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ABSTRACT: Inthe past 5 years, there has heen a substantial increase in the use of Y-short tandem repeat loci (Y-STRs} in forensic laboratories,

especially in cases where typing autosomal STRs has met with Limited suce
amplifies 17 Y-STR loci jnclading the loci in the “Eurcpean minimal haplo

ess. The AmpF£STR® Yfiler™ PCR amplification kit simultaneously
type” (DYS19, DYS3854/, DYSISIL DYS3891L, IYS350, DYS391,

DYS$292, and 13YS393), the Sclentific Working Group on DNA Analysis Methods {SWGEDAM) recommended Y-STR loci (DYS438 and
DYS439), and the highly polymorphic loci DYS437, DYS448, DYS456, DY3438, ¥ GATA H4, and DYS635 (formerly known as Y GATA C4).

The Yiiler ™

kit was validated according to the FBI/Nationa! Standards and SWGDAM guidelines. Our results showed that full profiles are

artninable with low levels of male DNA (below 125 pg} and that under optimized conditions, no detectable cross-reactive products wese obtained
on human female DNA, bacteria, and commenly encountered animal species. Additienally, we demonstrated the ability to detect male specific
profiles in admixed male and female blood samples at a ratio of 1:1000.
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When autosomal short tandem repeats (STRs) are employed in
cexual assault cases the ampiification and eventual detection of
male DNA in a mixture sample may be masked by the presence of
high levels of female DNA. The application of Y-5TRs simplifies
the analysis of these mixtures by removing the female contribu-
tion from the amplification profile. Typically in the U.S., the
Y-STR loci used consists of the Furopean minimal haplotype
markers (DYS19, DYS385a/b, DYS389L, DYS386L, DYS390,
T DYS3%1, DYS392, and DYS393) and two additional loci
(DYS438 and DYS439) recommended by the Selentific Working
Group on DNA Analysis Methods (SWGDAM). The widsspread
use of these 11 loci has been facilitated by commercially available
PCR amplification kits and corresponding databases used o esti-
mate haptotype frequencies (1.2).

The application of Y-STR markers to male/female mixture
analysis bypasses the need for performing differential extraction
of sperm and epithelial cells (3). Differential extraction proce-
dures are of limited value in sample mixtures derived from vassc-
tomized or azocspermic males or other body-finid mixiures not
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coniaining sperm. Other specialized applications for Y-STRs
include patérnal lineage studies (4) and deficiency paternity cas-
es where the father of 2 male child is missing but a paternal male
celative's profile is used as a reference to support/exclude relat-
edness {3).

An intrinsic limitation of Y-STRs compared with autosomal
STRs is a reduced power of discrimination due fo a lack of re-
combination throughout most of the Y-chromosome (6). Thus, in
an effort to increase the power of discrimination of current single
amplification Y-STR maultiplexed sysiems, we have developed a
17 plex Y-STR system that includes the European minimal ha-
plotype and SWGDAM markers and six additional highly pofy-
morphic Y-8TR markers (DYS437, DY5448, DYS456, DYS455,
DYSE3S, and Y GATA H4). This article describes the de-
velopmental validation performed according to guidelines issued
by the Director of the FBI (7), and the revised guidelines issued
by SWGDAM (8). We also describe the hapiotype diversity,
and discriminatory capacity calculations for the three major
U.S. population groups (Caucasians, Hispanics, and African
Americans).

Materials and Methods
DNA Samples

Anonymous DNA samples were purchased from Seracare Life
Seiences (Oceanside, CA), and noshuman DNA samples were
purchased from Pel-Freez (Rogers, AR). The female DNA 9947A



chased from Marligen Biosciences (Lamsville, MD). The male
DNA 9948 and Cengre d’Etude du Polymorphisme Humain
(CEPH) family DNA samples were purchased from Coriell Ceal
Repositories {Camden, NJ}. The population study encompassed
DNA samples from Seracare Life Sciences as well gg samples
analyzed by six population test sites. DNA sam?Ies WETe (uantit-
ated prior to amplification using Quantifiler™ Y Human Male
DNA and  Quantifiler™ human DNA quantification  kits
(Applied Biosystems, Foster City, CA) on the ABI Prisy® 7000
SDS according to the mapufacturer’s specifications,

Primer Set Optimization

Each of the Y-STR Icei amplified by the Yiler™ kit hag been
characterized previously by other groups, and their nomenclature
is consistent with that used in the certification of the National In-
stitute of Standards and Technology (NIST) Standard Reference
Material® 2395, The Yfijer ™ kit primers were designed and opt-
imized to obtain amplified products with robust signal Intensity
and batanced peak heights from only male samples and from male
components in mixtures of male and female DNA, Initially, we
tested singleplex reactions using our designed primer sets for each
locus to ensure locus-specific amplification even in the presence
of excess female DNA, We then carried out muoltiplex PCR studies
through primer concentration adjustment and empirical performm-
ance testing in an effort o generate sensitive, balanced, and spe-
cific signals for 17 Y-STR loci in a single PCR reacticn. The
Yfiler™ kit STR loci fpan a range between 103 and 327 bp. In
order to accommadate the ce-amplification of 17 Y-STR markers
within this narrow size range, we employed a five-dye fragment
analysis system developed at Appiied Biosystems and utilized in
the AmpFESTR® SEfiler™ (9) and Identifiler™ kit (10). The
five dyes (6-FAM™, NED™, PET® yIc® 4ng LIZ®) expand
the detection range to 660 nm thereby enabling more loci 1o be
multipiexed into a single PCR. The spacing between different loci
was optimized by introducing monomeric nonnucleotide linkers
between the DNA oligonucleotide sequence and ihe Huorescent
tag during the primer synthesis process (11,12) for the loci
DYS456 and DY$438. The tesulting PCR product has a slower
mobility, which correlated with the rummber of linkers used. This
approach was successfully employed in the Identifiler kit (19,
The corresponding allelic ladders also have mobility modifiers,
The NIST Standard Reference Material® 2395 kit was ysed o
verify that the aflele calls as a result of Yhiler™ kit analysis were
concordant with the information in the Certificate of Analysis
published by NIST (data not showrl,

