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Recent Developmentsin Y-Short Tandem Repeat and Y-
Single Nucleotide Polymor phism Analysis?

REFERENCE: Butler IM: Recent developmentsin Y -singletandem repeat and Y -single nucl eotide polymorphism
analysis; Forensic Sci Rev 15:91; 2003.

ABSTRACT: This article reviews new genetic markers on the Y -chromosome and methods for analyzing these
short tandem repeat (STR) and single nucleotide polymorphism (SNP) loci. Relative chromosomal locations for
over 50 Y -chromosome STRs (Y -STRs) are described along with their repeat motif and allelerange characteristics
based on published population studies. Multiplex assays for typing many of these markersin aparallel fashion are
discussed, as are newly available commercia Y-STR kits. Approximately 250 SNP markers are now catal ogued
alongthe Y -chromosome (Y -SNPs) with aunified haplogroup nomenclature describing their rel ativerel ationships.
Technologies for typing these Y-SNPs are reviewed including primer extension and allele-specific hybridization
methods. Finally, availablereference material sfor standardization of allelecalls, Y-STR allelenomenclatureissues,
and published validation and interlaboratory studies are reviewed.

KEY WORDS: Forensic DNA typing, Luminex, multiplex PCR, SNaPshot, standard reference materials, STR
nomenclature issues, Y-Chromosome, Y-SNP, Y-STR.

INTRODUCTION

Research in Y-chromosome markers, assays, and
applications has seen tremendous growth in the past
severa years. This article reviews recent effortsin Y-
chromosome short tandem repeat (Y-STR) and single
nucleatidepolymorphism (Y -SNP) analysis. Two primary
reasons for studying the Y-chromosome include male
specificity intesting DNA mixturesandtheability totrack
paternal lineages. Y-STRsand Y-SNPs can be used for a
number of human identity testing applications including

forensicanalysisof sexual assault evidence[6,16,18,36,37,
45,66,67,68,73,85,87,88], conducting missing persons
investigations[21], performing deficient paternity testing
[45,76,80], addressing historical questions [23], and
supplementing genealogical research [48,89] (Table 1).
In addition, Y -chromosome markers have been used to
investigate genetic reasons for male infertility [46,58].
Thedesiretounderstand mankind’ shistory andhuman
migration patterns over time has fueled much of the Y-
chromosome marker developments, particularly in the
SNP arena [13,33,35,43,54,62,63,69,78,92,94,95,100,

Table 1. Areas of usein Y-chromosome testing

Use

Advantage

Forensic casework on sexual
assault evidence

Paternity testing

Male-specific amplification (can avoid differential extraction to
separate sperm and epithelial cells)

Male children can be tied to fathers in motherless paternity cases

Missing personsinvestigations  Patrilineal male relatives may be used for reference samples

Human migration and evolu-
tionary studies

Historical and geneal ogical
research

Lack of recombination enables comparison of male individuals
separated by large periods of time

Surnames usually retained by males; can make links where paper
trail islimited

aContribution of theU.S. National I nstitute of Standard and
Technology (NIST). Not subject to copyright. Certain commer-
cia equipment, instruments, and materias are identified in
order to specify experimental procedures as completely as
possible. Inno casedoessuchidentificationimply arecommen-
dation or endorsement by NIST nor doesitimply that any of the
materials, instruments, or equipment identified are necessarily
the best available for the purpose.

101]. Several hundred publications now exist describing
population data with Y-chromosome markers. Internet-
accessible databases house thousands of Y-STR profiles.
Thefield of Y-chromosomeresearch hasgrown rapidly in
thepastfew years. Thefuturel ookspromising for continued
growth in Y -chromosome research and applications.
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[.Y-SHORT TANDEM REPEAT MARKERS
A. Marker Discovery

In 1992, Lutz Roewer and colleagues described the
first polymorphic Y-chromosome marker Y-27H39 —
now better known asthe STR locus DY S19 [73]. For the
next ten years, discovery of polymorphic tandem repeat
markers on the Y-chromosome progressed much more
slowly than for their autosomal counterparts. The year
2002 began with only about 30 markers available to
researchers (Table 2). In the last year or so, the Y-
chromosome has been combed to uncover new STR
markers and as of February 2003, information on more
than 200 markers has been deposited in the Genome
Database (GDB; http://www.gdb.org). The rapid growth
in the discovery of new Y-STR markersisadirect result
of theavailability of DNA sequenceinformation fromthe
Human Genome Project and improved bioinformatics
tools for searching DNA sequence databases [3].
Previoudly, extensive laboratory work was required to
uncover new polymorphic Y -chromosome markers such
asthat described in White et al. [96]. However, much lab
work remains to be done with these newly identified
markers to determine their relative utilities.
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In 1997, the European forensic community settled on
acoreset of Y-STR markersor “minimal haplotype” that
includes DY S19, DY S389l/ll, DY S390, DY S391,
DY S392,DY S393,and DY S385a/bwith Y CAll albasan
optional marker to create an “extended haplotype”
[19,52,75]. Most Y-chromosome data to date has been
generatedwiththeseloci. Inearly 2003, theU.S. Scientific
Working Group on DNA AnalysisMethods (SWGDAM)
selected a core set of markersthat includesthe 9 markers
in the minimal haplotype plus DY $438 and DY S$439.
These loci are available in commercial Y-STR kits (see
below). Although new markerswill be added to databases
as their value is demonstrated and they become part of
commercialy availablekits, these 11 established markers
are likely to continue to be important in future Y-STR
research.

B. Chromosomal Locationsof Markers

The efforts of the Human Genome Project have
generated a publicly available human Y -chromosome
sequence that is approximately 51 megabases (Mb) in
size. However, a“ heterochromatin” region around 20 Mb
insizetowardtheend of thelongarmof the Y -chromosome
may never be completely deciphered [46,90]. The

Table 2. History of Y-STR marker discoveries over the last decade. Most commonly used
markersincludeDY S19, DY S3891/11, DY S390, DY S391, DY S392, DY S393, and DY S385
alb. Multi-copy markers are listed with “a/b” designationsif they are duplicated. The total
numbers of markers available are considered by both primer pair used to generate them and

by products produced
No. available
Year  (with multicopy) Markers Ref.
1992 1 DYS19 [73]
1994 5(8) YCAI alb, YCAII alb, YCAIIl alb (DY $413), DXY S156 [61]
1996 11(14) DY S3891/I1, DY S390, DY S391, DY S392, DY S393 [74]
1996 14 (17) DYF371, DY $425, DY $426 [44]
1997 16 (19) DY S288, DY S388 [52]
1998 17 (21) DYS385 alb [81]
1999 22 (26) A7.1 (DY $460), A7.2 (DY 461), A10, C4, H4 [96]
2000 28 (32) DY $434, DY $435, DY $436, DY $437, DY $438, DY $439 [3]
2001 30(34) DY $441, DY $442 [40]
2002 33(37) DY $443, DY S444, DY $445 [39]
2002 34(38) DY $462 [8]
2002 48 (56) DY $446, DY $447, DY $448, DY $449, DY $450, DY $452, [72]
DY $453, DY $454, DY $455, DY $456, DY $458, DY $459 alb,
DY $463, DY $464 alb/c/d
2002 177 DY $468-DY S596 (+129) GDB?
2003 227 DY S597-DY S645 (+50) GDB?

a8 GDB: Genome Database (see http://www.gdb.org).
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assembled human Y -chromosome sequence may be
downloaded fromtheUniversity of California-SantaCruz
GenomeBioinformaticswebsite (http://genome.ucsc.edu)
or theNational Center for Biotechnology Information site
(http://www.nchi.nim.nih.gov).

