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To facilitate evolutionary and forensic studies of DNA
polymorphisms on the Y chromosome, we devised a
multiplex amplification procedure for short-tandem-
repeat (STR) loci. Four tetranucleotide STR loci
(DYS19, DYS390, DYS391, and DYS393) were simulta-
neously amplified with FAM-labeled primers and
genotypes were determined with an automated DNA
sequencer. We typed 162 males from three U.S. popu-
lations (African-Americans, European-Americans and
Hispanics) and found that the haplotype diversities
range from 0.920 to 0.969. This quadruplex system
provides a facile means of genotyping these Y chro-
mosome STRs, and should be useful in population
genetic and forensic applications.
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DNA polymorphisms on the human Y chromosome are
potentially very useful tools for evolutionary studies and
human identification. The unilineal inheritance of the non-

recombining portion of the Y chromosome results in the
preservation of linked polymorphisms that can be used to
trace the evolution of paternal lineages. Y chromosome
polymorphisms will be valuable in a variety of forensic
situations, such asrape cases where a mixture of male and
female DNA is present, and paternity testing.

However, many researchers have noted a paucity of
common classes of Y chromosome polymorphisms
(Jakubiczka et al., 1989; Malaspina et al., 1990) including
DNA sequence substitutions (Ellis et al., 1990; Dorit et al.,
1995; Whitfield et al., 1995). Hypotheses for explaining
this reduction in genetic diversity include: selective
sweeps; the smaller effective size of the Y chromosome
gene pool; and mating patterns involving few successful
males. Much of this apparent absence of Y chromosome
polymorphism relative to autosomal polymorphism may
be directly related to the reduced chromosomal effective
population size, since newly characterized Y chromo-
some STR loci are nearly as variable as autosomal STR
loci (Roewer et al., 1992; Goldstein et al., 1996; Underhili
etal., 1996). Y chromosome STR markers are gaining cur-
rency in both population (Mathias et al., 1994; Cooper et
al., 1996; Jobling et al., 1996; Roewer et al., 1996; Deka et
al., 1996; Hammer et al., 1997; De Knijff et al., 1997) and
forensic studies (Roewer et al., 1992; Santos et al., 1993;
Kayseret al., 1997).

Two recently published papers (Kayser et al., 1997;
Prinz et al., 1997) include strategies for multiplexing Y
chromosome STRs using an Applied Biosystems DNA

Table1 Y Chromosome STR Loci and Their Summary Statistics.

Locus DYS393 DYS390 DYS19 DYS391
(DYS394)
Locus accession ID® 456649 366115 456738 366118
Number of alleles 6 8 6 6°
Number of repeats 12-17 20-28 12-17 9-13
Allele size range (bp) 120-140 199-231 238-258 279-295
Gene diversity® 0.48 0.78 0.67 0.53
Variance in repeat size 1.88 6.80 2.55 1.51
Allele sizing®:
precision (%) 99.85 99.94 99.96 99.97
range (bp) 0-0.8 0.01-0.41 0-0.48 0.02-0.36
S.D. (bp) 0.18 0.12 0.09 0.09

2 DYS394 primers detect variation at the DYS19 locus, see Jobling and Tyler-Smith (1995).

P Genome Database (http://gdbwww.gdb.org/).
¢ Number includes one triplication allele.

9 Nei (1987), formulae 8.5 and 8.6.

¢ Kimpton et al. (1993).
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sequencer (model 373A). In this paper, we describe an-
other strategy using a unique combination of loci and PCR
conditions. We also present genotyping results from 162
males from three U.S. populations (56 African-Americans,
56 Hispanics and 50 European-Americans). Characteri-
stics of the STR loci (DYS19, DYS390, DYS391, and
DYS393) used in this multiplex and summary statistics
from our genotype data are given in Table 1.
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Fig.1 Electrophoretogram Generated (Using Genescan 672 v
1.2.2-1) from Male DNA by Multiplex Amplification of Four STR
Loci.

