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Abstract The distribution of the number of loci out of
the 13 in the CODIS STR set that would show an exclu-
sion (i.e.,, a genotype set incompatible either with the
prosecution hypothesis or with Mendelian transmission)
was estimated in different scenarios. The knowledge of this
distribution would provide a framework against which
casework evidence can be compared. | used dlele fre-
guencies in Iberian and in ltalian populations to generate
individual genotypes at random and to test in 1 million
simulation replicates, how many of the 13 loci would give
an exclusion in an individual identification case, a pater-
nity case, and a double parenthood case. All three scenar-
ios were tested under an expected overall exclusion, both
for unrelated individuals and for cases in which the sus-
pect or the alleged father was the brother of the real cul-
prit or real father. Paternity and double parenthood cases
were also tested in the true scenario, with exclusionary
loci due to mutation. Inindividual identification cases, the
average number of exclusionary loci was 11.95 with a
minimum of 7. This STR set also showed sufficient power
to resolve identification cases in which the evidence sam-
ple came from a suspect’'s sib. False paternity cases
yielded an average of 7.65 exclusionary loci and exclu-
sions with only one (0.0108%) or two (0.14%) exclusion-
ary loci were obtained only rarely. The cases of exclusion
with one locus could lead to likelihood ratios in favour of
paternity, while both true and false paternity cases with
two exclusionary loci would often lead to non-conclusive
likelihood ratios. The average number of exclusionary
loci in a paternity case where the alleged father was the
real father’s brother was 3.82, with a significant number
of cases where no exclusions were obtained.
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Introduction

The forensic genetics community seems to be on the way
to adopting a common set of short tandem repeat (STR)
loci as core markers in routine practice. The availability
of commercia kits for typing sets of STRs as well as the
adoption of standard sets for data banking (such as
CODISinthe USA) have fuelled this trend towards the de
facto adoption of a common set of STRs. Although most
of the technical aspects in the production of genotypes for
these STRs are well known and standardised, the statisti-
cal properties of the genotype distributions for the same
loci areless well known. | have explored one such aspect:
the distribution of the number of exclusionary loci in the
CODIS STR set. Theterm exclusionary locusis used here
as shorthand for those loci where the genotype of the sus-
pect in a particular case seems to be incompatible with the
hypothesis of the prosecution i.e., an exclusionary locus
shows different genotypes in the suspect and in the evidence.
Or, in a paternity case with a known and typed mother, an
exclusionary locus is where no combination of the geno-
types of the alleged father and mother would produce the
genotype of the child. It should be noted that in a paternity
case, a genotype set can be exclusionary either because the
paternity hypothesisis not correct, or because the Mendelian
model of transmission is violated e.g., because of muta-
tion. Therefore, both possibilities have to be taken into ac-
count when estimating the number of exclusionary loci.

If the suspect is not the real culprit, or if the alleged fa-
ther is not actually the father, it is to be expected that a
number of loci in a STR set would show an exclusion. The
actual number of exclusionary loci would follow a proba-
bility distribution that depends on the number of markers
used, on the genotype frequencies in the population, on
the nature of the case (i.e., individual identification or pa-
ternity) and on the degree of relatedness (if any) between
the actual donor of the sample (or father) and the suspect
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or aleged father. The knowledge of this distribution would
provide a framework against which the case evidence can
be compared. Certain circumstances may result in a num-
ber of exclusionary loci that is different from the expected.
For instance, relatedness between the actual provider of
the evidence and the suspect may reduce the number of
exclusionary loci. Or, in a case of true paternity, one or a
few loci may have mutated and appear as exclusionary
loci. The relative expected probability distributions of ex-
clusionary loci under different hypotheses can be used as
afirst step in assessing the different hypotheses.

The distribution of the number of exclusionary loci has
been estimated by means of a Monte Carlo simulation in
the CODIS STR set from allele frequenciesin Iberian and
in Italian populations with different scenarios (individual
identification, paternity, joint parenthood), in the case of
an innocent, unrelated suspect (or non-paternity), or in the
case of a suspect or alleged father who is a sib of the cul-
prit or father.

