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ABSTRACT: We have developed a concept to enable the analyzing of degraded stains with limited DNA template quantity. Therefore we have
constructed a short tandem repeat (STR) multiplex including the German DNA database systems (Q8). The amplicon lengths are smaller than
280 bp. For the validation of Q8 over 50 degraded samples were investigated. Amplifications were performed with ‘‘low copy number’’ PCR, the
number of PCR cycles was increased to 33 and the reaction volume was decreased to 12.5 lL. Compared with the MPX2 and Nonaplex kit, the
average success rate was increased using the Q8 kit by approximately 20% and 30%, respectively. The efficiency of a sensitive STR multiplex with
reduced amplicon lengths was confirmed in comparing the success rates of Q8 for typing degraded samples and samples with limited amount of
DNA template while partial profiles were observed with the majority of the samples using commercially available kits.
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Nowadays, more and more difficult biological stains are taken
up at crime scenes, i.e., stains polluted with environmental contami-
nants or stains with little and highly degraded DNA. These stains
may be hard to analyze with commercially available kits (1–7).
Inhibitors which are present in many stains can disrupt the PCR
reaction unless they cannot be separated from the DNA during the
extraction. Weak stains with highly degraded DNA are less suc-
cessful to analyze due to the long amplicon lengths produced by
the commercial short tandem repeat (STR) multiplex kits. To
increase the success rate especially in typing such problematic
stains, a sensitive STR multiplex with shortened amplicon lengths
is useful. As there are several thousand copies of mtDNA in a
single cell, mtDNA typing of these ‘‘poor’’ stains would increase
the number of identifiable stains dramatically compared with the
currently used nuDNA typing. However, there are two drawbacks:
first, mtDNA markers are considerably less polymorphic than
STRs. Second, the results cannot be compared with the national
German DNA database STR systems (SE33, D21S11, von Wille-
brand factor A [VWA], TH01, human alpha fibrinogen [FGA],
D3S1358, D8S1179, and D18S51) and amelogenin, which allows
to search for a suspect without the need of gaining DNA samples
for comparison. So there is great interest in new STR concepts,
sensitive for typing weak stains with highly degraded DNA and
stains polluted with environmental contaminants.

Sensitive STR kits with shortened amplicon lengths increase the
success rates of polluted stains and stains with little and degraded
DNA while avoiding the problems of decreased polymorphy and
the lack of an existing database. We have developed such a STR

concept including the eight German DNA database systems and
amelogenin (8).

In the first step we tested and optimized the STR multiplex Q8
on different cell lines and on stains with sufficient DNA like blood,
saliva, and sperm. In the second step we improved the concept for
using it with bones, hairs, and skin cell mixtures. We have ana-
lyzed stains from crime scenes with the Q8 concept which gave no
or incomplete profiles with commercial PCR kits.

For the validation of the Q8 concept over 50 biological stains
with little and highly degraded DNA were examined using low
copy number (LCN) PCR (9–16). The sensitivity of LCN PCR is
usually increased by raising the number of cycles or by use of
nested primer PCR. Because of the low amounts of DNA and the
increased number of cycles, allele dropout as well as sporadic con-
tamination and false alleles caused by slippage artefacts during the
first PCR cycles may be observed with LCN PCR. To minimize
PCR errors the number of cycles has to be optimally adjusted to
the limited amount of DNA template. Gill (9) showed that the opti-
mum for less than 100 pg DNA was 34 cycles. More cycles result
in increased artefact production but not in increased PCR sensitiv-
ity. Besides increasing the number of cycles, other approaches can
raise the sensitivity of LCN PCR such as reduction of PCR vol-
ume, rise of injection time (13), and optimization of the PCR
reagents. As the first PCR cycles are decisive for the PCR result,
the initial limited DNA template quantity in LCN PCR can lead to
different alleles. Therefore the same sample has to be analyzed
more than once to interpret the LCN DNA profiles. An allele can-
not be scored unless it is present at least twice in replicate samples.
The interpretation of LCN DNA profiles was previously performed
and described in the greatest detail possible (9,11,15). Klooster-
mann and Kersbergen (16) suggested amplifying the DNA using
the standard 28 cycles for the SGM Plus kit. If a low level result is
obtained, then more Taq polymerase is added to the remaining
PCR and six more cycles of PCR are performed to carry out LCN
typing. The normal sensitivity using the standard protocol of 28
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cycles could be increased after LCN methods were used. LCN
DNA is mainly suitable in skin cells (14), bones (9,15), telogen
hairs, or hair shafts (17). DNA degradation accompanied by the
natural development of that tissue or caused by environmental
influences makes the STR typing more difficult using commercially
available multiplex STR kits due to the wide size range of PCR
products generated. Short amplicon multiplex kits produce a higher
success rate with degraded DNA samples. Our goal was not only
to create a kit for typing stains with little amount of DNA but
also for typing degraded samples by selecting primers as close as
possible to the STR repeat region. For comparison purposes, PCR
was additionally carried out with the commercially available, well-
established kits, MPX2 and Nonaplex.