The availability of ahuman reference sequence now
permits location of the various Y -STR markers along the
Y -chromosome. Chromosomal positionsweredetermined
by performing a BLAT search [57] using the reference
sequencesdefinedin Table 3. Theentire search acrossthe
human genome was performed in less than a minute for
these50Y -STRmarkers, whichincludeloci with published
population data as of early 2003.

Relative positions of the tested markersare shownin
Figure 1. The minimal haplotype loci, which have been
used extensively in population studies, are shown on the
left side of the chromosome diagram with all of the other
markers on the right side. The sex-determining region
SRY occursat about position 2.56 Mbwhiletheamel ogenin
geneAMEL Y fallsat 6.70 Mb aong the'Y -chromosome.
Of the minimal haplotype loci, only two occur along the
short arm (p), DY S393 and DY S19. There is a heavy
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Figure 1. Chromosomal locationsfor commonly used and new
Y-STR markers.
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concentration of recently discovered markers around the
14 Mbregioninthelongarm (q) of the chromosome. Itis
interesting to note that many of the markers that have a
higher propensity for female cross-reactivity occur near
thetop of the short arm near the pseudoautosomal region
of the Y-chromosome that can recombine with the X
chromosome [43,46]. For example, DY S393 has been
shown to have an X chromosome counterpart, DXY S267
[22].

Therelative positions of several multi-copy Y-STRs
noted in Figure 1 can be seen in more detail in Figure 2.
For example, thetwo DY S385allelescomefromduplicated
portions of the Y -chromosomethat are facing away from
one another and are 40,775 base pairs (bp) apart (Figure
2). Thus, the“forward” primer for DY S385 annealstothe
bottom strand of one of the alleles but to thetop strand in
the other copy along the Y -chromosome. The Y CAIl “&”
and“b" allelesface each other and are over 880,000 bases
apart from one another along the chromosome (Figure 2).
The“d’ and“b” designationsfor these multi-copy alleles
are arranged by allele size during electrophoretic
measurement and not by physical position on the
chromosome.

As noted at the bottom of Figure 2, if two alleles for
amulti-copy locusarethesamesize(i.e., containthesame
number of repeats), then they will appear asasingle peak
when amplified with a single primer pair. In the case
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Figure 2. Examples of multi-copy Y-STRs markers DY S385,
YCAIl,andDY $464. Bothdirectionality of allelesand distance
apartalongtheY -chromosomereferencesequenceareindicated.
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where the “a” alleleis equal to “b” alele, the resulting
peak isusually twiceashighduring electrophoreticanalysis
compared to situations where alleles “a’ and “b” are not
equal in size and can be individually resolved.

C. Characteristics of New Markers

Perhaps the most interesting polymorphic Y-STR
discoveredtodateisDY $464[72], which hasat | east four
copiesonthe Y -chromosome and occursat around 25 Mb
near the DAZ region[46]. Analysisof thedirectionality of
DY 464 sequences along the Y -chromosome indicates
that it isreally aduplicated duplicate locus rather than an
independently quadruplicated one. Thealleleswithineach
pair are ~225 kilobasepairs (kbp) apart whilethe pairsare
1.4 Mb apart (Figure 2).

Examples of several peak patterns produced by
amplifyingthe DY $464 a/b/c/d locuswith asingle primer
pair areillustrated in Figure 3. While four peaks may be
seen with equivalent heights during genotyping when all
four alleles can be separated by size, peak patterns are
often a more complex set of two or three imbalanced
peaks. Thus, alelecallscould be madeby either takingthe
peak heights into account (e.g., 12,13,17) or by only
considering the actual alleles seen (e.g., 12,13,17).

Many of the new Y-STRs recently discovered have
desirable characteristics for forensic analysis. A high
degree of polymorphism and a low degree of stutter
product formation are valuable characteristics for STR
markers when components of mixtures may need to be
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Figure3.DY $464 data. Uptofour distinguished allelesmay be
observed with this quadruplicated polymorphic locus when
amplified with asingle primer pair.
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Figure4. Levelsof stutter withvariousY -STRmarkers. Arrows
indicates stutter products.

resolved from one another. The dinucleotide Y CAll [61],
whichispart of the European “ extended haplotype” [75],
isvery polymorphic and does hel p resolve some common
haplotypes. Unfortunately, Y CAIl has a high degree of
stutter because it is a dinucleotide repeat and prone to
strand slippage. Multiple stutter products are produced
when amplifying Y CAIl, with some stutter products as
high as 50% of the height of the true allele (Figure 4).
Penta- and hexanucleotide repeat loci exhibit amuch
lower degree of stutter and are therefore desirable in
assaysusedfor analysisof forensicevidence[9]. Of the 14
new Y-STR markersdescribedby Reddetal. [72], fiveare
pentanucl eotidesand onecontai nsahexanucl eotiderepeat
(seeTable3). Electropherogramsfromthe pentanucl eotide
DY $447 andthehexanucleotide DY S448 shownin Figure
4 illustrate that both these markers have less than 2%
stutter. DY S447 and DY $448 also rank well in terms of
alelic diversity against other markers tested in the same
sample set [72, Schoske R, personal communication].

D. Population Studies

The Y-STR markers with the most use in sample
testing to date are the “minimal haplotype” loci. These 9
markers(if onecountsthetwo DY S385 all el esas separate
“loci”) have been used to generate more than 16,000
profiles in the Y-STR Haplotype Reference database
across approximately 100 European, U.S., and Asian
populations (see http://www.ystr.org). Within the past
several years, studieswith additional Y-STR loci beyond
theminimal haplotypeloci have been conducted. Table4
summarizes the markers evaluated and the number of
sampl esexamined. Whilethenumber of popul ation studies
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Table 3. Information on selected Y -STR markers. Reference allele refers to the number of
repeats found in the GenBank sequence, which must sometimes be made reverse and
complement (r&c) in order to maintain consistency with previously used repeat motifs

