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He said, 'she allured me lest I may protect myself and a witness of the 

household of the woman bore witness, if his shirt is torn from before, then 

the woman is true and he is a liar. 
 

 
And if his shirt is torn from behind, then the woman is a liar and he is 

truthful. 
 

         (Al Quran, Yusuf: 26-27) 
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Summary 

Application of DNA testing has been developed into a requisite and regular 

component of recent forensic casework, based on highly sensitive and stable PCR 

techniques for the analysis of different types of biological specimens. On account of 

achievements accomplished in past three decades, forensic DNA analysis has become a key 

to convict and exonerate the suspects and to identify the victims of criminal cases, accidents 

and mass disasters. However there has been observed some existing imperfections and 

limitations in the use of conventional STR system as in conditions of highly degraded DNA, 

Y-amelogenin mutation, allele sharing among unrelated male individuals and complex 

mixtures.   

In the current study, development, optimization and validation of 18 loci multiplex 

system was accomplished comprising on 10 autosomal miniSTRs, SE33, Penta E, Penta D 

and four Y chromosomal STRs (DYS385a/b, DYS438 and DYS392) along with gender 

detection marker amelogenin into a single PCR reaction simultaneously. Amongst miniSTRs 

CSF1PO, D7S820, TPOX, D18S51, D13S317, FGA, D5S818, D21S11 and D16S539 have 

been preferred from US core loci of Combined DNA Index System (CODIS), D2S1338 

selected from UK core loci (UCL) while SE33 is the part of German Core Loci database 

with additional two penta-nucleotide repeat markers (Penta-E and Penta-D) and Y-STRs as 

typically used in commercially available kits. The primer sequences were designed and 

synthesized in order that the final length of fragment obtained in the range of 61 bp (base 

pairs) to 469 bp by using 5-flourscent dyes detection system. The optimal concentration of 

primers was obtained in the range of 0.09-2.25 µM to get the successful amplification at 

each locus in a multiplex reaction. Moreover the multiplex system was validated by 

following SWGDAM (Scientific Working Group on DNA Analysis Methods) guidelines 

concerning stability, sensitivity, species specificity, accuracy and precision, DNA mixtures, 

population distribution genetics, forensic and paternity statistical parameters, low copy 

number of DNA and studies based on PCR amplification (annealing temperature, PCR 

conditions and PCR components). 
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The complete DNA profile was obtained at the concentration of DNA as low as 

0.125ng with 30 PCR cycles in a reduced cycling time of about one hour followed by 74% 

and 41% profiling results at 0.062ng and 0.031ng respectively which demonstrates the 

fastest detection of the system. All loci were amplified successfully except one locus using 

1ng degraded DNA of up to 2 minutes treatment with Dnase-1 enzyme and 01 ng non-

degraded DNA when mixed with 100ng of humic acid while amplification of 10 loci was 

obtained even at duration of 80 minutes enzymatic treatment. In the DNA mixtures of two 

and more than two contributors, the minor component obtained in the ratios of 10:1, 1:10, 

10:1:1, 1:10:10, 1:10:1 and 1:1:10 was productively interpretable at threshold level of 50 

RFU (relative fluorescence unit) which shows that this system is helpful in complex 

mixtures analysis.  

Population distribution studies were conducted in random individuals of major 

groups from two provinces of Pakistan with 337 blood samples of Punjabis and 200 blood 

samples of Pashtuns. A sum of 216 and 202 polymorphic alleles was observed for 17 loci 

among Punjabi and Pashtuns samples respectively. The SE33 was found to be the highest 

polymorphic and discriminatory locus among all the loci which studied in Pakistani 

populations. At significant probability level of p<0.003 after Bonferroni correction, no 

significant deviations from Hardy-Weinberg equilibrium were observed in Punjabi 

population while two loci (CSF1PO and TPOX) showed significant deviations in Pashtuns. 

The combined match probability using all 17 loci achieved up to 9.2 x 10
-20

 and 1.09 x 10
-18

 

in Punjabi and Pashtun samples respectively. The probability of identity by using the 

product rule having the same DNA profile is 1 in quadrillions as selected randomly from the 

Punjabi population and 1 in quintillions for the Pashtun Population. On the basis of results 

obtained from validation studies along with forensic competency and parentage statistical 

parameters, it is demonstrated that this system will be robust and reliable to meet the 

existing challenges of  forensic and parentage DNA  analysis. 
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1.0 Introduction 

Forensic Science is applicable for the purpose of justice in all physical and applied 

sciences. The aspiration of forensic science is to assist Criminal Justice System by 

determining specific circumstances of a crime through the analysis of crime scene evidence. 

DNA typing can be used to determine whether the evidence could have come from a 

particular individual in such crimes where the biological evidence is involved. Such an 

association is important when it can serve to place a suspect at scene of crime. The latest 

form of DNA testing to become commercially available for crime laboratories throughout the 

world to solve forensic cases and paternity matters is STR (short tandem repeat) analysis. 

The STR (short tandem repeat) analysis has become popular from the mid-to-late 1990s in 

the field of forensics for human identification (Hagelberg et al., 1991).  

The STRs selected from human genome for forensic investigations found in the 

intronic regions are being used in the form of tri-, tetra- and penta-nucleotide repeats (3 to 5 

repeated nucleotides), as these are highly polymorphic and give a high degree of error free 

data while being robust enough to survive under degradation in non-ideal conditions. 

Moreover STRs on the basis of high polymorphism are most rapid, precise and well efficient 

in generating DNA genotyping results from very minute amount of samples performing 

multiplex PCR amplification simultaneously for the purpose of human identification. A lot of 

improvements have been executed in the last twenty years in the provisions of sample 

processing speed like extraction, amplification, genotyping and sensitivity. Therefore 

recently a precious DNA profile can be obtained from very small quantity of biological 

source, as minuscule as from a cell in particular cases rather than using larger stains (Butler, 

2005).   

A big breakthrough in the STR system was come to see when 17 markers were 

evaluated with the participation of twenty two DNA laboratories in 1996, which were 

ultimately become available in the form of preliminary or commercial kits through Promega 

or Applied Biosystems. Developmental studies like performance, sensitivity, stability, 

generating standard operating protocols, establishment of population based databases and 

forensic validations were conducted to investigate different STR multiplex systems (Butler, 

http://en.wikipedia.org/wiki/Forensics
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2006). Meanwhile beginning of fluorescence based method as the capillary electrophoresis 

through genetic analyzer instruments like ABI310 and ABI3100 has played a vital role in 

well-grooming of forensic DNA analysis (Butler et al.,  2004).  

Initially the first multiplex was applied by FSS (Forensic Science Service) to forensic 

real casework including the 4 loci VWA, TH01, F13A1, and FES/FPS (Kimpton et al., 1994) 

followed by the SGM (Second Generation Multiplex) which was used in establishing the 

NDNAD (National DNA Database) of United Kingdom in the April of 1995 (Kimpton et al., 

1996; Werrett, 1997) with reference DNA profiling size of ~2.5 million. The use of STR 

markers has been standardized by the Forensic DNA analysis community as Federal Bureau 

of Investigation (FBI) selected thirteen short tandem repeat markers in November of 1997, to 

distribute as the basis of its Combined DNA Index System (CODIS) and these loci were 

legitimately used in US nationwide DNA databasing of ~1.52 million reference DNA 

profiles (Jobling and Gill, 2004). In  Europe,  there  has  been  a  constrain  to standardize  

loci  across  countries (Gill, 2002; Gill et al.,  2006). At the end of last century, ABI (Applied 

Biosystems) become activated to provide the Co-filer and Pro-filer Plus kits to get possible 

results of CODIS 13 core loci by using their own instruments (Holt et al., 2002). Similarly 

Promega Co. introduced a multiplex kit in the form of PowerPlex 2.1 to overcome the 

deficiency of those markers which were not included in PowerPlex 1.1 by using the FMBIO 

detection instrument (Butler, 2005; Lins et al., 1998; Levedakou et al., 2002).   

