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Abstract Insertion—deletion (INDEL) markers are very
frequent in the human genome and present several
advantages for population and forensic studies, such as
low mutation rates, easy interpretation, small amplicons,
easy genotyping, and the possibility of using multiplex
PCR. The great adaptability of INDELs for amplification of
low copy number or degraded DNA allows its using as an
interesting platform of genetic identity by DNA in forensic
cases. In the present study, we tested the ability of 48
diallelic INDEL markers on genotyping forensic samples
collected from different biological samples related to
criminal cases. Moreover, we evaluated the lowest DNA
concentration with which there was amplification of all
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markers from each one of three indel-plex panels. When
comparing the performances obtained by the indel-plex
panels described in this study with results obtained using
Identifiler® kit (Applied Biosystems) related to forensic
samples, as well as to control samples with different
concentrations of DNA, we observed superior efficiency
on samples with low copy number or in the presence of
inhibitors.

Keywords Forensic science - Forensic genetics - Insertion/
deletion polymorphisms - INDEL - AIMs

Introduction

The advent of multiplex short tandem repeats (STRs) has
granted an increase in test sensitivity and speed, allowing
the simultaneous amplification of more than 15 STR loci
in a single analysis. Besides STRs, two groups of human
polymorphisms have shown to be promising in forensic
genetics: polymorphisms based on single nucleotide
substitution (SNPs) and polymorphisms generated by
insertion or deletion of one or more nucleotides (INDELS).
In 2002, Weber et al. [1] identified and characterized 2,000
diallelic insertion—deletion polymorphisms (INDELs) in
the human genome.

Unlike STRs, both SNPs and INDELSs yield very short
amplification products that can be identified when DNA is
much degraded, as is the case of cadavers which are in a
very advanced stage of decomposition or carbonization [1].

Recent advances in forensic genetics have focused on
the development of genotyping assays using short
amplicons, in order to improve the successful amplifica-
tion of degraded samples, as illustrated by the develop-
ment and application of SNP sets and reengineered mini-
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STRs. Nevertheless, in contrast with standard STR
strategies, the current SNP assays usually involve
complex genotyping protocols, needing more steps and/
or the implementation of new methods and expensive
high-throughput technologies [2].

Insertion/deletion polymorphisms can combine desirable
characteristics of both SNPs and STRs. This kind of
polymorphisms present interesting features as genetic
markers: (1) INDELs are spread throughout the human
genome (autosomes and sex chromosomes), apparently
with the same density (although there are hotspots); (2)
the polymorphism derives from a single mutational event;
(3) many of them display significant differences in allele
frequencies among geographically separated population
groups (therefore, they can be used as ancestral informative
markers (AIMs); (4) small INDELs can be analyzed in
short amplicons, opening perspectives for good multi-
plexing ability and, on the other hand, improving successful
amplification of degraded DNA; (5) the genotyping of
small INDELs is relatively easy and inexpensive with a
simple dye-labeling electrophoretic approach, but also
suitable for automation and analysis with high-throughput
technologies [2, 3].

Santos et al. [4] described a 48-INDEL—AIM panel that
allows fast and cost-effective genotyping that can be used
to distinguish major ethnic populations, specifically Euro-
peans, Africans, and Native Americans. INDELs also
identify substructure in mixed populations. They also
demonstrated that in mixed populations from different
ancestral groups, the marker panel allows estimating, in
an accurate and reliable manner, the individual and global
interethnic admixture relative to those groups [4].

The main objectives of this work were to evaluate the
efficiency of three panels of INDEL markers in amplifying
different forensic samples, identify the lowest DNA
concentration in which indel-plex panels are still able to
amplify all markers, and compare the performances
obtained by the evaluated multi-INDELs to the obtained
by an STR kit.