Marker Allelerange GenBank Reference
name (repeat no. Repeat motif accession allele
DYS19 10-19 TAGA ACO017019 (r&c) 15
DY S385 ab 7-28 GAAA AC022486 (r&c) 11
DYS3891 9-17 (TCTG) (TCTA) AC004617 (r&c) 12
DYS389 1l 24-34 (TCTG) (TCTA) 29
DY S390 17-28 (TCTA) (TCTG) AC011289 24
DY S391 6-14 TCTA AC011302 11
DY S392 6-17 TAT AC011745 (r&c) 13
DY S393 9-17 AGAT AC006152 12
YCAII A/B 11-25 CA ACO015978 23
DY S388 10-18 ATT AC004810 12
DY $425 10-14 TGT AC095380 10
DY $426 10-12 GTT AC007034 12
DY 434 9-12 TAAT (CTAT) AC002992 10
DY 435 9-13 TGGA AC002992 9
DY 3436 9-15 GTT AC005820 12
DY 437 13-17 TCTA AC002992 16
DY 438 6-14 TTTTC AC002531 10
DY $439 9-14 AGAT AC002992 13
DY 441 12-18 CCTT AC004474 14
DY 442 10-14 TATC AC004810 12
DY $443 12-17 TTCC AC007274 13
DY 444 11-15 TAGA AC007043 14
DY 445 10-13 TTTA AC009233 12
DY $446 10-18 TCTCT AC006152 14
DY 447 22-29 TAAWA compound AC005820 23
DY $448 20-26 AGAGAT AC025227 22
DY $449 26-36 TTTC AC051663 29
DY $450 8-11 TTTTA AC051663 9
DY 452 27-33 YATAC compound AC010137 31
DY 453 9-13 AAAT AC006157 11
DY 454 10-12 AAAT AC025731 11
DY $455 8-12 AAAT AC012068 11
DY $456 13-18 AGAT AC010106 15
DY 458 13-20 GAAA AC010902 16
DY $459 alb 7-10 TAAA AC010682 9
DY $460 (A7.1) 7-12 ATAG AC009235 (r&c) 10
DY 3461 (A7.2) 8-14 (TAGA) CAGA AC009235 (r&c) 12
DY 462 8-14 TATG AC007244 11
DY $463 18-27 AARGG compound AC007275 24
DY $464 alb/c/d 11-20 CCTT X17354 13
Y-GATA-H4 8-13(25-30) TAGA AC011751 (r&c) 12
Y-GATA-C4 20-25 TSTA compound G42673 21
Y-GATA-A10 13-18 TAGA AC011751 13

performed with new markers has grown, many of these
studies have not evaluated sample sets across all of the
availablemarkersandthusdonot permit direct comparisons
of the new and more commonly used Y-STRs[72]. The
recent availability of commercial kits and new multiplex
PCR assays for Y-STR markers will allow information
from more markersto be collected acrosslarger numbers
of samples.

E. Genetic Genealogy Studies

Several companiesare currently promoting the use of
Y -chromosome testing for inferring genealogical
relationships particularly for surname testing [48,89].
These efforts are drawing in thousands of samples from
enthusiastic geneal ogists who often post their results on
the Internet and become very interested in ongoing Y -
chromosome research efforts. The genetic geneal ogy
companies include Oxford Ancestors (Oxfordshire,
England), FamilyTree DNA (Houston, TX), and Relative
Genetics(Salt LakeCity, UT). RelativeGeneticsperforms
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Table4.Y-STR populationstudiesincluding loci beyond theminimal haplotypemarkers. Loci nameshavebeen shortened to conserve

space (e.g., DY $438 is 438)

Population No. of samples Markerstested Ref.
83 European populations 12,675 Minimal haplotype loci www.ystr.org ([75])
U.S. Caucasian, African 1705 Minimal haplotype loci (628 C, 599 AA, 478 H) WWWw.ystr.org/usa
American, Hispanic ([56])
14 Asian populations 1924 Minimal haplotype loci wWww.ystr.org/asia
U.S. Caucasian, African 517,535,245 Minimal haplotypeloci + 438, 439 www.reliagene.com
American, Hispanic
YCC cell lines 73 36 Y STRs: 464, YCAII, 449, 446, 463, 448, 447, 458, 459, 456, 439,
452, 461, 438, 450, 460, 426, 453, 388, 454, 434, 455, G10123,
DYF371, DXY S156, H4 [72]
U.S. Caucasian 148 26'Y STRs: 464, 449, 458, 456, 447, 459, 439, 446, 463, 448, 452, 437,
426, 388, 455, 453, 450, 454 [72]
Central Africa 408 16 Y STRs: 388, 425, 426, 434, 435, 436, 437, 438, 439 [100]
Chinese 104 C4,A10 [102]
Chinese (Han) 81 434, 435, 436, 437, 438, 439 [38]
Equatorial Guinea 57 434, 437, 439 [1]
Galicia (NW Spain) 212 437, 438, 439, A10, A7.1, A7.2,C4, H4 [70]
Iberian Peninsula 768 19Y STRs: 388, 434, 435, 436, 437, 438, 439, 460, 461, 462 [8]
Italian 131 437, 438, 439 [26]
Japanese 184 441, 442 [40]
Japanese 190 443, 444, 445 [39]
Japanese 294 14Y STRs: 435, 436, 437, 438, 439, 460 (A7.1), H4 [91]
Korean 316 Minimal haplotype + 388 [86]
Pakistan 278 434, 435, 436, 437, 438, 439 [3]
Pakistan 718 16 Y STRs: 388, 425, 426, 434, 435, 436, 437, 438, 439 [69]
Portuguese 212 434, 437, 438, 439, A10 [29]
Portuguese 208 16 Y STRs: 460 (A7.1), 461 (A7.2), C4, H4 [4]
Portugal, Macao, Mozambique 69, 59, 64 434, 437, 438, 439 [31]
U.S. Caucasian 244 27Y STRs: 388, 426, 437, 438, 439, 447, 448, 450, 456, 458, 460, 464,  Schoske?
YCAII, H4
U.S. African American 260 27Y STRs: 388, 426, 437, 438, 439, 447, 448, 450, 456, 458, 460, 464, Schoske?
YCAII, H4
U.S. Hispanic 143 27Y STRs: 388, 426, 437, 438, 439, 447, 448, 450, 456, 458, 460, 464,  Schoske?

YCAII, H4

a8 Manuscript in preparation (R. Schoske of the National Institute of Materials and Technology).

the testing for Ancestry.com and owns acompany named
GeneTree (San Jose, CA). In addition, a large effort is
under way at Brigham Y oung University (Provo, UT) in
their Molecular Genealogy Research Group to gather
100,000 samples with at least four-generation pedigrees
and look at avariety of DNA markersincluding Y-STRs.

