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ABSTRACT: New multiplex PCR sets of commonly used short tandem repeat (STR) markers have been devel oped to produce PCR products that
are reduced in size when compared to standard commercial STR kits. The reduction in size of these amplicons can facilitate the examination and
analysis of degraded DNA evidence by improving amplification efficiency. This“miniSTR” approach will permit current forensic practitioners to
use STR markers and instrumentation already present in their laboratories and to generate genotyping data that is directly comparable to reference
samples and searchabl e through the FBI's Combined DNA Index System (CODIS) databases. This paper discusses the development of these new
primer sets and presents some initial results in the analysis of degraded and aged DNA samples. A method for removal of problematic fluorescent
dyeartifactsisalso described. Comparison studiesin over 100 samples have verified that these mini STR primers can provide fully concordant results
to commercia STR kits and can provide improved signal from degraded DNA specimens. These miniplex sets should prove vauable in the analy-
sis of samples where allele dropout and reduced sensitivity of larger STR alleles occurs.
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Short tandem repeat (STR) markers have become the workhorse
of forensic DNA typing (1-3). STRs are highly polymorphic and
capable of generating typing results from very little material
through multiplex amplification using the polymerase chain reac-
tion (PCR). However, in many situations in forensic casework,
the DNA samples are far from pristine. If DNA is exposed to the
elements or to fire for any length of time, degradation can occur
dueto bacterial, biochemical, or oxidative processes (4). Addition-
aly, there may be environmenta contaminants commingled with
theforensic evidence. In such specimensalossof signal istypically
observed with larger-sized STR products. This loss of signal may
be the result of either PCR inhibitors present in the forensic
evidence or a DNA template that has been fragmented to small
sizes.

When either PCR inhibitors or degraded DNA are present, a
partial genetic profile with allele and/or complete locus dropout
often results (5). The problem is exacerbated when large multiplex
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PCR reactions are used due to the wide size range of PCR products
produced. Commercial multiplex STR kits used in forensic DNA
typing can generate amplicons in the size range of 100 to 450 bp
(6). In situations where samples are so badly degraded that STR
analysisisnot possible, sequence analysis of hypervariable regions
of mitochondrial DNA (mtDNA) is typically used (7). However,
mtDNA testing is a time-consuming process, and, due to the hap-
loid, non-Mendelian nature of mtDNA inheritance, the data are not
as powerful for identification purposes as a full 13-locus STR
match.

Another approach to trying to recover information from de-
graded DNA samplesisto reduce the size of the PCR products by
moving primers in as close as possible to the STR repeat region
(8,9). The observation that smaller-sized PCR products from STR
markers produced a higher success rate with degraded DNA sam-
pleswasfirst reported in 1995 with analysis of victims of the Waco
Branch Davidian fire (5). These results have been confirmed by a
number of other publicationsin recent years (8-13).

A magjor advantage of these smaller STRs, or “miniSTRs,” isthat
database compatibility could be maintained with convicted
offender samples processed using commercial STR multiplexes. In
addition, these smaller product sizes are more favorably analyzed
by alternative technologies such as time-of-flight mass spectrome-
try (14,15) and rapid microchannel electrophoretic separations
(16). Within the forensic community, a core set of STR markers
have been developed for utilization in forensic casework, and large
databases such asthe Combined DNA Index System (CODIS) have
been developed incorporating these markers (3,17). Due to their
wide use, these STR markers would thus be ideal for candidatesin
designing new primers that could create smaller PCR products.

This paper describes new PCR primers capabl e of amplifying the
13 CODIS STRs plus the Penta D, Penta E, and D2S1338 markers
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present in commercially available STR kits. Through redesign of
the primer binding sites, each STR marker has been made as small
as possible. The newly designed primers are combined into various
multiplexed sets, referred to as “miniplexes,” usualy with asingle
locus in each dye color. We describe some important issues
involved in the development of these new primer sequences and
miniplex sets including some initial concordance studies between
the miniplexes and commercial STR kits.

