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accurate, high-throughput needs of population database applica-repeat (STR) multiplex system. J Forensic Sci 1998;43(6):
tions (6,7).1168–1180.

In this work we describe the development of the PowerPlex
System (an eight-locus, two-color multiplex system containing theABSTRACT: Amplification of short tandem repeat (STR) loci has

become a useful tool for human identification applications. To loci CSF1PO, TPOX, TH01, vWA, D16S539, D7S820, D13S317,
improve throughput and efficiency for such uses, the polymorphic D5S818) and the component GammaSTR System (a four-locus,
STR loci CSF1PO, TPOX, TH01, vWA, D16S539, D7S820, one-color multiplex system containing the loci D16S539, D7S820,D13S317, D5S818, F13A01, FESFPS, F13B, and LPL have been

D13S317, D5S818). These systems are highly discriminating andevaluated, developed, and configured into fluorescently labeled
multiplex systems. Eight of these STR loci were combined to gener- compatible with several fluorescence detection instruments. We
ate the PowerPlex System, a two-color multiplex system that sup- have also evaluated at least 200 individuals in each of three distinct
ports rapid, accurate, reliable analysis and designation of alleles. populations to determine the allele and genotype frequencies of
The remaining four loci comprise the FFFL System, a one-color

the eight loci contained within the PowerPlex System along withmultiplex system. The PowerPlex System may be evaluated alter-
four additional loci contained in the previously described four-natively as two one-color, four-locus multiplex systems, CTTv Mul-

tiplex and GammaSTR Multiplex. The products of multiplex locus, one-color FFFL Multiplex (4) containing the loci F13A01,
amplification may be analyzed with a variety of fluorescence detec- FESFPS, F13B, and LPL. Independence of these loci and determi-
tion instruments. Determination of genotypes of over 200 individu- nation of several commonly used statistics in forensic and paternityals from each of three different population/ethnic groups revealed

determinations were defined.independence of inheritance of the loci and allowed calculation of
matching probability, typical paternity index, and power of exclu-
sion for each multiplex. Materials and Methods

DNA Purification, Amplification and DetectionKEYWORDS: forensic science, DNA typing, short tandem
repeats, multiplex, polymerase chain reaction, CSF1PO, TPOX, DNA isolation from human samples was performed essentially
TH01, vWA, D16S539, D7S820, D13S317, D5S818, F13A01,

as previously described (8,9). Approximately 1 to 2 ng templateFESFPS, F13B, LPL, PowerPlex
DNA was included in each 25 mL amplification reaction when
using the GenePrint PowerPlex 1.1 System (Promega, Madi-
son, WI), GenePrint PowerPlex 1.2 System (Promega, Madi-DNA profiling using short tandem repeat (STR) loci (1–3) has
son, WI) or the GenePrint FFFL Fluorescent System (Promega,become widely used for human identification in forensic sciences
Madison, WI) as recommended in the GenePrint PowerPlexand other related fields. The polymorphic repeat region of STR loci
System or Fluorescent STR System technical manuals (10,11).is small, allowing amplification via the polymerase chain reaction
These amplifications were performed using a Perkin-Elmer Gene-(PCR) to generate fragments 100 to 400 base pairs long. This
Amp PCR System 9600 Thermal Cycler (Foster City, CA). Thesmall, defined size range of each locus has allowed development of
cycling profile for the PowerPlex System is as follows: 968C for

1 Promega Corporation, Madison, WI 53711. 1 min; then 10 cycles of 948C for 30 s, 68 s ramp to 608C and
2 BODE Technologies, Sterling, VA 20166. hold for 30 s, 50 s ramp to 708C and hold for 45 s; then 20 cycles3 Creacy Enterprises, Inc., Greensboro, NC 27410. of 908C for 30 s, 60 s ramp to 608C and hold for 30 s, 50 s ramp* Portions of this work were presented at the Seventh International Sym-

to 708C and hold for 45 s; then 608C for 30 min. For the FFFLposium on Human Identification, 19–21 September 1996, Scottsdale, AZ.
Received 16 February 1998; accepted 19 February 1998. Multiplex System, mineral oil is added to the reactions, the thermal
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cycler lid is not used, and the cycling profile is as follows: 968C minimal artifact bands (15). Fluorescent STR multiplex develop-
ment has been previously described for the CSF1PO, TPOX, TH01,for 1 min; then 10 cycles of 50 s ramp to 948C and hold for 1 min,

