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The evaluation of mixed stains from different ethnic origins:

general result and common cases
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Abstract In some situations, it can be inferred from the
crime circumstances that the mixed stain donors are of dif-
ferent ethnic groups. The evaluation of DNA mixtures with
contributors coming from more than one ethnic group is
considered under the assumption of independence of ale-
les within and between ethnic groups. A general formula
is derived for the assessment of the weight of evidence in
mixed stain problems. This formula is equivaent to that
of Fukshansky and Bér, but we give adifferent derivation.
For the convenience of practitioners, the explicit expres-
sions of the likelihood ratios for 14 common cases are pre-
sented. The effect of different ethnic groups to the assess-
ment of the evidence is shown in the well-known Simpson
case.
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Introduction

The evaluation of mixed DNA stains has been discussed
by several authors and the likelihood ratio (LR) is a con-
venient tool for assigning the weight of evidence. Weir et
al. (1997) and Fukshansky and Bér (1998) developed agen-
eral formula for the calculation of LR under the assump-
tion of independence of aleles within and between loci.
Taking the population structure into account, Curran et al.
(1999) and Fung and Hu (2000a) derived general formu-
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lae for the calculation of LR. As a special case, the calcu-
lating formulae in Weir et al. (1997) and Fukshansky and
Béar (1998) can be obtained when the co-ancestry coeffi-
cient is taken as zero.

In the interpretation of DNA mixtures, one fact we have
to face is that of the contributors coming from different
ethnic or racial groups. For example, the mixed stain col-
lected from the crime scene contains material from the
victim and the offender and they belong to the Caucasian
and Negro ethnic groups, respectively. Extensive studies
from awide variety of databases show that there are indeed
substantial frequency differences among the major racial
and linguistic groups (Second National Research Council
Report, hereafter called NRC-11, 1996). The presence of
this phenomenon may not be ignored and may be mis-
leading in the presentation of evidence in the court. Har-
bison and Buckleton (1998), following the sampling for-
mula developed by Balding and Nichols (1994), discussed
the interpretation of DNA mixtures when the two contrib-
utors come from two different races. Recently, Fukshan-
sky and Bér (1999) obtained a formula for the calculation
of LR for the situation that the contributors belonged to
different ethnic origins. The independence of aleleswithin
and between ethnic groups was employed for the calcula-
tions. Other recent discussions on mixtures can be referred
to Buckleton et a. (1997), Clayton et al. (1998), Fung and
Hu (2000b), and Triggs et al. (2000).

The purpose of this paper is three-fold. First, we give
an alternative proof to the general formula obtained by
Fukshansky and Béar (1999). We also notice that the match
probability depends only on the allele frequencies of the
ethnic groups to which the unknown contributors of the
mixed stain belong. Second, the LRs of some common
cases are provided explicitly, which are useful to practi-
tioners who can get a better understanding of the problem
and can get more feelings about the formulas. Third, a com-
puter programme is developed for evaluating the LR un-
der the general situation and the effect of ethnic groups on
the weight of evidence is shown in the well-known Simp-
son case. Interested readers can contact the second author
on the availability of the programme.
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Notations and formula

Suppose a crime was committed and a mixed stain was
collected from the scene and some people, for example
the victim and the suspects, were typed. Let M denote the
distinct alleles of the mixed stain at a particular locus and
K denotes the corresponding statistical profile (not neces-
sarily distinct) of the known persons, where we assume
the independence of alleles within and between loci. Thus
the evidence could be written as (M,K). There will be al-
ternative propositions about who are the contributors to
the mixed stain. We let H, be the prosecution proposition
and Hy be the defence proposition. The likelihood ratio
defined by:

_ P(Evidence|H,) _P(M,K|H,)
" P(Evidence|Hy) P(M,K|Hg)

is usually used for assigning the weight of evidence for
one locus. The overall LR can be obtained by multiplying
over al loci.

