substructure, the multiplica-
tion rule requires only a slight modifica-
tion to yield a strict upper bound on the
frequency of any genotype G: for each
allele in G, the allele frequency should be
taken to be the maximum over the compo-
nent subpopulations. In effect, the
approach makes the worst-case assump-
tion that the population may contain indi-
viduals who, for example, carry a common
Caucasian allele at a locus on chromo-
some 2 and a common Black allele at a
locus on chromosome 17. By assuming the
worst, one is guaranteed to be conserva-
tive. Because it used the maximum fre-
quency in any subpopulation, the method
was dubbed the 'ceiling principle'2.

In practice, it is unnecessary to survey
every possible subpopulation. The com-
mittee concluded that the likely variation
in allele frequencies could be reckoned by
conducting modest surveys of 100 indi-
viduals from each of 10-15 representative

subpopulations spanning the range of
ethnic groups represented in the United
States — such as English, Germans, Ita-
lians, Russians, Navahos, Puerto Ricans,
Chinese, Japanese, Vietnamese and west
Africans. Each allele frequency could
then be taken to be the maximum over
these subpopulations, although never less
than 5%. (The latter provision was de-
signed to deal with unexamined popula-
tions. If an allele was rare in the 10-15
subpopulations surveyed, genetic drift
was not likely to have caused its frequency
to drift much above 5% in other signifi-
cant subpopulations.) Even in advance of
detailed data about ethnic groups, the
committee felt that same principle could ;

be applied to the available racial data-
bases (Caucasian, Black, Hispanic,
Asian), although it recommended a 10%
floor on allele frequencies to reflect the
greater uncertainty about subpopulation
variation: this slightly amended form was
called the 'interim ceiling principle'. (The
choices of 5% and 10% were based on the •
quantitative effect of genetic drift on the
match odds — that is, on the reciprocal of
the allele frequency — although none of
this reasoning survived into the text of the
final report.) The practical effect of these
rules was to limit the contribution of any
single locus to a factor of 50:1 odds based
only on aggregate data for racial classifica- •
tions and 200:1 odds based on more '
detailed ethnic surveys.

The ceiling principle was unabashedly
conservative. It gave the benefit of every '
conceivable doubt to the defendant, so
that it could withstand attacks from the
most stubborn and creative attorneys.
Some of the statistical power was sacri-
ficed to neutralize all possible worries
about population substructure.

The committee was comfortable with
such a lop-sided approach, because even
these extreme assumptions did not under-
mine the practical use of DNA finger-
printing. A four-locus match performed
by forensic labs could still provide odds of
6,250,000:1. If this were not enough, two
additional loci could increase the odds to
more than 15,000,000,000:1.

Finally, the ceiling principle was not
intended to be exclusive. Expert witnesses
were still free to provide their statistical
"best estimate" of genotype frequencies
based on the product rule. But if disagree-
ment over such estimates arose, the ceil-
ing principle provided an approach that all
parties had to admit was biased to favour a
defendant. By all rights, this seemingly
solomonic solution should have ended the
controversy over population genetics

Hitting the ceiling
Surprisingly, attacks came from an unex-
pected quarter. Some vocal theoretical •
population geneticists and statisticians
concluded that the committee had been
too conservative. They argued that the
NATURE • VOL371 • 270CT0BER198
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effect of population substructure was
slight and that it would best be treated by
using formulas from theoretical popula-
tion genetics. The ceiling principle was
accused of being clumsy and scientifically
flawed. Suddenly, a new controversy over
population genetics seemed to emerge5"10.

The debate was based on a simple
misunderstanding of the NRC Committee
report but, with the committee disbanded,
there was no easy way to address it.
Moreover, the committee members had
agreed to let the report speak for itself to
avoid the emergence of conflicting gospels
according to different members. In retros-
pect, this was probably an unwise decision
because it has allowed a minor academic
debate to snowball to the point that it
threatens to undermine the use of DNA
fingerprinting by suggesting that there is
some problem with the use of population-
genetic estimates in court.

Six objections have been raised to the
ceiling principle, which are worth briefly
refuting:

(1) The ceiling principle is premised on
the flawed analysis of Lewontin and Hartl
that there is significant population
substructure8. On the contrary, the com-
mittee was quite dubious that substructure
had significant effects, but felt that the
possibility needed to be taken seriously
rather than dismissed based on theoretical
or indirect arguments. The NRC report
cites the Lewontin-Hartl article3 only
twice, both times balanced against a lon-
ger list of opposing articles.