34 s ramp to 608C and hold for 1 min, 25 s ramp to 708C and hold and vWA loci of the CTTv Multiplex System, and the F13A01,
FESFPS, F13B, and LPL loci of the FFFL Multiplex System (4).for 1.5 min; then 20 cycles of 45 s ramp to 908C and hold for 1

min, 30 s ramp to 608C and hold for 1 min, 25 s ramp to 708C With the multiple color detection formats now becoming more
broadly available, multiplex systems can be constructed to differ-and hold for 1.5 min; then 608C for 30 min.

Amplification products of the GenePrint PowerPlex 1.1 Sys- entiate loci by both size and color. The PowerPlex System is an
eight-locus, two-color multiplex which utilizes this approach. Ittem, or the FFFL Multiplex System were combined with Fluores-

cent Ladder (CXR), 60-400 Bases (Promega, Madison, WI), combines primers for the loci of the CTTv Multiplex (CSF1PO,
TPOX, TH01, and vWA) with those of the GammaSTR Multi-separated in a 4% polyacrylamide denaturing gel (43 cm long, 0.4

mm thick) containing 0.5X TBE and 7M urea for 1 h at 60 watts plex (D16S539, D7S820, D13S317, and D5S818). The eight STR
loci are combined in a single reaction tube for the amplification(W) using a SA43 gel electrophoresis unit (BRL, Bethesda, MD),

detected with the FMBIO II Fluorescent Scanner (Hitachi Soft- of genomic DNA. Originally, both multiplexes were developed
with one primer for each locus labeled with fluorescein. To achieveware Engineering America, Ltd., San Bruno, CA) and analyzed

using the FMBIO Analysis software. The Fluorescent Ladder separation of all eight loci within the 100 to 400 bp range, the
CTTv Multiplex was modified to contain one primer for each locus(CXR), 60-400 Bases is used as an internal lane standard (ILS)

and contains 16 regularly spaced DNA fragments of 60, 80, 100, labeled with carboxy-tetramethylrhodamine (TMR) while the
GammaSTR Multiplex remained unchanged (i.e., one primer for120, 140, 160, 180, 200, 225, 250, 275, 300, 325, 350, 375, 400

bases in length. each locus labeled with fluorescein). All 16 primers for the eight
STR loci are combined in one mixture. Allelic ladders (9) haveAmplification products of the GenePrint PowerPlex 1.2 Sys-

tem were combined with the ILS, separated in a 5% Long Ranger been developed for all eight loci to simplify and accurately deter-
mine allele designations.(FMC BioProducts, Rockland, ME) gel (36 cm long, 0.2 mm thick)

containing 1X TBE and 7M urea, detected with the ABI Prism During the development of the PowerPlex System, the various
primer concentrations were adjusted to obtain similar product377 DNA Sequencer (Perkin-Elmer Applied Biosystems Division,

Foster City, CA) and analyzed using the GeneScan Analysis yields for the alleles representing all eight loci. It was apparent
from the beginning that unique primer mixes were required forsoftware.

Before the development of the fluorescent multiplexes, the pop- each fluorescent instrument due to the differences in the excitation
efficiency of the fluorescent dyes detected by the different instru-ulation genotyping was performed using the GenePrint CTT or

FFv Multiplex STR Systems (Promega, Madison, WI), or a combi- ment lasers. Thus, the PowerPlex 1.1 System is customized for
the FMBIO Fluorescent Scanners, while the PowerPlex 1.2nation of GenePrint F13A01 and LPL STR Systems (Promega,

