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I. 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 as the STR locus DYS19 [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 markers is a direct result
of the availability of DNA sequence information from the
Human Genome Project and improved bioinformatics
tools for searching DNA sequence databases [3].
Previously, extensive laboratory work was required to
uncover new polymorphic Y-chromosome markers such
as that described in White et al. [96]. However, much lab
work remains to be done with these newly identified
markers to determine their relative utilities.

In 1997, the European forensic community settled on
a core set of Y-STR markers or “minimal haplotype” that
includes DYS19, DYS389I/II, DYS390, DYS391,
DYS392, DYS393, and DYS385 a/b with YCAII a/b as an
optional marker to create an “extended haplotype”
[19,52,75]. Most Y-chromosome data to date has been
generated W039 TwrDYStoS385 o5Auary 200491
Working Group on DNA Analysis Methods (SWGDAM)
selected a core set of markers that includes 
in the minimal haplotype plus DYS438 and DYS439.
TwrDYStoS3 are available in commercial Y-STR kits (see
below). Although new markers will be added to databases
as their value is demonstrated and they become part of
commercially available kits, TwrDYS11 established markers
are likely to continue to be important in future Y-STR
research.

B. Chromosomal Locations of 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
in size toward the end of the long arm of 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
markers include DYS19, DYS389I/II, DYS390, DYS391, DYS392, DYS393, and DYS385
a/b. Multi-copy markers are listed W039 “a/b” designations if they are duplicated. The total
numbers of markers available are considered by bo39 primer pair used to generate them and
by products produced

No. available
Year (W039 multicopy) Markers Ref.

1992   1 DYS19    [73]

1994   5 (8) YCAI a/b, YCAII a/b, YCAIII a/b (DYS413), DXYS156    [61]

1996 11 (14) DYS389I/II, DYS390, DYS391, DYS392, DYS393    [74]

1996 14 (17) DYF371, DYS425, DYS426    [44]

1997 16 (19) DYS288, DYS388    [52]

1998 17 (21) DYS385 a/b    [81]

1999 22 (26) A7.1 (DYS460), A7.2 (DYS461), A10, C4, H4    [96]

2000 28 (32) DYS434, DYS435, DYS436, DYS437, DYS438, DYS439      [3]

2001 30 (34) DYS441, DYS442    [40]

2002 33 (37) DYS443, DYS444, DYS445    [39]

2002 34 (38) DYS462      [8]

2002 48 (56) DYS446, DYS447, DYS448, DYS449, DYS450, DYS452,    [72]
DYS453, DYS454, DYS455, DYS456, DYS458, DYS459 a/b,
DYS463, DYS464 a/b/c/d

2002 177 DYS468-DYS596 (+129) GDBa

2003 227 DYS597-DYS645 (+50) GDBa

a GDB: Genome Database (see http://www.gdb.org).
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assembled human Y-chromosome sequence may be
downloaded from the University of California-Santa Cruz
Genome Bioinformatics website (http://genome.ucsc.edu)
or the National Center for Biotechnology Information site
(http://www.ncbi.nlm.nih.gov).

The availability of a human reference sequence now
permits location of the various Y-STR markers along the
Y-chromosome. Chromosomal positions were determined
by performing a BLAT search [57] using the reference
sequences defined in Table 3. The entire search across the
human genome was performed in less than a minute for
these 50 Y-STR markers, which include loci with published
population data as of early 2003.

Relative positions of the tested markers are shown in
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 occshed
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where the “a” allele is equal to “b” allele, the resulting
peak is usually twice as high during electrophoretic analysis
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
discovered to date is DYS464 [72], which has at least four
copies on the Y-chromosome and occurs at around 25 Mb
near the DAZ region [46]. Analysis of the directionality of
DYS464 sequences along the Y-chromosome indicates
that it is really a duplicated duplicate locus rather than an
independently quadruplicated one. The alleles within each
pair are ~225 kilobasepairs (kbp) apart while the pairs are
1.4 Mb apart (Figure 2).

Examples of several peak patterns produced by
amplifying the DYS464 a/b/c/d locus with a single primer
pair are illustrated 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, allele calls could be made by either taking the
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

resolved from one another. The dinucleotide YCAII [61],
which is part of the European “extended haplotype” [75],
is very polymorphic and does help resolve some common
haplotypes. Unfortunately, YCAII has a high degree of
stutter because it is a dinucleotide repeat and prone to
strand slippage. Multiple stutter products are produced
when amplifying YCAII, with some stutter products as
high as 50% of the height of the true allele (Figure 4).

