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Abstract Thisstudy describesthe validation of short tan-
dem repeat (STR) systems for the resolution of cases of
disputed parentage where only a single parent is available
for testing or where the claimed relationship of both par-
ents is in doubt and also cases where sibship must be
tested. Three separate multiplex systems the Second Gen-
eration Multiplex, Powerplex 1.2 and FFFL have been
employed, giving a total of 16 STR loci. Both empirical
and theoretical approaches to the validation have been
adopted. Appropriate equations have been derived to cal-
culate likelihood ratios for different relationships, incor-
porating a correction for subpopulation effects. An Fgp
point estimate of 1% has been applied throughout. Empir-
ically, 101 cases of aleged father, aleged mother and
child where analysed using six SLP systems and also us-
ing the three multiplex STR systems. Of the 202 relation-
ships tested, 197 were independently resolved by both
systems, providing either clear evidence of non-parentage
or strong support for the relationship.

Keywords STR profile - DNA profile - Parentage -
Paternity - Likelihood ratio - Fgr

Introduction

The use of short tandem repeat (STR) profiling in forensic
science is widespread. More recently it has aso been
adopted for routine use in paternity disputes (e.g. [1]). As
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with all PCR-based systems, STR profiling offers signifi-
cant benefits in terms of sensitivity, speed and amenity to
automation. Of particular benefit in parentage testing is
the ability to carry out STR analysis on more convenient
sample types, such as blood spots from finger or heel
pricks taken onto paper stain-cards, or buccal swabs. This
is particularly pertinent in cases where samples may have
to be taken overseas and subsequently transported to the
testing laboratory, as is often the case in the investigation
of claimed family relationships of individuals wishing to
emigrate to the UK.

However, in comparison with existing single locus
probe (SLP) systems, individual STR loci generally have
lower discriminatory power, necessitating the use of many
loci in order to resolve disputed relationships satisfacto-
rily. We have previously shown [1] that 12 STR loci can
be used to satisfactorily resolve cases where paternity
aone is disputed. However, this combination of loci will
be less efficient when applied to cases where a single par-
ent only isavailable for testing or the claimed relationship
of both parents is in doubt and also when the real parent
of the tested child may be closely related to the tested al-
leged parent. Similar problems are encountered in cases
where other relationships, such as sibship (full or half),
must be tested.

We have taken an empirical and a theoretical approach
in order to validate 16 loci in 3 separate STR multiplexes,
for resolving cases such as those described. A brief out-
line and preliminary results for parentage testing were
given in Thomson et a. [2]. In this paper we detail our
analyses more fully and in addition address the other rela-
tionships described above.

The three multiplex systems used in the analysis
were the Second Generation Multiplex (SGM) system,
developed by the Forensic Science Service [3], Power-
plex 1.2 (Promega, Madison, Wis.) [4] and FFFL [4] (also
Promega). The SGM system consists of the loci
HUMAMGX/Y, HUMTHO01, HUMVWFA31/A, D8S1179,
D21S11, HUMFIBRA and D18S51. The Powerplex 1.2
system consists of the loci HUMAMGX/Y, D5S818,
D13s317,D7S820,D16S539 HUMVWFA3LY/A, HUMTHOL,
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HUMTPOX and HUMCSF1PO. The FFFL system consists
of theloci F13A1, F13B, FES/FPSand LPL. Thisgivesato-
tal of 16 separate STR systems, plus the AMG sex test.

Samples from 101 cases from the Indian subcontinent
involving alleged father, alleged mother and child were
analysed using the established six SLP tests currently in
use and also using the three multiplex STR systems. The
results from the SLP and STR loci were compared in each
case. In addition, we investigated the ability of the systems
to resolve different relationship scenarios by simulation
and in this way we were able to extend the scope of the
study to cases other than straightforward parentage testing.
For these simulations, cases were drawn from hypothetical
populations derived from allele proportions in our Asian
(Indian subcontinent) frequency database (e.g. [1]).

Specifically, simulated families were constructed by
first generating all necessary unrelated individualsin each
family (e.g. mother and father) with joint genotype pro-
portions given by the recursive formula:

o _ MFs +(1-Fg)p
Pm+1(|)_ l+(m—l)Fg|—

which is the probability that the (m + 1)th gene sampled is
of alele type A, given that my of the m genes already sam-
pled are A (e.g. Balding and Nichols [5]): here p; is the
population relative frequency of allele A, and Fgr is the
coancestry coefficient (an Fgr value of 1% was imple-
mented in each simulation). Children were then generated
by randomly choosing one gene at each locus from each
parent.