While taking the century twist, new STR multiplexes were developed to amplify a 

number of STR markers including thirteen CODIS loci in one reaction at the same time. In 

the mid of year 2000, Promega launched a commercial kit with the given trademark of 

PowerPlex 16, that is capable of amplifying all CODIS loci along with sex determining 

marker-amelogenin and two penta-nucleotide loci Penta-E and Penta-D (Krenke et al.,  

2002). Soon after one year Applied Biosystems also released their 16-plex with registered 

trade name of Identifiler, that amplifies the core 13 loci along with amelogenin marker, 2 loci 

of tetra-nucleotide repeats as D19S433 and D2S1338 (Collins et al.,  2004).     

In most of the Europe and United Kingdom (U.K.) core ten loci were being used with 

the inclusion of the two extra markers D2S1338 and D19S433 along with 8 overlapping loci 

to the CODIS. In 2009, the ENFSI (European Network of Forensic Science Institutes) 
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selected to implement five extra NCO (non CODIS) STR loci to the previously in use seven 

STRs of ESS (European Standard Set) to make it compatible with CODIS (Butler and Hill, 

2012). Likewise the National DNA database of Germany was established in 1998 with 

reference DNA profiling size of ~0.286 million by the addition of core locus SE33 due to its 

very high polymorphism (Wiegand et al., 1993; Schneider et al., 1998; Jobling and Gill, 

2004). DNA databases in some other countries like Australia, New Zealand, Austria, 

Switzerland, France, Netherland, Finland, Sweden, Canada, Israel and Interpol DNA 

database were also developed with reference DNA profiling size range of ~0.004 million to 

~0.135 million (Milot et al.,  2013; Zamir et al.,  2012; Jobling and Gill, 2004).  

On the basis of STR characteristics, since the last one and half decade, different 

brands of robust commercial STR kits and non commercial multiplexes (Hill et al.,  2008; 

Hill et al.,  2009; Jiang et al.,  2013; Guo et al.,  2014; Zhang et al.,  2015) were developed 

by some modifications. The different forms of amendments in new kit or multiplex system 

like increase in number of markers, addition of population specific core locus like D6S1043 

for China and SE33 for German (Zhang et al.,  2015), inclusion of DYS391 to expose the 

presence of null allele at Y-amelogenin marker in male individuals (GlobalFiler and 

PowerPlex  Fusion),  amplification success in the presence of inhibitors like in Identifiler 

Plus, reducing the STR fragment size as miniFiler and PCR conditions to reduce time 

duration were conducted to overcome the experienced limitations. 

One of the intrusive challenges for forensic DNA experts is to get the successful 

DNA profile from that evidence sample which seems to be remote from pristine. DNA 

degradation can take place as a result of microbial decomposition, oxidative or bio-chemical 

processes and exposure to the radiations in the particular range for the specific period of time 

(Bär et al., 1988). In such type of specimens a failure of signals is usually observed in the 

PCR products of large sized STR fragments. This signal’s loss might be due to the presence 

of PCR inhibitors or the template DNA which has been disjointed into smaller sizes obtained 

from the forensic evidence. In the presence of PCR inhibitors or DNA is degraded, mostly a 

partial DNA profile with allele and/or entire locus dropout results by using large multiplex 

PCR reactions which produce wide size range of PCR products (Whitaker et al., 1995).  
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Commercially available conventional STR multiplex kits which are being used in 

forensic DNA typing can produce amplicons ranging in size range from 100bp to 450bp 

(Krenke et al.,  2002). In such cases where samples are too much highly degraded, use of 

STRs is not advantageous but SNPs genotyping and sequencing of mitochondrial DNA 

(mtDNA) hyper-variable regions is typically exercised (Butler and Levin, 1998). However, 

SNPs have low polymorphism and incapability to interpret mixtures; therefore these are not 

used normally (Sanchez et al., 2006; Phillips et al., 2007). But the mtDNA analysis is a time 

taking and protracted process, their haploid and non-Mendelian characteristic of heritage, the 

data is not as to the level of certainty for individual identification as obtained from all 13-

STR loci match (Butler et al., 2003). In the same way haplotypic diversity of Y-chromosome 

STRs depends entirely on mutations. Therefore Y-STR haplotypes have very small variations 

as compared to autosomal STR genotypes with equal number of loci, which leads to the high 

matching probability for Y-chromosome STRs (Roewer et al., 2001). However their property 

of confining to males is useful in identifying male to female mixture of DNA even by the 

thousands times increase in victim’s DNA and in sexual assault cases where the accused is 

azoospermic by nature or vasectomized and to determine the possible number of contributors 

in mob rapes (Simmons and Dodd, 2003; Shewale et al., 2003; Prinz et al., 2001). 

An additional approach to restore required information from such DNA evidence 

samples which become degraded due to the environmental stresses, is the reduction of 

fragment size of the PCR amplification products by designing primers from the flanking 

region as more closure towards the STR site (Wiegand and Kleiber, 2001; Tsukada et al.,  

2002). The resultant smaller fragment sized PCR amplification products obtained from 

degraded DNA by using redesigned primers nearer to STR region revealed a great success 

which was formerly described by Whitaker et al.,  1995. In this perspective degradation 

studies have been conducted to evaluate the efficiency of the miniSTR primers for the 

reduction of product amplicons and mini-plexes were developed in concordance with other 

commercially available STR kits (Butler et al., 2003; Drábek et al., 2004; Bender et al., 

2004; Grubwieser et al., 2006).    

In this study keeping in view of above, a new PCR multiplex was developed by co-

amplification of ten miniSTRs (CSF1PO, D7S820, TPOX, D18S51, D2S1338, D13S317, 
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FGA, D5S818, D21S11, D16S539), highly polymorphic markers as SE33, Penta E, Penta D 

and four Y-STR loci (DYS385a/b, DYS438 and DYS392) with gender identifying marker 

amelogenin as well. The position of each locus was defined appropriately according to the 

multiplex design configurations as their fragment size range, fluorescent dyes panel 

distribution and allele size overlying. Considerably this multiplex system was improved to 

deal with the limitations simultaneously like degraded DNA, Y-amelogenin mutation, 

random allele sharing among unrelated male individuals and fast PCR cycling procedures. 

This system was enabled to get successful amplification results in the presence of PCR 

inhibitors, highly degraded DNA, mixtures and reduced time duration of about one hour. 

Developmental validations were conducted as per SWGDAM (Scientific Working 

Group on DNA Analysis Methods) validation guidelines-2012. The validation studies like 

stability, sensitivity, species specificity, accuracy and precision, mixtures, population 

distribution genetics, forensic and paternity parameters, low copy number of DNA and 

studies based on PCR amplification (primer optimization, annealing temperature, PCR 

conditions and PCR components) were  performed using control cell line DNA 007 (Applied  

Biosystems, Foster City, CA) and 9948 (Promega Corporation, WI, USA). Population studies 

were conducted using DNA of 537 blood samples comprising 337 and 200 unrelated 

individuals from the province of Punjab and Khyber Pakhtunkhwa respectively.  Statistical 

analysis revealed that both populations at autosomal markers remained in Hardy-Weinberg 

equilibrium after Bonferroni correction except two loci (CSF1PO and TPOX) where 

significant deviation was observed which could be due to the trends of consanguinity in the 

region. On the strength of high discriminatory power, these markers proved to be the core 

loci of Pakistan and provide more information to solve complex cases like parentage, 

forensic, missing person identification and mass disasters. The validation studies and forensic 

efficiency parameters like low matching probability (9.2 x 10
-20

), high polymorphic 

characteristics, high power of discrimination (0.9999999999999999991938249734457) and 

high exclusion power (0.999998454) have been demonstrated that this developed multiplex 

of 18 loci is well capable in stability, specificity, sensitivity, robustness, reliability and to 

establish population databases of Pakistan valuable for forensic purposes.        



