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ABSTRACT: Quality assurance samples submitted from the
NCSBI as part of a contract with TBTG to outsource DNA Database
samples showed unexpected discrepancies for the locus D16S539
when all other loci yielded identical results. Discrepancies observed
included allele drop out and an imbalance in sister alleles with sam-
ples returned from TBTG. This led to a comprehensive review of
the technical procedures used between the two laboratories to de-
termine the cause of the discrepancies noted for the locus D16S539,
since both laboratories were using the PowerPlex® 1.1 typing kit
from the Promega Corporation. The NCSBI and the TBTG utilize
different extraction methods (organic extraction vs. FTA) and am-
plification conditions (AmpliTaq® vs AmpliTaq Gold®), respec-
tively, so the exact cause of discrepancy observed was not immedi-
ately apparent. Experiments at the NCSBI associated the observed
allele drop out and the imbalance of the sister alleles with the use of
AmpliTaq Gold® and a hot start procedure.

Sequencing data revealed that a point mutation resides on the
D16S539 primer-binding site that reaches polymorphic levels in
African-American populations. This led to the development of a de-
generate primer by the Promega Corporation to detect “missing” al-
leles when AmpliTaq Gold® is used. The degenerate primer was
then thoroughly tested to show its efficacy in detecting the “true”
D16S539 profile when used.
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Several quality assurance samples, samples previously typed in-
house by the North Carolina State Bureau of Investigation

(NCSBI), were submitted to The Bode Technology Group (TBTG)
as part of a contract to outsource backlogged DNA Database sam-
ples at the NCSBI. Some of these quality assurance samples
showed an unexpected discrepancy between the two laboratories
for the locus D16S539, when all other 13 loci tested yielded iden-
tical results using identical primer pairs found in the PowerPlex®

1.1 and 2.1 (Promega Corporation, Madison, WI) systems. These
discrepancies included imbalanced sister alleles and allele dropout
for results returned from TBTG.

These findings led to an examination of the procedures used be-
tween the two laboratories in an effort to explain the discrepancy
seen at the D16S539 locus. The NCSBI laboratory uses an organic
extraction of the bloodstain (1), followed by amplification using
PowerPlex® 1.1 primers and AmpliTaq® polymerase (Applied
Biosystems, Foster City, CA). TBTG uses an FTA® extraction
method (2) on bloodstains, followed by amplification using Pow-
erPlex® 1.1 primers and AmpliTaq Gold® polymerase (Applied
Biosystems).

Despite the differences in extraction procedures between the two
labs, the NCSBI was able to reproduce the results from TBTG
when AmpliTaq Gold® was used. Therefore, sample extraction
procedures were ruled out as a potential source of the discrepant re-
sults at D16S539, pointing to differences in amplification condi-
tions as the cause of the discrepancy. The AmpliTaq Gold® proce-
dure uses a higher stringency “hot start” and all steps of the
amplification cycle are lengthened as compared to an AmpliTaq®

procedure. For these reasons, there is a potential for destabilizing
the primer if a point mutation were to occur at the primer-binding
site. This hypothesis could be tested by sequencing samples that
gave discrepant results between the two laboratories. The Promega
Corporation sequenced samples identified as giving discrepant re-
sults and found a point mutation on the D16S539 primer-binding
sequence for the locus D16S539 as the cause of the discrepant re-
sults.

Primer-binding site mutations or “null alleles” have been re-
ported for other STR loci used in forensic testing. Schumm et al.
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(3) described primer-dependent allele dropout for the STR locus
D7S820, which was traced to a sequence polymorphism in the
primer-binding region resulting in imperfect hybridization of the
primer and subsequent allele dropout. The solution they used was
to redesign the primer pair to amplify a larger region of the D7S820
locus. In another report, Kline et al. (4) reported a sample tested
where the PowerPlex1.1® kit yielded a vWA phenotype of 16, 19,
but the AmpF�STR® Blue kit (Applied Biosystems) yielded a
vWA phenotype of 16. Walsh (5) reported that a sequence poly-
morphism near the 3�-end of the forward primer was the reason that
the vWA 19 allele dropped out with the AmpF�STR® Blue kit.