Oxford Ancestors(http://www.oxfordancestors.com)
tests10Y-STRs: DY S19,DY S388,DY S3891, DY S389l1,
DYS390, DYS391, DYS392, DY S393, DY $425, and
DY $426. FamilyTree DNA (http://www.familytreedna.

com) testing is performed in Mike Hammer’s University
of Arizonalaboratory and generatesresultsat 25Y-STRs:
DYS19, DYS388, DY S389l/l1, DY S390, DY S391,
DYS392, DYS393, DYS385 alb, DY $426, DY $437,
DY S439, DYS447, DY S448, DY S449, DY S454,
DY $455, DY $458, DY $459 a/b, and DY $464 a/b/c/d.
Relative Genetics (http://www.rel ativegenetics.com) and
GeneTree(http://www.genetree.com) providetheir clients
withinformation from thefollowing 24 Y-STRs: DY S19
(DY S394), DY S388, DY S389l/11, DY S390, DY S391,

Butler « Development in Y-STR and Y-SNP Analysis



DY S392, DY S393, DY S385 alb, YCAII a/b, DY $426,
DYS437, DY S438, DY S439, DY S460, DY S461,
DY $462, GGAAT1BO7, Y-GATA-A4 (DY $439), A10,
C4, and H4.

I1.Y-STR TYPING ASSAYSAND KITS
A. Approachesto Reliable Genotyping

ReliableY -STRtyping resultsmay beobtainedinone
of three different approaches as illustrated in Figure 5.
When STR markers are first discovered and are being
evaluated in research laboratories, typing of samples is
often performed with fixed bin genotyping macros that
rely onhighrun-to-runprecisionandinternal sizestandards
(Figure 5, panel A). Thisapproach easily accommodates
new allelesasthey arediscovered. A sequenced reference
sample, containing only one of the alleles, can be used to
calibrate repeat number to PCR product size under
particular electrophoretic conditions. For example, a
sample containing 14 TAGA repeatsat DY S19 may size
at 246.50 bp; atemplate with 4-bp increments across the
expected allele range could then be used to convert
measured size into repeat number.

The most commonly used method in forensic
laboratories involves allelic ladders where samples are
compared to a set of common alleles run under the same
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Figureb5. Various approachesfor reliable genotyping of STRs.
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electrophoretic conditions [9,24,88] (Figure 5, panel B).
Theladder isrun with each batch of samplesand contains
the sameinternal size standard as the individual samples
being tested. Allele sizes in the ladder sample are then
compared to sequentially run samples. Each allelein the
alelic ladder should be sequenced and the alleles should
spantheexpectedrangeof commonalleles[24]. A company
supplying the allelic ladder as part of a kit typically
performssequencing of theallelesintheladder. Themajor
advantage of using an alelic ladder is that results can
easily be compared across laboratories that may be using
different electrophoretic conditions [9].

An approach recently introduced by OligoTrail LLC
(Evanston, IL) involves locus-specific brackets (LSBs).
LSBsareartificially created allelesdesigned to beoutside
the range of common alleles that provide an interna
calibration unique to each STR marker [17] (Figure 5,
panel C). They can be used to adjust for electrophoretic
run-to-rundifferences. Noallelicladder or separateinternal
sizestandardisneeded with thisapproach. SincetheL SBs
have been sequenced, they provide the caibrants to
accurately convert electrophoretic mobility of a PCR
product into the number of repeats present. Another
advantage is that all four colors in a 4-dye detection
systemmay beusedfor labelingthe PCR productsbecause
a separate dye channel is not needed for the internal size
standard.

B. Multiplex Polymerase Chain Reaction

More than one Y-STR marker can be examined
simultaneously with multiplex PCR amplification.
Multiplexing savestime and effort aswell as conserving
precious sample when attempting to gather information
from many genetic markers [9,60]. Good PCR primer
design [10,12,83] and high-quality primers [11,83] are
essential to obtaining successful multiplex reactions.
Multiplex PCR primer design and optimizationisagreater
challenge than designing singleplex PCR primer pairs
because multiple primer annealing eventsneed to occur at
the same annealing conditions without interfering with
one another [60,83].

C. National Institute of Standard and Technology
Multiplex Assays

Our laboratory at the U.S. National Institute of
Standards and Technology (NIST) has been actively
involved since2000indeveloping new Y -STR assaysand
improving the standardization of information on Y-
chromosome markers. Multiplex PCR has been used to
successfully co-amplify up to 20 different PCR products
from Y-STR markers[12].
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The first multiplex developed in our laboratory
involved 10 loci: DY S19, DY S391, DY S392, DY $435,
DY $436, DY $437, DY $438, DY $439, Y-GATA-A7.1
(DY $460), and Y-GATA-H4. The primers and PCR
conditions were described for this multiplex at the
International Symposium on Human Identification in
October 2000 [77] and made available on our STRBase
website (http://www.cstl.nist.gov/biotech/strbase/
y_strs.htm). A completedescription of the primersandthe
multiplex design process was published more recently
[83]. Laboratoriesin Finland, Japan, and the United States
have performed population studies with this multiplex
[34,49,91]. These loci were selected to examine newly
discovered markers[3,96] for eval uation and possibleuse
in additional assays. The Y-STRsDY $435 and DY $436
showed little variation in the samples tested and were
therefore dropped from consideration.

TheY-STR 20plex assay developed inthe summer of
2001 includes the 11 markers of the European extended
haplotype, the trinucleotide loci DY S388 and DY $426,
the tetranucleotide loci DY $437, DY $439, GATA A7.1
(DY $460) and H4, the pentanucleotideloci DY $S438 and
DY $447, and the hexanucleotide marker DY $448 [12].
Efforts were made to avoid X-chromosome homology in
the primer design, particularly in the case of DY S391
[15,27]. PCR product size ranges were packed together
through careful examination of known allele ranges in
order to keep all allelesless than 350 bp. Allelic ladders
werenot created with our original multiplex assaysbecause
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Figure 6. NIST Y-STR multiplexes. The same sample was
amplified with four different multiple assays. The DY S marker
names are listed above the corresponding PCR product peak.

inmany caseswedid not know thefull allelerangeor have
availableallelestocreateone. Instead, popul ation datahas
been collected with a high degree of intralaboratory
precision along with sequenced reference materials to
correlate sizing results to alele calls (see section on
reference materials below).

More recently an 11plex assay has been developed
that generates Y-STR amplicons using the markers
DY $447,DY $448,DY 450,DY $456,DY $458,DY S385
alb, and DY $464 a/b/c/d (Schoske, in preparation). The
PCR product sizesfor thesenew markersweredesignedto
allow incorporation of theminimal haplotypeloci around

Table5. Comparison of Y-STR markers presentin commercial kitsand NIST multiplex assaysindicated by dyelabel

color

Marker Y-Plex™ 6 Y-Plex™5 PowerPlex® Y NIST 20plex NIST 11plex  NIST 10plex
DYS19 Blue Green Yelow Blue
DY S385 alb Yelow Yelow Green Green

DYS389 | Blue Blue Blue

DYS389 11 Blue

DY S390 Yelow Yelow Green

DYS391 Yelow Blue Blue Green
DY S392 Yelow Green Yellow Yelow
DY S393 Blue Yelow Green

DY 438 Yelow Green Blue Yelow
DY 439 Green Blue Blue Blue
DY 437 Green Blue Yelow
YCAIIl alb Green

DY S388 Yellow

DY $426 Green

DY 435 Blue
DY $436 Blue
DY 447 Red Blue

DY $448 Red Blue

DY $450 Yellow

DY $456 Yellow

DY $458 Yellow

DY $460 (A7.1) Yellow Green
DY $464 alb/c/d Green
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the 11plex amplicons. Figure 6 illustrates the NIST Y-
STR multiplex assays completed as of Fall 2002. The
origina 10plex, published 20plex, new 1lplex, and an
18plex that combines the minimal haplotype loci and the
11plex markers are shown using the same male DNA
sample. These multiplex assays, particularly the 20plex
and 11plex, haveallowedour laboratory torapidly generate
population data on hundreds of samples and directly
eval uatewhich markersaremost polymorphicinthesame
sample set (Schoske, in preparation). However, most
forensic laboratories are more comfortable with using
commercial kits due to primer quality control issues and
the availability of allelic ladders. Several Y-STR kitsare
now available and more should be in the near future
(Tableb).

