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Abstract A new polymorphic INDEL was detected at the
X-STR GATA172D05 flanking region, which corresponds
to an 18-bp deletion, 141 bp upstream the TAGA repeat
motif. This INDEL was found to be polymorphic in
different population samples from Native Americans,
Africans, and Europeans as well as in an admixed
population from the Amazonia (Belém). Gene diversities
varied between 37.5% in Native Americans and 49.9% in
Africans. Comparison between human and chimpanzee
sequences showed that the ancestral state corresponds to
the presence of two copies of 18 bp, detected in both
species; and the mutated allele has lost one of these two
copies. The simultaneous analysis of the short tandem
repeat (STR) and INDEL variation showed an association
between the INDEL ancestral allele with the shorter STR

alleles. High diversities were found in all population groups
when combining the information provided by the INDEL
and STR variation. Gene diversities varied between 76.7%
in Native Americans and 80.6% in both Portugal and
Belém.

Keywords X chromosome . STRs . Indel polymorphism .

Amazonia . GATA172D05

Introduction

Interest in new X chromosome genetic markers by different
research groups, mainly short tandem repeats (STRs), has
grown recently fostering the application in anthropological
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and forensic genetic studies [1–6]. Prior to the use of new
markers in forensic or kinship testing, it is important to
collect population data and to construct reference databases
to document the genetic variation of these specific markers
among worldwide populations. It is also important to know
more about sequence variation within or around DNA
sequences of repeat structures such as single nucleotide or
insertion–deletion polymorphisms (SNPs/INDELs). Poly-
morphic sites in these regions may induce undetectable
technical problems that alter genotyping, causing for
example allele dropout or null alleles [7–13]. These events
occur when a base pair change takes place in the primer
binding region of the DNA target segment, causing failure
of primer annealing and consequently failure of amplifica-
tion and allele detection [10–13]. The expected amplified
segment size can also change significantly in cases of
insertion or deletion in short DNA fragments located in the
amplified region. It is important to study the flanking
regions of DNA repetitive sequences, using different primer
sets, in order to prevent misinterpretation of results. INDEL
polymorphisms have received less attention compared to
SNPs in forensic and in population variation studies,
despite accounting for approximately 16–25% of all
sequence polymorphisms in the genome [14]. However,
like SNPs, INDELs can increase the power of discrimina-
tion of STRs in particular cases of identity testing, e.g., in
cases of degraded DNA and when only small amplicons are
amplified.

As a result of a study on X-STRs variability in an
Amazonian population from Brazil, we identified an 18-bp
INDEL polymorphism in the upstream flanking region of
GATA172D05 locus which is widely used in forensic and
population genetic research [15–18].

This work focused on: (1) the molecular characterization
and exact location of the INDEL in relation to the repeat
structure of the GATA172D05 marker and (2) the haplotype
frequencies and gene diversities observed for both poly-
morphisms (STR and INDEL) in different human groups,
namely Africans, Europeans, and Amerindians.

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 from different populations, under
informed consent. Samples studied consisted of 177
individuals (83 males, 94 females) from northern Portugal
[19], 224 individuals (109 males, 115 females) from
Brazilian Amazonian tribes, 136 individuals (89 males, 47

females) of African origin [20], and 188 samples (106 male,
82 female) from Belém (Brazil), characterized by an inter-
ethnic mixture of Europeans, Africans, and indigenous
people [21]. DNA was extracted using the phenol–chloro-
form protocol [22].

Primers, STR, and INDEL amplification

Primers were designed using PRIMER3 (http://www.
genome.wi.mit.edu/cgi-bin/primer/primer3) software
(Fig. 1) and screened for hairpins and primer dimers with
AUTO DIMER CHECK (http://www.cstl.nist.gov/biotech/
strbase/AutoDimerHomepage). Amplification of both poly-
morphic regions was carried out using three primers, as
shown in Fig. 1: a common reverse primer, marked with
fluorochrome 6-FAM, and two forward primers, F1 for
DNA segments between 294 and 340 bp and F2 for
amplicons ranging between 109 and 137 bp.

PCR was performed in a final volume of 12.5 μl reaction
mix containing 10–20 ng of genomic DNA, 1× PCR buffer
with 0.75 mM MgCl2, 125 μM of each dNTP, 1 U
AmpliTaq Platinum DNA Polymerase (Invitrogen Life
Technologies, Carlsbad, CA, USA), and 0.2 µM of each
primer. PCR thermocycling conditions were: 1 min at 94°C,
1 min at 60°C, and 2 min at 70°C for ten cycles, followed
by 1 min at 90°C, 1 min at 60°C, and 2 min at 70°C for 17
cycles, and a final extension of 60 min at 60°C.

