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Abstract

Short Tandem Repeats (STRs), have become increasingly popular markers of choice 

due to its wide array of advantages in the sector of forensic investigation. It is 

necessary to expand genetic research into residing populations i.e., Indian and 

Pakistani, in the same geographic region such as in the United Arab Emirates (UAE).

The objectives of this study were to: (1) assess the forensic efficiency parameters and 

population structure analysis of the autosomal STR loci for the most potent 

amplification kit (2) estimate the allele frequencies; and (3) determine the significance 

of increasing the number of STR loci used in forensic DNA analysis. This study 

focused on 23 autosomal STR loci, namely D3S1358, vWA, D16S539, CSF1PO, 

TPOX, D8S1179, D21S11, D18S51, D2S441, D19S433, TH01, FGA, D22S1045, 

D5S818, D13S317, D7S820, D10S1248, D1S1656, D12S391, D2S1338, D6S1043, 

Penta D and Penta E which were evaluated in a total of 701 Indian and Pakistani

population, living in the UAE. Blood samples were collected and the studied loci were 

amplified using VeriFiler™Express PCR Amplification Kit and electrophoresed using

ABI 3500 Genetic Analyzer. Arlequin and Powerstat software was utilized to analyze 

the forensic parameters and population structure analysis. A total of 248 and 298 

alleles was observed in the Indian and Pakistani population, respectively. Among all

studied loci, prominent results were attained from Penta E. Genetic diversity between

the two populations, ranged from 70% (TPOX) to 92% (Penta E). The combined 

probability of power of exclusion (CPE), power of discrimination (CPD) and random 

match probability (CMP) in the Indian population was 0.999999991519, 

0.99999999999999999999999989897 and 4.8x10-26, respectively. Whereas, the 

Pakistani population showed combined probability of 0.999999990719, 

0.99999999999999999999999999901 and 4.4x10-26, following the same order of 

parameters previously mentioned. This confirms that these 23 loci are suitable for 

individual identification, paternity testing, kinship analysis and population diversity 

studies in forensic practice. 

Keywords: Indian Population, Pakistani Population, Penta E, Population Diversity, 

Power of Discrimination, Short Tandem Repeats, United Arab Emirates.
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Title and Abstract (in Arabic)

ني الھندي والشعب الباكستافي عینات من الشعبتكرارات الترددات القصیرة تنوع 
  المقیمین في دولة الامارات العربیة المتحدة

  صالملخ

أصبح استخدام البصمة الوراثیة واسع الانتشار في مجال الأدلة الجنائیة وبالأخص تقنیة 

المنتشرة في الحمض النووي البشري في مواقع متفرقة نظراً ) STR(الترددات القصیة المتكررة 

لإیجابیاتھا المتعددة. فھذه التقنیة لھا استخدامات في الأبحاث الجینیة وتشمل التعرف على ھویة 

الأشخاص وإثبات النسب للأشخاص ودراسة التركیبات السكانیة كالشعب الھندي والباكستاني 

اأھداف ھذھذه الدراسة.في على نفس المنطقة الجغرافیة وھي دولة الإمارات العربیة المتحدة 

رددات تقدیر تكرر الت)2تقییم  كفاءة العوامل الجنائیة، وتحلیل التركیبة السكانیة. ) 1البحث شملت: 

تحدید أھمیة زیادة عدد العینات و والترددات ) 3. الألیلیة لأقوى طریقة مستخدمة لتكثیف المواقع

في ھذه الدراسة  تم القصیرة المنتشرة في مواقع متفرقة من الحمض النووي في التحلیل الجنائي. 

,D3S1358, vWA, D16S539؛التركیز على تحدید نسب الترددات لثلاثة وعشرون موقع

CSF1PO, TPOX, D8S1179, D21S11, D18S51, D2S441, D19S433, TH01, FGA, 

D22S1045, D5S818, D13S317, D7S820, D10S1248, D1S1656, D12S391, D2S1338,      

.D6S1043, Penta D and Penta E عینة من الشعبین الباكستاني 701وذلك من خلال تحلیل

ات العربیة المتحدة. لھذه الدراسة تم جمع عینات الدم وتحلیلھا والھندي المقیمین في دولة الامار

بعد إتمام عملیة تكثیف ). Verifiler™ Express Amplification Kit(باستخدام البصمة الوراثیة

) تمت قراءة تلك المواقع باستخدام PCRتلك المواقع من خلال استخدام تقنیة التفاعل البلمري (

باستخدام جھاز ) Capillary Electrophoresis(تقنیة الفصل الكھربائي عن طریق الشعیرات 

)Genetic Analyzer 3500(بالإضافة للقیام بالحسابات الإحصائیة باستخدام برنامج .

)PowerStat) و (Arlequin (یة. عن طریق دراسة من أجل دراسة المتغیرات والمؤمشرات الجنائ

ألیل من الشعب الھندي والباكستاني على التوالي. ضمن كل المواقع الجینیة التي 298و 248

فقد كان التنوع الجیني بین الشعب .Eتمت دراستھا معظم النتائج كانت من التكرار الخماسي 

. والتي TPOXع % لمواق92و E% للتكرار خماسي 70الھندي والباكستاني بنسبة تتراوح ما بین 

     من خلالھا تم تحدید قوة التمییز للبصمة الوراثیة المستخدمة وقوة استبعاد الأشخاص واحتمالیة

0.999999991519التطابق العشوائي مع شخص مجھول كالآتي: 
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على التوالي في الشعب 4.8x10-26و0.99999999999999999999999989897و

0.999999990719ني كانت القیاسات كالتاليالھندي، بینما في الشعب الباكستا

على التوالي. والذي بدوره أثبت 4.4x10-26و0.9999999999999999999999999990و

مواقع الجینیة التي تم تحلیلھا یمكن الاعتماد علیھا للتعرف على ھویة الأشخاص، 23أن ھذه ال 

السكانیة والتي عادة تستخدم بالتحالیل اختبار الأبوة، وإثبات النسب للأشخاص، ودراسة التركیبة 

الجنائیة.

ع السكاني، ، التنوEالشعب الھندي، الشعب الباكستاني، التكرار الخماسي:مفاھیم البحث الرئیسیة
.قوة التمییز، تكرارات الترددات القصیرة، الإمارات العربیة المتحدة
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Chapter 1: Introduction

1.1 Overview on the Discovery of DNA

In early 1950s, James Watson and Francis Crick demonstrated that DNA had 

a complex structure; yet was simple enough to be the master molecule of life. Using 

X-ray crystallography, Rosalind Franklin contributed to determine the helical, two-

stranded structure of DNA (Watson & Crick, 1953). Moreover, Erwin Chargaff 

identified that Adenine (A) stringently complements with Thymine (T); whereas

Guanine (G) complements Cytosine (C) by two and three hydrogen bonds, respectively 

between the two strands of DNA. The purines A and G have a double ring structure; 

whereas T and C are considered pyrimidines with a single ring structure (Griffiths et 

al., 1999).

1.2 Chromosomal DNA

In eukaryotes, human nuclear DNA is divided into chromosomes. Human 

genome consists of 22 pairs of autosomal chromosomes and a pair of sex-determining 

chromosomes (a total of 46 or 23 pairs of chromosomes). Chromosomal pairs 1-22 are 

categorized according to decreasing size. Males have a single copy of the X-

chromosome and a single copy of the Y-chromosome, designated as XY (Butler, 

2001). However, females have two copies of the X-chromosomes, designated as XX. 

DNA in chromosomes is made of coding and noncoding regions. Merely 1 % of DNA 

is made up of protein-coding genes; whereas the remaining 99 % is considered as 

noncoding regions that does not serve instructions for making proteins. Throughout 

the noncoding regions of the human genome, polymorphic markers that vary among 

individuals can be found. Identity tests are performed using markers on the autosomal 
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chromosomes and gender determination is carried out using markers on the sex 

chromosomes (Butler, 2009).

A DNA marker, or a specific location of a gene in the chromosome, is generally 

specified as a locus. Thousands of loci have been identified and mapped to specific 

regions of human chromosomes through the achievement of the global effort of the 

human genome project. The alternate possibilities for a gene or a genetic locus are 

referred to as alleles. In a genetic locus of a homologous chromosome, different alleles 

are heterozygous and identical alleles are homozygous. The perceptible differences in 

alleles at equivalent loci are important for human identity testing (Butler, 2009).

Genetic testing can provide information about the individual’s genes and/or 

chromosomes (Saad, 2005). Despite the fact that 99 % of the DNA sequences are 

identical amongst individuals, 1 % of the DNA sequences dissimilarities can be used

to differentiate between individuals, and are, therefore, targeted for human identity 

testing.

1.3 Discovery of DNA fingerprinting

Historically, identity testing in the field of forensics began with the analysis of 

the ABO blood group system. In human, blood groups with multiple alleles display a 

range of dominance patterns (Adams, 2008). Subsequently, new markers for 

identification were based on differences in red blood cell enzymes and serum proteins

(Abu Halimah, 2008). In 1984, Professor Alec Jeffreys, identified that variations could 

be detected within the human DNA rather than from the protein products. This lead to 

the discovery of the technique DNA fingerprinting. The term DNA fingerprint 

represents a pattern that is unique to an individual. By examining an adequate number 

of DNA regions showing variability among each individual, one can lessen the 
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probability of an inclusion of two individuals to an immensely low level. The 

probability is so low that DNA fingerprinting is a method not only for inclusion or 

exclusion, but also for absolute identification (Jeffreys et al., 1985).

DNA fingerprinting has undergone three primary phases of technological 

advancement. These included multi-locus restriction fragment length polymorphism

(multi-locus RFLP), single-locus restriction fragment length polymorphism (single-

locus RFLP) and lastly the short tandem repeats (STRs) stage (Abu Halimah, 2008).

Multi-locus RFLP probes was the first method to be developed (Jeffreys et al., 1985). 

Tandemly repeated DNA sequences that varied among individuals was digested into 

fragments of distinct lengths using restriction enzymes and separated on agarose gels. 

The radioactive multi-locus probes collectively hybridized various minisatellite loci. 

These probes are highly variable among individuals but require a great deal of labor, 

time and expertise to produce a DNA profile (Butler, 2009). Deciphering sample 

mixture is common in forensic cases, but is a challenge with the multi-locus RFLP 

method (Butler, 2005). The following stage in the development of DNA fingerprinting 

used the same RFLP technology. Nonetheless, the probes utilized to visualize the 

product was altered to aim at one distinct locus at a time. This system was known as 

single-locus RFLP probes in New Zealand & United Kingdom (Buckleton et al., 

2016). In the United States it was, however, referred to as variable number tandem 

repeats (VNTRs) (Houck & Siegel, 2015). The VNTRs contain sets of tandemly 

repeated base pair sequences that differ in their lengths (10-100 bp). The forensic DNA 

marker (D1S80) is an example of VNTR that consists of a 16-bp repeat unit (Figure 

1). 
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Figure 1: VNTR marker D1S80 (Aydin, 2015)

VNTR analysis can be utilized thoroughly for paternity disputes and for 

applications where large quantities of intact DNA can be attainable to accumulate

(Kashyap et al., 2004). There are plenty of samples that can be recovered from crime 

scenes, yielding barely picogram or nanogram of DNA, which is intermittently 

degraded and thereupon not applicable for VNTR analysis (Herrera et al., 2016). In 

order to overcome this barrier, scientists relied upon the polymerase chain reaction 

(PCR) to intensify the shorter hypervariable regions which are known as short tandem 

repeats (STRs). In mid1990s, technology was amended to include the usage of PCR 

for STR loci (Buckleton et al., 2016).