The Yhier™ kit primer concentration ranged from 0,12 —
1.5 pM. Samples were amplified in triplicare at the standard prim-
O concentration and at 10% intervals up o & 30% levels o
evaiate primer performance (data not shown).

POR Reaction Componenis

The buffer components tested were: MgCl, KCI, AmpliTag
Gold® Dina polymerase, bovine sernm albumin {BSA}, sodium
azide, and dNTPs. Each of these components was tested individ-
tally a5 4 serjes of titrations around the standard condition used in
Qe AmpFISTR® Yiiler™ POR reaction mix, The components
- Were tested in incrememts of - [0% up o = 30% from the
tandard concentration to test for reliability and robustness of the
mplification components. Each concentration was tesied with
three samples (including the AmpFSTR™ kit male control DNA
07} and amplified in tripiicate using 1 ng of remplate DNA. The
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COMponents were tested at the following concentrations (standard
concentration is shown in boldy:

* MgCly: 112, 1.28, 1.4, 1.60, 1.76, 1.92, and 2.08 mM.

* KCL 33, 40, 43, 58, 55, 60, and 65 mM.

* AmpliTag Gold® DNA polymerase: 2.8, 1.2, 36,4, 44,438,
and 5.2 U per reaction,
BSA: 112, 128, 144, 160, 176, 192, and 208 pgiml..

* Sodium azide: 0.014%, 0.016%, 0.018%, 0.020%, 0.022%,
0.024%, and 0.026%.

* dANTP mixture {equimolar dATP, dCTP, dGTP, and dTTP):
560, 640, 720, 8049, 880, 960, and 1040 P

Thermal Cycling Parameters

Thermal cycling parameters were evaluated to establish the op-
timal perférmance window of amplification for the Yfiler™ kit
Two or more cycling parameters around the standard set of
conditions were tested. For zach study, Ing of DNA from three
sampiles was prepared in triplicate and stared at 4°C while await-
ing amplification in the same thermal cycler for each of the pa-
rameters tested.

The following thermal cycler parameters were examined (the
recommended parameters are shown in bold):

Cycle number: 28, 29, 30, 31, and 32 cycles,

Denatuzation temperature: 92.5°C, 94.0°C, and 95.5°C.
Annealing temperature: 39°C, 60°C, 61°C, 62°C, and 63°C.
Fina] extension time: 50, 65, 80, 93, and 110 min,

* & & @

Precision and Stutrer Studies

Sizing precision allows for determining accurate and relizhie
genotypes. Seventy-eight DNA samples from four populations
{Caucasian, Hispanic, African American, and Native American)
were purchased from Seracare Lifa Sciences {Oocanside, CA) and
used for sizing precision and stuster experiments. The DNA sam-
ples (1ng input) were amplified with the Yfilor ™ kit using the
standard conditions and electrophoresed on the ABI Prisy® 3100
genetic analyzer. The deviation of sach sample allele size from the
correspanding allelic ladder allele size was caleulated. All sample
alleles tested were within = 0.5 bp of & corresponding allele in
the allelic ladder. The data from this experiment were alse used to
calculate stutter percentages. Percent stutler was caleuiated on
1264 alleles by dividing the hei ght of the stutter peak by the height
of the main allele peak. Allelic tadder sizing precision was cal-
culated from nine Injections of tadder run on the ART Prisy® 314
genetic analyzer. The standard deviation of the mean was caleu-
iated and shown 16 be within 0,15 bp or less {13}

Species Specificiry
| ey

DNA samples extracted from male primates (Ing each from
gotdila, chimpanzee, orafigutan. and macaque), male nonprimates
{1Ung each from mouse, dog, pig, cat, horse, chicken, and cow)
and microorganisms {approximately 100,000 copies each from
Condida albicans, Staphylococeus aureus, Excherichia coli, Ne-
isseria gonnrvhoeae, Bacillus $ubnlls, and Lactobaciiius riamms-
veve subjected to PCR amplification using the Yiifer™ kit
primers. The microblal DNAs were pocied together prior to am-
plification. Results were analyzed using the ABI Prisn® 2100
genetic analyzer with GeneScan™ 3.7 analysis software.

