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ABSTRACT: The performance of two commercial multiplex kits that together amplify the 13 core short tandem repeat (STR) loci currently in use
by forensic laboratories and the U.S. national Combined DNA Indexing System (CODIS) were evaluated. The typing systems examined were
AmpFCSTR® Profiler Plus™ and AmpF¢STR COfiler™ (PE Applied Biosystems, Foster City, CA). Electrophoretic separation and detection of the
fluorescent PCR products was achieved by capillary electrophoresis (CE) using an ABI Prism® 310 Genetic Analyzer. The studies addressed the
on-site validation of the instrument, the software, and each typing system. These studies included instrument sensitivity, resolution, precision, bin-
ning, peak height ratios, mixtures, stutter, and the amplification of non-probative and simulated forensic samples. Other additional developmental-
typework isalso reported herein, such as speci es specificity testing and amplification of environmentally insulted samples. Amplification conditions
were found to be robust and the primer sets shown to be specific to human DNA. Stutter and peak height ratios fell within limits published by the
manufacturer and other laboratories. The datademonstrate that the CE instrument can consistently resolve fragments differing in length by one base
and that the +0.5 base bin used by the Genotyper® software is acceptable for making accurate allele calls. Correct typing results were obtained from
non-probative and simulated case samples, as well as samples exposed to outdoor environmental conditions. The results support the conclusion that
DNA extracted from biological samplesroutinely encountered in the forensic laboratory can bereliably analyzed with AmpF¢STR Profiler Plusand

COfiler using CE.
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Developmental and in-house validation studies should be per-
formed prior to use of aprocedure or method onforensic DNA case-
work (1—3). Although the Applied Biosystems' (ABI, Foster City,
CA) AmpF¢STR® Profiler Plus™ and COfiler™ multiplex systems
have been commercialy available and widely adopted by the U.S.
forensic community for several years, published validation work on
these systemshasappeared intheliterature only morerecently. This
may be due in part to the fact that these systems simply represent a
further evolutionary development of other well-established PCR-
based technologies (4-10). The AmpF¢STR systems represent an-
other step in this technology evolution and combine to amplify the
full set of thirteen CODIS core short tandem repeat (STR) loci:
D3S1358, VWA, FGA, D16S539, D8S1179, D21S11, D18S51,
THO1, TPOX, CSF1PO, D5S818, D13S317, and D7S820, plus
Amelogenin (gender determination). Applied Biosystems has in-
cluded validation and population studiesin its AmpF{STR Profiler
Plus and COfiler User's Manuals (11,12) and similar studies ad-
dressing validation, population databases, |ocus independence, and
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concordance specificto the AmpF€STR multiplex systemshave ap-
peared in the past few years (13-25).

Detection of PCR product alleles can be accomplished with ei-
ther flat-bed or capillary electrophoresis (CE), well-established
technologies in their own right. The literature on CE and forensic
STRtypingistoo largeto cite here, but thereisan extensive on-line
bibliography described by Ruitberg, et al. (26). The ABI Prism®
310 Genetic Analyzer, asingle-capillary platform capable of unat-
tended analysis of up to 96 samples, has demonstrated its utility for
typing STR loci (27-30). Along with the Genotyper® software, the
simultaneous separation and analysis of six to ten loci enablerapid
and efficient profiling of reference and evidence samples. This
study examines both AmpF¢STR Profiler Plus and COfiler sys-
tems by atering and examining amplification conditions, CE in-
jection parameters, resolution, sizing precision, allele designation
accuracy, stutter, and heterozygote peak ratios. Mixtures, non-
probative evidence, environmental degradation effects, and species
specificity were also observed.

Materialsand Methods
DNA Extraction, Quantitation and Sample Sources

Genomic DNA was prepared using an organic phenol/chloro-
form procedure (31), followed by quantitation with either a chemi-
luminescence-based, slot blot hybridization procedure employing a
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primate-specific Alu probe (PS-1) developed in-house (32) or with
the QuantiBlot® Human DNA Quantitation Kit (Perkin Elmer, Nor-
walk, CT) (33). Recovery of non-human DNA was estimated by
yield-gel electrophoresisand visualized by ethidium bromide stain-
ing against known high molecular weight standards.