Materialsand Methods
Reference Sequences and Allele Range Information

Reference sequences for the STR markers CSF1PO, FGA,
THO1, TPOX, VWA, D3S1358, D5S818, D7S820, D8S1179,
D13S317, D16S539, D18S51, D21S11, Penta D, Penta E,
and D2S1338 were obtained from GenBank® (http://www.ncbi.
nim.nih.gov) through the accession numbers listed in Table 1.
Approximately 200 to 300 bases on either side of the STR repeat
are part of the reference sequences, which may be found at
http://www.cstl.nist.gov/biotech/strbase/seq_ref.htm. The ob-
served allele range of information for each locus listed in Table 1
is also available on the STRBase website (18).

Primer Design

PCR primers were designed against each reference sequence
using web-based Primer3 (19). Typicaly, the default parameters
were used, and the PCR product size was made as small as possi-
ble around the target region that consisted of the STR repeat.
Resulting primers (Table 2) were tested for potential interactions
with each other using an in-house program described elsewhere
(20,21).

PCR Primers and Other Reagents

Fluorescently labeled primers, AmpliTag Gold® DNA poly-
merase, and associated buffers were obtained from Applied
Biosystems (Foster City, CA). All forward miniSTR primers were
labeled with 6FAM ™, VIC™, and NED™ dyes (Applied Biosys-
tems), which enabled the use of available matrix standards and

reliable color separations on the ABI 310 and 3100 Genetic Ana-
lyzers. Unlabeled primers were purchased from Qiagen Operon
(Alameda, CA). Commercial multiplexed genotyping kits utilized
in these studies included Identifiler™, COfiler™, SGM Plus™,
Profiler™, and Profiler Plus™ from Applied Biosystems and Pow-
erplex® 16, GenePrint® CTTv, and GammaSTR® Quadruplexes
from Promega Corporation (Madison, WI).

Source of DNA Samples

Anonymous human blood samples were purchased from a com-
mercia blood bank named Millennium Biotech, Inc. (Ft. Laud-
erdale, FL). These sampleswere approved for use through an insti-
tutional review board at the National Institute of Standards and
Technology and were extracted using conventional organic extrac-
tion methods. A number of aged bloodstains stored at room
temperature on untreated Schleicher and Schuell 903 paper were
a so examined after the DNA from these samples was extracted via
a Chelex procedure described previously (22).

PCR Amplification

Amplifications were performed in reaction volumes of 25 pL
using a master mix containing 1X GeneAmp® PCR Gold buffer
(Applied Biosystems), 1.5 mmol/L MgCls,, 200 wmol/L deoxynu-
cleotide triphosphates (Life Technologies, dNTPs: dATP, dCTP,
dGTP, dTTP), and two units of AmpliTagq Gold® DNA poly-
merase. Primer concentrations were adjusted empirically to
balance peak heights within and between dye colors usually start-
ing with 1 wmol/L. Thermal cycling was performed with the
GeneAmp 9700 (Applied Biosystems) using the following condi-
tions in 9600-emulation mode (i.e., ramp speeds of 1°C/s):

* 95°C for 10 min

e 28 cycles: 94°C for 1 min, 55°C for 1 min, 72°C for 1 min
* 60°C for 45 min

o 25°C forever

The 72°C extension time is typically increased to 2 min during
each cycle and the final extension is lengthened to 60 or 90 min

TABLE 1—Information on 16 STRs examined in this study. The reference sequences used for primer design are available at
http: //mww.cstl.nist.gov/biotech/strbase/seq ref.htm. Allele ranges are from Appendix 1 of Forensic DNA Typing (3)
or fromthe kit manuals in the cases of Penta D, Penta E, and D2S1338.