A
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Stability Studies

Stability studies were simulated {0 assess performance of the kit
with inhibited and degraded sampies. Degraded DNA was pro-
duced by DNase [ digestion in a time course manner using the
DNA-free™ DNase treatment and removal kit {Ambion, Austin,
TX) according to the manufacturer’s instructions. The resulting
DNA was examined by agarose gel analysis to assess the level of
DNA degradarion at each time point. A hematin inhibition study
was performed with hematin (Sigma, St. Louis, MO} diluted to
ImM.in 0.1 N NaOH 2nd added to the PCR to obtain final con-
centrations ranging from O to 24 uM.

Mixiure Studies

Male/female mixture studies were performed on three different
sets of male and female DNAs at 1:1000, 1:2000, 1:4000, and
1:8000. The amount of female DNA was kept constant at 500 ng,
and the amount of male control DNA was vared from 360 to
62 pg.

Mixtures of two male DNA samples were examined at various
ratios (1:1, 1:3, 1:10, and 1:15) while holding the total amount of
input DNA to 1ng. A 1:1 mixture contains 0.5ng of each indi-
vidual. Mixture ratios of 1:3, 1:10, and 1:15 contain 9.25, 0.09,
and 0.0625 ng of the minor compaonent, respectively.

A simulated casework sample series was created by combining
I ul. of male blood with a larger amount of female blood (100,
300, and 1000 pL). A 30 L aliguot of the blood mixture was then
spotted onto a cotton cloth. The typical size of the stain used for
exiraction was 4 mm®. The DNA was extracted using the phenol/
chioroform method and the quantity of male DNA was determined
using the Quantifiler™ Y human male DNA quzantification kit
prior to amplification with the Yéiler™ kit. The Quantifier Y re-
sults were {.1ng/ul for the 1:100 ratio and 0.02 ng/ pi. for the
1:500 and 1:1000 ratios. Male DNA at (.7 ng was amplified by the
PCR.

PCR Amplification

Unless noted otherwise, the protocols in the AmpFESTR® YAl
er™ kit user’s manual were followed. The PCR amplification was
performed in a reaction volume of 25 ul contzining 0.8 ul (4
units) of AmpliTaq Gold® DNA polymerase {Applied Biosys-
tems), 9.2uL. of AmpFZSTR® Yiiler™ kit PCR reaction mix,
Sul. of AmpF{STR® Yhler™ kit primer set, and a maximum
votume of 10l of target DNA. Samples were amplified in Mi-~
croAmp™ reaction twbes (Applied Biosystems) in the GeneAmp®
PCR system 9700 with a gold-plated 'silver or silver block {Ap-
plied Biogystems). The standard thermal cvciing conditions in the
9600 emulation mode consisted of enzyme activation at 95°C for
11 min, followed by 30 cycles of denaturation at 94°C for | min,
annealing at 61°C for I min, and extension at 72°C for 1 min. A
finai extension was performed at 60°C for 80 min with a 4°C tem-
perature hoid if the PCR product was to remain in the thermal
cycler.

Semple Electrophoresis and Data Analysis

-

The AmpFESTRY Yiler ™ wit employs a fve-dve se
consisting of 6-FAM™, VIC®, NED™ pET!
clification products were separaied and detected on the ARI
Prisw® 3100, 3100—dvans, and the 310 genetic analyzer using
the specified G5 variable bnning modole as described in the
user’s manual (131 Sample preparations and electrophoresis on

the ABI Prisv® 3100 analyzer occurred as follows: ul of the
amplified product or allelic ladder and 0.3 L of GeneScan™-500
LIZ® size standard were added to 8.7yl of deionized Hi-Di™
formamide (Applied Biosystems), denstured at 95°C for 3 min,
and then chilled on ice for 3 min. Samples were injected for 10 at
3KV and electrophoresed at 15kV for 1500s in Performance Opt-
imized Polymer (POP-4™ polymer) with a run temperature of
60°C as indicated in the GeneScan36vb_POP4DyeSetG3Module.
The data were collected using the ABI Prisw™ 3100 data collec-
tion software application vi.1 or 2.0. Electrophoresis results were
analyzed using ABI Prisv® GeneScan® analysis software v3.7.1
and Genotyper® software v3.7 with AmpFESTR® Yhiler™ kir
template or GeneMapper® ID software v3.2, as appropriate. All-
ele peaks were interpreted when greater than or equal o 50 rel-

. ative fluorescence units (RFUs), Data on the mode of inheritance

of DNA markers, stutter, sizing, and precision on the various ABI
Prisv® instruments were documented in the AmpFfSTR® Yl

er ™ kit user's manual (13),

Staristical Analysis

Intracolor peak balance was calculated by dividing the lowest
peak height by the highest peak height within a color. For the loci
DY5385a/ and DYS389 I-1, the two allele peak height values
were averaged prior to the calculation of intracolor peak balance.

