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a b s t r a c t

A total of 223 samples from the general population of Ladakh in Northwestern India were amplified at 17
Y-STR loci using the AmpFlSTR� YfilerTM system. The DNA profiles generated were employed to generate
allelic frequencies, gene diversity, haplotype diversity and discrimination capacity values as well as num-
ber of different haplotypes, fraction of unique haplotypes and Rst pair wise genetic distances.
Multidimensional Scaling (MDS) and Correspondence Analysis (CA) were performed with the Rst values
and allelic frequencies, respectively. The 17-loci discrimination capacity of Ladakh was found to be
0.8093. Eleven out of the 16 loci have diversity values greater than 0.6, and 13 loci possess values greater
than 0.5. Ladakh exhibits no significant genetic difference to seven of the 15 reference forensic databases
after Bonferroni correction, three of which are located in South Central Asian and four are from the
Himalayan region. Rst genetic distance values before and after Bonferroni corrections illustrate the capac-
ity of the Yfiler system to discriminate among Himalayan populations. The intermediate position of the
Ladakh population in the MDS and CA plots likely reflects genetic flow and admixture with neighboring
populations. In addition, the longitudinal partition of populations in the MDS and CA plots likely reflect
human dispersals such as the silk road migrations.

� 2016 Elsevier Ireland Ltd. All rights reserved.

1. Population

A remote region in the western Himalaya range, Ladakh is
located in India’s northwest state of Jammu and Kashmir at an alti-
tude of over 3000 m. The narrow Indus River Valley bisects the ter-
ritory of Ladakh forming a corridor across the Himalaya and the
Hindu Kush expanses. In the present study, we examine the
AmpFlSTR� YfilerTM Y-STR (Y-chromosomal short tandem repeats)
diversity of the population from Ladakh. A total of 223 buccal cell
swabs were obtained with informed consent from unrelated male
representatives of the general Ladakh population (Supplementary
Fig. 1). Genealogical data for at least two previous generations
was recorded for each individual donor to assess paternal ancestry
and confirm autochthony. In addition, using previously published
forensic databases from geographically targeted reference popula-
tions, we performed comparative analyses to assess the unique-
ness of the population of Ladakh using the 17 Y-STR loci system.

2. Background

Due to their selective neutrality, high power of discrimination
and numerous available loci, STRs are valuable genetic markers
in the field of forensic science [1–8]. As a result of their robust dis-
crimination capacity, STRs are gaining increasing acceptance not
only in first world countries but also in developing countries. Since
the forensic implementation of this technology is dependent on
region-specific population databases, it is important to assess the
genetic makeup of these forensic markers of specific populations.

3. Extraction

DNA was extracted and purified using the Gentra Puregene Buc-
cal Cell Kit (Qiagen, Minneapolis, MN) following the manufac-
turer’s specified protocol. All samples were stored at �80 �C.

4. PCR

All samples were amplified at 17 Y-STR loci (DYS19, DYS385a/b,
DYS389I, DYS389II, DYS390, DYS391, DYS392, DYS393, DYS437,
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DYS438, DYS439, DYS448, DYS456, DYS458, DYS635, and Y-
GATAH4) using the AmpFlSTR� YfilerTM kit (Applied Biosystems,
Foster City, CA) following the instructions provided by the
manufacturer.

5. Typing

The GeneMapper� v.3.2 software was used in order to analyze
fragment size by comparing alleles to the allelic ladder supplied
by the manufacturer. Nomenclature for each locus follows the rec-
ommendations stated by the DNA Commission of the International
Society of Forensic Genetics for analysis of Y-STR systems [3]. The
size of the DYS389II locus was subtracted from the DYS389I locus
size for all the analyzed samples.

6. Access of data

The 17-loci haplotypes for all the individuals reported for the
first time in this publication have been successfully submitted
and are now included in the YHRD database under the accession
number YA004026.

7. Analysis of data

Allelic frequency data from a total of 28 geographically targeted
reference populations were obtained from the published literature
and employed to perform comparative analyses to assess the pop-
ulation genetic uniqueness of the Ladakh population for forensic
analysis. The selected reference populations along with the abbre-
viation, sample size, and publication reference for each are listed in
Supplementary Table 1. Ethnographical information on the refer-
ence populations employed in the data analyses are provided
[13–29].

Allelic frequencies for each locus were calculated using the gene
counting method [9]. Gene diversity values for each locus analyzed
were generated using Arlequin v.3.5 [10]. This program was also
used to compute haplotype diversity (HT) at the 17 loci level. Dis-
crimination capacity (DC) is represented as a ratio of the number of
different haplotypes (NDH) to the total sample size and fraction of
unique haplotypes (FUH) was determined as the percent propor-
tion of unique haplotypes (UH). The procured allelic frequencies
were used to generate a Correspondence Analysis (CA) plot based
on 12 loci for the Ladakh population and additional 28 reference
populations using the NTSYSpc 2.02i software [11].