Most studies (except where indicated in the text) used known
blood and buccal cell samples derived from laboratory personnel.
Other sample sources included the following: (a) DNA from the
commercia cell line GM9947A (34); (b) non-primate animal tissue
(mammals—bear, cat, cow, coyote, dog, horse, opossum, pig, rab-
bit, raccoon, sheep, skunk, and squirrel; reptiles—snake and turtle;
fish—cod and salmon; birds—chicken, crow, duck, goose, and
turkey) donated by the U.S. Department of Fish and Wildlife labo-
ratory (Ashland, OR); (c) primate tissues (chimpanzee, gorilla,
lemur, macague, orangutan, and red howler) donated by the San
Diego Zoo (San Diego, CA); (d) bacterial DNA (Escherichia coli)
purchased commercially (Boehringer Mannheim Inc., now Roche
Diagnostics Corp., Indianapolis, IN) and baker's yeast (Saccha-
romyces cerevisiae) from a local market; (€) unpreserved, whole
blood deposited on cotton cloth that was exposed to environmental
conditionsfor various periods of time: indoors at room temperature
for 6 years, outdoors in the shade for 6 months, and in the sun for
4, 6, 8, 10, 12, 16 weeks; and (f) sixty-five forensic samples de-
rived from seven non-probative cases, five simulated sexual assault
kits, and three proficiency test sets.

Amplification Conditions

Human DNA (125pg—20ng) and non-human DNA (2ng and
20ng) was amplified in 50 L reaction volumes with the reagents
provided in the AmpF¢STR Profiler Plus and COfiler PCR Ampli-
fication Kits (Applied BiosystemsInc., Foster City, CA). Except as
noted, the protocols suggested in the AmpF¢STR User’s Manuals
(11,12) were followed. Amplification was performed in the Ge-
neAmp PCR Systems 9600 thermal cycler (Perkin Elmer) using 0.2
mL MicroAmp® reaction tubes.

Sample Preparation, Electrophoresis and Data Analysis

All instrumentation, software and materials described below
were obtained from PE Applied Biosystems, Inc. (Foster City,
CA). Amplification products were separated and detected on an
ABI Prism® 310 Genetic Analyzer. Generally, 2.0 ul of amplified
product and 0.5 pL of GeneScan®-500 (ROX) Internal Lane Size
Standard were added to 24 .l of HiDi™ formamide, denatured at
95°C for 3min, and snap-cooled in anice water bath for 3 min. Un-
less otherwiseindicated, the PCR productswereinjected for 5 sand
separated at 15 kV in Performance Optimized Polymer 4 (POP-
4™) using a 47 cm capillary (50 wM i.d.), 1X Genetic Analyzer
Buffer (with EDTA) and 60°C run temperature. Data were col-
lected using the ABI Prism 310 Collection software (version 1.0.2)
with virtua filter set F. Analysis of the data was performed with
GeneScan® Analysis software (version 2.1) with peak detection
threshold set at 50 rfu and without smoothing. Genotyper® soft-
ware (version 2.0) was used to assign alleles to sample peaks.

Amplification Performance Studies

For the studies below only one variable at a time was altered
while holding the other conditions constant. Each study used lab
staff samples (1.25 ng) typed with AmpF¢STR Profiler Plus and/or
9947A (2.0 ng) typed with AmpF¢STR COfiler: (a) AmpliTaq
Gold® DNA Polymerase—Amplification was performed under
standard conditions except that the Taq Gold was diluted in 1X Ge-

neAmp PCR buffer to yield (x) units of enzymein afixed 10 . L
volume (where x = 0.5, 1.0, 2.5, 5.0, 7.5, 10.0, 20.0 units for
AmpF€STR Profiler Plus and x = 1.0, 2.0, and 20.0 units for
AmpFCSTR COfiler). (b) Amplification Components—Samples
were subjected to alterations in the proportions of the AmpF¢STR
PCR Reaction/Primer mixture. The reaction buffer or the primer
mix was adjusted =+25% by volume, while holding the other com-
ponent volumes constant. Total volume was not held constant. (c)
Final Reaction Volume (AmpF¢STR COfiler only)—Thefinal PCR
mixture consists of AmpF¢STR PCR Reaction Mix, COfiler
Primer Set, and Taq Gold. The normal total volume used per reac-
tion is 30 pL. Thiswas varied by +25%, keeping the proportions
of the components constant. (d) Annealing/Denaturing Tempera-
ture—Samples were subjected to incremental changes (+2°C in
1°C increments) in either annealing or denaturing temperature,
while holding the remaining parameters unchanged. The sample
block wells were temperature checked for accuracy with a NIST-
traceable calibrated digital thermometer (model HH21; OmegaEn-
gineering Inc, Stamford, CT). (e) Cycle Number (2.0 ng 9947A
only)—Amplifications were performed in which the cycle number
was varied from 26-30 cycles. All other conditions were standard.
(f) Final Extension Time (AmpF¢STR Profiler Plus only)—A sin-
gle lab staff sample was amplified under standard conditions, ex-
cept that a 3 p.L portion of the sample was removed at regular in-
tervals (15, 30, 45, 60, 90, 120 min; 45 min is standard) during the
final extension phase of the thermalcycler run. Total reaction vol-
ume was reduced during the course of the experiment from 50 p.L
(t =0min) to 35 pL (t = 120 min).

