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Abstract A multicenter study has been carried out to
characterize 13 polymorphic short tandem repeat (STR)
systems located on the male specific part of the human Y
chromosome (DY S19, DY S288, DY S385, DY S388,
DY S3891/11, DYS390, DYS391, DYS392, DY S393,
YCAI, YCAII, YCAIII, DXYS156Y). Amplification pa
rameters and electrophoresis protocols including multi-
plex approaches were compiled. The typing of non-re-
combining Y loci with uniparental inheritance requires
special attention to population substructuring due to
prevalent male lineages. To assess the extent of these sub-
heterogeneities up to 3825 unrelated males were typed in
up to 48 population samples for the respective loci. A
consistent repeat based nomenclature for most of the loci
has been introduced. Moreover we have estimated the av-
erage mutation rate for DY S19 in 626 confirmed father-
son pairs as 3.2 x 1073 (95% confidence interval limits of
0.00041-0.00677), a value which can a so be expected for
other Y-STR loci with similar repeat structure. Recom-
mendations are given for the forensic application of a ba-
sic set of 7 STRs (DY S19, DY S389I, DY S38911, DY S390,
DY S391, DY S392, DY S393) for standard Y-haplotyping
in forensic and paternity casework. We recommend fur-
ther the inclusion of the highly polymorphic bilocal Y-
STRs DY S385, YCAII, YCAIII for anearly complete in-
dividualisation of almost any given unrelated male indi-
vidual. Together, these results suggest that Y-STR loci are
useful markers to identify males and male lineages in
forensic practice.

Key words Short tandem repeats - Y chromosome -
Population analysis - Mutation rate - Y haplotype
analysis

Introduction

Currently, the analysis of the male-specific portion of to-
tal human DNA islimited to the gender identification of a
given DNA sample. Various techniques have been em-
ployed for this purpose but most of the routine sex deter-
mination tests are based on the rapid and sensitive PCR
amplification of the X-Y homologous gene amelogenin
[1]. This and other forensic tests do not make use of the
discriminatory potential of the male-specific part of the Y-
chromosome which contributes to the overall variability
of the human genome. The major part of the human Y
chromosome (i.e. the long arm) consists of polymorphic
sequences which are organized into large interspersed
tandemly repeated arrays [2]. RFLP analysis of these and
other hypervariable sequences that are several thousands
of basepairs long has been used to characterize individual
human Y chromosomes [3, 4]. In addition a number of
point mutations occurring in low copy number sequences
have been employed for male differentiation [5, 6]. Dueto
the lack of sensitivity, technical and statistical problems
none of these methods for male identification have been
introduced in forensic practice. Forensic identification
techniques in the 1990s are dominated by the develop-
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ment and rapid establishment of PCR-amplifiable short
tandem repeats (STRs) or microsatel lites. Whereas a num-
ber of autosoma STRs have been rapidly evaluated for
forensic use and are successfully used in routine casework
[7, 8], the development of Y-chromosomal-linked STRs —
the systems of choice for male identification — remained
stagnant. One hypothetical reason could be that STR loci
appear to occur less frequently on the Y chromosome
compared with autosomes: following the study of Spurdle
and Jenkins the ratio is 1:4 [9]. Only three dimeric
(YCAI, YCAII, YCAIII) [10], one tetrameric (27H39 or
DY S19) [11] and one pentameric Y-STR [12] have been
described in more detail in the first haf of the decade.
From these loci only the system DY S19 has been tested
for forensic applicability [13] and introduced to a number
of laboratories for routine forensic applications [14, 15].
Extensive worldwide population studies for DY S19 [16-18]
revealed marked differencesin alele distributions for ma-
jor ethnic groups (i.e. Amerindians, Asians, Europeans,
Africans). Distinct DY S19 alleles predominated in partic-
ular populations, whereas similarities in frequency pat-
terns were observed in geographically neighbouring pop-
ulations with non-restricted gene flow. This observation
reflects an inherent property of uniparentally inherited
DNA sequences, such as the non-pseudoautosomal pro-
portion of the Y chromosome. These sequences do not re-
combine during meiosis, with the result that Y chromo-
somes are transferred unchanged from generation to gen-
eration establishing paternal lineages. Populations and
subgroups can be dominated by male founder lineages
over along time-span which — as long as they exist — can
only be modified by mutational events. This mode of in-
heritance of Y-linked alleles has to be taken into account
when statistical interpretation of Y-STR data has to be
done. The establishment of well defined local databasesis
therefore an essential for using Y-STRsin practice. As has
been shown previously for DY S19 [11], other characteris-
tics of Y-STRs are expected to be similar to autosomal
systems:. allele numbers correlate with the number of re-
peats [19] and the allele distribution is essentially uni-
modal as expected for regular repeats evolving according
to the single step mutation model (SMM) [20]. In prelim-
inary studies no dippage mutation was found for DY S19
in 129 meioses [11, 21].

