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Abstract Marker sets that are based on small insertion/dele-
tion (INDEL) alleles can serve as useful supplementary or
stand-alone assays for human identification. A validation study
has been performed on a human identification assay based on a
panel of 30 INDELs and amelogenin using the Investigator
DIPplex® kit (Qiagen). The assay was able to type DNA from
a number of forensically relevant sample types and obtain full
profiles with 62 pg of template DNA and partial profiles with
as little as 16 pg of template DNA. The assay is reproducible,
precise, and non-overlapping alleles from minor contributors
were detectable in mixture analysis ranging from 6:1 to 19:1
mixtures. Population studies were performed on the 30 indels,
and there were no significant departures from Hardy—Wein-
berg equilibrium or significant linkage disequilibrium between
the markers (after correction for sampling). In all populations,
the random match probability was 1.43x 10" or less, and the
power of exclusion was greater than .999999999. We also
discovered several microvariant alleles in our population sam-
ples. The data support that the Investigator DIPplex® kit
provides a powerful supplement or stand-alone capability for
human identity testing.
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Introduction

Typing of short tandem repeat loci (STRs) in forensic human
identification testing is robust and reliable for samples con-
taining relatively small quantities (250 pg—1 ng) of challenged
quality DNA [1-8]. While STR-based typing performs well, it
has some limitations. First, the amplicon sizes of STR-based
markers range from approximately 100-400 bp. In highly
degraded samples, target amplicons are usually less than
200 bp in length [9—11]; thus, some routinely configured loci
will not be typeable. Second, artifacts, such as stutter peaks,
can add ambiguity to mixture analysis. Stutter is exacerbated
as the number of PCR cycles is increased (or some other
method applied) to enhance sensitivity of detection [4, 12,
13] Third, STRs have relatively high mutation rates (approx-
imately 107%), which can confound as well as reduce the
power of kinship analyses [2].

An alternative marker system, i.e., single nucleotide poly-
morphism (SNP) markers, may perform well where STRs
have limitations. SNPs can be captured in smaller amplicons
than STRs; they do not produce stutter during the PCR; and
their mutation rates are orders of magnitude lower than that of
STRs [14]. However, SNP-based detection systems require
that the chemistry and instrumentation reliably detect a single
base change. To date, complex approaches have been sought
which are unwieldy and often not quantitative [15—-19].

The presence or absence of a small insertion or deletion
(INDEL), technically a SNP, offers the value of a more
simplified analytical process [14, 20-23]. The difference
between the alleles is based on size rather than detecting a
nucleotide substitution, and these differences are readily
resolvable using capillary electrophoresis. Thus, the instru-
mentation for INDEL analyses is commonly found in foren-
sic laboratories. Essentially, indels perform analytically
similar to that of STRs.
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An INDEL kit has become commercially available. The
Investigator DIPplex® kit (Qiagen, Hilden, Germany) is a
multiplex five-dye single-tube reaction assay for 30 bi-allelic
INDEL markers and amelogenin. The markers are distributed
over 18 autosomes (Supplementary Table 1). To evaluate this
kit for human identity testing, a validation study was per-
formed. The study included sensitivity and reproducibility
studies, mixture analyses, testing of different body fluids or
tissues, and population studies of forensic relevance in
African-American, Asian-American, Hispanic, and Caucasian
population samples.

Methods and materials
Sample acquisition

Buccal, blood, semen, and saliva samples were collected
from unrelated individuals residing in Texas. Buccal swabs
from unrelated individuals (77 African-American, 80 Asian,
75 Caucasian, and 69 Southwestern Hispanic) were also
kindly provided by Genetic Testing Laboratories (Las
Cruces, NM). The samples were anonymized and collected
in accordance with methods approved by the Institutional
Review Board for the University of North Texas Health
Science Center in Ft. Worth, Texas. Mock casework samples
were created by blotting or dropping collected fluids on
cotton cloth and allowing them to dry at least overnight
before processing. The sample types and number of samples
analyzed are described in Supplementary Table 2.

Isolation of DNA and preparation of samples for analysis

DNA was isolated from buccal swabs and various mock
casework samples using either the AutoMate Express® (Life
Technologies, Carlsbad, CA) or the DNA Investigator® Kit
(Qiagen, Hilden, Germany) according to the manufacturers’
recommendations. The quantity of DNA was determined by
gPCR using the Quantifiler® Quantification Kit and 7500
Real-Time PCR® System (Life Technologies). Samples
were then normalized to 500 pg/uL and stored at either
—20°C or —40°C until amplification.

