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ABSTRACT: Analysis of length polymorphisms at STR loci in
the human genome has become a standard approach for compara-
tive genotyping in many areas including disease research and diag-
nostics, parentage assessment, investigations of human diversity,
and forensic science. The simultaneous analysis of multiple STR
loci through multiplex PCR and multicolor fluorescence detection
offers sample conservation, high throughput, and automated genetic
analysis. Careful design and optimization of tetranucleotide STR
multiplexes has led to reliable, standardized systems that power-
fully differentiate and distinguish individual human DNA profiles.
The development of these multiplex systems involved a rigorous
experimental strategy that included careful selection of PCR primer
sequences (for yield, specificity, and multiplex compatability),
along with optimization of PCR component concentrations, thermal
cycling parameters, and fluorescence detection conditions. This de-
velopmental approach rendered well-characterized DNA typing
systems that are high performing (sensitive, specific, and balanced),
optimized to universal parameters (same reaction conditions), re-
silient to fluctuations in reaction conditions, and simple to imple-
ment and use routinely.

KEYWORDS: forensic science, PCR, STR, multiplex, develop-
ment, optimization, AmpF�STR

Prevalent throughout eukaryotic chromosomal DNA, polymor-
phic short tandem repeat (STR) loci are key tools for rapid gene dis-
covery, disease locus mapping, carrier diagnosis of disease states,
linkage analyses, agricultural genetics, parentage assessment, and
population diversity studies. The ability to detect genetic differ-
ences between individuals increases when DNA typing information
at multiple polymorphic STR loci is combined. For example, the
combined average probability that two unrelated individuals (U.S.
Caucasian and African American population groups), chosen at
random, have identical profiles (PI) at 15 STR loci discussed in this
report is ~1 in 1015 (see Table 1; 18,47). As PI decreases, the op-
portunity to distinguish unshared alleles between individuals is
likely to increase, thus enhancing informativeness of mixed DNA
samples encountered in comparative genotyping, such as in bone
marrow transplant monitoring (chimaerism) or forensic casework.

Biological specimen collection technique, sample storage condi-
tions, DNA quality and quantity, and resilience of STR typing sys-
tems can influence ability to recover genetic information. Due to
potential exposure to a virtually unlimited number of uncontrolled

variables, forensic casework specimens may result in particularly
challenging polymerase chain reaction (PCR) templates. Critical
attributes mandatory for human identification studies are exem-
plified in the Amplification of Fluorescent-labeled STRs 
(AmpF�STR®) PCR Amplification Kits (see Table 1). Optimized
reagents direct simultaneous PCR amplification (i.e., multiplex) of
different combinations of 15 polymorphic tetranucleotide STR loci
in a single reaction tube. Thirteen of these loci represent the core
group of STR markers, carefully chosen by the Technical Working
Group on DNA Analysis Methods (TWGDAM; currently referred
to as SWGDAM) STR Working Group, for inclusion in the United
States COmbined DNA Index System (CODIS) DNA database (re-
fer to Table 1). Resident on 14 different human chromosomes, each
of the 15 loci has undergone intensive study. Physical linkage and
mendelian inheritance data for most loci are provided by the Co-
operative Human Linkage Center (CHLC) or have been published
previously (1,2,7,10,15,16,21,22,24,27,29,31,32,34,43,49,50,53,
54,55,56,63). Mendelian inheritance at each locus was additionally
confirmed in our laboratory (18). Issues pertinent to population ge-
netics, such as approximation to Hardy-Weinberg proportions and
independent inheritance between STR markers, have been ad-
dressed in separate studies (5,11,13,18,23,65).

Each STR allele amplified with AmpF�STR PCR primers is
concomitantly labeled with a fluorescent tag, detected as either
blue, green, or yellow on the ABI PRISM™ 377 DNA Sequencer
or the ABI PRISM 310 Genetic Analyzer. This scheme allows
analysis of multiple small DNA fragments (~100 to 350 base pairs)
following a single electrophoretic separation. Discrete allele recog-
nition is achieved through amplification from locus-specific PCR
primers that generate fragments within distinct size ranges. Sample
alleles are identified by comparison to an allelic ladder in accor-
dance with recommendations of the DNA Commission of the In-
ternational Society for Forensic Haemogenetics (9). Sizes of sam-
ple alleles and allelic ladders are measured using internal lane size
standards (30). Alleles differing by one, two, or three base pairs are
differentiated by virtue of routinely obtained single base precision
(25).

Following a rigorous developmental scheme, optimal parame-
ters for amplification and fluorescence detection were determined
empirically for AmpF�STR Blue loci (D3S1358, FGA, and vWA),
the founding multiplex. PCR reaction component concentrations
and thermal cycling parameters that provided appropriate sensitiv-
ity, specificity, and signal balance important for forensic DNA typ-
ing were identified (59). These amplification and fragment detec-
tion conditions were fixed to serve as framework for expanding and
building additional multiplex systems (see Table 1).

Critical for incorporation of 15 STR loci into a common proto-
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col was extensive screening and selection of PCR primers. Primer
selection, PCR optimization, and fluorescent allele detection con-
ditions are explored as primary focus points.