Throughout this study, F<r has been used to model re-
cent shared ancestry of individuals in the population, fol-
lowing the recommendations of Balding and Nichols [5].
We have used the formulae outlined by Ayres[6] and have
implemented an F<; value of 1% in our likelihood ratio
calculations. Foreman and Lambert [7] have recently
showed that estimates of Fgr for UK Asian and Afro-
Caribbean subpopulations are typically less than 1% when
arelevant population database is considered.

Materials and methods

Samples were obtained from 101 cases of disputed parentage sub-
mitted to the University Diagnostics (UDL) laboratory. In each
case, the relationship of the child to both alleged parents was in
doubt prior to any DNA analysis. All parties had consented to the
use of their ssmples for further research.
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All of these cases had been previously analysed (as part of the
routine casework) using the six SLP systems YNH24 [8], TBQ7
[9], EFD52 [10] (Promega), LH1 (Life Technologies, Paisley,
UK), MR24/1 (formerly Amersham UK, now UDL) and 3 apha
HVR [11]. Analysis followed the manufacturers’ directions, as pre-
viously described [1].

SGM and Powerplex 1.2 amplification and el ectrophoresis on a
PE-ABI 377 DNA sequencer was also performed as previously de-
scribed [1]. FFFL amplification was performed according to the
manufacturer’ s instructions (under conditions very similar to those
used for Powerplex 1.2) and electrophoresis was carried out under
the same conditions as for SGM.

Results were obtained in the form of likelihood ratios (i.e. the
ratio of the probability of observing the DNA profiles under two
different relationship scenarios), implementing the coancestry co-
efficient Fsr in each calculation. Likelihood ratios (LRs) were cal-
culated for al 202 alleged single-parent/child relationships tested.
In addition to the usual LR for parentage (i.e. paternity or mater-
nity as appropriate) versus unrelatedness (henceforth denoted Pl),
the LR in favour of afirst-degree relative of the aleged parent be-
ing the true parent (as opposed to the alleged parent) was calcu-
lated. Moreover, a simulation study was performed using theoreti-
cal populations generated from observed alele proportionsand LR
distributions for relationships such as sibship were approximated
via this method.

Results
Parentage testing
Comparison of SLP and STR results

SLP and STR results for the 202 alleged parent/child rela-
tionships tested were compared. Full STR profiles for the
16 loci and 6 SLP results were obtained for every sample.
For each relationship, the result is classed as one of three
types, (1) no mismatches between aleged parent and
child, (2) single SLP mismatch or 1-2 STR mismatches, a
result of either non-parentage or of mutation, and (3) two
or more mismatches for SLPs, or three or more mis-
matches for STRs (evidence in favour of non-parentage).
These results are summarised in Table 1.

Of the 202 single-parent/child alleged relationships
tested, 181 resulted in a combined (SLP + STR) PI >
1,000, providing evidence in favour of the claimed rela-
tionship. Of these, 178 were supported (Pl > 1,000, no
mismatches) by both the SLP and STR systems indepen-
dently. On the basis of allele sharing alone, two relation-
ships were only supported by STRs (SLPs resulted in a
single mismatch possibly attributable to a mutation
event), and one was supported by SLPs only (for this case
the STR locus D13S317 showed a mismatch, possibly at-

Tablel Summary of results

of 202 single-parent/child rela- SLP result STR result

tionships tested with SLPs and )

-STRS (number of casesin each ﬁ]lclzl usion 2Fs?rlgtch L\gvs%atch r>ni-|;rv¥lgtches fou

indicated category)
All inclusion 178 1 0 0 179
Single mismatch 2 0 1 0 3
> One mismatch 0 1 0 19 20
Total 180 2 1 19 202
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tributable to anull allele or primer binding site mismatch)
[12]. Of the putative relationships, 19 resulted in a num-
ber of mismatches (inconsistent with parentage) at both
SLP and STR loci independently (two or more mis-
matches for SLP; three or more mismatches for STR).
One claimed relationship exhibiting five mismatches with
SLP resulted in only one mismatch at the STR loci. In this
case, the Pl based on the 15 non-excluding STR loci was
low (429) and incorporating a simple mutation model for
the mismatch locus (see Discussion) resulted in a Pl of
0.2, which weakly supports the hypothesis that an unre-
lated person is the true parent relative to the hypothesis
that the tested individual is the true parent.

One aleged relationship resulted in a single SLP mis-
match and two STR mismatches. The SLP results alone
resulted in a Pl of 14.4 and the LR of afirst-degree rela-
tive being the father as opposed to the tested parent was
8.7. For the STR systems the corresponding LR values
were 0.0013 and 6,567. The combined Pl over the 22 SLP
and STR systems (incorporating a simple mutation model
for the mismatch loci, see the Discussion) was 0.16.
Hence, an unrelated man is only 6 times more likely to be
the father than the tested man, despite three mismatches
(assuming prior odds of paternity of 0.5). However, the
LR of afirst-degree relative being the father as opposed to
the tested man was 57,000. It is therefore important to
calculate the Pl even when several mismatches are seen
(and calculating the LR for a first-degree relative of the
alleged parent being the true parent can help resolve such
cases).