Allele frequencies were calculated by dividing the number of
occurrences for each allele by the sample population size. The
allele frequency of the multicopy locus DYS383a/h was anatyzed
as a combination of the two alleles. Allele frequencies and ha-
plotype diversity were caleniated using the Arlequin software
(14). Gene diversity, D, of each locus was computed using the
formula D = (n/in — 13(1 m—}:‘pf), where n represents the sample
size and p; is the allele frequency (15). Haplotype diversity (HD)
was caleulated with the same egnation using hapiotype frequen-
cies rather than allele frequencies. Discriminatory capacity was
determined by dividing the nuraber of different haplotypes (not
unigue haplotypes) seen in a given population by the total number
of samnles {13 S

;;;;; o iR

Inheritance Study

Three CEPH/Utah families (#1333, #1340, and #1345) were
analyzed using the AmpF2STRY Identifiler™ and AmpF{STR®
Tfiler™ kits. All pedigress consisted of two sets of grandparents,
mather and father, and maltiple siblings. Pedigrees #1333 had
seven sons, pedigree #1340 had five sons, and pedigree #1343 had
One nanogram of DNA was ampiified with either kit Samples
with discordant alleles {ie., an allele at a locus that differed
between father and son) were reamplified snd reiniected to con-
firm allele calls.

Results and Discussion
Optimization of PCR Reagents

A representative Y-STR profife for 1ng of the Amsz”STR@ it
control DNA 007 using recommended conditions & shown i
Fig. 1.

The optimization study cousisted of testing individual compo-
nents of the PCR while keeping the remaining components con-
stant. Primers were designed o perform efficiently in a multiplex
format, Full profiles were generated at ali primer concentrations
testad without any spurious amgplification products. However,
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HG. 1—Representative electropherogram from Genelapper® ID software v3.2 showing the profile of 1 ng of AmpFEeSTRY contral DNA 007 amplified with the

iler™ kit The four panels correspond to 6-FAM™ vy
underneaih each peak.

optimat intracolor peak balance was obtained within a window of
= 10% from the standard primer mix concentration (data not
shown). Magnesium plays a critical role in amplification efficien-
¢y and specificity. In order to identify the optirnal MgCl, con-
centration, a series of formulations wese prepared from 1.12 to
2.08 mM in 0.16mM increments. At the lowest concentration of
MgCl; tested (1.12 mM), the amplification profile Iacked balance

. NED™ and PET® dye-labeled peaks. The haplotype is shown witk the allele number displayed

and occasionally resulted in partial profiles (Fig. 2). The loci Y
GATA H4 and DYS19 were the most affected by the reduction in
MgCl, concentration with four of the nine profiles demonstrating
allele dropout at the 1.12mM MgCl, concentration. Intracolor
peak balance of 50% or greater was obtained between the
concentrations of 1.44 and 1.92mM (range: 57%-82%, N = 135
profiles). No allele dropouts were obzerved between the
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concentrations of 1.28-208mM (N = 884 alleles). The optimal
concentration of MgCl; was set at 1.60 mM. This concentration is
higher than what is used in other AmpF#STR® PCR kits
(1.25mdy (10).

Varied KCI concentrations ranging from 35 to 65mM were
tested and shown to affect both peak height and intracolor peak
balance (data not shown), At 35mM, the lowest intracolor peak
balance for FAM® dye- (41%), NED® dye- (31%), and PET®
dye~ (46%) were observed but VIC® dye-labeled loci (70%) were
not affected. KCl concentrations of 45-60 mM produced optimal
intracolor peak balance (47-76%). The optimal KCI concentration
was set at 30 mM.

The amount of Amplitag Gold®™ DNA polymerase (range: 2.8~
5.2 Ufrxny did not have a significant effect on intracolor peak
balance of 1ng of male template DNA with values greater than
499 for all the concentrations tested (range: 49-82%). However,
4 Ufrzn were needed for amplification of small amounts of male
DNA (i.e., 125pg) in maleffemale mixtures (data not shown).

No meaningful differences were observed in peak height or in-
tracclor peak balence when varying bovine serum albumin, sodi-
am azide, and dNTP concenirations.

Thermal Cveling Parameters

The optimal thermal oycling parameters were determined to be in
the middie of a2 window that balances optimal specificity and sen-
sitivity. The resulis show that PCR cycle numbers did not have a
stgnificant effect on peak height balance in the range studied (28~
32 cycles). Each increase in oycle number led to an approximately
corresponding two-fold increase in peak height. The average peak

height at 28 cycles was 509 RFUs. The average peak height at the
standard cycle namber of 30 was 1964 RFUs. Severai peaks were
offscale at 32 cycles (average peak height 5841 RFUs) while no off-
scale peaks were detected at lower cycle numbers (data not shown).

The optimal annealing temperature was based on a balance
among specific amplification of male DNA, sensitivity, and repro-
ducible intracolor peak balance. No locus dropout was observed
with annealing temperatures between 59°C and 62°C. A significant
decrease in peak heights as well as occasional allele dropouts were
noted at 63°C (Fig. 3). The loci DY$456, DYS390, DYS388 1,
DYS19, DYS439, and Y GATA H4 were affected the mast a1 63°C,
In contrast, the Joci DYS393, DYS391, DYSa33, DYS437, and
DYS448 were not affected by the increase in annealing tempers-
tiwe. We also observed an inverse relationship between an increase
in the annealing temperature and cross-reactivity with 500ag of
famale DNA (data not shown). These experiments indicated that 2
1°C window around the set point of 61°C yields male specific PCR
products with the desired sensitivity for the DNA samiples tested. At
the standard annealing temperature (61°C), intzacolor peak batance
greater than 53% was observed,

Although the primers used in the Yfiler'™ kit were designed
to promote nonspecific terminal nucleotide addition by AmpliTaq
Gold DNA polymerase (17), a final extension step was added to
the protocol. The final extension step ensures the completion of
+ A addition to the 3’ end of all double-stranded PCR products.
This is especially important in mixtures containing a high back-
ground of female DNA. The optimal final extension step was de-
termined to be 60°C for 80min (data not shown).