Materials and Methods

Sample Source and Extraction Protocols

Human DNA samples from bloodstains, hair, and buccal cell
swabbings were extracted using either a phenol/chloroform organic
method (Serological Research Institute, Richmond, CA; 46) or
Chelex™ (PE Biosystems, Foster City, CA; 42,60); this sample set
is used in all experiments, unless stated otherwise. Nonhuman
DNA samples (BIOS Laboratories, Inc., New Haven, CT) included
primates (gorilla, chimpanzee, orangutan, and macaque) and non-
primates (horse, cow, chicken, pig, rabbit, dog, cat, fish, hamster,
mouse, rat), fungi (Candida albicans, Saccharomyces cerevisiae),
and bacteria (Rhodotorula rubra, Legionella pneumophilia, Es-
cherichia coli, Listeria monocytogenes, Neisseria lactamica, Vib-
rio mimicus, Citrobacter freundii, Salmonella typhimurium). DNA
extracts were quantitated using the QuantiBlot® Human DNA
Quantitation Kit (Perkin Elmer, Norwalk, CT; 61), on agarose gels,
and/or by ultraviolet spectrophotometry.

Population database DNA samples were extracted from liquid
blood of unrelated individuals, as follows: 459 African Americans,
200 U.S. Caucasians, and 113 U.S. West Coast Hispanics. All Cau-
casian and 195 African American DNA samples were provided by
Laboratory Corporation of America (Research Triangle Park, NC;
18). Liquid blood was collected from all Hispanic individuals and
the remaining 264 African Americans by the California Depart-
ment of Justice DNA Laboratory (Berkeley, CA). DNA was ex-
tracted by the phenol/chloroform method, concentrated by Centri-
con® Centrifugal Filter Devices (model YM-100; Amicon Inc.,
Beverly, MA), and quantitated using PicoGreen® (Molecular
Probes Inc., Eugene, OR) and an SLT Fluostar plate reader
(TECAN, Research Triangle Park, NC) or by QuantiBlot.

PCR Amplification

Unless otherwise stated, 1.0 to 2.5 ng of genomic DNA was am-
plified in 50-�L reaction volumes using AmpF�STR PCR amplifi-
cation reagents and suggested protocols (PE Biosystems;
35–38,40,41). Kit reagents included PCR reaction mix, AmpliTaq
Gold™ DNA Polymerase (3), primer cocktail for relevant multi-
plex, positive control DNA 9947A (12), allelic ladder, and mineral
oil. PCR reaction mix final concentrations are 10 mM Tris�HCl
(pH 8.3), 50 mM potassium chloride (KCl), 1.25 mM magnesium
chloride (MgCl2), 800 �M blended deoxynucleotide triphosphates
(dNTPs), and 0.16�g/�L bovine serum albumin (BSA). Four and
a half units of AmpliTaq Gold DNA Polymerase were used in each
50-�L PCR reaction.

Samples were amplified in either GeneAmp® Thin-Walled Re-
action Tubes in the DNA Thermal Cycler 480 or MicroAmp® Re-
action Tubes with Caps in the GeneAmp PCR Systems 2400 or
9600 (Perkin Elmer). The recommended protocol is identical be-
tween these thermal cyclers for a given multiplex and the same be-
tween all six kits, with noted exceptions, as follows: enzyme acti-
vation at 95°C for 11 min; followed by 28 cycles (29 cycles for
AmpF�STR Green I) of denaturation at 94°C for 1 min, annealing
at 59°C for 1 min, and extension at 72°C for 1 min; and a final ex-
tension at 60°C for 45 min (30 min for AmpF�STR Blue and
AmpF�STR Green I). Note that enzyme activation is necessary
when using AmpliTaq Gold DNA Polymerase.

Sample Electrophoresis and Data Analysis

Amplification products were electrophoresed on either the ABI
PRISM 377 DNA Sequencer (vertical slab gel) or the ABI PRISM
310 Genetic Analyzer (capillary electrophoresis (CE)). Briefly, for
the 377 DNA Sequencer protocol (35–38,40,41), 4 �L of ampli-
cons (2 �L for AmpF�STR Blue and AmpF�STR Green I) and 0.5
�L of GeneScan™-500 (or GeneScan™-350) [ROX] Internal
Lane Size Standard (PE Biosystems) were added to 4.5 �L of load-

TABLE 1—AmpF�STR PCR Amplification kits.

AmpF�STR AmpF�STR AmpF�STR AmpF�STR AmpF�STR AmpF�STR
Locus Blue Green I Profiler™ Profiler Plus™ COfiler™ SGM Plus™

D3S1358* X X X X X
vWA* X X X X
FGA* X X X X
TH01* X X X X
TPOX* X X X
CSF1PO* X X X
D5S818* X X
D13S317* X X
D7S820* X X X
D8S1179* X X
D21S11* X X
D18S51* X X
D16S539* X X
D2S1338 X
D19S433 X
Amelogenin X X X X X

* 13 CODIS Core Loci.

