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ABSTRACT

Rajasthan’s southeastern part is known as “the land of Hada (Clan) Rajputs” i.e 
Hadoti. In this study, genetic structure of Hadoti population, who exhibited diverse 
ethanographic past, have been explored using 23 autosomal STR loci [PowerPlex® 
Fusion 6C (PPF) system] by the way of determining allele distribution and forensic 
ef𿿿ciency�parameters.�Autosomal�STR�data�was�collected�from�the�blood�samples�
of 423 (194 females and 229 males) individuals of Rajasthani roots related to 
the�Hadoti� region.�The�STRs�were�ampli𿿿ed�by�using�PPF�6C�system�(Promega�
Corporation)� and� the� ampli𿿿ed� samples� were� examined� using� Gene� Mapper�
ID-X 1.6 software (Applied Biosystems) on a 3500xl Genetic Analyzer. Following 
Bonferroni� correction,� all� the� studied�STR� loci� ful𿿿lled� the� terms�of� the�Hardy-
Weinberg equilibrium. With the exception of Amelogenin and DYS391, DYS570, 
DYS576, this study found that among the 23 autosomal STR loci, SE 33 is the most 
informative (power of discrimination (PD) = 0.992), whereas TPOX locus (PD = 
0.866)is the least. The obtained parameters of forensic interest demonstrated the 
compatibility of all the studied 23 STRs across Hadoti population of Rajasthan for 
forensic�DNA�identi𿿿cation�and�paternity�testing.
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INTRODUCTION

The north-west region of India was home 
to Rajasthan, once known as Rajputana 
or the domain of the Rajputs. Pakistan 
internationally landlocked the state to the 
south, while Gujarat shares the south-west 
border, Madhya Pradesh in south-east, Uttar 
Pradesh shares north-eastern border while 
Haryana and Punjab covers a very short 
border from the north. Rajasthan, which 
is nearly the size of Germany (342,239 sq 
km), has been the largest state in India.1 The 
core middle location of Aravalli Hill ranges 
geographically split Rajasthan into eastern 
and north-western regions. Dhoondhar, 
Mewat, Hadoti and Mewar zones are situated 
in�eastern�Áank�while�Marwar�zone�is�on� the�
north-west side of Aravalli ranges. These 
zones� are� not� an� of𿿿cial� administrative� unit�
but well-known cultural-historical regions 
in Rajasthan. India as well as Rajasthan had 
always been and continued to be a region of 
many ethnicities. In ancient time, India has long 
fascinated the western people with Rajasthan 
offered a gateway to them. Aryans, Iranians, 
Turco-Afgans, Graeco-Macedonians and 
Tibetano-Burmans were absorbed into the ethnic 
admixture from abroad. These ethnic groups 
nurtured their distinctive customs in varied 
topography of Rajasthan. Additional genetic 
diversity is added by the socio-cultural mosaic 
and� the� social� pro𿿿le� of� the� state.� Numerous�
castes are widely dispersed and distinguished by 
several levels of hierarchy at the regional.

“Microsatellites” as the name suggested, are 
short or micro stretches of DNA comprising 
of 1 to 6 base pairs that are repeated in 
tandem, and hence known as Short Tandem 
Repeats (STRs). The incredible micro length, 
polymorphic nature and immense capacity 
to amplify minute traces of DNA that serves 
as templates, make short tandem repeat 
(STR) markers indispensable workhorse that 
widely used in forensic and paternity testing 
as well as in population genetics studies.2 
Human�identi𿿿cation�testing�has�considerably�
bene𿿿ted�by�utilizing�these�current�core�loci.3 
Allele frequency data from a substantial 
number of unrelated healthy members of a 
community must be used to provide accurate 
results from bio-statistical analysis of DNA 
pro𿿿les.2 Cavalli-Sforza and Edwar (1964), 
identi𿿿ed�that�comparing�gene�frequencies�for�
one or two loci is unreliable since each allele 

has a unique distribution in the population.4 
The genetic correlation only becomes evident 
if� a� signi𿿿cant� number� of� loci� are� analyzed.�
Moreover, the genetic variation between 
populations is far lower than intra-population 
variation at the gene level.5-8 Basically, humans 
look diverse on the outside, but at the gene 
level, populations are not very different from 
each other. However, if a large number of loci 
are analyzed even minor variations can be 
detected�with�suf𿿿cient�accuracy.5

STR typing became standard practice in the 
majority of forensic laboratories, resulting in 
a compilation of STR databases across several 
nations. Different nations created their own 
STR databases with varying number of STR 
loci. Nevertheless, working group of CODIS 
core loci believes that number of selective 
loci must be expanded in order to strengthen 
the discrimination power which support in 
personal� identi𿿿cation� and� facilitate� global�
data sharing. Forensic DNA databases have 
steadily�expanded�due�to�their�bene𿿿ts�for�the�
entire forensic community.