Detection, typing, and analysis of PCR products

Aliquots of 1 μl of amplified PCR product was prepared for
capillary electrophoresis by adding 8.5 μl of HiDi form-
amide (Applied Biosystems, Foster City, CA, USA) and
0.5 μl of internal size standard 500 ROX (Applied
Biosystems). Samples were run in an ABI PRISM 3130
Genetic Analyzer (Applied Biosystems) and results ana-
lyzed with GeneMapper software v.3.2.2.

ACACACTGTAGCCTGACCAATCAGATAGTAGTCAGATAGTGGTCCGACTT

(TATTCTTTTGTATGTACC)1-2GTAGAGACAGAAAGTGGATTAGTGGTTA

CCAGGGACTGGAGGAAGGAGGGAATGGGGGCTTACTGTTTAACCAGTACA

AAGTTTTATTTTGGGAACATAAAAGTTGTGAAGATGGATAGTGGTGATGG

TTGCACAGATATA(TAGA)nGCTATATCAATACCTATATCTATAGATATA

GATCTTTTTGAATCCGGGCTTTCAATTATTT 

INDEL

F2

R

F1

ACACACTGTAGCCTGACCAATCAGATAGTAGTCAGATAGTGGTCCGACTT

(TATTCTTTTGTATGTACC)1-2GTAGAGACAGAAAGTGGATTAGTGGTTA

CCAGGGACTGGAGGAAGGAGGGAATGGGGGCTTACTGTTTAACCAGTACA

AAGTTTTATTTTGGGAACATAAAAGTTGTGAAGATGGATAGTGGTGATGG

TTGCACAGATATA(TAGA)nGCTATATCAATACCTATATCTATAGATATA

GATCTTTTTGAATCCGGGCTTTCAATTATTT 

INDEL

F2

R

F1

Fig. 1 GATA172D05 sequence structure with the INDEL polymor-
phism represented in bold. F1 initial forward primer, F2 new designed
forward primer, R reverse primer. In brackets, the TAGA repeat motif
of the STR
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Allele sequencing

Allele sequencing of purified STR fragments of DNA male
subjects was performed using the BigDye Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems). Sequencing
products were visualized in an ABI PRISM 3130 Genetic
Analyzer (Applied Biosystems). DNA samples from at least
two carriers of each allele size were sequenced. Alleles
confirmed by direct sequencing were used to construct an
allelic ladder, subsequently employed in genotyping.

Statistical analysis

Exact tests for Hardy–Weinberg equilibrium among females
and exact tests of population differentiation between allele
frequencies in males and females were performed using
Arlequin software 3.1 [23]. Human and chimpanzee
sequences were compared using the BLAT search genome
tool (http://genome.brc.mcw.edu).

Relative age of mutation was estimated by using a
Bayesian approach incorporated in the program Batwing
[24], considering a model of exponential growth from
initial constant population size, using the effective popula-
tion size and the population growth rate priors specified in
Weale et al. [25]. Mutation rate was set at 0.0014, as an
average estimated from data at the American Association of
Blood Banks 2003 Annual Report (http://www.cstl.nist.
gov/biotech/strbase/mutation.htm). Generation time was set
at 25 years.

The power of discrimination of the male sample (PDM)
and the female sample (PDF) and mean exclusion chance
for X-STR in standard trios (MECT) and father/daughter
duos (MECD) lacking maternal genotype information
(motherless) were calculated according to Desmarais et al.
[26].

Results and discussion

INDEL identification

When studying the genetic variation of GATA172D05 in a
Brazilian Amazon population, using primers F1 and R (see
Fig. 1), three new large intermediate alleles not previously
described in any other population were found with
significantly high frequencies. These alleles were charac-
terized by the presence of more than 13 repeats, and
apparently containing two extra pairs of nucleotides (13.2–
15.2). Sequencing of at least two samples of each new
allele was performed and results were compared with those
obtained for the three most frequent alleles (alleles 9–11).
The results revealed that these new alleles do not
correspond to a variation inside the repeat motif but to an

18-bp insertion/deletion polymorphism, located 141 bases
upstream to the beginning of the X-STR repeat structure
(the insertion sequence is shown in bold type in Fig. 1).
Therefore, the presence of this duplication induced alter-
ations to the correct genotyping of the STR allele,
increasing in 4.2 units the real number of repeats present
in the chromosome.

