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Abstract In parentage testing with male children, Y-
chromosomal STR evidence is gaining more and more
importance. In some cases, multilocus haplotypes of re-
lated persons can differ at a single locus due to a mutation.
In this work, a likelihood approach is presented for the
calculation of a probability for paternity under considera-
tion of a single mutation event on the Y-chromosome. The
new methodology is applied to two case examples.
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Introduction

In parentage testing with male children and in identity
testing with malerelatives, Y-chromosomal STR evidence
is gaining more and more importance (Chakraborty 1985;
Santos et al. 1993; Kishida et al. 1996; Foster et a. 1998;
Kayser et a. 1998). Due to the haploid nature of the Y-
chromosome, the calculation of likelihood ratios is based
on the estimation of the frequency of the observed haplo-
type in an appropriate reference database (de Knijff et al.
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1997). To this end an increasing number of medium-sized
European regional databases have been published (Caglia
et al. 1998; Lessig and Edelmann 1998; Rossi et a. 1998;
Pestoni et a. 1998; Brinkmann et a. 1999; Gene et al.
1999; Nata et al. 1999). More redlistic frequency estima-
tion for alarge number of European Y-STR standard hap-
lotypes (9 loci minimum) has been made possible by the
recent introduction of alarge Caucasian Y-STR haplotype
reference database in the WorldWideWeb (http://ystr.
charite.de). This database (n = 3,589 in April 2000) com-
bines representative population samples from 26 Euro-
pean regions and actually provides frequency estimates
for 1,964 different 9-locus minimal haplotypes (Roewer et
al. 2000)

In some cases multilocus haplotypes of related persons
could differ at a single locus due to mutation. The mute-
tion rates of the Y-STR loci are similar to their autosomal
counterparts (Weber and Wong 1993; Heyer et al. 1997;
Brinkmann et al. 1998; Jobling et al. 1999; Kayser et al.
2000). In this work, we develop a general likelihood ap-
proach for the interpretation of those cases under consid-
eration of a single mutation event. The new methodol ogy
is applied to two case examples.

Theory

Consider a paternity case where only an alleged father and
amale child are typed with a set of Y-chromosomal mark-
ers and the observed haplotype shows a single exclu-
sion/mutation at one locus and the two alleles differ by a
single repeat unit. For the evaluation of the results, two
hypotheses have to be compared, i.e. H, the man and child
are unrelated and H; the alleged father is the true father.
The respective likelihood under non-paternity is Y =
P(EIH,):

Y = f(af) x f(child)

with f(af) being the frequency of the haplotype of the al-
leged father and f(child) the frequency of the haplotype of
the child. The other hypothesis is that the alleged father is
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the true father, and the respective likelihood under pater-
nity is X = P(E|H,)

X =f(af) x {1

where 1 is the rate at which the paternal allele mutates
to the offspring allele. Unfortunately, precise estimates of
such allele-specific mutation rates are difficult to obtain.
For microsatellites, however, most mutations are expan-
sions or contractions by a single repeat unit so that, by
first approximation, we may assume

ﬁ:pxl
2

where | is the overall mutation rate of the locus showing
the single exclusion due to aone repeat difference. There-
sulting likelihood ratio is:

Y _ f(child)
X" Ly @

In cases without mutation, instead of /2, the transmission
probability 1 is used, and the resulting Y/X value for pa-
ternity is only the frequency of the haplotype. This for-
mula ignores the fact that the other loci in the haplotype
could mutate as well; however, since the mutation rate is
small and the vast majority of loci always segregate un-
changed, this error can be considered negligible.

The application of the formulato deficiency caseswith
pedigrees spanning several generations requires some
modifications. The hypotheses are now: H,, the two males
are unrelated; and Hy, the aleged relative is a true rela-
tive. The likelihood under non-relationship in such cases
isagain Y = P(E[H):

Y = f(pmr) x f(child)

with f(pmr) being the frequency of the haplotype of the
putative male relative. In cases without mutation, the like-
lihood under relationship is identical to the “one genera-
tion” case and the resulting likelihood ratio in these cases
without mutation is simply the frequency of the observed
haplotype. For this “no mutation” likelihood, a transmis-
sion probability of 1 is assumed. The true figure will be
smaller, however, the error is small if the number of gen-
erationsis not to large (< 10).

If the haplotype of the putative male relative and child
differ only at one locus by a single-step difference, the
following considerations have to be made:

The probability for the segregation of a haplotype
showing one mutation over k generations reads:

p=HHi-a)

and the likelihood under relationship is X = P(EIH,):
~ ~\k-1_ 1

X = f(pmr) x K1~ )" = Dk

assuming again that /2 is the rate at which a mutation
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event either decreases or increases the size of the paternal
alele. The resulting likelihood ratio is:

Y _ f (child) _ f(child)
1

X -tk 1
kp (1-p) L
This formula ignores the individual mutation rates of the
loci showing no mutation and we again assume a trans-
mission probability of 1 for the other loci. However, the
resulting figure is a good estimate for the likelihood quo-
tient in deficiency case spanning several generations.

@)

Case examples
Case 1

We were commissioned to find out whether three males, all sons of
a deceased woman, were full brothers. For two of the children the
paternity of the deceased husband was not in question, but for
brother 1, this was doubtful. The results of the Y-STR typing are
shown in Table 1. Except for a mutation/exclusion pattern at the
DY S390 locus, the haplotypes were identical. Assuming that the
haplotype of brothers 2 and 3 was also present in the father, these
results can be used to calculate a paternity probability according to
Eq. 1: the haplotype of brother 1 was found 97 timesin 3,589 Cau-
casian haplotypes with the same 9-locus format. The mutation rate
for DY S390 is 8.58 x 103 (Kayser et al. 2000). The paternity in-
dex, based on the Y-STR results, was 0.159 and the paternity prob-
ability for the deceased husband was 13.7% (based on the assump-
tion of 0.5 prior probability). In this case, the paternity could be
successfully established by additional typing of 10 autosomal STR
loci in the three brothers and in a sister (data not shown).

