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ABSTRACT: Amplification of short tandem repeat (STR) loci has
become a useful tool for human identification applications. To
improve throughput and efficiency for such uses, the polymorphic
STR loci CSF1PO, TPOX, THO1, vWA, D16S539, D7S820,
D13S317, D5S818, F13A01, FESFPS, F13B, and LPL have been
evaluated, developed, and configured into fluorescently labeled
multiplex systems. Eight of these STR |oci were combined to gener-
ate the PowerPlex[] System, atwo-color multiplex system that sup-
ports rapid, accurate, reliable analysis and designation of aleles.
The remaining four loci comprise the FFFL System, a one-color
multiplex system. The PowerPlex] System may be evaluated alter-
natively astwo one-color, four-locusmultiplex systems, CTTv Mul-
tiplex and GammaSTRO Multiplex. The products of multiplex
amplification may be analyzed with avariety of fluorescence detec-
tion instruments. Determination of genotypes of over 200 individu-
as from each of three different population/ethnic groups revealed
independence of inheritance of the loci and allowed calculation of
matching probability, typical paternity index, and power of exclu-
sion for each multiplex.
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DNA profiling using short tandem repeat (STR) loci (1-3) has
become widely used for human identification in forensic sciences
and other related fields. The polymorphic repeat region of STR loci
is small, allowing amplification via the polymerase chain reaction
(PCR) to generate fragments 100 to 400 base pairs long. This
small, defined size range of each locus has allowed devel opment of
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multiplex setsof STRoci (4,5). Refining these setswith multicolor
fluorescent detection provides an effective method to meet rapid,
accurate, high-throughput needs of population database applica-
tions (6,7).

In this work we describe the development of the PowerPlex[
System (an eight-locus, two-color multiplex system containing the
loci CSF1PO, TPOX, THOL, vWA, D16S539, D7S820, D13S317,
D5S818) and the component GammaSTRO System (a four-locus,
one-color multiplex system containing the loci D16S539, D7S820,
D13S317, D5S818). These systems are highly discriminating and
compatible with several fluorescence detection instruments. We
have also evaluated at least 200 individualsin each of three distinct
populations to determine the allele and genotype frequencies of
the eight loci contained within the PowerPlexd System along with
four additional loci contained in the previously described four-
locus, one-color FFFL Multiplex (4) containing the loci F13A01,
FESFPS, F13B, and LPL. Independence of these loci and determi-
nation of several commonly used statisticsin forensic and paternity
determinations were defined.

Materials and Methods
DNA Purification, Amplification and Detection

DNA isolation from human samples was performed essentially
as previously described (8,9). Approximately 1 to 2 ng template
DNA was included in each 25 pL amplification reaction when
using the GenePrint PowerPlexO 1.1 System (Promega, Madi-
son, WI), GenePrint PowerPlex(] 1.2 System (Promega, Madi-
son, WI) or the GenePrint FFFL Fluorescent System (Promega,
Madison, WI) as recommended in the GenePrintd PowerPlex[
System or Fluorescent STR System technical manuals (10,11).
These amplifications were performed using a Perkin-Elmer Gene-
AmpO PCR System 9600 Thermal Cycler (Foster City, CA). The
cycling profile for the PowerPlex(D Systemis as follows: 96°C for
1 min; then 10 cycles of 94°C for 30 s, 68 s ramp to 60°C and
hold for 30 s, 50 s ramp to 70°C and hold for 45 s; then 20 cycles
of 90°C for 30 s, 60 s ramp to 60°C and hold for 30 s, 50 s ramp
to 70°C and hold for 45 s; then 60°C for 30 min. For the FFFL
Multiplex System, mineral oil isadded to the reactions, the thermal
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cycler lid is not used, and the cycling profile is as follows: 96°C
for 1 min; then 10 cycles of 50 sramp to 94°C and hold for 1 min,
34 sramp to 60°C and hold for 1 min, 25 s ramp to 70°C and hold
for 1.5 min; then 20 cycles of 45 s ramp to 90°C and hold for 1
min, 30 s ramp to 60°C and hold for 1 min, 25 s ramp to 70°C
and hold for 1.5 min; then 60°C for 30 min.

Amplification products of the GenePrint[] PowerPlex 1.1 Sys-
tem, or the FFFL Multiplex System were combined with Fluores-
cent Ladder (CXR), 60-400 Bases (Promega, Madison, WI),
separated in a 4% polyacrylamide denaturing gel (43 cm long, 0.4
mm thick) containing 0.5X TBE and 7M ureafor 1 h at 60 watts
(W) using a SA43 gel electrophoresis unit (BRL, Bethesda, MD),
detected with the FMBIODO 1l Fluorescent Scanner (Hitachi Soft-
ware Engineering America, Ltd., San Bruno, CA) and anayzed
using the FMBIOO Analysis software. The Fluorescent Ladder
(CXR), 60-400 Bases is used as an internal lane standard (ILS)
and contains 16 regularly spaced DNA fragments of 60, 80, 100,
120, 140, 160, 180, 200, 225, 250, 275, 300, 325, 350, 375, 400
bases in length.

Amplification products of the GenePrint[] PowerPlexd 1.2 Sys-
tem were combined with the IL S, separated in a 5% L ong Ranger(]
(FMC BioProducts, Rockland, ME) gel (36 cm long, 0.2 mm thick)
containing 1X TBE and 7M urea, detected with the ABI Prism
377 DNA Sequencer (Perkin-Elmer Applied Biosystems Division,
Foster City, CA) and analyzed using the GeneScanl Anaysis
software.