Materials and methods

The distribution of the number of exclusionary loci has been esti-
mated in the set of 13 STRsin CODIS, which are also those in the
AmpFISTR Profiler Plus and AmpFISTR Cofiler commercia kits
(Perkin Elmer, Foster City, Calif.), aswell asin GenePrint Power-
Plex 1 and 2 (Promega, Madison Wis.). These loci are CSF1PO,
D3S1358, D5S818, D7S820, D8S1179, D13S317, D16S539,
D18sb1, D21S11, FGA, THO1, TPOX and VWA. | have used a
Monte Carlo simulation approach because, although the probabil-
ity distribution of the number of exclusionary loci can be computed
algebraically, the resulting equations would become too cumber-
some to be resolved in practice. The following scenarios have been
simulated:

a) Individual identification (e.g., as in crime scene evidence vs
suspect’s sample)
1. Samples come from two different,
2. Samples come from two sibs, children of unrelated parents

b) Paternity, mother known and typed
1. Alleged father isthe actua father
2. Alleged father unrelated to real father
3. Alleged father is the real father's brother (again, they are
children of unrelated parents)

c) Exclusion of a couple as a child's parents (as in a baby ex-
change case)
1. The couple are the actual parents
2. The couple are two unrelated individuals and are not the
child’s parents
3. One of the members of the couple is a sib of one of the ac-
tual parents.

A Monte Carlo computer simulation method was used to generate
the probability distribution of the number of exclusionary loci under
the scenarios listed under points a—. The starting point was the al-
lele frequencies for the Iberian popul ations which were determined
from the data of Pérez-Lezaun et a. (2000) and contained allele
frequencies in four different Iberian populations (Basques, Cata-
lans, northern Portuguese and Andalusians). A set of Iberian allele
frequencies was created by pooling the maximum number of pop-
ulations that would be significantly homogeneous according to an
exact test (Raymond and Rousset 1995) as implemented in the
Arlequin software package (Schneider et al. 1997). Thus, the
Basque allele frequencies were excluded for D21S11, D3S1358
and D13S317; the Andalusians were excluded for D7S820, and the
northern Portuguese for D3S1358, D7S820 and D18S51 because
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Table 1 Mutation rates (%) used in the simulation procedure for
each locus (1 estimated from the geometric mean of allele length
by using the exponential function in Brinkmann et al. 1998)

Locus Mutation rate Source
estimate (%)
CSF1PO 0.168 @
D3S1358 0.769 Mornhinweg et al. 1998
D5S818 0.192 D
D7S820 0.110 @
D8S1179 0.311 @
D13S317 0.164 (D)
D16S539 0.166 D
D18s51 0.565 (D)
D21S11 0.180 Brinkmann et al. 1998
FGA 0.401 Brinkmann et al. 1998
THO1 0.062 (D)
TPOX 0.086 D
VWA 0.251 Pooled from

Ambach et al. 1997 and
Brinkmann et al. 1998

for al these loci, p-values for the hypothesis of allele frequency
homogeneity were lower than 0.006. The simulation was also run
independently with the allele frequencies given for 223 samples
from central and southern Italy (Garofano et al. 1998).

The 13-locus genotypes for the individuals needed for scenar-
ios a—c were generated at random from the set of Iberian (or Ital-
ian) allele frequencies, under Hardy-Weinberg equilibrium and in-
dependence of loci. At each parent-child transmission, mutations
were introduced with a specific probability for each locus (Table 1).
Each mutation rate was either derived from actual paternity data
(Ambach et al. 1997; Brinkmann et al. 1998; Mornhinweg et al.
1998) if those data were available and at |east one mutation event
had been observed, or it was estimated from the geometric mean of
the repeat length, by using the exponential function in Brinkmann
et al. (1998). Under each scenario, the loci with exclusionary geno-
types were noted and a total number of exclusionary loci was ob-
tained for the whole 13-locus set. This procedure was iterated
1 million times and the probability distribution of the number of
exclusionary loci was estimated as the proportion of iterations in
which 0,1,2,...,13 exclusionary loci were obtained. Moreover, for
each iteration in scenarios b 1 and b 2, the likelihood ratio for pater-
nity was computed from the equationsin Table 6.2 in Evett and Weir
(1998), modified by considering the locus-specific mutation rates.