1.4 Short Tandem Repeats

Short tandem repeats (STRs), also referred to as simple sequence repeats 

(SSRs) or microsatellites, are DNA sequences consisting of repetitive units (2-6 bp in 

length) (El-Alfy & Abd El-Hafez, 2012). STRs are known to be highly beneficial in 

applications such as human identification, population genetic studies, paternity testing, 

kinship analysis and much recently disease diagnosis. The majority of the human 

identity testing is executed utilizing STR markers on the autosomal chromosomes
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since they are well-established and highly effective for elucidating genetic diversity 

(Butler, 2009). 

The density of the STRs differ among the chromosomes. In humans, the highest 

density of STRs can be found in chromosome 19. Roughly, one STR appears per 2,000 

bp in the human genome. A-rich units including: A, AC, AAAN, AAN, and AG are 

the most common STRs (Fan & Chu, 2007). 

STR analysis centralizes on increasing discrimination power, sensitivity and 

genetic polymorphism (Preet et al.,2016). High degree of polymorphism in STR as a 

forensic genetic marker is extremely essential to increase the discrimination power and 

lower the match probability (Jebor, 2013). Studies have shown that STRs are diverse 

at both individual and population levels. Therefore, population studies have been 

conducted to determine the individualizing power of STR markers (Grubb, 2015).

STR markers are the preferred and the ideal genetic markers for a number of 

reasons (Abu Halimah, 2008). Firstly, they are distributed randomly and found in 

abundance in the human genome. Secondly, they are hypervariable within populations 

and portray higher mutation rates in comparison to other nuclear regions. Most 

importantly, STR markers genotyping necessitates only minuscule amounts of 

template DNA, considering that it is PCR-based (Norrgard, 2008). Sufficient amount 

of DNA can be extracted from a single shed of hair, a piece of tissue, minute amount 

of blood or epithelial cells sloughed off in saliva, feces or urine (Abu Halimah, 2008).

In STR typing, PCR is utilized to recover information from small quantities of 

biological material that is available. The short PCR product sizes (100-500 bp) 

achieved with STR testing are compatible with the DNA that is degraded, and are 

likely to be present on the biological matter due to environmental insults found at the 
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crime scene. PCR amplification of multiple STR loci simultaneously (also known as 

multiplexing) is attainable with various colored fluorescent dyes and PCR product 

sizes. Utilizing multiple loci allows a high power of discrimination in just one single 

test without consuming high amounts of DNA (Butler, 2009).

1.4.1 Types of STR Markers

STR markers are distinguished by the length of repeats the locus 

accommodates as well as the type of repeat unit present (Michelle & Graham, 2015).

Dinucleotide repeats have two nucleotides repeated next to each other several times. 

Trinucleotides have three nucleotides repeated, tetranucleotides have four, 

pentanucleotides have five and hexanucleotides have six repeat units. Among these 

various types of STRs, tetranucleotides are more favorable and popular in comparison 

to di- or tri-nucleotides. Tetranucleotides have a narrow allele size range that allows 

multiplexing and reduces allelic dropouts from amplifying smaller alleles. However, 

penta- and hexa-nulceotides are not very common in the human genome. STR 

sequences not only differ in the length of the repeat unit but also in the accuracy with 

which they conform to an accumulative repeat pattern (Abu Halimah, 2008).

STRs are often divided into various categories based on the repeat pattern. 

Simple repeats consist of one unit of similar length and sequence, such as Penta E, 

TPOX, TH01 D5S818, CSF1PO and D16S539 as shown in Figure 2 (Woerner et al.,

2017). Simple repeats can also contain non-consensus alleles that lay between alleles 

with full repeat units. Compound repeats, on the other hand, constitute of two or more 

adjacent simple repeats, such as FGA, vWA, D3S1358 and D8S1179 (Butler, 2012; 

Abu Halimah, 2008). The complex repeat STR i.e D21S11 may include many repeat 

blocks of variable length and intervening sequences. Complex hypervariable also 
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comes with non-consensus alleles that varies in the sequence as well as the size; and 

therefore, greater efforts are required to reproduce the genotype (Abu Halimah, 2008; 

Venables, 2012).

Not all alleles for a STR locus consist of complete repeat units. Micro-alleles 

(or micro-variants) are an STR with a fractional value rather than a whole integer, that 

complicate assigning alleles (Huel et al., 2007). They are named for the number of full 

repeat unit and the portion of the partial repeat unit. For example: The locus TH01; 9.3 

micro-variant has nine complete tetranucleotide repeats and a partial incomplete repeat 

unit of three nucleotides. TH01, D18S51 and D7S820 loci are examples of simple 

repeat STRs that have common micro-variant alleles. These fractional values usually 

arise from a deletion, a mutational loss of one or more nucleotides (Abu Halimah, 

2008).

Figure 2: STR marker – D5S818 simple repeats (Aydin, 2015)

A biological occurrence known as stutter products may result when STR alleles 

are PCR amplified. Stutter artefacts are amplicons that vary in length in comparison to 

the true allele by one or more whole repeat units (Brookes et al., 2012). These artefacts 

arise during PCR when the DNA polymerase detaches from the DNA and is 

misaligned when it re-associates (replication slippage), leading to deletions or 
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additions of repeat units. Stutter artefacts associated with tetranucleotide repeats have 

approximately a peak height of less than 15 % in comparison to the true alleles peak 

height (Abu Halimah, 2008). Dinucleotide and trinucleotide repeats can, however,

show artefacts where the peak height is 30 % of the true allele. Using tetranucleotide

results in a decline of stutter product formation when compared to dinucleotide or 

trinucleotide repeats (Butler, 2005).

Furthermore, by the process of replication slippage, these repetitive sequences 

have the ability to expand or contract. When the template and nascent strands 

disassociate and misalign, hairpin loops are produced. These loops can lead to repeat 

expansion on the nascent strand or repeat contraction on the template strand (Ryan, 

2019). Expansion of STRs have been recently identified as the causal DNA mutation 

in over 40 Mendelian disorders (Gymrek et al., 2016). Several developmental and 

neurological disorders including: Huntington’s disease, fragile X syndrome, 

polyalanine disorders and spinocerebellar ataxias have been associated with the 

unstable expansion of STRs (Halman & Oshlack, 2020). The likelihood that an 

individual is affected with the disease increases with the repeat length. Additionally, 

the severity of the disease is dependent upon the gender of the parent who transmitted 

the expansion (Dashnow et al., 2018). Further understanding of the molecular 

mechanisms causing the instability of the STRs will ease the efforts in developing 

treatment and novel preventative approaches for repeat expansion disorders (Sun et 

al., 2018).

In the human genome, STRs are known to be rapidly mutating markers, with 

mutation rates of 10-100,000 times greater than the average rate, and therefore 

contribute to a wide fraction of genetic variation (Gymrek, 2017). The autosomal STR
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loci which have the lowest observed mutation rates include CSFIPO, TH01, TPOX, 

D8S1179 and D5S818. As expected, the locus with the highest mutation rates 

(D18S51, D7S820, D16S539, D21S11 and FGA) are amongst the most polymorphic 

loci with the highest number of alleles observed (Omran, 2008). Having knowledge of 

the mutation rates of STR loci is essential, particularly in population genetics and 

paternity testing, where conclusions are being made from the genetic data from one or 

several generations.

When a microsatellite locus is identified in the genome, oligonucleotide 

primers are designed from the DNA sequences upstream and downstream of the 

microsatellite loci in order to amplify that specific fragment by PCR. By utilizing 

electrophoresis, the microsatellite marker variation can be directly assayed. PCR 

products can be visualized in polyacrylamide gels. Two PCR product bands will be 

shown for heterozygous individuals, whereas a single band will be displayed for 

homozygotes (Abu Halimah, 2008).

1.5 STR Genotyping

1.5.1 Capillary Electrophoresis

In forensic DNA laboratories, capillary electrophoresis (CE) is the primary 

method utilized for separating and detecting STR alleles (Butler, 2012). Capillaries 

were brought into electrophoresis as a heat controlling and anti-convective innovation 

(Petersen & Mohammad, 2001). It is now widely used due to its simple operation and 

high peak resolution. The apparatus for CE instrument consists of a narrow capillary 

tube, high voltage direct current power supply, two buffer vials which are placed at the 

same level and accommodating cathodic and anodic solutions. Two electrodes
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assemblies (cathode and anode) connected to the power supply. The CE instrument 

also contains an auto-sampler to hold the tray containing samples, a laser excitation 

source, a fluorescence detector and a computer in order to control the sample injection 

and detection (Butler, 2005).

The CE differs from the other forms of electrophoresis as it is performed within 

a confined narrow capillary tube (Whatley, 2001). This tube is filled with a polymer 

solution rather than a gel in order to carry out DNA size separation. The ratio of higher 

surface area to volume allows more effective dissipation of heat obtained by the 

process of electrophoresis and consequently allows greater separation voltage to be 

applied. The fluorescently labelled DNA fragments are separated according to size 

before it reaches the positive electrode and proceeds across the path of a laser beam. 

The dyes attached to the fragment fluoresce due to the laser beam. The dye signals are 

separated by the diffraction system and the charge coupled device camera is used to 

detect the fluorescence. Every dye has a distinct wavelength of the light emitted. The 

data collection software gathers the fluorescence signals and converts it into an 

electrophorogram. Using an internal size standard with a fluorophore permits resolving 

the sizes of the DNA fragments present in the sample (Butler, 2005).

1.5.2 Genetic Analyzer

In this project, the 3500 Genetic Analyzer (Applied Biosystems) was utilized. 

It is a fluorescence-based DNA analysis instrument utilizing the technology of 

capillary electrophoresis with 8 capillaries, each 36 cm in span. This analyzer has 

advanced multiplexing capabilities for DNA analysis with up to six dyes. Since it is 

fully automated, the possibilities of human error during the post amplification handling 



11

as well as samples analysis can be reduced. This is a major advantage when large 

amounts of samples are processed.

1.6 Significance of the Study Undertaken

The present study determined the significance of ongoing research into specific 

populations, even those residing in the same geographic region. It is necessary to 

expand genetic research to all the populations globally since the allele frequencies of

each marker is specific to each population. The data achieved can consequently be 

used to build an allelic frequency database for the most potent amplification kit in the 

Indian and Pakistani population, residing in UAE. 

Moreover, this study revealed the importance of increasing the number of STR 

loci examined in DNA analysis. The VeriFiler™Express kit may eventually replace 

the amplification kits used today in forensic laboratories since this is at present the 

only kit that amplifies the highest number of autosomal STR loci simultaneously, 

leading to obtaining the maximum power of discrimination with just miniscule 

amounts of DNA. 

1.6.1 Hypothesis

1) The 23 autosomal STR loci was highly polymorphic and discriminatory in 

the Indian and Pakistani population, living in the UAE. 

2) The higher the number of STR loci examined, the higher the power of 

discrimination and the lower the match probability.
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1.6.2 Objectives

1) To assess the forensic efficiency parameters and population structure 

analysis of 23 autosomal STR loci using the VeriFiler™Express PCR 

Amplification Kit, in the Indian and Pakistani population, residing in the UAE.

2) To estimate the allele frequencies of the 23 autosomal STR loci; and

3) To determine the significance of increasing the number of STR loci used in 

forensic DNA analysis.
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Chapter 2: Materials and Methods

2.1 Sample Collection

Consented blood samples were collected from a total of 701 unrelated 

individuals. This consisted of two populations residing in the UAE; Indian (n = 352), 

Pakistani (n = 349). Ethical approval was granted from Dubai scientific research ethics 

committee in Dubai Health Authority (DSREC-SR-08/2018-03). 