The ability to detect and discriminate male DNA
makes Y chromosomal STR systems an advantageous
addition to well-established autosomal PCR-based sys-
tems. Y-STRs will increase the success rate for identify-
ing the male component in male/female cell mixtures in
body fluids where differential lysis was unsuccessful or
too risky, for example for highly degraded samples or
very low sperm counts. Other possible applications in-
clude the detection of male epithelial cells in gaculates
of vasectomized individuals, or the determination of the
number of semen contributors in multiple rape cases. By
total omission of the time-consuming and sometimes in-
effective differential lysis step, it can aso be used as a
rapid screening tool for excluding suspects. Only cases
with a non-exclusion will have to be processed further.
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In addition, Y-specific STRs can be applied for parent-
age testing to identify patrilineages in deficiency cases
with deceased putative fathers.

Recently, primersfor aseries of highly polymorphic Y-
specific STRs have been devel oped and tested [22]. Based
on worldwide population data which have been collected
on the occasion of the 1st Forensic Y-User Workshop held
in Berlin 1996 we report here population and family data
for most of the known informative Y-STRs. The objective
was to establish locus-specific databases for routine
forensic application. For this purpose a consistent allele
nomenclature following the recommendations of the
ISFH was introduced for most of the systems. We have
further collected family datato give a solid estimate for Y-
STR mutation rates. A list of PCR single locus and multi-
plex protocols will be given and Y-STR standard and ex-
tended haplotype formats for practical usein stain and pa-
ternity analysis will be recommended.

Materials and methods
Population samples

For the population survey 3825 male DNA samples from 48 dif-
ferent subpopulation groups from Europe, America, Asia, Africa,
and Oceania were analysed for one or several loci (Appendix, Ta-
bles 1, 2). Because of patrilinear inheritance of Y-markers samples
from similar geographical regions have not been pooled. DNA was
extracted according to published procedures. Males were analysed
at the following tetranucleotide STR loci: DY S19, DY S385,
DY S389l/I1, DY S390, DY S391, DY S393, at the trinucleotide loci
DY S388, DYS392, at the dinucleotide loci DY S288, YCAI,
Y CAII, YCAIII and at the pentanucleotide locus DXY S156Y . Dif-
ferent amplification, cycling and electrophoresis protocols have
been used to analyse the Y-STRs. Silver staining procedures were
done according to published protocols[21] or to the German DNA
Profiling Group (GEDNAP) standard protocols, respectively. Pro-
tocols for analyses with frequently used ALF or ALF express
(Pharmacia) and 373A automated sequencers (Applied Biosystems
Division/Perkin Elmer) are given in the following:

Amplification conditions

For DYS19, DY S389 I/1l, DYS390, DY 391, DY S392, DY 393,
DY S385, DY S288, DY S388, Y CAI, YCAII, YCAIIIl, DXY S156Y
1U Taqg, 0.1-0.8 uM each primer, 200 uM dNTPs, 1.5mM MgCl,,
50mM KCI, 10mM TrisHCI pH 8.3 were used in atotal volume of
25 pl. The forward primers were labeled with the appropriate dyes
recommended by the suppliers of the automated sequencers used
in this study.

Cycling conditions (PTC-100, MJ Research, Inc.)

DY S19: 94°C — 3min soak, 94°C — 30s, 51°C — 30s, 72°C —
90s, 30 cycles

DYS389 I/ll, DYS390, DY 391, DYS392: 94°C — 3min soak,
94°C — 15s, 58°C — 20s, 72°C — 20s, 5 cycles, 94°C — 15s,
54°C —20s, 72°C — 20s, 30 cycles

DY S393, DY S288, DXY S156Y: 94° C — 3min soak, 94° C — 155,
58°C —20s, 72°C —20s, 30 cycles

DY S388, DY S385, YCAI, YCAIII: 94° C —3min soak, 94° C — 60s,
55°C —60s, 72°C —90s, 30 cycles

Y CAII: 94° C- 3min soak, 94° C — 60s, 45°C — 60s, 72°C — 90s,
30 cycles
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Electrophoresis conditions (ALF automated sequencer)

Of the amplified PCR products 1 pl (up to 1:10 diluted) was
loaded mixed with 4 pl 1% dextrane blue/formamide loading dye
and appropriate amounts of both internal length standards on de-
naturing Hydrolink Long Ranger 6% polyacrylamide/bisacryl-
amide gels (AT Biochem) and runin 1 x TBE (0.09M Tris, 0.09M
Boric acid, 0.001M EDTA) as gel and electrophoresis buffer with
1000 V, 40mA, 40W. PCR fragments were automaticaly
anaysed by the Fragment Manager Version 1.2 software (Pharma-
cia).

