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Abstract Insertion/deletion (INDEL) polymorphisms are
diallelic markers with potential characteristics for use in
forensics and biological anthropology, including: the
simplicity of laboratory analysis, the possibility of genotyp-
ing many markers in a single PCR multiplex reaction, as
well as analyzing markers with special inheritance types,
such as those linked to the X chromosome (X-INDEL). In
this work we developed a laboratory analysis methodology
using a 33-INDEL marker panel for the X chromosome in a
single PCR multiplex reaction, followed by a capillary
electrophoresis run. We employed the panel to genotype a
sample of 351 individuals of a mixed population from the
Brazilian Amazon. The results demonstrate that the
measurement of biostatistical parameters for forensic use
in this population is compatible with prior estimates from
other populations using current X-STR panels.
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Introduction

Recent advances in forensic genetics focus on the develop-
ment of joint genotyping panels for multiple diallelic
markers involved in the substitution of a single nucleotide
polymorphism (SNP) or those based on the insertion or
deletion (INDEL) of a few nucleotides [1-4].

Single nucleotide polymorphism methodologies of anal-
ysis typically employ complex genotyping protocols that
require many steps and/or the implementation of new and
expensive methodologies and technologies [2, 5]. By
contrast, the analysis of INDEL markers can be carried
out using relatively simple and inexpensive methodologies
that are commonly used in STR analysis [1].

INDEL markers have many genetic advantages for
analytical use: they are widely spread throughout the
genome [6, 7], including the sexual chromosome pair, X
and Y; all of the polymorphisms derive from a single
mutation event; they have reduced mutation rates; and they
can represent significant allelic frequency differences
between geographically distinct populations. Additionally,
INDEL can be genotyped in small amplicons, increasing
the success rate of analysis from degraded DNA [1, 2].

Despite the many potential advantages, studies that
employ the variability of INDEL markers in forensic
practice [2, 3] and biological anthropology [8, 9] have
been published only recently. Considering the potential use
of diallelic INDEL as genetic markers in forensic analysis,
we attempted to develop and validate a panel of 33 X
chromosome INDEL (X-INDEL). All of the chosen
markers have a short length in allelic variation (2-30 bp)
that can be genotyped in a single multiplex PCR reaction,
followed by capillary electrophoresis.

The developed panel was used to genotype a sample of
351 individuals of a mixed population from the Brazilian
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Amazon. The data were used to estimate a series of
important biostatistical parameters and test the efficiency
of this panel in forensic practice, mainly as a complemen-
tary tool in complex paternity investigations.

Materials and methods
Samples and DNA extraction

The study was carried out in accordance with the
Declaration of Helsinki (2000) of the World Medical
Association. Blood samples were collected from healthy,
unrelated individuals under informed consent. The samples
consisted of 351 individuals (249 males, 102 females) of a
population from the Brazilian Amazon, Belém, Brazil.
DNA was extracted using a standard phenol—chloroform
protocol [10].

PCR amplification and genotyping

DNA amplification was performed in a single multiplex
reaction (primer pairs and primer concentrations are shown
in Supplementary Table ST1) under the following con-
ditions: preincubation (11 min at 95°C); 10 cycles (1 min at
94°C, 1 min at 60°C, and 2 min at 70°C); 17 cycles (1 min
at 90°C, 1 min at 60°C, and 2 min at 70°C); and a final
extension (60 min at 60°C). PCR amplification was
performed in a 12.5 pL reaction volume, including 1 X
PCR buffer with 3 mM MgCl,, 125 uM dNTPs, 2 U
AmpliTaq Platinum DNA Polymerase (Invitrogen Life
Technologies, Carlsbad, CA, USA), primers, and 5-10 ng
DNA.

PCR products were subsequently prepared for capillary
electrophoresis [11]. Separation and detection were per-
formed with an ABI PRISM 3130 Genetic Analyzer, using
a GS-500 LIZ standard size, a G5 filter set and POP7
polymer (Applied Biosystems, Foster City, CA, USA). The
samples were genotyped with GeneMapper v4.0 software
(Applied Biosystems).