Forensic DNA analysis and human genetic 
applications are made more feasible with 
the PowerPlex Fusion 6C system(PPF 6C) 
a 27-locus multiplex.9 The PPF 6C system, 
a six-dye kit can amplify 27 loci, including 
20 autosomal loci suggested in expanded 
CODIS set (CSF1PO, FGA, TH01, TPOX, 
vWA, D1S1656, D2S1338, D2S441, D3S1358, 
D5S818, D7S820, D8S1179, D10S1248, D12S391, 
D13S317, D16S539, D18S51, D19S433, D21S11, 
and D22S1045), three more autosomal STRs 
(Penta E, Penta D, and SE33) to enhance the 
power of discrimination, two sex chromosome 
markers (Amelogenin and DYS391), and 
two rapidly mutating Y-STRs (DYS570 and 
DYS576).10

There have been several studies conducted 
to screen 23 autosomal STRs, in different 
Indian populations.11-14 According to all of 
these research, the 23 autosomal STR loci set is 
suitable�for�forensic�identi𿿿cation�and�familial�
testing among the diverse populations. 
However, not even a single study has 
speci𿿿cally�focused�on�the�Hadoti�population.�
Therefore, the aim of the present study is 
to� develop� a� population-speci𿿿c� autosomal�
STR database for the unrepresented south-
eastern region of Rajasthan i.e. Hadoti, using 
the PowerPlex-Fusion 6C (PPF 6C) system by 
eliminating Amelogenin, DYS391, DYS570 
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and DYS576 loci. The study further seeks to 
evaluate�the�forensic�ef𿿿ciency�of�the�selected�
23 STR markers by estimating allele frequencies 
and key forensic parameters. The resulting 
database is expected to provide a reliable 
reference for forensic casework, improve the 
accuracy� of� individual� identi𿿿cation,� and�
strengthen statistical interpretation in this 
regional population. 

MATERIAL AND METHOD
Area of Present Study
Rajasthan lied in the north-western part of India, 

between 23°3’ to 30°12’ North latitudes and 
69°39’ to 78°18’ East longitudes. The study area 
i.e. Hadoti, is located in the south-eastern part 
of Rajasthan, between 24°25’ to 25°51’ North 
latitudes and 75°15’ to 76°45’ East longitudes. 
It lies between the Malwa Plateau to the east, 
the Aravali Range to the west, and the Marwar 
Plateau to the southwest, bordering the state of 
Madhya Pradesh. The total geographical area 
of this region is 14481.6 square kilometers. This 
region includes the entire Kota, Bundi, Baran 
and Jhalawar district. 

 
 Figure 1: Location map of Hadoti region

Samples Size
Randomly, 423 blood samples and their relevant 
data were collected from presumably healthy 
and unrelated individuals (194 females and 229 
males), belonging to Hadoti region of Rajasthan. 
The study was performed in accordance with 
the Institutional Ethical Committee of Poornima 
University, Jaipur, Rajasthan, India, vide 
letter no. ECINEW/INST/2024/4214 dated 
18.10.2025. Written, informed consent was 
obtained from all participants prior to sampling. 
All the blood samples were transported to the 
laboratory for analysis.
Laboratory Analysis
Genomic DNA extraction
For DNA extraction, one punch of bloodstains 
on FTA Classic Cards (Whattman) was 
suf𿿿cient.� A� 1.2� mm� punch� from� FTA� card�
contains around 5-20 ng of genomic DNA.15 