Recommended multiplex reactions
for the ALF automated sequencer (non-overlapping systems)

(1) Triplex | (ALF): DYS19

DYS389 |
DY S389 11

(2) Triplex Il (ALF): DY S390
DY S391
DY S393

Amplification conditions (Triplex | and |1, ALF)

See single locus PCR systems.

Cycling conditions (Triplex | and 11, ALF)

94°C — 3min soak, 94°C — 15s, 58°C — 20s, 72°C — 20s, 5 cy-
cles; 94°C — 15s, 54°C — 20s, 72° C — 20s, 30 cycles (PTC-100,
MJ Research, Inc.).

Electrophoresis conditions (Triplex | and 11, ALF)

See single locus electrophoresis systems.

Recommended multiplex reactions for ABI 373A
automated sequencer (partially overlapping systems) [23]

(1) Triplex 1 (373A): DYS391: Primer 1 — FAM labeled
DYS392: Primer 1 — JOE labeled
DYS393: Primer 1 — FAM labeled

(2) Quadruplex | (373A): DYS19:  Primer 1 — JOE labeled
DYS390: Primer 1 — FAM labeled

DY 389 I/Il: Primer 1 — JOE labeled

Amplification conditions (Triplex |, 373A)

2U Amplitag Gold (Perkin Elmer), 0.3 uM each primer DY 391,
DY S392, 0.06 uM each primer DY S393, 200 uM dNTPs, 2 mM
MgCl,, 50 mM KCI, 10 mM TrisHCI pH8.3, 0.01% gelatin

Cycling conditions (Triplex I, 373A)

95°C — 10min soak, 94°C — 1min, 55°C — 1min, 72°C — 2min,
29 cycles (Thermalcycler 480, Perkin Elmer).

Electrophoresis conditions (Triplex |, 373A)

6% polyacrylamide/bisacrylamide (19:1), 8M urea, 1 x TBE
buffer (0.09 M Tris, 0.09M boric acid, 0.001 M EDTA) as gel and
electrophoresis buffer, separation distance 24cm (well-to-read),
2500V, 40mA, 30W, laser power 40mW, on a 373A automated
sequencer (Applied Biosystems Division/Perkin Elmer). Ampli-
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fied samples (2 pl) were loaded mixed with 3 pl formamide, 1.5 pl
loading buffer and 0.5 pl internal standard GS500.

Amplification conditions (Quadruplex |, 373A)

2U AmpliTagGold (Perkin Elmer), 0.24 uM each primer DY S19,
DY S390, 0.12 uM each primer DY S389, 200 uM dNTPs, 2 mM
MgCl,, 50mM KCI, 10 mM TrisHCI, pH 8.3, 0.01% gelatin.

Cycling conditions (Quadruplex |, 373A)

95°C — 10min soak, 94° C — 1 min, 55°C — 1min, 72°C — 2min,
29 cycles (Thermalcycler 480 Perkin EImer).

Electrophoresis conditions (Quadruplex I, 373A)

6% polyacrylamide/bisacrylamide (19:1), 7M urea, 1 x TBE
buffer (0.09 M Tris, 0.09M boric acid, 0.001 M EDTA) as gel and
electrophoresis buffer, separation distance 24cm (well-to-read),
2500V, 40 mA, 30 W, laser power 20 mW, on a 373 A auto-
mated sequencer (Applied Biosystems Division/Perkin Elmer).
Amplified samples (2 pl) were loaded mixed with 3 pl formamide,
1.5 pl loading buffer and 0.5 pl internal standard GS500.

The use of Amplitaq Gold (Perkin Elmer) instead of regular
Tag polymerase was crucia for successful ABI 373A multiplex
anaysis. Presently Triplex | (373A) does not display any overlap-
ping alleles, but since the distance between the longest known
DY S392 allele and the shortest known DY S391 allele is only 12
bp, the occurrence of additional alleles might cause an identifica-
tion problem. Therefore both loci were labeled using different
colours. The primers for locus DY S391 produce one or two con-
stant fragments of 260 bp and 264 bp length for high amounts (> 10
ng) of female DNA, which does not interfere with the interpreta-
tion of the results.