Under either proposition H, or Hy, the known contrib-
utors to the mixed stain and the number of unknown con-
tributors were specified. Under proposition H, for exam-
ple, let X denote the genetic profile (Curran et al. 1999) of
the x unknown contributors. Also let U denote the alleles
present in M with the alleles of the specified known con-
tributors removed, then we have U [0 X [0 M. So the prob-
ability P(M,K|H,) could be transformed as P(K|H,)P(U O
X O M) using the independence between and within racial
groups. After applying a similar procedure to the denomi-
nator of LR, it is easy to see that the LR istheratio of two
such probabilities expressed as P(U [0 X O M) because
P(K[Hp) = P(K|Hg). In the following, we adopt the nota-
tion P,(U,M) instead of P(U [0 X O M) to represent the
probability that x unknown contributors have al the alle-
lesin set U, but have no aleles not in M. Hence, the cal-
culation of LR is converted to the calculation of the prob-
ability P,(U,M).

In the following, we consider the situation that the per-
sons associated with the trial come from the same or dif-
ferent ethnic groups. Let {1, 2, 3,...} stand for the alleles
{Aq, As, Ag,...} for simplicity and G ={a, b,...} denotesthe
group indices. The dlele frequencies of types{1, 2, 3,...}
inracia group g (g = a, b,...) are denoted as { Py, Pyz;---} -
The number of unknown contributors is: X =  ;X; where
Xg Is the number of unknown contributors belonging to
ethnic group g, g = a, b,.... Then the formula for calculat-
ing the probability could be expressed as:
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where |U| denotes the cardinality of set U. The proof of
this formula can be referred to in the Appendix.

This formula can be transformed easily for numerical
evaluation based on computers. From the right side of the
above equation, it is interesting to note that the probabil-
ity P,(U,M) depends merely on the ethnic group in which
the unknown contributor number, X, is positive. In other
words, for any proposition H, we only need to specify to
which groups the unknown contributors belong and need
not care about the groups that the other known contribu-
tors belong to. This provides a great convenience in pro-
gramming the calculation of P,(U,M). One special caseis
when x = 0. In this case, U must be empty and the proba-
bility P,(¢o,M) is always one.

LRs for some common cases

Since the general formulain Eq.(2) isin anon-trivia al-
gebraic form, it will be helpful to practitioners if explicit
expressions of the LRs are available to them. This section
presents the expressions for some common cases with the
number of unknown contributors being one or two. For
simplicity, the suspect is abbreviated as S, thevictim as V,
the numerator of the LR is abbreviated as NUM, and the
denominator as DEN. In addition, some general expres-
sions of P,(U,M) for cases x, = X, = 1 are given for the
purpose of practical applications.

One victim, one suspect and one unknown

Suppose amixed stain M was recovered, and the victim and
a suspect were typed. The two alternative propositions are:

Hp: The contributors of M were the victim and the suspect,
Hg4: The contributors of M were the victim and
©)

one unknown person.
Based on the discussion on the calculation formulain Eq.
(2), we should specify to which ethnic group the unknown
contributor belongs. Without loss of generdlity, it is as-
sumed that he comes from ethnic group a.

Consider the case that M = AjJAA;, V = AJA, and S=
AgAs. Since the unknown contributor under H, is zero, so
NUM = 1. Under Hgy, the number of unknown contributors
is1, i.e. x =1 and this unknown contributor must contain
theallele U = A;. Therefore, DEN = P;(A3,A1/AA3) = Py(3,
123) = (Pag + Paz + Pas)*(Par + Pa2)® = (2Pa1 + 2Pz + Paz)Pas-
S0 LR = V(2P + 2Paz + Paz)Pas-

Based on asimilar approach, we can derive the LRs for
the cases:
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Table1 Likelihood ratio for one victim, one suspect and one un-
known case with H,: the contributors were the victim and the sus-
pect and Hy: the contributors were the victim and one unknown
person of group a

M \ S Likelihood ratio
A1AAS AlA; AAs V[(2pa + 2Pz + Pas)Pes]
A1AA; AA, AiAz V[(2Pas + 2Ps + Pas)Pasl
A1AA3 AA, AAz V(2pP=s)

A1AAA, AA; AsAy V(2paPas)

(|) M= A1A2A3, V= A]_Az, S= A1A3

(i) M = AlAAs, V = AlA, S=AA;

(iii) M = AJAAAL, V = AA,, S=AA,

All these LRs are listed in Table 1.