Penta- and hexanucleotide repeat loci exhibit a much
lower degree of stutter and are therefore desirable in
assays used for analysis of forensic evidence [9]. Of the 14
new Y-STR markers described by Redd et al. [72], five are
pentanucleotides and one contains a hexanucleotide repeat
(see Table 3). Electropherograms from the pentanucleotide
DYS447 and the hexanucleotide DYS448 shown in Figure
4 illustrate that both these markers have less than 2%
stutter. DYS447 and DYS448 also rank well in terms of
allelic diversity against other markers tested in the same
sample set [72, Schoske R, personal communication].
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performed with new markers has grown, many of these
studies have not evaluated sample sets across all of the
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the testing for Ancestry.com and owns a company named
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DYS392, DYS393, DYS385 a/b, YCAII a/b, DYS426,
DYS437, DYS438, DYS439, DYS460, DYS461,
DYS462, GGAAT1B07, Y-GATA-A4 (DYS439), A10,
C4, and H4.

II. Y-STR TYPING ASSAYS AND KITS

A. Approaches to Reliable Genotyping

Reliable Y-STR typing results may be obtained in one
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 on high run-to-run precision and internal size standards
(Figure 5, panel A). This approach easily accommodates
new alleles as they are discovered. 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 repeats at DYS19 may size
at 246.50 bp; a template 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

electrophoretic conditions [9,24,88] (Figure 5, panel B).
The ladder is run with each batch of samples and contains
the same internal size standard as the individual samples
being tested. Allele sizes in the ladder sample are then
compared to sequentially run samples. Each allele in the
allelic ladder should be sequenced and the alleles should
span the expected range of common alleles [24]. A company
supplying the allelic ladder as part of a kit typically
performs sequencing of the alleles in the ladder. The major
advantage of using an allelic ladder is that results can
easily be compared across laboratories that may be n allrjblaj0 -1eing teA(DYS4dard as thfb6 TD(oulntaabe n a0s part of a re0xln04 -2.3655ompany)f.b can,mTjm  Olig5uW-0.0327 Tw laboratories th LL)cMv1 labora5uW-0.2c3ou, IL)5 Tw(labolocus-s25 ifthfTcckedde(LSBs(Figure 5, pammodates)Tj93)Tj6rLSBs the 0055fthompareplaa Tc0.25 Ts design-0.002ypinutsids where samples ar0 -023ains
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The first multiplex developed in our laboratory
involved 10 loci: DYS19, DYS391, DYS392, DYS435,
DYS436, DYS437, DYS438, DYS439, Y-GATA-A7.1
(DYS460), 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 complete description of the primers and the
multiplex design process was published more recently
[83]. Laboratories in 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 evaluation and possible use
in additional assays. The Y-STRs DYS435 and DYS436
showed little variation in the samples tested and were
therefore dropped from consideration.

The Y-STR 20plex assay developed in the summer of
2001 includes the 11 markers of the European extended
haplotype, the trinucleotide loci DYS388 and DYS426,
the tetranucleotide loci DYS437, DYS439, GATA A7.1
(DYS460) and H4, the pentanucleotide loci DYS438 and
DYS447, and the hexanucleotide marker DYS448 [12].
Efforts were made to avoid X-chromosome homology in
the primer design, particularly in the case of DYS391
[15,27]. PCR product size ranges were packed together
through careful examination of known allele ranges in
order to keep all alleles less than 350 bp. Allelic ladders
were not created with our original multiplex assays because

in many cases we did not know the full allele range or have
available alleles to create one. Instead, population data has
been collected with a high degree of intralaboratory
precision along with sequenced reference materials to
correlate sizing results to allele calls (see section on
reference materials below).

More recently an 11plex assay has been developed
that generates Y-STR amplicons using the markers
DYS447, DYS448, DYS450, DYS456, DYS458, DYS385
a/b, and DYS464 a/b/c/d (Schoske, in preparation). The
PCR product sizes for these new markers were designed to
allow incorporation of the minimal haplotype loci around

Figure 6. NIST Y-STR multiplexes. The same sample was
amplified with four different multiple assays. The DYS marker
names are listed above the corresponding PCR product peak.