Before the development of the fluorescent multiplexes, the pop-
ulation genotyping was performed using the GenePrintd CTT or
FFv Multiplex STR Systems (Promega, Madison, WI), or acombi-
nation of GenePrintd F13A01 and LPL STR Systems (Promega,
Madison, WI) as recommended in the GenePrint(] STR Systems
technical manual (8). Approximately 10 to 15 ng template DNA
was added to the reactions to ensure detection following post-
amplification staining. Amplified samples were separated in 4%
polyacrylamide denaturing gels (32 cm long, 0.4 mm thick) con-
taining 0.5X TBE and 7M urea and detected by staining the gel
with a 1:10000 dilution of SYBRO Green Il (Molecular Probes,
Eugene, OR) for 15 min. The resulting fluorescent signals were
detected using the FMBIODO |1 Fluorescent Scanner (Hitachi Soft-
ware Engineering America, Ltd., San Bruno, CA).

Population Analyses

Over 200 individuals in each of three population/ethnic groups
were analyzed at the CSF1PO, TPOX, THO1, VWA, D16S539,
D7S820, D13S317, D5S818, F13A01, FESFPS, F13B, and LPL
loci. The African-American and Caucasian-American paternity
samples were collected in 50 states and the Hispanic-American
paternity samples were collected in the Southwest United States,
primarily the states of Texas and Arizona. Allele and genotype
frequencies were determined for each locus. Heterozygosity (12)
was calculated from the observed numbers of heterozygotes and
homozygotes within each sample set. Possible departure from
Hardy-Weinberg equilibrium (HWE) was determined by the exact
test (13). Matching probability (12), typical paternity index (14),
and power of exclusion (14) were calculated as previously defined.

Results and Discussion

Multiplex Development

Candidate loci were originally selected for development based
upon their high degree of polymorphism, robust amplification, and

minimal artifact bands (15). Fluorescent STR multiplex develop-
ment has been previously described for the CSF1PO, TPOX, THOL,
and VWA loci of the CTTv Multiplex System, and the F13A01,
FESFPS, F13B, and LPL loci of the FFFL Multiplex System (4).

With the multiple color detection formats now becoming more
broadly available, multiplex systems can be constructed to differ-
entiate loci by both size and color. The PowerPlex[] System isan
eight-locus, two-color multiplex which utilizes this approach. It
combines primers for the loci of the CTTv Multiplex (CSF1PO,
TPOX, THO1, and vVWA) with those of the GammaSTRO Multi-
plex (D16S539, D7S820, D13S317, and D5S818). The eight STR
loci are combined in a single reaction tube for the amplification
of genomic DNA. Originaly, both multiplexes were devel oped
with one primer for each locus labeled with fluorescein. To achieve
separation of all eight loci within the 100 to 400 bp range, the
CTTv Multiplex was modified to contain one primer for each locus
labeled with carboxy-tetramethylrhodamine (TMR) while the
GammaSTRDO Multiplex remained unchanged (i.e., one primer for
each locus labeled with fluorescein). All 16 primers for the eight
STR loci are combined in one mixture. Allelic ladders (9) have
been developed for all eight loci to simplify and accurately deter-
mine allele designations.

During the development of the PowerPlex[] System, the various
primer concentrations were adjusted to obtain similar product
yields for the alleles representing al eight loci. It was apparent
from the beginning that unique primer mixes were required for
each fluorescent instrument due to the differences in the excitation
efficiency of the fluorescent dyes detected by the different instru-
ment lasers. Thus, the PowerPlexd 1.1 System is customized for
the FMBIOO Fluorescent Scanners, while the PowerPlexd 1.2
System is customized for the Prism 377 DNA Sequencer, but
will also work with the 373 DNA Sequencer and 310 Genetic
Anayzer, a capillary electrophoresis system. Each PowerPlex[]
primer mixture was developed independently for each instrument
by decreasing and increasing primer concentrations for each locus
to obtain a ‘‘balanced’’ system (similar amplification yield and
sengitivity for al eight loci). This involved examining the allele
intensities within a group and between the fluorescent dyes such
that the sensitivity with fluorescein- and TMR-labeled loci would
be comparable for the eight loci in the multiplex. Both the Pow-
erPlexd 1.1 System and the PowerPlex( 1.2 System were bal-
anced to achieve successful amplification when using 1 ng template
DNA. In addition to balancing, the amplifications were examined
for artifact bands due to primer interaction with other primers in
the mixture or with irrelevant genomic DNA sites. For one particu-
lar locus, locus D7S820, the primer sequences were modified to
eliminate artifact bands generated by incomplete terminal addition
of adenine to amplified DNA fragments by Tag DNA Polymerase.
Lastly, two distinct PowerPlex alelicladder mixeswere prepared
and balanced to accommodate the two different instruments.

The PowerPlexD System has been tested under arange of condi-
tionsto validate the system using TWGDAM guidelines. The ther-
mal cycling annealing temperature has been evaluated, as well
as the number of amplification cycles, 10X primer concentration,
selection and concentration of Tag DNA Polymerase, mixed sam-
ples, blood and semen samples, etc. Thiswork has been completed
and is in preparation for publication.

A series of DNA templates amplified using the PowerPlex(
1.1 System and detected using the Hitachi FMBIOO Fluorescent
Scanner is shown in Fig. 1. The four loci of the CTTv Multiplex
are displayed in red and the GammaSTRO Multiplex loci are dis-
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played in green. The ILS is shown in blue. Figure 2 is an electro-
pherogram of a single DNA sample amplified using the Pow-
erPlex(] 1.2 System and detected using the ABI PrismJ 377 DNA
Sequencer. The locus names are aligned above the corresponding
aleles. Inthisimage, the ILSisdisplayed in red. The amplification
of al eight loci is reproducible, with minima stutter
bands (i.e., minor bands one repeat unit smaller than the authentic
allele and generated by the amplification of some tandem repeat
loci) (16,17). All the loci, except VWA and D5S818, have an aver-
age stutter of less than 5% (manuscript in preparation). The loci
VWA, D5S818, and severa loci not employed in these systems
have an average stutter greater than 5%. The low amount of stutter
bands is an important feature of these loci, especialy in forensic
cases in which mixed DNA samples are of concern.