Amplification and analysis

With the exception of the limit of detection analysis, 500 pg
of DNA was amplified with the reagents provided in the
DIPplex® Investigator kit (Qiagen) according to the manu-
facturer’s protocol. Following amplification, samples were
either immediately analyzed via capillary electrophoresis or
stored at —20°C until analysis.

Each sample was prepared immediately prior to electro-
phoresis analysis and run under the same conditions on
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either the Applied Biosystems 3130x1 or 3500x] Genetic
Analyzer® (Life Technologies) according to the manufac-
turer’s recommendations. Electrophoretic data were ana-
lyzed using Genemapper IDX® (Life Technologies).

Statistical analyses

Allele frequencies were determined by the counting method.
Population genetic parameters were analyzed by using either
Genetic Data Analysis software [24] or in-house developed
software [25]. Departures from Hardy—Weinberg equilibrium
(HWE) and linkage equilibrium were tested using Fisher’s
exact test. Bonferroni correction for multiple comparisons was
performed according to Weir and Cockerham [26].

Results and discussion
General performance

Buccal swabs (5), blood stains (16), semen stains (5), and
saliva stains (2) were assayed for the ability to obtain a
result from those tissue types. At 500 pg of template
DNA, full profiles were obtained from all samples tested.
Furthermore, the profiles observed were reproducible and
consistent among sample types for a given individual (two
individuals for buccal, blood, semen, and saliva stains; three
additional individuals for buccal, blood, and semen). A
single dye channel example of the typing results from an
individual is shown in Supplemental Figure 1.

Sensitivity studies

To determine the limit of detection of the assay, a dilution
series was analyzed for two individuals at 2 ng, 1 ng,
500 pg, 250 pg, 125 pg, 62 pg, 31 pg, and 16 pg. The
samples were amplified for 30 cycles (Supplemental Figure 2).
The results were robust down to the 125 pg. With 62 pg of
template, full profiles were obtained, but the quality of the
electropherogram was diminished compared with greater
quantities of template DNA. Samples amplified for 30 cycles
yielded greater than 90% of a full profile at 31 pg of template
and generated greater than 60% of a full profile at 16 pg/pL.
However, the quality of the electropherogram was lower. The
same samples were amplified for 32 cycles as per the manu-
facturer’s recommendation for low copy number samples
(Supplemental Table 3). Full profiles were obtained down to
62 pg. Thirty-two cycle amplifications yielded greater than
95% of a full profile with 31 pg of sample and generated
greater than 80% of a full profile with 16 pg of sample
(Supplemental Table 3).

Ideally, between 250 and 500 pg of template should be
used in reactions for the assay. No more than 1 ng of
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template should be added to a DIPplex reaction due to
saturation issues. Sample overload will likely cause pull-
up into the channel of the internal lane standard (ILS). If
pull-up of this type occurs, the presence of a number of
allele peaks in the 80-, 90-, 100-, and 140-bp range can
confound the sizing of the ILS peaks and result in an
inability of the analysis software to correctly assign frag-
ment calls to the sample peaks (unless a manual override is
performed).

In two instances (one at 2 ng and one at 16 pg), an extra
foreign allele was detected with 32 cycles of amplification.
No false positive alleles were observed at 30 cycles. Caution
should be exercised when increasing the sensitivity of an
assay, particularly where the markers are bi-allelic. Contam-
ination may be difficult to detect and could possibly lead to
a false interpretation.

Reproducibility and precision assays

Ten separate samples were each amplified in ten individ-
ual reactions. Among reactions involving the same sam-
ple, there were no differences with regard to allele calls.
Heterozygote peak height balance was similar among the
replicates of an individual as well as among individuals,
noted by the small standard deviations (Supplemental
Table 4) except for loci HLD6 (one individual) and
HLD97(three individuals). At these loci, examples of
greater variance in heterozygote peak balance were ob-
served. These microvariants, which are discussed in the
following microvariant subsection, are currently being
sequenced to determine if primer binding site or other
mutations impacting secondary structure are the cause of
the peak imbalance.

To demonstrate the precision of the assay, one sample
was amplified twice, and the amplified product was load-
ed individually into eight separate wells of a 96-well plate
and injected three separate times on a 3500XL Genetic
analyzer for a total of 24 electrophoretic runs. These
replicates essentially were indistinguishable with regard
to allele calls, sizing precision, and heterozygote peak
balance (Supplemental Table 5).