Stutter products are a result of strand slippage (18) during PCR
amplification. The most common stutter is one unit in length

ﬁ:ﬁ P ) 18 i il 2 i - =

- 5g+°C
o é

= | ] L e S 3

;»:;4 ) 80°C
S N

] §14C
L

T i 5 £ ; i

SRR U I DV 1 I T

- A
M»rm 83+
B ;

sl :

d 2 A - é - g : i

FI0G. S—Representative electropherograms from an annealing remperature study of the male 067 DNA. The DNA was cmplified with Yfler™ kit primers at the
T > Fered - 1 LoLoat " r £ ;- ;
indicated temperatures and analyzed on the ABI Priza™ 3100 genetic analvzer. The peak height was measured in relative flusrescent units (RFUsL



MULERO ET AL. « YFILER™ KT VALIDATION 69

TABLE 1—Stutter range for Yfiler™ kit loci. stutters observed were two bases smailer for DYS19 (N —2) and
three bases larger for DYS392 (N+3), The percent siutter range
Locus Tsmﬁ(‘:) Rf;‘*itﬁ{f%) gif:;ﬁ:; for the Yiifer™ kit markers is shown in Table 1. As seon hy oth-
- LR & - ers, we observed that the level of stuger product formation was
gég;ggz Qr; Mj zg{"ﬁgé ifi)% correlated with repeat core size {2.19). Trinucleotide and tetra-
- S - . BYFs M . .
Y390 Ned 81040 248 I;lcleeude repeat markers yxeliéed higher stuiter percentages than
DYS380[T N4 9.30..13.8% .12 the penia- and 'hexaﬁuciectide repeal markers DYS438 and
PY5458 N—d 5.82-12.20 1.26 DYS44.8. All loci showed the trend of increasing stuiter percent-
DYS19 Noa 4.65-11.04 1.37 ages with larger alleles. On average. the stutter product formation
g:fglgs A,\;:i g%ﬁ;g;é Sgg for Yiiler *is slightly higher than that for the Hdentifiler kit (10,
N 2 ) : - This could be due to the higher number of am lification cveles for
bYS§393 Negq 6.95-12.58 1.09 AL 1 ! P : :
DYS391 N—d 3.85-11.62 1.35 the Yhler ™ kit (30 vs. 28 cycles) increasing the chance of slip-
DYS43% N—4 419-11.1% L14 page events. The Yfiler ™ kit aiso has a higher amount of MzCls
gggg; i; wg gg?;g;’; z?g in the amplification reaction (1.6 mM vs, |.25 mM) potentially
N B1-16.2 2A N . . ) . ) i N . - -
Dys102 g 88700 36 leading to higher slippage events by the polymerase {201
Y GATA H4 N—d 3.68-11.08 1.13
DYS437 N—4 0.71-8.59 1if
BYS438 N5 1.67-4.28 .58 . e
DYS448 N§ 207-4.96 057 Species Specificity

A variety of animal and microbial species were tested 10 assess
the human specificity of the assay. Of the primate DNA samples.
chimpanzee (Fig. 4) and to a lesser extent gorilla (data not shown)
yielded partial profiles but with a migration pattern different from
smaller than the trae allele resuiting in 4 product that could be, for that of known human alleles, Chimparnzee Y-STRs homologous to
example, three bases smaller for the trinucieotide repeat marker humean Y-STRs have been previously characterized (213, The am-
DYS392, five bases smaller for the pentanucleotide repeat marker  plification of genomic DNA from nonprimate species and pooled
IYY 5438, six bases smaller for the hexanucleotide repeat marker DNA from a number of microorganisms did not yield reproducibles
DY 5448, and four bases smaller for the remaining loci (all tstra- detectable products. A representative electropherogram contain-
nucleotide repeat markers) in the Yfiler™ kit. Other locus specific ing selected species is shown in Fig. 4.

*In additfon to the stutier product, one repeat unit smaller than the me
allele (N stutter was observed at N— 2 for DYS1% and ¥+3 for DYS302.

20 120 e i 2 7 o
Male Control DNAGDT
é ! }
Chimpanzee

Cat

Microbial Poo!

Non-temiplate confrel

E P o . iz 15 s ; e i i

i : s : X - F ol Ao iorpd® . A7 1 H &
“—Representative eleciropherograms from a species specificity study. From wop to bottom: ] ng of the AmpFISTRE control DNA 097 (humon L ing of
Wizee DNA, 10ng of car DNA, ] dng of dog DNA, microbial poot fapprox. 100,000 copies each of Candida albicans, Fscherichia coli and Lactohacilius
Wisus amplified together) and o nontemplate control (NTC)
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Sensitivity

Sensitivity stadies were performed using serial dilutions of
three male DNA samples including the male coatrol DNA GO7
contained within the kit {(Fig. 5). The optimal quantity of template
DNA for the Y6ler™ kit PCR ranged from 0.5 10 1.0ng. Full
profiles were obtained with amounts as low as 0.125 ng. Low input
DNA amounts { < 100pg) yielded more variable results occasion-
ally resulting in partial profiles. Some minor dye artifacts near the
calling-region may appear in the electropherogram (VIC® 88 bp,
NED™ 80 and 95bp, and PET® 80bp) (data not shown). These
artifacts can be distinguished from actual allele peaks by using
appropriate negative controls and should therefore not compro-
niise the accurafe typing of samples. Excess template input could
result in a Avorescent signal that exceeds the dynamic range of
detection (> 8191 RFUs) by the instrument (data not shown).