Material and methods
Samples

This study was carried out in accordance with the
Declaration of Helsinki (2000) of the World Medical
Association. Twenty-five forensic samples obtained from
the Forensic Biology and Forensic Anthropology Labo-
ratories of Scientific Police of Amapa (POLITEC-AP) in
the city of Macapa (0°0220” N; 51°03'59" W), State of
Amapa, northern Brazil were investigated as follows: (a)
three vaginal secretion samples (VSO01, VS02, and VS03)
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with positive results for the presence of sperm or
prostate-specific antigen, collected from three sex crime
victims; (b) cartilage, bone, and tooth totalized eight
samples collected from five cadavers of unknown
identity (CDO1, CD02, CDO03, CD04A, CDO04B,
CDO5A, CDO05B, CDO05C); (c) one sample of muscle
collected from a fetus (MO1); (d) tree samples of oral
cells collected in a case of criminal paternity of the
alleged father, mother, and son (PMO1A, PSOIA,
PAFO01A); (e) thee samples of blood collected in a case
of criminal paternity of the alleged father, mother, and
son (PMO1B, PSO01B, PAF01B); (f) eight dried blood
spots (BO1A, B0O1B, B0O1C; B02A, B02B, B02C, B03,
B04). The ancestry estimates were made using the
structure software (http://pritch.bsd.uchicago.edu/software/
structure2 1.html), and parental populations samples used
were described in Francez et al. 2011 [5].

Using 1 pL of DNA of each concentrations obtained
from a serial dilution of the calibration curve DNA of the
Quantifiler Y® kit (Applied Biosystems), which has
concentrations of 50, 16.7, 5.6, 1.8, 0.6, 0.2, 0.056, and
0.02 ng/uL, we evaluated the lowest concentration of DNA
with which there was amplification of all markers in each
one of the three indel panels evaluated. Using the
commercial Identifiler® kit, the experiment was replicated
with the same conditions and serial dilution.

DNA extraction and quantification

Table 1 shows the nature of the biological samples used and
the extraction techniques employed in this study. After the
extraction, the samples were quantified by real-time PCR,
using a BIORAD iQ5 equipment (Hercules, CA, USA) and
the Quantifiler DUO M® kit (Applied Biosystems).

PCR amplification

To analyze the genetic profile of the investigated samples,
we used 48 diallelic autosomal markers formed by the
insertion—deletion of small DNA fragments (3—30 bp) and
genotyped using three multiplex PCR procedures (one for
each set of African, European, and Native American
ancestry markers—identified of indel-plex 01, indel-plex
02, and indel-plex 03, respectively) and a GeneAmp® PCR
system 9,700 thermocycler (Applied Biosystems). Marker
identification, primers used, and PCR conditions were as
described by Santos et al. [4] (see Supplementary Table 1,
Online Resource).

All forensic samples examined also underwent amplifi-
cation of autosomal STR markers (D8S1179, D21S11,
D7S8820, CSF1PO, D3S1358, THO1, D13S317, D16539,
D2S1338, D19S433, vWA, TPOX, D1851, D5S818, FGA,
and Amel) using Identifiler® kit (Applied Biosystems).
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Table 1 Codification of the investigated samples and DNA extraction methods used

Identification Samples used DNA extraction method Reference
VSo1 Vaginal secretion Differential extraction with DNA concentration on Microcon 100 membranes [9]

VS02 Vaginal secretion Differential extraction with DNA concentration on Microcon 100 membranes [9]

VS03 Vaginal secretion Differential extraction with DNA concentration on Microcon 100 membranes [9]

CDO1 Cartilage Organic extraction with concentration on Microcon 100 membranes [10]
CDO02 Tooth Organic extraction with concentration on Microcon 100 membranes [10]
CDO03 Femur fragment Organic extraction with concentration on Microcon 100 membranes [10]
CD04A Cartilage Organic extraction with concentration on Microcon 100 membranes [10]
CD04B Tooth Organic extraction with concentration on Microcon 100 membranes [10]
CDO5SA Cartilage Organic extraction with concentration on Microcon 100 membranes [10]
CDO05B Femur fragment Organic extraction with concentration on Microcon 100 membranes [10]
CDO05C Femur fragment Organic extraction with concentration on Microcon 100 membranes [10]