Nomenclature

According to the recommendations of the International Society of
Forensic Haemogenetics [24] the number of variable repeats has
been used to designate the various Y-STR alleles. Consistent allele
designation for all loci was ensured by the distribution of se-
quenced allelic ladders or typed standard DNA to all laboratories
involved in this study. The allelic ladders for DY S19, DY S389l/I1,
DY S390, DY S391, DY S392, DY S393 were produced and kindly
distributed by P. de Knijff, Leiden University (manuscript in
preparation). The sequence information for DY S385 alleles was
provided by S. Meuser and P.M. Schneider, Mainz (manuscript in
preparation), and for Y CAIll by C. Tyler-Smith, Oxford. For those
Y-STRs (YCAI, YCA Il, DXYS156Y, DY S288, DY S388) where
alleles have not been fully sequenced either the allele lengths were
used to define alleles or asimple numerical nomenclature was used
with the shortest observed allele defined as allele 1. Typed stan-
dard DNA for al loci are available from the Institut fir
Gerichtliche Medizin, Humboldt-Universitéat Berlin.

Statistical calculations
Gene diversity

As ameasure for the Y-STR locus informativeness the gene diver-
sity [25] given as

P(Y) =2 (P)

was used. For Y-linked systems this value is identical with fre-
quently used measures as individualisation potential Pl or discrim-
ination index DI [26]. The mean exclusion chance or power of ex-
clusion [27], a value which is used in paternity calculations, is for
Y -inherited polymorphic systems identical with the gene diversity.
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Mutation rate

For a given mutation rate 1, the number of mutations X observed
among M independent meioses follows a binomial distribution of
parameter L and M given as

P oc=x) =F) Bura -

The best estimator of pis the value that maximises P: = X/M. The
95% interval is given by the two values of p so that P = 2.5%.
These two values have been estimated by simulation.

Results and discussion

To establish an efficient male identification system, STR
loci located on the Y chromosome have been character-
ized in terms of molecular, population and family genetics
and tested for forensic application. For further investi-
gations 13 polymorphic systems located in the non-
pseudoautosomal region of the Y chromosome were se-
lected. The repeat sequences of DY S384, DY S394 and
DY S395 deposited in the Genome Data Bank (GDB) have
been excluded from this survey for the following reasons:
DY S384 (GDB-1D: G00-316-229) is not Y-specific, PCR-
primers amplify both in males and in females, DY S395
(GDB-ID: G00-456-772) is synonymous with DY S393,
whereas DY S394 (GDB-ID: G00-456-738) describes a
short largely invariant TA repeat within the DY S19 se-
gquence. Other sequences published in the GDB or else-
where [10-12, 22] which have been found to be Y-spe-
cific and male-specific are DY S19, DY S288, DY S385,
DY S388, DY S3891/ll, DYS390, DYS391, DY S392,
DY S393, YCAI, YCAII, YCAIIl, DXYS156Y. Charac-
teristics of these systems are shown in the Appendix,
Table 1. The locus DXY S156 is not strictly male-specific
since it is located both on the Y and on the X chromo-
some. Because of unambiguous expression of X-specific
(X1-X5) and Y-specific length variants (Y 6-Y 8) the male-
specific sublocus DXY S156Y was chosen for further
studies. The loci DY S385, YCAI, YCAII and YCAIII
show two male-specific PCR products after amplification.
Most probably the repeated sequences are duplicated on
the Y chromosome with identical flanking sites allowing
duplex amplification of length variable alleles from two
independent loci. Because of overlapping sizes of the
length variants the origin of the alleles from either of the
two loci cannot be unambiguously determined which con-
trasts previous attempts to separate a locus A and B for
YCAI-III [10]. Instead, we have designated the allelic
pairs at the respective loci as classes of alleles. Thus, for
bilocal Y-STRsthe frequenciesin a population refer to al-
lele classes and not to single aleles (Appendix, Tables 1,
2i-1). Another feature has been observed at the locus
DY S389. As reported elsewhere [28, 29] two products of
different sizes can be amplified by the primers described
in the GDB. Sequence analysis shows that the priming
site of the forward primer has been duplicated. Thus, the
larger (DY S389Il) product includes 3 CTGT/CTAT repeat
stretches, whilst the smaller (DY S389I) product includes
just two. The difference of the length ranges of the alleles
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generated at locus DY S389 is around 100bp allowing an
unambiguous assignment of the allelesto either of the two
systems DY S3891 and DY S389l1. In contradiction to
other reports [29] a correlation of repeat lengths between
the DY S3891 and DY S389I1 aleles has not been observed
in al individuals. Thus, both systems have been included
and studied in this survey.