 

 

 

 

 

 

 

 

  

 

 

Chapter 2.0 

       Review of Literature  



Chapter 2.0: Review of Literature  6 
 

2.0 Review of Literature 

2.1 DNA Fingerprinting  

Forensic science initiated the exploitation of DNA typing in the middle of 1980s, 

when the discoveries were aroused in the field of biomedical research. An American 

geneticist, Ray White at the Utah University, recognized some regions on DNA which did 

not translate into proteins and were found highly variable with repeated sequences among 

individuals known as VNTRs (variable number of tandem repeats); White separated these 

regions based on fragment sizes, called them as variations. White and his colleagues 

illustrated the first marker with polymorphism in 1980 and anticipated methods on the basis 

of RFLP technology for human genome mapping (Wyman and White, 1980). 

The first forensic science applications arose from the work of Alec Jeffreys who 

found that RFLP technology could be used to develop patterns of restricted DNA or VNTRs 

that were more or less specific to an individual in 1984 (Jeffreys et al., 1985) when he 

discovered hypervariable loci known as Minisatellites in Leicester, UK  (Jeffreys et al., 

1985). These different Minisatellites were detected by using restriction enzymes to digest the 

genomic DNA and hybridization of probes in southern blotting resulting the hypervariable 

multi-band patterns recognized as DNA fingerprints (Jeffreys et al., 1985; Gill et al., 1985).  

The probability of matching just using the single probe and two probes was expected 

as a value of more than 3×10
-11

 and 5×10
-19

 respectively (Jeffreys et al., 1985). This 

probability of matching was too low that only monozygotic twins would share the DNA 

fingerprints. In view of this problem differential lysis protocol was developed to separate 

sperm cells from the epithelial cells of the victim masking the assailant DNA which has been 

still used since twenty years (Gill et al., 1985).   

For a few years, these particular cloned minisatellites mean single-locus probes 

(SLPs) were being used to solve the crime cases and parentage analysis as these were 

illustrated as single, with high polymorphism and RFLP (restriction fragment length 

polymorphism) characteristics. Usually, four SLPs were typed to yield eight successful 

hypervariable fragments in one individual using Southern blotting. In 1986 using single-locus 
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probes (SLPs), first DNA-based criminal investigation was carried out concluding the 

conviction of Colin Pitchfork for committing homicide and a twice rape in Leicestershire.  

In the criminal court of United States, DNA profiling of an individual was introduced 

first of all in 1987. Tommy Lee Andrews was convicted on the basis of RFLP analysis which 

was performed by Lifecodes, in the series of sexual assault crimes in Orlando, Florida. The 

use of PCR (polymerase chain reaction) started from the late 1980s in amplifying small 

amount of DNA and provided colossal increase in sensitivity and now forming the basis of 

all forensic DNA typing. HLA-DQA1 gene was used to target small number of SNPs in early 

PCR-based systems (Helmuth et al., 1990).   

In 1988 the first commercial PCR typing kit specifically for forensic purpose was 

developed to detect SNPs at HLA DQ-alpha (DQA1) locus using dot blot by hybridization of 

oligonucleotides (Jobling and Gill, 2004). Kasai et al in 1990 published the first paper 

suggesting the D1S80 VNTR locus (pMCT118) for forensic DNA analysis. These systems 

become useful when SLP (Single Locus Probe) technology failed due to its low 

discriminating power and the mixtures were difficult to interpret. In the beginning of 1990, 

forensic scientists started to take interest for adopting short tandem repeats (STRs) rather 

than VNTRs such as D1S80 consisting of large core repeat units and overall large amplicon 

size (Edwards et al., 1992; Kimpton et al., 1993; Hammond et al., 1994). This was the time 

that short tandem repeats (STRs) came into discovered leading the current powerful system 

for individual identification (Jobling and Gill, 2004). 

2.2  Technology Revolution in DNA Forensics  

Each technology has its own distinctions in getting results from DNA samples on the 

basis of which a person can be individualized for the purpose of inclusion or exclusion. The 

DNA analysis methods have dramatically improved especially to get results in the shortest 

period of time. It was a time before when the DNA test completed in 6 to 8 weeks and now in 

not too much hours (Butler, 2005). Since the last three decades, advancements in human 

identification testing were progressed rapidly through different techniques. From ABO blood 

grouping to recent STR multiplex assays along with pace of time and sensitivity in analysis 



Chapter 2.0: Review of Literature  8 
 

methods were subjected to get reliable findings in the form of DNA profile even from the 

trace evidence samples for the exact identity of an individual. 

2.2.1 Gel Electrophoresis 

For the differentiation of variable sized DNA fragments obtained from either RFLP or 

STRs, these fragments are passed through a particular medium from which each one get 

separated independently. This separation of DNA molecules is particularly performed 

through charge based principle termed as electrophoresis. The medium of taking apart the 

amplified fragments could be the type of slab gel or a capillary action. In this perspective 

Agarose and polyacrylamide gels are being used. DNA fragments in the range of about 

6,00bp to 23,000bp obtained from Restriction fragment length polymorphism (RFLP) 

procedure are separated through agarose gels (Heller, 1997). 

Conversely, PCR-amplified products of STRs, ranging in fragment size from about 

100bp to 400bp are well resolved by polyacrylamide medium gels. But in those STR loci 

where microvariant alleles exist with the difference of single base pair, therefore 

polyacrylamide gel capable of fine resolution is necessary for the separation of compact sized 

DNA fragments (Martin, 1996). 

The disliking response using polyacrylamide gel is due to the number of steps with 

tedious activities, which are long-term, quite laborious and annoying in the laboratory work. 

Besides this, acrylamide is known to be neuro-toxic and careful handling is necessary. 

Chances of cross contaminations at the time of sample loading still persist making the results 

unable to interpret instead of availing precast gels (Butler, 2005). 

2.2.2 Capillary Electrophoresis 

To make the electrophoretic system well automated, capillary electrophoresis was 

introduced and performed in the late decade of 1980 which become a new excitement for 

DNA scientists. Since the beginning of new CE instrumentation in the mid-1990s, the 

technique has rapidly popularized and rationalized. On the basis of number of benefits to 

analyze DNA through capillary electrophoresis over slab gel that has been recognized a 

conventional technique from more than thirty years (Butler, 2005).    
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2.2.3 Advantages of Capillary Electrophoresis (CE)  

Mainly the steps like sample injection, fragment separation and detection are 

completely on automation running a number of samples unattended. Moreover, backup of 

product sample is maintained as only the small amount of sample is injected during the 

capillary electrophoretic process and samples can be re-verified if desired which is a major 

benefit for pertinent forensic evidence samples that mostly may not be easily reproduced. 

Fragment separation may be accomplished in less time framework like within 

minutes in lieu of hours because of high voltage atmosphere created with enhanced heat 

dissipation by capillaries. After completion of the run, both the quantitative and qualitative 

information are promptly accessible in the specified electronic configuration saved 

automatically.  

Any other additional steps like scanning of the gel or getting an image of gel and lane 

trailing are not needed. Furthermore, there is reduced chance of cross-contamination from 

adjoining well samples with capillary electrophoresis and mixture DNA profiles have 

become interpretable (Butler, 2005). 

2.3  Conventional STRs and MiniSTRs 

The repeat units in DNA regions which are 2 bp to 7 bp in length are microsatellites, 

simple sequence repeats (SSRs), or most commonly called short tandem repeats (STRs). For 

human identification, a number of tetranucleotide STRs have been explored in the past two 

decades. To obtain benefit of the product rule and enable to amalgamate genetic information 

from the multiple loci, the selection of autosomal STRs which were used in DNA typing are 

usually made possible on different chromosomes or if the chromosome is similar then the 

space is increased widely to evade any complexities due to linkage among the markers 

(Butler and Hill, 2012). STRs based DNA profiling is the most rapid, efficient and precise 

method of human identification due to their highly polymorphic nature and the ease of 

genotyping. 