2.2 Kit Overview

The VeriFiler™ Express PCR Amplification Kit is a 6-dye, STR multiplex 

assay for the amplification of single-source human genomic DNA. The kit amplifies 

the following loci within the read region of 75–465 nt:

 23 autosomal STR loci (D3S1358, vWA, D16S539, CSF1PO, TPOX, 

D8S1179, D21S11, D18S51, D2S441, D19S433, TH01, FGA, D22S1045, 

D5S818, D13S317, D7S820, D10S1248, D1S1656, D12S391, D2S1338, 

D6S1043, Penta D, Penta E).

The VeriFiler™ Express PCR Amplification Kit includes: 

 Master mix which contains MgCl2, dATP, dGTP, dCTP, and dTTP, bovine 

serum albumin, enzyme and 0.05 % sodium azide in buffer and salt

 Primer Set which contains locus-specific 6-FAM™, VIC™, NED™, TAZ™, 

and SID™ dye-labeled and unlabeled primers in buffer

 DNA control 007 contains 2.0 ng/μL human male genomic DNA in 0.05 % 

sodium azide and buffer

 Allelic ladder which consists of the most commonly found alleles per locus 

obtained from large population base study (Table 1). 
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Table 1: Common alleles per locus obtained from a large population base study

Locus
designation

Chromosome
location

Alleles included in
the allelic ladder

Dye label DNA 
control 007

D3S1358 3p21.31 9, 10, 11, 12, 13, 14, 
15, 16, 17, 18, 19, 20

6-FAMTM 15, 16

vWA 12p13.31 11, 12, 13, 14, 15, 16, 
17, 18, 19, 20, 21, 22, 

23, 24

14, 16

D16S539 16q24.1 5, 8, 9, 10, 11, 12, 13, 
14, 15

9, 10

CSF1PO 5q33.3-34 6, 7, 8, 9, 10, 11, 12, 
13, 14, 15

11, 12

TPOX 2p23-2per 5, 6, 7, 8, 9, 10, 11, 
12, 13, 14, 15

8, 8

D8S1179 8q24.13 5, 6, 7, 8, 9, 10, 11, 
12, 13, 14, 15, 16, 17, 

18, 19

VICTM 12, 13

D21S11 21q11.2-q21 24, 24.2, 25, 26, 27, 
28, 28.2, 29, 29.2, 30, 

30.2, 31, 31.2, 32, 
32.2, 33, 33.2, 34, 

34.2, 35, 35.2, 36, 37, 
38

28, 31

D18S51 18q21.33 7, 9, 10, 10.2, 11, 12, 
13, 13.2, 14, 14.2, 15, 
16, 17, 18, 19, 20, 21, 
22, 23, 24, 25, 26, 27

12, 15

Penta E 15q26.2 5, 6, 7, 8, 9, 10, 11, 
12, 13, 14, 15, 16, 17, 
18, 19, 20, 21, 22, 23, 

24, 25, 26

7, 12

D2S441 2p14 8, 9, 10, 11, 11.3, 12, 
13, 14, 15, 16, 17

NEDTM 14, 15

D19S433 19q12 6, 7, 8, 9, 10, 11, 12, 
12.2, 13, 13.2, 14, 
14.2, 15, 15.2, 16, 

16.2, 17, 17.2, 18.2, 
19.2

14, 15

TH01 11p15.5 4, 5, 6, 7, 8, 9, 9.3, 10, 
11, 13.3

7, 9.3

FGA 4q28 13, 14, 15, 16, 17, 18, 
19, 20, 21, 22, 23, 24, 
25, 26, 26.2, 27, 28, 
29, 30, 30.2, 31.2, 

32.2, 33.2, 42.2, 43.2, 
44.2, 45.2, 46.2, 47.2, 

48.2, 50.2, 51.2

24, 26
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Table 1: Common alleles per locus obtained from a large population base study
(continued)

2.3 DNA Extraction

Whatman FTA Card, is a filter paper product which was manufactured by GE 

Health Care (GE Healthcare, 2011). It is a paper matrix permeated with a proprietary 

formula containing chemicals that promote cell lysis and denaturation of protein with 

subsequent release of nucleic acids that are entrapped within the matrix of the card. It 

is stabilized within room temperature, therefore allowing long term storage and is now 

being utilized as an alternative method for DNA extraction. A major advantage of FTA 

cards includes low cost, transportation made easy, minimal storage space and simple 

Locus
designation

Chromosome
location

Alleles included in 
the allelic ladder

Dye 
label

DNA
control 007

D22S1045 22q12.3 8, 9, 10, 11, 12, 13, 
14, 15, 16, 17, 18, 19

TAZTM 11, 16

D5S818 5q21-31 7, 8, 9, 10, 11, 12, 13, 
14, 15, 16, 17, 18,

11, 11

D13S317 13q22-31 5, 6, 7, 8, 9, 10, 11, 
12, 13, 14, 15, 16,

11, 11

D7S820 7q11.21-22 6, 7, 8, 9, 10, 11, 12, 
13, 14, 15

7, 12

D6S1043 6q16.1 9, 10, 11, 12, 13, 14, 
15, 16, 17, 18, 19, 20, 

21, 22, 23, 24, 25

12, 14

D10S1248 10q26.3 8, 9, 10, 11, 12, 13, 
14, 15, 16, 17, 18, 19

SIDTM 12, 15

D1S1656 1q42.2 9, 10, 11, 12, 13, 14, 
14.3, 15, 15.3, 16, 

16.3, 17, 17.3, 18.3, 
19.3, 20.3

13, 16

D12S391 12p13.2 14, 15, 16, 17, 18, 19, 
19.3, 20, 21, 22, 23, 

24, 25, 26, 27

18, 19

D2S1338 2q35 11, 12, 13, 14, 15, 16, 
17, 18, 19, 20, 21, 22, 
23, 24, 25, 26, 27, 28

20, 23

Penta D 21q22.3 2.2, 3.2, 5, 6, 7, 8, 9, 
10, 11, 12, 13, 14, 15, 

16, 17

11, 12
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extraction protocols. Moreover, quantification is not needed since the amount of DNA 

in the punched disc is adequate for PCR. The manufacturer’s protocol was followed to 

perform the amplification of the 23 STR loci; however, some alterations were done 

due to the large numbers of samples that were tested in this study. Only quarter volume 

was used per reaction (2.5 μL master mix, 2.5 μL primer set, 1.25 μL distilled water = 

total volume of 6.25 μL). Positive and negative controls were being run concurrently. 

For the positive control, DNA control 007, provided in the kit, was used (2.5 μL master 

mix, 2.5 μL primer set, 0.75 μL distilled water, 0.5 μL DNA Control 007). Negative 

control (2.5 μL master mix, 2.5 μL primer set, 1.25 μL distilled water, blank disc) was 

used to inspect for any DNA contamination. A stock was prepared of the master mix, 

primer set and distilled water in an eppendorf tube. A total volume of 6.25 μL was 

dispensed into each labeled (sample number) PCR tubes. FTA Cards that contained 

the blood samples were then punched using the 0.5-mm Harris Micro Puncher and the 

disc was added into each tube.

2.4 PCR Amplification

The PCR tubes containing the reaction mix and the punched disc were then 

vortexed followed by a quick spin. Amplification was performed on Veriti™PCR 

Thermocycler, with the following parameters shown in Table 2.

Table 2: Thermal cycling parameters for VeriFiler™Express PCR Amplification Kit

Initial 
Denaturation

Denaturation Annealing Extension Final 
Extension

Overnight 
Hold

26 Cycles

95°C

1 minute

94°C

3 seconds

59°C

16 seconds

65°C

29 seconds

60°C

5 minutes

4°C

up to 24 
hours
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After the run was completed, the samples were removed from the thermocycler 

and proceeded for capillary electrophoresis.

2.5 Reagents for STR

 GeneScan™600 LIZ™size standard v2.0: An internal size standard that yields 

precise sizing results for PCR products. 

 Highly deionized formamide (Hi-Di formamide): Formulated with a stabilizer 

for ready use as an injection solvent in DNA analysis methods in the genetic 

analyzer. Formamide in DNA samples helps to halt the reannealing of the 

single strands of DNA after denaturation.

 VeriFiler™Express allelic ladder: Developed for accurate characterization of 

the alleles amplified by the kit. This allows automatic genotyping of most of 

the reported alleles for the loci in the kit as shown in (Figure 3).



18Figure 3: VeriFiler™Express allelic ladder profile. (manufacturer’s protocol; Thermo Fisher Scientific)
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2.6 Sample Preparation for Capillary Electrophoresis

A mix of Hi-Di formamide (10 μL per sample) and LIZ (0.5 μL per sample) 

was prepared. In the 96-well plate, 10 μL of the mix and 1 μL of the sample were

dispensed into each well. A 10 μL of Hi-Di formamide was added to the empty wells 

to avoid injecting into dry wells. A 0.5 μL of VeriFiler™ Express Allelic Ladder was 

added to the well assigned for the ladder. A 0.5 μL of each positive and negative 

control was added to the respective wells. The 96-well plate was then covered with a 

septa and centrifuged for a few seconds. The well plate was placed into the 3500 

Genetic Analyzer and the data were recorded into the software accordingly. Injection 

time was set to 8 seconds. 

2.7 Statistical Analysis

The data for the samples were exhibited in the form of peaks that correspond 

to different STR alleles for each locus. The peaks were shown at different locations in 

the electropherogram of a sample and were often plotted as the intensity of the 

fluorescent signal versus the time passing the detector. The colors of the dye were

separated and the DNA fragments, represented in the form of peaks, were classified 

and associated with a suitable color. The fragments of the DNA were compared and 

sized according to the internal sizing standard. The STR alleles were then compared 

to the allelic ladder to attain the genotype of the samples.

Data achieved from the 3500 Genetic Analyzer was then evaluated using the 

Gene Mapper ID-X Version 1.4 analysis software (Thermo Fisher Scientific, 2012).

The raw data (genotypes) obtained from the Gene Mapper were exported and analyzed 

using Arlequin version 3.5 (Excoffier & Lischer, 2010) and Powerstats software. 
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Arlequin was utilized to attain the allele frequencies, predominant alleles, 

homozygosity, heterozygosity, analysis of molecular variance (AMOVA) and the 

deviation probability from the Hardy Weinberg Equilibrium (HWE) test. Powerstats 

was utilized to calculate the polymorphic information content (PIC), power of 

discrimination (PD), match probability (MP), power of exclusion (PE) and paternity 

index (PI). Multidimensional (MDS) plot was designed using XLSTAT software

(XLSTAT, 2019).
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Chapter 3: Results

3.1 DNA Profile

DNA profiles for 701 (352 Indian and 349 Pakistani) unrelated individual 

blood samples were compiled. Figure 4 shows an example of an autosomal STR profile

displayed in Gene Mapper. 

Figure 4: Autosomal STR profile generated utilizing VeriFiler™Express Kit
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The allele frequency in a population indicates the degree of population genetic 

diversity as well as plays a vital role in interpreting DNA profiles for individual 

identification. Tables 3-25 and Figures 5-27 below show the allele frequencies of 23 

autosomal STR loci examined among the Indian population. Tables 26-48 and Figures

28-50 show the allele frequencies observed in the Pakistani population.

Locus D3S1358 (Indian population)

Table 3: Allele frequency for the locus D3S1358 in the Indian population

Figure 5: Percentage of allele frequency for the locus D3S1358 in the Indian 
population

Allele 
No.

