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Abstract In parentage testing the formulae for comput-
ing paternity index and exclusion probability generally ig-
nores the presence of nondetectable alleles at the loci
tested. In contrast, it is now known that even when pater-
nity testing is done with hypervariable DNA markers,
nondetectable alleles should not be ignored. This work
presents simple formulae needed with this consideration,
to analyze paternity evaluation from DNA markers in
cases where the mother of the disputed child is unavail-
able for testing. It is shown that even a modest frequency
of nondetectable alleles (e.g., 2-5% per locus) may have
a substantial impact on the paternity index when the child
and/or the alleged father exhibits a single-banded DNA
profile at a locus. Use of such formulae can generate a
high probability of exclusion and a high paternity index
when multiple independently segregating hypervariable
DNA markers are used.
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Zusammenfassung Bei der Vaterschaftsbestimmung ig-
norieren im allgemeinen die Formeln fiir die Berechnung
des Paternitdtsindex und der Ausschlufichance die An-
wesenheit nicht-nachweisbarer Allele an den untersuchten
Loci. Im Gegenteil, es ist jetzt bekannt, dafl selbst, wenn
Vaterschaftsuntersuchungen mit hypervariablen DNA-
Markern durchgefiihrt werden, nicht nachweisbare Allele
nicht ignoriert werden sollten. Diese Untersuchung pra-
sentiert einfach Formeln, welche unter dieser Bedingung
bendtigt werden, um die Vaterschaftsbestimmung mit
DNA-Markern in solchen Fillen durchzufiihren, in denen
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die Mutter des zu untersuchenden Kindes nicht verfiigbar
ist. Es wird gezeigt, daB} sogar eine miBige Frequenz nicht
detektierbarer Allele (z.B. 2—5% per Locus) einen sub-
stantiellen Einflufl auf den Paternititsindex haben kann,
wenn das Kind und/oder der Putativvater ein Einzel-
bandenmuster an einem Locus haben. Die Benutzung sol-
cher Formeln kann eine hohe Wahrscheinlichkeit des
Ausschlusses und einen hohen Paternititsindex generie-
ren, wenn zahlreiche, unabhingig voneinander segregie-
rende hypervariable DNA-Marker benutzt werden.

Schliisselworter Vaterschaftsbestimmung
Defizienfille - DNA

Introduction

Out of approximately 140,000 cases of genetic testing of
parentage analysis in the US per year, it is estimated that
in nearly 5% of them the mother is unavailable for testing
[1]. In such cases, paternity determination involves ge-
netic typing based on the child (C) and the alleged father
(AF) alone. Although such cases require some care in the
analysis, both in terms of the determination of exclusion
probability (Pr) and the evaluation of paternity index (PI),
their treatment is rather simple particularly in the con-
text of DNA typing. This is so, because paternity analysis
in motherless cases is a special case of more general ‘de-
ficiency’ cases [2—4], or the component probabilities for
such analyses can be numerically obtained from some
general pedigree analysis algorithms [5, 6]. Evaluations of
exclusion probability and paternity index in motherless
cases have been also specifically discussed [7, 8].

While these theories apply to all types of Mendelian
genetic markers (serological, biochemical, and DNA), it
should be noted that since a motherless case (or any gen-
eral deficiency case) offers a lower probability of exclu-
sion (and consequently, a lower paternity index) than any
complete analysis (with the full trio analyzed), certain
considerations of laboratory typing of markers are even
more important in the analysis of such deficiency cases.



128

For example, silent alleles are known to exist for many
biochemical markers [9]. In the restriction fragment
length polymorphism (RFLP) analysis of hypervariable
DNA markers, sometimes alleles which produce aber-
rantly small or large size DNA fragments cannot be
scored [10-12], and in polymerase chain reaction (PCR)-
based protocols, alterations at the priming sequences may
induce nondetectibility of certain alleles [13, 14]. In the
reverse dot blot technique of DNA profiling as well (such
as the case with typing at the HLA-DQu locus), the fre-
quency of nondetectable alleles may not be negligible for
some populations [15].