Table 5. Comparison of Y-STR markers present in commercial kits and NIST multiplex assays indicated by dye label
color

Marker Y-Plex™ 6 Y-Plex™ 5 PowerPlex® Y NIST 20plex NIST 11plex NIST 10plex

DYS19 Blue Green Yellow Blue
DYS385 a/b Yellow Yellow Green Green
DYS389 I Blue Blue Blue
DYS389 II Blue
DYS390 Yellow Yellow Green
DYS391 Yellow Blue Blue Green
DYS392 Yellow Green Yellow Yellow
DYS393 Blue Yellow Green
DYS438 Yellow Green Blue Yellow
DYS439 Green Blue Blue Blue
DYS437 Green Blue Yellow
YCAII a/b Green
DYS388 Yellow
DYS426 Green
DYS435 Blue
DYS436 Blue
DYS447 Red Blue
DYS448 Red Blue
DYS450 Yellow
DYS456 Yellow
DYS458 Yellow
DYS460 (A7.1) Yellow Green
DYS464 a/b/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
original 10plex, published 20plex, new 11plex, 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, have allowed our laboratory to rapidly generate
population data on hundreds of samples and directly
evaluate which markers are most polymorphic in the same
sample set (Schoske, in preparation). However, most
forensic laboratories are more comfortable with using
commercial kits due to primer quality control issues and
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[32]. Until 1997 only about a dozen biallelic markers had
been described on the Y-chromosome. These Y-SNPs
included sY81 (DYS271) [84], DYS199 (M3) [92], 92R7
[61], and SRY -8299, -1532, -2627 [97]. The use of
denaturing high performance liquid chromatography
(DHPLC) by Peter Underhill’s group at Stanford University
for discovery of SNPs has added 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, such as Tat (M46), were given
Stanford marker numbers and then later removed from the
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” allele calls for
each Y-SNP are listed in Table 6 along with the haplogroup
defined by a derived allele when variation is observed at
a particular marker.

B. Unified Nomenclature for Y-Single Nucleotide
Polymorphism Haplogroups

One of the biggest problems with Y-SNPs has been
the different naming schemes for haplogroup designation
developed by the various Y-chromosome research groups
around the world. Before 2002, if a “G” (derived state)
was observed in a sample when typing the M2 (sY81 or
DYS271) marker, then the sample could be reported as
belonging to haplogroup (Hg) 8 by Jobling’s nomenclature
[46], Hg III by Underhill’

a paTffarcultth Y-SNund ceenclatureM4iclud0 -1.1943 TD-0.0037 612((M2many waysasampRoa-0.0037 612((M2manywMa)Tjonde)]TJ1.-1.1943 TD Tc0 Te0r5.29-SN0 Tw(Õ)Tjs -11 Toly2dttan-iclud0ud0lingÕ
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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 assays included M9, M105, M122,
M125, M128, M130, SRY465, and 8 new Y-SNPs from a
Japanese SNP database. They observed 13 different
haplogroups in 159 Japanese males [41]. Kayser and

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

Our group at NIST has examined medium-size
SNaPshot multiplexes in order to evaluate several dozen

Y-SNPs for relevance to U.S. populations. Figure 9
demonstrates three samples with different Y-SNP results
using a 6plex SNaPshot assay for the markers M75, M112,
M119, M170, M172, and M174. We have examined a
total of 50 Y-SNPs in appoximately 200 U.S. Caucasian
and African American population samples using the
SNaPshot and Luminex SNP typing approaches (Vallone
and Butler, in preparation).

E. Luminex Assay

Another technology that permits evaluation of 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 is used to amplify the SNP site (e.g., A or G) and to
label the PCR product with a fluorescent dye. The labeled

Figure 10. Schematic of Luminex bead hybridization assay for SNP analysis.

Figure 9. Example samples with a NIST SNaPshot assay developed for simultaneous analysis
of 6 Y-SNPs. A 6plex PCR multiplex is the template for the 6plex SnaPshot assay (Vallone and
Butler, in preparation). Allele comparisons in boxes are distinguished by size and/or color.
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PCR product is then hybridized to allele-specific probes
attached to latex beads. Oligonucleotide probes for each
possible SNP allele are attached to a different 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
fluorescence from the labeled PCR products and the other
evaluates the color of bead passing by the detector. Signal
from the PCR product is placed into various bins associated
with bead color and hence SNP marker and allele call. The
relative amounts of signal from the two possible alleles
can be compared to determine the SNP call. Each sample
can be processed through the Luminex 100 flow cytometer
instrument in approximately 30 seconds. Thus, a 96-well
plate can be run in less than an hour.