DNA typing markers to make effective in the field of jurisdictions, there must be a 

standardized set of markers. The STR markers which are still frequently used nowadays were 
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principally characterized and further developed both in the laboratory of Dr. Thomas Caskey 

at the Baylor College of Medicine (Hammond et al., 1994; Edwards et al., 1991) and at the 

Forensic Science Service in England (Urquhart et al., 1994; Kimpton et al., 1993). Primarily 

the Promega Corporation (Madison, WI) established and commercialized several marker sets 

whereas Applied Biosystems (Foster City, CA) selected the STR loci from Forensic Science 

Service (FSS) in addition to developing a number of new markers.    

It has become obvious as the STRs were more perceptive as compared to previous 

methods and presented precise allele designations at each marker, thus proving the 

appropriate technique for the nationwide DNA database developments (Jobling and Gill, 

2004).  The use of STRs in the form of DNA profile to develop DNA database in some 

countries of the world has transfigured their ability to reveal hidden links of perpetrator to 

place of crime through pertinent biological specimens (Jiang et al., 2013).The first England-

UK national database was developed in 1995 which now contains >2.5 million reference 

DNA profiles and >200,000 crime evidence profiles (Werrett, 1997; Forensic Science 

Service, 2003). Similarly FBI (Federal Bureau of Investigation) formally commenced its 

national DNA database in 1998, subsequently that was known as CODIS (Combined DNA 

Index System) in 2003 with >1.5 million DNA profiles. This database was then connected in 

entire U.S. (United States) with full potentials to search the DNA profile of a criminal same 

as that of fingerprint matching database (Butler, 2005). 

A most important advancement in the forensic society is the redesigning of primers 

for the core STRs loci to bring them nearer to repeat region by reducing their flanking region 

so that the profiling results could be obtained from degraded or trace DNA (Wiegand and 

Kleiber, 2001; Butler et al., 2003). By using mobility shifters or non nucleotide linkers and 

inventive multiplex design approaches, the entire core CODIS markers and European 

standard set were amplified by Applied Bio-systems and Promega Corporation in the form of 

miniSTRs so as to increase the success rate of DNA profiling results from complicated 

evidence samples (Sprecher et al., 2009; Mulero et al., 2008). The successful observations 

were reported foremost in 1995 when small sized amplification products as compared to 

conventional STRs were used for the analysis of degraded DNA samples obtained from 

Waco Branch Davidian fire victims (Whitaker et al., 1995). In 2004 Drabek et al conducted 
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concordance studies between miniSTRs multiplexes and commercial STR typing kits. He 

observed single allele shift as a result of mutations at primer binding sites or four base pair 

deletion in the flanking region from outside of primer binding site.  

One of the main benefits of using these miniSTR loci is the database constancy could 

be well sustained with samples of convicted offenders which processed with commercial kits 

or STR multiplexes. Additionally, the analysis of these smaller sized fragments is more 

favorable with substituent technologies like TOF-MAS (time of flight mass spectrometry) 

and rapid micro-channel electro-phoretic separations (Butler et al., 1998; Butler and Becker, 

2001; Schmalzing et al., 1997).  

2.4  Development of STR kits and Multiplex Systems  

Forensic Science Service (FSS) developed first STR multiplexes as a quadruplex 

comprising on four loci TH01, FES/FPS, VWA, and F13A1 (Kimpton et al., 1994).  This 

quadruplex so-called ‘first-generation multiplex’ and had a matching probability of 

approximately 1 in 10000. The Forensic Science Service followed with a second-generation 

multiplex (SGM) made up of six polymorphic STRs containing TH01, VWA, FGA, 

D8S1179, D18S51, D21S11 and a gender identification marker called amelogenin, providing 

a matching probability of approximately 1 in 50 million (Gill et al., 1996; Sparkes et al., 

1996).  

Considering the pledge of STR typing technology, a community-wide STR Project 

was launched in April 1996 by the FBI Laboratory funding through the Congressional DNA 

Identification Act of 1994. This project was lasted for approximately 18 months with joint 

struggle of 22 DNA typing laboratories evaluating 17 candidate loci, which were available as 

commercial or preliminary kits from either Promega Corporation or Applied Biosystems 

(Budowle et al., 1998). 

Applied Biosystems and the Promega Corporation have developed STR kits which 

deal with the needs of the DNA typing community and cover a common set of STR loci in 

the form of robust multiplex PCR amplification system simultaneously with 1ng (or less) of 

DNA sample. It is the most  impressive that results can be obtained now a days in only a few 
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hours compared to the weeks that restriction fragment length polymorphism (RFLP) methods 

took just a few years ago. 

Promega Corporation in 1994 commercialized first STR kit capable of multiplex 

amplification consisting of the STR loci CSF1PO, TPOX, and TH01 through silver stain 

analysis with matching probability of ~1 in 500. The use of STR (short tandem repeat) 

markers has standardized by the Forensic DNA typing community. The FBI Laboratory 

sponsored a community-wide forensic science effort to establish core STR loci for inclusion 

within the national DNA database and selected 13 STR markers in November 1997 with a 

matching probability of one in a trillion among unrelated individuals (Chakraborty et al., 

1999), to serve as the core of its Combined DNA Index System (CODIS) and these loci were 

officially used in nationwide DNA databasing.  

With respect to the STR Projects, Promega offered a five markers system as part of 

“FFFL” multiplex and with eight loci in the form of PowerPlex kit (Lins et al., 1998).  

Applied Biosystems started with AmpFlSTR Blue, Green I, Yellow and Green II kits 

consisting of different STRs with a set of three markers along with the gender determining 

marker amelogenin. Ultimately these kit from ABI mentioned above were integrated to form 

the AmpFlSTR Profiler and Profiler Plus kit (Wallin et al., 2002 and Holt et al., 2002). 

For the establishment of U.S. national STR database thirteen loci as the core CODIS 

markers were pronounced in the conference of STR mission on November 13-14, 1997 

(Budowle et al., 1998). In the late 1990s, Applied Biosystems began providing the Profiler 

Plus and COfiler kits comprising the 13 core loci for use on their instrument platforms (Holt 

et al., 2002). While Promega Corporation developed the PowerPlex 2.1 kit to cover the 

additional loci not present in their PowerPlex 1.1 kit for use on the FMBIO detection 

platform (Butler, 2005; Lins et al., 1998; Levedakou et al., 2002). 

A commercial STR kit from Applied Biosystems known as SGM Plus was adopted 

by U.K. and European labs in 1999, which contains the original SGM loci and amelogenin 

plus D3S1358, D16S539, D2S1338, and D19S433 (Cotton et al., 2000).  The core locus STR 

marker SE33 (or ACTBP2) containing high polymorphism was also integrated in DNA 

database of Germany in 1998 (Wiegand et al., 1993; Schneider et al., 1998). Promega 
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Corporation, Applied Biosystems and many German corporations now provide kits by the 

inclusion of SE33. In the new STR system developed in the current study, Penta E, Penta D 

and SE33 markers have been included together to increase its power of discrimination and to 

enable improved mixture interpretation.  

Various STR kits that have become available in the last one and half decade but while 

the rotation of this century, novel multiplex PCR systems have been established so as to 

amplify core thirteen CODIS loci simultaneously in a single PCR reaction. Promega 

Corporation was released the PowerPlex 16 kit in May of 2000, so as to amplify the 13 

CODIS loci, two penta-nucleotide markers known as Penta E and Penta D along with 

amelogenin (Krenke et al., 2002). Penta loci were discovered and characterized by Promega 

scientists with high polymorphism in low amounts of stutter formation (Bacher and Schumm, 

1998). Including these extra two STR loci, PowerPlex 16 provided an increased power of 

discrimination and enable improved mixture interpretation (due to low stutter product). 