TABLE 1—Fifteen STR loci of six AmpF�STR PCR amplification kits. D3S1358, vWA, FGA, D16S539, and D2S1338 are labeled with 5FAM dye and
detected as blue using virtual filter set F on the ABI PRISM instruments. TH01, TPOX, CSF1PO, D8S1179, D21S11, D18S51, and Amelogenin are labeled
with JOE dye and detected as green. D5S818, D13S317, D7S820, and D19S433 are labeled with NED dye and detected as yellow. TH01 and FGA primers
in the AmpF�STR SGM Plus kit are identical in sequence to those in the other multiplexes but are labeled with NED.
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primer binding stability at higher stringency. Of particular signifi-
cance in these studies was relative fluorescent intensity between
loci detected with the same dye label in context of each multiplex.
Signal strength between the three fluorescent dyes (5FAM, JOE,
NED) of the AmpF�STR kits, detected on the ABI PRISM instru-
ments, varies due to specific chemical characteristics of each dye
(39). By maximizing signal strength at each locus, similar peak
heights (relative fluorescence units, RFU) were obtained routinely
for loci with the same dye label (“balanced”). When peak heights
from high-quality, nondegraded DNA profiles are relatively bal-
anced between loci, the potential to recover data from every locus
in the typing system is enhanced. An additional benefit is seen
when challenging samples are processed; the potential of data loss
due to weak signal at particular loci is decreased. When DNA
degradation and PCR inhibition are observed, obvious profile
trends (e.g., loss of or weak higher molecular weight loci) allow
these conditions to be identified more readily and addressed
appropriately.

Amplification Specificity—Candidate primers which passed the
above described tests were scrutinized for amplification specificity
in several assays. Primers were tested together in multiplex using
conditions of reduced stringency. In each assay, PCR specificity
was challenged by evaluating the effects of one or more of the fol-
lowing: 1. amplification with AmpliTaq® DNA polymerase, 2. re-
duced TA, 3. increased DNA template, 4. Chelex-extracted (single-
stranded) DNA template, and 5. increased MgCl2 concentration.
AmpliTaq, as opposed to AmpliTaq Gold, can reduce PCR strin-
gency as the enzyme may begin extending primers which have an-
nealed during PCR setup or while the thermal cycler is ramping to
95°C, in absence of a manual hot start. Multiple amplifications
were performed on approximately 15 organic and Chelex extracts
over the course of multiplex development (including final ver-
sions). Candidate primer pairs which produced nonspecific PCR
products under these less stringent conditions, particularly between
75 to 400 base pairs (bp), were rejected from further consideration.

Excessive MgCl2 can result in spurious peaks during PCR. A
representative example of AmpF�STR specificity at high MgCl2
(3.0 mM) is shown in the last panel of Fig. 1. Nonspecific PCR
products were not observed at any of the following concentrations
tested: 0.6, 0.7, 0.8, 0.85, 0.9, 0.95, 1.0, 1.05, 1.10, 1.15, 1.20, 1.25,
1.30, 1.35, 1.40, 1.45, 1.50, 1.75, 2.0, 2.5, 3.0 mM (a subset is
shown in Fig. 1).

Specificity was additionally examined with regard to species us-
ing nonhuman DNA extracts. DNA samples from each primate (2.5
ng) and nonprimate (50 ng) were examined; fungal and bacterial
DNA copy numbers were equivalent to approximately 50 ng of hu-
man DNA. As expected, amplicons were generated from the pri-
mate DNA samples at most loci (data not shown; 26,59). Nonpri-
mate DNA samples did not produce any amplicons, with the
exception of a previously reported monomorphic product in the
cow, pig, and dog DNA samples generated by amelogenin primers
(6).

Primer Binding Site Mutations—Candidate primers meeting the
specificity requirements were subjected to database screens in
search of primer binding site (pbs) mutations. A mutation in the pbs
region of the target sequence may compromise amplification effi-
ciency of that allele, particularly when the position of the mutation
is close enough to the 3� end of the primer to destabilize annealing
(26,44,51,62, unpublished data). Because the intensity of alleles at
a locus can be informative in the interpretation of DNA mixtures,

ing buffer (dextran blue dye, deionized formamide) and denatured
at 95°C for 2 min. One and a half �L was loaded on a 5% Long-
Ranger gel (Pharmacia Biotech Inc., Piscataway, NJ) in 36 cm
well-to-read plates (PE Biosystems), and run for 2.25 h at 3 kV
(full-scan mode; see AmpF�STR User’s Manuals for 377-XL up-
grade protocol). For the ABI PRISM 310 Genetic Analyzer
(35–38,40,41), 1.5 �L of amplicons (1 �L for AmpF�STR Blue
and AmpF�STR Green I) and 1 �L of GeneScan-500 (or Gene-
Scan-350) [ROX] Internal Lane Size Standard were added to 24
�L of deionized formamide (�5 �S conductivity) and denatured at
95°C for 3 min. The PCR products were injected (5 s) and elec-
trophoresed at 15 kV in Performance Optimized Polymer 4
(POP4™). Data were collected using either the ABI PRISM 377
Collection software application, primarily with run module “GS
Run 36F-2400,” or the ABI PRISM 310 Collection software appli-
cation with run module “GS STR POP4 (1 mL) F.” Results were
analyzed using the GeneScan Analysis® software application.