The amplification products of a single lane from a 6.5% denatu-
ring polyacrylamide gel are depicted. The peaks indicate fluores-
cent intensities of dye-labeled PCR products from four loci:
DYS393, DYS390, DYS19 and DYS391. Note that the peaks of
the internal lane standard are not shown. Estimated size in base
pairs is given along the x axis, and relative fluorescence is given
along the y axis.

Methods: DNA Isolation: DNA was extracted from blood samples
from unrelated individuals of African-American, Hispanic and
European-American descent using an IsoQuick kit (MicroProbe)
as described by Buchanan et al. (1993). The DNA samples were
sexed with a PCR test of the amelogenin gene (Sullivan et al.,
1993).

PCR: Reactions were set up on ice using 5-10ng of genomic
DNAina12.5 plreaction volume. The multiplex reactionincluded:
TNKS50 buffer [10mm Tris-HCI, pH 8.3; 5mm NH,Ci; 50mm KCl;
1.5mm MgCl, {Blanchard et al., 1993)], 1.0 mg/ml of Bovine
Serum Albumin, 0.25 units of AmpliTag® DNA polymerase (Perkin
Elmer), 200 um of each dNTP; and 0.32 pm DYS394 Forward (F)
and Reverse (R) primers, 0.16 um DYS330 F and R, 0.16 um
DYS391 F and R, and 0.1 pm DYS393 F and R. All primers were
obtained from Perkin Elmer Applied Biosystems (PE-Applied
Biosystems) and the forward primer in each set was 5’ end-la-
beled with the fluorescent dye FAM. PCR cycling conditions were
94 °C for 30 seconds, 59 °C for 30 seconds and 72 °C for 30 sec-
onds for 28 cycles in a Perkin-Elmer 9600 Thermal Cycler.

Gel electrophoresis: A 1.5 pl aliquot of each multiplexed sample
was combined with 4 fmol (0.5 nl) of GS-350 standard {abeled
with the fluorescent dye ROX (PE-Applied Biosystems), 2.5 pl of
deionized formamide, and 0.5 ! of loading buffer [50 mg/m! blue
dextran; 25mm EDTA (PE-Applied Biosystems)]. The samples
were then denatured for 2 minutes at 90°C, and 3 ul loaded on a
6.5% denaturing polyacrylamide gel [7.5Murea, 1 X TBE (0.009M
Tris, 0.089 M Boric Acid, and 0.002 m Na,EDTA)). Electrophoresis
conditions were: 2000 V, 50 mA, and 35 W constant power using
an Applied Biosystems DNA sequencer (model 373A)and 12 cm
well-to-read (WTR) plates with 0.4 mm spacers.

Applied Biosystems 373A analysis: The data were analyzed with
Genecan 672 software [(v. 1.2.2-1) PE-Applied Biosystems].
Allele size was estimated using the Local Southern Method.
Alleles were processed with Genotyper software [(v.1.1) PE-
Applied Biosystems).

PCR conditions of the multiplex were sought to maxi-
mize signal intensities and to minimize extraneous pro-
ducts. Multiplex conditions were optimized (see Figure 1
and the Methods section) by examining the effects of ion
concentrations and temperature. The MgCl, concentra-
tion of the multiplex reaction was varied between 0.25mm
and 2.5mM in steps of 0.25 mm. The optimal MgCl, con-
centration, in terms of amplification efficiency, for DYS390
and DYS391 was 0.75 mM, while the optimal concentra-
tion for DYS393 and DYS19 was 1.5mM. lon concentra-
tions of the multiplex reaction were further examined with
the buffer series of Blanchard et al. (1993), a PCR buffer
system that is based on altering concentrations of potas-
sium (KCI), thereby allowing the use of a single PCR profile
and annealing temperature with many primer pairs. The
amplification efficiency for DYS19, DYS390, and DYS391
was most efficient with 50 mm KClI, while the amplification
efficiency for DYS393 was highest with 100mm KCI. The
theoretical annealing temperatures (Wu et al., 1991) for all
of the primers is approximately 66 °C, but annealing tem-
peratures were varied between 56 °C and 62 °C in incre-
ments of one degree centigrade. An annealing tempera-
ture of 59 °C was sufficient to reduce spurious bands to
background levels but not too stringent to compromise
amplification efficiency. Primer concentrations were initi-
ally set at 0.2 uM for each locus and then adjusted empiri-
cally to balance the amplification efficiency across all loci.