D. Commercial Kits

ReliaGene Technologies (New Orleans, LA), Serac
(Germany), and Promega Corporation (Madison, WI)
haveor will soonreleaseY -STRkits. Applied Biosystems
(Foster City, CA) isalsoevauatingthe Y -STR kit market.
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Figure 7. Example results from ReliaGene's Y-Plex™ Kkits.

ReliaGene has produced two commercially available
kits for typing Y-STR markers. Y-PLEX[ 6 examines
DY S19, DY S38911, DY S390, DYS391, DY S393, and
DY S385a/b. Y-PLEX [ 5amplifiesDY S389l/11,DY S392,
DY $438, and DY $439. Use of both Y-PLEXO kitswill
permit evaluation of results at 11 loci—the minimal
haplotype plus DY $438 and DY $439 (Figure 7). The
ReliaGene website (http://www.reliagene.com) permits
databasesearchesatthe11loci intheir twokits. VValidation
studies have been completed on the Y-PLEXO 6 kit
showing that it has sensitivity down to 200 pg and can
detect full male profilesin mixture samples containing as
muchas1:125male-to-female DNA [88]. Exampleresults
from the ReliaGene Y-PLEX[ 5 and Y-PLEXO 6 kits
obtained in our laboratory are shown in Figure 7.
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The Serackitsamplify theminimal haplotypeloci and
the sex-typing marker amelogenin. The genRES”
DY Splex-1 kit contains DY S3891/I1, DY S390, DY S391,
DY S385 alb, and amel ogenin while genRES™ DY Splex-
2hasDY S19,DY S3891/11,DY S392, and DY S393. These
kits are used primarily in Europe.

Promega Corporation began working onaY -STR kit
in mid-2002 using the NIST 20plex assay [12] as a
framework. Primers were adjusted to improve male-
specificity and allelic ladders were created. Prototype kit
materials were supplied to a handful of laboratories in
December 2002 for evaluation. Their kit co-amplifies 12
Y -STRIoci includingtheminimal haplotypeloci, DY $438,
DY $439,and DY $437. Allelicladdersfromtheprototype
kit are shown in Figure 8.

I11. Y-SINGLE NUCLEOTIDE POLYMORPHISM
MARKERSAND TYPING ASSAY S

A. AvailableMarkers

Biallelic markers, such as single nucleotide
polymorphisms (SNPs) and insertion/deletions (indels),
represent another important class of markers on the Y-
chromosome. These markersare sometimesreferred to as
unique event polymorphisms (UEPS) becausethey havea
much lower rate of mutation than STRs (=108 vs. =103
mutationsper generation) [20,53,55]. SNPsonly havetwo
alleles and therefore provide lessinformation per marker
than STRsthat can haveadozen or morealleles(or alelic
combinationsinthecaseof multi-copy Y-STRs). Biallelic
markersprovideal ow-resolutionview of apaternal lineage
much like a satellite picture of a continent instead of an
image taken by a low-flying aircraft that is capable of
picking up higher resolution details.

Thefirst biallelicmarker found ontheY -chromosome
was an Alu insertion (DY S287) abbreviated YAP for Y -
chromosome Alu polymorphism, which is present in
many Africans and absent in most European populations
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Figure 8. Promega’ s PowerPlex® Y prototype allelic ladders.
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Table 6. Characteristics of 246 Y-SNP markers [98]. (See also http://ycc,biosci.arizona.edu/nomenclature_system/data.html.)

Marker Ancest/Der YCC Hg Marker  Ancest/Der YCC Hg Marker Ancest/Der  YCCHg Marker Ancest/Der  YCCHg
M2 A->G E3a M70 A->C K2 M138 C->T Hilc M207 A->G R
M3 C->T Q3 M71 C->T A2 M139 5G->4G B-R M208 C->T

M4 A->G M M72 A->G 11a3 M141  T->A A2 M209 A->G

M5 C->T M M73 2-bp DE? R1b4 M143  G->T Q2 M210 A->T

M6  T->C A2 M74 G->A P-R M144 T->C A3b M211 C->T B2b4b
M7 C->G 0O3d M75 G->A E2 M145 G->A D-E M212 C->A

M8 G->T Cl M76 T->G L1 M146 A->C B1 M213 T->C F-R
M9 C->G K-R M77 C->T C3c M147 1-bp IN2(T) K3 M214 T->C o
M10 T->C E3a6 M78 C->T E3bl M148 A->G Ebla M215 A->G

M11 A->G L M8l C->T E3b2 M149 G->A E3a3 M216 C->T C
M12  G->T Jee m82 -2bp H1 M150 C->T B2a M217 A->C C3
M13 G->C A3b2 m82 -2bp Hlb M151 G->A D2b2 M218 C->T

M14  T->C A2 M85 C->A E2b M152 C->T B2al M219 T->C

M15 9-bpIN2 D1 M86 T->G C3c M153 T->A R1b6 M220 A->G A3b
M16 C->A M2a m87 T->C Rialc M154 T->C E3a4 M221 G->A