Diegraded DNA

Eavironmental exposures of forensic samples may resull in
DNA degradation or damage at random chromosomal locations,
As with any multilocus system, the possibility exists that not every
tocus will amplify if the DNA sample has been severely degraded.
The ability of the Yfiter™ kit primers to amplify degraded DNA
wag investigated by amplifying high molecular weight genomic
DNA incubated with DNase I for several time periods { “Materials
and Methods” ). Two nanograms of degraded DNA (and 1 ng un-
degraded DNA) were amplified using the AmpFZSTR® YHiler™
kat. As expected, with increasing DNase I digestion, there was a

ng)
" casionally observed in the NED® (136 bp} and PET‘%

reduction in PCR product yield at all loci. After 12 min incubation
with DNase 1, the largest amplicon loci became undetectabie
(Fig. 6).

PCR Inhibition

DNA samples from crime scenes can contain inhibitors that can
affect amplification of DNA samples. Heme compounds have
been identified a8 PCR inhibitors in DNA samples extracted from
bloodstains (22). The effect of hematin on the amplification effi-
ciency was examined by varying concentrations of hematin (0~
24 M) in the PCR. Qverall inhibidon of the PCR reaction was
observed as the concentration of hematin increased over 16 M.
Addition of hematin at 24 pM resulted in an almost complete
inhibition of amplification {(data not shown) (133

Mixture Studies

Evidence samples that contain body fluids and/or tissues orig-
inating from more than one individual are commmonly encountered
in forensic casework. In the Yfiler™ kit reactions, the female
DNA compenent is not amplified by the Y-chromosome-specific
primers and therefore, it does not contribute to the profile (Fig. 7).
Full profiles at 1:2000 (250 pg male DNA: 500 ag female DNA)
were routinely obtained in our experiments, and mixtures at
1:4000 and 1:8000 occasionally resulted in partial profiles.
Low-level cross-reactivity with female DNA (> 500 was oc-
(291 bp)
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FRG, S—Fffect of varying inpuss of template DNA on intracolor peak height. The results depicted are representative Jrom: the amplification of the male control
DNA 007 az the indicated amoungs {n = 3}, The dag were analyzed with a peak amplinude threshold of SORFUs. One instance of allele drapour at ¥ GATA H4 was
observed in one of the 62 pg profiles using on AR Prasu™ 3100 genetic anolyzer.
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dyes, In general, these peaks will not affect interpretation owing to

their low peak heights {< 50 RFUs) (13).
~ Forensic samples may contain body fluids or tissues criginating

from more than one male. Table 2 depicts the haplotype of the
© miror component of two individuals mixed at several mixture ra-
08, The alleles at each locus for the two individuals are different
wdd thus do aot overlap; however, some alleles of the minor con-
utors do reside at stutter positions of alleles from the major
tributor. The minor component of the 1:3 mixture ratios was
dily typeable. At a 1:10 ratio, all three profiles yielded complete
lotvpes; however, alleles DYS390 and DYS385a for one of the
files were filtered out by the Yfiler™ kit Kazam macro because
v were below the stutter filter threshold. Ratios greater than 1:16
erally restited in partial profiles for the minor male component.
n order to assess the performance of the Yfiler™ kit with
cimens for which differeatial extraction is not an opiion, we
wted mixtures of male and female blood. As shown in Fig. 8, a
nplete Y-STR profile was obtained that maiched the profile of
male dontor at the concentrations tested.

vitlation and Inheritance Studies

- The significance of a match between geneticaily typed samples
*trds on the frequency at which a haplotype occurs in a pop-
on. If the haplotype of the relevant evidence sample is dif-
t from the hapiotype of the suspect’s reference sample, then
saspect 15 “excloded” as the donor of the biological evidence.
. “kelusion is independent of the frequency of the two haplo-
FE i the population.

If the suspect and evidence samples have the same haplotype,
then the suspect (and paternal relatives) cannot be excluded as 2
possible source of the evidence sample. The probability that an-
other, unrelated, individual would also match the svidence sample
is estimated by the frequency of the haplotype in the relevant
population group. Barring mutation, the Y-chromosome is inher-
ited from father to son unchanged as a haplotype of physically
linked markers. Owing to the fact that the product mle canuot be
applied to Y-STR markers, a counting method is used to empir-
ically determine how many times a particular haplotype is ob-
served in a population database (23).