All other loci are monolocal and share common fea-
tures with autosomal STRs. The allele distribution in the
population is unimodal and symmetric with alocal maxi-
mum for aleles of medium size. An exception is
DY S392 which was found to be bimodal, showing two
maxima in several population samples. The highly poly-
morphic bilocal systems show complex allele distribu-
tions with a high number of rare alleles.

Alleleswere found in the short size range below 150bp
(DY S288, DY S388, DY S393, YCAI), in a medium size
range between 150 and 260bp (DY S19, DY S389l,
DY S390, DY S392, YCAII, YCAIIl, DXYS156Y) and in
the higher size range above 260bp (DY S389l1, DY S385,
DY S391).

Population analysis for 13 Y-STRs

Allele frequencies were calculated for 13 Y-chromosomal
STR loci in up to 48 populations from Europe, America,
Asia, Africa and Oceania in up to 3825 male individuals
which are known to be unrelated. Assignement of males
to a population sample means belonging to a defined geo-
graphical region, otherwise the sample is designated as
“pooled”. Several alleles have been found for each of the
loci and the gene diversities are low (DY S288, DY S388,
DXYS156Y, YCAI), moderate (DYS391, DY S392,
DY S393), high (DY S19, DY S390, DY S389l/11, Y CAlI) or
very high (DY S385, Y CAIIl) (Appendix, Table 1). The most
common alleles differ between major population groups,
with a generally observed shift of the allele lengths to
higher sizes in Asia, whereas more shorter aleles have
been observed in African and American individuals. Sub-
structuring within apparently homogeneous populations
(e.g. Germans, Italians) which is to be expected for non-
recombining Y-linked markers has been observed for dif-
ferent regional samples (Appendix, Tables 2 and de Knijff
et a. thisissue). In indigenous populations a striking re-
striction of the Y-chromosome gene pool can be observed
(Appendix, Tables 2). Thisis most probably caused by iso-
lation and traditional mating patterns[30, and de Knijff et al.
thisissue]. Different types of aberrant alleles have been seen
at the Y-STR loci surveyed including sequence variants
(DY S389), intermediate sized alleles (DY S19), “null ale-
les’ (DYS19), duplication and triplication of alleles
(DY S19, DY S390, DY S385). Very rarely observed alleles
with intermediate sizes (2bp longer or shorter than canon-
ical alleles) arise most probably by variation in the largely
invariant TA stretch (DY S394) located within the ampli-
fied DY S19 sequence. The more frequent occurrence of
both “null aleles” and multiplicated alleles at Y-chromo-
somal STRs[see also 17] compared with autosomal loci is
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probably caused by the particular Y chromosome struc-
ture. Cytogenetic analyses show that the heterochromatic
region on the long arm of the Y chromosome displays an
increased length fluctuation which can be explained by the
increased frequency of sister chromatid exchange events
for repetitive DNA and the lack of chromosome pairing
during meiosis [31]. This could also affect the deletion
and multiplication of STR loci. The loci YCAI-IIl and
DY S385 consists of two copies of the STRs including the
flanking region and DY S389 has a duplicated 5'-primer
site. Santos et al. [17] reported a father/son pair with three
DY S19 aleles. In this study we have seen two individuals
with bialelic patterns for DY S19, one bialélic individua
for DY S390 and one triplication of alleles for DY S385.

Because of the restricted individualisation potential the
Y-STRs DY S288, DY S388, YCAI and DXY S156Y will
not be recommended for forensic routine application.

Highly variable bilocal Y-STRs DY S385, Y CAlI,
YCAIlI

Four bilocal Y-linked STRs have been investigated, the
dinucleotide systems Y CAl, Y CAII, YCAIII [10] and and
the tetranucleotide system DY S385. Of these YCAI was
found to be largely invariant (Appendix, Tables 1, 2) and
will therefore not be recommended for forensic applica
tion. However, systems DY S385, YCAIIl and Y CAII
show very high discriminatory potentials (Appendix,
Table 1). These STRs consist most probably of two ho-
mologous loci on the Y chromosome with different repeat
lengths enhancing the variability significantly. In contrast
to DY S389 the aleles can not be assigned to either of the
two loci because of overlapping size ranges. Nevertheless,
adesignation as allelic pairs or alele classes seems to be
appropriate for practical use. For the still incompletely se-
guenced YCAI and YCAII dleles a simple preliminary
nomenclature was used, with the shortest allele found for
each locus designated allele 1.