Allele 
Repeats

Frequency Percent (%)

1 13 4.9984 0.71
2 14 27.0336 3.84
3 15 209.0176 29.69
4 16 213.0304 30.26
5 16.2 0.9856 0.14
6 17 181.984 25.85
7 17.1 1.9712 0.28
8 18 57.024 8.1
9 19 6.9696 0.99

10 20 0.9856 0.14
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Locus vWA (Indian population)

Table 4: Allele frequency for the locus vWA in the Indian population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 13 3.0272 0.43
2 14 92.0128 13.07
3 15 53.0112 7.53
4 16 161.9904 23.01
5 17 195.008 27.7
6 18 136.9984 19.46
7 19 53.9968 7.67
8 20 8.0256 1.14

Figure 6: Percentage of allele frequency for the locus vWA in the Indian population
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Locus D16S539 (Indian population) 

Table 5: Allele frequency for the locus D16S539 in the Indian population 

Figure 7: Percentage of allele frequency for the locus D16S539 in the Indian 
population

Allele 
No.

Allele
Repeats

Frequency Percent (%)

1 8 43.0144 6.11
2 9 118.976 16.9
3 10 83.0016 11.79
4 11 229.0112 32.53
5 12 145.024 20.6
6 13 74.976 10.65
7 14 9.9968 1.42
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Locus CSF1PO (Indian population) 

Table 6: Allele frequency for the locus CSF1PO in the Indian population

Figure 8: Percentage of allele frequency for the locus CSF1PO in the Indian 
population 

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 7 1.9712 0.28
2 9 11.968 1.7
3 10 142.9824 20.31
4 11 224.0128 31.82
5 12 265.9712 37.78
6 13 47.0272 6.68
7 14 9.9968 1.42
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Locus TPOX (Indian population) 

Table 7: Allele frequency for the locus TPOX in the Indian population

Figure 9: Percentage of allele frequency for the locus TPOX in the Indian population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 8 245.9776 34.94
2 9 106.0224 15.06
3 10 62.0224 8.81
4 11 270.9696 38.49
5 12 19.008 2.7
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Locus D8S1179 (Indian population) 

Table 8: Allele frequency for the locus D8S1179 in the Indian population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 5 0.9856 0.14
2 8 6.9696 0.99
3 9 3.0272 0.43
4 10 113.9776 16.19
5 11 60.9664 8.66
6 12 68.992 9.8
7 13 121.0176 17.19
8 14 142.9824 20.31
9 15 122.9888 17.47

10 16 39.9872 5.68
11 17 20.9792 2.98
12 18 0.9856 0.14

Figure 10: Percentage of allele frequency for the locus D8S1179 in the Indian 
population
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Locus D21S11 (Indian population) 

Table 9: Allele frequency for the locus D21S11 in the Indian population

Figure 11: Percentage of allele frequency for the locus D21S11 in the Indian 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 27 9.9968 1.42
2 28 88 12.5
3 28.3 0.9856 0.14
4 29 148.9664 21.16
5 29.2 4.0128 0.57
6 29.3 1.9712 0.28
7 30 120.032 17.05
8 30.2 16.9664 2.41
9 31 37.0304 5.26

10 31.2 94.9696 13.49
11 31.3 0.9856 0.14
12 32 6.9696 0.99
13 32.2 115.0336 16.34
14 33 1.9712 0.28
15 33.2 49.984 7.1
16 34.1 0.9856 0.14
17 34.2 3.0272 0.43
18 35.2 1.9712 0.28
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Locus D18S51 (Indian population) 

Table 10: Allele frequency for the locus D18S51 in the Indian population

Figure 12: Percentage of allele frequency for the locus D18S51 in the Indian 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 10 9.9968 1.42
2 11 8.0256 1.14
3 12 55.968 7.95
4 13 87.0144 12.36
5 14 177.9712 25.28
6 15 117.9904 16.76
7 15.2 0.9856 0.14
8 16 97.0112 13.78
9 16.2 1.9712 0.28

10 17 55.968 7.95
11 18 32.032 4.55
12 19 23.0208 3.27
13 20 18.0224 2.56
14 21 9.0112 1.28
15 22 4.9984 0.71
16 23 3.0272 0.43
17 24 0.9856 0.14
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Locus Penta E (Indian population) 

Table 11: Allele frequency for the locus Penta E in the Indian population

Figure 13: Percentage of allele frequency for the locus Penta E in the Indian 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 5 40.9728 5.82
2 7 53.9968 7.67
3 8 9.9968 1.42
4 9 6.9696 0.99
5 10 48.9984 6.96
6 11 96.0256 13.64
7 12 68.992 9.8
8 12.4 0.9856 0.14
9 13 58.9952 8.38
10 14 37.0304 5.26
11 15 58.9952 8.38
12 16 68.0064 9.66
13 17 52.0256 7.39
14 17.4 0.9856 0.14
15 18 38.016 5.4
16 18.5 0.9856 0.14
17 19 32.032 4.55
18 20 15.9808 2.27
19 21 9.0112 1.28
20 22 3.0272 0.43
21 23 1.9712 0.28
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Locus D2S441 (Indian population) 

Table 12: Allele frequency for the locus D2S441 in the Indian population

Figure 14: Percentage of allele frequency for the locus D2S441 in the Indian 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 9 0.9856 0.14
2 10 223.0272 31.68
3 11 285.9648 40.62
4 11.3 30.976 4.4
5 12 45.9712 6.53
6 12.3 3.0272 0.43
7 13 11.968 1.7
8 14 91.0272 12.93
9 15 9.0112 1.28

10 16 1.9712 0.28
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Locus D19S433 (Indian population) 

Table 13: Allele frequency for the locus D19S433 in the Indian population

Figure 15: Percentage of allele frequency for the locus D19S433 in the Indian 
population 

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 11 5.984 0.85
2 11.2 0.9856 0.14
3 12 53.0112 7.53
4 12.2 5.984 0.85
5 13 218.0288 30.97
6 13.2 24.0064 3.41
7 14 147.9808 21.02
8 14.2 54.9824 7.81
9 15 76.032 10.8

10 15.2 60.9664 8.66
11 16 33.0176 4.69
12 16.2 14.9952 2.13
13 17 4.9984 0.71
14 17.2 1.9712 0.28
15 18 0.9856 0.14
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Locus TH01 (Indian population) 

Table 14: Allele frequency for the locus TH01 in the Indian population

Figure 16: Percentage of allele frequency for the locus TH01 in the Indian population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 5.3 0.9856 0.14
2 6 151.008 21.45
3 7 132 18.75
4 8 94.9696 13.49
5 8.3 1.9712 0.28
6 9 208.032 29.55
7 9.3 108.9792 15.48
8 10 4.9984 0.71
9 10.3 0.9856 0.14
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Locus FGA (Indian population) 

Table 15: Allele frequency for the locus FGA in the Indian population

Figure 17: Percentage of allele frequency for the locus FGA in the Indian population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 18 4.0128 0.57
2 19 34.9888 4.97
3 20 64.9792 9.23
4 20.2 1.9712 0.28
5 21 86.0288 12.22
6 21.2 4.0128 0.57
7 22 107.9936 15.34
8 22.2 6.9696 0.99
9 22.3 0.9856 0.14
10 23 137.984 19.6
11 23.2 4.9984 0.71
12 24 118.976 16.9
13 24.2 4.0128 0.57
14 25 74.976 10.65
15 25.2 1.9712 0.28
16 26 35.9744 5.11
17 26.2 0.9856 0.14
18 27 4.9984 0.71
19 28 4.0128 0.57
20 29 3.0272 0.43

0.57

4.97

9.23

0.28

12.22

0.57

15.34

0.99 0.14

19.6

0.71

16.9

0.57

10.65

0.28

5.11

0.14 0.71 0.570.43
0

5

10

15

20

25

18 19 20

20
.2 21

21
.2 22

22
.2

22
.3 23

23
.2 24

24
.2 25

25
.2 26

26
.2 27 28 29

P
er

ce
n

t 
(%

)

Allele

Locus FGA



35

Locus D22S1045 (Indian population) 

Table 16: Allele frequency for the locus D22S1045 in the Indian population

Figure 18: Percentage of allele frequency for the locus D22S1045 in the Indian 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 9 0.9856 0.14
2 10 1.9712 0.28
3 11 199.0208 28.27
4 12 3.0272 0.43
5 13 1.9712 0.28
6 14 43.0144 6.11
7 15 270.9696 38.49
8 16 126.016 17.9
9 17 50.9696 7.24
10 18 4.9984 0.71
11 19 0.9856 0.14
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Locus D5S818 (Indian population) 

Table 17: Allele frequency for the locus D5S818 in the Indian population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 8 3.0272 0.43
2 9 29.9904 4.26
3 10 74.976 10.65
4 11 240.9792 34.23
5 12 214.016 30.4
6 13 130.0288 18.47
7 14 10.9824 1.56

Figure 19: Percentage of allele frequency for the locus D5S818 in the Indian 
population 
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Locus D13S317 (Indian population)

Table 18: Allele frequency for the locus D13S317 in the Indian population

Figure 20: Percentage of allele frequency for the locus D13S317 in the Indian 
population 

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 6 0.9856 0.14
2 7 8.0256 1.14
3 8 132.9856 18.89
4 9 69.9776 9.94
5 10 60.9664 8.66
6 11 164.032 23.3
7 12 190.0096 26.99
8 13 58.9952 8.38
9 14 16.9664 2.41
10 15 0.9856 0.14
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Locus D7S820 (Indian population) 

Table 19: Allele frequency for the locus D7S820 in the Indian population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 7 21.9648 3.12
2 7.1 0.9856 0.14
3 8 155.0208 22.02
4 9 62.0224 8.81
5 10 150.0224 21.31
6 11 172.9728 24.57
7 11.3 0.9856 0.14
8 12 122.0032 17.33
9 13 15.9808 2.27
10 14 1.9712 0.28

Figure 21: Percentage of allele frequency for the locus D7S820 in the Indian 
population
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Locus D6S1043 (Indian population) 

Table 20: Allele frequency for the locus D6S1043 in the Indian population

Figure 22: Percentage of allele frequency for the locus D6S1043 in the Indian 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 10 15.9808 2.27
2 11 196.9792 27.98
3 12 151.9936 21.59
4 13 73.0048 10.37
5 14 45.9712 6.53
6 15 5.984 0.85
7 16 4.0128 0.57
8 17 34.0032 4.83
9 18 77.0176 10.94

10 19 68.992 9.8
11 20 24.0064 3.41
12 21 4.9984 0.71
13 23 0.9856 0.14
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Locus D10S1248 (Indian population) 

Table 21: Allele frequency for the locus D10S1248 in the Indian population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 11 6.9696 0.99
2 12 14.0096 1.99
3 13 117.0048 16.62
4 14 182.9696 25.99
5 15 204.0192 28.98
6 16 131.0144 18.61
7 17 39.9872 5.68
8 18 6.9696 0.99
9 19 0.9856 0.14

Figure 23: Percentage of allele frequency for the locus D10S1248 in the Indian 
population 
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Locus D1S1656 (Indian population) 

Table 22: Allele frequency for the locus D1S1656 in the Indian population

Figure 24: Percentage of allele frequency for the locus D1S1656 in the Indian 
population 

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 6 0.9856 0.14
2 8 25.9776 3.69
3 9 4.0128 0.57
4 10 9.9968 1.42
5 11 99.968 14.2
6 12 63.008 8.95
7 13 93.984 13.35
8 14 69.9776 9.94
9 14.3 1.9712 0.28

10 15 123.9744 17.61
11 15.3 10.9824 1.56
12 16 101.024 14.35
13 16.3 25.9776 3.69
14 17 30.976 4.4
15 17.3 10.9824 1.56
16 18 9.0112 1.28
17 18.3 14.0096 1.99
18 19.3 6.9696 0.99
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Locus D12S391 (Indian population) 