The finding of point mutations that reach polymorphic levels in
primer-binding sequences in core CODIS (Combined DNA Index
System) loci is of concern to forensic scientists using CODIS. Even
though CODIS matching algorithms allow for mismatches at low
and moderate stringency (nonperfect matches are revealed i.e., a
two-banded pattern at a particular locus will be returned as a match
to a locus with a single band) to handle rare mutations, scientists
using CODIS must be aware of the consequences of primer-bind-
ing site mutations, especially those that reach polymorphic levels
in a population, as well as the consequences of using different
primer pairs from different sources.

Materials and Methods

NCSBI

DNA was extracted from bloodstains prepared on S & S 903 pa-
per (Schleicher & Schuell, Keene, NH) using either organic ex-
traction (1) or the FTA extraction method (2) as described in
Levedakou et al. (personal communication). DNA samples were
quantitated using the Quanti-Blot procedure (Applied Biosystems).
One ng of template DNA per 25 �L reaction was used for amplifi-
cation according to the procedure outlined in the Technical Man-
ual—PowerPlex® 1.1 System (6) supplied by the Promega Corpo-
ration. Amplification was carried out in Perkin Elmer 9600 or 9700
thermocyclers (Applied Biosystems). The conditions using Ampli
Taq® are as follows (6):

96°C for 1 min, then:
94°C for 30 s
Ramp to 60°C, hold for 30 s
Ramp to 70°C, hold for 45 s
For 10 cycles, then:
90°C for 30 s
Ramp to 60°C, hold for 30 s
Ramp to 70°C, hold for 45 s
For 20 cycles, then:
60°C for 30 min, then:
4°C for infinite hold.

The amplification conditions using AmpliTaq Gold® are as follows
(Levedakou et al., personal communication):

95°C for 11 min
96°C for 2 min, then:
94°C for 60 s
Ramp to 60°C, hold for 60 s
Ramp to 70°C, hold for 90 s
For 10 cycles, then:
90°C for 60 s
Ramp to 60°C, hold for 60 s
Ramp to 70°C, hold for 90 s

For 20 cycles, then:
60°C for 30 min, then:
4°C for infinite hold.

The differences between the two amplification procedures lie in
the extended hot start (95°C for 11 min and at 96°C for two min)
prior to the amplification cycling steps, as well as the extended
length of the cycling steps when using AmpliTaq Gold®.

Samples were amplified using the following primers provided
by the Promega Corporation:

1. Primer mixture provided in the PowerPlex® 1.1 kit (which in-
cludes D16S539)

2. A monoplex D16S539 (which would amplify only the
D16S539 locus) that was designed for PowerPlex® 16

3. A degenerate D16S539 primer designed by the Promega Cor-
poration as part of this study. A degenerate primer is identical
to the primary primer sequence, except that there is one or more
base substitutions to cover point mutations, which have been de-
tected at the primer-binding sequence. This degenerate primer
was added to the primer mixture of the PowerPlex® 1.1 kit.

Samples were then denatured for 2 min at 95°C and analyzed by
gel electrophoresis using a 5% Long Ranger® gels (BioWhittaker
Molecular Applications, Rockland, ME), and a Tris- Borate-EDTA
electrophoresis buffer (7). At the end of electrophoresis, the gels
were scanned on a Hitachi FMBIO® II (MiraiBio Inc., Alameda,
CA) platform and analyzed by StarCall software (MiraiBio, Inc.).

Promega Corporation

Primers that flank the D16S539 primer sequences in the Power-
Plex® 1.1 Kit were designed to amplify and sequence genomic
DNA samples that showed allele dropout, as follows:

D16S539 Forward Sequencing Primer
TGACTGTGTTCCCACTCTCAG

D16S539 Reverse Sequencing Primer
GCCATAGACTTAAAAACCTAATGACA

Amplification—Using the primers above, amplification was per-
formed in 1X GoldST�R® Buffer (Promega Corporation), 1 �M
primer, 0.25 units AmpliTaq Gold® (Perkin Elmer), and approxi-
mately 1 ng template in a 25 �L total reaction volume. Cycling was
performed using a GeneAmp® PCR System 9600 Thermal Cycler
(Perkin Elmer) following the cycling conditions for PowerPlex®

1.1 (6) including a 95°C 11 min initial incubation step.