Results and discussion

The distribution of the number of exclusionary loci under
several scenarios is given in Table 2 for the Iberian data
set and in Table 3 for the Italian data set. Since all distrib-
utions were practically identical for Iberians and Italians,
I will further discuss the Iberian results only. The distrib-
ution of the number of expected loci in a case of individ-
ual identification (scenario a) is given in Fig.1 both for
unrelated individuals and for a sib pair. For unrelated in-
dividuals, the number of exclusionary loci obtained was
7-13, with an expectation of 11.95, 9 or more exclusion-
ary loci were obtained with a 99.8% probability, and con-
versely, the probability of obtaining 6 or fewer exclusion-
ary loci was less than 1 in a million. This is additional
demonstration of the ample power of discrimination of the
CODIS STR set (Garofano et al. 1998; Pérez-Lezaun et al.
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Table 2 Probability (%) of obtaining k exclusionary loci among
the 13 CODIS STR loci in different scenarios, in the Iberian pop-
ulation (Ind. ID individua identification case with two unrelated
individuals, Ind. ID (sib) individual identification case with two
full sibs, Paternity non-paternity case, alleged father unrelated to
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real father, Paternity (brother) non-paternity, aleged father is real
father’s brother, Couple parenthood test whether a couple are the
parents of a child, Couple parenthood (sib) same as previous, one
member of the couple is a sib of one the real parents)

k Ind. ID Ind ID Paternity Paternity Paternity Couple Couple Couple
(%) (sib %) (real %) (unrelated %) (brother %)  parenthood  parenthood parenthood
(rea %) (unrelated %)  (sib %)
0 0 0 95.0 0 0.982 93.6 0 0
1 0 0.0061 4.85 0.0108 5.40 6.20 0 0
2 0 0.0650 0.107 0.142 13.9 0.183 0 0.0078
3 0 0.375 0.003 0.744 22.0 0.0079 0.0061 0.0934
4 0 1.56 0 2.69 23.6 0 0.0353 0.445
5 0 4.62 0 7.48 18.2 0 0.261 1.92
6 0 10.8 0 14.1 10.1 0 1.18 5.62
7 0.0156 17.7 0 20.8 4.29 0 411 12.5
8 0.211 22.3 0 22.0 1.32 0 10.6 20.3
9 1.38 20.7 0 175 0.298 0 19.9 23.9
10 6.49 135 0 9.79 0.0436 0 25.9 19.7
11 20.3 6.30 0 3.72 0.0031 0 23.0 11.3
12 38.7 1.85 0 0.85 0 0 12.1 3.70
13 329 0.225 0 0.0983 0 0 2.85 0.585

Table 3 Probability (%) of obtaining k exclusionary loci among the 13 CODIS STR loci in different scenarios in the Italian population

(column headings asiin Table 2)

k Ind. ID Ind ID Paternity Paternity Paternity Couple Couple Couple
(%) (sib %) (real %) (unrelated %) (brother %)  parenthood  parenthood parenthood
(real %) (unrelated %) (sib %)
0 0 0 94.9 0.0015 0.942 93.8 0 0
1 0 0.0031 4.98 0.0080 5.49 6.08 0 0
2 0 0.0681 0.128 0.156 139 0.163 0 0.0092
3 0 0.354 0.0015 0.696 21.9 0.0015 0.0031 0.0653
4 0 1.58 0 281 236 0 0.0297 0.490
5 0.0016 4.73 0 7.35 18.1 0 0.274 2.04
6 0.0016 105 0 144 10.1 0 1.32 5.76
7 0.0330 18.0 0 20.9 4.23 0 4.29 129
8 0.217 22.2 0 221 1.35 0 10.7 20.2
9 1.37 20.8 0 17.4 0.328 0 19.7 238
10 6.72 137 0 9.61 0.0554 0 26.3 19.6
11 20.82 6.13 0 3.68 0.0049 0 22.7 11.0
12 38.44 1.72 0 0.800 0.0015 0 12.0 3.61
13 3241 0.222 0 0.0839 0 0 2.78 0.547

2000). It should be noted that if the evidence sample does
originate from the subject, exclusionary genotypes can re-
sult from a number of circumstances (e.g., sample con-
tamination, sample mix-up, laboratory errors) that are
difficult to quantify and to incorporate into amodel. In the
case of asib pair, the average number of exclusionary loci
was 8.13, and the probability of obtaining five or more ex-
clusionary loci was 97.9%. In all of the 1 million itera-
tions, at least 1 exclusionary locus was obtained. Thus,
the chance that a brother of the suspect would share an
identical 13-locus profileisroughly 1 in amillion or less,
which is a strong argument in those cases where the de-
fence alleges that it was a brother of the defendant who
committed the crime (Evett 1992). If the hypotheses that
the evidence sample belongs to an unrelated individual or
to a sib of the suspect are given equal a priori probabili-

ties, the likelihood of obtaining only 7, 8 or 9 exclusion-
ary loci is 1135, 105.4 or 15.02 times greater for sib pairs
than for unrelated individuals, respectively. If areal case
yields such a number of (or fewer) exclusionary loci, the
considerations and the decision rule suggested by Sjerps
and Kloosterman (1999) may be applied to decide whether
the biological evidence was left by a suspect’s sib.