Results

Primer Selection

Multiplex PCR targets multiple loci simultaneously in a single
reaction utilizing a cocktail of primer pairs. Without optimization,
coamplification of several loci may introduce challenges for signal
strength and amplification specificity. These challenges are due to
potential competition for PCR building blocks and undesired com-
plementarity both between primers (primer dimer) and between
primers and genomic DNA template (mispriming). Consequently,
development of a robust multiplex PCR environment commands
careful optimization, particularly for automated analyses or human
identification applications.

Signal Strength and Nontemplate Base Addition in Single Locus
PCR Reactions—In the development of each AmpF�STR multiplex
PCR system, oligonucleotide primers were designed to yield am-
plicons within specific size ranges and to maximize signal strength
using a single amplification protocol (17,45,64). Hundreds of can-
didate primers were first screened for signal strength in singleplex
reactions at each locus, using AmpF�STR PCR reaction mix and
thermal cycling parameters. Of those yielding the highest signal, a
range of concentrations was tested to determine signal strength
plateau, between 0.2 to 0.4 �M for most primer pairs. Optimal
primer concentrations were defined as approximately 20% greater
than the concentration at the point of plateau. This provided a per-
formance window within which signal intensity was consistent.

Primer selection strategy additionally addressed the terminal
transferase-like activity of DNA polymerases (8,20). Significant
amounts of amplicons (�N products), relative to products that
have undergone nontemplate 3� terminal addition (�N products),
can compromise signal strength and may complicate data interpre-
tation in certain circumstances (see Thermal Cycling Temperatures
and Times). Thus, the strategy was to drive the reaction to produce
a majority of �N products at the levels of primer selection and
thermal cycling parameters. For each primer, the particular se-
quence at the 3� end of each dye-labeled amplicon was considered
(4,28,44) and efficiency of nontemplate base addition, using
AmpF�STR PCR mix and conditions, was evaluated.

Signal Strength in Multiplex PCR Reactions—Candidate primer
pairs were subsequently multiplexed together, using a PCR anneal-
ing temperature (TA) of 59°C, to ascertain interlocus signal
strength. Additionally, signal strength using a 61°C TA assessed
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pbs mutations were avoided by designing primers in conserved se-
quence regions flanking STR motifs. Since it is not possible to se-
lect a primer in a region in which every base is conserved in every
individual of all populations, pbs mutations were at least mini-
mized by implementing a peak height ratio (PHR) assay. This in-
volved screening candidate primers in population database samples

for pbs mutation detection. Database samples supplied many geno-
types, comprised of DNA from individuals of African American,
U.S. Caucasian, and U.S. West Coast Hispanic descent.

Screens for pbs mutants relied upon attributes of heterozygous
and homozygous profiles. Using AmpF�STR PCR amplification
and detection conditions (including input DNA concentration of 1

FIG. 1—PCR specificity at different concentrations of MgCl2: 0.6, 0.85, 0.95, 1.0, 1.25, 1.5, 3.0 mM. Triplicate amplifications were performed; one set
of representative results are shown. The X-axes indicate base pair size and the y-axes indicate signal strength (RFU). Results were acquired using recom-
mended conditions for AmpF�STR Profiler Plus and the 310 Genetic Analyzer. Locus key: 1. Amelogenin, 2. D3S1358, 3. D8S1179, 4. D5S818, 5. vWA,
6. D21S11, 7. D13S317, 8. FGA, 9. D7S820 and 10. D18S51.
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to 2.5 ng), heterozygous alleles at each locus were found to amplify
with relatively the same efficiency and, therefore, had similar
within-locus peak heights. Peak height ratios (peak height of the
lower intensity allele divided by peak height of the higher intensity
allele, expressed as a percentage) of �70% at all 16 loci were typ-
ically observed under these conditions (35–38,40,41,59). A muta-
tion in the primer binding region may result in less efficient ampli-
fication, causing a reproducible drop of the observed PHR to below
70% (i.e., imbalanced).

While evaluating heterozygous profiles, samples suspected of
containing a mutant sequence due to reproducible imbalance at one
or more loci were reamplified at lower (	57°C) and higher
(�61°C) TA. Since primer annealing stringency can alter amplifi-
cation efficiency (particularly in the presence of a primer/template
mismatch), PHRs between mutant and consensus alleles were gen-
erally 
70% at lower TA and ��70% at higher TA. Mutations were
confirmed by DNA sequencing using primers flanking the candi-
date PCR primer binding region. Figure 2A illustrates a repro-
ducibly imbalanced profile at the D16S539 locus identified in a
population database sample containing a point mutation (transver-
sion) under the reverse PCR primer (Fig. 2B). Interestingly, in each
sample containing this mutation (4 total), two other single nu-
cleotide point mutations (1 transversion and 1 transition) were
identified upstream of the repeat region, bracketing the final for-
ward primer. In general, several of the 16 STR markers examined
displayed single nucleotide transition and transversion events in
the flanking regions of the repeat polymorphisms; mutations in-
volving insertions or deletions were not observed.