Similarly Applied Biosystems launched their 16-plex STR kit called as Identifiler in July of 

2001, in order to amplify the core 13 CODIS loci, two tetra-nucleotide markers D19S433 and 

D2S1338 along with amelogenin (Collins et al., 2004).  

A multiplex comprising on 26 non CODIS STRs was developed for forensic 

identification of individuals with low rate of mutation to some extent by Hill et al in 2009. 

Many more kits were launched by both Promega and Applied Biosystems in the duration of 

2001-2012 with minute changes in the systems by the addition or removal of some STR 

markers. 

Lastly in 2012, Promega provided PowerPlex 21 by the addition of non-CODIS and 

penta-nucleotide markers (Penta E and Penta D) but again failure to detect amelogenin 

mutation persists in these systems (Ou et al., 2012). In the same year of 2012, ABI instigated 

a GlobalFiler kit comprising on 24 loci in competition to Promega kit ‘PowerPlex Fusion’ 

with 24 markers by incorporating of one Y-STR marker (DYS391) to overcome the mutation 

at Y-amelogenin marker. Allele drop out or failure of amplification at the single Y-STR 

locus in environmentally stressed evidence samples may cause ambiguities in the 

interpretation of male DNA profile due to presence of Y-amelogenin null allele. Furthermore 

those DNA samples in which random allele sharing occurs at autosomal STR markers in 

http://www.cstl.nist.gov/strbase/kits/PowerPlex21.htm
http://www.cstl.nist.gov/strbase/kits/Fusion.htm
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unrelated male individuals especially in parentage cases (Gonzalez-Andrade et al., 2009; 

Poetsch et al., 2006). 

In 2003 Butler et al developed miniSTRs for 16 markers in five different miniplexes 

each containing 3 loci and a big miniplex with 6 loci. In 2005 Coble and Butler designed two 

miniplexes each one comprising on three non CODIS markers. A miniplex on five markers 

along with amelogenin was developed by Grubwieser et al in 2006. For degraded DNA 

samples ABI introduced a MiniFiler kit in 2007 consisting of 8 autosomal miniSTR loci 

along with amelogenin marker. In 2008 Hill et al characterized 26 non CODIS miniSTR 

markers in the form of mini-plex sets without including amelogenin marker for the 

improvement of DNA profile from degraded samples. In all these miniplexes problem of Y-

amelogenin null allele and random allele sharing still persists. 

In 2013 a PCR multiplex was developed for 20 loci including all CODIS as well as 

non CODIS loci in a single reaction with a probability of identity up to 8x10
-24

 (Jiang et al., 

2013). A multiplex on 24 loci amplifying CODIS and ESS markers in addition to five loci 

(D2S1338, Penta E, Penta D, D19S433 and D6S1043) was developed with reduced PCR 

thermal cycling time duration of < 1.5 hours (Guo et al., 2014). Similarly 25 loci were co-

amplified including twenty three autosomal STRs, a Y-marker DYS391 and an amelogenin 

with generating full DNA profile upto 0.125ng template in PCR time duration of < 1.0 hour 

at 100% ramp time (Zhang et al., 2015).   

2.5  Impacts of Y-STRs, mtDNA and SNPs in Human Identification 

Autosomal STRs owe their variableness to three progressions: independent re-

assortment of chromosomes, mutation and recombination. Mutation occurred on Y 

chromosome only functions for STR haplotypes diversification. Therefore Y-STR haplotypes 

are not as much diverse as autosomal STR profiles (genotypes) including the comparable 

number of loci, leading to comparatively high typical matching probabilities of about 0.003 

for the 11 Y STRs (Roewer et al., 2001). However, Y chromosomes have one crucial 

forensically useful property: they are confined to males. As most serious offences are 

committed by men (Simmons and Dodd, 2003), and is expected to find out presence of Y 

chromosomes at the scene of crime; in male to female body fluid blending where 
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conventional procedures cannot resolve the autosomal STR profiles successfully. So with the 

help of Y STR analysis, specific information can be collected about the contribution of male 

component. Although the process of differential digestion often allows the profiling of 

autosomal STRs for a rapist, while the vasectomies or naturally azoospermic individuals 

leave no any sperm (Shewale et al., 2003). In such type of cases Y-specific profiling is 

effective, even in the presence of a 4,000-fold excess of female DNA (Prinz et al., 2001). In 

multiple rapes it might be possible to gain information about the number of assailants. 

However, until recently use of the Y chromosome STRs for forensic applications was 

constrained due to a lack of polymorphism.  Because the Y-chromosome is inherited from 

father to only son devoid of any recombination and therefore combination of markers cannot 

be done individually by means of product rule like as common with the autosomal STRs 

taking place on various chromosomes (Butler, 2001). Preferably, Y chromosomal haplotype 

in forensic should contain as several polymorphic markers as possible so that the chance for 

exclusion of an individual could be improved who is not committing the crime. To attain a 

high power of discrimination a lot of Y STR markers should be run simultaneously in the 

form of a multiplex (Butler et al., 2002).   

In 2002, NIST published a multiplex on Y-STR markers with amplifying capability 

of 20 loci (Butler et al., 2002). Similarly kits were developed absolutely on Y-STRs for the 

DNA profiling of male individuals like Yfiler (ABI) in 2004 which is capable of amplifying 

17 markers, Yplex in 2003 with 12 loci  and Y23plex (Promega) in 2012 with 23 Y-markers 

(Hill, 2012). But there exist some limitations on Y-STRs like low power of discrimination, 

invalidity of product rule, undistinguishable individuals of same paternal lineage and lack of 

information as compared to autosomal STRs (Butler and McCord, 2006). 

Mitochondrial DNA from maternal lineage provides some information just like Y 

chromosome from paternal lineage because of non-recombination, segregation is not 

independent, thus causing reduction in diversity, uni-parental inheritance, sharing same 

maternal lineage haplotypes and showing distinct population makeup (Richards and 

Macaulay, 2001). The use of hyper-variable regions of mitochondrial DNA in forensics is 

valuable because of high copy number i.e. more than 1000 copies in a cell. Mitochondrial 

DNA is also applicable in generating results from degraded and limited samples like hair 
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shafts. But conversely due to low discriminatory power, hetero-plasmic complications, 

deficient to interpret mixtures and labor intensiveness its applications are entirely exclusive 

(Butler and McCord, 2006). 

For the substitution of STRs forensic scientists from United States explored numerous 

SNPs to beat the limitations facing during the use of STRs in case work especially in 

degraded samples. The use of SNPs in forensic is advantageous because of very low 

mutations rates (10
-8 

< STRs), frequent presence in the genome, no stutter products, PCR 

products less than 100bp, work on degraded DNA, multiplex of 100-1000 markers on a chip 

and give ancestry information (Butler et al., 2007). But in field of forensic case work, use of 

SNPs remained unsuccessful due to their less polymorphism at each marker, unable to 

interpret mixture DNA, need more amount of DNA than STRs, less informative, complexity 

in data analysis as greater number of markers (Butler et al., 2007). 

In view of imperfections and to tackle some critical dilemmas which are being faced 

during the use of commercial STR kits like occurrence of X or Y-amelogenin null allele due 

to point mutation at primer binding site in females and deletion in males (Ou et al., 2012), 

random allele sharing between unrelated male individuals and no profiling results from 

highly degraded DNA samples. Therefore this new PCR multiplex was developed 

comprising on 10 reduced sized (miniSTRs) markers, SE33, four Y-STRs and two penta-

nucleotide loci along with sex determining marker-amelogenin.            
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3.0 Materials and Methods 

 
3.1 Sample’s Collection 

Two dominant regions of Pakistan, the province ‘Punjab’ and ‘Khyber 

Pakhtunkhwa’ (KPK) which contribute the major part of the total country’s population 

were selected to conduct population study on 18 loci. The blood samples of 337 healthy 

individuals from the Punjab and 200 from KPK were collected randomly with consent by 

the approval of ethical committee of National Centre of Excellence in Molecular 

Biology, University of the Punjab Lahore Pakistan.  