DNA was directly amplifed from a 1.2 mm FTA 
card�punch�without�quanti𿿿cation,�according�
to the protocols in the PowerPlex Fusion 6C 
manual, using Eppendorf Mastercycler Nexus 
X2. DNA fragments were separated and 
analyzed by using an Applied Biosystems 3500 
Genetic� Analyzer� (Thermo� Fisher� Scienti𿿿c),�
provided with the internal lane standard 
WEN ILS 500 and allelic ladder in PowerPlex 
Fusion 6C system kit. Genotype determination 
and allele calling for 23 autos omal loci were 
carried out using GeneMapper ID-X software 
version�1.6�(Thermo�Fisher�Scienti𿿿c).
Statistical Analysis
The population and forensic genetic parameters 
such as matching probability (MP), paternity 
index (PI), discrimination capacity (PD), power 
of exclusion (PE), polymorphism information 
content (PIC), observed (Hobs) and expected 
(Hexp) heterozygosities,16 were calculated 
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using STRAF 2.2.2, an online tool for STR data 
analysis. Hardy-Weinberg Equilibrium (HWE) 
was also determined via STRAF. Both the 
conventional�signi𿿿cance�threshold�p-value of 
0.05 and an adjusted p-value of 0.002, derived 
through Bonferroni correction, were then used 
to assess the obtained results. 

RESULTS 
Allele frequencies and forensic performance
The allele frequencies and forensic parameters 
were calculated for the Hadoti’s population of 
Rajasthan as given in Table 1.

The study of autosomal STRs enhanced 
our understanding of genetic diversity and 
population dynamics in the Hadoti region of 
south- eastern Rajasthan. A total of 300 alleles 
were studied with an average of 13 alleles 
per locus in the group. Average frequency of 
0.111 (D3S1358), 0.143 (TH01), 0.063 (D21S11), 
0.077 (D2S441), 0.067 (D18S51), 0.050 (Penta E), 
0.111 (D5S818), 0.083 (D2S1338), 0.111 
(D13S317), 0.1 (D7S820), 0.125 (D16S539), 0.125 
(D22S1045), 0.111 (CSF1PO), 0.083 (Penta D), 
0.090 (vWA), 0.023 (SE 33), 0.1 (D10S1248), 0.090 
(D8S1179), 0.067 (D12S391), 0.071 (D19S433), 
0.059 (D1S1656), 0.143 (TPOX) and 0.059 (FGA) 
were noted. A maximum frequency of 0.387 
at D2S441 and a minimum frequency of 0.001 
at various loci were detected across 23 loci. A 
maximum of 42 alleles were found at SE 33, 
followed by 20 at Penta E and a minimum of 
7 alleles at TH01 and TPOX. In this study, the 
presence�of�speci𿿿c�two�alleles�for�the�majority�
of the STRs - D3S1358 (15 and 16), TH01 (6 and 
9), D1S1656 (11 and 16), D2S1338 (18 and 19), 
D2S441 (10 and 11), D21S11 (29 and 30), D18S51 
(14 and 15), D19S433 (13 and 14), Penta E (11 
and 16), D5S818 (11 and 12), D13S317 (11 and 
12), D16S539 (11 and 12), D7S820 (8 and 11), 
D12S391 (17 and 18), D10S1248 (14 and 15), 
D22S1045 (11 and 15), CSF1PO (11 and 12), 
Penta D (9 and 11), vWA (16 and 17),  SE 33 (18 
and 19), D8S1179 (10 and 14), TPOX (8 and 11) 
and FGA (23 and 24) were also noted (Figure 1).

By analyzing the most common (MCA) and 
least common alleles (LCA),(Table 2) it was 
shown that allele 11 at D2S441 has occurred 387 
times, followed by the 15th allele of D22S1045, 
which has been seen 385 times. In several of 
the loci, there are single alleles only appeared 
once. Particularly, allele 20.3 in D1S1656, allele 
15 in D13S317, allele 6 in Penta E, allele 15 in 

D16S539, alleles 27 in D2S1338, allele 16 in 
CSF1PO, allele 10.3 in TH01, allele 12 in vWA, 
allele 6 in D7S820, allele 18 in D8S1179, allele 
19.3 in D12S391 and allele 12 in D22S1045 were 
identi𿿿ed�once.
Table 2: MCA and LCA of Hadoti population of Rajasthan