Homozygous loci were also investigated in pbs mutant screens.
Using AmpF�STR conditions, homozygous peaks were observed
to be approximately two-fold higher in peak height than heterozy-
gous peaks at a given locus, as expected. Potential pbs mutations
were detected in homozygous profiles by comparing peak heights
to peaks of other loci with the same dye label. Cases in which the
apparent homozygous peak was of similar peak height to heterozy-
gous profiles were reexamined. As described for heterozygous
genotypes, a potential mutation in a homozygous profile was tested
for reproducibility at varied annealing temperatures and confirmed
by DNA sequencing (data not shown).

Pbs mutation(s) that destabilize primer binding enough to render
a very weak or undetected (null) allele are potentially flagged by
artificially inflated population homozygosity levels. In statistical
testing of random population database samples, amplified with fi-
nal primer sequences, excess homozygosity was not detected
(18,33).

Upon confirmation of a destabilizing pbs mutation, an improved
primer was selected by shifting the priming region to permit effi-
cient amplification of both consensus and mutant sequences (data
not shown). Alternatively, a degenerate primer, containing the
complementary mutant nucleotide sequence, was added to the con-
sensus primer pair. Because complementarity dictates competitive
binding, efficient amplification of the mutant allele was facilitated
without affecting amplification efficiency of nonmutant alleles
(14). This strategy accommodated pbs point mutations at both
D16S539 (see Fig. 2C) and vWA (26). The reported databases in
Holt et al. (18) contained no detectable pbs mutations at any loci,
using finalized primer cocktails.

PCR Reaction Mix Components

Performance of candidate primers was interrogated in various
formulations of the AmpF�STR PCR reaction mix. This identified

reasonable windows in which results did not vary significantly. A
range of concentrations of each component was tested individually
(�15 to 20% of the standard PCR reaction mix concentration).
Evaluation of more extreme concentrations (e.g., �50%) ensured
maximal signal strength of all loci and defined points and charac-
teristics where system performance began to deteriorate.

Components tested in dilution series were Tris�HCl (pH 8.3),
KCl, MgCl2, dNTPs, and BSA; varying amounts of AmpliTaq
Gold and relevant primer cocktail were additionally tested. An ex-
ample of effects of KCl concentration on AmpF�STR COfiler mul-
tiplex reactions is shown in Fig. 3. Concentrations of KCl tested
were 50 mM (standard concentration), �20% of 50 mM (40 mM,
60 mM), and �50% of 50 mM (25 mM, 75 mM). Peak heights at
40, 50, and 60 mM KCl were similar for each locus. At 25 mM KCl,
peak heights were approximately 50% of those at 50 mM; at 75
mM, lower peak height intensities were seen in this sample and cor-
related with amplicon size. Such experiments were performed to
test each component on approximately ten organic and Chelex ex-
tracts during multiplex system development (including final ver-
sions). Comparable results were observed for each DNA sample
and each multiplex system at 25 to 60 mM. Variation in peak height
at 75 mM KCl, depending on the sample, was noted. In every case,
genotyping results remained unchanged.

Optimal MgCl2 concentration and performance windows were
determined similarly. Figure 1 shows results using AmpF�STR
PCR reaction mix at MgCl2 concentrations of 1.25 mM, � 20%
(1.0 mM, 1.5 mM), and incremental concentrations to in excess of
� 50% (3.0 mM). At 0.95 mM MgCl2, decreased amplification ef-
ficiency was evidenced most obviously by lower peak heights at
the larger loci (FGA, D18S51, D7S820). Signal intensity progres-
sively deteriorated with decreasing concentrations of MgCl2 until
finally, at 0.6 mM, no loci were detectable. Significant differences
in signal strength were not observed from 1.0 mM to 3.0 mM
MgCl2. Genotyping results remained unchanged regardless of
MgCl2 concentration. The optimal concentration was defined at
1.25 mM to maintain maximum PCR specificity and because slight
increases in the proportion of stutter/slippage PCR products were
sometimes observed with increasing MgCl2 (unpublished observa-
tions). This optimum created a robust �20% performance window.

Thermal Cycling Temperatures and Times

Effects of a range of thermal cycling temperatures and times,
bracketing the standard AmpF�STR parameters, on STR multilo-
cus profile results were examined from the DNA Thermal Cycler
480 and GeneAmp 2400 and 9600 PCR systems. Denaturation and
annealing temperature optima were determined by testing those of
the final recommended protocols (94 and 59°C, respectively) and
�2°C (TC480) or �1.5°C (GeneAmp 2400, 9600) to verify repro-
ducible performance within a temperature window. Temperature
variation specifications on each thermal cycler, �1.5°C (TC480)
and �1.25°C (GeneAmp 2400, 9600), were thus adequately ad-
dressed. For each multiplex, approximately three to five organic
and Chelex extracts were tested several times in final kit configu-
ration. No significant differences in peak height intensities or bal-
ance between loci were observed over the denaturation and anneal-
ing temperature ranges or between the different thermal cyclers
(data not shown).

