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Abstract
Eleven Italian forensic laboratories participated in a population study based on the AB Pro®ler PlusTM loci with pro®ciency
testing. The validated database, including 1340 individuals, is available on-line. Tests for Hardy±Weinberg equilibrium, gametic
unbalance, and heterogeneity of gene frequency were generally not signi®cant. Gene frequencies at each locus were consistent
with those of two previously published Italian studies, but different from a third. Individuals of each subsample were paired, and
the total number of alleles shared across the nine loci was determined in each pair. The analysis was replicated over the total
sample. In addition, two samples of mother±child pairs (N  315) and full-sib pairs (N  91) were subjected to allele sharing
analysis. The resulting distributions were suf®ciently distinct from the sample of unrelated pairs as to be of practical usefulness.
# 2002 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction
In several countries, databases of DNA markers to be used
for criminal casework and paternity testing have been vali*
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dated through pro®ciency testing exercises, and are available
on-line [1±4]. Most collaborative studies have been dedicated
to commercially available products, such asÐfor exampleÐ
the AmpFlSTR1 Pro®ler PlusTM kit (Applied Biosystem,
Foster City, CA, USA) [5]; this includes the amelogenin
locus plus the following nine markers: D3S1358, VWA,
FGA, D8S1179, D21S11, D18S51, D5S818, D13S317 and
D7S820. The same markers are included in the loci selected
for the US Combined DNA Index System (CODIS) [6], and
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have thus become powerful tools for forensic studies and
population genetics research (see e.g. [7,8]).
In this paper, we brie¯y illustrate the Ge.F.I. (Italian
Forensic Geneticists) Pro®ler PlusTM collaborative studyÐ
a database-pro®ciency test project that involved 11 forensic
laboratories, which typed 1340 individuals from 9 regions of
Italy. This database is fully available on-line. As a part of the
validation procedure, we determined the number of alleles
shared by all pairs of individuals [9,10], both in each subsample and in the total database. The same analysis was
replicated on 315 mother±child pairs and 91 full-sib pairs.
Monte Carlo simulations of nuclear families were carried out
to corroborate the results from the real data. Our purpose was
to test the power of allele sharing as a method to discriminate
between ®rst-degree and unrelated pairs of individuals.
2. Materials and methods
Participating laboratories had to type at least 100 unrelated
individuals from their own region of Italy, plus three bloodstains centrally provided by a coordinating center. Results
from 11 forensic labs from Northern and Central Italy were
eventually entered in the Ge.F.I. database. All laboratories
used the AB technology and kits, except one [11].
All individuals of the population samples were paired to all
others, and the number of alleles (0, 1, or 2) shared identical by
state by pairs of individuals was determined for each marker
and summed over all markers. The analysis was repeated in
the total sample. Allele sharing in mother±child and sib pairs
was also determined. Computations were performed in Microsoft Excel 2000. The used applications are easy to use and are
available from the author (mail to S.P.).
In population genetics analysis, samples were ®rst considered separately, testing for Hardy±Weinberg equilibrium
(HWE) and heterogeneity of allele frequency. Then, samples
from the same region were pooled, and the analyses were
repeated by region. Finally, the total sample was tested for
HWE and for heterogeneity of allele frequencies against all
other Italian studies known to us. Tests were carried out
using Arlequin 2000 [12].
After completion of the exercise, the 11 laboratories were
asked to supply all mother±child pairs and undisputed full-sib
pairs data. In parent±child and sib-pair simulations, genotypes
of unrelated parental pairs were simulated for each locus, using
the allele frequencies estimated from our database, and four
random numbers. From these genotypes, one or two children
were simulated using the Mendelian transmission rules and
two or four additional random numbers, respectively.
3. Results
3.1. Population genetics analyses
Hardy±Weinberg equilibrium (HWE) and deviation from
expected heterozygosity were tested ®rst in each laboratory