Even though a general pedigree analysis algorithm [7,
8] can readily consider the consequences of such phenom-
ena, in the specific evaluations of parentage analysis of
deficiency cases [2—4, 7, 8, 16] this was not done. The
purpose of this paper is to examine the effect of the pres-
ence of nondetectable alleles on the exclusion probability
(Pg) and paternity index (PI) computations in cases where
the mother is unavailable for testing. With numerical
computations, we illustrate that even with a moderate fre-
quency of nondetectable alleles, the exclusion probability
as well as the paternity index may be substantially af-
fected for a specific set of observed DNA profiles for the
AF-C pair.

Theory

Exclusion probability for an observed DNA profile
for a child:

Most DNA typing involves autosomal codominant multi-
allelic loci, at each of which the DNA profile of a child
may exhibit either a single-band pattern, or a 2-band pat-
tern. When nondetectable alleles exist, not all single-band
profiles would represent homozygosity of the individuals.
Let the k+1 segregating alleles at the locus be repre-
sented by A}, A,, ..., 4;, and Ag, in which the DNA frag-
ment sizes produced by alleles A, A,, ..., A, are all de-
tectable, but the DNA fragment resulting from the allele
A, remains undetected. Let py, ps, ..., py, and r be the fre-
quencies of these alleles in a population, so that

(D

M=

pi+r=1
1

i

When the child’s DNA profile at such a locus exhibits a
two-banded pattern (say, A;A;), any alleged father (AF)
who has either of the 2 alleles (A; and/or 4;) in his DNA
profile would not be excluded. Therefore, under the as-
sumption of Hardy-Weinberg equilibrium (HWE), the
probability of exclusion, when the child’s genotype is
AA;, is

PrAA) =[1—-(p; + pj)]zs @)

which depends only on the frequencies of the 2 alleles
present in the child’s genotype.

R. Chakraborty et al.: Paternity with null alleles in motherless cases

In contrast, when the child’s DNA profile at the locus
exhibits a single-band pattern (say, A;,—), under the same
assumption of HWE, the probability of exclusion be-
comes

Pp(A-) = [1 - (p; + N2, (3)

which requires the knowledge of the frequency (7) of non-
detectable alleles (Ay) in addition to the frequency (p;) of
the allele present in the child’s DNA profile.

Two points are worth noting at this point. First, in the
presence of nondetectable alleles, the inference of pater-
nal exclusion when the child’s (C) DNA pattern is single
banded is somewhat different from the traditional codom-
inant systems. An alleged father showing any single-
banded DNA profile cannot be excluded even when the
single-banded profile of a child (C) does not exhibit a
match of the detectable fragment size found in the DNA
profile of the alleged father (AF). This is so because AF
and C might share the same nondetectable allele. Second,
equation (2) apparently indicates that the exclusion prob-
ability for a two-banded DNA pattern of a child may not
be affected in the presence of nondetectable alleles (since
r does not explicitly appear in this formula), but it is not
really so. When in DNA databases nondetectable alleles
are neglected, the gene count estimates of allele frequen-
cies are overestimates of their true values (because, in
such situations, the estimated allele frequencies are truly
the estimates of p,/(1- r), instead of simple p,, see [17]),
so that the use of estimated allele frequencies p; and p; in
equation (2) without any adjustment for the presence of
nondetectable alleles will give only a lower bound for the
exclusion probability, Ps.

Table 1 shows some numerical illustrations of the ef-
fect of the presence of nondetectable alleles on exclusion
probabilities in motherless cases where the child’s profile
is single-banded. It is clear that the presence of a nonde-
tectable allele (» > 0) lowers the exclusion probability, and
the effect becomes more severe as the frequency of the
detectable obligatory allele (A;) increases. Since in gen-
eral at the hypervariable loci used in RFLP databases the
frequency of nondetectable alleles is less than 10% [11,
12, 17, 18], the computations in Table 1 indicate that the
exclusion probability could be reduced by 20—-25% per lo-
cus, when the child’s DNA profile is single-banded. For
most loci, r rarely exceeds 5% [18], and hence the effect
may be somewhat less severe (e.g., 13% for p; = 0.25, and
r = 0.05).