Activation time for AmpliTaq Gold DNA polymerase was de-
termined at a fixed activation temperature of 95°C. This optimal
temperature was determined previously by enzyme activation as-
says (3) and confirmed as optimal with the STR multiplexes after
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FIG. 2—Degenerate primer strategy to address D16S539 point mutation. A. D16S539 amplified at annealing temperatures of 59°C (standard; Panel 1)
and 61°C (Panel 2) using AmpF�STR COfiler primer set excluding the degenerate primer. The peak height ratios are 63% (Panel 1) and 27% (Panel 2).
B. D16S539 sequence base change (T→A transversion) and position under reverse primer (3rd nucleotide from 3� end) in consensus and mutant DNA se-
quence. C. D16S539 amplified at annealing temperatures of 59°C (standard; Panel 1) and 61°C (Panel 2) using AmpF�STR COfiler primer set, including
the degenerate primer. The peak height ratios are 99% (Panel 1) and 78% (Panel 2). The X-axes indicate base pair size and the Y-axes indicate signal
strength (RFU). Amplicons were detected on the 377 DNA Sequencer. Locus key: 1. Amelogenin, 2. D3S1358, 3. TH01, 4. TPOX, 5. D16S539, 6. D7S820,
and 7. CSF1PO.
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evaluating results at 94, 95, and 96°C (data not shown). Enzyme
activation was tested over different lengths of time to measure the
point at which signal strength plateaued. In each multiplex, as ex-
emplified by AmpF�STR Profiler in Fig. 4, maximum yield of am-
plicons was obtained after 8 min. An optimal activation time of 11
min provided a window of �20% (8.8 to 13.2 min) for repro-
ducible performance.

As described earlier, one design goal concerning nontemplate
nucleotide addition was to drive reactions to predominantly �N
products to enhance signal strength and simplify data interpreta-
tion. Signal strength was reduced when both �N and �N products

were present due to division of two different amplicon lengths into
two differently sized peaks. As follows, when all amplicons were
either �N or �N products, all signal contributed to a single peak.
This effect is evident when relative signal and number of peaks per
allele are compared in the first two electropherograms of Fig. 5. If
approximately equal proportions of �N and �N products are pres-
ent, there is some potential to complicate allele assignment, unless
additional information across the entire profile is considered. For
instance, when interpreted in isolation, the TH01, 10, 10 genotype,
intentionally generated under suboptimal conditions (Fig. 5, panel
1 inset), resembles the TH01 9.3, 10 heterozygote in Panel 3.

FIG. 3—Amplification results of AmpF�STR control DNA 9947A at different concentrations of KCl: 25, 40, 50, 60, 75 mM. One of three different DNA
extracts is shown. The X-axes indicate base pair size and the Y-axes indicate signal strength (RFU). Results were acquired using recommended conditions
for AmpF�STR COfiler and the 377 DNA Sequencer. Locus key: 1. Amelogenin, 2. D3S1358, 3. TH01, 4. TPOX, 5. D16S539, 6. D7S820, and 7. CSF1PO.
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While our primer design strategy promoted nontemplate nu-
cleotide addition, this alone was insufficient for complete addition
at all loci immediately following PCR cycling. A final post-PCR in-
cubation step drove all, or nearly all, amplicons to �N length from
as much as 5 ng of starting template genomic DNA, a two-fold ex-
cess of the maximum DNA quantity recommended for detection on
the ABI PRISM instruments (see Optimization for Amplicon Detec-
tion). Amplification of 5 ng input genomic DNA and only a 30-min
incubation was sufficient for complete amplicon extension in the
triplex systems (AmpF�STR Blue, AmpF�STR Green I) but re-
sulted in incomplete conversion to �N products of AmpF�STR
Profiler amplicons (ten loci; Fig. 6A, panel 3). Final extension re-
quired lengthening to 45 min for this multipex (Fig. 6A, panel 4) as
well as the other multiplexes of 7–11 loci. Among the 16 loci of the
six multiplexes, least efficient addition of the nontemplated 3� nu-
cleotide was seen at D3S1358 and vWA. Figure 6B illustrates the
dependence of input genomic DNA quantity, and therefore again
the amount of total amplicons generated, on the proportion of �N
products at a fixed extension time and temperature.

Optimization for Amplicon Detection

Optimization of the AmpF�STR multiplex systems on ABI
PRISM laser-induced fluorescence (LIF) detection platforms was
necessary to maximize signal strength and ensure reliable data in-
terpretation. Signal strength may be altered by many parameters,
including PCR input DNA concentration, number of PCR cycles,
amount of sample loaded on a gel (or, for CE, time and voltage of
electrokinetic injection), and intensity of fluorescent dye labels un-

der the given detection conditions. To examine signal strength
across the linear dynamic range of both the ABI PRISM 310 and 377
instruments, studies of these sensitivity parameters were performed
using DNA samples amplified over a large range of concentrations.
Results of multiple experiments performed on approximately three
to five organic and Chelex extracts, using each multiplex, showed
comparable sensitivity under optimized conditions. Furthermore,
the 310 Genetic Analyzer and the 377 DNA Sequencer final proto-
cols resulted in similar sensitivity.