Haplotype data was used to calculate pairwise genetic distances
(Rst values) and the corresponding p-values for 16 populations
from Tibet and South Central Asia (Ladakh, Lingayat, Vokkaliga,
Bangladesh, Haryana, Punjab, Amdo, Dotoe, U-Tsang, China Qing-
hai, Kathmandu, Lhasa, Newar, North Afghanistan, South Afghani-
stan, Jammu & Kashmir) using the Arlequin v3.5 software
package. The Rst values were subsequently employed in the con-
struction of a multidimensional scaling (MDS) plot using the statis-
tical package for the social sciences (SPSS) program version 14.0
(SPSS, 2006). The lack of haplotype data in the literature prevented
calculation of Rst values and MDS analysis for the entire set of 28
populations. The analysis was performed utilizing the 15 loci in
common among populations and tested at a significance of 0.05
with 10,000 permutations [12]. A Bonferroni correction
(a = 0.00042) was applied in order to compensate for potential
type I statistical errors. All samples carrying null alleles were
excluded from the analysis. Also, the DYS385a/b locus was not
used in the population comparison analysis.

8. Results

See Fig. 1, Supplementary Fig. 2 and Supplementary Tables 2–4.

9. Other remarks

Allelic frequencies, genetic diversity values and forensic param-
eters for the Ladakh population were accessed across the 17 Y-STR
loci resolution and are presented in Supplemental Table 2. The
number unique haplotypes observed was 145. Furthermore, the
discriminatory capacity provided by the 17 loci was found to be
0.8093. These high values indicate that Ladakh possesses relatively
high Y-chromosomal diversity.

In general, the Ladakh collection exhibits a high degree of
genetic heterogeneity. Furthermore, 11 out of the 16 loci
(DYS385 counted as one) have diversity values greater than 0.6,
and 13 loci possess values greater than 0.5. One microvariant is
found in DYS458 (17.2) and null alleles were found on DYS448
and DYS458. Allele quantity also varies from four at DYS389I to
12 at DYS458. The most informative locus is DYS385 with a genetic
diversity of 0.9482 whereas the least informative locus is DYS391
with a value of 0.4176.

The Y-STR haplotypes observed in the Ladakh population are
provided in Supplemental Table 3. Pairwise genetic distances
(Rst) among forensic databases and corresponding p-values based
on the haplotypes from Ladakh and 15 additional populations are
presented in Supplemental Table 4. When comparing p-values,
Ladakh exhibits significant differences in relation to all 15-
reference populations prior to Bonferroni correction. After the
application of Bonferroni corrections, seven reference populations
exhibit no significant differences in relation of Ladakh, three of
which are located in South Central Asian (LIN, PUN, BAN) and four
are from the Himalayan region (UTS, KAT, NEW, LHA). Considering
the conservative nature of the Bonferroni adjustment, these results
argue for independent, population-specific databases in forensic
cases involving significantly different populations. In addition,
when comparing the pair wise genetic distances (Rst values) of
populations from the Tibetian Plateau and South Central Asia,
CQI exhibits the greatest genetic distance from Ladakh (3.8973)
while UTS possesses the closest affinity to Ladakh (0.0038). The
greatest genetic distance found between any two of the studied
populations is between AFN and CQI (4.6204), while the smallest
affinity is between PUN and KAT (0.0025).

Population database similarities between Ladakh and key refer-
ence databases were assessed using CA (Supplemental Fig. 2) at the
12 Y-STR loci level. In addition, a MDS plot was generated using Rst
genetic distances based on all 15 loci (Fig. 1). The distribution of
populations illustrated in the CA plot reveals four major clusters
that include a group of populations from the Tibetan Plateau
(DOT, AMD, CQI. LHA, UTS) in the upper left quadrant, a grouping
of mostly East Asia collections towards the lower left of the plot
(KOR, JAP, CGU, CSI, CSH, TAI, CNI, MAL), a South Central Asia clus-
tering in the middle (LAD, NEW, LIN, VOK) and an assemblage of
populations from Central and South Central Asia (HAR, KAT, BAN,
PUN, J&K, AFN, PEN, LIP, AFS) leaning towards the right lower
quadrant of the graph. In the CA plot, the population from Ladakh
segregates intermediate between the groups from the Tibetan Pla-
teau and South Central Asia. This intervening position of the
Ladakh population is likely the result of admixture events with
populations of neighboring regions. Thus, probabilities of inclusion
determinations in forensic calculations should consider Ladakh’s
potential admixture nature.

The MDS analysis was performed utilizing only populations
from the Tibetan Plateau and South Central Asia in order to focus
on forensic databases of populations from the immediate geo-
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