DNA Purification—Genomic DNA amplification products were
separated by electrophoresis through a 0.4 mm thick 6% denaturing
polyacrylamide gel, containing 0.5X TBE and 7M urea, following
protocols outlined in the GenePrint® STR Systems (Silver Stain De-
tection) Technical Manual TMD004 (Promega Corporation). Silver
stained DNA bands (alleles) in acrylamide were scraped off the
fixed, stained, polyacrylamide gel. The gel containing the alleles
was soaked overnight at room temperature in TE (10 mM Tris pH
7.5, 1 mM EDTA), then microcentrifuged in ULTRAFREE®-MC
0.45 �m filter units (Millipore, Bedford, MA). The purified alleles
were amplified following the same cycling protocol (see above) for
genomic DNA except in 100 �L reaction volumes using 1X Gold-
ST�R® Buffer, 1 �M primer, and 1 unit AmpliTaq Gold®. Fol-
lowing amplification, the excess primers were removed using Wiz-
ard® PCR Preps DNA Purification System (Promega Corporation).



DNA Sequencing—Sequence analysis was completed with four
of the samples displaying an allele-deficient (allelic drop out/im-
balance in sister alleles) D16S539 genotype and two samples that
did not display the allele-deficient D16S539 genotype for a total of
twelve alleles. Sequencing was performed using an ABI PRISM®

BigDye™ Terminator Cycle Sequencing Kit (Applied Biosys-
tems), 8 �L Terminator Ready Reaction Mix (Applied Biosys-
tems), 3.2 pm primer, and 200 to 500 ng template in a 20 �L total
reaction volume. Cycling was performed in a GeneAmp® PCR
System 9600 Thermal Cycler: 5 min at 95°C, then 30 cycles of
95°C for 30 s, 50°C for 10 s, and 60°C for 4 min. Sequencing re-
actions were purified using Centri-Sep™ spin columns (Princeton
Separations, Adelphia, NJ) and detection was done on an ABI
PRISM® 310 Genetic Analyzer (Applied Biosystems) using a 47-
cm capillary, POP6 polymer, and run module “Seq POP6 (1 mL)
Rapid E” (all from Applied Biosystems).

TBTG

All DNA samples submitted to TBTG for outsourcing were ex-
tracted using an FTA extraction procedure (2) and were originally
amplified using AmpliTaq Gold® and the PowerPlex® 1.1 System
(6). The subsequent products were analyzed as described (6) using
a Hitachi FMBIO® II platform and the StarCall software. In subse-
quent testing by TBTG, 423 samples were amplified using Ampli-
Taq Gold® and the AmpF�STR® COfiler™ PCR Amplification Kit
(Applied Biosystems) to determine if identical results for the locus
D16S539 were obtained using the AmpF�STR® COfiler™ and the
PowerPlex® 1.1 kits. Samples displaying a weak or missing allele at
the locus D16S539 were also amplified using a prerelease version

of the PowerPlex® 16 System primer mix (Promega Corporation,
Madison, WI) containing the D16S539 primer 5�-GTTTGTGTGT-
GCATCTGTAAGCATGTATC-3� (see Fig. 1) which is identical
with the monoplex D16S539 primer used for this study. Amplified
products were separated and detected using the ABi Prism® 3700
Genetic Analyzer (Applied Biosystems) and analyzed using Geno-
typer Version 3.6 software (Applied Biosystems).

Results and Discussion

To determine if a difference in amplification was responsible for
the discrepancy observed at the D16S539 locus for some samples,
210 apparently homozygous D16S539 results returned by TBTG
were retested by the NCSBI using both AmpliTaq® and AmpliTaq
Gold® amplification conditions and PowerPlex® 1.1 primers. Us-
ing AmpliTaq®, 26 of the 210 apparent homozygotes returned from
TBTG were identified as heterozygotes by the NCSBI, a rate of
12.4%. When these same samples were amplified with AmpliTaq
Gold®, the NCSBI noted either an imbalance in sister alleles or a
dropout of one band (allele), when compared with the AmpliTaq®

amplification procedure. The NCSBI also conducted experiments
where AmpliTaq Gold® was used with the amplification conditions
for AmpliTaq® described in the Materials and Methods and the
same genotypes were returned as with the amplification conditions
using a “hot start” and longer annealing and extension times.