ABI Prism 310 Performance Sudies

Sensitivity and Instrument Comparison—DNA from four blood
samples (AmpF¢STR Profiler Plus only) and 9947A (AmpF¢STR
COfiler only) were prepared at several different template concen-
trations (0.125-20 ng) in afixed volume of 20 uL. Typing results
were assessed for accuracy, PCR artifacts, and baseline anomalies.
The performance between two different instruments (CE1 and CE2)
was evaluated by comparing the relative peak heights of samples
prepared at thetemplate concentrations above and with varying vol -
umes (4, 6, and 8 p.L) of PCR product. The PCR product was pre-
pared at double the normal volume, divided equally, and runin du-
plicate on both CE1 and CE2. Capillaries with approximately the
same number of injectionswere used in each instrument.

Resolution—Data was collected from validation and casework
runs over several months. For D21S11 aleles 28.2 and 29 which
exhibit baseline separation, the Base Resolution (Ry) was defined
as. Ry, = AM/R, where AM = actual base difference between two
peaks (approximately 2.0) and R = [2(d; — dp)/(W1 + W,)], where
d = distance between the two measured peaksin scan numbers, and
W = peak base width in scan numbers (30,35,36). One-base reso-
lution was examined between alleles 9.3 and 10 at locus THOL.
These peaks, which are not resolved to baseline, were evaluated by
measuring the Valley Vaue (V) defined asV = H,/Hy, where H,,
is the height (in rfu) of the “valley” between two peaks and Hy, is
the height (in rfu) of the higher of the two peaks (29,30).

Precision and Binning Studies—Measurement precision (inter-
and intra-) was defined as the standard deviation of mean fragment
size and was evaluated by plotting the standard deviation in bases
against the mean fragment size for each alele studied. Within each
run, the size deviation was defined as the absolute size difference
in bases between the 9947A sample alele and the corresponding



alelein the alelic ladder (37). Some runs contained more than a
single 9947A sample. Injection interval was defined as the number
of intervening injections between the 9947A sample and the near-
est alelic ladder. The size deviation in bases between the alelic
ladder and the nearest 9947A sample was plotted against this in-
jection interval.

Peak Height Ratio and Sutter—The mean peak height and the
peak height ratio (peak height of thelower peak divided by the peak
height of the higher peak) were calculated for each alelic pair.
Both homozygote and heterozygote profiles were used to calculate
stutter, except where primary peaks overlapped with neighboring
stutter peaks. Stutter data from primary peaks exhibiting very low
(<100 rfu) or very high (>5500 rfu) signal strength were not in-
cluded. Stutter signals below 50 rfu were measured manually using
the cursor provided by GeneScan. A second stutter study and an ad-
ditional data set for locus D21S11 was obtained from database
samples amplified with the AmpF¢STR® Green |1 kit (PE Applied
Biosystems) and typed with an ABI Prism 310 Genetic Analyzer.

Mixtures—Severa two-component DNA mixtures were gener-
ated at three total DNA concentrations of approximately 5.0, 2.0,
and 0.5 ng. The contribution of one component (A) in atwo-com-
ponent (A +B) mixturewasvaried (A = 0, 5, 10, 25, 50, 75, 90, 95,
100%), while holding the total DNA concentration and total am-
plification volume fixed. The 2.0 ng stock solution was internally
calibrated by checking that a 50:50 mixture gave roughly identical
peak heightsfor the non-overlapping aleleswithin alocus, and that
the overal peak height was close to that for 2.0 ng of the 9947A
DNA.

Results and Discussion
Amplification Performance Studies

Modifications to the manufacturer’s recommended amplifica-
tion protocol were made in order to ascertain whether non-standard
operating conditions affect the accuracy of the AmpF¢STR typing
results. Such conditions can arise from the inadvertent use of
poorly calibrated equipment (e.g., pipettors and thermalcyclers),
the use of compromised reagents, and/or due to human error. Only
a brief written summary of the results is presented (data not
shown). Altering the amount of AmpliTagq Gold during amplifica-
tion of both AmpF¢STR systems had little effect on the resulting
DNA profiles. As expected, a reduction in signal intensity was
noted for amounts of enzyme below 2.5 units (5.0 units is recom-
mended). This was especially apparent for larger DNA fragments.
Anincrease of “minus-A” PCR product was noted primarily for the
smaller DNA fragments when a limiting (<1 unit) amount of en-
zyme was used. Alterationsto the reaction mix (25% by volume)
had little or no effect on the resulting DNA profiles. In contrast, a
notable increase in peak height was observed when the primer
component volume was increased +25%, while areduction in this
same component (—25%) had little effect on signal intensity rela-
tive to the control sample. Variation in the total amplification
volume (*=25%) while maintaining component proportions con-
stant had little or no effect on the results, with peak heights rela-
tively unchanged.