Materials and Methods

DNA Sample

DNA from weak and highly degraded stains, such as hairs,
bones, and skin cell mixtures were extracted using the GEN-IAL
protocol (GEN-IAL GmbH, Troisdorf, Germany) according to
Junge et al. (18). These extracts from about 50 samples were used
to validate the Q8 (Table 1). Hair and bone extracts were addition-
ally purified with silica as described (17).

PCR Amplification

PCRs were performed using the STR multiplex according to Wie-
gand et al. (2) plus the loci SE33, D8S1179, D18S51, and D21S11.

Primer sequences and the labeling dyes are listed in Table 2. All
primers were diluted to a concentration of 100 pmol ⁄lL. We used
the following concentrations for each primer pair for the multiplex:
amelogenin, 4.1 lM; TH01, 5.5 lM; D3S1358, 4.6 lM; VWA,
15.1 lM; FGA, 11.5 lM; SE33, 11.5 lM; D8S1179, 7.4 lM;
D18S51, 5.5 lM; D21S11, 6.8 lM. Thermal cycling conditions
were 11 min at 95�C, followed by 33 cycles of 93�C for 1 min,
59�C for 1 min, and 72�C for 30 sec. After the thermal cycling, a
final extension step of 72�C for 40 min and a final cooling down
to 15�C was carried out. The samples were amplified in a 12.5 lL
reaction volume consisting of 1x PCR Buffer II (Applied Biosys-
tems, Darmstadt, Germany), 1.6 mM MgCl2, 2 U AmpliTaqGold
polymerase (Applied Biosystems), 3 lg bovine serum albumin
(Sigma, Munich, Germany), 0.1 mM of each nucleotide, and 0.9 lL
of the primer mix. The MgCl2 and the polymerase concentration
was increased at the amplification of hair extracts because of the
inhibition effect of melanin as described (17).

Additionally, customary PCR kits with different amplicon lengths
were used (MPX2, Serac, Bad Homburg, Germany; Mentype�

NonaplexQS, Biotype, Dresden, Germany) (Table 3) according to
the manufacturer instructions but the number of PCR cycles was
also changed to 33 for comparison purposes. For analysis and data
interpretation the samples were amplified twice.

Analysis on ABI 310 Genetic Analyzer

Electrophoresis was carried out on an ABI Prism 310 Genetic
Analyzer (Applied Biosystems) with the polymer POP4 using the
Genescan software. Samples were prepared with 10 lL Hi-Di
formamide (Applied Biosystems), 0.5 lL GeneScan� 500 ROX�
Size Standard (Applied Biosystems), and with 1 lL of PCR prod-
uct. The STR samples were run using the module C which per-
forms an electrokinetic injection onto the single capillary for 5 sec
at 3000 V. The STR alleles were then separated at 15000 V for
c. 20 min with a run temperature of 60�C.

Results and Discussion

A mini-STR concept improves the investigation of weak and
highly degraded stains (1–3). However, even more factors play an
important role in successful typing apart from the amplicon length.
The labeling fluorescent dyes, the primer binding sites, the PCR
components, the number of PCR cycles and finally the PCR pro-
gram influences the quality of the STR concept as well. We have
tested all variations of PCR conditions and components to find the
best conditions for a successful typing of stains polluted with envi-
ronmental contaminants and stains with little and degraded DNA.

We tested a series of primers with different sequences that are not
only located near the repeat region but also promote the amplification
of the locus. Several primers were tested for every locus with the aim

TABLE 1—The number and origin of the individual examined stains.