Figl Distribution of Pl in par- 0.6
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Likelihood ratio distributions

Figure 1 shows the observed and expected distributions
for the PI in cases where no mismatches are seen (previ-
ously given in Thomson et al. [2]). Where possible, one
non-excluded parent from each of the 101 cases was se-
lected at random to avoid bias. Pl distributions for the
STR systems are shown for Fgr = 0% (to allow direct
comparison with the SLP data), and for Fsr = 1%, for both
the observed cases and also for 10,000 parent-child pairs
randomly generated from allele frequency tables (with
Fsr = 1%).

The STR distributions are more diffuse (i.e. longer
tails) than the SLP distribution and the increased variabil-
ity is due to the greater number of systems used. This
variability results in a slightly increased number of cases
with a Pl < 1,000 (2% for Fgr = 0%; 4% for Fgr = 1%)
and a corresponding rise in the number of cases with very
high values for the PI.

The LR for the hypothesis that a first-degree relative of
the alleged parent is the true parent versus that an unre-
lated individual isthe parent (L1) can be calculated by the
formulaLl = (PI/2) + 0.5 (see e.g. [13] for the case when
the relative is a brother of the putative father). Dividing
L1 by PI resultsin the LR in favour of afirst-degree rela-
tive versus the alleged parent being the real parent. Thisis
an important measure in the resolution of immigration
casework where occasionally nephews or nieces of the al-
leged parent are claimed to be their children. Figure 2
shows the distribution of the measure L1/Pl for the 95
non-excluded (presumed actual parent-child) cases for the
SLP and STR systems (for STRs, results are given for Fgr
= 0% and Fgr = 1%), and for 10,000 simulated parent-

ent-child pairs for six SLP sys-
tems and for 16 STR systems.
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Fig.2 Distribution of L1/PI 0.5
ratios in 95 observed relation-
ships (where parentage is as- ]
sumed to hold true for the al-
leged parent) and in 10,000
simulated parent-child pairs. 04
L1/PI isthe relative likelihood
of afirst-degree relative of the
alleged parent being the true g
parent, versus the alleged par- £ o3 __1
ent being the true parent 2
S ozt
0.1 4—d
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child pairs (Fsr = 1%). These distributions show that
when the alleged parent is the real parent, 16 STRs result
in lower L1/PI values than do the 6 SLPs and therefore
provide stronger evidence to support the true relationship.

Exclusion power

When the alleged parent is not the true parent we havein-
vestigated the ability of this STR panel to exclude the

claimed relationship. A total of 10,000 unrelated pairs of
individuals were simulated from population allele propor-
tions (with Fg = 1%) and a further 10,000 uncle-nephew
pairs were simulated. The number of excluding loci (mis-
matches) in each pair was summed. As shown in Fig. 3,
when the true parent is actualy unrelated to the alleged
parent, 3 or more mismatches will be expected in 98.3%
of cases (63.4% when the true parent is actually a sibling
of the alleged parent), and 2 or more in 99.7% (85.1%) of
cases. Hence, in only 0.3% of cases will one or zero mis-
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Fig.4 Distribution of the LR
in favour of two children who
have the same tested mother
having the same (untested) fa-
ther, versus having different
unrelated (untested) fathers,
when they are actually full sib-
lings (—) and actually half
siblings (----- ), based on
10,000 simulated cases with
Fsr = 1% (the x-axis is shown
on a log;, scale)

Fig.5 Distribution of the LR
in favour of two individuals
being full siblings versus being
unrelated when they are actu-
aly full sibs (——), and when
actually unrelated (----- ),
based on 10,000 simulated
cases with Fgr = 1%

Fig.6 Distribution of the LR
in favour of two individuals
being full siblings versus being
half siblings (no parents tested)
when they are actually full sibs
(—) and when actually half
sibs (----- ), based on 10,000
simulated cases with Fg; = 1%
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matches be observed (14.9% for uncle-nephew; 11.6%
showing one mismatch, 3.3% showing zero mismatches).
When the true parent is actualy a sibling of the alleged
parent and no mismatches are found, our results (not shown)
indicate that the LR for the alleged parent will be <100 in
about 98% of casesand < 1,000 in virtually every case. Low
LR values such as these would merit further investigation
and consequently very few, if any, uncle-nephew relation-
ships would be wrongly interpreted as parent-child.