One suspect, two unknowns

In cases that the mixed stain did not originate from the
victim and one suspect was identified, the two aternative
propositions could be;

Hp: The contributors were the suspect and one
unknown X (ethnic group a);

Hg: The contributors were two unknown persons X,
and X,

Consider the situation that M = A;AA;, S= A/A; and the
two unknowns come from ethnic group a. Under H,,, there
is an unknown contributor, x = 1, and the known contrib-
utor isthe suspect, so U = A;. Hence NUM = P4(3, 123) =
(2pa1 + 2Py + Pag)Pas- Under Hy, x = 2, and there is no
known contributor, so U = AjA,A;. Hence DEN = P,(123,
123) = 12P1PoPas(Par + Paz + Pag) after simplification.
Thus, LR = (2P + 2Paz + Pa3)/[12PxPa2(Par + Paz + Pas)]-

Based on a similar derivation, the LRs can be obtained
for the following cases:

0] M = AJAA; and S = AJ/A, with two unknowns
from ethnic groupsa and b

(4)
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(i) M = AJAA; and S = Aj/A; with two unknowns
from the same ethnic group or different groups
(iii) M = AJ/AAA, and S= AA,

All the derived results are shown in Table 2.

Two suspects, two unknowns

When two suspects were identified, we may consider the
two alternative propositions as:

Hp: The contributors were the two suspects, 5)
Hg: The contributors were two unknown persons X; and X..

Suppose the mixed stainisM = AjAA;, suspect 1 has S, =
AA, and suspect 2 has S, = AjA; (or S, = AJA,L, S, =
AA;). Under H, there is no unknown contributor and so
NUM = 1. Under Hg, there is no known contributor, so U =
AjAA;. The denominator is DEN = P,(123, 123).

When the two unknowns come from ethnic group a,
we have DEN = 12p,1PoPa3(Par + Paz + Paz)- Thus, LR =
V[12PP22Pa3(Par + Paz + Pas)]-

Three other scenarios relating to this 2-suspects/2-un-
knowns case were also considered. All these LRs are re-
ported in Table 3.

Miscellaneous

For completion, Table 4 lists some expressions of P,(U,M)
for x, =%, = 1.

Example

The Simpson case is considered here to show the effect of
different ethnic groups. A three-banded RFLP mixed pro-
file AJAA; at the locus D2S44 was recovered from the
centre console of an automobile owned by the defendant
(Weir et a. 1997). The profiles of the defendant OJ and a
victim RG were found to be AjA, and AjA;, respectively.

Table 2 Likelihood ratio for

one suspect and two unknowns S Ethnicity Likelihood ratio
case with H,: The contributors X X
were the suspect and one un- 1 2
kpown X, and Hy: The con- 5 A, AA, a a (2P + 292 + P)/112DaP(Pa + P + P
X, and X AAA3 AsA, a b (2Pa1 + 2Pa + Pas)Pas/ (2P%1Pr2Phs + 2P%0Pka
1 2 vl 2
Pos + 2P%aPb1Po2 + 2P%p1P2Pes + 2P%hoPa
Pas + 2P%3Pa1Pae + 4Pa1PaoPbiPos + 4PxPacPor
P2 * 4P22PPb2Pos + 4PaoPasPooPor + 4PasParPos
Poz + 4PasPaPosPo)
A1AAS AA; a a V[6p4(Pa + Pz *+ Pas)]
A1AA AlA; a b 2D:0P25/ (20221 PooPos + 2P%0Pn1Pos + 2P0%3Pn
Poz + 2P%61Pa0Pes + 2P%oParPas + 2P%sPa
Paz + 4Pa1P2Po1Pbs + 4PaPaaPb1Poz + 4PaoPa1Poz
Pos + 4Pa2PasPo2Por + 4PasParPosPoz + 4PasPazPosPor)
A1AAA, AlA; a a V(12paps)
A1AAA, AlA; a b 2P6Pa! (4P1PaoPuaPos + AParPaaPooPos + 4ParPaaPoz