(2) The ceiling principle is scientifically
flawed because it is not used in population
genetics9'10. Moreover, the plan to sample
10-15 representative populations is statis-
tically unsound8. The choice of a statistical
method necessarily depends on the dan-
gers of overestimation versus under-
estimation. In forensics, there is strong
agreement on the need to be conservative.
By contrast, population geneticists do not
need to be conservative in academic stu-
dies; they are content to err equally often
on the high and low side, and thus ceiling
approaches are unnecessary. However,
ceiling approaches are common in a close-
ly related genetic pursuit: the mapping of
disease genes. To guard against falsely
implicating or excluding a chromosomal
region, human geneticists often analyse
their data under worst-case conditions,
such as using an unrealistically low ceiling
on the penetrance of a disease gene or an

; unrealistically high frequency for a mar-
,'ker allele11' . Also, some authors have
^complained that surveys of 100 individuals

not allow accurate estimates of the
juency of rare alleles8. The purpose of

the suggested population studies, howev-
er, was not to estimate low frequencies,
but rather to check that some alleles do
not unexpectedly have extremely high
frequencies (much more than 5-10%) in
certain populations. For this purpose, 100
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Opting for conservative procedures — FBI serology laboratory In Washington, DC.

individuals is quite adequate.
(3) The ceiling principle makes ludic-

rous assumptions about the possible sub-
structure of a population9'10. Although the
NRC report called for empirical studies of
those groups that made significant con-
tributions to the United States (such as
English, Italians and Puerto Ricans),
some commentators9'10 were carried away
by hyperbole — asserting that the ceiling
principle assumes that "the culprit might
be . . . a Lapp for one allele and a
Hottentot for the other". However, if
Lapp and Hottentot are replaced by
Italians and Puerto Ricans, the assump-
tion is perfectly reasonable. Indeed, it is
unreasonable to assume that such geno-
types don't occur in the population.

(4) The ceiling principle is so conserva-
tive that it hampers the courtroom applica-
tion of DNA fingerprinting. Despite fears
that an ultraconservative standard would
clip the wings of the DNA fingerprinting,
published analyses by several groups13'
agree that the effect is modest: Whereas
the product rule typically gives four-locus
genotype frequencies of about 10~8-10~9,
the ceiling principle pares them back to
about 10~6-10~7. That extreme assump-
tions have so little effect only underscores
the power of DNA typing and the wisdom
of taking a conservative approach.

(5) The ceiling principle is not actually
guaranteed to be conservative. This con-
cern appears in only a single paper15, in
which the authors point out that the
conservativeness of the ceiling principle
depends on the component populations
Px, . . . Pn being themselves well-mixed.
The authors take great pains to construct
counterexamples in the event that the
populations are themselves substruc-
tured. In fact, the NRC committee consi-
dered this point to be self-evident
(although failed to state it clearly
enough), as can be seen from the trivial
observation that the ceiling principle has
no effect on genotype frequencies when

one combines two identical, but substruc-
tured populations. In applying the ceiling
principle in practice, the committee was
confident that any residual substructure in
the component subpopulations could
safely be ignored in the context of such
a conservative scheme.

(6) The NRC report is causing DNA
fingerprinting cases to be thrown out of
court8. To the contrary, most courts have
used the NRC report as strong evidence
that, notwithstanding disagreement over
the best solution, there is at least one
approach that is indisputably conserva-
tive. Of the few cases in which DNA
evidence has ever been rejected on
population-genetic grounds, virtually all
involved evidence predating the NRC
report. These courts have cited the report
solely for its acknowledgement that a
controversy existed and was a reason for
constituting the committee.

The NRC report, to be sure, has impor-
tant flaws. The ceiling principle was not
elegant solution, but simply a practical
way to sidestep a contentious and unpro-
ductive debate. The report had more than
its share of miswordings, ambiguities and
errors, many of which have been cor-
rected by a vigiliant commentator16. A
few poorly worded sentences have been
seized upon by lawyers trying to under-
mine the straightforward calculation of
ceiling frequencies (although such argu-
ments have not succeeded). Most impor-
tant, the report failed to state clearly
enough that the ceiling principle was in-
tended as an ultra-conservative calcula-
tion, which did not bar experts from
providing their own 'best estimates' based
on the product rule. This failure was
responsible for the major misunderstand-
ing of the report. Ironically, it would have
been easy to correct.

A law-enforcement perspective
Even as academics debated fine points,
forensic scientists got on with their busi-
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ness. The FBI and TWGDAM found the
ceiling principle to be unnecessarily con-
servative, but nonetheless promptly
adopted precise guidelines for im-
plementing the ceiling principle, correctly
clarifying a few ambiguous statements in
the NRC report, such as which population
databases to include and whether to sum
adjacent bins in a frequency distribution.
Forensic labs adopted a two-tiered
approach, in which experts are prepared
to quote both their best estimate and the
conservative ceiling bound. As new
population-genetic issues arise (such as
how to modify or replace the ceiling
principle to accommodate the less poly-
morphic PCR-based systems), the com-
munity is preparing to develop further
guidelines. Overall, the system meets the
spirit and the letter of the NRC report.

Conservative calculations have had no
noticeable impact on the use of DNA
evidence. In the vast majority of cases, a
jury needs to know only that a particular
DNA pattern is very rare to weigh it in the
context of a case: the distinction between
frequencies of 1CT4, 10"6 and 1(T8 is
irrelevant in the case of suspects identified
by other means.

The FBI has also rapidly carried out
population surveys, as recommended by
the NRC committee. FBI scientists have
studied more than 25 distinct subpopula-
tions, as well as 50 separate samples from
the US population1"1. The effort has
yielded a remarkable database for ex-
amining allele frequency variation among
ethnic groups. Reassuringly, the observed
variation is modest for the loci used in
forensic analysis and random matches are
quite rare, supporting the notion that the
FBI's implementation of the product rule
is a reasonable best estimate. Nonethe-
less, the FBI has taken the scientifically
sound position that it remains wiser to
study new loci empirically than to assume
that significant variation can never occur.