GenBank GenBank Allele Allele Product Size MiniSTR Size
STR Locus Accession Allele Range Spread (STRKit) Size Reduction
CSF1PO X14720 12 6-16 40 bp 280-320 bp (Cofiler) 89-129 bp 191 bp
FGA M64982 21 12.2-51.2 156 bp 196-352 bp (ProPlus) 125-281 bp 71bp
THO1 D00269 9 3-14 44 bp 160-204 bp (Cofiler) 51-98 bp 105 bp
TPOX M68651 11 5-14 36 bp 213-249 bp (Cofiler) 65-101 bp 148 bp
VWA M25858 18 10-25 60 bp 152-212 bp (ProPlus) 88-148 bp 64 bp
D3S1358 NT_005997 18 8-20 48 bp 97-145 bp (ProPlus) 72-120 bp 25 bp
D5S818 AC008512 11 7-16 36 bp 134-170 bp (ProPlus) 81-117 bp 53 bp
D7S820 AC004848 13 5-15 40 bp 253-293 bp (ProPlus) 136-176 bp 117 bp
D8S1179 AF216671 13 7-19 48 bp 123-171 bp (ProPlus) 86-134 bp 37 bp
D13S317 AL 353628 11 5-16 44 bp 193-237 bp (ProPlus) 88-132 bp 105 bp
D16S539 AC024591 11 5-15 40 bp 233-273 bp (Cofiler) 81-121 bp 152 bp
D18s51 APO01534 18 7-27 80 bp 264-344 bp (ProPlus) 113-193 bp 151 bp
D21S11 AP000433 29 24-38.2 58 bp 186-244 bp (ProPlus) 153-211 bp 33 bp
Penta D AP001752 13 2.2-17 73bp 376-449 bp (PP16) 94-167 bp 282 bp
Penta E AC027004 5 5-24 95 bp 379-474 bp (PP16) 80-175 bp 299 bp
D2S1338 AC010136 20 15-28 52 bp 288-340 bp (SGM Plus) 90-142 bp 198 bp
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when reamplifying alelic ladders because there are more PCR
products to create.

Removal of Residual Dyes Following PCR

Removal of residual dye molecules that generated the so-called
“dye blobs” in capillary electrophoresis electropherograms was
accomplished with Edge Performa™ DTR Gel Filtration Car-
tridges from Edge BioSystems (Gaithersburg, MD) following the
manufacturer’s protocol. Briefly, the Gel Filtration Cartridge was
centrifuged for 2 min at 750 X g to remove the storage liquid in the
cartridge. Then a 15-pL aliquot of the 25-pL PCR reaction was
placed in the center of the danted gel bed surface and centrifuged
for 2 min at 750 X g. The resulting eluate contained the purified
PCR product from which 1 uL may be used for ABI 310 or 3100
sample preparation.

Analysis on ABI 310 (Single Capillary) Genetic Analyzer

The ABI Prism® 310 Genetic Analyzer (Applied Biosystems)
was used with filter set F to process the data from the four dyes
6FAM, VIC, NED, and ROX after an appropriate matrix had been
created using materials from matrix standard sets DS-32 and DS-
33 (Applied Biosystems). Each sample for analysis on the 310 was
prepared by adding 1 pL of PCR product to 19 pL of Hi-Di™ for-
mamide (Applied Biosystems) containing 0.75 L of GS500 ROX
size standard (Applied Biosystems). Samples were then placed
immediately into the instrument for analysis without heat denatur-
ing or snap cooling the samples prior to running them. Samples
wereinjected for 5 sat 15000 V and separated at 15 000 V for 24
min with arun temperature of 60°C. Standard electrophoretic con-
ditions were used including 310 Genetic Analyzer POP™-4, 1X
Genetic Analyzer Buffer with EDTA, and a47-cm X 50-um cap-
illary (Applied Biosystems).

Analysis on ABI 3100 (16-Capillary) Genetic Analyzer

Prior to running any miniplex samples on the ABI 3100, afour-
dye matrix was established under the “Z filter” with the dyes

6FAM (blue), VIC (green), NED (yellow), and ROX (red) using
matrix standard set DS-30 (Applied Biosystems) and substituting a
VIC matrix standard for HEX. Samples were typically prepared
with 9 pL of Hi-Di™ formamide, 0.6 pL of GS500 ROX, and
with 1 pL of PCR product (either filtered or unfiltered). Again, nei-
ther heat denaturation nor snap cooling were performed prior to
injection on the ABI 3100. The miniSTR and commercial STR
kit samples were run using the default module GeneScan36_POP4
DefaultModule, which performs an electrokinetic injection onto
the 16-capillary array for 10 s at 3000 volts. The STR adleles were
then separated at 15 000 volts for approximately 30 min with arun
temperature of 60°C using the 3100 POP™-4 sieving polymer, 1X
Genetic Analyzer Buffer with EDTA, and a 36-cm array (Applied
Biosystems). Data from both the ABI 310 and ABI 3100 were an-
alyzed using GeneScan 3.7 and Genotyper 3.7 programs (Applied
Biosystems) for a Windows NT platform. In earlier work, Macin-
tosh versions of GeneScan and Genotyper were used.