Marligen Biosciences, Inc. (Ijamsville, MD) has
developed a Y-SNP testing kit capable of analyzing 42 Y-
SNPs with 5 different multiplex PCR reactions that 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

markers seek to further differentiate YCC haplogroup R.
Note that there is some redundancy in the Marligen kit
markers. For example, M42 and M94 (all but Hg A)
provide the same information, as do P3 and P4 (Hg A2*).
It is also worth noting that not all Y-SNP markers are
equally useful in population analysis.

F. Optimal Y-SNP Markers

An analysis of 20 U.S. Caucasian and 20 African
American samples with the 42 Marligen Y-SNPs illustrates
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 samples is striking. 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 almost 200 individuals showed
similar characteristics (Figure 12). While there is a degree
of admixture between U.S. populations, Y-SNP markers
may be able to play a role in inferring the population-of-
origin for a crime-scene stain should that ability be desired
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 evaluate the forensic relevance of Y-SNPs in larger,
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 variation in a
forensic context.

IV. REFERENCE MATERIALS AND
STANDARDIZATION

Reference materials permit calibration of analytical
methods as well as monitoring the quality of these methods
over time. Need for standardization of information going
into DNA databases has stressed the importance of quality
reference materials. In addition, allele nomenclatures for
typing systems must be consistent so that DNA databases
can efficiently exchange information among laboratories.
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www.nist.gov/srm). The male samples have been
sequenced at more than 20 Y-STR loci and typed at more
than 40 Y-SNPs (Butler, in preparation). An example of
the sequence information obtained with two DYS385
alleles is shown in Figure 13. Laboratories wishing to
verify that their assays were run properly with any primer
set can use these reference materials. The recent availability
of commercial STR kits and their allelic ladders will also
promote standardization in allele calls.

B. Allele Nomenclature Issues

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 DYS439 alleles
have been reported three different ways in the literature
[3,25,26]. Ayub et al. [3] use only the core variable repeat
unit in their allele designations, whereas Griganni and
coworkers [26] use seven additional invariant repeat units
found upstream of the core variable repeat block. Gonzalez-
Neira et al. [25] added two more invariant repeats beyond
those used by Griganni in their DYS439 allele
nomenclature. Thus, without a common set of rules

correlating results between different laboratories can be
quite challenging.

The DNA Commission of the International Society of
Forensic Genetics (ISFG) published recommendations in
July 2001 on Y-STR markers [24]. The guidelines state
that Y-STR locus nomenclature should be the DYS number
if available. For example, laboratories reporting results
for Y-GATA-A7.1 [96] should use its new name DYS460
[8]. This ISFG group also recommended that allelic ladders
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 ISFG 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 a dot followed by the number of bases in the incomplete
repeat as is commonly done with 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
problems for some markers, such as DYS439. At the Porto
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, DYS439
alleles should be called solely by their core repeat unit as
done by Ayub et al. [3]. In addition, sequence analysis
with DYS439 in chimpanzees has revealed that flanking
repeats do not vary, arguing for use of only the core repeat
[28,30].

Another potentially problematic locus with future
database compatibility is the Y-STR marker GATA-H4
[96]. PCR primers have been published [12] that are
internal to some of the invariant repeats reported by
Gonzales-Neira et al. [25] and Gusmao et al. [28]. Methods
for converting genotypes back and forth when using
different primer sets with 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 studies have been published or presented on in-
house [49,67] and commercial Y-STR kits, such as Y-
Plex  6 [88]. In addition, interlaboratory studies have
been performed to verify that Y-STR systems can be
reliably typed among multiple forensic DNA laboratories
[14,65,82].

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.

Figure 13. Characterization of DYS385 alleles in SRM 2395 by
sequence analysis and Y-Plex™ 6 kit typing.
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CONCLUSIONS

The field of Y-chromosome analysis and its application
to forensic science has undergone rapid improvement in
recent years. Male-specific amplification and its use in the
analysis of sexual assault DNA evidence as well as missing
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 is reliable. With more than 200 Y-STRs and
250 Y-SNPs now available, much remains to be done to
understand the value of these new markers relative to the
ones widely used today. Table 9 includes some Internet
resources where more information on Y-chromosome
research, population data and applications of the techniques
described here may be found.
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