Mixture studies

Two samples of template DNA (one male and one female) at
a total concentration of 500 pg/puL were mixed in the fol-
lowing ratios: 19:1, 9:1, 6:1, 4:1, 2:1, 1:1, 1:2, 1:4, 1:6, 1:9,
and 1:19. There were 19 non-overlapping alleles between
the two samples, 8 alleles from sample “A” and 11 from
sample “B”. At a ratio of 19:1 (A/B), 3 of the 11 non-
overlapping “B” alleles were detectable in the mixture. This
increased to seven alleles at 9:1, with all of the non-
overlapping “B” allele peaks visible in the 6:1 mixture.
When the ratio was 19:1 (B/A), three of the eight non-
overlapping “A” allele peaks were observed in the mixture.
Four of the non-overlapping “A” alleles were detectable at
9:1, six at 6:1, and all eight were detectable at a ratio of 4:1
(Table 1; Supplemental Figure 3).

Mixtures also were created by combining body fluids on
cotton cloth. A blood-soaked cotton cloth sample from a
single individual was allowed to dry overnight, and then
100 pL of freshly thawed and vortexed semen was placed
directly on top of the blood stain. Five separate mixed stains
were produced using five different semen donors. Two
samples of saliva from a single donor were placed on cotton
and allowed to dry overnight and followed by 100 pl of

Table 1 Investigator DIPplex® assay allele calls for non-overlapping alleles of two 500-pg/uL samples mixed at varying ratios™"

Mixture Amel HLD HLD HLD HLD HLD HLD HLD HLD HLD HLD HLD HLD HLD HLD HLD
ratio 125 128 133 136 40 45 48 56 64 70 8 8 92 93 99
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B6:1 A T A S L Lo o e s
BY:1 b I L S e i e
BI9:1 XY - M+ —H o4 o R o= o= o WA o o HE o
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Entries in bold denote where minor contributor is observed. Only loci with non-overlapping alleles between the two individuals are shown
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semen (from three different donors) being placed on sepa-
rate dried stains. These two-person mixtures were allowed
to dry overnight. The next day, the DNA was extracted
(from (~0.0625 c¢m?), quantified, and normalized. Approx-
imately 500 pg total DNA was used for amplification. While
not as stochiometrically precise of a mixture as the samples
involving extracted DNA, all of the mock casework-type
mixture samples returned full expected profiles for both
contributors. An example of a resultant mixture is shown
in Supplemental Figure 4.

Population studies

Four sample populations, African-Americans (n=77),
Asians (n=80), Caucasians (n=75), and southwestern His-
panics (n=69), were typed for the 30 indels. The allele
frequency for the deletion allele, observed heterozygosity,
power of exclusion, and random match probability (RMP)
for each locus are shown in Table 2. All loci were highly
polymorphic in the four populations. The cumulative RMP
of all 30 loci was 1.43x107", 7.63x10"'%,3.65x10 ", and
2.12x10 ' for African-American, Asian, Caucasian, and
Southwestern Hispanic populations, respectively. The cumu-
lative probabilities of exclusion are greater than 0.999999999
for all four populations. There were five instances of detected
departures from HWE (HLD114 in Asians; HLD64 in Cau-
casians; HLD67, HLD125, and HLD136 in Southwestern
Hispanics). For African-Americans, Asians, and Caucasians,

Fig. 1 Example of HLD99+ a
microvariant allele. Presence of P
apparent one base deletion

the number of observed departures is no more than would be
expected by chance. There were more departures from HWE
observed in Southwestern Hispanics than would be expected
by chance alone. However, after Bonferroni correction
for multiple comparisons [26], no significant deviation
from HWE was observed for any of the loci in any of the
populations (Table 2).

Linkage disequilibrium (LD) between the loci was also
tested. Thirteen pairs in African-Americans, 26 pairs in
Asians, 11 pairs in Caucasians, and 30 pairs in Hispanics
were detected demonstrating significant LD (p<0.05). A
number of the pairs of loci demonstrating LD also were
ones where one or both of the loci showed departures
from HWE before correction. This observation could be
due to substructure leading to significant LD or could be
due to an association with the locus departing from HWE
as described by Chakraborty and Falush et al. [27-29].
When the critical value for LD was corrected for multiple
tests (via Bonferroni’s correction), only the loci pair
HLD67/HLD136 in the Southwestern Hispanic population
displayed significant LD (Supplemental Table 6). These
two markers are not on the same chromosome (Supplemental
Table 1), but both departed from HWE at the non-corrected
critical value of 0.05.