These same 210 samples were sent to TBTG, where they were
amplified using the AmpF�STP® COfiler™ PCR Amplification
Kit with AmpliTaq Gold® polymerase. TBTG also tested those
samples that displayed missing or weak alleles for the locus
D16S539 using a prerelease version of the PowerPlex® 16 System
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FIG. 1—Sequencing data showing the region of the D16S539 primer-binding site harboring the mutation. A—The D16S539 primer sequence of Power-
Plex® 1.1 (PP1.1), the D16S539 primer sequence developed for PowerPlex® 16 (PP16), and the binding location, when the “wild type” sequence is en-
countered (no mismatch), and when the mutation occurs (mismatch). B—Sequence of the degenerate primer developed to anneal with the D16S539 region
carrying the primer-binding site mutation.
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primer mix and AmpliTaq Gold® polymerase. The D16S539
primer in the prerelease version of the PowerPlex® 16 System is
different from the D16S539 primer in the PowerPlex® 1.1 system,
but has identical sequence with the monoplex D16S539 primer
used in this study (see Fig. 1 for details). Identical results were
noted for these two tests to those obtained by the NCSBI with the
AmpliTaq® procedure and PowerPlex® 1.1 primers.

The data generated led the NCSBI and TBTG to surmise that a
primer-binding site polymorphism might exist at D16S539, and the
Promega Corporation was notified of these results. Further testing
by the Promega Corporation confirmed the findings of the NCSBI
and TBTG as demonstrated in Fig. 2 and Table 1.

Sequencing results generated by the Promega Corporation for
samples that showed D16S539 anomalies established that there
was a T to A mutation corresponding to the next to the last base in
the 3� primer-binding sequence for these samples (see Fig. 1A).
Apparently, under the AmpliTaq Gold® amplification procedures,
the D16S539 3� primer in the PowerPlex® 1.1 kit becomes suffi-
ciently unstable. As Fig. 1A also demonstrates, the monoplex
D16S539 primer designed for PowerPlex® 16, has an additional
five bases at the 3� end that helps to stabilize the primer under the
AmpliTaq Gold® amplification conditions.

The Promega Corporation then designed a degenerate primer to
be added to the PowerPlex® 1.1 primers to compensate for the se-
quence mutation detected when AmpliTaq Gold® amplification
procedures are used. The sequence of this new primer is shown in
Fig. 1B where a T has been placed at the next to last base position
of the 3� end of the primer.

In order to have a large enough sample size to test the efficacy of
the degenerate primer and to determine the extent of the mutation
in the population, the NCSBI then screened another 213 apparently
homozygous samples returned from TBTG using PowerPlex® 1.1
primers with AmpliTaq® and AmpliTaq Gold® amplification pro-
cedures. This study detected another 16 individuals who have the
polymorphism, or 7.5% of the population of samples screened.
These same samples were also tested by TBTG using PowerPlex®

16, as well as the primer set in the AmpF�STR® COfiler™ PCR
Amplification Kit and AmpliTaq Gold® amplification procedures,
and found to return concordant results to those returned by the
NCSBI.

The next phase of the study was to validate the efficacy of the de-
generate D16S539 primer. All 423 samples in the combined test set

(of which 42 displayed allele drop out or sister allele imbalance)
were then tested by the NCSBI using AmpliTaq Gold® polymerase
with both the degenerate D16S539 primer added to the PowerPlex®

1.1 primers, and the monoplex primer for D16S539 developed for
the prerelease version of the PowerPlex® 16 system. The D16S539
primer has not changed between the prerelease and final version of
the PowerPlex® 16 system. Both primer sets yielded identical re-
sults to those originally developed using PowerPlex® 1.1 primers
and the AmpliTaq® procedure. It can be noted that samples having
the D16S539 primer-binding site mutation when tested with the
PowerPlex® 1.1 primers and AmpliTaq Gold® amplification pro-
cedures at the NCSBI, most often resulted in an imbalance of sister
alleles instead of allelic drop out.

The samples in this study were chosen because they were appar-
ent homozygotes and came from a sequential block of samples sent
to TBTG for DNA testing. This group of samples included indi-
viduals primarily of Caucasian and African-American origin.
However, samples from individuals identified as Lumbee Indians
and Hispanics were also present but in such low numbers that no
inferences can be drawn as to the frequency of the primer-binding
site mutation in these two populations.