Table 1 Paternity Exclusion Probabilities (Pg) in motherless cases
for a single-banded profile of a child and nondetectable alleles (#)

Di Py for different values of r

0.0 0.01 0.02 0.05 0.10
0.01 0.9801 0.9604 0.9409 0.8836 0.7921
0.05 0.9025 0.8836 0.8649 0.8100 0.7225
0.10 0.8100 0.7921 0.7744 0.7225 0.6400
0.25 0.5625 0.5476 0.5329 0.4900 0.4425
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Table 2 Paternity Index for all

alleged father (AF)-child (C) 3¢ DNA profile X Y Pl
pairs of DNA profiles when ] ]
the alleged father is not ex- (2) Both two-banded, C: A, ) 1
cluded one shared band AF: AA, PiDiDi 4p7 pip; E
(b) Both two-banded, C: A4 1 1
two shared band AF: AA; pip; (pi+p;) Cpp ) —t —
i i 7 J 4p; " 4p,
(c) AF two-banded, C: A- ey
C single-banded, AF: A/A; pip; (pi+1) 2pip;(pi+27) E—psz)
one shared band pi(pi+2r
(d) AF single-banded, C: A4 ey
C two-banded, AF: A~ pip; (Pt 1) 2 (pit2r)  —PE
’ 2pi(p;i+2r)
one shared band
© ffflﬁﬁiﬁiﬁded’ iF fxl: Ipr+(p+r? pH(pi+20)? Pt pir
. ] pl pl pl pl pl pl(pl+2r)z
(f) Both single-banded, C: A- 1
no shared band AF: A— pip;t 4p;p;r? e
r

Table 3 Effect of nondetectable alleles (r) on Paternity Index (PI)

P PI for different values of

0.0 0.01 0.02 0.05 0.10
Case: C=A,— AF = AiAj
0.01 50.0 33.3 30.0 27.3 26.2
0.05 10.0 8.6 7.8 6.7 6.0
0.10 5.0 4.6 43 3.8 33
0.25 2.0 1.9 1.8 1.7 1.6
Case: C=A,—; AF=4,—
0.01 100.0 55.6 44.0 33.9 29.7
0.05 20.0 16.7 14.6 11.1 8.8
0.10 10.0 9.1 8.4 6.9 5.6
0.25 4.0 3.8 3.7 33 29

Paternity Index for an observed pair of DNA profiles
for AF and C:

When the alleged father (AF) cannot be excluded, there
are 6 possible scenarios of DNA profiles that can be ob-
served for the AF-C pair, 5 of which are discussed by
Brenner [8]. Table 2 shows these possibilities, for each of
which the paternity index (PI) is defined as the ratio of 2
likelihood functions, X and Y, which represent the proba-
bilities of the observed pair of DNA profiles for the C-AF
pair, under the 2 alternative hypotheses; namely, AF is the
true father of C (giving the likelihood X), and AF is an
unrelated random man, and not the biological father of C
(giving the likelihood Y).

As expected, when either or both of AF and C exhibit
a single-banded DNA profile, the paternity index (PI) is
affected by the presence of nondetectable alleles. For a
single-banded C, the paternity index of a heterozygote AF
is less severely affected in the presence of nondetectable
alleles in comparison to a single-banded profile of AF.

This is numerically illustrated in Table 3, which also
shows that even a modest frequency (say, 2%) of a nonde-
tectable allele can reduce the PI substantially. The reduc-
tion is more severe when the detectable obligatory gene in
C is rare in the population. The monotonic decay of PI
with increasing value of r suggests that in order to obtain
a lower-bound estimate of PI one must use the upper con-
fidence limit of the point estimates of p; and r, which may
be obtained from the method discussed in [18].