Locus
 MCA  LCA

Allele Frequency  Allele

D3S1358 16 0.324 13, 20

D1S1656 16 0.169 20.3

D2S441 11 0.387 9, 13.3, 17

D10S1248 14 0.264 10,19

D13S317 12 0.262 15

Penta E 11 0.135 6

D16S539 11 0.344 15

D18S51 14 0.307 10, 22, 24

D2S1338 18 0.171 27

CSF1PO 12 0.358 16

Penta D 11 0.243 16, 17

TH01 9 0.281 10.3

vWA 17 0.281 12

D21S11 30 0.219 26, 28.2, 29.1

D7S820 8 0.245 6

D5S818 11 0.340 7, 8

TPOX 11 0.371 7, 13

D8S1179 14 0.199 18

D12S391 18 0.273 19.3

D19S433 13 0.278 11.2, 17.2

D22S1045 15 0.385 12

SE 33 19 0.99 9, 14.3, 15.2, 16.2, 
17.2, 28, 29, 30, 34.2

FGA 24 0.200 20.3, 25.2

The highest polymorphic information content (PIC) value 
of 0.943 was found at the SE 33 locus, followed by 0.908 
at Penta E, 0.873 at D1S1656, and 0.861 at D2S1338 locus. 
SE 33 had the greatest value of expected heterozygosity 
(Hexp) (0.947), tailed by Penta E (0.916), and D1S1656 
(0.885). Heterozygosity (Hobs) was measured between 
0.719 (CSF1PO) to 0.953 (SE 33). In terms of discriminating 
capacity, the values of 0.866 (TPOX) and 0.992 (SE 
33) were discovered to be the lowest and highest, 
respectively. TPOX was shown to have the highest 
matching probability among the sampled population 
(0.134). Power of exclusion was measured between 0.458 
(CSF1PO) to 0.904 (SE 33). In SE 33, the total paternity 
index reached a peak of 10.575 suggesting that the STR 
loci are highly informative for kinship testing in the 
studied population. There was no significant departure 
from the Hardy-Weinberg equilibrium (p>0.05), after 
Bonferroni corrections.
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Figure 1: Display of obtained allele frequencies at 23 studied loci
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DISCUSSION
There�is�suf𿿿cient�anthropological�and�historical�
data to demonstrate that people belonged to 
a variety of ethnic backgrounds, cultures and 
languages have lived in India for a very long 
time and enriched the current gene pool of the 
subcontinent.17,18 The gene pool of a population 
is the genetic constitution of its composing 
individuals, who received them from their 
parents and this gene pool of a population can 
be represented by a range of gene frequencies. 
Numerous studies conducted in different parts of 
the world over the past century have revealed the 
frequency of genes or alleles based on a number 
of standard phenotypic traits, for example, 
blood groups, serum proteins, red cell enzymes, 
human leukocyte antigens and immunoglobulin 
pro𿿿les.18,19 Every system shows different ethnic 
and geographical distribution. The populations 
majorly studied were from North India 
(Himachal Pradesh, Uttar Pradesh, Punjab), 
western India (Rajasthan, Gujarat, Maharashtra), 
southern India (Andhra Pradesh) and eastern 
India (Orissa, West Bengal, Assam).

In this study, allele frequencies in the Hadoti 
population of Rajasthan ranged from 0.001 
(many alleles) to 0.387 (D2S441) which closely 
aligns with another genetic study conducted 
by Srivastava et al., (2015), on the central Indian 
population by utilizing 15 autosomal STR loci 
with 582 healthy individuals, ranging from 
as low as 0.001 up to 0.381.20 Similarly, Dev 
et al. (2022) worked on genomic history and 
forensic features of Gurjars from western Uttar 
Pradesh and National Capital Region Delhi 
with 215 people, and observed frequencies 
ranging from 0.002 to 0.384, which is again 
near to our results.14 A study on Genetic 
Diversity of Autosomal STR Markers in the 
Brahmin Population of Rajasthan and Haryana 
by Sharma et al.(2023) reported that the allele 
11 was the most common at D2S441, with a 
frequency of 0.452 which corresponds well 
with�our�𿿿ndings�in�which�allele�11�of�D2S441�
is most prevalent with highest frequency of 
0.387.21 We have reported, SE 33 has the highest 
polymorphism information content (PIC) score 
of 0.943 and the highest discrimination capacity 
value of 0.992, which is in close agreement 
with another similar study, by Sahoo et al., 
(2020). He conducted a 21-autosomal-STR 
study in Odisha, India with 508 healthy and 
unrelated people, and reported SE33 as the 
most polymorphic and discriminatory locus 