Table 23: Allele frequency for the locus D12S391 in the Indian population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 14 0.9856 0.14
2 15 1.9712 0.28
3 16 19.008 2.7
4 17 96.0256 13.64
5 17.3 11.968 1.7
6 18 164.032 23.3
7 18.3 8.0256 1.14
8 19 115.0336 16.34
9 19.3 4.0128 0.57
10 20 82.016 11.65
11 20.3 0.9856 0.14
12 21 67.0208 9.52
13 22 64.9792 9.23
14 23 39.9872 5.68
15 24 18.0224 2.56
16 25 8.0256 1.14
17 26 0.9856 0.14
18 27 0.9856 0.14

Figure 25: Percentage of allele frequency for the locus D12S391 in the Indian 
population
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Locus D2S1338 (Indian population) 

Table 24: Allele frequency for the locus D2S1338 in the Indian population

Figure 26: Percentage of allele frequency for the locus D2S1338 in the Indian 
population 

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 13 0.9856 0.14
2 15 0.9856 0.14
3 16 5.984 0.85
4 17 49.984 7.1
5 18 104.9664 14.91
6 19 112.992 16.05
7 20 81.0304 11.51
8 21 30.976 4.4
9 22 45.9712 6.53

10 23 121.0176 17.19
11 24 71.0336 10.09
12 25 64.9792 9.23
13 26 8.0256 1.14
14 27 4.9984 0.71
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Locus Penta D (Indian population) 

Table 25: Allele frequency for the locus Penta D in the Indian population

Figure 27: Percentage of allele frequency for the locus Penta D in the Indian 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 2.2 4.0128 0.57
2 7 5.984 0.85
3 8 14.0096 1.99
4 9 141.0112 20.03
5 9.4 0.9856 0.14
6 10 141.0112 20.03
7 11 180.9984 25.71
8 12 88 12.5
9 13 79.9744 11.36
10 14 23.0208 3.27
11 15 20.9792 2.98
12 16 3.0272 0.43
13 17 0.9856 0.14
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Locus D3S1358 (Pakistani population) 

Table 26: Allele frequency for the locus D3S1358 in the Pakistani population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 13 2.792 0.4
2 14 32.108 4.6
3 15 189.86 27.2
4 16 210.1 30.1
5 17 170.31 24.4
6 17.1 0.698 0.1
7 18 80.968 11.6
8 19 11.168 1.6

Figure 28: Percentage of allele frequency for the locus D3S1358 in the Pakistani 
population
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Locus vWA (Pakistani population)

Table 27: Allele frequency for the locus vWA in the Pakistani population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 13 2.792 0.4
2 14 83.76 12
3 15 62.82 9
4 15.2 0.698 0.1
5 16 164.73 23.6
6 17 168.92 24.2
7 18 152.86 21.9
8 19 53.048 7.6
9 20 6.282 0.9

10 21 0.698 0.1

Figure 29: Percentage of allele frequency for the locus vWA in the Pakistani 
population
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Locus D16S539 (Pakistani population)

Table 28: Allele frequency for the locus D16S539 in the Pakistani population

Figure 30: Percentage of allele frequency for the locus D16S539 in the Pakistani 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 8 43.276 6.2
2 9 115.17 16.5
3 10 85.854 12.3
4 11 228.94 32.8
5 12 145.88 20.9
6 13 71.196 10.2
7 14 7.678 1.1
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Locus CSF1PO (Pakistani population)

Table 29: Allele frequency for the locus CSF1PO in the Pakistani population

Figure 31: Percentage of allele frequency for the locus CSF1PO in the Pakistani 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 7 2.094 0.3
2 8 0.698 0.1
3 9 22.336 3.2
4 10 155.65 22.3
5 11 196.84 28.2
6 12 258.96 37.1
7 13 53.746 7.7
8 14 6.98 1
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Locus TPOX (Pakistani population)

Table 30: Allele frequency for the locus TPOX in the Pakistani population

Figure 32: Percentage of allele frequency for the locus TPOX in the Pakistani 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 7 0.698 0.1
2 8 261.75 37.5
3 9 108.19 15.5
4 10 50.954 7.3
5 11 252.68 36.2
6 12 20.94 3
7 13 2.094 0.3
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Locus D8S1179 (Pakistani population)

Table 31: Allele frequency for the locus D8S1179 in the Pakistani population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 8 6.98 1
2 9 4.188 0.6
3 10 103.3 14.8
4 11 51.652 7.4
5 12 67.706 9.7
6 13 120.75 17.3
7 14 148.67 21.3
8 15 118.66 17
9 16 60.726 8.7
10 17 11.866 1.7
11 18 2.094 0.3

Figure 33: Percentage of allele frequency for the locus D8S1179 in the Pakistani 
population
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Locus D21S11 (Pakistani population)

Table 32: Allele frequency for the locus D21S11 in the Pakistani population

Figure 34: Percentage of allele frequency for the locus D21S11 in the Pakistani 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 26 0.698 0.1
2 27 11.866 1.7
3 28 83.062 11.9
4 28.2 0.698 0.1
5 29 148.67 21.3
6 29.2 2.792 0.4
7 29.3 0.698 0.1
8 30 138.9 19.9
9 30.2 18.846 2.7

10 30.3 0.698 0.1
11 31 32.806 4.7
12 31.2 99.116 14.2
13 32 4.188 0.6
14 32.2 94.23 13.5
15 33 2.094 0.3
16 33.2 48.86 7
17 34 0.698 0.1
18 34.2 4.886 0.7
19 35 0.698 0.1
20 36 0.698 0.1
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Locus D18S51 (Pakistani population)

Table 33: Allele frequency for the locus D18S51 in the Pakistani population

Figure 35: Percentage of allele frequency for the locus D18S51 in the Pakistani 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 10 2.792 0.4
2 11 13.262 1.9
3 11.2 0.698 0.1
4 12 59.33 8.5
5 13 73.988 10.6
6 13.2 0.698 0.1
7 14 182.18 26.1
8 15 117.26 16.8
9 16 97.022 13.9
10 16.2 0.698 0.1
11 17 60.028 8.6
12 18 32.806 4.7
13 19 25.826 3.7
14 20 18.846 2.7
15 21 4.886 0.7
16 22 4.886 0.7
17 23 0.698 0.1
18 25 0.698 0.1
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Locus Penta E (Pakistani population)

Table 34: Allele frequency for the locus Penta E in the Pakistani population

Figure 36: Percentage of allele frequency for the locus Penta E in the Pakistani 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 5 48.86 7
2 7 50.954 7.3
3 8 13.262 1.9
4 9 7.678 1.1
5 10 44.672 6.4
6 11 90.74 13
7 11.4 0.698 0.1
8 12 78.176 11.2
9 12.4 2.094 0.3
10 13 50.256 7.2
11 14 51.652 7.4
12 15 53.048 7.6
13 16 64.914 9.3
14 16.4 0.698 0.1
15 17 53.746 7.7
16 18 37.692 5.4
17 19 27.92 4
18 20 7.678 1.1
19 21 6.98 1
20 22 2.094 0.3
21 23 0.698 0.1
22 24 0.698 0.1
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Locus D2S441 (Pakistani population)

Table 35: Allele frequency for the locus D2S441 in the Pakistani population

Figure 37: Percentage of allele frequency for the locus D2S441 in the Pakistani 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 8 0.698 0.1
2 9 0.698 0.1
3 9.1 0.698 0.1
4 10 194.04 27.8
5 11 251.98 36.1
6 11.2 0.698 0.1
7 11.3 34.202 4.9
8 12 55.142 7.9
9 12.3 2.094 0.3
10 13 18.148 2.6
11 14 113.08 16.2
12 14.1 0.698 0.1
13 15 23.034 3.3
14 16 2.094 0.3
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Locus D19S433 (Pakistani population)

Table 36: Allele frequency for the locus D19S433 in the Pakistani population

   

Figure 38: Percentage of allele frequency for the locus D19S433 in the Pakistani 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 6 0.698 0.1
2 8 2.094 0.3
3 9 2.094 0.3
4 11 4.188 0.6
5 11.2 0.698 0.1
6 12 41.182 5.9
7 12.2 4.886 0.7
8 13 224.06 32.1
9 13.2 18.148 2.6

10 14 171.01 24.5
11 14.2 46.766 6.7
12 15 66.310 9.5
13 15.2 64.914 9.3
14 16 32.108 4.6
15 16.2 13.96 2
16 17 4.188 0.6
17 17.2 0.698 0.1
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Locus TH01 (Pakistani population)

Table 37: Allele frequency for the locus TH01 in the Pakistani population

Figure 39: Percentage of allele frequency for the locus TH01 in the Pakistani 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 6 171.01 24.5
2 7 124.24 17.8
3 8 111.68 16
4 9 171.01 24.5
5 9.3 94.928 13.6
6 10 14.658 2.1
7 10.3 2.094 0.3
8 20 0.698 0.1
9 24 0.698 0.1
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Locus FGA (Pakistani Population)

Table 38: Allele frequency for the locus FGA in the Pakistani population

Figure 40: Percentage of allele frequency for the locus FGA in the Pakistani 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 11 0.698 0.1
2 17 2.094 0.3
3 18 9.772 1.4
4 18.2 0.698 0.1
5 19 43.276 6.2
6 20 73.988 10.6
7 20.2 0.698 0.1
8 21 94.23 13.5
9 21.2 7.678 1.1
10 22 101.21 14.5
11 22.2 2.792 0.4
12 23 127.73 18.3
13 23.2 2.094 0.3
14 24 113.77 16.3
15 24.2 2.792 0.4
16 24.3 0.698 0.1
17 25 71.196 10.2
18 25.2 2.094 0.3
19 25.3 0.698 0.1
20 26 25.128 3.6
21 27 9.772 1.4
22 28 0.698 0.1
23 29 0.698 0.1
24 30.2 0.698 0.1
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Locus D22S1045 (Pakistani population)

Table 39: Allele frequency for the locus D22S1045 in the Pakistani population

Figure 41: Percentage of allele frequency for the locus D22S1045 in the Pakistani 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 10 0.698 0.1
2 11 182.18 26.1
3 12 9.074 1.3
4 13 2.792 0.4
5 14 39.088 5.6
6 15 252.68 36.2
7 16 143.09 20.5
8 17 60.726 8.7
9 18 6.98 1
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Locus D5S818 (Pakistani population)

Table 40: Allele frequency for the locus D5S818 in the Pakistani population

Figure 42: Percentage of allele frequency for the locus D5S818 in the Pakistani 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 7 0.698 0.1
2 8 7.678 1.1
3 9 30.014 4.3
4 10 101.91 14.6
5 11 233.83 33.5
6 12 203.82 29.2
7 13 106.1 15.2
8 14 13.262 1.9
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Locus D13S317 (Pakistani population)

Table 41: Allele frequency for the locus D13S317 in the Pakistani population

Figure 43: Percentage of allele frequency for the locus D13S317 in the Pakistani 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 4 0.698 0.1
2 7 4.188 0.6
3 8 129.83 18.6
4 9 62.82 9
5 10 51.652 7.4
6 11 173.8 24.9
7 12 189.16 27.1
8 13 64.216 9.2
9 14 20.94 3
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Locus D7S820 (Pakistani population)

Table 42: Allele frequency for the locus D7S820 in the Pakistani population

Figure 44: Percentage of allele frequency for the locus D7S820 in the Pakistani 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 7 20.242 2.9
2 8 138.9 19.9
3 9 46.068 6.6
4 10 171.01 24.5
5 11 170.31 24.4
6 12 124.24 17.8
7 13 23.034 3.3
8 14 2.792 0.4
9 18 0.698 0.1