M17 4G->3G  Rilal ma88 A->G O2al M155 G->A M223 C->T

M18 2-bpIN2 Ribl mM89 C->T F-R M156 A->G E3a6 M224 T->C

M19 T->A Q3a M90 C->G E2b M157 A->C Rialb YAP Alu- ->Alu+  D-E
M20 A->G L Mol 9T->8T A M158 G->A Jad P1 C->T E3a
M21  A->T 11a2 M92 T->C J2f1 M159 A->C O3c P2 C->T E3
M22  A->G L M93 C->T C3a M160 A->C R1b7 P3 G->A A2
M23  A->G A2 M94 C->A B-R M161 C->A 11b2a P4 C->T A2
M25 G->C Q2 M95 C->T O2a M163 A->C Jef2 P5 C->T A2
M26 G->A 11b2 M96 G->C E M164 T->C 0O3b P6 G->C B2bl
M27 C->G L1 M97 T->G H1b M165 A->G “E3a5, E3b2b” P7 T->C B2b4
M28  T->G A3a M98 G->C E2b M166 G->A Jef2 P8 G->A B2b4a
M30 G->A B2b3 M99 1-bp DE® Jeela M168 C->T C-R P9 C->A C-R
M31 G->C Al M101 C->T Ola M169 T->C B2b2 P14 C->T F-R
M32 T->C A3 M102 G->C Jeel M170 A->C | P15 C->T G2
M33  A->C El M103 C->T O1b M171  G->C A3b2a P16 A->T G2a
M34  G->T E3b3a M105 C->T Cl M172  T->G J2 P18 C->T G2al
M35 G->C E3b M106 A->G M M173 A->C R1 P19 T->G |
M36 T->G Hla M107 A->G E3b2a M174 T->C D P20 CDE? Gl
M37 C->T  “I1b,R1b2” M108 T->C “B2a2, B2b3a" M175  -5bp (0] P21 C->A N3al
M38 T->G c2 M109 C->T B2al M178 T->C N3a P22 (M104) G/IA->A M2
M39 CDE? Hilc M110 T->C O1b M179 C->T P25 C->A R1b
M42 A>T B-R M111 2-bp(TT) DE? O2al M180 T->C P27 G->A P-R
M43 A->G B2a2a M112 G->A B2b M181 T->C B P28 C->T A2b
M44  G->C Ela M113 A->G 03d1 M182 C->T B2 P29 A->C E
M45  G->A P-R M114 T->C A2a M183 A->C P31 T->C 02
M47  G->A Jea M115 C->T B2b2 M184 G->A P33 T->C C2a
M48  A->G C3c M116.2 “A->C, tridlelic’  D2b,E3a2 M185 C->T P36 G->A Q
M49 T->C A2 M117 4-bp DE? O3el M186 1-bp DE? M P37 T->C D2
M50 T->C O1b M118 A->T A3b2b M188 C->T P44 G->A C3
M51  G->A A3bl M119 A->C o1 M189 G->T M SRY e G->A E
M52  A->C H M120 T->C Q1 M190 A->G A3b SRY (16 C->T K1
M54 G->A E2b M121 5bp DE? O3a M191 T->G SRY pasa A->G B-R
M55  T->C D2 M122 T->C 03 M192 C->T SRY e G->A Rila
M56  A->T Rlala M123 G->A E3b3 M193 4-bp IN?2 92R7 G->A P-R
M57  +1bp D2 M124 C->T P1 M194 T->C Q3b Tat (M46) T->C N3
M58  G->A E3al M125 T->C D2bl M195 A->G Apt G->A F1
M59 A->C A3a M126 4-bp DE? R1b5 M196 C->G A2 LINE1 LINE-->LINE+ O3c
M60  +1bp B M127 C->T A3b2 M197 T->C MSY2 4->3 “B2b4b, 01"
M6l C->T L M128 -2bp N1 M198 C->T SRY-2627 C->T R1b8
M62 T->C J M129 G->A B2b3 M199 1-bp IN2 (G) Q3c SRY +465 C->T

M63  G->A A3b2 M131 9-bp DE? C1 M200 G->A 47z G->C

M64 A->GRE? “D2, Rlalc® M132 G->T El M201  G->T G MEH1 C->G A2
M65  A->T R1b3 M133 1-bp (T) DE? O3el M202 T->G MEH2 G->T Q
Mé6  A->C E3a6 M134 -1bp O3e M203 G->C D-E 50f2(P) G->C B2b
M67  A->T Jof M135 +1bp A2 M204 T->G 122 present->absent D2, J
M68  A->G J2b M136 C->T E3b3al M205 T->A

M69 T->C H M137 T->C J2c M206 T->G A2

a8 DE: Deletion; IN: Insertion; RE: Recurrent.
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[32]. Until 1997 only about adozen biallelic markers had
been described on the Y-chromosome. These Y-SNPs
includedsY81 (DY S271) [84], DY S199 (M3) [92], 92R7
[61], and SRY -8299, -1532, -2627 [97]. The use of
denaturing high performance liquid chromatography
(DHPLC) by Peter Underhill’ sgroupat Stanford University
for discovery of SNPshasadded several hundred more'Y -
SNPs to the available marker set [93,94,98].

Table 6 lists characteristics for 246 Y-SNP markers
[98]. The marker names are listed as“M” numbers were
discovered and named by the Stanford group. Marker
numbers listed in Table 6 are discontinuous because of
selected removal of numbered microsatellite and
homopolymer polymorphisms. In addition, markers
discovered by other groups, suchasTat (M46), weregiven
Stanford marker numbersand thenlater removed fromthe
list. Some of these duplicates include YAP (M1), sY81
(M2), P3 (M29), SRY 4064 (M40), SRY 9138 (M177),
and SRY 2627 (M167). In addition to the marker name,
information on “ancestral” and “derived” alele callsfor
eachY-SNParelistedin Table6 a ongwiththehaplogroup
defined by aderived alele when variation is observed at
a particular marker.

B. Unified Nomenclature for Y-Single Nucleotide
Polymor phism Haplogroups

One of the biggest problems with Y-SNPs has been
the different naming schemesfor haplogroup designation
developed by thevariousY -chromosome research groups
around the world. Before 2002, if a“G” (derived state)
was observed in a sample when typing the M2 (sY 81 or
DY S271) marker, then the sample could be reported as
bel onging tohaplogroup (Hg) 8 by Jobling’ snomenclature
[46], Hg 111 by Underhill’ s naming procedure[94], or Hg
5by Hammer’ sdescription[33]. Examination of different
popul ation sampleswith different markersand descriptions
of resultswith unique nomenclaturesmade understanding
the relationships between markers and populations
challenging if not impossible.

In February 2002, the Y-chromosome Consortium
(YCC) published a paper in Genome Research that isin
many waysthe Rosetta Stonefor Y-SNP markers[98]. In
this paper, a haplogroup tree is described showing the
relationships of over 200 Y -SNPsto each other aswell as
correlating seven different nomenclatures for defining
these haplogroups. In the process of defining 153
haplogroups on this parsimonious tree, a new method of
classifying Y -chromosome haplogroup nomenclaturesis
spelled out. Theexamplegiven abovewiththeM2derived
allele would now placeitin YCC Hg “E3a’.

The YCC haplogroup tree or “cladogram” was
generated by comparison of Y -SNP markersinacommon
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Table 7. Examples of recent work applying SNP typing
technologiesto Y-SNP markers

Method Markerstyped Ref.
Melting curve  M170, M9 [99]
MALDI-TOFMS 118Y SNPsin 20 multiplexes [64]
Microarrays 24'Y SNPsin 2 multiplexes [71]
Microchip CE YAP, 122 [42]
SNaPshot 15 SNPsin 2 multiplexes [41]
Real-timePCR 4 SNPsin singleplex or 2 duplexes: [59]
M9, sY 81, SRY 1532, SRY 2627
Luminex hybri- 42 SNPsin 5 multiplexes Vallone,
dization beads Butler?

a8 Manuscript in preparation.

set of samplesfrom diverse populations. A set of 74 male
and 2 female cell lines from diverse world population
sourceswas used by the Y CC. Population sourcesfor the
Y CC cell lines are described at the University of Arizona
website: http://ycc.biosci.arizona.edu/nomenclature
system/tablel.html. Results from Y-STR markers using
the NIST 20plex [12] and new Y-STR markers[72] have
also been reported on these same 74 male cell lines. The
creation of a common, unified nomenclature has been a
tremendousaidtothe -chromosomeresearchcommunity.