Shown in Fig. 7 are representative sensitivity results, generated
on a 377 DNA Sequencer. Amplifications covered a range of tem-
plate DNA concentrations, from 10 pg to 10 ng, using AmpF�STR
Profiler Plus. Examination of signal strength at the lower end of the
dynamic range of both the ABI PRISM 310 and 377 instruments as-
sessed factors that might be considered in implementing interpre-
tation guidelines regarding minimum signal. With very low tem-
plate copy number, PCR founder effects and stochastic allele
sampling (48) may disable detection of one allele at a heterozygous
locus or may result in an imbalanced heterozygote (�70% PHR).
Consequently, AmpF�STR protocols were designed to produce lit-
tle or no signal from approximately 35 pg (roughly ten copies of
DNA template, or five diploid cells).

Virtually no peaks were detectable (�50 RFU) with less than
~20 to 40 pg template DNA (Fig. 7, lower panels). Stochastic sam-
pling effects were sometimes observed when 	250 to 300 pg DNA
was amplified. For example, in Fig. 7, stochastic sampling was ob-
served from amplification of ~300 pg at the D18S51 locus (63%
PHR), and at some of the other loci using �300 pg. The average

FIG. 4—AmpliTaq Gold DNA polymerase activation at 95°C in a MicroAmp 9600 PCR system for different lengths of time: 2, 5, 8, 11, 14, 17, 20 min.
Averaged peak heights of a DNA sample amplified in duplicate are shown. The X-axis indicates activation time and the Y-axis indicates signal strength
(RFU). Results were acquired using recommended conditions for AmpF�STR Profiler and the 377 DNA Sequencer.
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FIG. 6—Efficiency of AmpliTaq Gold DNA polymerase in performing nontemplate nucleotide addition at the 3� terminus of dye-labeled amplicons. A.
Final PCR extension times shown are 3, 15, 30, and 45 min (Panels 1–4, respectively), using 5 ng DNA at 60°C. B. One half, 2.5, 5, and 20 ng (Panels 1–4,
respectively) genomic DNA amplified using a final PCR extension time of 45 min at 60°C. The x-axes indicate base pair size and the y-axes indicate sig-
nal strength (RFU). Results were acquired using recommended conditions for AmpF�STR Profiler and the 377 DNA Sequencer; only the FAM-labeled loci
are shown. Locus key: 1. D3S1358, 2. vWA, and 3. FGA.
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FIG. 7—PCR amplification of varying DNA template concentrations: 10, 5, 2.5, 1.25, 0.63, 0.31, 0.16, 0.08, 0.04, 0.02, 0.01 ng, respectively. Triplicate
amplifications were performed; one set of representative results are shown. The x-axes indicate base pair size and the y-axes indicate signal strength
(RFU). Red bars in Panels 1 and 2 indicate off-scale peaks. Results were acquired using recommended conditions for AmpF�STR Profiler Plus and the
377 DNA Sequencer. Locus key: 1. Amelogenin, 2. D3S1358, 3. D8S1179, 4. D5S818, 5. vWA, 6. D21S11, 7. D13S317, 8. FGA, 9. D7S820 and 10. D18S51.
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peak height observed from ~300 pg at a heterozygous locus ranged
from 75 to 150 RFU. Therefore, in all experiments, loci with single
peaks 	~150 RFU were interpreted with caution. Detection of only
one allele at a truly heterozygous locus was not seen until fluores-
cent signal was less than 50 RFU (~40 pg template DNA). When
considering the triplexes versus the larger multiplexes, there was
no observed difference in the DNA concentration range that was
potentially susceptible to unequal allele sampling.

Examinations of signal strength at the high end of the dynamic
range of both the ABI PRISM 310 and 377 instruments assessed in-
creasing amounts of input DNA template. Maximum signal on
these instruments is 8191 RFU (unaveraged, raw data). Therefore,
peak intensities of 8191 RFU may be quantitated inaccurately and
are referred to as offscale. Offscale peaks may be identified in
Genescan Analysis software, Version 3.X, by red bars in the elec-
tropherograms (see Panels 1 and 2 of Fig. 7). Among all six multi-
plex systems, peaks generally exceeded the dynamic range maxi-
mum at input genomic DNA concentrations greater than 2.5 ng, as
illustrated in Fig. 7.