The PowerPlexd System may be combined with the Amelo-
genin locus (18,19) for gender identification to provide amplifica-
tion and detection of nineloci in one reaction tube. Figure 3 shows

A.

al nine amplified loci detected using the FMBIOO Fluorescent
Scanner. Amelogenin is labeled with carboxy-tetramethylrhoda-
mine (TMR) and displaysa 212 base X chromosome-specific band
and a 218 base Y chromosome-specific band. The sensitivity of
the PowerPlexd 1.1 System is shown in Fig. 3. Aslittleas 0.2 ng
template DNA is successfully amplified with the PowerPlex( 1.1
System and Amelogenin combination. This combination allows
for gender identification and evaluation of eight polymorphic loci
for a DNA sample in a single reaction.

Multiplex Characteristics

The chromosome locations, known alleles, and allele size ranges
for 12 STR loci are listed in Table 1. All the loci are located on
different chromosomes except for the CSF1PO and D5S818 loci,
which are more than 50cM apart on chromosome 5 and therefore
segregate independently (20).
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FIG. 3—Sensitivity of the GenePrint/7 Power Plex/7 1.1 Systemand the GenePrint /7 Fluorescent Sex | dentification System-Amel ogenin (TMR). Various
amounts of template DNA were amplified using the PowerPlex 1.1 System and Amelogenin, separated in a denaturing 4% polyacrylamide gel, and
detected using the Hitachi FMBIO/ZJ Fluorescent Scanner. Lanes 1-4 contain 2 ng, 1 ng, 0.5 ng, and 0.2 ng template, respectively. The GammaSTR.L
Multiplex loci (D16S539, D7820, D13S317, D5818) are displayed in Panel A. The CTTv Multiplexloci (CSF1PO, TPOX, THO1, vWA) and Amelogenin
are displayed in Panel B. All nine loci were amplified in one reaction tube and analyzed in a single gel lane.
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TABLE 1—STR locus characteristics.

Multiplex Fluorescent Repeat sequence Chromosome Known alleles Allele size
system Locus dye* Edwards  ISFH location (frequency > .001)  range (bases)
PowerPlex™ System  CSFI1PO TMR AGAT TAGA 5q33.3-34 6-15 291-327
TPOX TMR AATG TGAA 2p25.1-pter 6-13 224-252
THO1 TMR AATG TCAT 11pls.5 5-9,9.3, 10-11 179-203
vWA TMR AGAT TCTA 12p12-pter 11, 13-21 127-167
D16S539 FL AGAT GATA 16q24-gter S, 8-15 264-304
D7S820 FL AGAT GATA 7q11.21-22 6-14 215-247
D13S317 FL AGAT TATC 13q22-q31 7-15 165-197
D5S818 FL AGAT AGAT 5q23.3-32 7-15 119-151
FFFL Multiplex F13A01 FL AAAG GAAA 6p24.3-25.1 3.2,4-16 281-331
FESFPS FL AAAT ATTT 15q25-qter 7-14 222-250
F13B FL AAAT TTTA 1q31-g32.1 6-12 169-193
LPL FL AAAT TTTA 8p22 7-14 105-133

*TMR=carboxy-tetramethylrhodamine; FL=fluorescein

TABLE 2—STR allele sequence variations.

Locus Allele(s) Sequence structure (5°-3") Sequence variation (5°-3°)
CSF1PO 6-15 [AGAT]s.s
TPOX 6-13 [AATG].5
THO1 5-11 [AATG]s.,,
THO1 9.3 [AATG]([-ATG][AATG],
vWA 11,13 [TCTA][TCTG],[TCTA] ,
vWA 14 [TCTA][TCTGL[TCTA], [TCTA][TCTG][TCTAL[TCCA][TCTA],
vWA 15 [TCTA][TCTG][TCTA],,
vWA 16 [TCTA][TCTGL[TCTA], [TCTA][TCTG],[TCTA],
vWA 17-20 [TCTAJTCTG][TCTA] ;.5
vWA 21 [TCTAJTCTG][TCTA],,
D16S539  5,8-15 [AGATI;s 5.5
D78820 6-14 [AGAT],.,
D138317 7-15 [TATC],. s
D13S317 10 [TATC],, [AATC] [TATC],,[TATC]
D5S818 7-15 [AGAT],.s
F13A01 32 [AAAG],[A-]
F13A01 4-16 [AAAG],. JAGT]
FESFPS 7-14 [AAAT],.,
F13B 6-12 [AAAT],.,
LPL 7-14 [AAAT],.,

All 12 loci comprise true tetranuclectide repeats (i.e., each alele
within a locus differs by four bases). Within the group, only two
microvariants with an allele frequency greater than 0.001 have
been observed: THOL alele 9.3 (21) and F13A01 allele 3.2 (22).
The repeat sequences for each locus as defined by two different
methods are listed in Table 1. The method described in 1991 by
Edwards et a. (1) uses the first alphabetical representation of the
STR moetif to define the repeat sequence regardless of the strand.
Alternatively, in August 1997, the DNA Commission of the Inter-
national Society for Forensic Haemogenetics (1SFH) published rec-
ommendations for STR nomenclature (23). The report states, *‘ 1)
for STR loci within coding genes, the coding strand shall be used
and the repeat sequence motif defined using the first possible 5'
nucleotide of a repeat motif; and 2) for STR loci not associated
with a coding gene, the first database entry or original literature
description shall be used.”” Regardless of which method is
employed, the allele designations for each of the loci listed are
identical except for the locus F13B. In this case, the aleles are
one repeat unit larger when using the method described by the
DNA Commission of the ISFH. Standardization of the F13B
nomenclature will have to be defined.