Table1l Y-STR haplotypes of the three males involved in case 1
(the mutation is indicated in bold type)

DNA locus Brother 1 Brother 2 Brother 3
DY S19 14 14 14

DY S385 1/2 11/14 11/14 11/14
DY S389-1 10 10 10

DY S389-2 26 26 26

DY S390 24 23 23

DY S391 11 11 11

DY S392 13 13 13

DY S393 13 13 13

?

Person 1 Person 2 Person 3

Fig.1 Pedigree of the family involved in case 2
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Table 2 Y-STR haplotypes of the three males involved in case 2
(the mutation is indicated in bold type)

DNA locus Person 1 Person 2 Person 3
DYS19 15 14 14

DY S385 1/2 11/15 11/15 11/15
DY S389-1 10 10 10

DY S389-2 26 26 26

DY S390 24 24 24

DY S391 11 11 11

DY S392 13 13 13

DY S393 13 13 13

Case 2

This case was a paternity case in an aristocratic family with ances-
tral records back to the seventeenth century (Fig. 1). The paternity
at the end of the left branch in the pedigree in Fig.1 was ques-
tioned and the alleged father had died 30 years previously. The re-
sults of the Y-STR typing of the three persons (filled squares in
Fig.1) are shown in Table 2. Except for a mutation/exclusion pat-
tern at the DY S19 locus, the haplotypes of the three persons were
identical. Assuming that the haplotype of persons 2 and 3 was pre-
sent in the common male ancestor too, there would be five gener-
ations between person 1 and the male ancestor. The frequency of
the haplotype of person 1 in the Caucasian Y-STR reference data-
base is 2 in 3,589, the mutation rate for DYS19 is 2.01 x 103
(Kayser et al. 2000). Application of Eq. 2 results in a paternity in-
dex of 9.02 and a paternity probability of 90.0% (based on the as-
sumption of 0.5 prior probability). This case was solved after a
half-brother of the deceased aleged father was found and could be
typed. This man showed the same “mutated” haplotype present in
person 1.

Discussion

It is obvious from the presented equations as well as from
the case examples, that the size of the reference database
is essential for the evaluation of the Y-chromosome evi-
dence. Especially in cases of mutation, where the hypoth-
esis “unrelated” becomes more probable, a rare haplotype
in alarge database can result in a likelihood quotient that
favours the hypothesis “related”. The database used here
for the evaluation of the two cases is by far the largest
Y-STR database available, maintained and quality con-
trolled at the Institute of Legal Medicine of Humboldt
University in Berlin and available on the internet for use
in interactive haplotype queries (http://ystr.charite.de).
This database uses a highly discriminative haplotype for-
mat comprising at least 9 Y-STR loci (minimal haplotype;
Pascali et al. 1999). The haplotype diversity has been cal-
culated previously ash = 0.993 for n = 2,439, 7-locus hap-
lotypes excluding the duplicated locus DY S385 (Roewer
et a. 2000).

A precise knowledge of the mutation rates of the loci
involved is essentia for the interpretation of these kinds
of cases. In arecent paper (Kayser et al. 2000), the muta-
tion rates for the loci of the Y h1-format are compiled. For
the two loci showing a single mutation/exclusion pattern
in our case examples, the figuresare 2.01 x 103 and 8.58 x
103 for DYS19 and DY S390, respectively. Xu et d.
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(2000) examined 236 mutations at 122 autosomal tetranu-
cleotide repeat markers. They found that the vast mgjority
of mutations were one-step mutations and that the overall
rate of expansion mutations does not differ from that of
contractions. Although larger alleles seem to mutate more
often than smaller aleles (Brinkmann et al. 1998), and the
direction of mutations seems to be dependent on allele
length (Xu et a. 2000), the present knowledge of Y-STR
mutations does not allow allele-specific mutation rates to
be defined. Therefore, we suggest that the locus-specific
mutation rate should be used for all alleles combined and
half of this figure for mutations that either increase or de-
crease the size of an alele by one step. The application of
the formula to cases showing more than one repeat unit
difference between the two haplotypes would require esti-
mation for “double-step” and “three-step”, etc. mutations.
However, the currently available data on Y-STR muta-
tions does not alow a clearer definition of these figures;
therefore, further data on Y-STR mutations would be nec-
essary.

The formulae derived here could, in principle, be ap-
plied to mtDNA evidence as well. Large databases for
MtDNA sequences are available (Budowle et al. 1999;
Pfeiffer et al. 2001, D. Krause, Institut fir Rechtsmedizin
Magdeburg, http://www.d-loop-base.de, personal commu-
nication). However, in contrast to Y-STR haplotypes, a
typical mtDNA haplotype consists of 400-800 individual
loci, i.e. base pairs. Although still a matter of debate (Par-
sons et al. 1997; Jazin et al. 1998), the mutation rates of
theindividual basesin the hypervariable regions are much
lower than the respective Y-STR mutation rate. Further-
more, intermediate, i.e. heteroplasmic haplotypes compli-
cate the estimation of the mutation rate.

In summary, the new method presented enables the
biostatistical treatment of single-step mutation events in
Y-STR haplotypes found during paternity testing. Using
the new formula, the evidence derived from a mutated
haplotype could still favour paternity versus non-paternity
in some cases.
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