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Abstract This paper assesses the use of single nucleotide
polymorphisms (SNPs) for forensic analysis. It demon-
strates that relatively small arrays of approx. 50 loci are
comparable to existing short tandem repeat (STR) multi-
plexes. A quantitative test, however, is a prerequisite for
mixture interpretation. In addition, as the mixture propor-
tion becomes low, it will be necessary to distinguish be-
tween the alele and background. Relatively small bial-
lelic arrays are also suitable to distinguish between close-
ly related individuals such as brothers.
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Introduction

Thereisincreasing interest in the use of biallelic markers
or single nucleotide polymorphisms (SNPs) for forensic
purposes (Syvanen et al. 1993). Severa formats have
been used for PCR-based biallelic assays: the reverse dot
blot (Saiki et al. 1988) applied to HLA DQ-alpha and
Polymarker systems, microtitre-based formats (Kostyu et
a. 1993) and finally microfabricated arrays on glass
(Southern et a. 1992, 1994; Guo et al. 1994). The latter
are of special interest since the potential existsto build ar-
rays consisting of hundreds of loci. This paper specifi-
cally explores the potential of biallelic arrays, particularly
with respect to the analysis of mixtures. All of the plat-
forms are non-electrophoretic.

A crucia aspect of forensic DNA typing is the inter-
pretation of mixtures (Evett et a. 1991; Weir et al. 1997).
Until recently, statistical interpretation of mixtures has
proceeded without considering differences in signa
strength of heterozygotes at a locus. Evett et a. (1998),
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Clayton et a. (1998) and Gill et a. (1998) reported meth-
ods to interpret mixed STR profiles based on identifica-
tion of the allele peak areas. Although intended for STR
(electrophoretic) analysis, the principles can be extended
to encompass biallelic loci on non-electrophoretic media.

How large does an array need to be?

Typicaly an array of biallelics could comprise severa
hundred loci that are typed from a single individual. In
this paper | consider relatively small arrays of 50-150
loci. Excluding the possibility of genetic ‘nulls’, a consid-
eration of each locus in turn must fall into one of two cat-
egories — either one allele will be visible or two aleles
will be seen. The notation A, B is used to denote the two
alleleswhere a and b denote their respective frequencies—
only AA, AB or BB are possible (becausea+ b =1, all for-
mulae could be expressed solely in terms of a). If a mi-
crofabricated array consists of n loci, the match probabil-
ity can be approximated by making the simplified as-
sumption that the frequency of A (@) is constant for every
locusinthe array. For n different loci in an array, the num-
ber of AA genotypes is a?n, the number of AB genotypes
is 2abn and the number of BB genotypes is b2n. For ex-
ample if n = 100 and a = 0.5, then 50 loci will be het-
erozygote and 50 will be homozygote (AA and BB in
equal proportion). Therefore, the match probability across
the entire array is (a?)* x (2ab)* x (b?)*. If estimated as a
likelihood ratio (LR,):

2 abn 2n
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Figure 1 shows simulations for arrays ranging from
50-150 loci. A relatively small array of 50 gives likeli-
hood ratios equivalent to approximately 12 STRs over a
wide range of a > 0.2 < 0.8. Note that the plots in Fig.1
are symmetrical, so that the LR, - g is the same as
LR(a:O.Z)-
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Fig.1 Estimates of LR, from
arrays of nloci, assuming fais
constant across the set
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Analysis of mixtures

Assuming two contributors to the mixture, if one alele
shows then both must be homozygous for the same alele
(AA,AA or BB,BB).

If there are two alleles visible, and assuming that there
are two contributors to amixture, (suspect Sand victim V,
respectively) then the following genotype combinations
are possible: AA,AB; AABB; AB,BB; AB,AB and all of the
reverse possibilities (Weir et a. 1997). This makes a total
of nine possible genotype combinations (m = 1...9), all of
which may be represented in a mixture. Given a normal
outbreeding population, the proportion of observations of
al of the above mixture types can be estimated given a.

Contributors to the mixture are the suspect
and an unknown individual

For example, suppose that a blood stain is retrieved from
a crime scene and the genotypes are consistent with a
combination of the suspect (S) with an unknown individ-
ual (V).

We consider the following conditions in the likelihood
ratio:

C: Contributors were the suspect and unknown
C: Contributors were two unknown individuals

For each locus, calculation of the likelihood ratio depends
upon the genotype of the suspect and the alleles observed
in the mixture and there are three broad categories to con-
sider.