Most important, the admissibility of
such DNA evidence prepared in accord-
ance with the NRC recommendations is
firmly established in virtually all US juris-
dictions. In a few, the appellate courts
have yet to rule formally, but there is little
doubt that they will find such evidence
acceptable.

Modest proposals
Although the system ain't broke, there is
no shortage of proposals about how to fix
it. Some academic commentators advo-
cate a return to the product rule; others
propose an approach based on the kinship
statistic FST; and still others recommend
an approach involving likelihood ratios
that combine gel electrophoresis artefacts
and population-genetic considerations
into a single statistic9'10'22"24. Some seek to
determine genotype frequencies exactly,
while others prefer conservative esti-
mates. The NRC — at the urging of the
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National Institute of Justice, representing
the academic wing of forensic scientists —
has concluded that the best solution is to
constitute another ad hoc committee on
DNA fingerprinting, composed primarily
of statisticians and population geneticists.

It is easy to forget that this new debate is
purely academic. The most extreme posi-
tions range over a mere two orders of
magnitude: whether the population fre-
quency of a typical four-locus genotype
should be stated, for example, as 10" or
10~7. The distinction is irrelevant for
courtroom use.

Rehashing issues may be a harmless
pastime in the academic world, but not so
in a legal system that lives by the dictum
stare decisis (let the decision stand). From
the standpoint of law enforcement, it is
better to have a settled, if slightly imper-
fect, rule than ceaselessly to quest after
perfection. Already the NRC's intention
to re-examine forensic DNA typing has
been seized upon by some lawyers as
evidence that there remain fundamental
problems.

Ad hoc committees typically imagine
that they will be able to accomplish their
mandate with speed and finality. The
originaf NRC study was anticipated to
take one year, but required three. The
idea of a second NRC panel was first
floated in June 1993 with the optimistic
projection that it could report by the end
of that year. In fact, the committee has
only just begun meeting and will probably
not issue a report before late 1995. Even
then, any recommendations will take 3
years to ripple through the legal system —
guaranteeing that finality will not be
achieved on these issues before early
1999. Despite the committee's best
efforts, any new report will probably offer
new opportunities for misunderstanding
that will become apparent only after the
panel is disbanded. And, if the new report
endorses a different standard, some attor-
neys are sure to argue, rightly or wrongly,
that differences between the reports de-
monstrate a lack of scientific consensus.
These observations are not meant to dis-
suade the new NRC committee from its
mission, but rather to point out the chal-
lenge facing any ad hoc group.

A sounder approach
The real solution is to recognize that
forensic DNA typing has become a ma-
ture field and requires a more systematic
approach. The NRC report anticipated
that rapid evolution of technology would
pose a steady succession of questions
requiring attention. Its most important
recommendation was the establishment of
a permanent national committee on fore-
nsic DNA typing (NCFDT) to address
issues as they arose. If such a committee
had been appointed in 1992, it could have
made short work of the population-
genetics issues, by clarifying, changing or

discarding the original NRC recom-
mendations.

It is encouraging that this NRC recom-J
mendation has recently been adopted^
The newly enacted DNA Identification
Act of 1994 mandates the FBI to establish!
a DNA advisory board to recommend!
standards for laboratory procedures,]
quality assurance and proficiency testing. J
The act requires open meetings and broa
representation, including molecular and
population geneticists not affiliated with
forensic laboratories, with board nomina-i
tions to come from professional organiza-f
tions including the National Academy o |
Sciences. Ideally, the panel will provide a|
forum for weighing important issues, in-|
eluding new laboratory techniques, pop-
ulation genetics and proficiency testing. 1

Most of all, the public needs to under-̂
stand that the DNA fingerprinting con+j
troversy has been resolved. There is ne
scientific reason to doubt the accuracy o |
forensic DNA typing results, provide
that the testing laboratory and the specifid
tests are on a par with currently practic
standards in the field. The scientific de-J
bates served a salutary purpose: standards!
were professionalized and research stimu-f
lated. But now it is time to move on. Qj

Eric S. Lander is in the Whitehead Institute!
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02142, USA and the Department ofBiology A
MIT, Cambridge, Massachusetts 02139$
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FBI Laboratory, FBI Academy, Quantico,\
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single man could undertake successfully this immense
labour, and the resulting transcripts (photographs) would
surpass the work of the most skilful painter."

As early as 1912 it was reported: "It has been demon-
strated that by perpendicular exposures (from the air) the
limits of buried artificial constructions, which in the ordinary
procedure of reconnoitring often remain hidden, become
clearly visible."

Professor Theodor Wiegand of Berlin (b. 1864) employed
German aviators, during intervals in the first World War, in
Syria, Palestine and Rumania, in archaeological research
along these lines. Almost invisibly small differences of height
on the surface of the ground, indicating former fortifications
or settlements, became visible as plainly as on a map, in
aerial photographs lighted obliquely; remains of walls buried
underground, etc., appear through variations in the char-
acter of the vegetation which covers them, depending on the
season, species and conditions of growth. Wiegand published
such pictures in 1920.