The new set of primers used in this work (with the
forward primer 190 bp away from the upstream flanking
region of the repeat; F1 in Fig. 1) allowed the identification
of this previously undescribed variation. Sequence data
were submitted to GenBank (http://www.ncbi.nlm.nih.gov;
GenBank accession FJ386492).

Ancestral state and allele nomenclature

The 306-bp sequence of the GATA172D05 (allele 9 PCR
fragment amplified by primers F1 and R; Fig. 1) was
compared with the whole chimpanzee genome. The
sequence with higher similarity was found at the X
chromosome, with an alignment of 281 bp (95.9% identity).
Two copies of the 18-bp sequence are present in the
chimpanzee genome, which supports the hypothesis that
this INDEL polymorphism arose with the loss of one of the
copies during human evolution.

For the bi-allelic marker described here, we have
adopted the nomenclature INDEL*L (long) for the ancestral
duplication and INDEL*S (short) in order to designate the
absence of one of the 18-bp tracts [14].

The nomenclature of the STR alleles was based on the
number of repeats, as recommended by the International
Society for Forensic Genetics [27] and is in accordance
with Edelmann et al. [28].

DNA of the cell line NA9947 (Promega Corporation,
Madison, WI, USA) was also genotyped to be used as
typing reference sample. The number of repeats is in
agreement with the data previously published [29] and it
does not contain the 18-bp duplication described in this
work.

New primers design

In order to simultaneously type both STR and INDEL
alleles, a new forward primer was designed (F2; see Fig. 1)
which along with the same reverse primer amplifies a DNA
fragment excluding the INDEL polymorphism. This new
pair of primers (F2 and R) was used to type GATA172D05
STR alleles. The use of the three primers in a single PCR
reaction allowed the simultaneous genotyping of the
GATA172D05 STR and INDEL alleles (see Fig. 2). With
this approach, it is possible to identify the genotype’s
gametic phase and determine haplotype frequencies, even
in double heterozygote females (see for an example Fig. 2).
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GATA172D05 INDEL variation

In a first screening of GATA172D05 INDEL alleles in a
population sample from Belém, this marker was found to be
polymorphic, with a high frequency of 70% for the
INDEL*S-derived allele. Since this population is the result
of miscegenation between Europeans, Africans, and Amer-
indians [21], in order to know whether this polymorphism
is population specific, we expanded the investigation of
genetic variation to other population groups, namely from
European, African, and Amerindian ancestry. The results
obtained (see Table 1) show that this polymorphism is
present in all population groups studied. The derived allele
is the most frequent in all populations except in Africans,
but only marginally.

GATA172D05 STR variation

The STR allele frequencies observed in the four popula-
tions analyzed are depicted in Table 1. All alleles have
already been described in other populations [15–19, 30, 31]
and showed a variation between 6 and 13 TAGA repeat
units. For all studied populations, genotype frequency
distributions in females showed no significant deviation
from Hardy–Weinberg equilibrium (p>0.05) and exact tests
of population differentiation demonstrated that the allele

Table 1 Allele and haplotype frequencies for two X chromosome loci
in Belém (total number of chromosomes, N=270) and in Portuguese
(N=271), Native American (N=339), and African (N=183) samples

GATA172D05 Belém Native Americans Portugal Africans

INDEL
*S 0.700 0.751 0.660 0.465
*L 0.300 0.249 0.340 0.535
STR
6 0.092 0.091 0.162 0.022
7 0.022 0.021 0.004 0.016
8 0.122 0.141 0.167 0.081
9 0.122 0.003 0.070 0.325
10 0.341 0.336 0.317 0.349
11 0.219 0.303 0.174 0.131
12 0.078 0.096 0.107 0.065
13 0.004 0.009 0.000 0.011
INDEL-STR
S-6 0.018 0.003 0 0
S-7 0 0 0.004 0
S-8 0.007 0.012 0.011 0.005
S-9 0.041 0 0.055 0.016
S-10 0.337 0.330 0.313 0.300
S-11 0.215 0.300 0.170 0.077
S-12 0.078 0.096 0.107 0.054
S-13 0.004 0.009 0 0.011
L-6 0.074 0.088 0.162 0.022
L-7 0.022 0.021 0 0.016
L-8 0.115 0.129 0.156 0.076
L-9 0.081 0.003 0.015 0.309
L-10 0.004 0.006 0.004 0.049
L-11 0.004 0.003 0.004 0.054
L-12 0 0 0 0.011
HET 0.805 0.765 0.812 0.791
PDM 0.806 0.767 0.808 0.793
PDF 0.940 0.912 0.938 0.932
MECT 0.784 0.733 0.820 0.768
MECD 0.664 0.601 0.660 0.645

