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Abstract STR loci are becoming increasingly important
in forensic casework. In order to be used fairly and effi-
ciently, the population genetics of these loci must be in-
vestigated and the implications for forensic inference as-
sessed. A key population genetics parameter is the
“coancestry coefficient”, or Fgp, which is the correlation
between two genes sampled from distinct individuals
within a subpopulation. We present analyses of STR data,
at geographic scales which range from national to re-
gional, from the UK and other European sources. We im-
plement a likelihood-based method of estimating Fgr,
which has important advantages over alternative methods:
it allows a range of plausible values to be assessed, rather
than presenting a single point estimate, and it allows a
subpopulation to be compared with a larger population
from which a database has been drawn, which is the rele-
vant comparison in forensic work. Our results suggest that
values of Fgr appropriate to forensic applications in Eu-
rope are too large to be ignored. With appropriate al-
lowance, however, it is possible to make use of STR evi-
dence in a way which is efficient yet avoids overstatement
of evidential strength.
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Introduction

Short tandem repeat (STR) loci are becoming widely used
in forensic identification and paternity testing (Kimpton et
al. 1994). Their advantages over alternative DNA typing
systems include the existence of distinct allelic classes
and small length measurement error. They can be used ef-
fectively in conjunction with PCR to type very small
amounts of DNA.

In order to make appropriate use of STR data in forensic
work, assessments of the relevant genetic correlations are re-
quired. Genetic correlations arise because a defendant may
share ancestry with other possible culprits. Consequently, the
probability that a particular alternative culprit shares the de-
fendant’s profile will usually be higher than estimates of the
profile frequency obtained directly from forensic databases
using the so-called “product rule” (National Research Coun-
cil 1992). The case that one or more alternative culprits are
close relatives of the defendant, and hence may both inherit
alleles from known parents or grandparents, can be directly
addressed (Balding & Nichols 1994). Here, we are con-
cerned with the shared ancestry, or “coancestry”’, which is
not attributable to known common ancestors.

Because levels of coancestry are typically small, ge-
netic correlations are often neglected in forensic work.
This assumption is wrong in fact, because it ignores es-
tablished population genetics knowledge, and wrong in
principle, because it has the effect of exaggerating the
strength of the evidence against the defendant. We will
show that the exaggeration is not trivial for the size of cor-
relations found within European populations. Moreover,
the assumption of no genetic correlation between defen-
dant and other possible culprits is also unnecessary. Lev-
els of coancestry can be assessed and their effects allowed
for using established population genetics theory and data
(Balding & Nichols 1994). Resulting assessments of evi-
dential strength usually remain strong enough to allow ef-
fective prosecutions without unfairness to defendants.

In this paper we present analyses of STR data from a
range of European populations listed in Table 1. For each
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Table 1 Geographic origins and sizes of the samples analysed

Sample Category  Size (Individuals)

VWA THO! F13 FES
UK Caucasians Database 679 680 680 679
Derbyshire (England) 582 582 582 582
Dundee (Scotland) UK 239 257 238 167
Northern Ireland Regions 114 114 114 113
Strathclyde (Scotland) 139 139 139 139
Greece Other 341 341 341 341
Greek Cypriot European 26 28 25 25
Ttaly 100 101 95 93

population we estimate the value of Fg; which measures
the genetic correlations with respect to a forensic data-
base. Current alternative methods of estimation of Frre-
flect the traditional interests of population geneticists and
are less suited to forensic applications because they do not
measure correlations relative to a forensic database. Every
forensic database will have a characteristic genetic com-
position because of the populations from which it is
drawn and hence would generate a specific set of Fg, esti-
mates for the samples. We use a combined database of
two UK forensic science laboratories for our estimation.
Our purpose is to evaluate the range and pattern of Fgrval-
ues found as an indication of the importance of coancestry
in forensic inference.