We tested the multiplex using DNA concentrations of
20ng, 10ng, 5ng, 1 ng, and 0.5 ng. The multiplex success-
fully amplified all four loci for each DNA concentration, but
DNA concentrations of 5~10 ng seemed to be the most
robust (data not shown). Furthermore, we used this multi-
plex to type over 450 individuals; the number of failures on
the first attempt for one or more loci was less than 4%
{(data not shown).

It should be noted that the primers for DYS391 occasio-
nally produced, in males, one non-specific product of ap-
proximately 256, 260, or 264 base pairs (bp). In addition,
one or two bands in the same range were produced with
female DNA, as has been found independently by Kayser
etal. (1997). These artifact bands may represent an auto-
somal or X counterpart to this locus. Nevertheless, the flu-
orescent intensities of these spurious DYS391 bands
were not high enough to hinder reliable genotyping with
our multiplex.

The DYS394 primer sequences, rather than the DYS19
primers sequences, were used to detect variation at the
DYS19 locus (see Jobling and Tyler-Smith, 1995), be-
cause the DYS394 primers have a higher annealing tem-
perature. Also, these primers give a longer PCR product,
which fits better with the multiplex. Since the variation de-
tected with the DYS394 primers is at the DYS19locus, we
refer to this locus as DYS19. Alleles are designated on the
basis of the number of repeats, which was determined by
comparison with known standards (provided by M.
Kayser).

None of the allele size ranges between the loci over-
lapped in our typings; however, there is potential overlap



between DYS390 and DYS19 (DYS394) based on a com-
parison between our typings and a worldwide compilation
of the alleles observed at these loci (Kayser et al., 1997).
We found one Hispanic individual with allele 28 (231 bp) at
locus DYS390 (allele size range = 191-231 bp), and
Kayser et al. (1997) found one Romanian individual with
allele 10 (230 bp) at locus DYS19 (allele size range = 230-
266 bp). Given the possibility of allele size overlap at the
extreme upper range of DYS390 and the extreme lower
range of DYS19, and the fact that we used a single fluores-
cent-dye color (FAM) across loci, we typed by single locus
PCR two Hispanic individuals, one with allele 28 (231 bp)
at DYS390 and another with allele 12 (238 bp) at DYS19.
The single locus PCR confirmed the allele assignments
from the multiplex. Thus, it appears that there is only a re-
mote possibility of overlap between DYS19 and DYS390
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with our multiplex; furthermore, the locus assignment in
any questionable instance can be verified by single locus
PCR. Alternatively, this remote risk could be eliminated by
labeling DYS19 or DYS390 with another dye marker since
the 373A DNA sequencer is designed to run overlapping
allele-size-ranges using different dyes.

To estimate the precision of the band sizing (Kimpton et
al., 1993}, the multiplex PCR products from 30 individuals
were electrophoresed and genotyped twice (Table 1). The
allele sizing appears to be increasingly precise as the size
of the PCR product increases, as noted by Ghosh et al.
(1997). The values in Table 1 indicate that the allele sizing
by this procedure is precise and highly reproducible.

Figure 2 shows the observed distributions of allele fre-
quencies for the four loci for each population. The distri-
butions are identical with respect to mode allele length,
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Fig.2 Histograms of the Observed Allele Frequencies for DYS390, DYS391, DYS393 and DYS19in Three Populations.