Generation of Allelic Ladders and Genotyper Macros

All€elic ladders were created with the miniSTRs using adilution
of alelic ladders from the Identifiler™ (Applied Biosystems) or
PowerPlex® 16 (Promega) kits. Briefly, a 1:1000 dilution of the kit
alelic ladders was prepared, and then 2 L of these diluted ladders
were amplified, either individually or as a multiplex set, using the
thermal cycling parameters outlined for the PCR above, except am-
plified for 15 cyclesinstead of the standard 28 cycles. Genotyper
macros were constructed for each of the miniplex combinations
(Table 3) to work with the new allelic ladders.

Results and Discussion
MiniSTR Primer Design for Common STR Markers

The web-based Primer3 program (19) was used to design the
smallest possible PCR products for each STR marker of interest.
The reference sequence for each STR marker found at http://www.
cstl.nist.gov/biotech/strbase/seq_ref.htm was pasted into the DNA
sequence window of Primer3, and a target region was defined that

TABLE 3—Combinations of STR loci examined by dye color. The letters B, G, Y, and R indicate the nominal color of the dye label for each locus:
blue, green, yellow, or red. Note that D3S1358, D19433, and amel ogenin, which are already fairly small in their kit PCR product sizes,
are not included in the various miniplex combinations. However, new D3S1358 primers are listed in Table 2. The “ Big Mini”
isa combination of miniplexes 1 and 3 and permits analysis of 6 STRs that do not overlap in size.

Locus Identifiler PP16 Miniplex 1

Miniplex 2

Miniplex 3 Miniplex 4 Miniplex 5 Big Mini

CSF1PO
FGA
THO1
TPOX
VWA
D5S818
D7S820
D8S1179
D13S317
D16S539
D18S51
D21S11
Penta D
PentaE
D2S1338
D3S1358
D19$433
Amelogenin
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included the STR repeat region and any flanking regions where
partia repeats or mononucleotide repeat stretches were observed.
The Primer3 software allows a user to easily manipulate parame-
ters such as minimum and maximum primer length, melting
temperature, and PCR product sizes during the design process.
Typically 80 to 100 bp was used as a starting point for the desired
PCR product size, and the other parameters were all left on their
default values. Thus, the calculated melting temperature of each
primer should bein the 57 to 63°C range and work well withaPCR
standard annealing temperature of 55°C. However, several primer
pairs are below the 57°C design criteria, such as CSF1PO and
D16S539 (see Table 2), because these primers had been shown
to work well empirically during previous time-of-flight mass spec-
trometry work (15).

For the 16 STRs examined, attempts were made to bring primers
as close as possible to the STR repeat region. However, the flank-
ing sequences for some of these STRs contain polymorphic
nucleotides, partial repeats, mononucleotide repeat stretches, or
insertions/deletions that could prevent stable primer annealing.
Thus, not all primers could be designed to bind within a few
nucleotides of the STR region (see Table 2). For example, the STR
marker FGA has apartial repeat and mononucleotide repeat stretch
“TTTC TTCC TTTC TTTTTT” immediately downstream of the
core STR repeat that impacts the position of the reverse primer. It
would be unwise to place a primer here because the GC content
would below and variations may occur next to the FGA compound
repeat that would cause disruption of primer annealing. Thus, the
3" end of the miniSTR FGA-reverse primer is located 23
nucleotides away from the end of the designated core repeat (see
Table 2). The primer that islocated furthest away from its marker’s
repeat region is the D7S820-reverse primer. Closer primers have
been used in other studies but with instances of allele dropout for
some eight and ten alleles (15). A poly-T stretch is found 13 nu-
cleotides downstream of the D7S820 core GATA repeat that has
been shown to contain eight, nine, or ten T’ s (23). Indeed, thispoly-
morphic stretch of T'slikely givesrise to the abundance of x.1 and
x.3 variant alleles reported for the D7S820 locus in STRBase:
http://www.cstl.nist.gov/biotech/strbase/var_d782.htm. Thus, a
reverse primer for the D7S820 locus will need to be outside the
poly-T stretch in order to capture this variation and permit full con-
cordance with commercial STR kit results.