(generating 99 P-values). A slight excess of P-values lower
than 0.05 was observed in comparison with those expected
by chance, though none was signi®cant after applying the
Bonferroni correction. The homozygosity test was also not
signi®cant after correction for the multiple comparisons,
though a single lab was deviant at the nominal 0.05 signi®cance level for one locus and at the 0.01 level for another
two loci (this result was already reported using a different
calculation method [13]). Then, genotypes were pooled by
region, and nine sub-samples were generated. None of the
observed 81 P-values exceeded the nominal (uncorrected)
0.01 signi®cance level, for both the HWE test and the
homozygosity test. Finally, the total sample of 1,340 individuals was examined, and none of the nine P-values were
lower than the nominal 0.05 level, for both the HWE test and
the homozygosity test.
The exact test of population differentiation was applied ®rst
to the 11 labs, and then to the nine regions (in this test, each
sample is contrasted to all others). Only two loci (D13S317
and D18S51) showed a signi®cant level of heterogeneity, both
considering single laboratory data and the data aggregated by
region. These two markers showed also signi®cant levels of
linkage disequilibrium (i.e. gametic unbalance at unlinked
loci) with D21S11 and 021Sl1 (P  0:047 and P  0:020,
respectively); markers D8S1179 and D7S820 showed also
signi®cant linkage disequilibrium (P  0:009).
Three other large studies have been published in Italian
populations on the Pro®ler PlusTM loci [14±16] (one involving six markers only [14]). Heterogeneity of allele frequencies was tested by the exact method among all four
studies, the `Ge.F.I.' (this study), the `Police' [14] (N  618
individuals), the `SIMEF' [15] (N  2000), and `SCIS' [16]
(N  223). Ge.F.I., Police, and SCIS samples were homogeneous, with minor exceptions. On the contrary, all tests
comparing Ge.F.I.±SIMEF, all tests of Police±SIMEF, and
®ve out of nine tests of SCIS±SIMEF were highly signi®cant
for heterogeneity (below 0.0001), revealing that the SIMEF
data are heterogeneous with respect to all others.
3.2. Allele sharing over all loci
Unrelated individuals were paired to each other separately
for the 11 laboratories, and the number of shared alleles across
the nine loci was determined in each pair. This allowed us to
correct some minor local database errors. Then, all individuals
of the total sample were paired to each other, generating
897,130 pairs. The two samples of ®rst-degree relatives
included 315 mother±child pairs and 91 full-sib pairs. We
also simulated 100,000 pairs for both these relationships,
using the allele frequencies estimated from the total sample
of unrelated individuals. Fig. 1 shows the distributions of the
number of pairs with the speci®ed number of shared alleles in
the following groups: (1) the 897,130 pairs of unrelated
individuals; (2) the 315 true mother±child pairs; (3) the
100,000 simulated parent±child pairs; (4) the 91 true sib pairs;
(5) the 100,000 simulated full-sib pairs. The chi square tests
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Fig. 1. Distribution of the total number of shared alleles at the Pro®ler PlusTM loci in different groups of individuals. Broken lines: true
mother±child pairs and full-sib pairs.
Table 1
Probabilities that pairs of individuals with the given relationships share this number of alleles at the Pro®ler PlusTM loci, and likelihood ratios
that they are ®rst-degree relatives rather than unrelated, given the number of shared alleles
Number of
shared alleles
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Probabilities
Non-relative
8.0 
8.0 
0.036
0.096
0.172
0.219
0.206
0.143
0.076
0.031
9.6 
2.2 
3.9 
5.1 
3.4 
1.1 
±
±
±

10
10

10
10
10
10
10
10

4
3

3
3
4
5
6
6

Likelihood ratios
Parent±child

Full-sibs

PC/NR

FS/NR

0
0
0
0
0
0
0
0
0
0.153
0.321
0.298
0.157
0.055
0.013
1.9  10
1.8  10
1.0  10
±

±
±
±
4.0 
2.1 
1.5 
6.5 
0.020
0.053
0.105
0.166
0.202
0.192
0.139
0.075
0.030
8.2 
1.3 
8.0 

0
0
0
0
0
0
0
0
0
5.0
33.4
133.7
405.9
1093.3
3749.7
1666.5
±
±
±

0
0
0
4.2  10
1.2  10
6.7  10
0.0
0.1
0.7
3.4
17.3
90.4
496.0
2737.9
22226.2
26442.7
±
±
±

3
4
5

were not signi®cant for both the comparisons of true/simulated parent±child and true/simulated full-sib distributions.
Table 1 shows the probabilities that unrelated individuals,
parent±child pairs and full-sib pairs share this number of
alleles, respectively, and the likelihood ratio that a given pair
of individuals is a parent±child pair or a full-sib pair, given the
total number of alleles they share at the Pro®ler PlusTM loci.