Skin Bone Hairs Vomit Feces Blood Saliva

33 2 3 1 1 2 12

TABLE 2—STR primer sequences used for the Q8.

Locus Modified STR Primer Sequence (5¢ to 3¢)

Amel
F FAM-CCTGGGCTCTGTAAAGAATAGTG
R AGCTTAAACTGGGAAGCTGGTGG

D3S1358
F ACTGCAGTCCAATCTGGGT
R FAM-GAAATCAACAGAGGCTTGCA

FGA
F GAACTCACAGATTAAACTGTAAC
R FAM-TGATTTGTCTGTAATTGCCAGC

THO1
F JOE-GTCACAGGGAACACAGACTC
R ATTCCCATTGGCCTGTTCCT

VWA
F AGAATAATCAGTATGTGACTTGGATTG
R JOE-CAGATGATAAATACATAGGATGGATG

SE33
F JOE-GAAAGAGACAAAGAGAGTTAG
R ACATCTCCCCTACCGCTATAG

D8S1179
F TET-TTTTTGTATTTCATGTGTACATTCGT
R GATTATTTTCACTGTGGGGAATAGA

D18S51
F TET-GCACTTCACTCTGAGTGAC
R GGAGATGTCTTACAATAACAG

D21S11
F TET-AAATATGTGAGTCAATTCCCCAAG
R GTTGTATTAGTCAATGTTCTCCAG

STR, short tandem repeat.

TABLE 3—Comparison between the amplicon lengths of Q8 and the
commercial kits MPX2 and Nonaplex.

PCR Kits/Systems Q8 (bp) MPX2 (bp) Nonaplex (bp)

Amel 96, 102 (FAM) 102, 108 (FAM) 83, 86 (FAM)
D3S1358 106–143 (FAM) 106–143 (NED) 152–190 (HEX)
FGA 153–204 (FAM) 153–204 (NED) 190–243 (NED)
TH01 76–100 (JOE) 120–144 (JOE) 92–116 (HEX)
VWA 104–149 (JOE) 124–168 (FAM) 108–153 (NED)
SE33 164–282 (JOE) 206–323 (FAM) 206–323 (HEX)
D8S1179 74–116 (TET) 256–296 (JOE) 105–146 (FAM)
D18S51 124–191 (TET) 242–310 (NED) 282–351 (FAM)
D21S11 213–254 (TET) 204–244 (JOE) 187–227 (FAM)
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of reducing the amplicon length. The most sensitive primers were
combined to the Q8 multiplex. The amplicon lengths were reduced
compared with commercial kits up to a maximum amplicon length of
180 bp (Table 3). After the Q8 multiplex was developed and first
tested on cell lines, telogene hair and hair shafts from known persons
were analyzed. The LCN typing results from the hair extracts were
compared with buccal swabs from the hair donors as reference
samples. The investigation of stains with degraded DNA showed that
the success rate of the individual systems increased with the shortness
of the amplicon length (Table 4 and Fig. 1). An allele was scored
when it was present twice in replicate samples. Only if this criterion
was met, the amplification was regarded as successful. Before LCN
DNA typing the degraded samples were amplified using the Q8
multiplex with 30 and 33 cycles. If a true increase in sensitivity was
observed using 33 cycles, LCN typing was carried out simultaneously
with the Q8, MPX2, and Nonaplex kit for comparison purposes. Only
few samples did not demonstrate an increased sensitivity with 33
versus 30 cycles, presumably because there was no DNA in the
sample or the DNA was highly degraded. About 50 samples were
amplified using all three kits.

Furthermore, weak stains can be analyzed quite well with Q8
due to the sensitive primer binding sites we chose. To improve
the sensitivity of PCR typing, the Q8 primers were labeled with
the sensitive fluorescent dyes 6-carboxyfluorescein (6-FAM),

6-carboxy-2¢,7¢-dimethoxy-4¢,5¢-dichlorofluorescein (JOE), and 4,7,
2¢,7¢-tetrachloro-6-carboxyfluorescein (TET).