Every attempt was made to avoid known polymorphic
nucleotides in the regions immediately adjacent to the STR repest
that have been discovered during concordance studies with com-
mercial STR kits (2,24,25). For example, the D8S1179 flanking
region has apolymorphic nucleotide 55 bases downstream from the
repeat (26) that impacts the reverse primer in the Profiler Plus kit
and causes allele dropout in some Asian samples (25,26). The
miniSTR D8S1179-reverse primer is internal to this sequence
polymorphism and thus will not be affected. Likewise, the poly-
morphic nucleotide 52 bases upstream of the VWA locus that has
produced some previously reported allele dropouts (24) is outside
of the miniSTR vWA-forward primer binding region and will thus
not impact PCR amplification.

However, there is a danger with placing primers close to the
repeat region if insertion/deletions occur in the flanking regions of
the STR marker but outside of the miniSTR primer binding sites.
Inthissituation, it is possible to have full amplification with either
primer set but with different alele calls. For example, the D13S317
locus has a four-base deletion of TGTC that is 24 bases down-
stream from the TATC core (27). The miniSTR D13S317-reverse
primer listed in Table 2 islocated between the repeat region and the
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potential deletion sequence, whereas commercial STR kit primers
are located outside of the deletion region (27). Thus, in a sample
containing an allele with this 4-bp deletion, a heterozygous sample
could occur in both the standard and miniSTR amplifications, yet
exhibit adifferencein size of 4 bp between the two samples due to
the presence of this deletion. We have observed this phenomenon
with an African American sample that was called a 9,12 at
D13S317 using the Profiler Plus kit but a 10,12 with the miniSTR
primers. Although we have not sequenced this sample, the “9”
aleleamplified using the Profiler Pluskit likely contains 10 TATC
repeats with a TGTC deletion as described above.

Wedid not design new primersfor the D19S433 | ocus or the sex-
typing marker amel ogenin as these amplicons are already small in
the widely used kits. In addition, there is minimal size reduction
with the miniSTR primers for D3S1358, D21S11, D8S1179, and
D5S818 relative to currently available commercial kits. However,
these primers may find value in checking for potential alele
dropout due to primer binding site mutations, as the new primer
positions do not overlap the commercial kit primer locations.

It is interesting to note that it is possible to put the 3" end of a
primer into the repeat region up to two full repeats and still obtain
successful amplifications. This fact was discovered while working
with new primers for time-of-flight mass spectrometry (14,28).
Examplesin the current set of primers include the TPOX-forward
primer and D8S1179 primers, which are both four bases into the
repeat region (one full repeat).

All forward primers were dye-labeled for consistency. The
reverse primers were originally obtained as indicated in Table 2.
However, severa loci were not fully adenylated when the alelic
ladders were generated (Fig. 1, top panel). To aid nontemplate
addition, a5’ tail consisting of the 7-base sequence GTTTCTT (29)
was added to the reverse primer, enabling more compl ete adenyla-
tion when miniSTR PCR products were amplified (Fig. 1, bottom
panel).

Creating Combinations of miniSTR Markers

In order to keep al of the miniSTR loci as short as possible,
multiplexes were designed with one STR locusin each dye color in
what we refer to as “miniplexes.” Thisisin contrast with commer-
cia kits, which place four or more loci in a single dye color by
adjusting the lengths of each set of amplified products to avoid
overlap. Table 3 lists the dye colors and locus combinations in the
five miniplex sets created with the primers described in Table 2.
Each miniplex consists of three different loci, with each locus
labeled using a different colored dye. Two loci, D3S1358 and
amelogenin, that are included in CODIS were not utilized in the
current miniplex systems. These loci are already small in current
systems, but could be implemented at a later date along with the
non-CODI S locus D19S443 in a sixth miniplex set. Of course,
other locus combinations are possible and could be put together
with the primers sets described here by changing the dye label or
by moving one or both of the primers away from the STR repeat
region in order to fit adesired set of loci together. All primerswere
crosschecked against one another in order to permit all possible
combinations in terms of primer compatibility.