This technique of aerial archaeological photography has
been successfully elaborated since 1928, principally by
O. G. S. Crawford, an English observation flier during the
first World War. In the sand of the African Desert remains
of buried towns have been discovered by this method.

Stereoscopic aerial photographs afforded valuable new
information in the German search for the lost Konigspfalz
Werla (1937).

ANTHROPOLOGICAL AND ETHNOLOGICAL
PHOTOGRAPHY

At the instigation of Arago and P. M. R. Serres (b. 1793),
Thiesson made daguerreotypes of the Botocudes, a Brazilian
Indian tribe, in 1844; in the year following Serres was able
to present and discuss such photographs of comparative
anthropology before the French Academy of Science, and
advocated the foundation of a photographic ethnological
collection.

Professor Gustav Fritsch (1838-1927) had visited South
African tribes in i860 and by the publication of his physiog-
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nomical and ethnographical photographs "had opened a new
era in this branch of science".

The Russians in 1862 took photographs of the different
inhabitants of the Steppes of the Urals for the purpose of
ethnographical study. One view gave a profile, the other a
picture of the full face, also the people were shaven so that
the true form of the skull should be visible.

Dr. Oidtmann, lecturer on anthropology at the Techni-
sche Hochschule, Aix-la-Chapelle, recommended a collection
of pictorial statistical material for a history of the descent
and development of mankind for later centuries: "systematic
physiognomical photographs as anthropological documents"
(1872). "Breeders of horses have long known the hereditary
morphology of the horse and developed them by artificial
selection. On the other hand, the knowledge of hereditary
forms of human beings lags far behind . . . photography
should be called upon to perpetuate the variable hereditary
physiognomies of the generations." Oidtmann gave details
for suitable exposures both, front and side, and these were
later generally adopted.

The introduction of biographical albums for every indi-
vidual was proposed by the English anthropologist, Francis
Galton, in 1903. He proposed that a picture should be taken
every year, "a very sober picture, because the aesthetic
fantasies of the camera have no scientific value at all, and
the most perfect likenesses were those taken in prison."

The anthropological and ethnological section of the
Paris Exposition of 1878 included a collection of photo-
graphs, chiefly coloured pictures of/ national costumes.

In the same year the English anthropologist, Francis
Galton, created his composite portraits. Scientific expedi-
tions from then on noted more carefully racial characteristics
by photographs.

Photographs of criminals were classified on an anthropo-
metric basis as early as 1885.

IDENTIFICATION PHOTOGRAPHY

As early as 1842, F. A. W. Netto wrote: "From a police
point of view, the value of photography is inestimable; instead
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of the usual description, 'Smooth forehead, ordinary nose', it
is only necessary to calotype the owner of the passport and
to insert his likeness in the passport."

The photographer, Dodero of Marseille (1851), pasted
his portrait on visiting cards and predicted in his "Photo-
graphic Fantasies" that some day a signature alone would
not suffice, but a photograph also would be required.

In 1856, an American girl, matrimonially inclined, ad-
vertised her intentions in a newspaper and requested appli-
cants to send their daguerreotypes.

In Vienna, it was suggested that all prostitutes have health
certificates bearing their portraits (1864).

A precaution adopted by the Bank of England in 1885
called for the photographing, without the person's know-
ledge, of any person in any degree suspicious or suspect
drawing money on cheques.1

In Denver, Colarado, around 1907, it was a rule that
drunken persons should be photographed at the Police
Office and later when they had sobered off they were handed
the photograph as a deterrent against future offence.

Privy Judicial Councillor Karl Theodor Odebrecht .&,
(1802-1866), in Berlin, laid the foundation, in 1864, for the r

use of photography in jurisprudence. He suggested that
passports carry the photograph of the bearer in order to
obviate exchange. This regulation was carried out for the
first time on the season passes of the Berlin Photographic
Exposition, in 1865, on the suggestion of H. W. Vogel. The
Paris Exposition of 1867 used the same precaution.

The identification photograph was introduced only
slowly in official and private documents; the Paris photo-
grapher A. Liebert (182 7-1914) undertook, in 1885, to
photograph all 30,000 subscribers to the newspaper, Le
Figaro, who would present themselves for a sitting. He
would deliver their portraits to them in postage-stamp size
in a small card case, which carried the official stamp of the
newspaper and the signature of the individual and would
be recognized by officials for identification.

In 1892 all Chinese living in the United States, some
140,000 individuals, were called upon to be photographed by

1 The Bank of England cannot
trace the existence of any measure
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of this type.

an order in law. In the first World War similar identity cards
were instituted in Europe.

Since about 1891, in Prussia, the corpse of every un-
identified person has been photographed. It was proposed in
France (1892) that all soldiers fallen on the battlefield, who
could not be identified, be photographed; stretcher bearers
were to be equipped with photographic apparatus, and
properly instructed in its use.

In the Russo-Japanese War, 1904-5, every Japanese
soldier carried an identity card with his photograph. The
card contained also an address of next-of-kin and a prepared
obituary notice so that his comrades could by this simple
means communicate the news of his death.