while TPOX at the lower end of PIC across 
loci.22 Similarly, Dixit et al., (2020) evaluated 
genetic and forensic features of Madhya 
Pradesh population with 374 individuals using 
23 autosomal STRs and revealed that the most 
polymorphic and discriminatory STR loci in 
the studied population was SE 33 with values 
of 0.94 and 0.990, respectively.23 Srivastava  
et al. (2020) conducted a genomic study of the 
Muslim population from Telangana (India) 
with 184 people utilizing 23 autosomal STRs 
and discovered that SE 33 had the highest 
PIC and PD with reported values of 0.941 
and 0.987.12 A study conducted by Nath et al., 
(2021) with 15 autosomal STRs, with an aim to 
determine the  genetic diversity and forensic 
parameters for Tripuri population, reported 
158 alleles with the average 10.53 alleles per 
locus which are reasonably more close to our 
𿿿ndings� i.e.�13 alleles per locus.24 An average 
around 12–13 alleles per locus is plausible, 
especially in highly diverse populations. In 
our study, allele 19 (0.99) at the SE 33 locus 
had the highest frequency and it was also 
the� most� common� allele� in� the� 𿿿ve� states�
i.e. Odisha, Madhya Pradesh, Telangana, 
Himachal Pradesh and Rajasthan.25 Similar to 
our study, most common allele at THO1 (allele 
9), D8S1179 (allele 14), CSF1PO (allele 12), 
Penta E (allele 11) and D16S539 (allele 11) was 
also prevalent in four predominant population 
groups of central India.26� Also,� the� 𿿿ve�most�
prevalent alleles (30 at D21S11, 12 at D13S317, 
11 at D16S539, 12 at CSF1PO, 17 at vWA) were 
noted in a study related to genomic diversity 
of the muslim population in Telangana 
(India) inferred from 23 autosomal STRs by 
Srivastava et al. (2020).12 In our investigation, 
locus SE 33 revealed 42 alleles and TPOX 
and TH01 show minimum number of alleles 
i.e 7 which is very similar observations in 
many studies nationally and worldwide 
utilizing Poweplex Fusion 6C system kit for 
ampli𿿿cation.�The�results�of�our�investigation�
revealed that all of the analyzed loci exhibited 
a high degree of genetic polymorphism, with 
observed heterozygosity (Hobs) ranging from 
0.719 (CSF1PO) to 0.953 (SE 33) in the studied 
population. Srivastava et al. (2020) examined 
the Muslim population of Telangana, India 
for Genetic Polymorphism of 23 Autosomal 
STR loci and discovered that observed 
heterozygosity (Hobs) varied from 0.663 
(D22S1045) to 0.924 (SE 33) in the analyzed 
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population, which is remarkably similar to 
our�𿿿ndings.12

The statistical evaluation of allelic 
frequency of autosomal STRs helps to derive 
various forensic parameters such as power 
of discrimination, match probability and 
polymorphic information content, which 
enhances�the�ef𿿿ciency�of�human�identi𿿿cation.�
Moreover, such data reduces false inclusions 
or exclusions, making forensic investigations 
more� precise,� robust,� and� scienti𿿿cally� valid�
especially when India begins to develop a 
systematic infrastructure for Forensic DNA 
analysis. The observed large scale DNA dataset 
did not capture micro genetic substructure. 
This indicates that pooling data across diverse 
large scale populations may obscure local 
allele frequency patterns. Especially, regional 
data is more relevant in India where caste, 
tribe and community- base endogamy affects 
genetic patterns. Therefore, the inclusion 
and� expansion� of� region� speci𿿿c� datasets�
is essential to improve the accuracy and 
representativeness of forensic and population 
genetic analyses.27,28,29 Therefore, genetic data 
from such unrepresented regional population 
like Hadoti is of immense importance in 
forensics because it strengthens the accuracy 
and� reliability� of� DNA� pro𿿿ling� at� regional�
level. Regional databases ensures quicker 
identi𿿿cation�in�criminal�cases,�missing�persons�
tracking� and�disaster� victim� identi𿿿cation� by�
minimizing errors that arise when using data 
from genetically distinct groups.

CONCLUSIONS
This� is� the� 𿿿rst� study,� to� the� best� of� our�
knowledge, that makes use of the 23 STRs 
included in the PowerPlex Fusion 6C System 
in Hadoti populations. In summary, the high 
diversity observed for all 23 loci supports 
the usefulness of the studied markers 
for forensic analysis in Hadoti region of 
Rajasthan, including familial relationship 
and� human� identi𿿿cation.� The� locus� SE33�
among all the studied loci was found to be 
most discriminatory and polymorphic in 
the investigated population. Moreover, it is 
speculated that the data collected for this study 
would increase the India’s DNA databank at 
regional level.
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