MO1 Muscle Organic extraction with concentration on Microcon 100 membranes [10]
BO1A Dried blood spots Organic extraction with concentration on Microcon 100 membranes [10]
B01B Dried blood spots Organic extraction with concentration on Microcon 100 membranes [10]
BO1C Dried blood spots Organic extraction with concentration on Microcon 100 membranes [10]
B02A Dried blood spots Organic extraction with concentration on Microcon 100 membranes [10]
B02B Dried blood spots Organic extraction with concentration on Microcon 100 membranes [10]
B02C Dried blood spots Organic extraction with concentration on Microcon 100 membranes [10]

B04 Dried blood spots Organic extraction with concentration on Microcon 100 membranes [10]
PAFO1A Oral swab alleged father DNA extraction with Chelex [11]
PMO1A Oral swab, mother DNA extraction with Chelex [11]
PSO1A Oral swab son DNA extraction with Chelex [11]
PAFO1B Blood alleged father DNA extraction with Chelex [11]
PMO1B Blood mother DNA extraction with Chelex [11]
PS01B Blood son DNA extraction with Chelex [11]
Genotyping forensic samples (Table 1) and on a control DNA sample

Electrophoresis and typing were performed in an ABI 3130
Avant Automated Sequencer (Applied Biosystems, Foster
City, CA, USA). Data acquisition was performed with the
ABI PRISM™ 3130-Avant Data Collection v2.0 software
(Applied Biosystems), and for profiles analysis, we used
the GeneMapper ID v3.2 software (Applied Biosystems).
Typing quality and allele designation were assured by
simultaneous electrophoretic analysis of a control sample of
known size and sequences. Allele designations were made
with the ABIGS LIZ 500 reference ladder (Applied
Biosystems) as size standard.

Results and discussion

Aiming to evaluate the utility and performance of the three
indel-plex panels in practical situations, particularly in the
analysis of low copy number or highly degraded DNA
(common in forensic samples) and as complementary tool
in kinship analysis, we tested these three indel-plex on 25

with serial dilutions of eight different concentrations. The
results of these two tests can be seen in Tables 2 and 3.

In evaluating the lowest DNA concentration with which
all systems from the three indel-plex still amplified, it was
observed that over the indel-plex 01, this concentration was
0.6 ng/uL, while for the indel-plex 02 and 03, the lowest
concentration was 0.2 ng/pL. Replicated the analyses with
a STR kit, as expected, the short-amplicon strategy revealed
an enhanced amplification success when compared to
standard STRs, since at concentrations of 0.6 ng/puL
obtained STR profiles, unlike the three indel-plex panels,
were already partials (see Supplementary Figs. 1-28,
Online Resource and Table 2).

In relation to forensic samples, after DNA quantification
by real-time PCR, we observed concentrations ranging
from 0.2 ng/pL in the CDO03 sample to 19.5 ng/uL in the
B04 sample (Table 3). Of the 25 forensic samples
investigated, 22 (see Supplementary Figs. 29-64, Online
Resource) showed complete profiles of the three indel-plex
evaluated; samples CD03 and BO2A showed partial profiles
for the indel-plex 01 and complete to indel-plex 02 and 03.
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Table 2 Comparison between
profiles obtained by three indel-
plex panels and by autosomal
STR in control samples with
different DNA concentrations

CP complete profile, PP partial
profile, N4 not amplified

Only sample B04 showed partial profile for the three indel-
plex investigated (indel-plex 01=4 amplified systems;
indel-plex 02=13 amplified systems, and indel-plex 03=

Codification Volume DNA Electropherogram profile

of DNA concentration

used (1L) (ng/uL) Indel-plex01 Indel-plex02 Indel-plex03 STR
Co1 1 50 CP CP CP CP
C02 1 16.7 CP CP CP CP
C03 1 5.6 CP CP CP CP
C04 1 1.8 CP CP CP CP
C05 1 0.6 CP CP CP PP
C06 1 0.2 PP CP CP PP
C07 1 0.056 PP PP PP NA
C08 1 0.02 NA NA NA NA

11 amplified systems) (Table 3).