Pos + 4Pa2PasPo1Pos + 4PaoPadPr1Pos + 4PaaPasPo1Po2)
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Table 3 Likelihood ratio for

two suspects and two un- M S, S, Ethnicity Likelihood ratio
knowns case with H,: The con- X %
tributors were two suspects and 1 2
Sﬁkggﬁﬁg ?(ma,b;go)r(s were two A1AA; AsA; AAF a a U[12P:4Px0Pas(Par + Paz + Pas)]
' 2 ALAA; AA, AAF a b 1/(20%1Pu2Pos + 2P%0PpiPos + 2P%s
Po1Po2 + 2P%1PaoPas + 2P%0oPa1
Pas + 2P%h3Pa1Paz + 4PaPaoP1Pos + 4P
PaaPb1Po2 + 4Pa2Pa1PooPhs + 4PPasPhb2
Po1 + 4PasParPosPoz + 4PasPa2PosPo1)
AAAA, AA; AA, a a 1(24p:1PxoPa3Pas)
AAAA, AA; AzA, a b U (4palpa£21pb3pb4 + 4palpazpb2pb4 + 4PxPau
2als0 holds for S1 = A1AL e o epeebble * PezPadbon
S2 = A2A3 b3 a3Ma4Mb1Mb:
Table4 Cases of P,(U,M),
when the two unknown con- Oneallele ) )
tributors come from ethnic Py(o 1) (Pa0)?(Po1)
groups a and b, respectively Py(1, 1) (Pa0)(Po0)?
Two alleles
P, 12) (Par + P2)(Po1 + Po2)?
P(1, 12) (Par + P2)(Poa + Po2)? — (Pa2)(Pp2)?
Py(12, 12) (Par + Pa2)*(Po1 + Po2)® = (Pan)*(Pb1)? — (Pa2)*(Po2)?
Three alleles
P,(@, 123) (Pt + P2 + Pa3)*(Po1 + Poz + Pra)?
Px(1, 123) (Pat + P2 + P3)(Po1 + Poz + Poa)® — (P2 + Paz)*(Prz + Poz)?
Py(12, 123) gpal);(paz);' Pa)*(Po1 + Poz *+ Pa)® = (Paz + Pas)®(Poz + Poa)® — (Par + Pes)®(Pon + Pra)® +
Pa3)“(Po3

P,(123, 123)

2P21PuoPos + 2P%oPb1Pes + 2P%sPo1Pr2 + 2P%01Pa2Pas + 2P%hoPaPas + 2P%hsPaPa +

4P P23Po1Pb2 + 4Pa2Pa1Pb2Pos + 4Pa2PasPozP1 + 4PasPaPosPoz +

+ Pag)(Por + Poz + Pos + Ppa)?
+ Pag)(Por + Poz + Pos + Poa)? — (P2 + Pas + Pa)?

4P P2Pp1Pps +
AP aPaoPoaPb1
Four aleles
Po(@, 1234) (Par + P + Pag
Po(1, 1234) (Par + P + Pag
(Poz * Poz + Poa)?
Py(12,1234)  (Pa *+ P22 + Ps

+ Pag)(Por + Poz2 + Poz + Poa)? — (P2 + Pag + Par)?

(Poz2 * Pos + Poa)? — (Par * Pag + Pat)(Por + Pos * Poa)? + (Pag + Pan)?