Allelic ladders (15) were developed for all 12 loci and are ana-
lyzed along with unknown samples to allow quick and reliable

designation of aleles. All the alelesincluded in the allelic ladders
have been sequenced to confirm the DNA sequence and number
of repeat units contained within each alele. The repeat sequence
for each alleleislisted in Table 2. Within the group of sequenced
dleles, we identified one allele for locus D13S317 and two alleles
for locus VWA which have two forms that migrate the same dis-
tance but differ dightly in sequence. These sequence exceptions
are listed in Table 2. Sequence variations in the locus VWA have
been previously reported (24).

Satistical Analysis

The allele frequencies, calculated as appropriate sums of geno-
typic frequencies, for each of the 12 loci and for African-Ameri-
cans, Caucasian-Americans, and Hispanic-Americans are listed in
Tables 3, 4, and 5, respectively. The sample size, observed number
of homozygotes and observed number of heterozygotes are shown
for each locus. These populations were analyzed to determine if
the allele frequencies for each locus are consistent with Hardy-
Weinberg equilibrium. The allele frequency data have been com-
pared and correlate closely with previously reported alele fre-
quency data for CSF1PO, F13A01, FESFPS, and LPL (3); THO1
(21); CSF1PO, TPOX, and THO1 (25); THO1, VWA, F13A01, and
FESFPS (26).
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TABLE 3—Allele frequencies for African-Americans.

CTTv Muitiplex Components

CSF1PO TPOX THO1 vWA
homozygotes 40 homozygotes 55 | homozygotes 60 | homozygotes 38
heterozygotes 180 | heterozygotes 166 | heterozygotes 161 | heterozygotes 182
total samples 220 | total samples 221 | total samples 221 | total samples 220
allele | AF N allele | AF N allele T AF AF N

i 0.002 i "B | 0.050| 22 | 5 7| 0005 10.009] 4

10002 1 [ 7 |00 15 | & [0452 0.000| O

100661 29 8 |0353[ 156 | 7 0376 0.011 5

{0073 32 910192 85 | 8 [0233 0.064] 28

10041 18 10 [0.7113] 50 9 0211] 93

0273] 120 11 J0210] 93 | 9.3 0264 116
02327 1021 121 0.048] 21 107 0207 o1
10267 115 §.13:10000] O T . 0.143] 63

10045 20 | AN [1.000| 442 [ AW [ 1.000 0073 32

-1 0.002 1 o 0.016] 7

~foooz| 1 0.002] 1

1 1.000| 440 7.000| 440
GammaSTR™ Multiplex Components

D16S539 D7S820 D13S317 D5S818
homozygotes 48 homozygotes 52 | homozygotes 66 homozygotes 48
heterozygotes 167 | heterozygotes - 163 | heterozygotes 149 | heterozygotes 167
total samples 215 | total samples 215 | total samples 215 | total samples 215
aliele | AF N allele | AF N allele | AF N allele | AF N
-5 ] 0.002 1 6.1 0.002 1 -7 0.002 1 b7 0
6210000 O 7 100121 5 -8 0.033| 14 28
710000 0O |} 8.:10179] 77 9::0019] 8 8
. 8.10023] 10 | 9 Jo0.084| 36 | 10 |0.026] 11 26
-9 10205 88 | 10:]0.351] 151 1410309 | 133 111
=40/ 0093 40 | 11 ]0235] 101 | 12 |0.414] 178 147

11.10316| 136 | 12 J0.112] 48 13 0.149 97
-12-10.202] 87 137 10019] 8 [ 14 [0.049 12
4310133} 57 |} 14::10007] 3 1571 0.000 1
14-10.026| 11 All_ | 1.000] 430 | Al [1.000] 430 430
45 ]0000( O L i ]

Al T1.000] 430
FFFL Multiplex Components

F13A01 FESFPS F13B LPL
homozygotes 49 homozygotes 44 | homozygotes 59 homozygotes 67
heterozygotes 169 | heterozygotes 176 | heterozygotes 161 | heterozygotes 152
total samples 218 | total samples 220 | total samples 220 | total samples 219
allele | AF N |allele ] AF N ] allel AF N Tallele] AF N
3210087 38 7 0009 4 | © |0384] 169 =1 0.000] O
4 100761 33 | 8101097 438 7] 0.7571 69 10.0021 1
5 [0342] 149 [ 9 | 0057 25 0.100] 44 10.146] 64
6 0131 57 | Yo [0247| 106 -10.2437 107 10.370] 162
7 [095| 85 | 11 |[0355| 156 10.1147] 50 [ 0.757] 66
- B 0067 29 | 12 ]0.182] 80 10.002 1 102727 119

10009 4 13 100457 20 -] 0.000 10.059T 26

=10.005] 2 |- 14 ]0.002] 1 1.000 10.000] O

] 0.009] 4 Al [T.000] 440 1.000( 438

0011 5

0.0321 14
10.021 9
0014] ©

16 0] 0.002] 1
AT -T1.000] 436
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TABLE 4—Allele frequencies for Caucasian-Americans.

