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the polymerase chain reaction (PCR), with 
the prospect that fragment lengths will be 
replaced by sequences in the near future. Ex
tremely small matching probabilities were ob
tained with a small number of probes, which 
if accepted would be conclusive. However, 
the very power of the methods created dis
trust, not only among defence attorneys and 
judges but also among some mathematicians 
and population geneticists. They could point 
to technical problems, disagreement among 
statisticians as to the best way of evaluating 
DNA evidence, and especially to subtleties in 
population structure. Suppose that the proba
bility of a random match were infinitesimal in 
a plausible population; might there not be an 
even more relevant population in which the 
probability would be considerably larger? 
None of the hard critics was a human genet
icist, but their attempts to evaluate evidence 
on population structure in man fuelled their 
concerns. Defenders of DNA identification 
counterattacked. The larger community of ge
neticists, except for the few with a special 
interest in population structure, read about 
the controversy in Science editorials that gave 
the flavour of strife between lawyers and ex
pert witnesses, but no coherent account of the

Blood groups and isozymes have been used 
for many years as evidence on identity and 
paternity. With the introduction of HLA and 
other more polymorphic systems it became 
possible not only to exclude a suspect but to 
reach small probabilities of a random match. 
In that event the defence might question the 
laboratory technique or the sample on which 
matching probabilities were calculated but 
dispute among scientists was limited to statis
tical niceties, especially the debate between 
Bayesians who want to introduce the prior 
probability of a match and classicists who 
consider this too controversial to be of practi
cal use.

Mild disagreement within the scientific 
fraternity was fanned into a civil war by DNA 
technology. Jeffreys applied Southern blots 
and his multilocus probes to exclude a defen
dant and identify the culprit in a large sample 
of potential suspects [1]. Rapid technical ad
vances led to use of single-locus probes and
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issues that divided those witnesses. It is not 
surprising that some courts responded irra
tionally by rejecting DNA evidence or admit
ting it with little weight.

To end this controversy, the National Re
search Council established a committee 
chaired by a distinguished clinical geneticist 
(Victor McKusick) and including a mathema
tician (Eric Lander) and a molecular biologist 
active in DNA identification (Thomas Cas
key). The latter was forced to resign over a 
questionable conflict of interest, and the pub
lished report has sown confusion in courts 
and disappointment in the two groups (foren
sic statisticians and population geneticists) 
who were not represented on the committee. 
Bruce Weir is especially concerned about er
rors in statistical theory and formulae, Ian 
Evett asks why matching criteria were not 
considered, and Neil Risch wonders what 
principles justify use of gene frequencies bor
rowed from irrelevant populations or simply 
fabricated. Several national groups, including 
the Federal Bureau of Investigation and the 
London Metropolitan Police, have scheduled 
conferences to consider the unresolved is
sues.

be smoothed, weighted, binned or windowed. 
The computer programs that produce match
ing probabilities and likelihood ratios have as 
much need for comparison and quality con
trol as the DNA technology that generates the 
data, and this need has not been met. Thirdly, 
human biology has been preoccupied with 
population structures of long duration, 
thought to be typical of the pre-industrial con
dition. Therefore we have many studies of 
remnant populations, isolates, Amazonian 
villages, and Micronesian atolls, but fewer 
studies of national populations divided into 
communes or provinces. For industrial popu
lations there is evidence that genetic substruc
ture has been greatly reduced, but large sam
ples of potential mates such as are generated 
by paternity trials have yet to be studied.

Although these obstacles cannot yet be re
moved, four basic points will be addressed:

(1) problems in DNA typing;
(2) evidence on population structure;
(3) principles for evaluation of DNA evi

dence, and
(4) methods that violate these principles.

Any serious account of this controversy 
faces three obstacles. First, the DNA tech
niques themselves are evolving rapidly, with 
multilocus probes being now used only to a 
limited extent with DNA in prime condition, 
as in paternity trials, while PCR has recently 
been introduced and sequencing with its 
poorly understood error frequencies is not yet 
practical. Therefore current interest in single
locus RFLP fragment lengths has a short his
tory and may not persist for long. Secondly, 
the statistical aspects are also evolving, with 
matching probabilities now seen as a compo
nent of the likelihood ratio that also subsumes 
matching criteria. There is diversity in these 
statistics in response to the continuous varia
tion of fragment length estimates, which may