Modification of the cycling temperatures during PCR (annealing
59°C = 2°C, denaturing 94°C = 2°C) did not lead to allele dropout
or false positive results. As expected, varying the cycle number
caused the greatest change with a noticeable loss of signal (de-
crease in rfu) at lower cycle numbers (26 and 27 cycles) and an
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increasein signal with higher cycle numbers (29 and 30 cycles). No
discernable difference was observed in the resulting DNA profiles
for any of the modified extension times (15-120 min). However,
under non-standard conditions (e.g., presence of inhibitors), other
investigators have reported that longer final extension times proved
beneficial, especialy in increased efficiency of non-templated nu-
cleotide addition (38).

ABI Prism 310 Performance Sudies

Sensitivity and Instrument Comparison—Complete DNA pro-
fileswere obtained from al test samples (in both AmpF¢STR kits)
with input DNA between 500 pg and 5.0 ng using the Genotyper
software (data not shown). Template concentrations at 125 pg
yielded peak heights below 100 rfu and frequently irregular peak
shape (no data smoothing; data not shown). As a result, at some
larger loci, peaks became difficult to distinguish from background
noise. Heterozygote peak height ratios were a so found to be more
variable and would sometimes drop below nominal levels (see
Peak Height Ratio section below). At the lowest level of input
DNA (125 pg) nearly complete profiles were obtained, athough
some alleles fell below the allele assignment threshold and the
overall performance of the system was diminished at thislevel. Al-
though some individual allele dropout was observed at the lowest
concentration (125 pg) tested with either typing system, it did not
appear to be associated with any particular locus. The phenomenon
of alele dropout or “sister alele” imbalance at heterozygous loci
can be due to stochastic amplification (5,39), an effect due to very
low number of template DNA molecules. The establishment of an
empirically determined stochastic threshold (“S-line”) has been
proposed as an aid to interpretation (17), such that patterns with
peaks below this level should be interpreted with caution.

DNA template amounts greater than 5.0 ng resulted in peak
heights exceeding the linear response limit of the detection appara-
tus (approx. > 4500 rfu) or reached the detector’ s absolute upper
limit (>8191 rfu in the raw data) (11,12). As template concentra-
tion increased, many primary peaks exhibited varying amounts of
“pull-up,” artificialy inflated stutter values, and incomplete 3'-
adenylation (“minus-A peaks’) (40). The cleanest and most reli-
able results were achieved in the range between 500 pg and 2.5 ng
of input DNA with no anomalies or gross artifacts observed. A pre-
ferred DNA target for amplification liesbetween 1 and 2 ng; alevel
for which atwo-fold variation in the estimate of input DNA should
still yield reliable results.

Variability in the relative performance of CE instruments can
lead to potentialy different stochastic thresholds, since sensitivity
depends upon such factors as laser output, optics, and the sensitiv-
ity and spectral response of the camera. The comparison of peak
height data between CE1 and CE2 using duplicate samples and dif-
ferent PCR product volumes demonstrated that the relative differ-
ence in sensitivity on these two particular instruments was not sig-
nificant (data not shown). Automated genotyping results obtained
from both instruments wereidentical, with the exception of grossly
overloaded samples (differing OLA calls) or in very weak samples
(125 pg) where some individual peaksfell below the threshold (for
making allele calls) of one, but not the other, instrument.

Resol ution—The evaluation of resolution can serve as a quality
control measure for an individual injection or run and as an indica-
tor of system performance over an extended time period (30). In
practice, changes in resolution may be used to monitor the run-to-
run consistency of a system’s materials and/or run conditions and
may include the formamide, separation media, column, voltage and
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TABLE la—Resolution (R, V) comparison between CE1 and CE2 in casework.

Fragment Mean Mean
Alleles Length (Bases) CE R} SD.t Vi SD.t
D21S1128.2, 29 205, 207 1 1.24 0.09 (87)
2 131 0.08 (38) - .
TH019.3, 10 188, 189 1 0.43 0.03 (6)
2 0.49 0.05 (22)

* Ry, = base resolution. See Method section.

T Standard deviation followed by number of individual runs examined in parentheses.
1V = height of the “valley” between two peaks relative to the height of the larger peak.