The ascending allele numbers indicate the number of repeats as inferred by comparison to DNA controls (provided by M. Kayser). Solid,
hatched and open bars indicate African-American (N = 56), Hispanic (N = 55 - one individual with a DYS390 triplication allele was not
included) and European-American (N = 50) populations, respectively.
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and similar with respect to allele size range, to previous
surveys in African, European and Hispanic populations
(Cooperetal., 1996; Dekaet al., 1996; Roeweret al., 1996;
Santos et al., 1996; De Knijff et al., 1997). For example, the
modal allele length at DYS390 in the African-Americans
is 21 repeats (46%), while the modal allele length is 24
repeats in the European-American (48%) and in the
Hispanic (58%) populations. Likewise at DYS19, the most
common allele in African-Americans is 15 repeats (45%),
while the European-American (67 %) and Hispanic (49%)
populations have allele 14 in high frequency. The modal
allele lengths are the same across the three populations
for both DYS393 (allele 13) and DYS391 (allele 10). We
found four new putative alleles: allele 16 (136 bp) and allele
17 (140 bp) at DYS393 in African-American individuals, al-
lele 28 (231 bp) at DYS390 in a Hispanic individual, and a
triplication allele at DYS390 in a Hispanic individual with
alleles 23 (211 bp), 25 (219 bp) and 26 (223 bp). Biallelic
patterns have been reported for DYS19 and DYS390
(Kayseretal., 1997), while triplication alleles have been re-
ported for DYS19 (Santos et al., 1996) and DYS385
(Kayseretal., 1997). Each of these putative new alleles will
be sequenced to confirm the genotype results.

Table 1 gives the number of alleles, the allele size ran-
ges, and various statistics for each of the four loci. The
gene diversity values [or the probability that two alleles,
chosen at random, are different (Nei 1987)] for the four loci
are: 0.67, 0.78, 0.53, and 0.48 for DYS19, DYS390,
DYS391, and DYS393 respectively. We also measure var-
iance in repeat size (Jorde et al., 1997), a genetic diversity
measure that can be related to the single-step-mutation
(SSM) model (Slatkin, 1995) of STRs. Under the SSM mo-
delthe expected variance at equilibriumis (N-1)w, where N
is the effective number of gametes, and p is the mutation
rate per generation (Goldstein et al., 1996). The variancein
repeat size is largest for DYS390, intermediate for DYS19
and relatively low for DYS393 and DYS391. The higher va-
riances of DYS390 and DYS19 compared to the variances
of DYS393 and DYS391 suggest that the mutation rates
are higher for the former two loci. Given that Y chromoso-
mes have a four-fold lower effective population size com-
pared to autosomes, our finding that the average variance
of the loci in this study is 3.6 is compatible with expectati-
ons; asample of 30 autosomal STRs have an average var-
iance of approximately 10 (Goldstein et al., 1996).

Table 2 summarizes the haplotype variation detected
within the three populations. For the four loci in the multi-
plex, 73 different haplotypes were detected among 162 in-

dividuals. Fifteen haplotypes were shared between popu-
lations: four haplotypes were shared across all three po-
pulations, while four more were shared by African-
Americans and Hispanics only, five by African-Americans
and European-Americans only, and two haplotypes by
Hispanics and European-Americans only. More unique
haplotypes (26) were detected in the African-American
sample than in the Hispanic (18) and European-American
(14) samples. In addition, African-Americans have the
highest haplotype diversity, followed by Hispanics, and
then European-Americans. The haplotype diversity values
range from 0.920 to 0.969, suggesting that these linked
loci are useful markers.

This quadruplex genotyping system is simple, reliable,
and it provides PCR products from very low quantities of
target DNA. Given the growing interest in polymorphisms
onthe Y chromosome and the high levels of STR polymor-
phism, this multiplex will be useful for evolutionary studies
of human populations and for forensic applications.
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