For samples CD03 and B02A, low DNA concentration
caused partial genotypes evidenced on indel-plex 01 which

had the lowest sensitivity among the three multiplex
evaluated. Regarding sample B04, the results were due to

the presence of inhibitors and excess DNA (19.5 ng/uL)

observed by real-time PCR (Table 3).
Amplifying the same forensic samples using STR
systems through Identifiler® kit, we found that 17 electro-

Table 3 DNA quantification of forensic samples and electropherogram profile obtained by three indel-plex and by Identifiler kit

Codification Original codification Nature of sample

“DNA concentration (ng/uL) Electropherogram profile

Indel-plex01

Indel-plex02 Indel-plex03 STR

VS01 VSo1
VS02 VS02
VS03 VS03
CDO1 CDO1
CD02 CD02
CDO03 CDO03
CDO04A 015AQCD-1
CD04B 015AQCD-2

CDO5SA CDO-2
CDO5B CDO-3
CDO05C CDO-3B

MO1 1138-FETO
BOIA 1231-1DIL
B0O1B 1231-1
BO1C 1231-2
B02A 1213-1
B02B 1213-2
B03 1177-4
B04 894AQL
PMOIA 1175M
PSOIA 1175F

PAFO1A 1175SP
PMO1B 1175MB
PSO01B 1175FB
PAF01B 1175SPB

Vaginal secretion
Vaginal secretion
Vaginal secretion
Cartilage

Tooth

Femur fragment
Cartilage

Tooth

Cartilage

Femur fragment
Femur fragment
Muscle

Dried blood spots
Dried blood spots
Dried blood spots
Dried blood Spots
Dried blood spots
Dried blood spots
Dried blood spots
Oral swab (mother)
Oral swab (son)
Oral swab (alleged father)
Blood (mother)
Blood (son)

Blood (alleged father)

1.2

0.52
0.91
0.79
0.62
0.20
5.82

11

16

18
2.35
0.32
0.57
0.32
0.21
0.65
0.80

19.5
0.508
1.66
0.323
1.49
2.44
0.352

CP
CP
CP
CP
CP
PP
CP
CP
CP
CP
CP
CP
CP
CP
CP
PP
CP
CP
PP
CP
CP
CP
CP
CP
Cp

Cp
CpP
CP
Cp
Cp
CpP
CpP
CP
CP
CP
CP
CP
CP
CP
CpP
CpP
CpP
CpP
PP
Cp
Cp
CP
CP
CpP
CP

CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
PP
CP
CP
CP
CP
CP
CP

CP
PP
Cp
Cp
PP
NA
CP
Cp
Cp
Cp
Cp
Cp
NA
Cp
Cp
NA
Cp
Cp
NA
CpP
CpP
PP
CP
CP
PP

CP complete profile, PP partial profile, N4 not amplified
#Used 1 puL of DNA in each sample to the PCR amplification
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Table 4 Interethnic admixture measures for the forensic samples
analyzed

Samples Interethnic admixture

African European Native American
VSo01 0.81 0.11 0.08
VS02 0.16 0.42 0.42
VS03 0.08 0.33 0.59
CDO1 0.45 0.44 0.11
CD02 0.55 0.33 0.12
CDO03 0.27 0.28 0.45
CDO04A/B 0.141 0.289 0.569
CDO5SA/B/C 0.215 0.28 0.505
MO1 0.101 0.18 0.719
BO1A/B/C 0.255 0.327 0.418
B02A/B 0.347 0.328 0.325
B03 0.451 0.164 0.385
PMO1A/B 0.161 0.426 0.413
PSO01A/B 0.142 0.39 0.468
PAFO1A/B 0.205 0.483 0.312
Average 0.32+0.0115 0.29+0.0131 0.39+0.0113

pherograms had complete profile, 4 had partial profile, and
4 showed no amplification. These results demonstrate the
potential use of indel-plex as a complementary tool to STRs
in the analysis of forensic samples.