Photography and Crime

Quite seriously, newspapers and periodicals published,
in November 1839, startling information of the assistance
given by "the daguerreotype as witness in a divorce case";
it was said that a husband had succeeded in photographing
his spouse during a tryst without being discovered.

In June 1841 it was reported: "The worthy police will
also take advantage of this method and, instead of keeping
inaccurate descriptions of suspected persons, will immortalize
the physiognomies of all thieves and crooks, by their own
official daguerreotypist, thus establishing for ever an in-
teresting gallery of notorious contemporaries."

In November 1841, the''Miinchener Morgenblatt reports:
"The Paris police now has daguerreotypes of the features of
all criminals passing through its hands, and attaches these
portraits to the respective reports. When set free and sus-
pected of a new crime, the portrait is shown to all police
officers, who soon seek out their man. Daguerre certainly
never dreamed that his art would be used for such a purpose."

Records of the early years show that, for instance, in
1854, the examining magistrate in Lausanne had a thief
photographed, whose identity could not be established; the
picture was sent to several police departments for identi-
fication. Similar cases were solved in Vienna in 1858, and at
Soldin in i860 through the assistance of a photographer.
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In 1859 followed a suggestion for photographing the
scene of crimes.

The London police complained in 1863 that thieves
strove with all their might against being photographed.

An important book on "The Use of Photography in the
Penal Process" was written by Odebrecht (1864) who pro-
posed the following fields of application: photography of
living persons (criminals), corpses discovered, scenes of
crimes, documents, articles found, objects of dispute and
portraits on identification cards and passports.

Rogues' galleries were first installed, about 1865, at the
police headquarters of national capitals; there was one in
Danzig in 1864, in Moscow it was installed in 1867; in
England the photographing of criminals had been intro-
duced generally by 1870.

Dr. Oidtmann recommended (1872) a rule "once full
face, and once in profile" for portraits which were intended
for research into genealogical and racial history, and the
practice of the criminal police was similar.

Paris equipped its own police studio in 1874, while in
Berlin, as late as 1890, photographs were made by profes-
sional photographers.

In Berlin (1877) t n e rogues' gallery was divided in ten
groups according to the class of crime, and required the
services of three officials. The album contained at the end of
1880—2,135, end of 1883—3,459 and end of 1886—3,825
records of persons photographed; in 1933, the "photographic
card index" was divided into twenty-nine groups, recording
46,708 criminals. In 1932, photographs were made of 9,994
persons, 336 scenes of crime, 2,657 photographs of details of
criminal clues, forty-five of corpses and many others of
various subjects. The total number of prints made was
133,464.

The Prefect of the Paris Police received, between 1877
and 1882, about 50,000 portraits of criminals. In 1886 they
were classified according to anthropometrical rules. It was
suggested, in 1883, to photograph the ear of the criminal
also, since it, unlike facial features, does not suffer any con-
siderable change in the course of years. In 1889, Paris had
about 100,000 photographs of criminals.

In Copenhagen in 1896 a complete reversal of the

normal procedure was discovered. Anarchists had got
together a great collection of Danish Police officers' photo-
graphs with notes on their grade of "dangerousness."

Alphonse Bertillon (1853-1914), Paris, worked from
1882 on the identification method named after him. His
pamphlet, "La Photographic Judiciaire," was published in
1890. In this work he lays down, among other instructions,
exact rules for the negative (three positions of the head); his
system has been universally adopted.

A photograph of the scene of a crime, as early as 1867,
was held sufficient to invalidate the testimony of eye-wit-
nesses; ten years later, the value of such photographs was
recognized everywhere. In addition to the general views of
a scene, the photographic record of all traces left by the
crime was considered as of practical value; marks of bullets,
tools, tracks, feet, blood, tyres and similar details in the
picture assisted the solution of crime.

In 1887, banking establishments were equipped with
flashlight apparatus, which electrically photographed per-
sons attempting unlawful entry. It is reported that such a
record at New York in 1893 led to the identification of
thieves.

Since 1933, most traffic policemen in Berlin have been
equipped with photographic apparatus of the size 4-5 by
6 cm, in order to record the scene of an accident before any-
thing is changed or marks obliterated.

According to a regulation made in Prussia, about 1891,
the police were instructed to photograph every unidentified
corpse.

Photomicrographs of laboratory blood tests were used to
ascertain whether blood was human (1877). These methods
of detection were welded into a valuable range of aids to
forensic investigation by the work of Dr. Paul Jeserich (1854-
1927) of Berlin. Spectroscopic methods had revealed the
morbid changes that could take place in blood since about
1893, and by the same means Professor Louis Lewin (1850-
1929) and Erich Stenger in 1906 had detected blood in
dilutions of one part in forty thousand.

Proof of forgeries or alterations of documents is a special
field of legal photographic procedure; as early as 1869 it was
attempted, to make visible the invisible.
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COMPANY PROFILE

Cellmark Diagnostics is the recognized world leader in DNA
FINGERPRINTINGSM service and the largest independent forensic DNA testing
laboratory in the United States serving both prosecution and defense counsel
needs. The company was formed in 1987 and has since analyzed thousands
of samples from criminal and paternity cases from all over the United States,
Canada, Puerto Rico, Guam, and South American countries. Cellmark scien-
tists have testified in over 400 criminal cases. Cellmark Diagnostics offers
complete and confidential DNA laboratory services to identify individuals using
their genetic structure.