TABLE 1b—Injection parameters and resolution (V)*.

Injection Time (s)

Injection

Voltage 3 4 5 6 7
10,000 0.56 0.57 0.56 0.57 0.57
12,000 0.55 0.56 0.56 0.58 0.59
14,000 0.56 0.56 0.56 0.61 0.67
15,000 0.55 0.59 0.62 0.62 0.68

* See footnote under Table 1afor definition of (V).

TABLE 2—Precision study. Three types of samples were evaluated with
both AmpF¢STR systems: an allelic ladder, 9947A cell line control, and a
forensic mixed sample.

Standard
Deviation
No. of
Sample Injections n* Max. Min.
Profiler Plus
Allélic ladder 12t 1416 0.13 0.04
9947A 11 165 0.08 0.03
Mixed sample 11 319 0.09 0.01
COfiler
Allélic ladder 20 1080 0.11 0.04
9947A 20 240 0.08 0.05
Mixed sample 20 380 0.13 0.05

* n = total alelesanalyzed.
T An additional bracketing ladder wasincluded at the end of the CE run.

temperature (41-43). Resolution on CE1 and CE2 was examined
over aperiod of several months using the 9.3 and 10 aleles at lo-
cus THOL (one-base separation) and the 28.2 and 29 dlleles at locus
D21S11 (two-base separation) (Table 1a). Base resolution (Ry) did
not exceed a value of 1.44 on either instrument. A plot of R, over
time revealed no trend (data not shown). Single-base peak separa-
tions were monitored by measuring the height of the “valley” (V)
between them relative to the higher peak. Maximum values of 0.47
and 0.57 were observed for CE1 and CE2 respectively, however,
the mean V values did not exceed 0.50. A pair of theoretical peaks
merged at half-height would have a V value of 0.50 and an ap-
proximate value of R, of 1.7 (30). In practice, however, peak over-
lap and the summing of this overlap would cause the equivalent
measured V to be larger. For example, using THOL data and the
same electrophoretic system, Buel, et a. (see Table 1; Ref. 30)
have reported an Ry, value of 1.13 and equated thisto ameasured V
of 0.51. Changesin electrokinetic injection parameters can also al-
ter theresolution (Table 1b). Raising the injection time and voltage

simultaneously will generally lead to a reduction in resolution.
With short injection times alone, resolution was less sensitive to
changes in injection voltage. Lengthening the duration at lower
voltages also had little effect on resolution. Signal intensity in-
creased with larger voltages and time, but in a non-linear manner
(data not shown).

Precision and Binning—DNA fragment-si ze data were tabul ated
for three different types of sampleson CE1 and CE2 (Table 2). The
maximum observed standard deviation for intra-run data across al
aleles and samples was 0.13 bases, however, the mgjority of val-
ues were well below 0.10. A regression analysis of the precision
against mean fragment size of the ladder alleles sized in
AmpF¢STR Profiler Plus revealed that absolute measurement im-
precision increased with increasing fragment size, but the coeffi-
cient of variationfell slightly (Fig. 1). Similar resultswere obtained
with AmpF¢STR COfiler (data not shown). Inter-run precision
data was also collected for 9947A alleles and their corresponding
sizing ladder alleles over a 13 -year period. The maximum inter-run
standard deviation was 0.16 bases (data not shown).

DNA fragment size datawas used to record the absol ute size dif-
ferences in bases between the 9947A sample alleles and the corre-
sponding alleles in the sizing ladder. This yielded a total of 3102
pair-wise comparisons (Fig. 2). In no instance did the observed
comparisons fall outside the established *0.50 base bin boundary.
An apparently negative (i.e., the 9947A dleleissmaller in sizethan
the corresponding ladder alele) or positive sizing error was ob-
served for anumber of alleles. For example, allele 11 (~217 bases;
n = 146) at locus D13S317 appears to consistently size dlightly
smaller than the alelic ladder, possibly due to differences in base
seguence between the two measured DNA fragments, however,
sampling error cannot be ruled out. Size deviation was also as-
sessed as afunction of the injection interval, defined as the number
of injections occurring between the sizing ladder and the test sam-
ple (9947A). The degree of size deviation never exceeded the es-
tablished bin boundary even when the injection interval was as
great as 16 (approx. 9 h; data not shown). The precision and size
deviation results demonstrate that a one-base bin is justified in
making accurate allele assignments.