Finally, the Q8 concept was further optimized by adding the
PCR components to the PCR reaction in different quantities to find
out the best composition and concentrations as listed in Materials
and Methods. Taq polymerase and MgCl2 concentration had to be
increased with amplification of hair samples (17). An increased
concentration of Taq polymerase raised furthermore the typing suc-
cess of degraded blood samples. Because there are all sorts of
inhibitors present in the different samples taken up at crime scenes,
it is difficult to find a PCR additive that would neutralize the inhi-
bition effect of the many different contaminants and would thereby
increase the typing success significantly. PCR volume reaction
studies have proven that a reduced volume PCR increases the suc-
cess for typing degraded stains with limited DNA template quan-
tity. Stochastic effects seem to be reduced as the initial DNA was
less diluted and the PCR components were concentrated. The PCR
volume was halved to 12.5 lL. Additionally, the PCR program
was changed until it was optimally adjusted to the Q8 primers.
Because there were many substances having an inhibitory effect
against the Taq polymerase, there was the idea for testing the Time
Release PCR method, allowing the enzyme to activate slowly dur-
ing cycling. The pre-PCR activation step could be omitted, and a
minimum of 10 additional cycles could be added. There was no
increase in the success rate using the Time Release PCR method.
The Taq polymerase, mainly in the inactivated condition, seems
not to be more insensitive against inhibitory substances, the typing
success of samples with inhibitory substances was similiar using
the normal PCR method as described in Materials and Methods.

Finally, different numbers of cycles were tested, and an amplifi-
cation of 33 cycles has proven to be the best approach for weak
stains with degraded DNA. Due to the increased number of PCR
cycles, some stains from crime scenes could be analyzed. By the
use of LCN PCR with 33 cycles, a profile, competent for the regis-
tration form, could be produced and an offender could be convicted
on account of a hit in the database (Fig. 2). The electropherograms
from the commercial kits using standard amplification conditions
and then additional cycles for the same DNA template showed also
an increased sensitivity using LCN typing (data not shown).

TABLE 4—Comparison between the success rates of the individual systems of the Q8 and the (well established) commercial kits MPX2 and Nonaplex.

System ⁄ Kit Amel
(%)

D3S1358
(%)

FGA
(%)

D8S1179
(%)

D18S51
(%)

D21S11
(%)

TH01
(%)

VWA
(%)

SE33
(%)

Ø
(%)

Ratio
(%)

Q8 85 79 76 86 76 62 85 77 74 78 100
MPX2 92 65 70 61 43 61 82 69 35 64 82
Nonaplex 61 63 41 54 30 43 74 60 49 53 68

Peaks were valued if they had reached at least the 50 rfu (relative fluorescence units) threshold.

FIG. 1—Success rate of the individual loci from 54 samples, see Table 1
(Am: amelogenin; D3: D3S1358; D8: D8S1179; D18: D18S51; D21:
D21S11). FGA, human alpha fibrinogen; VWA, von Willebrand factor A.

FIG. 2—Short tandem repeat profile from a degraded blood stain using the Q8 concept with 30 cycles and with 33 cycles.
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Compared with the success of the short amplicon multiplex Q8 for
typing degraded samples, partial profiles were observed with the
majority of the samples using the commercially available kits,
MPX2 and Nonaplex. One exemplary result of our concept is
shown in Fig. 3. The feces extract was simultaneously amplified
with the MPX2, Nonaplex, and Q8 kit. There was concordance
between the commercial kits and the Q8 multiplex. More loci could
be analyzed with the use of the Q8 compared with the two com-
mercial kits, MPX2 and Nonaplex. The data interpretation of LCN
DNA typing is more complicated because of stochastic effects like
allele drop-out, allele drop-in, increased stutter, and heterozygote
imbalance. The stochastic effects increase with the amplicon length.
Therefore the replicate analysis produced a discordant result in the
longer systems more frequent than in the shorter ones.

In summary, the STR multiplex Q8 generated better typing
results than the commercial kits. Q8 is a very sensitive multiplex,
so weak stains can be analyzed quite well in combination with
LCN PCR. Furthermore, the typing of highly degraded DNA sam-
ples such as bones and telogene hairs is enabled with this concept.
As the Q8 contains the eight DNA database systems, a comparison
with the DNA database is possible.
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FIG. 3—Short tandem repeat profiles from feces. PCR was carried out with the MPX2, Nonaplex, and Q8 kit.
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