Since its inception, Cellmark Diagnostics has garnered many firsts:

* It was the first independent DNA laboratory to be accredited by the
American Society of Crime Laboratory Directors - Crime Laboratory
Accreditation Board (ASCLD-LAB).

* It was the first forensic DNA laboratory to use Short Tandem Repeat
(STR) DNA analysis to identify military casualties for the United States
Armed Forces in Operation Desert Storm. Cellmark collaborated with
the Baylor College of Medicine in Houston, Texas on the project.

It was awarded a contract by the United States Department of Defense
to conduct research specifically focused on the recovery of DNA from
problematic surfaces of physical evidence likely to be encountered in
terrorist-related cases.

* It is the only forensic DNA laboratory to offer a national "pro bono"
DNA identification service to indigent criminal defendants. Cellmark
utilizes DNA technology to analyze relevant physical evidence in up to six
pro bono cases per year.

Cellmark Diagnostics, Inc. is a subsidiary of Lifecodes Corporation.
Located in Stamford, CT. Lifecodes is the leading manufacturer and worldwide
supplier of DNA products forhuman identity and transplantation. Lifecodes and
Cellmark Diagnostics are privately held and employee owned.

CELLMARK
D I A G N O S T I C S

Cellmark Diagnostics, Inc.

20271 Goldenrod Lane

Suite 120

Germantown

Maryland 20876 USA

800-USA-LABS

301-428-4980
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of Lifecodes Corporation



FORENSICS
FEE SCHEDULE

DNA TESTING Per Sample

RFLP TESTING:
Hinfl 5 Probe Analysis.. $595

Haelll 5 Probe Analysis $595

DNA Extraction Only (Insufficient DNA). $275

Re-analysis of Already-Extracted Samples $345

PCR-BASEDTESTING:

DQA1&PM $595

STRs* (CSF1PO, TPOX & TH01 + Amelogenin) $595

D1S80* $595
PCRamplificationonly.... $500

COMBINATION TESTING:

Any2tests $1045

Any3tests $1445
Any4tests $1745

RUSH CASE FEE Additional Per Sample $350

OTHER DNA TESTING SERVICES:

Processing of already extracted sample

for RFLP O/-DQA1 & PM or STRs O/-D1S80 $350

for sexual assault mixed stains $500

Handlingfee $100

OTHER FORENSIC SERVICES
Consulting on work done by another laboratory ,.$200/hour

Expert witness fees $1,200/day + expenses for a Ph.D.
$1,100/day + expenses for a non-Ph.D.

Depositions $200/hour +expenses for a Ph.D.
$150/hour + expenses for a non-Ph.D.

"This test is performed pursuant to licensing arrangements with Roche Molecular Systems, Inc. and the Perkin-Elmer Corporation.

TERMS OF PAYMENT

An invoice for the fees due will be forwarded upon completion of the case.

Terms are net 30 days. Prices are effective as of 11/1/96 and are subject to change.
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D I A G N O S T I C S

ASCLD/LAB
ACCREDITED
LABORATORY

Cellmark Diagnostics, Inc.

20271 Goldenrod Lane

Suite 120

Germantown

Maryland 20876 USA

800-USA-LABS

301-428-4980

FAX: 301-428-4877

Cellmark Diagnostics, Inc. is a subsidiary
of Lifecodes Corporation



CELLMARK DIAGNOSTICS:
FULL SERVICE FORENSIC DNA TESTING

R F L P : (5 probes) well established DNA Profiling method,
statistically powerful.

Hinfl: initial screening with cocktail of 4 DNA
probes for quick preliminary results.

Haelll (FBI Protocol) test results available on disk
(CODIS Lite!) for direct comparison to CODIS
offender data bases.

P C R * : most sensitive DNA test for samples too small or
degraded for RFLP testing.

PM & DQA1
STRs (CTT) & Gender Identification (Amelogenin)
D1S80

Only Private ASCLD/LAB Accredited Laboratory

Four Court-qualified Ph.D.s, testimony in over 400 cases

NO BACKLOG

BROAD CASE ACCEPTANCE POLICY: including evidence
from sexual assault, serial and multiple suspect cases and other
violent crimes, no-suspect cases, fetal tissue, urine identification,
and other cases not accepted by government laboratories.

Offers Proficiency Testing Program Accredited by ASCLD/LAB

FREE Pre-trial Consultation

Cellmark Diagnostics is licensed by The Perkin Elmer Corporation, under Patents owned by Hoffman-La Roche Inc., to use the

PCR process to perform Forensic Analysis and Human Identification Services tests.