AmMpF{STR System Performance Sudies

Peak Height Ratios—Preferential amplification or an imbalance
among heterozygote allele pairs (sister alleles) has been observed
for alelesdiffering greatly in size (39). A slight imbalance in peak
intensity among closely spaced alleles may also occur even when
input DNA concentration is above stochastic-effect levels. In this
study, atotal of 981 allelic pairs were evaluated for evidence of
peak imbalance at varying concentrations of input DNA. The ma-
jority of allele pairs differed in size by eight bases, with the great-



est observed difference of 32 bases occurring at locus D18S51.
Generally, peak heights were well balanced when input DNA was
1.25 ng or greater. The median peak height ratio was found to be
about 0.90 across al loci (Table 3). However, asingle value aslow
as 0.49 was observed when mean peak heights fell below 500 rfu.
Conversely, peak height ratios below 0.72 (95th percentile) were
rarely observed when peak heights occurred above 1000 rfu. Nom-
inal amplifications presumed to contain 1.25 ng of template could
actually contain less than this amount as aresult of error in quanti-
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tation estimates. PCR amplification at stochastic levels and/or un-
der low copy number conditions (44) is observed to increase het-
erozygote peak imbalance.

InFig. 3asubset of samples (filled triangles) had either very low
peak height ratios or low peak height ratios accompanied by rela-
tively high rfu values. These samples were examined further by re-
amplification using the same or higher DNA concentration. The
peak height ratios upon re-amplification returned to nominal levels
(i.e., >0.70; data not shown). This suggests that the original peak
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FIG. 1—Szing precision on CE1 using the AmpF¢STR Profiler Plusallelic ladder. The standard deviation (O) and the coefficient of variation (CV; H)
were determined for each ladder allele. AmpF¢STR Profiler Plus ladder injected 12 times.
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FIG. 2—Size variation as a function of allele fragment size. A total of 22 alleles (9947A sample) were examined covering a broad range of fragment
sizes and collected over numerous CE runs (Jan. 1998-Aug. 1999). Pair-wise comparisons (n = 3,102) were used to measure the size difference in bases
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height imbalances could have been caused by stochastic fluctua-
tions during amplification. Other observed peak imbalances could
possibly be due to primer binding site mutations (19,45-48,60).
One particular sample (arrow; Fig. 3) upon re-amplification (at 2.0
and 2.5 ng) consistently maintained a low relative peak ratio at
D16S539 when compared to other loci within the same profile.
Further studies are planned examining the effects of reduced strin-
gency conditions on primer binding.

Slight variation in relative peak heights has been reported for
replicate amplifications of the same DNA sample (see Fig. 6; Ref.
17). Typically, the smaller of two heterozygous DNA fragments
will exhibit on average slightly greater peak height (i.e., positive

TABLE 3—Peak height ratios for the AmpF¢STR loci.

Peak Height Ratio
Mean Peak
Height (RFU) Count* Median Minimum SD.T
<500 75 0.87 0.49 0.13
500-1000 161 0.89 0.57 0.09
1000-1500 176 0.91 0.66 0.08
1500-2000 136 0.90 0.68 0.07
2000-2500 124 0.91 0.66 0.07
2500-3500 110 0.93 0.77 0.06
>3500 120 0.94 0.72 0.06
All data 902 0.91 0.49 0.09
Percentile (%) Peak Height Ratio =

25 0.96

50 0.91

75 0.85

95 0.72

99 0.61

* Count = Number of peak pairs examined at a given RFU range.
T S.D. = Standard deviation.

asymmetry). AmpF¢STR Profiler Plus alelic pairs (n = 266)
having a = 8 base separation were examined for positive or nega-
tive asymmetry. Across al loci, the magjority of allelic pairs (64%)
displayed positive asymmetry (data not shown). Individualy, loci
exhibited differing levels of positive asymmetry (55-76%), except
locus D8S1179, where virtually no bias (48%) in asymmetry was
observed. The prevalence of positive asymmetry may be attributed
to preferential amplification, and/or preferential electrokinetic in-
jection of smaller DNA fragments.

Sutter—All thirteen CODIS coreloci are tetranucleotide repeats
and known to possess moderate levels of stutter, usually less than
10% (9,11,12,17,18,48,49,50). Stutter product istypically found to
be four bases shorter (n—4) than the actual alele, although n—8,
n—12, and n+4 stutter have been observed, but usually only under
non-standard PCR conditions (e.g., excessive template concentra-
tion) (17). The determination and evaluation of stutter from known
single source samples may be used as an aid for interpreting mixed
samples (49). Mean alele-specific stutter for both AmpF¢STR sys-
tems ranged from 2.6% (THO1,TPOX) to 7.5% (D18S51), with an
observed maximum at 13.8% (Table 4). A large a number of pri-
mary peaks (n = 133) had no associated stutter and 32% of these
were THOL alleles. The lack of measurable stutter, however, may
be due to measurement limitations and/or limited data. In no in-
stance did the stutter values exceed those published in the
AmMpF(STR Users Manuals (11,12).