Resolution of other relationship questions

The ability of this 16 STR panel to resolve other questions
of familial relationships has also been addressed using a
LR approach. Specific scenarios that we have so far con-
sidered are (1) likelihood of common paternity for two al-
leged full siblings presented with their mother (Fig.4.)
and (2) relatedness of aleged siblings presented without
parents (Figs.5 and 6).

For each scenario, theoretical distributions of LRs have
been approximated by simulation both for the case where
the relationship is as claimed and when not as claimed.
Details are shown in the figure legends. From these distri-
butions, it is possible to estimate the number of such cases
where LR values greater than 100 or 1000 in favour of the
tested relation will be observed. For scenario (1), an LR of
> 100 in favour of common paternity is expected in ap-
proximately 63% of cases when common paternity istrue,
but only 0.2% of cases when it is not true. For LRs >
1,000 the corresponding figures are 38% when the rela-
tionship is true and 0.1% when it is not. Corresponding
values for the other relationships tested are as follows: for
full sibsversus unrelatedness (Fig.5); LR > 100 in 82% of
cases when full sibship is true, 0.1% when it isfalse; LR
> 1,000 in 66% when true, 0.01% when false. For full sibs
versus half-sibs (Fig. 6); LR > 100 in 52% of cases when
full sibship is true, 1% when they are actualy half sibs;
LR > 1,000 in 25% when true, 0.1% when false.

Discussion

The usefulness of STR loci in relatedness testing has been
the subject of many recent studies [e.g. 1, 14, 15, 16, 17].
These studies all find that STR multiplexes have a high
power of discrimination for paternity testing.

This study has confirmed those findings and has aso
addressed the issues of investigating other relationships.
Our results have shown that the panel of 16 STR systems
implemented here form the basis of a highly informative
and convenient system for investigation of parentage and
other claimed relationships. In terms of the ability to ex-
clude non-parents and to provide a high level of certainty
in cases of non-exclusion, the panel performs very simi-
larly to the six SLP systems previously in use in the UDL
laboratory.

We have touched only briefly on the issue of mutation
when comparing the STR and SLP results and did not in-
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cludeit in our simulation study. Nonethel ess, the possibil-
ity remainsin practice that a small number of mismatches
will be seen among the 16 STR loci as aresult of mutation
events. For the SGM and Powerplex 1.2 systems, Thom-
son et a. [1] calculated that a single mutant alele (across
these 12 loci) would be passed from parent to offspring
approximately 1% of the time (based on their own ob-
served mutation rates, together with those of Brinkmann
et al. [18]). However, the Pl can be readily calculated in
the presence of a putative mutation (Ayres [6]; see aso
Egeland et al. [19] for the case when Fgr = 0). In the
SLP/STR results discussed above, we applied a simple
mutation model, in which all mutations were equally
likely. Alternative models more suited to the biological
mechanisms of STRs, such as stepwise mutation models
[20] can aso be implemented. A suitable stepwise model
would assume a greater likelihood that a mutation will be
single-step (e.g. THO1 8 to 9) than multi-step (e.g. THO1
7 to 9 or THOL 6 to 9). Published data [18] indicate that
single-step mutations are around 20 times more fregquent
that multi-step mutations, so these ratios can be incorpo-
rated into the model and amended if necessary as further
data become available. Hence, the relative likelihood in
favour of parentage can be routinely reported even in the
presence of mismatches.

Our analyses have made use of the likelihood ratio,
which is a standard statistical procedure in parentage test-
ing. Combined with a prior odds equally in favour of the
putative parent and an unrelated individual, the Essen-
Moller probability of parentage [21], that is PI/(1 + PI),
can be calculated. For each alleged relationship studied,
we have assumed that a specific aternative relationship
(hence LR) is of interest. For cases where multiple alter-
natives need to be considered simultaneously, the LR will
involve a summation over these alternatives (see e.g. [22]
for the case of paternity testing, with Fs;r assumed as zero).

Throughout our analyses we have implemented the pa-
rameter Fgr in order to model recent shared ancestry
among the individuals tested. This is particularly impor-
tant when these individuals are from isolated communi-
ties, as alleles that are not identical by descent from a
close common relative are more likely (in comparison
with a large randomly mating population) to be identical
by descent on an ancestral (subpopulation) level. We have
used an Fgr value of 1% throughout, which is an appro-
priate value for most UK Caucasian [23], UK Asian and
Afro-Caribbean populations [7], although other values
can be readily applied. Higher values may be required
when considering individuals from genetically isolated
subpopulations, or when appropriate population databases
are not available (estimates of Fs can be obtained from
subpopulation [23] or population [24] data).
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