(Pos + Poa)?
P,(123, 1234)

2P%:1P02Pos * 2P%1PaPas + 4ParPecPo1Pos + 4Pa1PesPoiPoz + 2P%a2PniPos +

2p?oPa1Pas + APaoPa1PooPos + APa2PasPooPor + 2P%aPo1Po + 2P%ePatPee +

4AP3P1PoaPr2 +
APaoPasPoiPs +
P,(1234, 1234)  4p.1P:oPusPps +

4Pa3PasPb1 P2

4P3P2P03Pb1 + APauPaoPb3Pos + 4Pa1PasPo2Pos + 4Pa1PaaPr2Pos +
4Pa2PaaPo1Pbz + 4PasPasPo1Po2
APa1PasPu2Pos *+ 4Pa1PasP2Pbs + 4Pa2PasPb1Pos + 4PazPasPbiPos +

The court ordered that for the statistical calculation, the
number of contributors to the mixed samples should be
taken as at |least two, three and four but here we only take
it equal to two for illustration. The following propositions
are of interest.

Hp: Contributors were thevictim and the suspect;
Hg: Contributors were 2 unknown persons.

(6)

The defendant was an African-American and the victim
was a Caucasian. We regard the 2 unknown persons as be-
ing African-American or Caucasians. The following allele
frequencies are taken, African-American: p,; = 0.0316,
P, = 0.0842, p,3 = 0.0926, and Caucasian: p,; = 0.0859,
P2 = 0.0827, ppz = 0.1073; also see Budowle et al. (1991)
and Fung (1996). Taking the single-banded alleles as true

homozygotes, the effect of different ethnic groups to the
likelihood ratio is investigated and the results are shown
in Table 5. Weir et a. (1997) obtained the likelihood ratio
1,623, using the allele frequencies of African-Americans
for the 2 unknown persons. If the two unknown persons
were one African-American and one Caucasian, the LR
drops to 727 (less than one half) and drops further to 396
(less than one-quarter) if the two unknowns were Cau-

Table5 Likelihood ratios with two unknowns belonging to ethnic
groups of African-American(AA) and Caucasian (C)

2AAS (1AA, 1C) 2Cs

1623 727 396
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casians. Thus, the effect of different ethnic groups could
be large. It isto be noticed that the ethnic group of the de-
fendant does not matter for the LR, only the ethnic groups
of the unknowns matter.

In conclusion, when the contributors to the mixed stain
come from more than one ethnic group, the evaluation of
the evidence is considered using the likelihood ratio, un-
der the assumption of Hardy-Weinberg law and linkage
equilibrium. In some cases, the independence between al-
leles does not hold, for example, due to population sub-
structure (Curran et al. 1999; Fung and Hu 2000a). It is ex-
pected that the method considered here could be maodified
to meet this need.

In this paper, we assume the number of unknown con-
tributors to the mixed stain to be known, but thisis not al-
ways the case. We can use arange of values for the num-
ber of unknowns if it is not certain and let the courtroom
decide on which is the appropriate one.

The consideration of peak area and peak height can en-
hance the interpretation of the evidence (Clayton et al.
1998), but we have ignored this information and treat each
combination of genotypes with equal possibility. The in-
terpretation of mixtures taking information on peak height
into account, is currently under investigation by the authors.

Appendix

Proof. First of all, we assume that the x unknown contrib-
utors come from two different ethnic groups, say groups a
and b, i.e. X =X, + X, X3 > 0, X, > 0. That means that x, un-
known contributors come from ethnic group a, X, un-
known contributors come from group b and the total num-
ber of unknown contributorsis x. Without loss of general-
ity, we can assume M = {1,2,..m} and U = {1,2,...,n},
where 0 < n < m. Note that n = 0 corresponds to the case
U = @. Since the aleles of the x unknown contributors
must have the alleles contained in U and cannot have alle-
les not found in M, the x; unknown contributors have 2x;
aleles and the x, unknown contributors have 2x, alleles,
so the probability P, (U,M) isjust the sum

(pal)il ( paZ)i2

(Pam)'™ (Po1) ™ (Po2) 2 =+ (Pom) I
7

by using the Hardy-Weinberg law and independence of a-
leles between ethnic groups.
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and hence Eq. (2) holds.

From the process of the proof for G = {a,b}, it is not
difficult to understand the calculation formula Eq.(2)
holds for general G by the principle of induction.
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