The size range for the YCAII aleles is between
147-165bp alowing efficient forensic analysis of de-
graded DNA samples. The system DY S385 is expressed
in the higher molecular weight range (360—412bp) which
makes analysis of low quality DNA samples sometimes
more problematic. Advantageous is the tetrameric struc-
ture of DY S385 which allows unambiguous classification
of the alleles. For YCAIII and YCAI a number of cross-
amplified non-Y specific bands have been observed which
render an exact interpretation sometimes more difficult.

Mutation rates

For all 13 STRs, with the exception of DY S288, DY S388
and DXY S156Y, family studies have been carried out to
check holandric transmission of the aleles (Table 1). For
DY S19 446 confirmed father/son pairs of Caucasian ances-
try have been anaysed in this study and 180 published
meioses [14, 21] have been added to calculate a mutation
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Table1l Average mutation ratesfor Y-STRs
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DYS19 DYS390 DYS391 DYS392 DYS393 DYS385 DYS3891 DYS38911 YCAIl YCAI YCAII
Sample n=626 n=94 n=41 n=42 n=42 n=104 n=55 n=>53 n=113 n=72 n=42
Mutations 2 1 0 0 0 1 0 1 0 0 0
Mutationrate  0.0032 n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c.
n.c. not calculated because of the low sample size
;naalblesé Y-STR haplotype Sample No. of different  Discrimination
y hapl otypes capacity (%)

Yh1l 70 Germans (Berlin 1) 63 90.0

Yh2 68 97.1

Yh3 69 98.6

Yh4 70 100.0

Yh1l 54 Swiss (Bern) 51 79.7

Yh1 100 Italians (Roma) 79 79.0

Yh1l 63 Trobriands 40 63.5

Yh2,Yh3 49 77.8

Yh1 88 Dutch (Leiden) 65 73.9

Yh1l 30 Basques 17 56.7

Yh1l 36 Chinese 34 94.4

Yh1l 40 Mongolians 29 72.5

Yh1l 62 Inuit 22 355

Yh1l 54 Surinams 47 87.0

Yh1l 31 Pygmees 18 58.1

Yh1l 100 Buenos Aires, Caucasians 7 77.0

Yh2 91 91.0

Yh3 94 94.0

Yhi, Yh2 16 Mapuches 15 93.7

Yh3 16 100.0

Yhi, Yh2, Yh3 12 Tehuelches 11 91.7

Yhi, Yh2, Yh3 6 Wichis 4 66.7

Yh5 81 New York African Americans 48 59.2

Yh5 88 New York Hispanics 50 56.8

Yh5 25 New York Asians 17 68.0

Yh1: DYS19 + DYS389 I/1l + DYS390 + DX391 + DY S392 + DY S393

Yh2:Yhl+ DYS385
Yh3:Yh2+ YCA Il
Yh4:Yh2+ YCA Il

Yh5: DYS19 + DY S389 /11, DY S390
Haplotypes have been analysed in the laboratories listed in the legend to Appendix, Tables 2

rate for DY S19 on the basis of 626 meioses. All aleles
were found to be inherited regularly with the exception of
two slippage mutation events for DY S19, one slippage mu-
tation for DY S385 and two slippage mutations occurring
both at DY S38911 and DY S390 in the same father/son pair
whose paternity is beyond any reasonable doubt after ex-
tensive testing. We have calculated an average mutation
rate for DY S19 of 0.0032, with 95% confidence interval
limits of 0.00041-0.0067. Our mutation rate calculation for
DY S19 is close to the estimate of Weber & Wong of 0.0021
for a set of chromosome 19 tetranucleotide STRs [32]. For
the other Y-STR loci included in this study the number of

mei oses counted istoo low to cal culate solid mutation rates.
Nevertheless, from our data, 41-113 meioses for 10 loci, as
well as from the 248 meioses surveyed by Heyer et d. [33],
the mutation rates for the tetra- and trimeric Y-STRs
DYS19, DY S389l/11, DY S390, DY S391, DY S392 and
DY S393 will be expected to lie in the range found for
DY S19. Aberrant alele patterns such as duplicated aleles
at DY S19, DY S390 and triplicated alleles at DY S385 have
been found to be inherited from father to son and were not
regarded as mutations.

Our investigations suggest that mutation rates for Y
chromosomal STRs are in the range of those for autoso-
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mal STRs. Even the rates for the highly polymorphic
systems DY S385 and YCAIl are not significantly in-
creased (this study and [33]). This finding again con-
firms the idea that dlippage creates mutations at STR
sites and argues against any recombination-related mech-
anism.