Each individual contributed 03ml whole blood taken in a properly labeled sterile 

vacutainer EDTA containing tubes. These blood samples were transferred to the CEMB 

laboratory for analysis in the thermo safe boxes. A set of three stains cards was prepared 

and properly labeled for each sample. These stain cards were dried at room temperature, 

then stored at -20°C for backup and in future use. 

3.2 DNA isolation 

The isolation of genomic DNA from blood stain card was carried out in the non-

amplified DNA laboratory area using phenol chloroform-extraction procedures (Signer et 

al., 1988; Maniatis et al., 1982). The purification of DNA was performed through 

Microcon
®

 centrifugal filter devices YM-100 (Millipore Corporation, USA) according to 

the following steps. 

1. From the prepared blood stain card about 1x1cm was cut into small pieces and 

put the pieces into a 1.5mL microcentrifuge tube. 

2. The stain extraction buffer about 400µl was added to 1.5mL microcentrifuge tube 

containing the blood stain cuttings. Then 10µl Proteinase K was added and the 

tube was spin for 2 seconds to immerse cuttings into the buffer. 

3. The above mixture was incubated at 56°C for at least three hours. 

4. The blood stain cuttings were placed into the spin basket tubes. The basket tubes 

were spin for 2 minutes at10000rpm. Blood stain cuttings were removed and the 

extracted substrate was retained and added in its sample volume. 

5. Equal volume of Phenol/chloroform/isoamyl alcohol (25:24:1) was added and 

mixed vigorously by hand to achieve a milky emulsion in the tube. The tube was 

spin for 5 minutes at 14000rpm.  
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6. The aqueous phase was transferred to a labeled Microcon centrifugal filter device 

(Millipore YM-100). 

7. Microcon sample reservoir after inserting into its filtrate vial was centrifuged at 

500 x g for 15 minutes. The liquid was passed down through the membrane into 

the filtrate vial. This step was repeated three times by washing with TE
-4

. 

8. A measured volume of 100µl was added carefully to the Microcon sample 

reservoir without touching to the membrane and inserted into the new labeled 

retentate vial by inverting the Microcon sample reservoir. 

9. Microcon sample reservoir along with retentate vial was centrifuged at 500 x g 

for 5 minutes. 

10. Microcon sample reservoir was discarded and the retentate vial containing the 

DNA was stored at 4°C for further analysis.    

3.3 DNA Quantitation 

After extraction of DNA, the quantitation step was performed using Quantifiler™ 

Human DNA Quantification Kit on a 7500 SDS Real-Time PCR System (Applied 

Biosystems Foster City, CA, USA) according to the Quantifiler manual specifications. 

3.3.1 Real Time PCR 

a) Preparing the DNA Quantification Standards 

DNA quantification standards were prepared for accurate analysis of run data by 

using DNA standard of 200ng/μL provided in the Quantifiler® Kit (Applied 

Biosystems). Eight DNA standards were prepared in dilution series with the 

concentrations ranging from 50ng/μL (Std. 1) to 0.023ng/μL, or 23pg/μL (Std. 8). A 

sample at the lowest concentration (2 μL per reaction) contains on average 14 to 16 

copies of a diploid single-copy locus and 7 to 8 copies of a haploid single-copy locus. 

Dilutions series of DNA quantification standards has been given in the table 3.1. 

Table 3.1: Real Time PCR DNA Quantification Standard Dilution Series 

 
Standard 

1 

Standard 

2 

Standard 

3 

Standard 

4 

Standard 

5 

Standard 

6 

Standard 

7 

Standard 

8 

Dilution 

factor 
4X 3X 3X 3X 3X 3X 3X 3X 

DNA 

8μL 

(200 

ng/μL) 

8μL 

[std.1] 

8μL 

[std.2] 

8μL 

[std.3] 

8μL 

[std.4] 

8μL 

[std.5] 

8μL 

[std.6] 

8μL 

[std.7] 

TE
-4 

24μL 16μL 16μL 16μL 16μL 16μL 16μL 16μL 

Final Conc. 

(ng/μL) 
50 16.70 5.560 1.850 0.620 0.210 0.068 0.023 
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b) Setting up a plate document 

Plate document settings including creating a blank plate document, creating 

detectors, copying detectors to the plate document, applying detectors for standards, 

applying detectors for unknown samples, adding sample names for unknown samples, 

setting thermal cycler conditions and saving the plate document were performed 

following the Quantifiler® Kit user’s manual guidelines (Applied Biosystems) using the 

ABI PRISM® 7000 Sequence Detection System Software v1.0.  

c) Preparing the RT PCR reaction 

For the preparation of RT PCR reaction master mix, 96-well reaction plate was 

placed in its base and all the Quantifiler® Kit components were used for each reaction 

carefully as given in the table 3.2.      

Table 3.2: RT PCR Reaction Preparation 

RT PCR component 
Volume/ 

Reaction (μL) 
No. of samples 

Total volume for 

Master Mix 

Quantifiler PCR Reaction Mix 6.5 

96 

624 

Quantifiler Human Primer Mix 5.5 528 

Template DNA 2 - 

Total volume 14 1152 

 

d) RT PCR Thermal Cycling Profile  

The prepared 96-well reaction plate was placed into the RT PCR machine 

according to the user’s manual guidelines and program for thermal cycling was defined 

as shown in figure 3.1.  

 

 

 

 

 

 

 

 

95.0oC 

60.0oC 

10:00 

1:00 

     Figure 3.1: RT PCR conditions at 9600 Emulation 

Mode 

 

40 Repeats 

Step 1 Step 2 

95.0oC 

00:15 



Chapter 3.0: Materials and Methods  20 
 

e) RT PCR Data analysis 

RT PCR data was analyzed through ABI PRISM
®
 7000 Sequence Detection 

System Software v1.0 at default settings according to user’s manual guidelines.  

3.4 Selection of Loci and Characterization 

A total of 18 loci were selected for the development of multiplex including 10 

miniSTRs, SE33, Penta E, Penta D, four Y-STRs and amelogenin for gender 

determination as given in the table 3.3. Among these 18 markers 9 miniSTR loci 

(CSF1PO, D7S820, TPOX, D18S51, D13S317, FGA, D5S818, D21S11 and D16S539) 

were selected from CODIS core STRs (Budowle et al., 1998; Butler, 2006) and 

D2S1338 from European database (ENFSI DNA Working Group, 2014) by reducing 

their product sizes. D2S1338 and SE33 also have been proposed to include in the CODIS 

core loci (Hares, 2012). SE33 is highly polymorphic German core locus (Butler, 2011) 

that was included in German DNA database on April 17, 1998   

(http://www.bka.de/EN/SubjectsAZ/DnaAnalysis/dnaAnalysis_node.html?_nnn=true), 

therefore this locus was integrated for the development of multiplex and to determine 

polymorphism in Pakistani population.  

Pentanucleotide repeat loci Penta E and Penta D were also included in the 

multiplex as their highly polymorphic nature and low stutter artifact display (Bacher et 

al., 1999). It has been studied that amelogenin marker shows null allele in male 

individuals due to mutation at Y chromosome as 8% (Santos et al., 1998 ) and 1.85% 

(Thangaraj et al., 2002) among Indian origin populations. In view of amelogenin marker 

mutation and the random sharing of autosomal alleles in motherless parentage analysis or 

between two claimers being the alleged fathers for a son (González-Andrade et al., 

2009), Y chromosome STRs DYS385 I/II, DYS438 and DYS392 were included in the 

multiplex reaction. The chromosomal map of each locus has been shown in the figure 

3.2. 