The amount of observed stutter increased with increasing DNA
fragment size, although afew exceptions can be found for specific
aleles within a locus, presumably due to allele-specific sequence
heterogeneity (48,49,51-53). Interrupting long stretches of a core
repeat sequence with other unique sequences can result in areduc-
tion in overall stutter, as has been reported for VWA (Fig. 3; Ref.
49) and FGA (48). A series of alleles with reduced stutter can be
observed at locus D21S11 (Fig. 4). The D21S11 locus has a com-
plex sequence motif in which a two base pair TA insertion gives
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FIG. 3—Peak height ratio study. A total of 902 allelic pairs were examined from samples amplified using 1.25, 2.0, and 5.0 ng of template DNA. The
mean peak height in rfu was determined for each pair of sister allelesand plotted against the associated peak height ratio. Some sampleswith unusual peak
ratios (A) were subsequently re-amplified at the same or higher template concentration. All, but one (see arrow), peak ratio examined in this manner then

yielded values >0.70.
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TABLE 4—Examination of stutter in the AmpF¢STR loci.

Observed

Upperf High Low

Locus n* Mean SD.t Limit Vaue Value
Profiler Plus
D3S1358 63 6.8 13 10.7 9.5 4.3
VWA 78 7.4 1.9 13.0 11.4 2.8
FGA 122 7.2 15 11.9 10.2 2.7
D8S1179 87 6.1 15 10.5 9.3 29
D21S11 104 6.5 12 10.3 9.5 3.7
D18S51 116 75 1.9 13.3 13.8 41
D5S818 69 51 13 9.1 7.9 1.7
D13S317 65 40 15 8.5 7.2 15
D7S820 75 4.2 13 8.0 75 18
Cofiler

D3S1358 84 6.8 16 11.6 129 35
D16S539 45 5.2 17 10.2 9.0 1.9
THO1 60 26 1.0 55 4.8 1.2
TPOX 101 2.6 1.0 55 6.5 1.2
CSF1PO 98 5.0 11 8.4 8.7 27
D7S820 91 47 13 8.7 7.8 21

* n = number of alleles examined.
1 S.D. = Standard Deviation.
+ Upper limit is defined as the mean value + 3 S.D.
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FIG. 4—Stutter examined at locus D21S11. Sutter values (n = 222) were assigned to three allele categories: whole repeats (O), 2-base microvariants

(A), and other ((J) for alleles 33.1, 34.1, 35, and 36. A linear regression was applied to the data in the first two categories. All stutter values were obtained
from data that excluded 4-base peak separations.

not overlapped by other peaks or stutter could be detected at levels
greater than 25% of the major component at the 0.5 ng DNA input

riseto asubclass of repeats (51-53). These two-base microvariants
tend to have significantly less stutter than the consensus alleles

having no insertion. Although FGA and other loci are known to
have anumber of microvariant alleles, it was not possible to exam-
inethe occurrence of reduced stutter at theseloci dueto therelative
rarity of these microvariant aleles and to the limited size of our
database.

Mixtures—Detection of a minor component depends substan-
tially on the amount of input DNA. In general, minor components

level, at 10-25% (locus dependant) with the 2.0 ng input level, and
at 5% at the highest DNA input level of 5.0 ng (data not shown).
Minor peak detection also varied by locus with detection generally
greater for the smaller loci. Minor components differing by only
one base from the major peak were difficult to resolve and detec-
tion required that the minor component comprise 25-50% of the
sample. All mixed samples with peaks over 100 rfu, including
many peaks differing from each other by a single base were cor-
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rectly typed (data not shown). Theinterpretation and assessment of
mixed profiles and the application of any associated inclusion
probabilitiesis beyond the scope of this paper. Guidelinesand rules
for mixture interpretation have been proposed by several authors
(17,54-56).