Category 1

The suspect is homozygous (AA) and the mixture is AB
(U) must be either AB or BB

0.4 0.5 0.6 0.7 0.8 0.9
fa

C=2ab+ b?
C = 6a2b? + 4a% + 4ab?
LR = (2ab + b?)/(6a2b? + 4a3b + 4ab?)

Category 2

The suspect is heterozygous (AB) and the profile is AB.
(U) must be AA, AB or BB and:

C=(a+ b)?
Cisthe sameasin category 1 above.

Category 3

The suspect is homozygous (AA) and the profile shows
just one alele. (U) is AA and the LR is 1/a2.

A complete list of numerators and denominators is
givenin Table 1. The proportion of an array of nloci hav-
ing a particular mixture type (m) is fm: Each locus has mp
= 9 possible mixture genotype combinations each (listed
inTablel).

Thetotal LR, of amixturein an array of nloci is.

'
LR, = [] LR(™)

m=1

Simulation of typical (average) mixture statistics on the
combined LR, for any number of biallelic loci was carried
out under the simplified assumption that the allele propor-
tion (a) for each locus is the same across loci (Fig.?2).
LR, maximises when a is high (0.8) or low (0.2). A bat-
tery of 50 loci with frequencies of alleles ranging between
0.1-0.9 will give aminimum LR of 10%.
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Table1l When the mixture comes from an unknown individual and suspect, the LR numerators and denominators for each of the nine possible genotype combinations are calculated

from the formulae listed. The proportion of mixture genotypes expected (fm) are also listed

Mixture type (U, S)

AB,AB AB,BB BB,AB BB,BB

BB,AA

aZb?

AA,BB

AB,AA

AAAA AAAB

2ab3 2ab3

4a2h?

2a3b aZh?

2a3b

at

Frequency of observation (fm)

LR (numerator)

a%+2ab b2+2ab (at+b)? a%+2ab (a+b)? 1

b%+2ab

(at+b)?

1
a2

b2

6ab?+4a3b+4ab®  6aZb+4a3b+4ab3

6a2b>+4a3b+4ab®  6a2b?+4ash+4ab3

6azb2+4a3b+4ab’

6a2b?+4a3b+4ab3

6a2b>+4a3b+4ab3

LR (denominator)
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Fig.2 Likelihood ratio plots for arrays ranging from 50-200 loci

when there is a mixture of a suspect with an unknown individual
using genotypes listed in Table 1

Mixtures conditioned on victim's profile

An exampleis atypical rape case where the mixture com-
prises contributions from the victim and the suspect:

C Contributors are the suspect and victim
C Contributors are the victim and unknown
Mixture profile with two alleles:

Category 1

If the profile comprises two alleles (AB); the victim is AB
and the suspect is either AA or AB or BB.

Cc=1

C=(a+ h)?

true for all suspect genotypes.

LR=1/(a+ b)?

Therefore LR = 1 (regardless of the value of a), i.e. the
evidence is always neutral!

Category 2

If the profile comprises two aleles (AB); the victim is ho-
mozygous (AA) and the suspect is AB or BB therefore:
c=1

C =2ab + 1?

(since the perpetrator cannot be AA)

LR = 1/(2ab + b?)

Mixture profile with one allele

Both victim and suspect are homozygote (AA,AA):
LR = 1/a?
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Table 2 Mixture conditioned on a victim. The LR denominators for each of the nine possible genotype combinations are calculated

from the formulae listed

Mixture type (V, S)

AAAA AA,AB AB,AA AA,BB BB,AA AB,AB AB,BB BB,AB BB,BB
Frequency (fm) at 2a%b 2a%b aZh? aZh? 42202 2abs 2abs b*
LR (denominator) a2 2ab+h? (a+h)? b2+2ab a+2ab (a+b)? (a+h)? az+2ab b?
2 1.00 Recognising a mixture
& 0.30 1 & frequency of AB|  \With STR analysis, it is relatively easy to identify the
E 2 0.60 types ‘j"'hc" a presence of mixtures by the presence of 3 or 4 alelic
sz msmE bands at alocus (Clayton et al. 1998). However, with bial-
g e 0407 m frequency of AB |elic assays, the lack of allelic variation prevents this
=2 020 types whennota  method, and is certainly a disadvantage. Simple mixtures
= nuxmre will always comprise the five different gene combina-
0.00 tions:
5‘\_
= a AAAA
b AAAB
Fig.4 Under the assumption that A and B alleles can be defini- ¢ AABB
tively identified and no allele drop-out occurs, the number of ap-
parent heterozygotesincreasesin the array when thereisamixture. 4 ABBB
A comparison of proportions of ‘ heterozygous' loci in an array be-
tween unmixed samples and simple mixtures is given e BBBB

Simulations were carried out as previously described (Fig.
3) — denominators to calculate likelihood ratios are given
in Table 2. Likelihood ratios maximise when a is 0.2 or
0.8; asmall array of 50 loci will give a LR>10¢.