 
Figure 3.2: Chromosomal map of selected markers for the multiplex. 
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http://www.bka.de/EN/SubjectsAZ/DnaAnalysis/dnaAnalysis_node.html?_nnn=true
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The Gene bank Accession, chromosome location, physical position, repeat motif 

along with product sizes have been given in the table 3.3. Gene bank Accession, 

chromosome location and repeat motif were accessed from NIST STR DNA internet 

database (http://www.cstl.nist.gov/strbase/str_fact.htm). Physical position for each locus 

was mapped when each primer set was blast In-Silico PCR (Kent, 2002) using online 

UCSC genome browser (Kent et al., 2002).  

Table 3.3:  Characterization of 18 STR loci with GeneBank Accession, chromosome location, Physical Position, 

Repeat Motif, reduced size of MiniSTRs and their final product size.  

Locus 
Gene bank 

Accession 

Chromosome 

location 

Physical 

Position 

(Mb) 

Repeat Motif 

Product 

Size (STR 

Kits) 

Size 

Reduced 

Product 

size 

(bp) 

Amelogenin 
M55418 

M55419 

X: p22.1-

22.3 

Y: p11.2 

Chr X: 

11.316 

Chr Y: 

6.736 

- - - 75-78 

CSF1PO X14720 5q33.1 
Chr 5: 

149.455 
[AGAT] 

304–341 

(Identifiler) 
220 84-120 

D7S820 AC004848 7q21.11 
Chr 7: 

83.789 
[GATA] 

255–293 

(ProPlus) 
120 134-173 

SE 33 V00481 6q14 
Chr 6: 

88.987 
[AAAG] - - 197-326 

Penta E AC027004 15q26.2 
Chr 15: 

97.374 
[AAAGA] - - 372-469 

TPOX M68651 2p25.3 
Chr 2: 

1.493 
[AATG] 

222–250 

(Cofiler) 
157 61-100 

D18S51 AP001534 18q21.33 
Chr 18: 

60.949 
[AGAA] 

262–345 

(ProPlus) 
155 106-186 

D2S1338 AC010136 2q35 
Chr 2: 

218.879 
[TGCC]/[TTCC] 

307–360 

(Identifiler) 
88 212-272 

DYS385 

I/II 
AC022486 q11.222 

Chr Y: 

20.801 

Chr Y: 

20.842 

[GAAA] - - 347-404 

D13S317 AL353628 13q31.1 
Chr 13: 

82.722 
[TATC] 

216–244 

(Identifiler) 
121 91-131 

FGA M64982 4q28 
Chr 4: 

155.509 

[TTTC]/[CTTT]/ 

[TTCC] 

214–355 

(ProPlus) 
73 139-280 

DYS438 AC002531 q11.21 
Chr Y: 

14.938 
[TTTTC] - - 304-336 

D5S818 AC008512 5q23.2 
Chr 5: 

123.111 
[AGAT] 

134–172 

(ProPlus) 
28 98-143 

D21S11 AP000433 21q21.1 
Chr 21: 

20.554 
[TCTA]/[TCTG] 

185–240 

(ProPlus) 
30 153-210 

D16S539 AC024591 16q24.1 
Chr 16: 

86.386 
[GATA] 

264–304 

(PP16) 
29 234-276 

DYS392 AC06152 q11.223 
Chr Y: 

22.634 
[TAT] - - 291-328 

Penta D AP001752 21q22.3 
Chr 21: 

45.056 
[AAAGA] - - 388-442 

http://www.cstl.nist.gov/strbase/str_fact.htm
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=403802501_FFaeT21ea9NQvMkTMbQ7hc1H1KJj&db=hg19&position=chr7:83789457-83789624&hgPcrResult=pack
http://www.cstl.nist.gov/strbase/images/se33.jpg
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3.4.1 Primer Designing 

 Primer sequences for miniSTR loci were selected and designed between the size 

range of 61bp to 276bp. PCR primers were recently designed for the loci D2S1338 and 

D16S539 (Shafique et al., 2014) using web based software Primer3version 4.0 (Rozen 

and Skaletsky, 2000) aligned with each reference sequence. Usually default parameters 

were adopted and the reference sequences were taken from web 

http://www.cstl.nist.gov/biotech/strbase/seq_ref.htm.  

Primer sequences for the loci CSF1PO, D7S820, TPOX, D18S51, D13S317, 

FGA, D5S818 and D21S11 were preferred as previously reported by Butler et al in 2003 

as shown in table 3.4.  Primer sequence for the amelogenin, SE33 and DYS385I/II were 

used as formerly reported by Haas-Rochholz and Weiler in 1997; Polymeropoulos et al 

in 1992 and de Knijff et al in 1997 respectively.  

Primer sequences for the Penta E and Penta D markers were selected as 

previously reported by Krenke et al in 2002 and DYS438 and DYS392 previously 

reported by Butler et al in 2002. Forward primer sequence of each locus was labeled 

with fluorescent dyes FAM, VIC, NED and PET. Newly Designed and preferred primer 

pair sequences were inserted into the In-Slilco PCR program for fragment size 

determination and their sequence alignment similarities were found using human BLAT 

program (Kent, 2002).  

Table 3.4: Forward and reverse primer sequences of loci used in this study with melting temperature, 

primer Concentration and distance of the 3' end from the STR repeat region. 

Locus  Primer Sequence (5' to 3') Repeat Space (bp)  
Tm 

(ºC) 

Amelogenin F 6FAM-ccctttgaagtggtaccagagca - 64.7 

 R gcatgcctaatattttcagggaata - 61.5 

CSF1PO F 6FAM-acagtaactgccttcatagatag 14 52.4 

 R gtgtcagaccctgttctaagta 6 53.6 

D7S820 F 6FAM-gaacacttgtcatagtttagaacgaac 4 58.8 

 R tcattgacagaattgcacca 65 58.6 

SE 33 F 6FAM-aatctgggcgacaagagtga 10 60.8 

 R acatctcccctaccgctata 10 56.3 

Penta E F 6FAM-attaccaacatgaaagggtaccaata 295 60.9 

 R tgggttattaattgagaaaactccttacaattt 0 64.7 

TPOX F VIC-cttagggaaccctcactgaatg -4 60.0 

 R gtccttgtcagcgtttatttgc 5 61.0 

D18S51 F VIC-tgagtgacaaattgagacctt 5 54.8 

 R gtcttacaataacagttgctactatt 33 52.7 

D2S1338 F VIC-gagccagtggatttggaaac 16 59.5 

 R tcctaccagaatgccagtcc 104 60.1 

DYS385 I/II 
F VIC-agcatgggtgacagagcta 24 56.9 

R tgggatgctaggtaaagctg 19 58.0 

D13S317 F NED-tctgacccatctaacgccta 19 58.3 

http://www.cstl.nist.gov/biotech/strbase/seq_ref.htm
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 R cagacagaaagatagatagatgattga 2 57.4 

FGA F NED-aaataaaattaggcatatttacaagc 3 55.9 

 R gctgagtgatttgtctgtaattg 23 56.6 

DYS438 F NED-ccaaaattagtggggaatagttg 16 58.8 

 R gatcacccagggtctggagtt 210 62.6 

D5S818 F PET-gggtgattttcctctttggt 4 57.9 

 R aacatttgtatctttatctgtatccttatttat -5 58.3 

D21S11 F PET-attccccaagtgaattgc 2 55.8 

 R ggtagatagactggatagatagacga 0 56.5 

D16S539 F PET-aagtgccagatgctcgttgt 135 60.9 

 R gcgtttgtgtgtgcatctgt 7 60.8 

DYS392 F PET-tagaggcagtcatcgcagtg 68 60.2 

 R gacctaccaatcccattcctt 5 59.2 

Penta D F PET-gaaggtcgaagctgaagtg 58 56.1 

 R attagaattctttaatctggacacaag -14 57.7 

 

3.4.2 Multiplex Configuration Strategies in 5 dye System 

Multiplex for all the loci was designed by adjusting their fragment length, size 

overlapping and fluorescent dyes panels. Multiplex design strategy was followed as 

taking each primer set at same annealing temperature by singleplex reaction, regulating 

primer concentrations, PCR reagents, thermal cycling parameters, PCR artifacts, non- 

specific products and low relative fluorescence units (Guo et al., 2014). Multiplex 

schematic diagram has been shown in figure 3.3.   