CTTv Multiplex Components

CSF1PO TPOX THO1 vWA
homozygotes — 47 homozygotes 76 homozygotes 50 | homozygotes 38
heterozygotes 168 | heterozygotes 139 | heterozygotes 163 [ heterozygotes 175
total samples 215 | total samples 215 |} total samples 213 | total samples 213
allele | AF N allele | AF N 1 allele ] AF N 1 allele | AF N

6} 0.000 0 | 78 {0002 0.007 3 | T [ 0.000 0
7 j0000] 0 [ 7 ]0000 B [0237] 101 | 32 [0000] O
810002 1 810528 o0 017481 63 | -13::]0.000 0
9 (0033 14 | 9 [0093 8 | 0117| 50 |14 [0131| 56
=0 [ 0257 108 | 10.]0.056 8710955 66 15 35
AT 70309 133 A7 1028471 122 | 9310331 141 90
TAZ [ 0330| 142 | 12 {0037 16 [ 10 |{0005| 2 113
13-.[0060[ 26 [ 13 [0000| O [ A1 {0000 O 55
14 [0014| 6 [ AW [1000| 430 { Al {1000 426 37
15| 0000 O T ]
AT [ 1.000| 430 0

: 4726
GammaSTR™ Multiplex Components

D16S539 D75820 D13S317 D5S818
homozygotes 57 homozygotes 43 homozygotes 61 homozygotes 60
heterozygotes 153 | heterozygotes 167 | heterozygotes 149 | heterozygotes 150
total samples 210 | total samples 210 ] total samples 210 } total samples 210
allele | AF N allele | AF N allele | AF N allele | AF N

5 0.000 0 6 0.002 1 1 7.7]0.000 0 2771 0.005 2
6. 0.000 0 -7 10010 4 871 0.143] 60 B 1
7- -] 0.000 0 8 10155] 65 | "9°]0.052] 22 4
810026 11 9 10152 64 | 10.:10.052| 22 24
9 10.107| 45 10 ] 02951 124 | 11 | 0.305] 128 155
10:°10.079] 33 111 0.195] 82 12 :10.307| 129 147
111 0.319 134 12 To121] 51 | 43 [0.083] 35 80
12 10269 113 13 . 10.057| 24 14 10057 24 5
13:10.167| 70 1471 0.012 5 }:16:3 0.000 0 2
14:10.031] 13 Al 11.000] 420 [::All::] 1.000] 420 420
- 151 0.002 1 - :
All '] 1.000] 420
FFFL Multiplex Components

F13A01 FESFPS F13B LPL
homozygotes 49 homozygotes 64 homozygotes 51 homozygotes 47
heterozygotes 158 |} heterozygotes 149 | heterozygotes 154 | heterozygotes 157
total samples 207 | total samples 213 | total samples 205 ] total samples 204
allele | AF N allele | AF N allele | AF N allele | AF N

21008 35 } 7 :]0.000 0 | 6 |0100] 41 |- 0.000 0

1 0.041 17 -8 10014 1 0.020 1

: 0.208] 86 9 11 0.007 311 0.259 19

10287 119 |:10::] 0.284 1 0.215 168

10329 136 | 11::]10.439 1 0.402 117

7] 0.017 7 |12 10225 1 0.002 83

1 0.000 0 +13:+] 0.028 10.002 20

-4 0.000 0 |- 14::10.002 1 1.000 0

2] 0.000 0 Al 11.000] 426 408

1 0.002 1 G

1 0.005 2

1 0.017 7

=i 0.010 4

1 0.000 0

All 1 1.000] 414
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TABLE 5—Allele frequencies for Hispanic-Americans.

CTTv Multiplex Components

CSF1PO TPOX THO1 vWA
homozygotes 66 homozygotes 72 homozygotes 53 homozygotes 52
heterozygotes 152 | heterozygotes 148 | heterozygotes 163 | heterozygotes 160
total samples 218 | total samples 220 | total samples 220 | total samples 212
allele | AF N allele | AF N allele | AF N allele | AF
6 10.000 0 67| 0.005 2 |:5:710000 0 | 11 ]0.000 0
771 0.002 1 ; 0.002 1 7051 12| 0.000 0
g 10.005 2 0.5021 221 136 | 13 [0.005 2
9-10.025] 11 0.08871 39 38 T4770.066| 28
107 ] 0.247} 105 0.052] 23 61T |- A5 0.1707] 43
110296 | 129 0.2481 109 96 | 16 10295 125
T2 ] 0.358| 156 0.702 ] 45 4 A7 0271 115
A3 [0.060| 26 0.000 0 0 18 [ 0.165] 70
—14 | 0.007 3 T.000| 440 430 | 19 |0.080] 34
~ 1571 0.007 3 —20- 10.077 7
—AW [ 1.000| 436 2T [0.000| 0
= Al | 7.000 | 424
GammaSTR™ Multiplex Components
D16S539 D7S820 D138317 D5S818
homozygotes 45 homozygotes 38 homozygotes 46 homozygotes 48
heterozygotes 162 | heterozygotes 169 [ heterozygotes 161 | heterozygotes 159
total samples 207 | total samples 207 | total samples 207 | total samples 207
allele | AF N allele | AF N allele | AF N allele | AF N
5 0.000 0 | :6.::]0.000 0 |7 0 710063 26
-6 0.000 o | 7.]0.019 36 8 10.005 2
7 10.000 0 8 0099 7% | 9 [o0.058] 24
8 0.012 5 91 0.075 32 |10 ] 0058| 24
e [o0.101| 42 0.283 | 117 95 | 11:10.384] 159
101 0.181| 75 0.266| 110 101 1271 0.312} 129
11:10.300| 124 0.220 50 | 13 ]0.114] 47
12 °10.268 | 111 0.031 22 |14+ 0.007 3
13 10.118] 49 ; 0.007 2 | 15 10.000 0
14 1 0.019 8 1 1.000| 414 414 | A1 1.000( 414