C. Typing Technologies

A number of different technologies and approaches
have been used for examining Y-SNP markers (Table 7).
Some methods, such asreal-time PCR [59], work best by
analyzing markers one at atime while others are capable
of multiplex analysis. The most comprehensive approach
to typing Y-SNPs has been the time-of-flight mass
spectrometry multiplexes developed by Chris Tyler-
Smith’'s group [64]. Twenty different multiplex assays
were designed to type 118 Y-SNPs in a hierarchical
format. The first multiplex examines the SNPs at the
major branch points in the YCC tree. Additional
multiplexes are then used as needed to differentiate Y-
SNP haplogroups based on the derived alleles present
until thetreeisfollowed out toitsfurthest branches. These
118 markers are capable of distinguishing 116 different
haplogroups [64]. However, not everyone has accessto a
mass spectrometer or the need to type this many markers.

D. SNaPshot Assay
One technique that has recently gained popularity is

the primer extension approach using the SNaPshotd kit
from Applied Biosystems. Thismethodisfacilitated by its
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use of multi-color fluorescence gel or capillary
electrophoresis equipment readily available in most
forensic DNA laboratories. Inagaki and coworkers [41]
examined 15 Y-SNPs in two SNaPshot multiplexes.
Markers used in these assaysincluded M9, M105, M 122,
M 125, M128, M 130, SRY 465, and 8 new Y-SNPsfroma
Japanese SNP database. They observed 13 different
haplogroups in 159 Japanese males [41]. Kayser and

coworkers [54] aso used SNaPshot to examine M95,
M104, M173, M210, and M217 as part of astudy of New
Guinea populations. At the November 2002 Third
International Forensic Y-User Workshop held in Porto,
Portugal, the ability to multiplex 35 Y-SNPsin asingle
SNaPshot assay was reported [79].

Our group at NIST has examined medium-size
SNaPshot multiplexesin order to evaluate several dozen
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Figure 9. Example sampleswith aNIST SNaPshot assay devel oped for simultaneous analysis
of 6 Y-SNPs. A 6plex PCR multiplex isthetemplate for the 6plex SnaPshot assay (Vallone and
Butler, in preparation). Allele comparisons in boxes are distinguished by size and/or color.

Y-SNPs for relevance to U.S. populations. Figure 9
demonstrates three samples with different Y-SNP results
using a6plex SNaPshot assay for themarkersM 75, M112,
M119, M170, M172, and M174. We have examined a
total of 50 Y-SNPsin appoximately 200 U.S. Caucasian
and African American population samples using the
SNaPshot and L uminex SNP typing approaches (Vallone
and Butler, in preparation).
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E. Luminex Assay

Another technology that permitseval uationof Y-SNP
markers in a highly multiplexed fashion is based on the
Luminex platform with allele-specific hybridization [2].
Figure 10 illustrates the process in the Luminex assay.
PCR isused to amplify the SNP site (e.g., A or G) and to
label the PCR product with afluorescent dye. Thelabeled

Figure 10. Schematic of Luminex bead hybridization assay for SNP analysis.
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PCR product is then hybridized to allele-specific probes
attached to latex beads. Oligonucleotide probes for each
possible SNP alele are attached to adifferent color bead.
A hundred different bead colors are possible, enabling up
to 50 biallelic markers to be examined simultaneously.
The beads are then evaluated one at a time through flow
cytometry using two different lasers. One laser detects
fluorescencefrom thelabeled PCR products and the other
evaluatesthe color of bead passing by the detector. Signal
fromthePCR productisplacedintovarioushinsassociated
with bead color and hence SNPmarker and allelecall. The
relative amounts of signal from the two possible aleles
can be compared to determine the SNP call. Each sample
canbeprocessed throughthe L uminex 100 flow cytometer
instrument in approximately 30 seconds. Thus, a 96-well
plate can be run in less than an hour.

Marligen Biosciences, Inc. (ljamsville, MD) has
developedaY -SNPtesting kit capable of analyzing42Y -
SNPswith 5 different multiplex PCR reactionsthat works
on the Luminex platform (see http://www.marligen.com/
products/signetysnp.htm). These 42 Y-SNPs define 38
possible haplogroups covering most of the YCC tree
(Figure 11). Multiplex 1 includes markers that examine
the major branch points of the tree, whereas Multiplex 5
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Figurell.Y CChaplogroupsdefinedby 42 Y -SNPsinMarligen
kit.
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markers seek to further differentiate Y CC haplogroup R.
Note that there is some redundancy in the Marligen kit
markers. For example, M42 and M94 (al but Hg A)
providethe sameinformation, asdo P3 and P4 (Hg A2*).
It is also worth noting that not al Y-SNP markers are
equally useful in population analysis.

F. Optimal Y-SNP Markers

An analysis of 20 U.S. Caucasian and 20 African
Americansampleswiththe42MarligenY -SNPsillustrates
that most of the markers do not vary in the small sample
set shown here (Table 8). In fact, only 8 different
haplogroups were observed among the 40 samples.
However, separation of the population-of-origin (i.e.,
ethnic discrimination) for the samplesisstriking. Most of
the African American samples are derived at M2 and are
thus in the E3a haplogroup while a majority of the U.S.
Caucasians are derived at M207 and fall into haplogroup
R. A larger study of amost 200 individuals showed
similar characteristics(Figure12). Whilethereisadegree
of admixture between U.S. populations, Y-SNP markers
may be ableto play arolein inferring the population-of-
originfor acrime-scenestain should that ability bedesired
in the future [47].

Y-SNP population studies to date have primarily
focused on human migration patterns or evolutionary
studies[5,7,33,50,51,54,62,63,92,94,95,100,101]. These
studies have been conducted with relatively small sample
sets from diverse populations. The studies necessary to
truly evaluatetheforensic relevance of Y-SNPsinlarger,
more homogeneous population data sets are just getting
underway. It is likely that Y-SNPs will be used in a
complementary role with Y-STRs rather than as a stand-
alone approach for examining male genetic variationin a
forensic context.