CELLMARK
D I A G N O S T I C S

Cellmark Diagnostics, Inc.
20271 Goldenrod Lane
Suite 120
Germantown
Maryland 20876 USA

800-USA-LABS
301-428-4980
FAX: 301-428-4877

Cellmark Diagnostics, Inc. is a subsidiary
of Lifecodes Corporation



CELLMARK 20271 Goldenrod Lane • Germantown, Maryland 20876

D I A G N O S T I C S Telephone: (301)428-4980 (800) USA-LABS
Administration Fax: (301) 428-4877

Laboratory Fax: (301) 428-7946

FORENSIC CASE SUBMISSION

When submitting forensic cases to Cellmark Diagnostics, the cover letter
should include:

1. What DNA testing (RFLP or PCR) is required and which samples are to
be compared.

2. Names and phone numbers of all persons with whom Cellmark is
authorized to discuss case.

3. Names and addresses of all persons to whom Cellmark should send
copies of our laboratory reports.

4. Inventory of evidence being sent to Cellmark, listing exhibit number and
full description of each exhibit.

5. Condition of samples, including storage history of each sample (date of
collection, temperature of storage, etc.)

6. Prepayment required (or name and address to whom invoice must be
sent). Please send a copy of the cover letter attached to the outer
container when evidence is shipped to Cellmark Diagnostics.

7. Court dates.

8. Please put the letter or a copy of the letter on the outside of the package
containing the samples.

Accredited by the American Society of Crime Laboratory Directors/Laboratory Accreditation Board
^••M^^HMi^H^HM^^^Mai^H^HMnH^HNi^H^HMnHMM^HMHMli^H^HMMMHll l^^H Ceilmark Diagnostics, Inc. is a subsidiary of Lifecodes Corporation



CELLMARK 20271 Goldenrod Lane • Germantown, Maryland 20876

D I A G N O S T I C S Telephone: (301)428-4980 (800) USA-LABS
Facsimile: (301) 428-4877

COLLECTION, PACKAGING, STORAGE, AND
SHIPMENT OF EVIDENCE FOR DNA TESTS AT

CELLMARK DIAGNOSTICS

COLLECTION AND PACKAGING

1. Use clean latex gloves for collecting each item of evidence. It is recommended to change
gloves between the handling of different items of evidence.

2. Each item of evidence must be packaged separately.

3. Bloodstains, semen stains, and other types of stains must be thoroughly air-dried and
packaged in sealed paper envelopes or paper bags. For proper chain of custody, all
packages must be marked with case no., item no., and date, and must be initialed across
the seals.

4. If stains must be transferred from an unmovable surface (such as a window or sidewalk),
sterile cotton swabs and distilled water may be used.
A. Photograph the surface with a ruler before swabbing. Moisten the swab with water

and shake the swab to remove the excess water.
B. Rub the stained area with the moist swab until all of the stain is transferred to the

swab. If one swab is insufficient to collect all the stain, use additional moist swabs
to collect all of the stain.

C. Two control swabs may also be collected as controls for other serological tests:
(Swab 1) Swab an unstained area adjacent to the stained area using a moist swab.
(Swab 2) Provide a moist swab with nothing else on it but the water used in the
collection process.

D. Prepare properly marked envelopes (such as coin envelopes) or paper containers
for the swabs.

E..... Air dry the swabs without permitting the swabs to touch one another. If time
requires, the swabs may be placed still moist in the envelopes until they can be
transported to a place where they can be properly air dried. (This is why paper
containers are preferred and glass or plastic containers should be avoided. Paper
containers allow moisture to escape to prevent bacterial degradation of the DNA.)

F. Place swabs in appropriate separate paper containers, properly marked for
identification.

G. Scraping dried stains should only be used instead of swabbing if the surface is
perfectly smooth and the scraping will result in almost no loss of material. For
example, a stain on a smooth vertical surface can be collected (after photographing
with a ruler in the picture) by folding a clean sheet of paper in half and taping the top
edge of the paper to the surface directly beneath the stain With a sterile scalpel
blade or unused single-edged razor blade, the stain can be scraped into the fold in
the paper Then carefully remove the paper from the surface, remove the tape, fold
the paper into a packet, seal with evidence tape and initial properly.

5. Evidence which is incapable of drying such as pieces of tissue, organ, bone, liquid urine, or
other biological material, should be packaged separately in an air tight container, sealed and
marked properly for identification, and immediately frozen and kept stored frozen until

iCellmark Diagnostics. Inc is a subsidiary of Lifecodes Corporation



3. DRIED STAINS: Dried stains should be packaged separately and shipped in a sealed box
or sealed envelope at room temperature by priority overnight courier service, but never over
a weekend or holiday. It is preferred to ship only the stained portion of clothing rather than
the entire garment. The suspected stain should be clearly marked.

4. UNDRIED TISSUE: To avoid putrifaction during shipping, tissue, organ, bone, and liquid
urine samples (in plastic tubes) should be shipped in a sealed plastic container placed on
abundant dry ice in styrofoam containers by priority overnight courier service, but never over
a weekend or holiday.

5. LIQUID BLOOD STANDARDS: All liquid known whole blood standards should be packaged
separately in styrofoam tube packages or wrapped individually in bubble wrap and secured
with tape. The individually wrapped tubes of blood should be placed in a cardboard box
surrounded by styrofoam chips for protection from breakage. Liquid known whole blood
samples should be shipped at room temperature by priority overnight courier service, but
never over a weekend or holiday. Never ship liquid blood on dry ice because the glass tubes
will break.