~45 [0.000] © S

ANl 11.000] 414

FFFL Multiplex Components

F13A01 FESFPS F13B LPL
homozygotes 45 homozygotes 68 homozygotes 80 homozygotes 66
heterozygotes 177 | heterozygotes 142 | heterozygotes 137 | heterozygotes 144
total samples 222 | total samples 210 | total samples 217 | total samples 210
allele | AF N allele | AF N allele | AF N allele | AF N

3.2- 102257 100 1 0.0 T F 0.051] 22 | 7::]10.000 0
10113 50 3 {0012 5 0018 8 [ 8 0002 1
5710227 101 0.010 4 0.129 56 0.029] 12
6 0.164 73 0.776 | 74 0.3621 157 0.50Z21 211
7102271 101 0.4521 190 04351 189 102241 94
8 10014 6 0.233] 98 0.005 2 0207 87
] 0.000 0 0.110] 46 0.000 0 -:10.033] 14
10_[0.000 0 0.005 2 1.000| 434 =1 0.002 1
A7 1 0.007 3 1.000| 420 11000 420
- 1271 0.000 0
13 {0005 2
1471 0.005 2
15 1 0.007 3
16 1 0.007 3
AT [ 1.000 | 444
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An exact test for independence of the aleles within individuals
was performed for each locus, with the significance levels (p <
0.050) found by permutation (2000 permutations of alleles). These
p values are shown in Table 6. Only one value (D13S317 in the
Caucasian-American database) was below 0.050, and that value

TABLE 6—EXxact test p-values for association at single loci.

Locus African- Caucasian - Hispanic-

American American American
CSF1PO 0.897 0.635 0.072
TPOX 0.128 0.179 0.767
THO1 0.250 0.847 0.822
vWA 0.984 0.982 0.311
D16S539 0.916 0.612 0.377
D7S820 0.462 0.889 0.693
D13S317 0.843 0.021 0.720
D5S818 0.347 0.126 0.346
F13A01 0.213 0.752 0.250
FESFPS 0.570 0.674 0.643
F13B 0.489 0.377 0.679
LPL 0.148 0.079 0.214

TABLE 7—EXxact test p-values for association for pairs of loci.

Loci African- Caucasian- Hispanic-
American American* American’
CSF1PO, TPOX 0.080 0.812 (0.833) 0.308 (0.553)
CSF1PO, THO1 0960  0.548(0.569)  0.019 (0.054)
CSF1PO, vWA 0882  0.994(0.992)  0.387 (0.650)
CSF1PO, D16S539 0.733 0.131 (0.130) 0.355 (0.664)
CSF1PO, D7S820 0.319 0.881 (0.890) 0.413 (0.700)
CSF1PO, D13S317 0.669 0.182 (0.596) 0.003 (0.008)
CSF1PO, D5S818 0.867 0.764 (0.744) 0.043 (0.126)
CSF1PO, F13A01 0.114 0.755 (0.759) 0.004 (0.006)
CSF1PO, FESFPS 0.787 0.854 (0.854) 0.008 (0.038)
CSF1PO, F13B 0.603  0.878(0.881)  0.497 (0.798)
CSFIPO, LPL 0.290 0.816 (0.826) 0.191 (0.255)
TPOX, THO1 0.263 0.384 (0.391) 0.254 (0.267)
TPOX, vWA 0.239 0.340 (0.340) 0.398 (0.396)
TPOX, D16S539 0.715 0.222 (0.217) 0.770 (0.773)
TPOX, D75820 0.083  0.126(0.122)  0.272(0.263)
TPOX, D13S317 0.035 0.251 (0.698) 0.523 (0.530)
TPOX, D55818 0.026 0.463 (0.487) 0.096 (0.097)
TPOX, F13A01 0.247 0.532 (0.522) 0.382 (0.356)
TPOX, FESFPS 0.334 0.616 (0.612) 0.510 (0.501)
TPOX, F13B 0.183 0.266 (0.260) 0.330 (0.334)
TPOX, LPL 0023  0.677(0.667)  0.603 (0.611)
THO1, vWA 0.453 0.235 (0.244) 0.294 (0.283)
THO1, D16S539 0.337 0.164 (0.161) 0.257 (0.260)
THO1, D7S820 0.155 0.559 (0.559) 0.624 (0.628)
THO1, D13S317 0.101 0.346 (0.776) 0.120 (0.110)
THO1, D5S818 0.193 0.226 (0.232) 0.169 (0.176)
THO1, F13A01 0.371 0.936 (0.944) 0.718 (0.718)
THOI1, FESFPS 0.732 0.355 (0.357) 0.390 (0.371)
THO1, F13B 0.189 0.705 (0.695) 0.582 (0.565)
THO1, LPL 0.073 0.793 (0.793)  0.561 (0.574)
vWA, D16S539 0.059 0.308 (0.309) 0.360 (0.341)
vWA, D7S820 0.702 0.891 (0.890) 0.373 (0.355)
vWA, D13S317 0.517 0.103 (0.489) 0.115 (0.120)
VWA, D5S818 0796  0.420(0.448)  0.258 (0.273)
vWA, F13A01 0.596 0.345 (0.338) 0.165 (0.172)
vWA, FESFPS 0.903 0.345 (0.363) 0.016 (0.013)
vWA, F13B 0.499 0.323 (0.325) 0.111 (0.110)
vWA, LPL 0.168 0.864 (0.866) 0.606 (0.613)

* Values in parentheses obtained by holding D13S317 genotypes intact.
* Values in parentheses obtained by holding CSF1PO genotypes intact.