10 26.2 0.698 0.1
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Locus D6S1043 (Pakistani population)

Table 43: Allele frequency for the locus D6S1043 in the Pakistani population

Figure 45: Percentage of allele frequency for the locus D6S1043 in the Pakistani 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 9 2.094 0.3
2 10 20.94 3
3 11 212.19 30.4
4 12 166.82 23.9
5 13 53.746 7.7
6 14 51.652 7.4
7 15 6.98 1
8 16 4.188 0.6
9 17 25.826 3.7

10 18 69.102 9.9
11 19 44.672 6.4
12 20 32.806 4.7
13 21 6.282 0.9
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Locus D10S1248 (Pakistani population)

Table 44: Allele frequency for the locus D10S1248 in the Pakistani population

Figure 46: Percentage of allele frequency for the locus D10S1248 in the Pakistani 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 10 0.698 0.1
2 11 9.074 1.3
3 12 18.846 2.7
4 13 131.22 18.8
5 14 210.1 30.1
6 15 166.82 23.9
7 16 120.75 17.3
8 17 34.202 4.9
9 18 4.886 0.7
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Locus D1S1656 (Pakistani population)

Table 45: Allele frequency for the locus D1S1656 in the Pakistani population

Figure 47: Percentage of allele frequency for the locus D1S1656 in the Pakistani 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 8 27.222 3.9
2 9 2.094 0.3
3 10 6.98 1
4 11 85.156 12.2
5 12 53.746 7.7
6 13 83.062 11.9
7 14 80.27 11.5
8 14.3 2.094 0.3
9 15 129.13 18.5

10 15.3 11.168 1.6
11 16 101.91 14.6
12 16.3 209.4 30
13 17 53.746 7.7
14 17.3 23.034 3.3
15 18 4.188 0.6
16 18.3 9.074 1.3
17 19.3 4.188 0.6
18 20.3 0.698 0.1
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Locus D12S391 (Pakistani population)

Table 46: Allele frequency for the locus D12S391 in the Pakistani population

Figure 48: Percentage of allele frequency for the locus D12S391 in the Pakistani 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 14 0.698 0.1
2 15 9.074 1.3
3 16 13.262 1.9
4 17 71.894 10.3
5 17.3 6.282 0.9
6 18 175.2 25.1
7 18.1 0.698 0.1
8 18.3 9.772 1.4
9 19 99.116 14.2
10 19.3 2.094 0.3
11 20 85.156 12.2
12 21 85.156 12.2
13 22 74.686 10.7
14 23 41.182 5.9
15 24 14.658 2.1
16 25 6.282 0.9
17 26 2.792 0.4
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Locus D2S1338 (Pakistani population)

Table 47: Allele frequency for the locus D2S1338 in the Pakistani population

Figure 49: Percentage of allele frequency for the locus D2S1338 in the Pakistani 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 12 2.094 0.3
2 16 2.792 0.4
3 17 53.746 7.7
4 18 104 14.9
5 19 103.3 14.8
6 20 99.116 14.2
7 21 30.014 4.3
8 22 46.766 6.7
9 23 120.06 17.2

10 24 66.31 9.5
11 25 55.84 8
12 26 13.262 1.9
13 27 0.698 0.1
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Locus Penta D (Pakistani population)

Table 48: Allele frequency for the locus Penta D in the Pakistani population

Figure 50: Percentage of allele frequency for the locus Penta D in the Pakistani 
population

Allele
No.

Allele
Repeats

Frequency Percent (%)

1 2.2 4.886 0.7
2 3.2 0.698 0.1
3 5 2.094 0.3
4 6 4.188 0.6
5 7 4.188 0.6
6 8 20.242 2.9
7 9 147.28 21.1
8 9.4 4.188 0.6
9 10 113.77 16.3

10 11 161.94 23.2
11 12 97.72 14
12 13 87.948 12.6
13 14 29.316 4.2
14 14.2 0.698 0.1
15 15 18.148 2.6
16 16 0.698 0.1
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Examining the allele frequencies in the Indian population, the locus Penta E 

(21 alleles) and FGA (20 alleles) showed the highest number of total observed alleles. 

Whereas, locus TPOX (5 alleles) showed the lowest number of total alleles. 

Considering the Pakistani population, the locus FGA (24 alleles) and Penta E (22 

alleles) displayed the highest number of total alleles, whilst the least number of total 

alleles was observed in locus D16S539 (7 alleles) and TPOX (7 alleles). Thereupon, 

the following results reveals that Penta E and FGA are the most polymorphic loci, 

while the locus TPOX is the least polymorphic loci among the 23 autosomal STR loci, 

in both the studied populations.

3.2 Predominant Alleles 

Predominant alleles of 23 autosomal STR loci in the Indian and Pakistani 

population residing in UAE, is presented in Tables (49-50) and Figures (51-52).

Table 49: Predominant alleles of 23 STR loci in the Indian population

Locus Predominant Alleles Frequency
D3S1358 16 0.303

vWA 17 0.277
D16S539 11 0.324
CSF1PO 12 0.378
TPOX 11 0.385

D8S1179 14 0.203
D21S11 29 0.212
D18S51 14 0.253
Penta E 11 0.136
D2S441 11 0.406

D19S433 13 0.310
TH01 9 0.296
FGA 23 0.200

D22S1045 15 0.385
D5S818 11 0.342

D13S317 12 0.270
D7S820 11 0.246
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Table 49: Predominant alleles of 23 STR loci in the Indian population (continued)

Figure 51: Frequency of the predominant alleles for 23 STR loci in the Indian 
population

Locus Predominant Alleles Frequency
D6S1043 12 0.216

D10S1248 15 0.290
D1S1656 15 0.176
D12S391 19 0.163
D2S1338 18 0.149
Penta D 9,10 0.200
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Table 50: Predominant alleles of 23 STR loci in the Pakistani population

Locus Predominant alleles Frequency
D3S1358 15 0.272

vWA 17 0.242
D16S539 11 0.328
CSF1PO 12 0.371
TPOX 11 0.362

D8S1179 14 0.213
D21S11 29 0.213
D18S51 14 0.261
Penta E 11 0.130
D2S441 11 0.361

D19S433 13 0.321
TH01 6,9 0.245
FGA 23 0.183

D22S1045 15 0.362
D5S818 11 0.335

D13S317 12 0.271
D7S820 10 0.245

D6S1043 11 0.304
D10S1248 14 0.301
D1S1656 15 0.185
D12S391 19 0.142
D2S1338 23 0.172
Penta D 11 0.232

Figure 52: Frequency of the predominant alleles for 23 STR loci in the Pakistani 
population
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Results demonstrated that allele 11, 12 and 15 were the three most predominant 

alleles in the Indian and Pakistani population. In the Indian population, the highest 

predominant allele frequency; 0.406, was observed for allele “11” in the locus 

D2S441. This was followed by the locus TPOX and D2SS1045, having an allele 

frequency of 0.385 for allele “11” and “15”, respectively. Whereas, in the Pakistani 

population, the maximum predominant allele frequency; 0.371, was shown for the 

allele “12” in the locus CSF1PO, followed by the locus TPOX and D22S1045 having 

an allele frequency of 0.362 for the allele “11” and “15”, respectively.

3.3 Genetic Diversity

The polymorphic nature of the STR nominates them to be the preferred markers 

for genetic diversity studies. The genetic diversity of 23 autosomal STR loci in the 

Indian and Pakistani population, residing in UAE is represented in Tables (51-52) and 

Figures (53-54).

Table 51: Genetic diversity of 23 STR loci in the Indian population

Locus Genetic Diversity
D3S1358 0.746

vWA 0.805
D16S539 0.795
CSF1PO 0.711
TPOX 0.700

D8S1179 0.852
D21S11 0.858
D18S51 0.858
Penta E 0.921
D2S441 0.712
D19S433 0.826

TH01 0.790
FGA 0.870

D22S1045 0.732
D5S818 0.744
D13S317 0.813
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Table 51: Genetic diversity of 23 STR loci in the Indian population (continued)

Figure 53: Genetic diversity of 23 STR loci in the Indian population

Table 52: Genetic diversity of 23 STR loci in the Pakistani population

Locus Genetic Diversity
D13S317 0.813
D7S820 0.808
D6S1043 0.836

D10S1248 0.784
D1S1656 0.888
D12S391 0.865
D2S1338 0.880
Penta D 0.824

Locus Genetic Diversity
D3S1358 0.761

vWA 0.810
D16S539 0.793
CSF1PO 0.727
TPOX 0.699
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D21S11 0.855
D18S51 0.855
Penta E 0.921
D2S441 0.757
D19S433 0.809
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Table 52: Genetic diversity of 23 STR loci in the Pakistani population (continued)

Figure 54: Genetic diversity of 23 STR loci in the Pakistani population
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D1S1656 = 0.888 (89 %). Similarly, the least diversity was shown in locus TPOX = 

0.699 (70 %) and locus CSF1PO = 0.727 (73 %).

3.4 Evaluation of Forensic Parameters

The forensic efficiency parameters analysis aids in facilitating easier resolution 

of forensic and paternity cases. Match Probability (MP), Power of Discrimination

(PD), Power of Exclusion (PE), Polymorphism Information Content (PIC) and 

Paternity Index (PI) in both the populations was evaluated and presented in Tables 53 

& 54, respectively.

Table 53: Forensic parameters of 23 autosomal STR loci in the Indian population

Locus
Match 

Probability
Power of 

Discrimination 
Power of 
Exclusion 

Polymorphic 
Information 

Content

Paternity 
Index 

D3S1358 0.113 0.887 0.529 0.70 2.10
vWA 0.070 0.930 0.580 0.78 2.38

D16S539 0.070 0.930 0.500 0.77 1.96
CSF1PO 0.141 0.859 0.444 0.66 1.73

TPOX 0.144 0.856 0.422 0.65 1.64
D8S1179 0.041 0.959 0.677 0.83 3.14
D21S11 0.039 0.961 0.666 0.84 3.03

D18S51 0.036 0.964 0.722 0.84 3.67
Penta E 0.014 0.986 0.820 0.91 5.68

D2S441 0.137 0.863 0.458 0.67 1.78
D19S433 0.052 0.948 0.633 0.81 2.75

TH01 0.076 0.924 0.534 0.76 2.12

FGA 0.033 0.967 0.716 0.86 3.59
D22S1045 0.112 0.888 0.401 0.69 1.57

D5S818 0.111 0.889 0.495 0.70 1.93

D13S317 0.063 0.937 0.580 0.79 2.38
D7S820 0.066 0.934 0.544 0.78 2.17

D6S1043 0.048 0.952 0.677 0.82 3.14

D10S1248 0.083 0.917 0.565 0.75 2.29
D1S1656 0.026 0.974 0.733 0.88 3.83

D12S391 0.037 0.963 0.797 0.85 5.03
D2S1338 0.029 0.971 0.722 0.87 3.67
Penta D 0.058 0.942 0.606 0.80 2.55
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Table 54: Forensic parameters of 23 autosomal STR loci in the Pakistani population

The matching probability (MP) is the probability of finding a random match 

between two unrelated individuals selected from the same population. Based on the 

results obtained, in both the populations, the lowest MP was observed at locus Penta 

E = 0.014 followed by locus D1S1656 = 0.026, whereas the highest MP was for locus 

TPOX = 0.144. The combined match probability (CMP) of the 23 STR loci was 

4.8x10-26 and 4.4x10-26 in the Indian and Pakistani population, accordingly. 