Discussion

Well-optimized PCR reactions were designed to produce reli-
able STR typing systems. Universal reaction conditions allowed a
glimpse at human polymorphisms on 14 different chromosomes
and provide a clear direction towards automation. In lieu of reliable
means to predict primer characteristics a priori, success at fixed
conditions was achieved by thorough empirical query of PCR
primer performance. Selection and incorporation of highly compe-
tent, locus-specific primers maximized signal strength and speci-
ficity under both optimal and suboptimal amplification conditions.
PCR primers that performed well within a range of thermal cycling
parameters and PCR environments (performance windows) were
selected deliberately so that the six described multiplex systems are
tolerant to reaction condition alterations. Such robustness lends to
standardized laboratory use and provides an appropriate environ-
ment to assay challenging DNA samples. Successful integration of
key attributes (e.g., balanced fluorescent signal within each color,
complete terminal nucleotide addition, absence of spurious peaks)
into final validated protocols enhanced the straightforward nature
of multilocus STR data interpretation. Furthermore, rigorous de-
velopment led to a greater understanding of issues potentially af-
fecting assay performance and data interpretation, including primer
binding site (pbs) mutations, amplification efficiency, incomplete
nontemplate nucleotide addition, and instrument dynamic range.

Due to the polymorphic nature of the human genome, potential
for pbs mutations was considered and minimized by careful primer
selection. Nonetheless, as comparative genotyping information ex-
pands, observations of such mutations, albeit rare, may be ob-
served. In contrast to genotype comparisons performed within a
laboratory that employs the same standardized typing platform(s),
some degree of locus nonconcordance (i.e., homozygosity versus
heterozygosity) may be seen in interlaboratory genotype compar-
isons of results generated using primers of differing sequences
(62). Primer sequences for each locus are identical between all
AmpF�STR multiplexes.

While DNA quality, PCR inhibitors, gross changes to PCR pa-
rameters, etc. may affect amplification efficiency, no consequence
to reliability of STR genotype determination was encountered.
Studies of exaggerated suboptimal PCR and detection conditions
show that as peak intensities approach background noise levels, al-
leles simply become undetectable. As performance boundaries of

the STR typing systems are reached, they are reflected as loss of in-
formation; no genotype result is obtained. Understanding condi-
tions that contribute to low signal may be helpful for both data in-
terpretation and troubleshooting of challenging samples.

Characterization of STR multiplex performance also delineates
limitations regarding input DNA concentration at both lower and
upper extremes. These studies suggest that care should be taken in
interpreting peaks of low fluorescence signal, especially if chance
allele sampling or PCR founder effects (e.g., an undetected allele)
are a possibility. Intralaboratory determination of sensitivity levels
may be instructional as slight differences in DNA quantitation
methods, PCR amplification efficiency (e.g., quality of DNA ex-
tracts), and detection sensitivity may exist across laboratories. Al-
though it is prudent to recognize a cautionary zone for signal
strength, valuable information may be gleaned from data display-
ing low peak heights.

While mindful interpretation of peaks with a low signal-to-noise
ratio is imperative, equally important are peaks of the opposite
spectrum. When excess PCR product is generated, incomplete ter-
minal nucleotide addition, offscale data, and/or fluorescence
bleedthrough (“pull-up”) may result. Incompletely extended PCR
products (�N) are easily recognized; detection of �N products is
probable at multiple loci, particularly D3S1358 and vWA. More-
over, reduced peak heights at the locus in question, the intralocus
proportion of �N products, and the ability, or lack thereof, to drive
�N products by additional incubation at 60°C all serve as inter-
pretational aids.

Accurate quantitative interpretation of data requires on-scale flu-
orescence signal. When a peak is detected as offscale, the actual
height of the peak is undetermined. Because the ABI PRISM 310
and 377 detectors quantitate raw signal no greater than 8191 RFU,
this maximum value is the default peak height. Additionally, sub-
optimal multicomponent spectral separation may result, causing
pull-up and possibly baseline problems in electropherograms
(39,52,58). In general, amplicons labeled with 5FAM (blue dye)
tend to exceed the ABI PPRISM 310 and 377 dynamic range before
the other dyes used for the AmpF�STR multiplexes (detected with
Filter Set F). This is largely due to dye excitation efficiency. The
closer the dye’s excitation maximum is to the excitation source
wavelength(s), the brighter the emitted fluorescence. The excita-
tion maximum of 5FAM (493 nm) is near the primary wavelengths
of the dual-line argon ion laser (488, 514.5 nm) whereas those of
JOE (528 nm) and NED (553 nm) are further away (39).

The AmpF�STR multiplex systems satisfy stringent require-
ments for human genetic comparative applications, allowing for
standardized approaches that facilitate accurate interlaboratory
comparison. Collectively, components of this development process
address developmental validation guidelines of both TWGDAM
and the DNA Advisory Board, written to promote quality assur-
ance in human genetic comparisons (57). Additional studies were
performed during development of each multiplex PCR system to
examine robustness with mock forensic samples. Such studies, in-
cluding examination of DNA from adjudicated biological evi-
dence, DNA coextracted and coamplified with PCR inhibitors, de-
graded DNA, and single locus versus multiplex amplifications, are
topics of separate reports (19,35–38,40,41,59). Taken together, the
studies described in this manuscript indicate that each AmpF�STR
multiplex in its final version, along with associated procedures for
PCR and detection provide robust, reliable results. In understand-
ing the optimization of each parameter and limitations of the mul-
tiplex PCR systems, analysts are empowered to interpret results
soundly and conservatively.
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