10
10
10
10

5

10
10
10

3

4
3
3

3
5

4
3
3

4. Discussion
This study was initially designed to establish a nationwide
database controlled by a pro®ciency test and available online. The current database now includes 1340 unrelated
individuals from nine Italian regions of Northern, Central
and Southern Italy, and may be accessed at the Ge.F.I. website
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(www.ge®-forensicDNA.it). Hardy±Weinberg equilibrium
and homozygosity tests were non-signi®cant for deviation
after correction for the multiple comparisons. Two loci
(D13S317 and Dl8S51) showed signi®cant heterogeneity
of allele frequency among Italian regions; both loci were
also involved in two out of three tests (among a total of 72
pairwise comparisons) that resulted in signi®cance for
gametic unbalance between loci. This suggests the presence
of a genetic structure across Italy; whereas this result would
be worthy of a closer investigation in population genetics
studies, the strength of the whole phenomenon is not so
marked as to prevent using these loci the forensic practice
in Italy. Comparison of allele frequencies among different
Italian studies showed consistency of the present work and
two published results [14,15], whereas a fourth compilation
[16] was highly signi®cant for heterogeneity with all others.
This ®nding strongly emphasizes the need of coordinating all
studies aimed at generating databases, and shows the positive
effect of quality control tests. As a part of the validation
procedure, the distribution of the number of matches between
all pairs of individuals at the nine loci was determined
(interestingly, we identi®ed by this approach ®ve subjects,
including two pairs of spouses, who were typed independently
in two different labs). The results of this analysis prompted us
to investigate the same issue in ®rst-degree relatives. We
collected a total of 315 mother±child pairs and 91 full-sib
pairs from the 11 participating groups. As the total number of
pairs was too small to obtain accurate empirical distributions
of the number of shared alleles, we performed computer
simulations of these relationships. The distributions observed
in 100,000 replicates of both parent±child and full-sibs pairs
were not signi®cantly different from those observed in the
true pairs. This allowed us to use the simulated pairs to
compute the likelihood ratio of a particular relationship
(parent±child versus non-relatives and full-sibs versus nonrelatives) between any two individuals, given the total number
of alleles they share at the Pro®ler PlusTM loci. This approach
may be useful to obtain a ®rst insight about the probability
that two speci®c samples typed at these loci are ®rst-degree
relatives rather than non-relatives. For example, if two subjects share 12 total alleles, the likelihood ratio that they are
siblings rather than non-relatives is 496 (Table 1), meaning
that it is about 500 times more likely that they are siblings
rather than unrelated; the likelihood ratio that they are a
parent±child pair is about 400 in this case (of course, with the
additional condition that none of the markers showed incompatibility, i.e. zero matches; for the distribution of the number
of loci excluding paternity using 13 markers see [17]).
The easy discrimination between ®rst-degree relatives and
unrelated individuals obtained by the allele sharing test comes
out clearly from consultation of Table 1. If considering 9
shared alleles, it appears that all parent±child pairs and 92% of
full-sib pairs are correctly identi®ed at a signi®cance level
<0.05 (these values are obtained by summing together the
probabilities of the three relationships for numbers of shared
alleles 9; in the present example the exact values are 0.043,

1.000, and 0.919, respectively). With 10 shared alleles, the
signi®cance level (equivalent to the ratio of false positives) is
0.012, and the proportion of ®rst-degree relatives correctly
identi®ed is 85% for parent±child pairs and 81% for full-sib
pairs. With 11 shared alleles, the signi®cance level becomes
0.003, and percentages of true positives are 53% of parent±
child pairs and 65% of full-sib pairs are correctly identi®ed.
Thus, more than 50% of true ®rst-degree relatives are correctly
identi®ed with probability higher than 99.5%.
These results strictly apply to the collection of loci
included in the Pro®ler PlusTM kit. However, the number
of shared alleles between two individuals at a locus (0, 1,
or 2) depends on locus heterozygosity rather than on the
particular distribution of allele frequencies (Presciuttini
et al., submitted). This means that any locus with heterozygosity equal to that of a locus included in the kit may be
substituted for it without changing the results. Therefore, the
above results apply to any collection of nine loci, provided
that the distribution of heterozygosity among them is equivalent to that of the Pro®ler PlusTM loci. The statistics of allele
sharing is therefore a quick and versatile way to approach the
problem of relatedness between pairs of individuals in the
forensic context.
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