TABLE 7—(Continued.)

Loci African- Caucasian- Hispanic-
American American* American’
D16S539, D7S8820 0.673 0.345 (0.348) 0.788 (0.796)
D16S539, D13S317 0.086 0.012 (0.073) 0.471 (0.467)
D16S539, D5S818 0.796 0.029 (0.028) 0.383 (0.388)
D16S539, F13A01 0.934 0.326 (0.306) 0.463 (0.474)
D16S539, FESFPS 0.992 0.957 (0.958) 0.261 (0.254)
D16S539, F13B 0.427 0.187 (0.181) 0.471 (0.453)
D16S539, LPL 0.293 0.449 (0.465) 0.663 (0.654)
D7S820, D13S317 0.433 0.358 (0.857) 0.703 (0.698)
D75820, D5S818 0710 0.096(0.090)  0.422 (0.426)
D7S8820, F13A01 0.657 0.767 (0.770) 0.162 (0.178)
D7S820, FESFPS 0.342 0.668 (0.657) 0.550 (0.550)
D7S820, F13B 0.437 0.848 (0.855) 0.338 (0.340)
D7S820, LPL 0.663 0.528 (0.548) 0.638 (0.667)
D13S317, D5S818 0.299 0.199 (0.633) 0.395(0.376)
D13S317, F13A01 0.064 0.065 (0.385)  0.030 (0.028)
D13S317, FESFPS 0.953 0.087 (0.375) 0.015 (0.020)
D13S317,F13B 0.696 0.030 (0.133) 0.084 (0.082)
D13S317, LPL 0393 0.641(0.969) 0357 (0.347)
D5S818, F13A01 0.458 0.118 (0.123) 0.469 (0.475)
D5S818, FESFPS 0484  0432(0405)  0.179 (0.166)
D5S818, F13B 0217  0.052(0.060)  0.568 (0.557)
D5S818, LPL 0.474 0.558 (0.562) 0.971 (0.972)
F13A01, FESFPS 0.720 0.476 (0.467) 0.419 (0.410)
F13A01, F13B 0216  0458(0472)  0.160 (0.158)
F13A01, LPL 0.145  0977(0.974)  0.689 (0.689)
FESFPS, F13B 0.248 0.414 (0.417) 0.031 (0.032)
FESFPS, LPL 0445  0813(0.807)  0.137(0.147)
F13B, LPL 0225  0531(0.537)  0.626 (0.635)

* Values in parentheses obtained by holding D13S317 genotypes intact.
' Values in parentheses obtained by holding CSF1PO genotypes intact.

was above 0.010. From statistical variation in data analysis alone,
we would expect, on average, to observe 1.8 vaues below 0.050
in the data set of 36 tests described here if the data are in Hardy-
Weinberg equilibrium. Thus, the observed uniform distribution of
the 36 p-values over the range O to 1 is the result expected if
there are no departures from HWE at these 12 loci in these three
databases.

Associations between frequencies at two loci have been in-
vestigated by comparing two-locus genotype frequencies to the
products of the corresponding allele frequencies, assuming in-
dependence of aleles both within and between loci. The p-values
are displayed in Table 7. Overall, there are 15 of 198 values less
than 0.050. The rates for African-Americans (3 of 66 values) and
Caucasian-Americans (3 of 66 values) are close to the nominal
5% level, and the rate for Hispanic-Americans (9 of 66 values) is
higher than the expected normal.

It is noteworthy that 5 of the 9 significant values for Hispanic-
Americans involve CSF1PO for which the one-locus p-value was
clearly lower than for the other 11 |oci in that sample. Thisobserva-
tion prompted a retesting for two-locus independence with the
genotypes at onelocus (e.g., CSF1PO for Hispanic-American data-
base and D13S317 for the Caucasian-American database) held
intact and only the alleles at the second locus permuted. This proce-
dure was described by Zaykin et al. (27). For each two-locus test
involving CSF1PO or D13S317, the genotypes at that locus were
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held fixed and all the aleles at the second locus were permuted.
This leads to a joint test of independence of alleles at the second
locus, and independence between aleles at the second locus and
genotypes at the first locus. Therefore, there is still a between-
locus component to the test. The results are shown in parentheses
in Table 7. There is only one significant value for the Caucasian-
American database and seven for the Hispanic-American database.
Seven is still more than expected by chance, athough it can be
argued that amore stringent significance level should be used when
so many tests (e.g., 66) are being conducted. The analysis of a
larger Hispanic-American database will confirm or regject this
result.

In 1996, the National Research Council published a report enti-
tled, ** The Evaluation of Forensic DNA Evidence’’ (28). Thiswork
recommended that attention to formal testing for independence for
alleles within and between loci no longer be emphasized. Instead,
acknowledgment is to be given to the possibility of departures
from Hardy-Weinberg equilibrium at single loci, and recognition
is to be given to the fact that any dependencies among loci would
be small. Even though our two-locus independence testing showed
more significant val ues than expected, the one-locustesting is con-
sistent with HWE. In addition, the mgjority of significant values
for the two-locus independence testing occurred in only one of
three databases. The results of the two-locus independence testing
inthisreport, therefore, have some scientific interest but little bear-
ing on the forensic uses of these data.

We plan to provide our collated genotype data on the Internet
so that other scientists may analyze, compare, or combine our pop-
ulation data with their own results. The Internet site will provide
a very comprehensive collection of genotype data gathered for
various population/ethnic groups. The allele frequency datafor al
three population groups are currently available in the GenePrint[]

STR technical manuals and a subset of the frequency data has been
published elsewhere (29).