In a simple paternity case (Fig.2), an average of 7.65
exclusionary loci are expected, with three or more exclu-
sionary loci in 99.85% of the cases. The probability of ex-
cluding with only one locus was 0.0108% (or 1 in 9259),
and with two it was 0.14% (1 in 704). If the man tested
was indeed the child's father, 95.04% of the cases did not
show any exclusionary loci, 4.85% of the cases yielded
1 exclusionary locus, 0.11% (1 in 936) yielded 2 exclu-
sionary loci, and 30 in 1 million yielded 3 exclusionary



64

Fig.1 Number of exclusionary
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loci. Thus, the distribution of the number of exclusionary
loci in the cases of false and real paternity overlap slightly.
The usual way of reaching a decision on paternity is using
alikelihood ratio. In the 950,441 real paternity cases that
did not show any exclusionary locus, the overall likeli-
hood ratio (LR) ranged from 111.79 to over 18,000,000
with an average of 57,907 and at a 95% confidence inter-
val 1,745-332,584. In the 48,461 cases with 1 exclusion-
ary locus, the average overal LR (which included the ex-
clusionary locus aswell asthe 12 loci that did not show an
exclusion) was 611, and a LR > 20 was obtained in 94.2%
of the cases. However, if the alleged father was unrelated
to the real father, in the 108 cases in which only one ex-
clusionary locus was obtained, the average LR was 55,
and aLR > 20 was obtained in 71.3% of the cases. There-
fore, although fal se paternities with only one exclusionary
locus are rare, in most cases they would be mistaken for

Number of exclusionarv loci

real paternities. Further refinement of the model in the
likelihood ratio that would take into account additional
circumstances such as the difference in the repeat size be-
tween the non-maternal allele of the child and the alleged
father’s alleles, dlele length (Brinkmann et al. 1998) or
father’'s age (Henke and Henke 1999) may help in cor-
rectly assessing those cases. If 2 exclusionary loci are pre-
sent, in real paternities (n = 1,068) the average LR was
8.07, it was larger than 20 only in 13% of the cases, and it
was even below 1in 41.8% of the cases. In 1,420 false pa-
ternity cases with two exclusionary loci, the average LR
was 0.7, it was never above 20, but in 19.6% of the cases
it was below 1 in 20. In this situation it is most likely that
anon-conclusive LR will be obtained, and that typing fur-
ther loci would be necessary to reach a decision.

If the alleged father is the actual father’s brother, the
number of exclusionary loci drops to an average of 3.89,
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with 0.98% of cases in which no exclusion could be ob-
tained. If the hypothesis that the alleged father is a brother
of the actual father and that he is actually the father are
given equal apriori probabilities, obtaining only 0, 1, 2 or
3 exclusionary loci is 0.0103, 1.11, 130 or 7,317 times
more likely, respectively if the alleged father isthereal fa-
ther’s brother than if he is actually the father. If we now
compare paternity by a brother with paternity by a man
unrelated to the alleged father, it is > 9,815, 500, 97.6, and
29.5 times more likely to obtain 0, 1, 2 or 3 exclusionary
loci , respectively, if the aleged father is a brother of the
real father than if the alleged father is unrelated to the red
father. If there is a suspicion that a brother of the aleged
father might be the actual father, a low number of exclu-
sionary loci may be an indication that thisisthe case. The
genotype evidence should then be weighed with the ap-
propriate likelihood ratio for the two hypotheses being
contemplated.

A different scenario consists of testing whether a cou-
ple could be the parents of a child, asin a baby exchange
case where exclusion of either of the two aleged parents
excludes both individuals simultaneously. The average
number of exclusionary loci that the CODIS set would
provide in this scenario is 9.96, with a minimum of 3 (in
61 out of 1 million cases), and 6 or more in 99.70% of the
cases. Again, involvement of a sib decreases the number
of expected exclusionary loci and the average is then 8.83
for the cases in which a member of the couple is a sib of
one of the actual parents. In this case, the decrease is not
so large because the unrelated member of the couple can
still be excluded with undiminished power.
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