Asmentioned above, the principle goal in producing these mini-
plexesisto keep only one STR locusin each dye lane. This permits
the location of the new primers to be moved inward without inter-
ference from other loci. However, adrawback to thisminiSTR ap-
proach is that four to five amplifications are required in order to
type al of the core loci, and an examiner may not have the luxury
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FIG. 1—D73820 miniSTR allelic ladder produced by re-amplifying the Identifiler™ ladder with original reverse primer listed in Table 2 (top panel)
andwitha5’tail GTTTCTT on thereverse primer (bottom panel). Peaks are shifted 8 bp in size with the addition of the tail and converted froma primarily
“ —A” formto a predominant “ +A” formwith the tail sequence. Samples were amplified side-by-side using a 60-min final extension at 60°C and run un-
der the same electrophoretic conditions on an ABI 310 as indicated in the materials and methods section.

of obtaining an abundance of degraded DNA from alimited foren-
sic specimen.

Interestingly, it was possible to combine two of the miniplex sets
because it is not currently possible to reduce the sizes of miniplex
3 PCR products below 140 bp. Thus we have designated “Big-
Mini,” a combination of Sets 1 and 3, as an aternative to running
thesetwo sets separately (see Table 3). The“BigMini” allelesfrom
different loci in the same color are more than 20 bp apart so they
can easily be distinguished from one another. For the blue loci, the
largest THOL alele (14 repeats) is 98 bp, while the smallest FGA
alelereported (12.2 repeats) is 125 bp. In the green loci, the largest
CSF1PO alele (16 repeats) is 129 bp, while the smallest D21S11
allele (24 repeats) is 153 bp. For the yellow loci, the largest TPOX
allele (14 repeats) is 101 bp, while the smallest D7S820 allele (five
repeats) is 136 bp.

Verifying New Primers Yield Concordant Results

Even with all of the efforts taken to avoid known polymor-
phisms, experimental data are redly the only way to determine if
allele dropout can occur with a new PCR primer set. Previously
undetected polymorphisms may be present in a population dataset
and could produce alele dropout if these mutations are present in a
primer-binding region.

We used two methods for examining the potential of allele
dropout with each primer set: re-amplification of STR kit alelic
ladders and concordance studies with population samples. First,
commercially available alelic ladders containing common alleles
for each locus were re-amplified, and the balance of alele peak
heights was examined. Figure 2 compares the allelic ladders from
the Penta E locus generated with both the new miniSTR primers
and the PowerPlex® 16 kit. Although the miniSTR alleles are
almost 300 bp smaller than the kit PCR products, allele peak height
ratios in the re-amplified miniSTR allelic ladder appear equivalent
to those in the kit ladder, demonstrating that the new primers are
accurately amplifying each common allele. For example, Penta E

aleles 5, 9, and 18 are the highest in signal for both the kit and re-
amplified ladders (see Fig. 2).

If a sequence polymorphism occurs within a primer-binding site
for acommon alelethat is present in the allelic ladder, that variant
alele will not be re-amplified aswell as other allelesin the [adder.
The primer-binding site polymorphism would cause an imbalance
of peak heights in the re-amplified ladder relative to the origina
alelic ladder. The fact that re-amplification of commercial alelic
ladders with a new set of primers produces similar peak balance
helps to verify that no mutations exist under the new primer bind-
ing sitesin the common alleles found within an allelic ladder. This
rapid ladder re-amplification check is possible because the mini-
STR primers bind internal to the PCR products produced from
commercia kits.

We also conducted concordance studies to look for allelic
dropout with our new primer sets by comparing alele cals from
kits versus the miniSTR primers. For these studies, more than 50
high-quality DNA samples were examined including some CEPH
family samples (3) to demonstrate expected alele inheritance pat-
terns. Our miniSTR results were compared to Profiler™, SGM
Plus™, Profiler Plus™, COfiler™, and PowerPlex® 16 kit results,
athough not al kits were run on al samples. All results were
found to be concordant between the commercia kits and the
miniSTR markers (data not shown) with the exception of the
D13S317 sample noted previously and several D5S818 alele
calls noted below.