Furthermore, in the absence of a quantitative assay it is
only possible to distinguish between three mixture types—
the two homozygote forms (a) and (e), and those contain-
ing both A and B aleles (b, ¢, d). The key to mixture
recognition will first of al depend on observing an in-
creased apparent heterozygosity across the array (Fig.4).
Secondly, the signals of “heterozygotes’ will appear im-
balanced, i.e. a a given locus, one alele will produce a
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Fig.5 Consider a mixture of two individuals x and y. They are
andysed at five different loci which give genotypes AA AA;
AA AB; AA,BB; BB, BB respectively. When the mixture ratio is
1:1, the presence of A and B alleles can be identified at all but the
5th locus which only has alele B. As the proportion of individual
X in the mixture progressively decreases, allele drop-out occurs,
beginning with the AB,BB genotype

stronger signal than the other. Development of accurate
quantitative methods will be important to enable an inter-
pretation strategy equivalent to that outlined by Evett et
al. (1998) or Gill et al. (1998) for STRs.

When mixtures containing a minor contribution are
analysed, it is inevitable that allele drop-out occurs and
thiswill happen when the signal is indistinguishable from
background noise. If the mixtureratio is progressively re-
duced from 1:1, the first loci to drop out will have just
one dose of an allele from the minor contributor i.e. mix-
ture type ABBB or AAAB, whereas a signal will still be
obtained from AABB types. In addition, one of the diffi-
culties in processing large numbers of bialelic loci will
be to develop efficient multiplex assays i.e. some loci
may amplify more efficiently than others such that differ-
ent thresholds of detection may exist across the array

(Fig.5).

Implications of allele drop-out in bi-allelic arrays

Defining Mx as the proportion of the mixture contribution
of individual A relative to individual B:

Mx = A/(A + B)

Gill et a. (1998) also show that for STRs Mx is similar
across al loci within the mixture. When contributions
from individuals are similar (Mx [J0.5) then identification
of aleles is relatively easy. However, when extreme
(Mx 00.9 or 0.1) then allele or locus drop-out is likely to
occur. This means that an allele found in the suspect will
not be observed in the mixture. The limitations of detec-
tion are entirely dependent upon levels of background in-
herent in the assay; a population of negative controls will
be needed to caculate cumulative probability density
functions for background noise at every locus.

Assuming that the suspect’s contribution to the mixture
is minor and that the allelic signal is close to the back-
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ground, p(B = null) is the probability that allele B is com-
pletely absent in the mixture whereas p(B # null) is the
probability that allele B is present in the mixture (albeit at
levels which may not be distinguishable from the back-
ground noise).

If S:BB; V:AA and the profileis AA, then the following
alternatives are considered:

1. numerator: The profile is AB with the probability p(B #
null) and V and S are the contributors of the profilei.e. al-
lele drop-out of B has occurred.

2. denominator: The profile is AB or BB with the proba-
bility p(B # null) i.e. alele drop out has occurred; or AA
with the probability p(B = null); V and one unknown per-
son are the contributors of the profile.

_ p(B # null)
[2ab+b2]p(B # null) +a2p(B =null)

LR

Continuing with the illustration where the suspect contri-
butionisat low level, it follows that with aborderline pro-
filewhere S= AA; V = AA and profile = AA, the possibil-
ity that the perpetrator is AB or BB must still be evaluated
in the denominator:

1. numerator: The profile is AA with the probability p(B =
null) and V and S are contributors of the profile.

2. denominator: The profile is AB or BB with the proba-
bility p(B # null) or AA (with the probability p(B = null);
V and one unknown person are the contributors of the
profile.

p(B = null)

LR=
[2ab+Db2]p(B # null) +a2p(B =null)

Here p(B = null) can be directly estimated from the cumu-
lative probability density of the background signal ob-
served in negative controls for each locus — the lower the
signal, the lower p(null) must be. As the minor contribu-
tion of the mixture approaches background, the LR is
greatly diminished (Fig.6).