.Further problems arise where estimation methods as-
sume a constant value of Fsrover populations and/or over
loci. Assuming constancy of Fgr over populations is
clearly inappropriate as there are substantial discrepancies
between human populations in size and in patterns of mat-
ing and migration. The resulting differences in Fy, values
may be important in forensic work because the value(s)
appropriate to a particular case can vary according to the
relevant population(s). Variations in the value of Fgover
loci may arise as a result of differences in selection and/or
mutation rates (Slatkin 1985). Note however that the large
stochastic variability of genealogies at distinct loci (Don-
nelly 1996) can produce estimates which vary substan-
tially over loci, even though the mutation rate and selec-
tion effects are constant.

The procedure for calculating likelihoods for Fgris jus-
tified more fully elsewhere (Balding & Nichols 1995).
Here we demonstrate a further development for combin-
ing information from different loci and different popula-
tions that overcomes the difficulties described above. It
allows, for example, a comparison of estimates with, and
without the assumption of constancy over loci. The
method has the further advantage of providing likelihoods
and posterior probability distributions which give the
range of plausible values of Fy, rather than just a point es-
timate (with, possibly, a standard error). This feature is
important as point estimates can be misleading in the
presence of the highly skew distributions found in the
analysis of Fg. The approach is particularly valuable in
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the interpretation of results from those smaller ethnic
groups which may have particularly high levels of
coancestry. These cases are often represented by small
samples, so the precision of the Fy; estimate needs to be
established.

Genetic correlations in forensic casework

In forensic casework, allele frequency estimates are typi-
cally available from databases which cover a large, het-
erogeneous population, such as the mixed Caucasian data-
bases of the London Metropolitan Police Forensic Science
Laboratory (MPFSL) and the UK Forensic Science Ser-
vice (FSS). When a suspect is found to have an STR pro-
file which matches a crime profile, the strength of the
evidence depends on the (conditional) probabilities that
other individuals also have that profile. The role of ge-
netic correlations in evaluating these probabilities can be
illustrated by considering the case that the crime stain pro-
vides a one-locus, heterozygous, profile and a defendant
has a matching profile at this locus. Consider the proba-
bility, which we write P(AB| AB), that a particular individ-
ual, apparently unrelated to the defendant, also matches
the crime profile. This probability can be calculated in
terms of the frequency of the alleles A and B (denoted p,4
and pp respectively) using the formula

P(ABI AB) =2 EFU=F)p)(F + (- F)py)
(1+ F)(1+2F)

where F is a correlation which may be due to a number of
factors (Balding & Donnelly 1995) but is often primarily
due to coancestry between the defendant and the other
possible culprit under consideration (Balding & Nichols
1994). Ignoring correlations, that is setting F to 0, the
match probability simplifies to the profile frequency,
which in the one-locus heterozygote case is given by

P(AB) = 2, py.

M

2

which is smaller, and hence overstates the strength of the
evidence, in all cases of practical interest (e.g. whenever
pa + pg < 2/3). The importance of this overstatement de-
pends on the magnitude of F, which must therefore be es-
timated.

It will not usually be possible to specify the exact value
of F appropriate to a particular case. Instead, we propose
studies of a range of populations at differing demographic
scales. In this manner, the range of plausible values of F can
be assessed and values appropriate to the circumstances of a
particular case can be selected. The analyses of the present
paper may be viewed as an initial step in this programme. In
practice, it may be found convenient to routinely employ, in
all but the most exceptional cases, a common value of F to-
wards the upper end of the plausible range. To allow this, it
is particularly important to investigate the extreme cases of
differentiation in actual human populations. These are likely
to be small and/or isolated populations. Studies of such pop-
ulations should have a high priority.
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Fig. 1 Likelihood curves for Fg;, calculated from (3) using data
from the populations listed in Table 1 at loci VWA and THO1. The
y-axes have been scaled so that each curve can be interpreted as a
probability density (i.e. each curve covers an area of one)

Materials and methods
Data

The STR genotypes at four loci (HUMTHOI, HUMVWA3I,
HUMF13A1 and HUMFES) had previously been determined for
each individual using an automated fluorescence method (Kimpton
et al. 1994). The samples consisted of apparently unrelated indi-
viduals (in cases involving individuals known to be related then
only one from each family was included). Casework samples usually
comprise the crime victim and one or more suspects. As these are
not planned samples, they may include individuals who do not have
local ancestry or who are otherwise atypical. Because of the man-
ner of sampling, the geographic origin of the samples can be spec-
ified to the level of the designated region, but not more precisely.