INDEL alleles nomenclature is according to Mills et al. [14] where
“L” stands for the long ancestral allele and “S” for the short allele
(carrying the 18-bp deletion)
HET expected heterozygosity, MECT mean exclusion chance in trios
involving daughters, MECD mean exclusion chance in mother/son
duos, PDM power of discrimination in males, PDF power of
discrimination in females

117 bp 121 bp 306 bp 320 bp

//

//

INDEL*S INDEL*L

Alleles size size size

6 109 294 312 (10.2)

7 113 298 316 (11.2)

8 117 302 320 (12.2)

9 121 306 324 (13.2)

10 125 310 328 (14.2)

11 129 314 332 (15.2)

12 133 318 336 (16.2)

13 137 322 340 (17.2)

117 bp 121 bp 306 bp 320 bp

//

//

INDEL*S INDEL*L

Alleles size size size

6 109 294 312 (10.2)

7 113 298 316 (11.2)

8 117 302 320 (12.2)

9 121 306 324 (13.2)

10 125 310 328 (14.2)

11 129 314 332 (15.2)

12 133 318 336 (16.2)

13 137 322 340 (17.2)

Fig. 2 Electropherogram of a double heterozygote female (STR*8–9;
INDEL*L–S) illustrating how to determine the gametic phase based
on the PCR product sizes, when using the three primers described in
this work in a single PCR reaction. The table indicates the expected
size for the different STR-INDEL alleles and haplotypes. In this case,
the size of the two shorter amplicons (117 and 121 bp) allows the STR
alleles typing (eight and nine repeats); and based on the size of the
larger fragments (306 and 329 bp), it is possible to determine the
INDEL state of each STR alleles (STR-INDEL*8-L/9-S). Note that
the sizes in the table were obtained using the conditions described in
the “Materials and methods” section, and different primer label, size
standards, or apparatus usually alter these values
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frequencies observed among males are not significantly
different from those in females (p>0.05).

GATA172D05 INDEL vs. STR variation

The frequencies of INDEL-STR haplotypes were deter-
mined in all population samples (Table 1).

Although almost all STR alleles could be detected in
both INDEL backgrounds, a significant association was
observed between alleles in these two linked markers
(linkage disequilibrium p values <0.001) in all populations.
Chromosomes carrying the ancestral INDEL state present a
high frequency of short STR alleles (from six to nine
repeats) and large alleles, with more than ten repeats, are
highly represented in the group of chromosomes with the
derived allele.

The high INDEL diversity in all three European, Native
American, and African groups is compatible with an old
origin for this mutation in Africa, which is also supported
by the high STR diversity inside each INDEL alleles,
namely at the derived allele. The gene diversities inside
both sets of INDEL*L and INDEL*S chromosomes in
Africa are 63% and 53%, respectively. These values not
only support the ancient origin of this polymorphism but
also confirm the ancestral state of the allele carrying the 18-
bp duplication. Indeed, the age estimate obtained from the
STR variation associated with GATA172D05 INDEL*S
chromosomes in Africa (see “Materials and methods”
section for details) points to approximately 80,000 years
for the time since the most recent common ancestor
(mean=79,830; posterior 95% interval=19,634–250,117).

Haplotype diversities and forensic relevant parameters

When using the typing strategy described in this work, it
could be possible to identify a high number of different
haplotypes in all populations, varying between 11 and 13,
in European and African samples, respectively. The
relevant forensic parameters estimated based on the
haplotype frequencies (Table 1) demonstrate its high
diversity and usefulness to identification and kinship
analysis in a very wide range of population backgrounds.

Conclusions

In this work, we have described the existence of and a
convenient typing method for an 18-bp INDEL polymor-
phism, located upstream to the repeat structure of the
GATA172D05 STR, which is widely employed both in
anthropological and forensic studies. This INDEL is
polymorphic in distinct ethnic groups, including Native
Americans, Africans, and Europeans, which points to the

establishment of the polymorphism well before an out-of-
Africa event. It has not escaped our attention that this
INDEL polymorphism displays some very unusual features,
namely the duplicated nature of the ancestral allele, the lack
of homology of the repeat motif region between human and
chimpanzee, and the correlation between the INDEL state
and STR allele length, that can be interesting for evolu-
tionary studies.

The forensic implications of our findings are: (1) the
simultaneous typing of both STR and INDEL polymor-
phisms increases, without extra typing efforts, the informa-
tive power of GATA172D05 locus and (2) the
straightforward haplotyping provided by our method can
be very useful in kinship analyses, particularly in the so-
called deficiency cases.
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