Statistical analysis

The allele frequency for each X-INDEL was determined by
counting. The heterozygosity (Het) and linkage disequilib-
rium (LD) exact test were assessed using Arlequin v3.1
[12]. Hardy—Weinberg equilibrium and possible deviations
were tested using the female genotypes only [12]. Power of
discrimination in females (PDy), power of discrimination in
males (PDy), probability of exclusion in trios involving
daughters (PEt), and in father/daughter duos lacking
maternal genotype information (PEy;) were computed
according to Desmarais et al. [13].
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Results and discussion

The pool of markers investigated in this study was
chosen based on previously published studies [6, 7]. We
selected the markers from a list of INDEL polymorphisms
previously characterized in populations from different
geographical origins, available on the website (http://
www.marshfieldclinic.org/mgs/pages/default.aspx?page=
DIDP).

Thirteen of the 33 investigated markers are part of the X-
INDEL marker panel previously described [1]. The new
markers were chosen based on their physical location along
the X chromosome and if the following information were
true when available: mean heterozygosity over 30% in
European, African, and Asian individuals, as well as an
allele length variation of 2-30 base pairs.

We chose physically close markers in an attempt to
identify INDEL blocks with pronounced linkage disequi-
librium in allele transmission. The criterion we used
required markers to have a maximum distance of 250 Kb,
as suggested by Zhu et al. [14].

Using these criteria, we selected six possible marker
blocks: Group I (MID357 and MID356—distance of
5.3 Kb), Group II (MID 3780, M448804, MID3703,
MID218, and MID3774—greatest distance of 173 Kb), Group
11 (MID3705, MID 3706, M304737, and MID3692—
greatest distance of 142.6 Kb), Group IV (M197147,
MID3754, and MID3756—greatest distance of 166 Kb),
Group V (MID3764, M284601, and M103547—greatest
distance of 40.8 Kb), and Group VI (MID358, MID3763,
and MID3728—greatest distance of 224 Kb).

Primer and multiplex assay design

Primers were designed using the software PRIMER3
(http://www.genome.wi.mit.edu/cgi-bin/primer/primer3)
and screened for hairpins and primer dimers with Auto
Dimer heck (http://www.cstl.nist.gov/biotech/strbase/
AutoDimerHomepage). The primer pairs were checked
for non-specific hybridizations in other genome regions
using the BLAT software (BLAST-like Alignment Tool) at
http://genome.brc.mcw.edu/cgi-bin/hgBlat. All markers
were then organized by expected amplicon length and
assigned to four different dye-labeling fluorochromes.

The final panel was composed of 33 X-INDEL markers
that can be amplified with demonstrated reproducibility in a
fast and easy PCR multiplex reaction followed by electro-
phoresis (Fig. 1). The panel developed here proves to be
capable of amplifying all of the markers in samples
extracted by different methods and those containing
different amounts of largely variable DNA (0.5-30 ng).
The best results were obtained for DNA samples of 5 ng in
a final volume of 12.5 pL.
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Fig. 1 Electropherogram of the 33 X-INDELs amplified using a 5-ng DNA sample from an individual of the Amazon population

Genetic variation

The genetic variability of the 33 INDEL was investigated in a
sample of 351 individuals from a mixed population from the
Brazilian Amazon. The data from the sample of investigated
females were used to test the exact Hardy—Weinberg
equilibrium. After correcting for multiple analyses [15], only
the marker MID3756 (p<0.003) showed significant H-W
disequilibrium.

The genotyping of this system revealed a heterozygote
deficit on the order of 20%, which may indicate the
occurrence of a null allele. To address this possibility, we
investigated some SNP in the flanking regions of this
marker using a recent dbSNP build (129). We could not
identify any polymorphism in these regions to explain the
presence of a null allele. Most likely, the heterozygote
deficit resulted from the small sample size of investigated
females. Therefore, this marker should not be included in
the panel for future forensic investigations until we can
clarify the cause of this H-W disequilibrium.

Linkage disequilibrium

The data were used to test the LD between all marker pairs
within the supposed linkage groups described above

(marker pairs with a maximum distance of 250 Kb). Among
the 20 possible marker pairs, only 10 presented significant
LD. The physical distance between the 10 pairs of markers
with a significant p value varied from 4.5 Kb (MID3705/
MID3706) to 115 Kb (MID3763/MID3728).