DNA Typing

Many of the technical problems in forensic 
use of DNA are common to molecular biolo
gy. Samples must be correctly identified, 
typed blindly against a molecular standard, 
and reagents and protocol must be rigorously 
controlled. In practice this means that the 
forensic laboratory should submit to frequent 
assessment by a national agency, and only 
accredited laboratories should be accepted in 
court under close surveillance over identity of 
samples. The error frequencies reported in 
linkage studies have multiple causes, includ
ing misidentification of samples and clerical 
errors in recording results, that would be 
much less frequent if tests were blindly repli
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cated under conditions as stringent as obtain 
in an accredited forensic laboratory. The de
fence has every reason to question a reported 
match and to demand a repetition if that 
would serve the defendant, but there is gen
eral agreement that in responsible hands 
DNA technology is admissible and no more 
subject to error prejudicial to the defendant 
than other forensic evidence, despite the fact 
that some evidentiary samples are partially 
degraded, contaminated with misleading 
DNA, or of insufficient quantity for reliable 
typing with the technique used. A partially 
degraded or electrolytically different sample 
may migrate at a slightly different rate than 
fresh DNA, leading to false exclusion of the 
suspect. This can be controlled by mono- 
morphic bands of similar size, which tend to 
show the same disturbance. PCR gives 
smaller fragments that are seldom affected 
and require small quantities of DNA. How
ever, at very low concentration requiring 
many cycles of replication, there are artefacts 
including contamination that could lead to 
false exclusion, or rarely to a false match if a 
heterozygote were mistyped as a homozygote. 
This is controlled by restricting PCR to ade
quate amounts of DNA and to typing other 
loci. The ultimate protection for an innocent 
suspect is that artefact or error leading in 
exceptional circumstances to a false match at 
one locus will not prevent exclusion at other 
loci. Only if the quantity of DNA in the evi
dentiary sample is insufficient (and therefore 
the evidence of low weight) can DNA technol
ogy generate a problem of concern to an inno
cent suspect.

ics is not at issue. On the contrary, evidence 
that two samples match requires an assess
ment of the probability that two random indi
viduals from an appropriate population have 
indistinguishable genotypes at the loci tested.

Proponents of DNA profiling have argued 
that population structure is negligible within a 
sample of a particular racial group from a 
large region (for example, New York Cauca
sians or Blacks or California Hispanics). In 
support of this position they have calculated 
matching probabilities within the population 
of the suspect (which among valid calcula
tions is the most favourable to the suspect) 
and with different populations. The two cal
culations have been in substantial agreement.

The standard way of describing population 
structure is by kinship, the probability that 
two alleles sampled in a particular way be 
identical by descent. The inbreeding of an 
individual equals the kinship between his par
ents. However, kinship is not limited to po
tential mates and may be estimated for two 
individuals of different generations, the same 
sex, or for populations that never intermarry. 
The importance of kinship is that it describes 
the relationship between gene and genotype 
frequencies, and so gives matching probabili
ties and likelihood ratios. Several isolates 
have been described in which kinship is 
greater than 0.1 because of few founders 
and/or preferential consanguineous marriage. 
However, none of these isolates occurs in an 
industrial society, where kinship by a variety 
of methods has been estimated to be about 
0.001 [2], a value that is negligible for larger 
gene frequencies. Even such a small value 
must be diluted in many urban populations, 
although preferential consanguineous mar
riages persist in some circumstances and gen
erate kinship that is not negligible [3], Despite 
bias of population geneticists toward ‘primi
tive’ populations, there is information about 
kinship in forensic populations.

Population Structure

An expert witness who testifies that two 
DNA samples do not match must defend his 
molecular technology, but population genet-
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Classical evidence on population structure 
comes from migration, genealogy, surname 
concordance (isonymy), and bioassay of kin
ship from blood groups and isozymes. For the 
few hypervariable loci that have been bioas
sayed, differentiation among major racial 
groups is much less than for blood groups and 
isozymes, some of which are exposed to diver
sifying selection [4], From myotonic dystro
phy and the fragile X syndrome it may be 
inferred that hypervariable loci are subject to 
normalizing selection, opposed by high muta
tion rates [5]. This is the situation which Mal
écot [6] predicted would lead to low kinship, 
as observed. Within an ethnic group these 
forces are dominated by migration, and so no 
significant difference would be expected 
among estimates derived from DNA markers 
and other sources. Available data support this 
prediction.

In contradiction to this large body of evi
dence Lewontin and Hartl [7] have claimed 
strong differentiation among national popula
tions in Europe. The gene frequencies they 
chose lie far outside most other estimates [8] 
corresponding to a kinship of 0.067. One of 
their samples, the ABO group in Poles, has 
never been identified, and the others are ex
tremely atypical. Less than 2% of the kinship 
in their samples is due to national differences 
to which they attribute it [4], The Lewontin 
and Hartl paper is to population genetics what 
the Piltdown hoax was to paleontology.