Caucasian database: 423 individuals from FSS casework com-
bined with 257 from MPFSL staff members and casework.

Derbyshire: Police and civil staff from the Derbyshire constabulary.

Dundee: Casework samples drawn from the residents of Tayside,
Fife and the central region of Scotland served by the Tayside Po-
lice Forensic Science Laboratory.

Northern Ireland: Staff of the Northern Ireland Forensic Science
Laboratory.

Strathclyde: Casework samples drawn from the Strathclyde region.

Greece: Greek donors from Athens, excluding individuals with
Northern Greek ancestry.

Greek Cypriot: Greek Cypriot individuals attending a thalassaemia
clinic in the London area.

Italy: Donors drawn from the residents of the province of Parama
in Northern Italy.
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Estimation methods

We employ a likelihood-based method of estimating Fg; (Balding
& Nichols 1995). The joint likelihood of a sample consisting of N
genes, of which n; genes are of type i, i = 1,..., &, is obtained from
the recurrence relationship
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Fig. 2 Likelihood curves for Fg; from the populations listed in
Table 1 based on assuming that Fy; is constant across loci. Each
curve is obtained as the product of values of (3) across the four
loci. The y-axes have been scaled so that each curve can be inter-
preted as a probability density
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Fig. 3 Probability density for Fg, from the populations listed in
Table 1 at loci VWA and THO1. The densities are obtained using
(3) and (4) together with an assumption of independent, lognormal
(3-5,2-0) distributions for each parameter in (4). Gaussian kernel
density estimation was used, based on 10,000 iterations of a Me-
tropolis algorithm, of which the first 1,000 were discarded

PN(]/ll,/’lz,...,ni,...,]’lk) = PN—] (nl,nz,...,]’li - 1,...,f’lk) X

(n; ~D)F + p,(1-F) (3)
I+(N-2)F

for n;> 0. Successively implementing this equation with arbitrary
selection of i at each step, together with the initial condition
Py(0,0....,0) = 1, leads to an explicit expression for the joint likeli-
hood as a product of 7, X n, X ... X n, terms. The p; were estimated
from the mixed Caucasian database using the formula p; = (#; + 1)/
(N + k) where n; and N refer to numbers in the database.

The likelihood (3) can be derived in the context of a model in-
volving randomly-mating subpopuliations partly isolated from the
larger population from which the database has been collected. It
can also be shown to apply under more general assumptions (Bald-
ing & Nichols 1995). It aims to capture the essential features of the
relevant genetic correlations while remaining simple enough to be
tractable.

Figure 1 shows likelihood curves obtained from (3) for the loci
VWA and THOI, which display respectively the smallest and the
largest values of Fsramong the four loci. Correlations are generally
difficult parameters to estimate, which is reflected by the fact that
the curves in Fig. 1 are generally not tightly peaked: there is usu-
ally not enough information at a single locus and a single popula-
tion for precise estimation. Note that the problem is not primarity
due to sample size: simulation studies suggest that larger samples
would give little further precision, except in the case of the Greek
Cypriot sample.

Sharper estimates can, however, be obtained by combining in-
formation across loci. Figure 2 shows the joint likelihood of Fyy,
assumed constant over the four loci. The curves are more tightly
peaked than in Fig. 1, but at the cost of a possibly inappropriate as-
sumption.
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In an attempt to improve upon Fig. 1 while still allowing vari-
ation in Fg; across loci, we also modelled Fyrat the ith population
and the jth locus by the relationship

1
ij ’ 4
"l4a +b; @

where the @; and b; are parameters which reflect, respectively, a lo-
cus and a population effect. Equation (4) can be derived under the
“Island’” model of population structure (Takahata 1983). Direct
evaluation of the relevant likelihoods is not possible under (4), and
the probability density curves in Fig. 3 were obtained from a
method of stochastic simulation known as a Metropolis algorithm
(Metropolis et al. 1953; Smith & Roberts 1993), assuming inde-
pendent lognormal(3.5,2.0) prior distributions for the a; and b,
Other pre-data modelling assumptions for the o; and b; were inves-
tigated and the curves in Fig. 3 were found to be insensitive to a
wide range of plausible choices.