Y-STR haplotype analysis

Because non-pseudoautosomal Y loci are geneticaly
linked, Y-STR single locus typing can be expanded to a
much more discriminative Y haplotype analysis. Different
sets of STRs have been used to construct highly informa
tive Y chromosome haplotypes [22, 29]. We how demon-
strate that a set of seven monolocal Y-chromosomal STRs
called Y haplotype 1 (Yhl) consisting of the Y-STRs
DYS19, DYS389l, DYS389ll, DYS390, DYS391,
DY S392, DY S393 can discriminate between most of the
male individuals in a population (discrimination capacity
between 74% and 90% in local European populations)
and 63% even in a native population on the isolated Tro-
briand islands in the Western Pacific (Table 2). As demon-
strated in this study two multiplex reactions (Triplex I,
Quadruplex | run on a ABI 373A automated sequencer)
can be used to perform a 7-locus Y-haplotyping. Three
PCRs are necessary for an ALF-based haplotype analysis,
two triplexes and a single locus DY S392 analysis. For
forensic purposes, it would be preferable if even more in-
formation could be obtained from a Y-chromosomal hap-
lotype. Nearly complete individualisation for a male or
patrilineage can be obtained by further inclusion of the
systems DY S385, YCAIIl and YCAIII (Table 2). This high
discrimination capacity could potentially allow us to as-
sign one haplotype to one male (and to all his patrilinear
relatives) and would thus circumvent the need for a calcu-
lation based on the product rule. Any statistical calcula-
tion of a non-exclusion is problematic because of the pre-
valence of patrilineages in a population which means that
some haplotypes are consequently overrepresented. Ide-
aly the forensic Y haplotype analysis must therefore in-
clude as many polymorphic loci as possible to raise the
exclusion chance to nearly 100% leaving only patrilinear
mal e relatives undiscriminated.

Forensic application — stain analysis

Polymorphic Y-STR systems have the advantage that they
provide additional information besides the proof of the
presence of male DNA in aforensic stain. In particular for
rape and sexual assault cases the Y-STR analysis offers a
new approach. Since contrary to autosomal systems, even
high amounts of female DNA do not inhibit the amplifi-
cation of the Y-linked alleles [23], Y-STRs allow the gen-
eration of a specific DNA profile of the male offender
even after omission of the time-consuming differential ly-
sis step. This approach is not only faster, but also mini-
mizes the loss of sperm DNA, reduces the risk of contam-
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ination, and allows a more unambiguous determination of
the number of semen contributors. With the inclusion and
multiplexing of several loci (7-locus haplotyping + 3 bilo-
cal systems) the degree of discrimination will easily be
sufficient to replace the autosomal STRs for sexual of-
fender databases. Nevertheless, singlelocus Y-STR analy-
sisisadvisable for sensitive stain analysis. A combination
of aY-STR with an autosomal STR could be necessary to
exclude false negative (female) results. Different systems
have been proposed to be multiplexed with DY S19, eg.
D12S66, D12S67 [11, 21].

To investigate the applicability of Y-STRs in stain
analysis, 48 vaginal swabs which were collected from
rape cases between 14 and 32 years ago and had been
stored dry at room temperature, have been analysed with-
out separating sperm from female cellsin 5 Y-STR sys
tems (DY S19, DY S390, YCAII, DY S389l/11). DY S390
was the most sensitive and alleles were determined in al-
most all (97.9%) of the samples. DY S19 and Y CAll loci
were succesfully typed in 95.8% and 87.5% of the sam-
ples, respectively. However, amplification of DY S3891/I1
was the most difficult and successful only in 54.1% of the
samples [K. Honda, personal communication]. Stain
analysis results show that at least for some Y-STR sys
tems an optimization of primer sequences and PCR condi-
tions will be necessary.

A series of experimentswas carried out for mixtures of
DNA from two males and from male and female individ-
uals for DY S19 alone and for the Y-STR quadruplex |
(373A) consisting of DY S19, DY S390, DY S389l/I1. Re-
sults were compared to the autosomal STR system VWA.
While for the male/male mixtures and the autosomal sys-
tem an unambiguous detection of the minor component
was only possible up to ratios of 1:10 and 1:50 respec-
tively, in male/female DNA mixtures the Y-STR dleles
could be identified for the highest ratio tested, 1:2000, or
400pg male DNA in 800ng female DNA [23].