Samples from U.S. Caucasians (V= 778), U.S. Hispanics
(N =381} and African Americans (N = 786} were analyzed using
the Yfiler™ kit. As shown in Table 3, overall gene diversity
ranged from 0.381 (DYS393 in U.S. Caucasianst to 0.950
(DYS385a/0 in African Americans). The markers were ranked
within each group according to their gene diversity values.
DYS385a/b and DYS458 ranked the first and second, respective-
Iy, in gene diversity values across the three population groups.
However, the lowest gene diversity values in each of the popu-
lation groups were atitibuted to different markers (DYS397 in
{18, Caucasizns and U.S. Hispamics and IDYS39! in African
Americans). The different gene diversity ranking order among
the three population groups indicates that while some markers
could be very informative in some population groups they could
also be of limited value in the analysis of other population groups.
The gene diversity values and relative rankings (Table 3) were
also consistent with very fow exceptions with the data previcusly
published for the same population groups (24},
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FIG. T—Mixture studies. Amplification of male control DNA 607

in the presence of female DNA

90474 Profiles shown in the panels from top to bottor: 300pg

of male DNA, 500 pg male DNA with 500 ng Female DNA (1:1006), 250 pg male DNA with 500 ng female DNA (1:2600), 125 pg male DNA with 500 ng fermale DNA

¢1:4006), 63 pg male DNA with 500 ng

As part of the analysis, we also calcutated haplotype diversity
(HD) for different marker combinations in order to gain insight to
the added vatue of utilizing 17 Y-STR matkers (Table 4). The
marker combinations analyzed consisted of frequently utilized
sets including the “Buropean minimzl haplotype,” the *U.8. ha~
plotype,” the “U.S. Haplotype+DYS437,” and the “Yfiler ™ kit
1%.marker set.” Our results indicated that the HD value increased
in the population groups studied as the number of markers in-

female DNA (1:8000), and 500ng female DNA.

creased. The Yiiler™ kit, which contains the most markers,
scored the highest HD values across the populations studied.
These results are proportionally similar (o previvas haplotype di-
versity anafyses performed on the same population groups when
comparing the 1.8, haplotype marker set to a 20 Y-STR multiplex
(24,

The discriminstory capacity (DC) and the number of unique
naplotypes (UH) for various marker set combinations were also

TABLE 2—Male—male mixture study.

Locus With No Overlapping Alleles

Loces With Minor Component Allele Overlapping
With Major Component Staiter Peak

Mixture .
Baic  Haplotype DyS4ss DYS380H DYS458 DYSIS DYS3IG3 DYS439 DYS39L DVS4ZT TYS4ss DYSI891 DYSIOC DYS383ab DYSE3S DYS43
ot Major BT 17 3t 18 4 13 12 13 15 9 13 z4 114 23 i
! Minor HT 1% rs i 15 i4 i3 i1 15 21 iz 23 13,15 37 e
13 Minor HT 15 i) 16 13 14 13 i1 14 21 iz 3 13,18 2% 10
13 Minor HT 15 9% it 15 4 13 il i6 21 1z 23 13,13 2 10
13 Minor HY is 2% i i3 14 13 il 6 21 iz 23 13,135 22 14
116 MmerHT 13 2 16 13 14 13 11 15 2% 1z 23 13,15 it 14
i Miner HT 15 98 i 15 14 13 i1 16 3 12 23 130 ) 10
116 Mimer BT 13 28 16 15 14 13 i 18 21 12 ” * 13 22 Hi}
£15  Mingr HT 15 2% 16 is 0 13 i 16 o * 23 13,18 * Y,
1% Mmor HT 18 o % 1% G 13 11 16 21 - 23 18 2% 10
1:1% Minor HY 15 25 s 15 i4 4] 13 18 21 iz 3 1315 = )

Minor component allele calls ar nonoverlapping Y-8TR lact from replicate Taixtare amphifications. Dateciad haplotype of miner component using 2 peak

amplitade threshold of 3¢ RFU and the Yiller Irit Kazam macro.

#Stutter peak present, which may mask allele.

STR, short tandem repeat; Major HT, major component haplotype; Minor HT, minor component haplotype; 0, o allele called.
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mined (Table 5). As expected, the DC and UH cor
d with the number of markers employed in the analysis.
ample, in the Cavcasian population, an increase of 21 pet-
g points was observed from the “U.S. haplotype” 11 Y-STR
the Yhiler™ kit 17 Y-STR set. The most common haplotype
» in Caucasians occurred 48 times when using the “Buropean

I—AmpFISTR® YAIr™ kit gene diversity acrogs three 1S,

populations.
African
Americans Caucasians Hispanics
G.95G (1} 0.842 (1) 8.935 (13
09,753 {35 Q777 (23 0782 (2
057 (% G.300 {15} 0.566 (&)
0747 {43 0.676 (3 3730 (3
3715 (8 G643 (7 G724 {43
3.693 (8} G.596 (10 0716 (5%
G644 (7 (1708 (43 0.680 (73
0.6829 & 0.648 (6) 0.665 {5
G610 (9) 0.599 (%) G572 (133

0607 (15 0.381 (15} £.504 {16}

0.603 (103 G722 (3 0,663 411
G.544 {12} 833011 0.708 (6}
0.527 {13} 6.520 (14 3,559 {14;
(498 (143 0.576 (12} GE73 (123
G411 (355 (.604 (8} G664 (10}
5.404 {16} 0,546 (133

T B parentheses sorrespond o the rank order by gese diversity

" tndem repeat,

G, B—Mixture studies of male and female biood samples. Profiles shown in the panels from top fo bottom correspond 1o the samples extracted from the cotivr
containing 1 pL of male blood combined with 100, 500, and 1000 1l of female blood, respectively.

minimal haplotype™ markers, 21 times when using the “U.S. ha-
plotype” sef, and five times when smploving the Yhler'™
kit roarkers.