1/100 is strong evidence of exclusion [10]. In 
the interval, the evidence is suggestive but to 
reach a decision more loci should be tested 
[11]. However, if there is no other evidence 
against the suspect (for example if he were 
charged merely because of an apparent match 
in a group of n potential suspects) the likeli
hood ratio to assert identity should be more 
conservative: a reasonable choice is 1 OOn. Use 
of the likelihood ratio does not require these 
rules which are no more than a guide, and all 
the DNA evidence is given by the likelihood 
ratio whether these rules are accepted or not.

In general, evidence consists of a part relat
ing to the suspect and a remainder associated 
with the evidentiary sample. The latter may for 
brevity be called the culprit, although in some 
cases this would be inappropriate. Since the 
evidence for the suspect is the same under all 
hypotheses about the culprit, the population 
and other characteristics of the suspect do not 
enter into the likelihood ratio. However, the 
population of the culprit is hypothetical, and 
there are various ways to handle this uncer
tainty. There may be testimony or circumstan
tial evidence favouring a particular popula
tion; the proportions found in the regional 
forensic database may be relevant; or courtesy 
may dictate that the culprit be assumed to 
belong to the same population as the suspect, 
since this is most favourable to the defence. 
These choices make surprisingly little differ
ence to the likelihood ratio [ 12] but the defence 
naturally wants to exploit whatever disagree
ment there may be. Therefore calculation of 
the likelihood ratio under various hypotheses 
is a necessary part of the DNA evidence.

Besides claiming a favourable population 
for the culprit, the defence may argue that the 
culprit is related to the suspect in some way. 
This generates an infinite number of hypothe
ses. Relationship may be bilineal (monozy
gotic twins, sibs, double first cousins, and 
multiple remote relationship) or unilineal, the

Principles of DNA Evidence

Use of DNA in court is based on the ratio 
between the probability of the evidence if the 
suspect and the evidentiary sample are identi
cal to the probability if they are different. This 
is called the likelihood ratio [9]. A ratio 
greater than 100 is usually considered strong 
evidence of identity, while a ratio less than
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(5) An acceptable bound must not violate 
statistical or genetic principles or known val
ues of gene frequency or kinship.

(6) Gene frequencies should be estimated 
in large samples to minimize sampling error.

(7) In the absence of evidence to the con
trary, the suspect and culprit should be as
sumed to be randomly drawn from a forensic 
population. Contrary evidence may be ac
commodated by the affimal or other model of 
population genetics and by an appropriate 
estimate of kinship, without altering gene fre
quencies in the reference population.

Testimony that violates any of these prin
ciples should not be admissible in court.

suspect or culprit may or may not be inbred, 
and the relationship may be as close or closer 
than usually obtains between mates. Most of 
these possibilities have been considered in the 
forensic context [2], and population genetic 
theory provides for more complex relation
ships [13, 14].

Faced with this cornucopia of alternatives, 
the prosecution may argue that no suspicion 
falls on any relative, and therefore the culprit 
should be considered to be randomly drawn 
from the same large forensic population. The 
expert witness does not share the court’s re
sponsibility to weigh the evidence, but he 
must be prepared to determine the likelihood 
ratio under whatever hypotheses the court 
entertains, and this should generate much 
more computation than is currently expected. 
Although there is no limit to the variety of 
crime or the ingenuity of the defence, in most 
cases the argument reduces to the structure of 
forensic populations that can be described by 
kinship, and therefore to empirical studies of 
kinship in relevant populations. To define a 
’relevant population’ seven principles have 
been proposed [4]:

(1) There is no connection between a 
matching probability in one population and 
gene frequencies in an unrelated population.

(2) An upper bound to a probability is not a 
probability.

(3) Of the indefinitely large number of 
ways in which such an upper bound may be 
estimated, few conform to generally accepted 
theory.

(4) For every genotype-specific matching 
probability there is a confidence interval, a 
mean matching probability, a genotype-spe
cific likelihood ratio, and a mean likelihood 
ratio under credible hypotheses about the 
population of the culprit and his relationship 
to the suspect. Consideration of these alterna
tives by the court protects adequately against 
excessive reliance on evidence of identity.