Madison, WI) as recommended in the GenePrint STR Systems System is customized for the Prism 377 DNA Sequencer, but
will also work with the 373 DNA Sequencer and 310 Genetictechnical manual (8). Approximately 10 to 15 ng template DNA

was added to the reactions to ensure detection following post- Analyzer, a capillary electrophoresis system. Each PowerPlex
primer mixture was developed independently for each instrumentamplification staining. Amplified samples were separated in 4%

polyacrylamide denaturing gels (32 cm long, 0.4 mm thick) con- by decreasing and increasing primer concentrations for each locus
to obtain a ‘‘balanced’’ system (similar amplification yield andtaining 0.5X TBE and 7M urea and detected by staining the gel

with a 1:10000 dilution of SYBR Green II (Molecular Probes, sensitivity for all eight loci). This involved examining the allele
intensities within a group and between the fluorescent dyes suchEugene, OR) for 15 min. The resulting fluorescent signals were

detected using the FMBIO II Fluorescent Scanner (Hitachi Soft- that the sensitivity with fluorescein- and TMR-labeled loci would
be comparable for the eight loci in the multiplex. Both the Pow-ware Engineering America, Ltd., San Bruno, CA).
erPlex 1.1 System and the PowerPlex 1.2 System were bal-

Population Analyses anced to achieve successful amplification when using 1 ng template
DNA. In addition to balancing, the amplifications were examinedOver 200 individuals in each of three population/ethnic groups
for artifact bands due to primer interaction with other primers inwere analyzed at the CSF1PO, TPOX, TH01, vWA, D16S539,
the mixture or with irrelevant genomic DNA sites. For one particu-D7S820, D13S317, D5S818, F13A01, FESFPS, F13B, and LPL
lar locus, locus D7S820, the primer sequences were modified toloci. The African-American and Caucasian-American paternity
eliminate artifact bands generated by incomplete terminal additionsamples were collected in 50 states and the Hispanic-American
of adenine to amplified DNA fragments by Taq DNA Polymerase.paternity samples were collected in the Southwest United States,
Lastly, two distinct PowerPlex allelic ladder mixes were preparedprimarily the states of Texas and Arizona. Allele and genotype
and balanced to accommodate the two different instruments.frequencies were determined for each locus. Heterozygosity (12)

The PowerPlex System has been tested under a range of condi-was calculated from the observed numbers of heterozygotes and
tions to validate the system using TWGDAM guidelines. The ther-homozygotes within each sample set. Possible departure from
mal cycling annealing temperature has been evaluated, as wellHardy-Weinberg equilibrium (HWE) was determined by the exact
as the number of amplification cycles, 10X primer concentration,test (13). Matching probability (12), typical paternity index (14),
selection and concentration of Taq DNA Polymerase, mixed sam-and power of exclusion (14) were calculated as previously defined.
ples, blood and semen samples, etc. This work has been completed
and is in preparation for publication.Results and Discussion

A series of DNA templates amplified using the PowerPlex
Multiplex Development 1.1 System and detected using the Hitachi FMBIO Fluorescent

Scanner is shown in Fig. 1. The four loci of the CTTv MultiplexCandidate loci were originally selected for development based
upon their high degree of polymorphism, robust amplification, and are displayed in red and the GammaSTR Multiplex loci are dis-
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played in green. The ILS is shown in blue. Figure 2 is an electro- all nine amplified loci detected using the FMBIO Fluorescent
pherogram of a single DNA sample amplified using the Pow- Scanner. Amelogenin is labeled with carboxy-tetramethylrhoda-
erPlex 1.2 System and detected using the ABI Prism 377 DNA mine (TMR) and displays a 212 base X chromosome-specific band
Sequencer. The locus names are aligned above the corresponding and a 218 base Y chromosome-specific band. The sensitivity of
alleles. In this image, the ILS is displayed in red. The amplification the PowerPlex 1.1 System is shown in Fig. 3. As little as 0.2 ng
of all eight loci is reproducible, with minimal stutter template DNA is successfully amplified with the PowerPlex 1.1
bands (i.e., minor bands one repeat unit smaller than the authentic System and Amelogenin combination. This combination allows
allele and generated by the amplification of some tandem repeat for gender identification and evaluation of eight polymorphic loci
loci) (16,17). All the loci, except vWA and D5S818, have an aver- for a DNA sample in a single reaction.
age stutter of less than 5% (manuscript in preparation). The loci
vWA, D5S818, and several loci not employed in these systems Multiplex Characteristics
have an average stutter greater than 5%. The low amount of stutter