Mutation Rates

At least 300 mother-child genotype pairs were examined for
each of the 12 STR loci for direct evidence of mutation. At the
locus D13S317, one of 317 mother-child pairs showed evidence
of mutation. In this one occurrence, the genotype for the mother
isan 11,11 and the child is a 12,12 homozygote. The ethnic back-
ground of the mother-child pair is African-American. The mutation
rate is estimated as 1/n with a standard deviation estimated as
V(n — 1)/n®where nisthe sample size (opportunities for recom-
bination). Thus, the calculated mutation rate for D13S317 is 3.15
X 1072 + 3.15 X 1073, For the other 11 STR loci, no mutation
events were observed. As acombined group, the average mutation
rateis 2.6 x 10™4, approximately tenfold lower than the observed
average mutation rate (2.1 X 10~2) with other described tetranu-
cleotide STR loci (30,31).

Power of Exclusion and Typical Paternity Indices

For parentage testing, the typical paternity index and the power
of exclusion were calculated and are shown in Table 8. The typical
paternity index is above 2600 and the power of exclusion is above
0.99974 in each population group tested when using al 12 loci
described in this work. For each of the three population groups,
the dataset consisted of at least 100 paternity cases previously
determined to be exclusions by RFLP anaysis. In the over 250
exclusionary cases examined at all 12 |oci, each alleged father was
excluded by at least one locus out of a total of 12 loci. Table 9
lists the number of exclusions observed when 12 loci were
employed and when using only 8 loci of the PowerPlex[d] System.

TABLE 8—Multiplex system population characteristics.

African-American

Caucasian-American  Hispanic-American

CTTv Multiplex
Matching probability 1in 25236
Typical paternity index 29.39
Power of exclusion .967
GammaSTR™ Multiplex
Matching probability 1 in 10872
Typical paternity index 16.93
Power of exclusion 946

‘PowerPlex™ System .~ * .
(CTTv Multiplex and GammaSTR™ Multiplex)

FFFL Multiplex
Matching probability 1in 16802
Typical paternity index 16.83
Power of exclusion .946
AllTwetveLoci o
- (PowerPlex™ System and FFFL Multiplex) -
© Matching probability -~ lin4.61x10"
Typical paterhjty ihdex ; 8373
~ Power of exclusion 99990

lin2.74x10 .

1 in 6796 1in 7219
19.26 10.51
953 918

1 in 16790 1in 20106
13.51 30.40
934 967

1in1.14x10% 1in 1.45x10°

o260 il
©o9%9 9973
1in 2658 1in 3276
15.28 8.23
941 902
1in3.03x10"! 1in4.75x10"!
13976 2627
199981 99974
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TABLE 9—Parentage exclusions using a combination of STR loci.

Number of Number of
excluding  Number of non-fathers excluded excluding  Number of non-fathers excluded
loci African- Caucasian- Hispanic- loci African- Caucasian- Hispanic-
(out of 12) American  American American (out of 8) American  American American
0 0 0 0 0 1 0 2
1 2 0 1 1 2 1 4
2 2 1 3 2 8 9 5
3 1 4 1 3 19 10 14
4 4 7 9 4 18 30 18
5 16 15 15 5 23 25 22
6 25 22 17 6 21 14 18
7 12 16 14 7 4 8 4
8 18 17 16 8 1 0 0
9 10 5 5
10 3 3 2
11 1 0 0
12 0 0 0
Totals 94 90 83 Totals 97 97 87
Average 6.5 6.4 6.2 Average 4.4 44 4.3

Using 12 loci, the average number of exclusions per paternity trio
is six exclusions. None of the exclusionary cases were falsely
included when using the PowerPlex[D System and FFFL Multiplex
(22 loci). However, when only eight loci are employed, three out
of 281 cases did not show evidence of an exclusion.

Matching Probability

In forensic science, the genotype data from as few as two sam-
ples are compared to determine if the samples originated from the
same person. If the samples are determined to be a match, the
probability of such an occurrence is determined. The matching
probabilities for the PowerPlex System, its component CTTv
Multiplex and GammaSTRLO Multiplex, aswell asthe FFFL Multi-
plex are shown in Table 8. When all 12 loci are evaluated in a
pair of amplification reactions employing the PowerPlex] System
and FFFL Multiplex System, the matching probabilitiesare at least
1in 303 hillion for each population group studied.

Summary

The 12 STRloci described in thiswork display low stutter bands,
contain few microvariants, and exhibit low mutation rates, making
them ideal for human identification applications. The PowerPlex(]
System, FFFL Multiplex, CTTv Multiplex, and GammaSTRO
Multiplex developed for the fluorescence detection and analysis
of short tandem repeat loci are reliable and highly discriminating.
The high-throughput methods allow the fast, accurate genotyping
of large numbers of samples as required for generating databases.
In addition, the all€elic ladders devel oped with each multiplex sys-
tem provide accurate, reliable designation of aleles. The use of
alelic ladders and independent in-lane size standards allows labo-
ratories to compare and share data confidently, even if using dis-
similar gel electrophoresis methods and detection methods.

The genotype data for over 200 individuals in three distinct
population/ethnic groups have been used to calculate the alele
frequencies for al 12 loci. The exact test was applied to show
Hardy-Weinberg equilibrium and independence of aleles both
within and between loci. The product rule may be used for statisti-
cal determinations as the mapping data for al 12 loci indicate that
theloci segregate independently. For forensic science applications,
the PowerPlex] System and FFFL Multiplex may be employed

to obtain a matching probability of at least 1 in 303 billion. The
low mutation ratesfor al 12 STR loci and typical paternity indices
which exceed 2600 support the usefulness of STR multiplex sys-
tems for parentage applications.
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