Invalid Approaches

Nichols and Balding [15] tried to incorpo
rate kinship into matching probabilities. They 
chose a high value of kinship (0.05) that lies 
far above the range for industrial populations, 
and the approximation they give does not cor
respond to any population structure. Even the 
claim that it provides an upper bound is not 
strictly true [4], and it violates principles 2, 3, 
4, 5, and 7. Flowever, Nichols and Balding, 
who are not human geneticists, are to be 
praised for attempting to use kinship in foren
sics.

The approach of Lander [ 16], adopted with 
exaggeration by the NRC Committee, cannot 
be justified. It violates all seven principles by 
taking gene frequencies (if greater than 0.1) 
from an alien and irrelevant sample (for ex
ample, Lapps or Cambodians) and as 0.1 
otherwise. To defend this argument in court it 
is necessary to claim a coherent scientific the
ory behind this arbitrary rule and its accep
tance by most human geneticists. Neither 
claim can be sustained.

The proposal of Lewontin and Hartl [7] 
looks for a population most favourable to the
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defence, to which the suspect need not belong. 
Thus the culprit might be assumed to be a 
Basque for one locus and a Maltese for anoth
er. Contrarily, they also propose the subpopu
lation to which the suspect may belong, reject
ing the larger forensic population of which it 
is a part. However, in general there is no rea
son to claim that the culprit comes from 
exactly the same ancestry as a suspect unless 
the latter is guilty. The population of the sus
pect can be known only through his testimo
ny, appearance, or limited civil records, and 
would be modified by a Fifth Amendment 
plea. Therefore, only a general population 
should be specified, with infrequent instances 
of a crime in an isolated community requiring 
separate treatment. In any case, kinship pro
vides both the theory and the set of relevant 
estimates.

best, or are they equivalent? What models and 
parameters of population structure are most 
appropriate to forensic samples? How will 
DNA profiling evolve with advances in mo
lecular biology, including PCR, digitize [18] 
and sequencing? We may expect to see in
creased use of PCR, possibly including sperm 
typing. Digitizing methods that recognize 
nonoverlapping DNA sequences eliminate er
rors implicit in fragment size but introduce 
other errors through haplotype inference. The 
ultimate advance will be to sequencing, which 
(if without error) would allow return to 
matching probabilities. Much remains to be 
done to develop and control the quality of 
DNA profiling, including statistical and ge
netic aspects, which forensic laboratories 
have not yet assimilated. However, the pace 
of progress has already made the recommen
dations of the NRC obsolete. They do not rest 
on a well-supported theory and are rejected by 
statisticians like Berry, Evett, Chernoff, and 
Devlin and by population geneticists like 
Lange, Risch, Weir, Chakraborty, and Kidd.

Statistical analysis must evolve with mo
lecular techniques. ‘Band-shifting’ may re
quire covariance adjustment by a monomorp- 
hic standard. There is urgent need for as much 
quality control over forensic inference as for 
laboratory competence. Inevitably visual 
matching and bin matching of fragment 
lengths will be replaced by a continuous met
ric. There is an infinity of methods and pa
rameters for density estimation, which are 
redundant and may be misleading. A simple 
alternative is to use raw frequencies in which 
the evidentiary sample has been included so 
that the likelihood ratio must be finite, and to 
compare with the mean likelihood ratio that 
is insensitive to sampling errors: the larger the 
number of probes the less difference there will 
be between the mean and genotype-specific 
estimates. Recent population admixture re
duces disequilibrium between unlinked loci

Discussion

Early DNA profiling was done by molecu
lar biologists who were naive in statistics and 
population genetics, and therefore vulnerable 
to a number of criticisms. Matching probabil
ities are clearly inferior to likelihood ratios 
unless classification error is negligible. As the 
distinguished statistician Chernoff [17] has 
remarked ‘The match/binning approach, as 
described, doesn’t make much inferential 
sense’. The assumption of no kinship between 
suspect and culprit must always be defended, 
and in some circumstances is significantly 
wrong. An expert witness who is unprepared 
to handle these complexities does the court a 
disservice. The strong criticism to which 
DNA profiling has been exposed is under
standable, to some extent justified, and has 
stimulated improvements in evaluation of 
evidence.

We are now in a phase of synthesis. Which 
of the elegant likelihood ratio procedures is

177



near future, they lie within the competence of 
professionals who know enough statistics and 
genetics to differ only in details. In a knowl
edgeable court DNA profiling is no longer 
exposed to risk of illogical presentation, blind 
acceptance or arbitrary rejection.

only by 1/2 per generation, but in practice 
VNTR alleles at different loci have been 
found to be independent [19] or so weakly 
and inconsistently dependent as to be man
ageable by pairwise analysis [2], Although all 
these and other developments remain for the
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