The chromosome locations, known alleles, and allele size rangesbands is an important feature of these loci, especially in forensic
for 12 STR loci are listed in Table 1. All the loci are located oncases in which mixed DNA samples are of concern.
different chromosomes except for the CSF1PO and D5S818 loci,The PowerPlex System may be combined with the Amelo-
which are more than 50cM apart on chromosome 5 and thereforegenin locus (18,19) for gender identification to provide amplifica-

tion and detection of nine loci in one reaction tube. Figure 3 shows segregate independently (20).

FIG. 3—Sensitivity of the GenePrint PowerPlex 1.1 System and the GenePrint Fluorescent Sex Identification System-Amelogenin (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 Fluorescent Scanner. Lanes 1–4 contain 2 ng, 1 ng, 0.5 ng, and 0.2 ng template, respectively. The GammaSTR
Multiplex loci (D16S539, D7S820, D13S317, D5S818) are displayed in Panel A. The CTTv Multiplex loci (CSF1PO, TPOX, TH01, 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.

TABLE 2—STR allele sequence variations.

All 12 loci comprise true tetranucleotide repeats (i.e., each allele designation of alleles. All the alleles included in the allelic ladders
have been sequenced to confirm the DNA sequence and numberwithin a locus differs by four bases). Within the group, only two

microvariants with an allele frequency greater than 0.001 have of repeat units contained within each allele. The repeat sequence
for each allele is listed in Table 2. Within the group of sequencedbeen observed: TH01 allele 9.3 (21) and F13A01 allele 3.2 (22).

The repeat sequences for each locus as defined by two different alleles, we identified one allele for locus D13S317 and two alleles
for locus vWA which have two forms that migrate the same dis-methods are listed in Table 1. The method described in 1991 by

Edwards et al. (1) uses the first alphabetical representation of the tance but differ slightly in sequence. These sequence exceptions
are listed in Table 2. Sequence variations in the locus vWA haveSTR motif to define the repeat sequence regardless of the strand.

Alternatively, in August 1997, the DNA Commission of the Inter- been previously reported (24).
national Society for Forensic Haemogenetics (ISFH) published rec-

Statistical Analysisommendations for STR nomenclature (23). The report states, ‘‘1)
for STR loci within coding genes, the coding strand shall be used The allele frequencies, calculated as appropriate sums of geno-
and the repeat sequence motif defined using the first possible 5′ typic frequencies, for each of the 12 loci and for African-Ameri-
nucleotide of a repeat motif; and 2) for STR loci not associated cans, Caucasian-Americans, and Hispanic-Americans are listed in
with a coding gene, the first database entry or original literature Tables 3, 4, and 5, respectively. The sample size, observed number
description shall be used.’’ Regardless of which method is of homozygotes and observed number of heterozygotes are shown
employed, the allele designations for each of the loci listed are for each locus. These populations were analyzed to determine if
identical except for the locus F13B. In this case, the alleles are the allele frequencies for each locus are consistent with Hardy-
one repeat unit larger when using the method described by the Weinberg equilibrium. The allele frequency data have been com-
DNA Commission of the ISFH. Standardization of the F13B pared and correlate closely with previously reported allele fre-
nomenclature will have to be defined. quency data for CSF1PO, F13A01, FESFPS, and LPL (3); TH01

Allelic ladders (15) were developed for all 12 loci and are ana- (21); CSF1PO, TPOX, and TH01 (25); TH01, vWA, F13A01, and
FESFPS (26).lyzed along with unknown samples to allow quick and reliable
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TABLE 3—Allele frequencies for African-Americans.
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TABLE 4—Allele frequencies for Caucasian-Americans.
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TABLE 5—Allele frequencies for Hispanic-Americans.
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TABLE 7—(Continued.)An exact test for independence of the alleles 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—Exact test p-values for association at single loci.