An actual numerical example

Brenner [8] discussed 3 actual examples of paternity test-
ing in motherless cases with hypervariable DNA probes
3"HVR, YNH24, and TBQ7. In one case (Case B) single-
banded profiles were observed for either AF (at the TBQ7
locus), or for C (at 3" HVR and YNH?24). In Table 4 we
used the fragment sizes, and allele frequencies reported
by Brenner [8] to illustrate the effect of the presence of
nondetectable alleles with some hypothetical (but realis-
tic) values of r. For this specific case, note that in spite of
the fact that the AF’s profile at the TBQ7 locus was sin-
gle-banded, the paternity exclusion probability is unaf-
fected in the presefice of nondetectable alleles. The reduc-
tion in the combined exclusion probability for the ob-
served 3-locus profiles of the child is not severely affected
in the presence of nondetectable alleles at one or more of
these loci, since even if r was of the level of 5% per locus,
the combined probability of exclusion becomes 96.6%,
instead of the 97.9% that would result if the nondetectable
alleles at these loci were excluded. The effect of nonde-
tectable alleles, however, is more substantial on the pater-
nity index. For the non-excluded 3-locus profile of the al-
leged father tested in this case, Brenner [8] reports a pa-
ternity index of 50 (it actually should be 51.4) where non-
detectable alleles were not considered. If at each locus #
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Table 4 Aan illustration in an

actual paternity case lacking Probe 3’'HVR YNH24 TBQ7 Combined
the mother Fragment sizes (kb):
for AF 3.68 234 398 370 3.51
for C 2.34 3.70 3.51 5.65
Frequencies for
child’s fragments 0.218 0.136 0.082 0.032
Exclusion probability:
r=0.0 0.6115 0.7465 0.7850 0.9788
r=0.01 0.5960 0.7293 0.7850 0.9765
r=0.02 0.5806 0.7123 0.7850 0.9741
r=10.05 0.5358 0.6626 0.7850 0.9663
Paternity index:
r=0.0 2.29 3.68 6.10 51.4
r=0.01 2.20 3.44 5.50 41.6
r=10.02 2.12 3.26 5.10 352
r=20.05 1.93 2.90 4.42 24.8

Source of data: Brenner [8]

was 0.03, this value would be 24.8, less than 50% of the
value reported [8]. This suggests that when single-banded
profiles are found for the child and/or alleged father at
one or more DNA loci, perhaps additional loci should be
tested when a more stringent probability level for exclu-
sion as well as paternity (say, 99%) is demanded.

Discussion and conclusions

The theory discussed above shows that appropriate con-
sideration of nondetectable alleles must be taken into ac-
count in the evaluation of paternity determinations in
cases when the mother of the disputed child is unavailable
for genetic testing. The use of codominant DNA markers
does not obviate this difficulty, since irrespective of the
techniques of DNA typing, nondetectable alleles may not
be ignored for any locus in all populations.

Numerical illustrations shown in Tables 1 and 3 sug-
gest that particularly when the detectable alleles present in
the child’s DNA profile are rare in the population, even a
small frequency of nondetectable alleles (say, 1-2%) may
substantially reduce the exclusionary power of a locus,
- and reduce the paternity index for any non-excluded al-
leged father.

Finally, it should be noted that the general expression
[7] for the average exclusion probability in motherless
cases can be extended to include the nondetectable alleles,
in which the average exclusion probability for a multial-
lelic locus becomes

Pe=1-4a, +4a;-3a,+2a5—r*(2 - r)?
—r(2ay—2a;— Sras),

C)

where a,, is the sum of the n-th power of all detectable al-
lele frequencies (n = 2, 3, and 4), a, = X.p?, in which the
summation is over all k& detectable alleles, and r is the
frequency of nondetectable alleles.
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