Results

Although there is evidence for variation in Fy values
across loci, Fig. 2 may be of interest in providing a guide
to plausible Fsr values for the range of geographic scales
investigated. In UK populations, most likely values are
around 0.25% and values up to about 1% are supported by
the data. Perhaps surprisingly, the data do not suggest a
larger value of Fyy for Italy than for Dundee. This may be
explained in terms of Dundee’s history of relative geo-
graphic isolation from the bulk of the UK population. Val-
ues are somewhat larger for Greece, while remaining un-
der 1%. Cyprus is of interest because of the smaller popu-
lation size and the isolation imposed by its island status.
Although the sample size is small, the estimate of Fghas
effectively been resolved to the range between 0.9% and
4.8%. This gives some indication of the range of values
appropriate for migrant groups in the UK originating from
other small and/or isolated populations.
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Looking at the estimates on an individual locus basis
and assuming (4), Fig. 3 suggests that the values of Fg, for
THO1 are substantially larger than for VWA, The curves
for F13 and FES (not shown) are intermediate between
those for VWA and THOI1. In summary, values of Fy; be-
tween 0.1% and 0.5% are well supported at each locus.
Further, values up to 1% and up to 2% are also supported
at, respectively, FES and THO1 (up to 2% and 4% for
Greek Cypriots).

Discussion

Our analyses suggest values for Fyr of up to 1% for the
populations investigated, other than the Greek Cypriots.
For typical four-locus profiles, equation (1) with F = 1%
leads to a match probability around 2 to 5 times greater
than that obtained using equation (2) (Balding & Nichols
1995). The larger values indicated for the (London) Greek
Cypriots may be due to factors which are not unique to
this group. This community has a distinct cultural identity
and a geographically restricted ancestry. There may well
be comparable populations within the UK and elsewhere.

The application of DNA typing to forensic identifica-
tion and paternity testing is relatively recent and studies of
the loci used in forensic work are limited. Such studies
mainly consist of analyses of heterozygosity within foren-
sic databases, often drawn from large, imprecisely defined
geographic areas, and differentiation between these data-
bases (Hammond et al. 1994; Budowle 1995). The esti-
mates of Fgr(and related parameters) obtained from these
studies are typically smaller than the values we present
here, which can be explained in terms of the design of the
different studies.

Excess homozygosity within a database may indicate
population substructuring, and can be used to estimate a
genetic correlation (Morton 1993). The true extent of ho-
mozygosity can be difficult to assess at loci used in foren-
sic casework because of technical problems including the
possibility of null alleles. More fundamental is a problem
with the pattern of human population substructuring. The
most genetically distinct populations tend to be small and
isolated. The correlations calculated from homozygosity
within a database will be an average which combines such
populations with less differentiated (usually larger) popu-
lations. Even if they are proportionately represented in a
database, this averaging is inappropriate. Separate esti-
mates are required from a variety of distinct populations,
because it is the distribution of Fg; values that is important
in genetic inference, not an average (Nichols 1995).