The mode of inheritance of the Yiiler™ kit $TR loci was ex-
amined using CEPH family DNA sets, Three CEPH family sets
were examined (#1333, 1340, and 1343). representing 22 meaiotic
divisions. The haplotype results confirmed that the loci were in-
herited patrilineally. Two cases where the DYS$438 allele wag not
in sgreement with the other paternal Hineage family members were
identified: in sibling 13457356, a discordant DYS458-18% allele
wag identified instead of the DYS458-17 aliele and in sibling
13407342, a discordant D'YS438. 16 alisle was identified instead
of the DY3438-17 allele. Paternity was confirmed by genotyping
using the Identifiler kit. The mutations al the locus DYS458 are

TABLE3— Hapiorupe diversity (HD) for various Y-STR merker combinations

HD
Y-3TR Marker Affican Americans UL, Cavcasians 113, Hispantes
Combinations W = 7865 N =778} (N =1351
“Minimal™ haplotype 0.9985 39930 .9967
“U.S. haplotype” 3.9994 2.9972 6.9985
‘1.8, 0.9%63 G.59978 0.5990
haplotype” +DY 8437
Yhiler™ kit 0.9995 0.9959 0.9998

The “Minimal” hapiotype is the Paropean minimal hapiotype. The “TLS.
hapiotype” includes the minimal haplotype loci plus DYS438 and DY S435,
STR, short tandein repeat.
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TABLE 5—Discriminatory capacity {DC) and number of unigue haplorypes
(UH) for the three U.S. popdations.

African
Americans Caucasians Hispanics
=7 = ;=

V-STR Marker (N = 786} (N =778} (N =381}
Combinations DC{»y UH BC@ UH DC{(% UH
“Minimal” haplotype 758 496 617 382 T98 266
“U.S. haplotype” 368 618 743 503 856 203
118, haplotype” g1y e2% 76T 524 882 306
+DY8437
Yiiler™ kit 976 749 953 714 958 350

STR, short tardem repeat.

consistent with one-step changes observed for most Y-STR loci
{25-29). The mutation rate for DYS458 was not calculated due to
the small sample size.

Conclusions

The Yfiler™ PCR amplification kit simultaneously amplifies
17 loed, making it a highly discriminating Y-STR detection system
for human identification. The combination of a five-dye chemistry
(6-FAM™, NED™, PET®, VIC®, and LIZ®) and the inclusion
of non-nucleotide linkers made it technologically possible to in-
corporate additional highly polymorphic markers {DYS448,
DYS5456, DYS458, DYS635, and Y GATA H4) not previously
seen in other single amplification systems. These markers have
been extensively characterized by other groups and have been
independently shown to provide additional power of discrimina-
tion in combination with the “Huropesn minimal haplotype”
markers (16,24,30-42). We have demonstrated that the Yiiler ™
kit markers in population studies provided higher haplotype di-
versity {09999 in 11.S. Caucasians ([N = 77813, 0.9999 in African
Americans (N = 7861} and 0.9998 in U.S. Hispanics ([N = 3811,
and discriminatory capacity (95.3% in U.S. Caucasians, 97.6% in
African Americans, and 93.8% in U.S. Hispanics) than the “U.S.
haplotype” (Tables 4 and 3). A new hapiotype datahase for the 17
Y-STR markers in the Yhler ™ kit is available at www.applied-
bosystems.com\yfilerdatabase for use by the forensic community,

The validation of the Yéiler ™ kit encompassed the verification
of the best reaction conditions and reagent concentrations for the
amplification of male DNA as well as the specific amplification of
male DINA in the presence of a high background of female DNA.
The performance criteria included overall peak heights, intracolor
peak balance, and lack of cross-reactive peaks in the presence of
fernale DNA. The thermal cycling parameters of the Yiiler ™ kit
differ from other AmpF#STR® kits in three ways: (1) the number
of arnplification cycles (30 cvcles), (2} the annealing temperature
(61°C), and (3} the final extension tme (30 min}. These changes
significantly enhanced sensitivity for detection of small amounts
of male DNA mixed with large amounts of female DNA. The
sensitivity stadies demonstrated that an input amount of 1ng of
male DNA does noi produce off-scale peaks while allowing
enough signal strengih for reproducible detection of 125pg or
less of template DNA {Fig. 5). The male/female mixture studies
(Figs. 7 and 8) demonstrate that the Yhler™™ kit is capable of
praducing robust, male-specific profiles in the presence of excess
female DNA {50Gng) The studies on nonoptimal amplification
conditions such 25 DNA inputs in the presence of confounding
factors {e.g., nonhuman DNA, PCR inhibitors, partially degraded
DNA, efc.) alse showed that the Yfiler™ kit js capable of pro-
ducing relishle profiles under a wide range of reaction conditions.

The reagent manufacturer performed the validation studies de-
scribed in this paper. It is recommended that each laboratory con-
duct its own internal validation accerding to FBI/National
Standards and SWGDAM guidelines (7.8).
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