Paternity investigations showing few STR transmis-
sion incompatibilities between alleged father and child
are not an uncommon scenario and often become
problematic. In some cases, relatively high W values are
obtained even when accounting for the incompatibilities
explainable as mutational events or silent alleles. With
such paternity indexes, a doubt can persist on whether the
tested man is a close relative of the true father (e.g., his
brother/father/uncle). This problem can be largely over-
come by using a complementary high number of markers
with low mutation rates, which is the case of both SNP
and indel multiplex strategies [6]. Estimates based on
analysis of offspring in humans suggest a mutation rate of
102 events per locus per generation for STRs [7]. While the

mutation rate of SNPs (2.3x10™%) and INDELs (2.3x10°)
show significantly lower [8].

Indel-plex markers may be useful as additional tools to
STRs in paternity cases. Pereira et al. [2], in a recent
paternity investigation (typical trio), the testing father
presented two incompatibilities at D5S818 and D13S317.
Using a battery of 21 STRs and accounting for mutational
events, the estimated W was 99.998%. The doubt then
arose on whether the testing man was the true father of the
child (and two STR mutations had occurred), or a close
relative of the true father presenting only two incompati-
bilities and achieving similarly high W values. The
complementary study of 38 slower evolving bi-allelic indels
in this case showed no further incompatibilities and allowed
raising W to 99.99998%, thus, corroborating the hypothesis
of paternity. In Supplementary Figs. 65-70 (Online
Resource), it is possible to observe the electropherograms
related to indel-plex 02 and 03 in a paternity case
examined in the present study.

The fact that bi-allelic systems employed in the three
indel panels analyzed in this study have shown, in general,
great differences in allele frequencies (6=40%) between
African, European, and/or Native American populations
[4], therefore characterized as AIMs (Ancestry-Informative
Marker), allows a potential use of these systems in
population and forensic studies in which analysis of the
overall and individual interethnic admixture proportions are
needed (see Supplementary Table 2, Online Resource).

The genetic ancestry for the three parental ethnic groups,
African, European, and Native American, calculated for the
forensic samples analyzed were estimated at 0.328+0.0115,
0.29+0.0131, and 0.39+0.0113, respectively. The individ-
ual admixture components estimated for this samples varied
substantially—between 8% and 81% for African DNA,
from 11% to 48% for European DNA, and from 8% to 72%
for Native American DNA (Tables 4 and 5).

In another study [5], we estimated the genetic ancestry
and the forensic parameter of 130 inhabitants of the same
Brazilian Amazon population. The averages calculated
were polymorphism information content (PIC)=33.3%,
power of discrimination (PD)=56.7%, power of exclusion
(PE)=14.2%, observed heterozygozity (Ho)=42%. The

Table 5 Comparison of inter-

ethnic admixture between Population Interethnic admixture
forensic samples, Macapa popu-
lation and others admixed European African Native American
Brazilian populations
Macapa (forensic samples)® 0.29+0.0131 0.32+0.0115 0.39+0.0113
Macapa® 0.50+0.0115 0.21+0.0131 0.29+0.0113
. d Belém® 0.546+0.0082 0.148+0.0110 0.306+0.0098
Current study South Brazil® 0.913+0.0030 0.00 0.087-:0.0099

b
Francez et al. 2011[3] Amazon Afro-descendants®

0.149+0.0074 0.69+0.0073 0.161+0.0072

¢ Santos et al. 2010[4]
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power of discrimination and the power of exclusion for the
48 INDELSs studied were 99.9999999999999998035% and
99.9456321%, respectively (see Supplementary Table 3,
Online Resource).

Conclusion

In conclusion, the use of this 48 INDEL polymorphisms
that are informative of ancestry and that can be genotyped
using three multiplex PCRs and gel electrophoresis, with
small length variation between alleles constitutes a valuable
approach in forensic genetics, gathering advantageous
characteristics similar to those of SNPs (e.g., short-
amplicon analysis and low mutation rates) while at the
same time keeping the chemistry and simple workflow
already established for STRs in all forensic labs.
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