We tried to estimate the LD distance in X chromosomes
based on these investigated diallelic markers. Only one out
of the 10 pairs of markers in LD had a physical distance
larger than 50 Kb (MID3763/MID3728, 105 Kb). There-
fore, the data for X-INDEL markers in the mixed
population of the Amazon indicate that most of the basic
linkage blocks within the X chromosome are 50 Kb in size.
These results must be taken with caution, as the number of
investigated blocks is limited and not representative of all
regions of the X chromosome, which is known to have
different rates of recombination along its length [16, 17].

The LD data were used to define the linkage blocks of the
investigated INDEL markers. The linkage blocks were
identified based on pairwise D’ values, as described by Zhu
et al. [18]. Intervals in which all INDEL have a pairwise D’
value >0.8 are identified and assumed that they constitute the
basic blocks. Following this criterion, we identified six
linkage blocks: Block I (MID357 and MID356), Block II
(MID3780 and M448804), Block III (MID218 and
MID3774), Block IV (MID3705, MID3706, and
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M304737), Block V (MID3764, M284601, and M103547),
and Block VI (MID3763 and MID3728).

In the identified linkage blocks, a set of alleles from
different markers were inherited as haplotypes. We attemp-
ted to identify the linkage blocks, assuming that these
haplotypes can be informative and constitute an excellent
tool for forensic cases, especially in paternity investigations
of female children when the alleged father cannot be
genotyped.

Forensic parameters

The genotyping data were used to estimate the allele
frequencies and a series of biostatistical parameters of
forensic interest (see Supplementary Table ST2). The mean
heterozygosity of the INDEL panel was 0.373, with most
markers (25/33) with heterozygosity values greater than
30%. When the six LD blocks were considered, as
previously described, the mean heterozygosity was 0.402
(25 systems with independent segregation).

The 33 X-INDEL marker panel used in this work was
evaluated for potential application in human identification
and kinship testing in the Belém population: high female
(99.99999995%) and male (99.99988%) overall discrimi-
nation power values were obtained, as well as high overall
exclusion power values in father/mother/daughter trios
(99.9971%) and in father/daughter duos (99.92%). The
calculations for the markers that formed linkage blocks
were performed based on the haplotype frequencies rather
than the independent allele frequencies. This procedure
reduced the panel to 25 non-linked markers. The estimates
obtained with the X-INDEL panel in Belém are compatible
with those observed in other populations in the world using
eight [19] and 10 Short Tandem Repeat panels of the X
chromosome [20].

Additionally, due to the high mutation rate of STR,
Mendelian incompatibility situations between the alleged
father and daughter (incompatibility of one or more X-STR
or even autosomal STR) is a common finding in paternity
investigations. Therefore, the use of panels with a large
number of markers with a low mutation rate, such as the X-
INDEL panel developed here is preferable.

Conclusions

In this work, we describe a panel of 33 diallelic X-INDEL
and demonstrate its application to the human identification
processes and kinship testing, based on data of a mixed
population from the Amazon.

We identified six linkage blocks among the investigated
markers that constituted either two (four blocks) or three
(two blocks) INDEL. The extension of the LD between the
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diallelic markers of the X chromosome may be smaller than
50 Kb, although we observed LD between markers with a
distance of 105 Kb. Confirmation of this estimate requires
further investigation, preferably in non-mixed populations,
such as European, African, Asian, and Native American
populations.

In accordance with other recent studies on INDEL
markers, we propose that the approach adopted in this study
is efficient, robust, and can be easily adopted in forensic
laboratories without the requirement of additional equipment
or software, while using the current STR analysis technology.

Finally, we have demonstrated that this marker panel
affords estimates with forensic use (Het, PDy;, PDf, PEr, and
PE\) very similar to the currently used X-STR panels, which
are extensively described in the literature, with the additional
advantage of working with reduced mutation rate systems.
The estimates led to our conclusion that the X-INDEL panel
proposed here can be used as an auxiliary of the STR marker
panel in forensic practice, especially when the alleged father
cannot be genotyped or in cases of probable Mendelian
inconsistencies due to mutation.
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