Forensic application — paternity analysis

Due to their inheritance along male lineages, Y-STR
polymorphisms have a considerable potentia for pater-
nity testing, especially in deficiency cases [34]. For Y-
STRs the average probability of exclusion in paternity
testing and the probability of discrimination in criminal
identification are identical. Thus, Y-linked polymorphic
traits have a much higher exclusion power than equally
variable autosomal loci (compare gene diversity values,
Appendix, Table 1). Y-STRs have been included for pa-
ternity testing by different laboratories. At the Institut fur
Gerichtliche Medizin, Berlin in 39 exclusion cases with
male offspring, 31 putative fathers were found to be ex-
cluded with DYS19, a rate of 79%. Similar numbers
have been reported from Munich with 28 out of 35 ex-
clusions confirmed with DY S19 (80%) [35] and from
Verona with 19 out of 25 exclusions found with DY S19
(76%0) [14]. These rates are in the expected range (Ap-
pendix, Table 1).
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Table 3 Deficiency case analysed by 10 Y-STRs

Son? Nephew?
of the deceased of the deceased
alleged father alleged father
DYS19 14 14
DY S385 11-14 11-14
DY S393 12 12
YCAII 2-6 2-6
YCAIII 23-23 23-23
DY S389ll 16 (26)* 16 (25)*
DY S389I 10 9
DY S390 25 24
DY S391 11 10
DY S392 13 15

Exclusion constellations are underlined

* It has to be taken into account, that when both DY S3891 and
DY S389ll differ by arepeat unit change in the same direction, this
has to be counted as a difference only in DY S389l. Because the
DY S389I product isincluded in the DY S389I1 product a substrac-
tion is necessary which avoids the incorrect double counting of a
single exclusion

The use of Y-STRs is of course limited to the 50% of
cases in which the child being tested is male. There is,
however one situation in which Y-linked polymorphisms
may be uniquely suited for paternity testing, namely in
deficiency cases, when the alleged father is deceased and
relatives have to be tested in his place. Any male relative
in patrilineage with the deceased aleged father will pro-
vide complete information on his Y-chromosomal molec-
ular constitution, permitting a stringent test for paternity
for male children. The application for deficiency cases
has already been reported [34—36]. The necessity to use a
large panel of Y-STR systemsto achieve acorrect result is
demonstrated by a deficiency case with only a nephew of
the deceased father available for testing (Table 3). In six
Y-STRs both the nephew and the possible child of the de-
ceased putative father carry the same allele or dlele pair,
in four other systems they show exclusion constellations.
The relative similarity of genotypes with identity in six
systems and mostly one-step repeat differences in four
other systems suggests a (historical) relatedness of the a-
leged father’s and the true father’s patrilineage.

Tracing back patrilineages into the past depends on the
mutation rate of the applied Y markers. With an assumed
mutation rate given in this study a single Y-STR alele
will survive unmodified for about 1000 generations with a
95% probability. This timespan is long enough to allow
meaningful patrilineage comparisons in a historical con-
text [37].

In conclusion the main forensic applications for Y-
STRsare (1) theidentification of male DNA in rape cases
with male/femal e stain mixtures and (2) paternity analysis
especially for deficiency cases with a male offspring. For
these applications the proposed Y-STR haploytyping set
of seven systems (Yhl) plus at least three other highly
polymorphic systems (DY S385, YCAII, YCAIIl) pro-
vides a reproducible and sensitive method which should
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be added to the analytic repertoire of forensic and pater-
nity laboratories. For the interpretation of Y-STR typing
results the specific inheritance mode of the Y chromo-
some has to be considered. Human Y-linked polymor-
phisms (in the non-pseudoautosomal portion of the chro-
mosome) are haploid, do not undergo recombination, and
thus establish patrilineages. In addition, the number of Y
chromosomes in any population is one-quarter the number
of autosomes, rendering Y-linked sequences more prone
to genetic drift. Moreover, the population dynamics of the
male carriers of the Y-chromosome is different from fe-
males, increasing the predisposition to genetic drift [38].
Thus, specia requirements for the establishment of popu-
lation databases have to be formulated. Only extended re-
giona population data should be used to calculate alele
frequencies. If possible all nine loci mentioned above
should be tested to reach an exclusion constellation. Non-
exclusions remain unclear since all (actua and historical)
patrilinear relatives carry the same Y markers. A collabo-
rative study is currently under way to collect more Y hap-
lotype data (Y h1-type). Those haplotype frequencies should
reflect the distribution of male lineages in a population
much more redigtically than single Y-STR frequency
data.
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