Locus
Match 

Probability
Power of 

Discrimination
Power of 
Exclusion 

Polymorphic 
Information 

Content

Paternity 
Index 

D3S1358 0.101 0.899 0.561 0.72 2.27

vWA 0.065 0.935 0.587 0.78 2.42

D16S539 0.074 0.926 0.561 0.76 2.27

CSF1PO 0.120 0.880 0.392 0.68 1.54

TPOX 0.144 0.856 0.401 0.64 1.57

D8S1179 0.041 0.959 0.669 0.83 3.06

D21S11 0.039 0.961 0.652 0.84 2.91

D18S51 0.041 0.959 0.680 0.84 3.17

Penta E 0.014 0.986 0.783 0.91 4.72

D2S441 0.097 0.903 0.477 0.72 1.86

D19S433 0.065 0.935 0.603 0.79 2.53

TH01 0.072 0.928 0.593 0.77 2.46

FGA 0.03 0.970 0.658 0.86 2.96

D22S1045 0.100 0.900 0.427 0.71 1.66

D5S818 0.101 0.899 0.501 0.72 1.96

D13S317 0.061 0.939 0.536 0.78 2.13

D7S820 0.071 0.929 0.598 0.77 2.49

D6S1043 0.054 0.946 0.630 0.8 2.73

D10S1248 0.083 0.917 0.587 0.75 2.42

D1S1656 0.026 0.974 0.674 0.88 3.12

D12S391 0.036 0.964 0.743 0.85 3.97

D2S1338 0.029 0.971 0.697 0.87 3.36

Penta D 0.052 0.948 0.714 0.82 3.56
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The power of discrimination (PD) is the probability that two randomly selected 

individuals would not carry matching DNA profiles. As proposed from the MP, the 

PD value for both the populations, was the highest at the locus Penta E = 0.986, 

followed by locus D1S1656 = 0.974. Whereas, the least PD value was observed at 

locus TPOX = 0.856. The combined power of discrimination (CPD) of the 23 

autosomal STR loci has been calculated as 0.99999999999999999999999989897 and 

0.99999999999999999999999999901 in the Indian and Pakistani population, 

respectively.

The power of exclusion (PE) is utilized to signify how it’s very unlikely to find 

a random man to be excluded as the child’s biological father. In the Indian population, 

the PE was shown to be the highest for locus Penta E = 0.820, followed by locus 

D12S391 = 0.797. In the Pakistani population, the PE was the highest at the same loci, 

however with slightly lower PE values; Penta E = 0.783 followed by D12S391 = 0.743. 

The combined power of exclusion (CPE), considering all the 23 autosomal STR loci, 

was 0.999999991519 in the Indian population and 0.999999990719 in the Pakistani 

population.

Polymorphic information content (PIC) quantitively measures the 

informativeness of markers. The range of PIC value is commonly 0 to 1. When the 

marker has only one allele present, the PIC value is 0. The marker would comprise of 

limitless number of alleles if the PIC value is 1. A PIC value above 0.7 is 

acknowledged to be considerably informative. According to the results acquired, for 

both the populations, the PIC range was 0.64 (TPOX) – 0.91 (Penta E).
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The paternity index (PI) is the genetic likelihood in favor of an alleged father 

being the child’s biological father. The optimal PI value is 1. In both the populations, 

the PI value was greater than 1 in all the 23 autosomal STR loci.

3.5 Heterozygosity and Homozygosity

The higher the percentage of heterozygosity obtained, the higher the existence 

of allele diversity and thereupon, the minor the possibility of random sample matching. 

The results achieved from the tests for Heterozygosity (observed and expected) and 

Homozygosity in the Indian and Pakistani population living in UAE, are demonstrated

in Tables 55 and 56, respectively.

Table 55: Heterozygosity and Homozygosity of 23 STR loci in the Indian population

Locus
No. of 
alleles

Observed 
Heterozygosity 

(%)

Expected 
Heterozygosity 

(%)

Observed 
Homozygosity

(%)

D3S1358 10 76.10 74.64 23.90

vWA 8 79.0 80.48 21.0
D16S539 7 74.40 79.51 25.60
CSF1PO 7 71.00 71.08 29.00
TPOX 5 69.60 69.96 30.40

D8S1179 12 84.10 85.23 15.90
D21S11 18 83.50 85.81 16.50
D18S51 17 86.40 85.79 13.60
Penta E 21 91.20 92.14 8.80
D2S441 10 71.90 71.22 28.10
D19S433 15 81.80 82.61 18.20

TH01 9 76.40 79.04 23.60
FGA 20 86.10 87.05 13.90

D22S1045 11 68.20 73.19 31.80
D5S818 8 74.10 74.39 25.90
D13S317 11 79.00 81.32 21.00
D7S820 10 77.00 80.76 23.00
D6S1043 13 84.10 83.55 15.90

D10S1248 9 78.10 78.35 21.90
D1S1656 18 86.90 88.77 13.10
D12S391 18 90.10 86.53 9.90
D2S1338 14 86.40 88.03 13.60
Penta D 13 80.40 82.38 19.60
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The observed heterozygosity in the Indian population ranged from 69.60 % 

(TPOX) to 91.20 % (Penta E). Likewise, the loci TPOX and Penta E showed the least 

and the highest expected heterozygosity, correspondingly. 

Table 56: Heterozygosity and Homozygosity of 23 STR loci in the Pakistani 
population

Locus
No. of 
alleles

Observed 
heterozygosity 

(%)

Expected 
heterozygosity 

(%)

Observed 
homozygosity 

(%)
D3S1358 8 77.90 76.13 22.10

vWA 10 79.40 81.01 20.60
D16S539 7 77.90 79.32 22.10
CSF1PO 8 67.60 72.67 32.40
TPOX 7 68.20 69.85 31.80

D8S1179 11 83.70 85.16 16.30
D21S11 20 82.80 85.53 17.20
D18S51 18 84.20 85.52 15.80
Penta E 22 89.40 92.10 10.60
D2S441 14 73.10 75.69 26.90

D19S433 17 80.20 80.93 19.80
TH01 9 79.70 80.05 20.30
FGA 24 83.10 87.46 16.90

D22S1045 9 69.90 74.87 30.10
D5S818 8 74.50 75.65 25.50

D13S317 9 76.50 80.80 23.50
D7S820 10 79.90 80.43 20.00

D6S1043 13 81.70 82.15 18.30
D10S1248 10 79.40 78.48 20.60
D1S1656 18 84.00 88.76 16.00
D12S391 17 87.40 86.16 12.60
D2S1338 13 85.10 87.95 14.90
Penta D 16 86.00 83.73 14.00

In the Pakistani population, the observed heterozygosity ranged from 67.60 % 

(CSF1PO) to 89.40 % (Penta E). However, the expected heterozygosity was exhibited 

to be the maximum at Penta E and minimum at TPOX. According to the results 

attained, the locus Penta E shows the highest level of diversity amongst the remaining 

autosomal STR loci, in both the populations. 
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3.6 Hardy Weinberg Equilibrium Test

The Hardy Weinberg Equilibrium (HWE) test is executed by taking the 

observed allele frequencies and calculating the expected genotype frequencies 

depending on the allele frequencies (Lauretto et al., 2009). Conceding that the 

observed genotype frequencies are adjacent to the expected genotype frequencies,

calculated from the observed allele frequencies, then the population is said to be in 

Hardy-Weinberg equilibrium and the combination of the alleles are thereupon 

presumably independent of each other (Guo & Thompson, 1992). The results attained

from the HWE test for the Indian and Pakistani population living in UAE, are shown 

in Tables (57-58) and Figures (55-56).

Table 57: HWE value of 23 autosomal STR loci in the Indian population

Locus HWE
D3S1358 0.1946

vWA 0.2442
D16S539 0.1597
CSF1PO 0.4493
TPOX 0.5487

D8S1179 0.6031
D21S11 0.3250
D18S51 0.4869
Penta E 0.4273
D2S441 0.2968

D19S433 0.6510
TH01 0.9614
FGA 0.2022

D22S1045 0.0272
D5S818 0.2725

D13S317 0.2704
D7S820 0.0199

D6S1043 0.6129
D10S1248 0.3000
D1S1656 0.1357
D12S391 0.0569
D2S1338 0.1529
Penta D 0.1861
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Figure 55: HWE value of 23 autosomal STR loci in the Indian population

Table 58: HWE value of 23 autosomal STR loci in the Pakistani population

Locus HWE

D3S1358 0.4279

vWA 0.4072
D16S539 0.0282
CSF1PO 0.3636
TPOX 0.3573
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D18S51 0.3023
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D19S433 0.3033

TH01 0.3220
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D7S820 0.3680
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D12S391 0.5467
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Penta D 0.0738
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Figure 56: HWE value of 23 autosomal STR loci in the Pakistani population

The departures from HWE and P-values (P > 0.05) was generated by utilizing 

the Markov-chain method. In the Indian population, significant departure from HWE 

was only observed for the following loci: D22S1045 (P-value = 0.0272) and D7S820 

(P-value = 0.0199) Whereas, in the Pakistani population, locus D16S539 (P-value = 

0.0282) and D1S1656 (P-value = 0.0315) showed significant departure from HWE.
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3.7 Analysis of Molecular Variance

The genotypes of the Indian and Pakistani population were compared to genotypes of 
various other populations as shown below in Table 59. 

Table 59: Fst AMOVA results using 15 loci in various populations

Figure 57: Multidimensional scaling plot based on pairwise Fst genetic distance

The MDS result showed that the Indian and Pakistani population share a closer 

genetic relation to the Egyptian and Mongolian population in comparison to the 

American and Libyan population.

Population Indian Pakistani Mongolian American Egyptian Libyan
Indian 0

Pakistani -0.00034 0
Mongolian 0.00800 0.00848 0
American 0.03476 0.03368 0.02579 0
Egyptian 0.00938 0.00832 0.01508 0.04102 0
Libyan 0.05278 0.05147 0.06472 0.07576 0.04699 0
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3.8 Novel Alleles 

Amplified STR alleles are compared to commercially produced allelic ladders 

to accurately assign the allele designations, as previously mentioned. Majority of the 

time, alleles acquired correlate and are represented within the STR kit allelic ladder. 

However, as more samples are analyzed globally, novel alleles are being discovered. 

Nevertheless, this signifies that it should be mandatory for the companies to 

specifically test all the populations before the kits are released in the market. In the 

present study, several novel alleles absent in the allelic ladder were identified in the 

Indian and Pakistani population, as shown in Tables 60 and 61, respectively.

Table 60: Novel alleles observed in the Indian population using the   
VeriFiler™Express Kit

                    *not previously reported in literature

Locus Allele

D3S1358 16.2*, 17.2*

D21S11 28.3, 29.3, 31.3, 34.1

D18S51 15.2, 16.2

Penta E 12.4, 17.4, 18.5*

D2S441 12.3

D19S433 11.2, 18*

TH01 5.3*, 8.3*, 10.3

FGA 20.2, 21.2, 22.2, 22.3, 23.2, 24.2, 25.2

D7S820 7.1*, 11.3

D1S1656 18

D12S391 17.3, 18.3, 20.3

Penta D 9.4*
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Table 61: Novel alleles observed in the Pakistani population using the 
VeriFiler™Express Kit

                   *not previously reported in literature

Locus Allele

D3S1358 17.1*

vWA 15.2*

D21S11 29.3, 30.3

D18S51 11.2*, 16.2

Penta E 11.4, 12.4, 16.4

D2S441 9.1*, 11.2, 12.3, 14.1

D19S433 11.2

TH01 10.3, 20*, 24*

FGA 11*, 18.2, 20.2, 21.2, 22.2, 23.2, 24.2, 24.3, 25.2, 25.3

D13S317 4*

D7S820 18*, 26.2*

D1S1656 8, 18

D12S391 17.3, 18.1, 18.3

Penta D 9.4*, 14.2*
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Chapter 4: Discussion

STRs have revolutionized the field of forensic genetics and is currently the 

standard technique utilized for individual identification, paternity testing and 

population diversity studies. In the present study, results were attained from 23 

autosomal STR loci (D3S1358, vWA, D16S539, CSF1PO, TPOX, D8S1179, D21S11, 

D18S51, D2S441, D19S433, TH01, FGA, D22S1045, D5S818, D13S317, D7S820, 

D10S1248, D1S1656, D12S391, D2S1338, D6S1043, Penta D and Penta E) from the 

Indian (n = 352) and Pakistani (n = 349) population, residing in the UAE. Forensic 

efficiency parameters and population structure analysis including the PD, PE, MP,

PIC, PI, observed HO and HE, HWE and AMOVA was evaluated.