Figure 3 displays the Genotyper results for alele calls and peak
heights of several population samples using the miniSTR D5S818
primers. Note that the expected heterozygote peak ratio of >70%
(3) is not seen in al of these samples. The heterozygote peak
height imbalance observed is likely due to a polymorphic nu-
cleotide occurring within a primer-binding site (30). Due to the
fact that our new D5S818 primers only give a 25-bp size reduc-
tion relative to the Profiler Plus kit (see Table 1), these primers
would probably not add much value in testing highly degraded
DNA samples.
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FIG. 2—Comparison of allelic ladders from Penta E STR locus generated with miniSTR primers (A) or from the PowerPlex® 16 kit (B) The miniSTR
PCR products for Penta E are 300 bp smaller than the kit amplicons. Conditions as described in the materials and methods.
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FIG. 3—D53318 miniSTR results illustrating a heterozygote peak height imbalance likely due to a polymorphic nucleotide occurring within a primer-
binding site. The arrows indicate the low peak height allele. Conditions asin Materials and Methods with ~4 ng of DNA template. Peak labels are allele
calls and peak heightsin relative fluorescence units.
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Analytical Issues: Dye Blobs and Szing with the Local
Southern Method

When the PCR product size rangeisreduced to less than 150 bp,
several analytical issues arise that are not significant when PCR
products range from 100 to 350 bp. One of the biggest problems
comes from residual dye molecules or “dye blobs.” Residua dye
molecules may be |eft over from the oligonucleotide synthesis pro-
cess (i.e., were not fully attached) or may result from dyes falling
off the primer during the heating and cooling steps of PCR. These
artifacts can be virtually filtered out through software or physically
removed through a spin column approach as described below.

With the electrokinetic injection process of capillary elec-
trophoresis, any small, charged dye molecules present in the sam-
ple will inject onto the capillary along with the labeled PCR prod-
ucts. This residual dye gives rise to colored peaks in the
electropherogram that are usually wider and less intense than the
true alleles. An analyst can usually distinguish the dye blobs from
the true STR alleles based on peak widths. However, as lower
amounts of DNA are tested, as is often the case with degraded
DNA samples, the ratio of residue dye to amplified product may
increase because there is less amplification occurring and the
impact of these impurities on the electropherogram may increase.
Figure 4 shows the results from a Big Mini amplification where
both the STR alleles and the residual dye molecule sizes are noted.
Forensic DNA laboratories typically use commercia kits where
great effort has been expended to remove the residue dye impuri-
tiesthat exist in research grade experiments such as described here.

Dye blobs can appear with each of the three different dyes used
in genotyping: 6-FAM, VIC, and NED. Typically the 6-FAM blue

dye blobs can migrate through the capillary at sizes of approxi-
mately 62 and 125 bp and thus impact THO1 allele 4 in miniplex 1
(data not shown). A number of VIC residual dye molecules can
be present in a sample that impact CSF1PO alleles 7 or 13 and
D21S11 alele 32. The major NED residual dye impurities run at
around 82 and 89 bp and impact TPOX aleles 9 and 11 among
others. These dye blobs may migrate through the capillary slightly
differently depending on the el ectrophoretic conditions in use.

Residual dye molecules may be removed following PCR with a
spin column normally used in the removal of dye terminators prior
to testing fluorescent DNA sequencing samples. Figure 5 demon-
strates the post-PCR removal of al dye blobs with an Edge DTR
column following the manufacturer’s protocol. While this
procedure works well, it is not routinely used as it adds cost and
the potential for contamination due to the additional sample
manipulation.

Another problem that may arise when using smaller PCR prod-
ucts is the manner in which sizing is performed using an internal
lane standard. The default method used by the GeneScan software
isLoca Southern, which requires two peaks from the internal size
standard to be present on either side of a peak being defined.
Thus, any STR allele below 75 bp in size must have both the 35
and 50 bp peaks designated from the GS500 ROX size standard
in order to be properly defined. These peaks are often not defined
by forensic DNA analysts running commercial STR kits, where
the smallest alele is greater than 100 bp (thus requiring only the
75 and 100-bp peaks from the size standard), because high levels
of PCR primers or primer dimers can be present in a sample and
can interfere with the clear designation of the smaller peaksin the
GS500 ROX internal size standard. The presence of these inter-
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FIG. 4—Result on ABI 3100 from 0.5 ng 9947A demonstrating residual dyes (arrows) that can cause interferences with particular miniSTR alleles, in
this case from the Big Mini assay. Residual dye peak sizes are consistent in size across runs under the same electrophoretic conditions and are always
broader in shape than true alleles. Theresidual dye signalsin the red (ROX) channel are bleed-through from the yellow (NED) channel. Peak |abels are