Paternity testing

In a disputed paternity where the putative father (Fp),
mother (M) and child (C) are DNA-tested, under the con-
dition that the relationship of the mother to the child is
undisputed, a generalised paternity index (Pi) will take one
of three forms dependent upon the genotypes of parents:

a Class 1: Under the condition where all three profiles are
the same and homozygous (e.g. M = AA; C = AA; Fp =
AA) or any other case where the father must be homozy-
gous (e.g. M = AA; C = AB; Fp = BB), then Pi = 1/a.

b Class 2: Alternatively, if the child’s profile can be ex-
plained by inheritance of either A or B from the father be-
cause both mother and child are heterozygous, then the
paternity index is 1/(a + b) (e.g. where M = AB; C = AB;
Fp = AA). The paternity index is always 1.
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Fig.6 Simulation of the effect
of null alleles generated in ar-
rays where there is a minor
contributor to the mixture. The
simulation was the same as de-
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¢ Class 3: If the mother is homozygous and the father is
heterozygous (e.g. where M = AA; C = AB; Fp = AB) then
the paternity index is 1/2b.

In a large array, the proportion of mother/father/child
combinations that would be expected to occur is depen-
dant upon the proportion of alleles at each locus in the
population, the expected proportion of each trio in the ar-
ray was calculated. Whenever, the mother and child are
heterozygote (class 2 trio), then this yields neutral infor-
mation and the LR is always 1.

Following Evett and Weir (1998), an exclusion proba-
bility was calculated for loci for different population al-
lele proportions indicated in Table 3. For example, a lo-
cus where a = 0.5 gives an exclusion probability of
0.1875. Assuming independence, the exclusion probabil-
ity was calculated for n loci (where n ranged from 10-50)
and demonstrated that 50 loci gave a maximum probabil-
ity of exclusion of 0.99997. Provided that all loci in the

Table 3 Probability of paternity exclusion, given the genotype of
the mother

Frequency No. of loci
alele A
1 10 20 50

0.1 0.08190 0.57450 0.81895 0.98605
0.2 0.13440 0.76386 0.94424 0.99927
0.3 0.16590 0.83700 0.97343 0.99988
0.4 0.18240 0.86652 0.98218 0.99996
0.5 0.18750 0.87462 0.98428 0.99997
0.6 0.18240 0.86652 0.98218 0.99996
0.7 0.16590 0.83700 0.97343 0.99988
0.8 0.13440 0.76386 0.94424 0.99927
0.9 0.08190 0.57450 0.81895 0.98605

0.01 0.001

0.6 05 04 03 02 0.1
fla)

array have a > 0.2 and < 0.8 then the probability of ex-
clusion is always >0.99. It would be necessary to ensure
that closely linked loci are not used otherwise haplotypes
may be inherited which compromise independence as-
sumptions.

Testing categories of relatedness

Several categories of relatedness were tested ranging from
full brothers to unrelated individuals using formulae of
Weir (1997) (Fig.7), testing the alternatives:

C The DNA profile originated from the suspect.

C TheDNA profile originated from arelative (e.g. brother)
of the suspect.

Small bialelic arrays were shown to be powerful tests to
distinguish individuals at any level of relationship (except
for identical twins).

Discussion

Relatively small arrays (ca. 50 loci) are very efficient
tools for human identity testing purposes, forensic stains
or for distinguishing between close relatives, e.g. broth-
ers, provided that loci are chosen so that alleles range in
proportion between 0.2-0.8. The greatest challenge will
be to identify and to interpret mixtures. There will be a
marked increase in apparent heterozygosity within the ar-
ray; furthermore there will be marked imbalance of alleles
within heterozygotes. For interpretation, the test must
show a high degree of quantitative accuracy and be essen-
tially free of background noise. When the minor contribu-
tor of amixtureis close to the background threshold level
then allele drop-out will be encountered, but interpreta-
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Fig.7 A comparison of likelihood ratios from arrays of 50, 100
and 150 loci, respectively, under the assumption that the suspect
and perpetrator are related. The allele proportion (fa) is 0.5 . On
the X-axis: 1) full brothers, 2) father and son, 3) first cousins, 4)
unrelated

tion can still proceed provided that cumulative probability
functions can be used to estimate p(null). Interpretation of
more than two individuals contributing to a mixture will
present a major chalenge. Independence assumptions
have not been assessed in this paper; however, it is in-
evitable that due consideration will be needed with large
arrays.

Currently, the greatest problem in developing useful
SNP arrays for forensic use is not related to statistical is-
sues, rather, the problems are biochemical. Making alarge
balanced multiplex of ca. 50 loci from less than 1 ng of
genomic template is indeed a daunting prospect.
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