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

was above 0.010. From statistical variation in data analysis alone,
we would expect, on average, to observe 1.8 values 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 0 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 alleles 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 loci in that sample. This observa-
tion prompted a retesting for two-locus independence with the
genotypes at one locus (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 alleles at the second locus were permuted. STR technical manuals and a subset of the frequency data has been
published elsewhere (29).This leads to a joint test of independence of alleles at the second

locus, and independence between alleles at the second locus and
genotypes at the first locus. Therefore, there is still a between- Mutation Rates
locus component to the test. The results are shown in parentheses

At least 300 mother-child genotype pairs were examined forin Table 7. There is only one significant value for the Caucasian-
each of the 12 STR loci for direct evidence of mutation. At theAmerican database and seven for the Hispanic-American database.
locus D13S317, one of 317 mother-child pairs showed evidenceSeven is still more than expected by chance, although it can be
of mutation. In this one occurrence, the genotype for the motherargued that a more stringent significance level should be used when
is an 11,11 and the child is a 12,12 homozygote. The ethnic back-so many tests (e.g., 66) are being conducted. The analysis of a
ground of the mother-child pair is African-American. The mutation

larger Hispanic-American database will confirm or reject this
rate is estimated as 1/n with a standard deviation estimated as

result. Ï(n 1 1)/n3 where n is the sample size (opportunities for recom-
In 1996, the National Research Council published a report enti-

bination). Thus, the calculated mutation rate for D13S317 is 3.15tled, ‘‘The Evaluation of Forensic DNA Evidence’’ (28). This work
2 1023 5 3.15 2 1023. For the other 11 STR loci, no mutationrecommended that attention to formal testing for independence for
events were observed. As a combined group, the average mutationalleles within and between loci no longer be emphasized. Instead,
rate is 2.6 2 1024, approximately tenfold lower than the observedacknowledgment is to be given to the possibility of departures
average mutation rate (2.1 2 1023) with other described tetranu-from Hardy-Weinberg equilibrium at single loci, and recognition
cleotide STR loci (30,31).is to be given to the fact that any dependencies among loci would

be small. Even though our two-locus independence testing showed
Power of Exclusion and Typical Paternity Indicesmore significant values than expected, the one-locus testing is con-

sistent with HWE. In addition, the majority of significant values For parentage testing, the typical paternity index and the power
for the two-locus independence testing occurred in only one of of exclusion were calculated and are shown in Table 8. The typical
three databases. The results of the two-locus independence testing paternity index is above 2600 and the power of exclusion is above
in this report, therefore, have some scientific interest but little bear- 0.99974 in each population group tested when using all 12 loci
ing on the forensic uses of these data. described in this work. For each of the three population groups,

We plan to provide our collated genotype data on the Internet the dataset consisted of at least 100 paternity cases previously
so that other scientists may analyze, compare, or combine our pop- determined to be exclusions by RFLP analysis. In the over 250
ulation data with their own results. The Internet site will provide exclusionary cases examined at all 12 loci, each alleged father was
a very comprehensive collection of genotype data gathered for excluded by at least one locus out of a total of 12 loci. Table 9
various population/ethnic groups. The allele frequency data for all lists the number of exclusions observed when 12 loci were

employed and when using only 8 loci of the PowerPlex System.three population groups are currently available in the GenePrint

TABLE 8—Multiplex system population characteristics.
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TABLE 9—Parentage exclusions using a combination of STR loci.

Using 12 loci, the average number of exclusions per paternity trio to obtain a matching probability of at least 1 in 303 billion. The
low mutation rates for all 12 STR loci and typical paternity indicesis six exclusions. None of the exclusionary cases were falsely

included when using the PowerPlex System and FFFL Multiplex which exceed 2600 support the usefulness of STR multiplex sys-
tems for parentage applications.(12 loci). However, when only eight loci are employed, three out

of 281 cases did not show evidence of an exclusion.
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