Specificity—Nonhuman species were examined for the possible
appearance of peaks as a result of primer binding with the nonhu-
man DNA. The appearance of nonhuman DNA fragments has been
reported by other laboratories (9,11-13,15,48,57-59), with most
observations limited to single peaks or peaks occurring outside the
normal locus category. In this study, we report either no signal or
only a single yellow (Y) or green (G) peak from the following
species. bear (G), cat, chicken, cod, cow (G), coyote (G), crow, dog
(G), duck, E. coli, goose, horse (G), opossum, pig (G), rabbit, rac-
coon (G), salmon, sheep (G), skunk (YY), squirrel, snake, turkey
(Y), turtle (Y), and yeast (data not shown). The single green peaks
observed are smaller in molecular weight than the human X amel-
ogenin alele (59). The skunk sample gave an unusual result
whereby it reproducibly yielded a 132-base NED-labeled (yellow)
peak when amplified with AmpF¢STR COfiler, but not with
AmpF¢STR Profiler Plus (data not shown). The primer for locus
D7S820isthe only NED-labeled primer inthe AmpF¢STR COfiler
multiplex. This same locus (and primer pair) is also present in the
AmpF¢STR Profiler Plus multiplex. Apparently, the NED-labeled
D7S820 primer in AmpF¢STR COfiler ispairing with an unlabeled
primer from one of the other loci in the multiplex.

The lower primates possessed an amelogenin profile identified
by Genotyper as either X or X,Y. The lemur DNA, however, pro-
duced no other signals for any of the thirteen loci tested. The
macaque sample gave weak results at FGA and CSF1PO, but these
were al classified as off-ladder. Interestingly, red howler DNA
amplified with AmpF¢STR Profiler Plusyielded an unusual NED-

labeled DNA pattern in the 260 base size range (normally associ-
ated with locus D7S820) that consisted of nine peaks of varying
height each separated by two bases (Fig. 5). AmpF¢STR COfiler,
however, did not reproduce these results, suggesting that this nine-
peak pattern isthe product of a NED-labeled primer paired with an
unlabeled primer from another locus found in AmpF¢STR Profiler
Plus but not in AmpFESTR COfiler.

The apes (Chimpanzee, Gorilla, and Orangutan) all exhibited
some peaks that Genotyper assigned to alleles at a particular locus.
All the multi-locus profiles were distinct from human profiles in
that many of the peaks were either weak, off ladder, unbalanced, or
out of the normal reported size range for theloci involved. Thereis
no possibility that these primate profiles could be confused with
that of ahuman. A recent study comparing human and non-human
higher primate DNA sequences at six loci (FGA, D3S1358, VWA,
CSF1PO, TPOX, THO1) reported significant differences in se-
guence homology (48).

Environmental Exposure—Two unpreserved blood samples
were exposed to Southern California outdoor conditions with fluc-
tuations in temperature, sun, humidity, air pollutants, and airborne
microorganisms. Complete profiles were obtained with both
AmpF¢STR systems for all controls and a subset samples tested
(data not shown). Locus dropout was first noted at eight weeks of
sun exposure (D7S820). As expected, the larger DNA fragments
were more susceptible to degradation and were preferentially lost
with increased exposure. In contrast, D3S1358 and amelogenin
consistently yielded results up to 16 weeks of exposure.

Degradation did not lead to an increase in stutter (data not
shown). Peak height ratios (n = 154) were not grossly affected,
but values below 0.70 became more prevalent (9% of total) with
increased exposure, primarily as a result of reduced signal
strength (data not shown). Although the data support the observa-
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FIG. 5—NED-dye |abeled DNA fragments from Red Howler upon amplification with AmpF¢STR Profiler Plus. A multi-peak profile (2-base separation)
is observed between 250 and 270 bases falling in the analytical range of locus D7S820. No profile was obtained with AmpF¢STR COfiler (D7S320 only),
suggesting that these amplicons are the product of a NED-labeled primer paired with an unlabeled primer not found in the AmpF¢STR COfiler multiplex.



tion that DNA damage and locus dropout increase with the length
of exposure, no mistyping occurred as a result of the environ-
mental degradation.

Nonprobative Evidence—A total of 65 forensic samples were
typed in one or both AmpF(STR systems. Typing results from
known sources were compared to evidentiary samples as well as
simulated questioned samples. All samples known to have a com-
mon origin gave matching results (data not shown). A subset of
these samples (n = 55) typed in both systems gave matching results
for the loci shared in common by the two systems (D3S1358,
Amelogenin, and D7S820).

Conclusion

The studies presented support the conclusion that DNA ex-
tracted from biological samplesroutinely encountered in the foren-
sic laboratory can be reliably amplified and typed with the
AmpF¢STR Profiler Plus and COfiler systems followed by capil-
lary electrophoresis. No instances of false results, even under ad-
verse conditions, were observed. In addition, the data demonstrated
that the ABI Prism 310 can consistently resolve fragments differ-
ing in length by one base and that the +0.5 base bin used by the
Genotyper software is appropriate for making accurate alele calls.
Multiplex amplification and capillary electrophoresis have proven
to be sensitive, specific, and precise. Both technol ogies are capable
of processing awide variety of samples (environmentally insulted,
non-probative, mixed, and degraded) making them invaluable as a
forensic tool.
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