A total of 429 Caucasians were represented in this block of sam-
ples of which 79% were typed as heterozygotes for D16S539 by

FIG. 2—D16S539 amplification results for the same set of samples (1 to 8) using two different primers and two different DNA polymerases, which demon-
strate allelic drop out when PowerPlex® 1.1 primers are used with AmpliTaq Gold®. Samples 1, 2, 5, and 6 were identified from this study as giving dis-
crepant D16S539 results, whereas Samples 3 and 4 gave consistent results between two different labs. Sample 7 is the cell line 9947A and Sample 8 is a
control sample used by the Promega Corporation.

TABLE 1—Genotypes of the samples depicted in Fig. 2.

Genotype
with the Monoplex

D16S539 Primer from
PowerPlex® 16 using
AmpliTaq® Gold and Genotype 
with PowerPlex® 1.1 with PowerPlex® 1.1 Sample #  

using AmpliTaq® using AmpliTaq® Gold on Gel

10, 12 12 1
12, 14 14 2
10, 11 10, 11 3
8, 9 8, 9 4

10, 12 12 5
9, 10 9 6

11, 12 11, 12 7
12, 12 12, 12 8

NOTE: Bold numbers indicate the new allele.



TBTG, and 21% were typed as homozygotes. All those apparent
homozygotes were retested and only one individual was found to
have the primer-binding site mutation. From this sample set, one
can assign a frequency of the D16S539 primer-binding site muta-
tion of approximately 0.002 in the Caucasian population, which is
a rare event.

A total of 1310 African-American individuals were represented
in this block of samples, of which 77% were typed as heterozygotes
for D16S539 by TBTG, and 23% were typed as homozygotes. All
those apparent homozygotes were retested and 41 individuals were
found to have the primer-binding site mutation. From this sample
set, one can assign a frequency of the D16S539 primer-binding site
mutation of 0.0313 to the African-American population. Any fre-
quency above 0.01 is considered polymorphic in a population (8).

Conclusions

Many laboratories over the past few years have switched from
using AmpliTaq® to AmpliTaq Gold®. AmpliTaq Gold® allows
better timing of the initiation of the amplification, giving analysts
time to set up large numbers of samples and increase efficiency, as
well as increasing the yield of PCR products (9).

This study shows the importance in thoroughly characterizing
the performance of primer sets prior to changing amplification pa-
rameters or DNA polymerases. It is also very important that a sig-
nificant number of individuals from different racial groups be
tested when designing primers to avoid polymorphic regions for
primer-binding sites.

It is expected that single base mutations will present themselves
on rare occasions in the population, and that occasionally they will
occur at primer binding sequences, resulting in imbalanced sister
alleles or allelic dropout. The use of STR markers for comparison
of convicted offender samples with forensic case samples is the
heart of the national DNA Database (CODIS). The matching algo-
rithm in CODIS is capable of dealing with one vs. two band
“matches” at moderate stringency so that samples affected by
primer-binding site mutations would still be candidates for a
match. For example, if one obtained a 12 loci high stringency (per-
fect) match and one moderate stringency locus match, further stud-
ies would be necessary, and one possible explanation would be the
presence of a primer-binding site mutation. This would be espe-
cially true if the two “matching” DNA profiles were generated in
different labs using different primer sets or DNA polymerases. The
ideal situation would be for all labs to return identical results based

on the use of identical primer sets. Although rare primer-binding
site mutations are expected to appear in a population, the finding of
a polymorphic binding site in a racial/ethnic group is less than ideal
in a national database. For this reason, the development of a de-
generate primer for the locus D16S539 was necessary to be used
with the PowerPlex® 1.1 kit and AmpliTaq Gold® polymerase.
This degenerate primer will also be added by the manufacturer to
future PowerPlex® 1.1 kits. This study has validated the efficacy of
this primer in providing identical results to those obtained for other
D16S539 primer sets currently available on the market.

This study can also serve as a model to be followed, should fur-
ther polymorphic primer-binding site mutations appear in either
current or new mega-plex DNA testing kits used in forensic testing.
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