6. BLOOD STANDARDS WITH HIV OR HEPATITIS: Blood standards from persons diagnosed
with HIV or hepatitis should be shipped using a Class 6.2/95 CAN/8-2SAF-T-PAK container
with the proper Federal Express shipping tag for dangerous goods. Blood standards should
be shipped at room temperature by priority overnight courier service, but never over a
weekend or holiday. Never ship liquid blood on dry ice because the glass tubes will break.

Some packaging suppliers for the 6.2 substances including blood infected with HIV or
hepatitis are listed below.

• Source Packaging (sells SAF-T-PAK and offers 6.2 specialty training.
Contact Rick Ferris (401) 738-7733.)

• Federal Industries (sells SAF-T-PAK, (800) 523-9033)
• Labelmaster (3M pack and others pending, (800) 621-5800)
• All Pak (attention: Bill Barger, (800) 245-2283)

IF YOU HAVE ANY QUESTIONS, PLEASE CALL 1-800-USA-LABS
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FMfl^ANSMISSION
DIAGNOSTICS, INC.

. ! ; ; ; ' 2 O 2 7 I GOLDEN HOD LANE

.'•••^/.•JJSBIIMAHTOWN, MARYLAND

•' •:•/'•.• TfclJEPHONE: (3O I ) 4 S 8 - 4 9 S O
.••,.;;• Fax: {3O») 4 2 6 - 4 S 7 7

To: Mr. Simpson C & t e l c Date: July 21, 1997

Pages: 5, including this cover sheet.

From;

Subject: Sample'.

COMMENTS: "."' V ̂ ? : '

Please find attached sai^l^ :piib0ratory reports such as those we would issue at Cellmark
Diagnostics. Ihope' ;th^':iiie|pp'ftd/

Please do not dupUcatepe^^jCumehts or publish them. They are intended for instructing
clients and are fairly 'AJm^^ i j ^ l try to minimize the chances of our report formats from falling
into the hands of those-'wh^i^l^fit use item improperly. Your cooperation is appreciated.

Please call if you!

Thank you. i ;•••'

' . '••! : " " : / > ? ; • • • ' • ' •

.. "itv
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LE R E P O R T
Example of Match

OP LABORATORY EXAMINATION
:V> OCTOBER 1, X989

Detective
Johnstown
Johnstown,

Re; Your
. P890000

EXHIBIT?:

The exhibit*
September 1,

were received Cor analysis on

Item #1 Sealed
CO:

ope labelled "vaginal swabs, victim"
two (2) swabs

Item #2 Sealed;";;|jî |0lope labelled "blood, victim" containing
on* (1>; lavender top tube of blood labelled "blood,

Item #3

label

op* labelled "blood, suspect"
etftt (l) lavender top tube of blood
•lood, suspect**

RESULTg i

DNA was esctri
the items Ii8t%i&
and four singly
banding patte***
contained
sample
banding p
DNA banding p
"blood, suspect1*

•:•*

% «

DSX banding patterns were obtained from
©using the restriction enzyme Hinf I
probes (MSI, MS31, KS43, g3). The DNA

from the vaginal swabs (Item #1)
pattern obtained from the blood

; Victim** (Item #2) and a second DNA
s second DNA banding pattern matches the

fl&fc'tained from the blood sample labelled
#3).

CONCLUSIONS

The frequency ̂ -.0^;'i3KA' banding pattern obtained from the
vaginal swabs a>id|p̂ e: blood sample labelled "blood, suspect"
will be provided :>i||:.a subsequent report.

•«.:•*•: ?;v '

Staff Ph.D.

' :•'.'',' T .

•}•'/'.: .'-V'
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Report for Case No.
i a t 1997
Page Two

The DNA banding
DNA banding pattern
labelled
matches the DNA bariding

CONCLUSIONS:

fhfcn the vaginal swabs received on J I M H H M R contains a
DNA banding pattern obtained from the blood swatch

EiNA banding pattern. This second DNA banding pattern
obtained from the blood swatch labelled!

Using the
African American* and
banding pattern oi
follows:

ly, the approximate frequencies in the Caucasian,
populations o ^ B H H H H H

Charlotte J.
Deputy Laboratory

^vaginal swabs and the blood swatch labell

Frequency

1 in 3.1 trillion
1 in 170 billion
1 in 830 billion

as

Paula J. Yi
Forensics Supervisor

• v ' i t f | J - ' • •;•
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CELLMARK ADMIN

E REPORT
No Conclusion

tABORATORY EXAMINATION
1, 1989

PAGE 05

Detective
Johnstown
Johnstown,

Re: Your
Cellmarfe «*«*^to* F890000

•. •'"•.' f-'^ii"

EXHIBITS

The exhibit
September l,-'-

•

Item #1 Saal
_^^g*^;(2) swabs

RESULTSl

An insuffic
obtained froii
testing.

CONCLUSION

No conclusion

was received for analysis on

labelled "vaginal swabs, victim1*

of high molecular weight DNA vas
swabs (Item #1) to continue

.̂ _J made concerning the vaginal swabs.
:-!*&«ŝ 1.*-*.'''

Ph.D.