Gill & Evett (1995) have calculated point estimates of
Fgrat STR loci by comparison of a number of samples, in-
cluding large databases, with each other. If the databases
are drawn from a number of genetically distinct popula-
tions, then some of the differentiation between popula-
tions will be misinterpreted as differentiation between in-
dividuals. In such circumstances the estimates of F;r may
be closer to what is required for forensic calculations
(Nichols & Balding 1991). It is notable that the F; esti-
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mates of these authors are of the same order as the Fgyval-
ues calculated here. Using a randomisation test, they
could not find significant evidence of geographic differ-
entiation. In contrast, we found little support for Fgr = 0 in
several populations (Fig. 3). This again highlights the ad-
vantages of making separate estimates for each popula-
tion. Combining information across loci (Fig. 2) allows
useful estimates from surprisingly small sample sizes. In
particular the sample of only 25 Cypriots was sufficient to
demonstrate convincingly that the combined Fgp for this
population was in excess of 0.9%. Conversely, it is in the
nature of genetic data that even large samples from a sin-
gle locus provide imprecise estimates of Fyp, as demon-
strated by the broad curves for the Derbyshire sample in
Fig. 1. This limitation arises because the gene frequency
estimates are subject to two sources of variability: sam-
pling error and genetic variability. The genetic variability
includes the random action of migration and genetic drift.
Increased sample sizes only reduces the sampling error in
the Fgrestimates. Combining information across loci also
reduces the second source of error because the genetic
processes have independent effects on each locus. This
principle explains why the combined estimates in Fig. 2
are so much more precise (the curves are more peaked)
than the individual estimates in Fig. 1.

Another distinct feature of our method is that the ge-
netic correlations are calculated based on differentiation
of populations from a specific database (rather than from
each other). These are the correlations which are directly
relevant to forensic calculations, because they can be used
to calculate the probability that an individual with an eth-
nic background similar to that of the defendant has a
matching DNA profile. Such probabilities are relevant
even when there is no particular evidence to suggest that
the culprit came from the population of the defendant
(Balding & Donnelly 1995).

The magnitude of genetic differentiation between hu-
man populations has been extensively studied by popula-
tion geneticists, because it provides clues about human
demographic history (Ammerman & Cavalli-Sforza 1984;
Cavalli-Sforza et al. 1995). For the loci traditionally stud-
ied by population geneticists, mutation rates are very low
and consequently, when selection is weak, the expected
genetic differentiation is the same at each locus. The loci
in use in forensic science are chosen partly because they
are highly polymorphic, and this often seems associated
with, amongst other differences, higher mutation rates
(Weber & Wong 1993). Furthermore, STR loci are typi-
cally found in introns of genes that may possibly be sub-
ject to geographically varying selection. High mutation
rates and some forms of selection can produce differences
in Fgracross loci (Slatkin 1985; Slatkin & Barton 1989). It
follows that, whereas previous work may provide a guide
to the magnitude of genetic differentiation, direct studies
of forensic loci are required to underpin expert testimony.
Despite these differences, existing population genetics
theory and data can cast useful light on forensic analyses.
The major geographic patterns observed at traditional loci
are most readily interpreted as a consequence of the his-
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tory of population movement and expansion rather than
current patterns of dispersal (Cavali-Sforza et al. 1995;
Barbujani & Sokal 1991). The general patterns can guide
the design and interpretation of a study. In particular, the
previous studies highlight the influence of geographic
scale on the magnitude of genetic variation.

In comparisons between pairs of populations, Fsrtends to
increase with the geographic distance between populations
(Cavali-Sforza et al. 1995). The general trend differs be-
tween continents in that median values approach 2% at a dis-
tance of 3000 km in Africa and Asia whereas in Europe Fgr
is little over half that. There is considerable variation around
these trends. In some areas, populations with separate and
ancient histories are in close geographical proximity and re-
tain markedly distinct genetic compositions (Barbujani
1991). The values of Fsr found in this study are thus in the
lower range of those found at traditional loci, which may be
a consequence of higher mutation rates (Takahata 1983).

In this study we have made use of samples collected for
a variety of purposes. The advantages of having more pre-
cise information about the geographic origin of samples is
illustrated by Cavalli-Sforza & Feldman’s (1990) survey of
villages in the Parama Valley. Their estimates of Fgr varied
between 0.3% and 2.6% for the same data depending on
whether single villages are distinguished, or are clustered
into large groups. It would therefore be valuable to have
additional surveys at finer demographic scales. Samples
from regions which have previously been demonstrated to
be genetically distinct at traditional loci would be reveal-
ing. Within the UK, towns within mid-Wales, East Anglia,
West Cornwall and West Scotland are likely candidates.
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