allele calls and peak sizesin bases relative to GS500 ROX size standard.
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FIG. 5—Comparison of unpurified (A) versus Edge-column-filtered (B) PCR products from the Big Mini assay. Samples were amplified from approxi-
mately 1 ng of DNA template extracted from a 15-year-old blood stain and were run on an ABI 310 as specified in the Materials and Methods section. Ar-
rows indicate the broad-shaped residual dye peaks that are removed with sample purification.

fering peaks makes it difficult to properly size the miniplex STRs
with Local Southern methods. While it might be possible to pro-
duce an internal size standard with peaks just larger than the
interfering primer dimers, such a standard is not presently com-
mercially available.

A better approach to sizing small alleles is Global Southern,
wherethe STR dlelesarefit to aregression line generated from all
peaks in the size standard. There are certain advantages to this
approach since Global Southern sizing is less prone to effects
resulting from migration shiftsof individual peaksinthesizing lad-
der (31). However, it is still necessary to make certain the mini-
mum allele sizeislarger than the smallest peak in the size standard
and to be aware that size variation will be somewhat greater at the
ends of the regression line than in the center. We will address this
issue more fully in future validation studies. At present we antici-
pate that the smallest miniSTR loci, THO1 and TPOX, will be most
impacted by this sizing issue.

Performance with Degraded DNA Samples

To evauate the newly developed miniSTR systems, tests were
conducted on partially degraded DNA samples. A set of 92 Chelex-
extracted aged bloodstains that had been stored at room tempera-
ture for 14 or 15 years prior to DNA extraction and typing was
examined with both the PowerPlex® 16 kit and miniplexes 1, 2, and
3. The top panel in Fig. 6 demonstrates that the larger loci in the
PowerPlex® 16 kit, such as CSF1PO and Penta D (inset), are
greatly reduced in signal when these aged bloodstains were tested.
The bottom panel of Fig. 6 shows improved signals for CSF1PO
aleles with amplification using the miniSTR primers because the
alele sizes are reduced by almost 200 bp.

The current approach of 28-cycle PCR works well with the
primersin Table 2 down to approximately 0.5 ng of template DNA.
Increasing the number of PCR cycles or adding more DNA poly-
merase may reliably type lower levels of DNA, but it isimportant
to keep in mind the forensic issues involved when amplifying low-
copy number DNA (32).

Conclusions

This paper outlines the initial efforts made to define new
primer sets for the commonly used STR markers in human iden-
tity testing. We have developed these miniSTR primer sets into
several miniplexes containing between three and six loci. Com-
parison studies in over 100 samples have verified that these mini-
STR primers can provide fully concordant results to commercial
STR kits and can provide improved signals from degraded DNA
specimens. We anticipate that these new primer sets will prove
useful in a variety of scenarios in which the current set of STR
multiplex kits fail. In particular, the miniplex sets should prove
valuable in the analysis of samples where allele dropout and re-
duced sensitivity of larger aleles occurs. The miniplexes aso
provide a potential alternative to mitochondrial sequencing in the
forensic analysis of degraded DNA. Because of the difference in
primer sequence, they also provide a check for the presence of a-
lele dropout due to problems with primer binding of standard
STR sets. Lastly, the miniplexes have great potentia in applica-
tion to high-speed microfluidic and mass spectrometric ap-
proaches. In general miniSTRs offer a new potential tool for
recovering useful information from samples that generated partial
profiles with commercial STR Kkits that can be completely com-
patible with reference data.
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FIG. 6—Comparison of STR allele peak heights obtained from PowerPlex® 16 (A) and miniplex 1 loci (B) with equivalent amounts of the same aged
bloodstain sample. Peak labels are allele calls and peak heights are in relative fluorescence units (RFUs). The second allele for CSF1PO with the Power -
Plex® 16 kit is below the 50 RFU peak detection threshold and therefore not labeled by the software.
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