IV.REFERENCE MATERIALSAND
STANDARDIZATION

Reference materials permit calibration of analytical
methodsaswell asmonitoring thequality of thesemethods
over time. Need for standardization of information going
into DNA databases hasstressed theimportance of quality
reference materials. In addition, allele nomenclatures for
typing systems must be consistent so that DNA databases
can efficiently exchangeinformation among | aboratories.
Interlaboratory studies are needed for understanding
performance levels of participating labs. Individual
|aboratoriesmust al so performvalidation studiestodeduce
the performance of a particular assay in their hands.
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Table8. Typing resultsfrom 42 Marligen Y -SNPswith 20 African American (AA) and 20 U.S. Caucasian (C) males. Derived
alelesare shownwithitalic. Theother 32 Y-SNPsdid not vary in the tested samples. Note the redundancy in M207 and M45
and the fact that ethnic discrimination is not 100% with these population samples. Y CC haplogroup (Hg) designations (see

Ref. [98]) and frequencies are on the right side of the table
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A. Available Reference Materials

A variety of reference materials have been available
over theyearsfor commonly used Y -STR markers. Inthe
late1990s, Peter deK nijff’ slaboratory at Leiden University
supplied many |aboratories around the world with allelic
laddersfor DY S19,DY S388,DY S390,DY S391, DY S392,
and DY S393 (http://www.medfac.leidenuniv.nl/fldo/
hptekst.html). Lutz Roewer provides a set of 5 quality
control standardsfor |aboratoriessubmitting datatothe -
STRHaplotypeDatabase (http://www.ystr.org) of minimal

and extended haplotype loci. More recently, ReliaGene
Technologiesinc. (http://www.reliagene.com/) hasbegun
selling 8 quality control bloodstains with their Y-Plex™
ReferenceKit for validation purposesonthe 11 loci typed
with the Y-Plex™ 6 and Y -Plex™ 5 kits.

A Standard Reference Materia™ (SRM) has been
createdinourlabat NIST that will aidinfuturecomparisons
of different primer sets for commonly used and new Y -
STR markers. NIST SRM 2395, Human Y -chromosome
DNA Standard, contains 5 male samples and 1 female
sample and will become available in 2003 (http://

Butler « Development in Y-STR and Y-SNP Analysis
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Figure 12. Y-SNP haplogroup frequencies in 95 African
American and 94 Caucasian males defined by analysis of 42
Marligen Y-SNPs. Only 15 different groups were observed
from 189 individuals.
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Figure13. Characterization of DY S385allelesin SRM 2395 by
sequence analysis and Y-Plex™ 6 kit typing.

www.nist.gov/srm). The male samples have been
sequenced at morethan 20 Y-STR loci and typed at more
than 40 Y-SNPs (Butler, in preparation). An example of
the sequence information obtained with two DY S385
aleles is shown in Figure 13. Laboratories wishing to
verify that their assayswere run properly with any primer
set canusethesereferencematerias. Therecent avail ability
of commercial STR kitsand their alelic ladderswill also
promote standardization in allele calls.

B. Allele Nomenclaturelssues

One of the major challenges with comparing results
from Y-STR markers beyond the well-characterized
minimal haplotype loci involves the issue of allele
nomenclature. For example, the same DY $439 aleles
have been reported three different ways in the literature
[3,25,26]. Ayub et al. [3] useonly the core variabl e repeat
unit in their allele designations, whereas Griganni and
coworkers[26] use seven additional invariant repeat units
found upstream of thecorevariablerepeat block. Gonzal ez-
Neiraet al. [25] added two moreinvariant repeats beyond
those used by Griganni in their DY S439 allele
nomenclature. Thus, without a common set of rules

correlating results between different laboratories can be
quite challenging.

TheDNA Commission of thelnternational Society of
Forensic Genetics (ISFG) published recommendationsin
July 2001 on Y-STR markers [24]. The guidelines state
that Y -STRIocusnomenclatureshouldbetheDY Snumber
if available. For example, laboratories reporting results
for Y-GATA-A7.1[96] should useitsnew nameDY S460
[8]. Thisl SFG group alsorecommendedthat allelicladders
should span the distance of known allelic variants within
each locus with rungs that are one repeat unit apart
wherever possible. Ladders should be widely available
and contain alleles that have been sequenced.

Regarding allele nomenclature, the |SFG guidelines
state that the number of complete repeat units should be
counted with partial repeats (variant alleles) being
designated by the number of complete repeats separated
by adot followed by the number of basesintheincomplete
repeat asiscommonly donewith autosomal STR markers.

Unfortunately, the designation of some locus
nomenclatures take into account the total number of
repetitive units (nonvariant plus variant) while others
report only the variable repetitive stretches. This presents
problemsfor somemarkers, suchasDY $439. AtthePorto
meeting in November 2002, it was decided to refer to
repeats whenever possible by only the repeats that are
immediately adjacent to one another or within a single
repeat unit of the core variable repeat. Thus, DY S439
alleles should be called solely by their core repeat unit as
done by Ayub et al. [3]. In addition, sequence analysis
with DY $439 in chimpanzees has revealed that flanking
repeatsdo not vary, arguing for use of only the corerepeat
[28,30].

Another potentially problematic locus with future
database compatibility isthe Y-STR marker GATA-H4
[96]. PCR primers have been published [12] that are
internal to some of the invariant repeats reported by
Gonzales-Neiraet al. [ 25] and Gusmaoet al. [ 28]. Methods
for converting genotypes back and forth when using
different primer setswith GATA-H4 need to be carefully
considered [28].

C. Validation and Interlaboratory Studies

Validation studies help provide laboratories with
performance characteristics for a particular DNA test
prior to implementation in forensic casework. Several
validation studieshave been published or presented onin-
house [49,67] and commercial Y-STR Kits, such as Y-
PlexD) 6 [88]. In addition, interlaboratory studies have
been performed to verify that Y-STR systems can be
reliably typed among multipleforensic DNA laboratories
[14,65,82].
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CONCLUSIONS

Thefieldof Y -chromosomeanal ysisanditsapplication
to forensic science has undergone rapid improvement in
recent years. Male-specificamplificationanditsuseinthe
analysisof sexual assault DNA evidenceaswell asmissing
persons and paternity investigations will likely play an
important role in the future of forensic DNA typing.
Commercially available kits now enable the forensic
practitioner to easily perform Y-STR typing. Validation
and interlaboratory studies have demonstrated that Y-
STR typing isreliable. With more than 200 Y-STRs and
250 Y -SNPs now available, much remains to be done to
understand the value of these new markersrelative to the
ones widely used today. Table 9 includes some Internet
resources where more information on Y -chromosome
research, popul ation dataand appli cationsof thetechniques
described here may be found.
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SRM 2395 information

Information on available multiplex assaysfrom NIST or commer-
cial sources

Nomenclature on early Y-STRs: Peter de Knijff’s site
http://www.medfac.leidenuniv.nl/fldo/

Y Chromosome Consortium
http://ycc.biosci.arizona.edu/

e YCC cel line sources
¢ Genome Research paper (see [98]) describing unified Y-SNP
haplogroup tree

Y -STR Population Databases
http://www.ystr.org/europe
http://www.ystr.org/usa
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http://www.genetree.com/
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