Several pairs of loci that did not demonstrate significant
LD (after correction) reside on the same chromosome and
were physically close to each other (i.e., <50 Mb); they were
HLD40 and HLD39, HLD45 and HLD48, HLD64 and

microvariant of the HLD99+ B T
allele. a A father who is i |
heterozygous for the 2o ||
microvariant allele and the B | |
reported allele for HLD99+. " | i | |'I
The allele is passed to his ol 1 . | ‘ 4 W |I_ |'I [ |
. . Il | | | |
offspring (b) along with a o | ‘ i A | | |~
maternal HLD99- allele | | (f /| o
ey | | | | 1 | 1
Dl DIl T3 93 ade D59 (ke ek wiruee) DEse | DIOL  DIOle Del.
n Wb we ww o diw N AN AR+
e
i
ph103 16 DiPplex_Fanels_v0 B2 A @ @&
e — |
" Ed 100 110 120 1% ra 150
- |
25000 i',l l !
16000 | “ ! “
e | . | | [ f
s | | | 1 | !
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) 31 i :I SR— 13147 an 1493 14478
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HLDS58, HLD81 and HLD77, HLD77 and HLDI131,
HLD114 and HLDI111, HLD125 and HLD136, and
HLD136 and HLD124 (Supplemental Tables 1 and 6).
These loci may be genetically linked, and the recombination
fractions between these loci may be less than 0.5. Sets of
family data are needed to perform linkage analysis and
determine the recombination fractions between these loci.

Wright’s Fsrwas analyzed to measure population substruc-
ture effects [26]. For all four populations combined, the Fgr
value over all 30 loci was 0.073. A few loci contributed more
so than others to these values. For example, the loci HLD114
and HLD118 had Fgr values 0of 0.216 and 0.252, respectively.
Typically, such disparate populations would not be combined
for forensic applications. Thus, these values should be con-
sidered as an upper bound (Supplemental Table 7). More
subpopulation data within a major population group are need-
ed to determine population-specific values.

Microvariants

The initial data gleaned from the NCBI’s dbSNP database
[30] were from samples of no more than 21 individuals in
the case of the African-American samples and no more than
25 individuals for Asians. While such a small sampling of
populations might be adequate for allele frequency estimates
for high heterozygosity bi-allelic loci, larger population
samples are needed to detect microvariants in populations.
Indeed, microvariants, not previously described, were ob-
served in our study as well as by Friis et al. [31] and Alvarez
et al. [32].

Two “off-ladder” microvariants were observed—an ap-
parent one base deletion at the HLD99+ allele (Fig. 1) and
an apparent one base insertion at the HLD84— allele.
These microvariants occur at frequencies of 0.039 in the
African-American population for the HLD99+ allele and
0.052 in the African-American and 0.14 in Hispanic popula-
tions for the HLD84— allele. Alvarez et al. [32] observed these
microvariants at similar frequencies in the same populations.
Friis et al. [31] did not describe these two microvariants;
however, they did not assay African-American or Hispanic
populations.

A reduced peak height variant (i.e., peak height imbal-
ance where an allele had reduced amplicon yield) for the
HL97+ allele was observed at 0.28 in African-American,
0.04 in Caucasian, 0.075 in Asian, and 0.043 in Southwest-
ern Hispanic sample populations. Also, a low peak height
variant for the HL97— allele was observed in the African-
American and Asian populations at frequencies of 0.013 and
0.012, respectively. The low peak height insertion allele
variant was observed by both Alvarez et al. [32] at similar
frequencies (0.22, 0.044, 0.06, and 0.062, respectively) and
Friis et al. [31] (although no frequencies were provided), but
neither observed the low peak height deletion allele variant.

Low peak height variants for both the HLD83— and
HLD83+ alleles were observed at frequencies of 0.04 and
0.026 in the African-American population and 0.025 and
0.025 in the Asian population, respectively. These micro-
variants also were described by Alvarez et al. [32] at similar
frequencies, but not by Friis et al. [31].

Finally, three peak height microvariants were observed in
the Asian population that have not been described elsewhere.
At the HLD40+, HLD125+, and HLD6+ alleles, low peak
height microvariants were observed at frequencies of 0.113,
0.113, and 0.073, respectively. These variants along with the
others described above are being sequenced to determine the
underlying cause of the variation. Additional variants are
likely to be observed as population sample sizes increase or
as additional populations are sampled.

Conclusions

The Investigator DIPplex® kit enables the simultaneous am-
plification and analysis of 30 small indels in a manner similar
to that of STR analyses. Indels have several features that make
them highly desirable for forensic applications. They are:
small amplicon size, no stutter, low mutation rates, simplified
analytical procedures, and the ability to be analyzed using
current technology in crime laboratories. At the population
level, the loci overall meet HWE and LE expectations. The
data herein support that the Investigator DIPplex® kit pro-
vides a powerful supplement or stand-alone capability for
human identity testing.
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