Identifying the best markers for applications in the forensic arena is complex 

since the allele frequencies for each STR marker is specific to each population. 

Therefore, this necessitates the analysis of known STR markers in all the populations 

worldwide (Lahmi & Vallian, 2009). Good indicators of genetic polymorphism and 

the usefulness of these STR markers is particularly verified by the number of alleles 

observed for each marker (Hameed et al., 2015).

In the current study, the total number of alleles observed for the 23 autosomal 

STR loci was 248 alleles in the Indian population and 298 alleles in the Pakistani 

population. As depicted from the results, Penta E and FGA displayed the highest 

number of alleles in the Indian and Pakistani population and thus are considered to be 

the two most polymorphic loci. Similar results were achieved by (Okamoto et al., 

2003) in the Japanese population, by using the PowerPlex16 kit which includes 15 

common STR loci. Locus Penta E (19 alleles) and FGA (15 alleles) showed the highest 

number of alleles and similarly TPOX showed the least number of alleles (5 alleles). 
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In addition, allele 12.4 in the Penta E loci was observed in the Indian and Pakistani 

population but was not detected in the Japanese population. The appearance of same 

alleles in the loci in different populations may indicate common ancestries and may be 

utilized in subsequent time to determine the identity of the population (Alshamali et 

al., 2003).

Allele 11, 12 and 15 were shown to be the three most predominant alleles in 

the Indian and Pakistani population. Considering the common STR loci among the 

different kits used in previously conducted genotyping studies, equivalent results were 

achieved in the Bangladeshi, Bahraini, Yemenites, Saudi Arabian and Omani 

population, as presented in Table 62 (Alshamali et al., 2005; Al-Snan et al., 2019).

Table 62: Predominant alleles in different populations

The genetic diversity in the Indian and Pakistani population, ranged from 70 % 

(TPOX) – 92 % (Penta E). A study conducted by (Vieira et al., 2013) in the population 

of Goaias State, Brazil, using the PowerPlex16 kit showed similar results. The highest 

percentage of genetic diversity amongst the 15 common STR loci was for Penta E = 

91 % and the lowest percentage was observed for locus TPOX = 73 %. These results 

Predominant Alleles

Locus Indian Pakistani Bangladeshi Bahraini Yemenites Saudi 
Arabian

Omani

D3S1358 16 15 15 16 16 17 15
vWA 17 17 17 16 18 16 18

D8S1179 14 14 14 13 14 15 13, 14, 15

D18S51 14 14 14 14 12 13 14
D5S818 11 11 11 12 12 12 12

D13S317 12 12 11 12 12 11, 12 12
D7S820 11 10 11 10 10 10 10

D16S539 11 11 11 11 11 11 11
TH01 9 6,9 9 6 6, 9 6 7
FGA 23 23 23 23 24 23 24

TPOX 11 11 8 8 8 8 11
CSF1PO 12 12 12 11 10 13 10
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confirm that locus Penta E should be considered in forensic analysis, particularly when 

determining the validity of profiles from unknown biological evidence stains.

The forensic genetic parameters evaluated in the present study, determined the 

practicality of analyzing these 23 autosomal STR loci in forensic DNA identification 

among individuals from the Indian (n = 352) and Pakistani population (n = 349). The 

greater the number of subjects studied, the more accurate is the distribution of forensic 

parameters. The lowest MP value attained was for locus Penta E = 0.014 followed by 

locus D1S1656 = 0.026. The combined match probability (CMP) of the 23 STR loci 

was 4.8x10-26 and 4.4x10-26 in the Indian and Pakistani population, accordingly. The 

CMP value achieved affirms that the likelihood of a biological stain to have a genotype 

matching to that of the suspect is extremely low and therefore, it is beyond the bounds 

of possibility to allege that the suspect is innocent. The data achieved is comparable to 

(Batham et al., 2019) study for the Kahar population of Uttar Pradesh, India, using the 

PowerPlex21 kit. The lowest MP was shown for the two same loci however with 

marginally higher MP values: Penta E = 0.024 and D1S1656 = 0.028. Nevertheless, 

this verifies the applicability of locus Penta E in forensics and population genetic 

studies.

As proposed from the MP, the PD value for both the populations, was 

maximum at locus Penta E = 0.986. Whereas, the least PD value was observed at locus 

TPOX = 0.856. The combined power of discrimination (CPD) of the 23 autosomal 

STR loci has been calculated as 0.99999999999999999999999989897 and 

0.99999999999999999999999999901 in the Indian and Pakistani population, 

respectively. A study conducted by (Hadi et al., 2014) for the Iraq population showed 

PD values ranging from 76% to 97%. The least PD value was shown for locus TPOX 



88

= 0.756 and the highest PD was shown for locus D21S11 = 0.969. The CPD was 

0.999999972. The PD values and the CPD obtained in the present study using the 

VeriFiler™ Express kit (23 autosomal STR loci) was greater in contrast to the 

PowerPlex21 kit (20 autosomal STR loci). This shows that the greater the array of 

autosomal STR loci examined, the greater the discrimination value, since the 

likelihood that two different individuals having an identical STR profile and 

possessing the same number of repeat units for all the STR loci becomes exceedingly 

small (Panneerchelvam & Norazmi, 2003). This affirms that the combination of these

23 autosomal STR loci are nonetheless remarkably discriminating and can be used to 

create a DNA-based database for the Indian and Pakistani population, residing in UAE.

In the Indian population, the PE was shown to be the highest for the locus Penta 

E = 0.820, followed by locus D12S391 = 0.797. In the Pakistani population, the PE 

was the highest at the same loci, however with slightly lower PE values; Penta E = 

0.783 followed by D12S391 = 0.743. The combined power of exclusion (CPE), 

considering all the 23 autosomal STR loci was 0.999999991519 in the Indian 

population and 0.999999990719 in the Pakistani population. The CPE assuredly 

indicates that these 23 autosomal STR loci are applicable to determine parentage in 

the observed populations. Furthermore, a study conducted by (Lucassen et al., 2013)

using the AmpFlSTRIdentifiler Plus™ kit (15 STR loci) for the South African 

Indian population, achieved the highest PE for locus D21S11 = 0.724 and locus 

D18S51 = 0.724. The CPE was 0.9997874. Despite acquiring high PE values in their 

study, the PE values were greater in locus Penta E and D12S391 in the present study. 

This shows that the additional loci included in the VeriFiler™Express kit has greater 

power in excluding a non-related individual chosen by chance, in comparison to the 
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loci typed in AmpFlSTRIdentifiler Plus™ kit. Moreover, a study accomplished by 

(Bhinder et al., 2018) for the Punjabi population in Pakistan, showed that locus SE33 

which is currently known to be the most discriminating STR marker due to its high 

mutation rate and high power of individualization showed substantially lower PE 

value (SE33 = 0.745) in comparison to locus Penta E from the present study.

Therefore, locus Penta E should be designated as an imperative marker to help in 

forensic investigation systems.

For the Indian and Pakistani population, the PIC range was 0.64 (TPOX) – 0.91 

(Penta E). This result was concordant with the findings of (Abu Halima et al., 2009)

for the Palestinian population of Gaza. The PIC ranged from 0.65 (TPOX) – 0.90 

(Penta E). Similar degree of polymorphism was also found in the Eastern Chinese Han 

population (Sheng et al., 2018) where the highest PIC value was 0.91 (Penta E) and 

the lowest was 0.56 (TPOX). The high PIC values achieved in this study validated the 

usefulness of using these markers in genetic polymorphism studies.

In the studied populations, the PI ranged from 1.54 (CSF1PO) to 4.72 (Penta 

E). A PI value greater than 1 in all the loci signifies the advantages of using these 

markers in paternity testing applications. A study accomplished by (Pilav et al., 2017)

for the Bosnian and Herzegovinian population using the PowerPlex16 kit (15 STR 

loci) showed the highest PI 4.35 (D18S51) followed by 4.07 (Penta E). Whereas, the 

lowest PI was 1.29 (TPOX). Obtaining a high PI range implies that the combination 

of the 23 autosomal STR loci in the VeriFiler™Express kit will be highly beneficial 

and efficient for paternity testing applications.

The observed heterozygosity (HE) in a population relies on the number and the 

frequency of alleles in each locus. The observed HE in the Indian population ranged 
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from 69.60 % (TPOX) to 91.20 % (Penta E). Whereas, in the Pakistani population, it 

ranged from 67.60 % (CSF1PO) to 89.40 % (Penta E). The result achieved was similar 

to the study conducted by (Mishra et al., 2019) and (Kumawat et al., 2020) for the 

population of Gujarat and Rajasthan in India, respectively, by using the PowerPlex21 

kit. The highest observed HE in the Gujarat population was 91.1 % shown in locus 

Penta E. Similarly, in the Rajasthan population, locus Penta E showed the topmost HE 

of 90.0 %. Penta E exhibiting the topmost heterozygosity affirms that more allege 

diversity exists and thence, lesser chance of random sample matching. 

P-value test (P > 0.05) was performed to detect any significant deviation from 

HWE. In the Indian population, significant departures were only observed in the 

following loci: D22S1045 (P-value = 0.0272) and D7S820 (P-value = 0.0199). 

Whereas, in the Pakistani population, locus D16S539 (P-value = 0.0282) and D1S1656 

(P-value = 0.0315) showed significant departure from HWE. However, 

after applying the Bonferroni’s correction (P > 0.002), all of the loci in both the 

populations were in HWE. 

Determining the genetic structure of populations is progressively becoming an 

essential aspect of genetic studies. The most commonly utilized method is analysis of 

molecular variance (AMOVA). The genotypes of four other populations including 

Mongolian (Zhan et al., 2018), Libyan (Elmrghni et al., 2012), Egyptian (Omran et al., 

2009) and American (Ng et al., 2016) was compared to the Indian and Pakistani 

population, considering the 15 common STR loci. The Multidimensional Scaling Plot 

(MDS) designed using XLSTAT software displayed that the Indian and Pakistani 

population share a closer genetic relation to the Egyptian and Mongolian population 
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in comparison to the American and Libyan population. The results obtained also 

equate with the geographical distribution of these populations.
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Chapter 5: Conclusion

On the basis of low matching probability, high power of discrimination and 

polymorphic characteristics, the combination of the studied 23 autosomal STR loci has 

been proven to be highly valuable and significant for population genetics and 

individual identification. Particularly, prominent results were attained from locus 

Penta E and thence; it should be allocated as an imperative marker. The results 

obtained affirmed that the greater the number of STR loci examined, the greater the 

discrimination value. The data achieved can be utilized to build an allelic frequency 

database as well aid in contriving genetic studies in the future. For further study, to 

understand the Indian and Pakistani population extensively, next-generation 

sequencing technology can be used to provide greater depth of data on the STR alleles. 

Additionally, more populations should now be analyzed since promising results were 

acquired by using the VeriFiler™Express PCR amplification kit.
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