 
Figure 3.3: Multiplex Configurations Schematic for 18 loci. 

3.4.3 Primer Synthesis 

Fluorescently labeled oligonucleotide sequences for all loci with relative dyes were 

synthesized at 300 nmole scale from Life Technologies, USA as shown in table 3.4. Each 

sequence of primer set was diluted at concentration of 300 µM with T.E buffer 

(Tris.Hcl=10mM, EDTA=0.01mM, pH 8.0) according to the protocols given by Life 

Technologies at web link (http://www.lifetechnologies.com/pk/en/home/products-and-

services/product-types/primers-oligos-nucleotides/invitrogen-custom-dna-oligos/technical-

resources-for-oligonucleotides/ protocols-for-oligonucleotides.html).   

http://www.lifetechnologies.com/pk/en/home/products-and-services/product-types/primers-oligos-nucleotides/invitrogen-custom-dna-oligos/technical-resources-for-oligonucleotides/%20protocols-for-oligonucleotides.html
http://www.lifetechnologies.com/pk/en/home/products-and-services/product-types/primers-oligos-nucleotides/invitrogen-custom-dna-oligos/technical-resources-for-oligonucleotides/%20protocols-for-oligonucleotides.html
http://www.lifetechnologies.com/pk/en/home/products-and-services/product-types/primers-oligos-nucleotides/invitrogen-custom-dna-oligos/technical-resources-for-oligonucleotides/%20protocols-for-oligonucleotides.html
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3.4.4 Primer Concentration 

Each primer set was optimized separately at different concentrations empirically with 

different annealing temperatures. Initially a primer mix was prepared with equimolar 

concentration of 0.2 µM to check the performance of each locus. By changing the various 

primer proportions as increasing the amount for weaker loci and decreasing for stronger loci, 

a final primer mix was primed by adjusting different concentrations ranging from 0.09-2.25 

µM in a final reaction as shown in table 3.5 (Henegariu et al., 1997).   

Table 3.5: Concentration for each primer of the locus used in final reaction. 

Locus  Forward & Reverse primer (µM)  

Amelogenin 0.10 

CSF1PO 0.22 

D7S820 0.60 
SE 33 0.72 
Penta E 1.50 
TPOX 0.09 
D18S51 0.37 
D2S1338 0.37 
DYS385 I/II 0.60 
D13S317 0.30 
FGA 1.35 
DYS438 1.35 
D5S818 0.37 
D21S11 2.25 
D16S539 0.37 
DYS392 1.35 
Penta D 1.80 

 

3.5 Amplification of DNA through PCR 

DNA samples of 537 individuals with concentration of 1ng/µl were amplified 

using Platinum® Multiplex PCR Master Mix (Applied Biosystems by Life 

Technologies) and a primer mix designed for multiplex as shown in table 3.5, on Gold 

plated 96-Well GeneAmp PCR System 9700 according to the user’s manual protocol 

(Applied Biosystems Foster City, CA, USA).    

3.5.1 Preparation of Input DNA Samples for PCR 

Each stock DNA sample was diluted with T.E
-4

 buffer (Tris.Hcl=10mM, 

EDTA=0.1mM, pH 8.0) to prepare concentration of 1ng/µl. From dilution of DNA 

sample, 1 µl was taken and 3 µl T.E
-4

 buffer added to make final volume of 4 µl which 

was used in the PCR reaction.  
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3.5.2 Preparation the PCR Reaction 

PCR reaction was prepared consisting of Platinum® Multiplex PCR Master Mix, 

Primer Mix, Template DNA and T.E
-4

 buffer. Volume per reaction has been given in the 

following table 3.6. 

Table 3.6: PCR Multiplex Reaction Preparation  

PCR component Volume/Reaction (μL) Final concentration 

Platinum® Multiplex PCR Master Mix (2X) 6 1X 

Primer Mix 2 
as given in table 3.5 

(0.09-2.25 µM) 

Template DNA (1ng/µl) 1 (0.083ng/µl) 

TE
-4 

(Tris.Hcl=10mM, EDTA=0.1mM, pH 8.0) 3 - 

Total volume 12 - 

3.5.3 PCR Conditions 

Amplification of 18 STR markers was performed on Gold plated 96-Well 

GeneAmp PCR System 9700 (Applied Biosystems Foster City, CA, USA) using the 

following PCR conditions at run mode of 9600 emulation as shown in table 3.7.    

Table 3.7:  PCR Thermal Cycling Parameters 

Step 1- Hold Step 2 - 30 Repeats Step 3 - Final Hold 

Initial 

Denaturation 

Denaturation Annealing/Extension Final 

Extension 

Hold 

95
o
C 95

o
C 60

o
C 60

o
C 4

o
C 

2min 10sec 45sec 2min ∞ 

3.5.4 Quality Control Measures 

It is essential that appropriate standards and controls should be integrated during 

whole process of DNA analysis as in extraction, amplification and capillary 

electrophoresis (Presley & Mudd, 1996).  

Cell line positive control DNA 007 and 9948 (Applied Biosystems by Life 

Technologies) for STRs in concentration of 0.10ng/μL were used to evaluate the PCR 

amplification and genotyping efficiency through capillary electrophoresis. 

Negative control with each set of amplifications containing no DNA template 

was used to evaluate the PCR reagents contamination. Only 4 µl T.E
-4

 buffer in lieu of 
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DNA template was taken in addition to all other PCR reagents. This control was also 

processed through amplification and capillary electrophoresis. 

Reagent blank control containing all extraction reagents except any template 

DNA was also processed through each step of extraction, quantitation, amplification and 

capillary electrophoresis. 

3.6 Performing Capillary Electrophoresis 

Amplified product of each DNA sample was run on Genetic Analyzer 3130xl 

(Applied Biosystems) for capillary electrophoresis using G5 dye set to get the genotype 

of each sample at 18 loci. 

3.6.1 Preparing Samples for Electrophoresis 

Samples were prepared for genotyping to run through 3130xl Instrument 

according to the following steps.  

1. GeneScan™ 500 LIZ
®

 Size Standard and Hi-Di™ Formamide (Applied 

Biosystems) were used in each sample in accordance with the calculations as 

given in the table 3.8. 

Table 3.8: Master mix preparation for capillary electrophoresis. 

Reagents Volume per sample (µl) 

GeneScan™ 500 LIZ
®

 Size Standard 0.4 

Hi-Di™ Formamide 13 

Total volume 13.4 

2. A master mix was prepared for required samples with above components in a 

1.5ml microcentrifuge tube. 

3. The tube contents were mixed by vortexing and centrifuged briefly. 

4. In each well of MicroAmp
®
 Optical 96-Well Reaction Plate, 13.4 µl from 

prepared mixture of components and 0.6 µl was added. 

5. The reaction plate was sealed with proper septa and centrifuged briefly to get 

down the contents of each well at the bottom.  

6. The reaction plate was placed on a thermal cycler up to 5minutes at the 

temperature of 95
o
C. 

7. Then the reaction plate was snap cooled on ice up to 5minutes. 



Chapter 3.0: Materials and Methods  27 
 

8. Reaction plate was centrifuged through a short spin prior to uploading on the 

autosampler. 

9.  Reaction plate was run on 3130xl Genetic Analyzer according to the given 

specifications. 

3.6.2 Specifications of the 3130xl Instrument for Electrophoresis 

Each sample was run on 3130xl Genetic Analyzer according to the manufacturer’s 

specifications (Applied Biosystems) as given in the table 3.9. 

Table 3.9. Specifications of the 3130xl Genetic Analyzer 

Instrument 3130xl  

Operation system Windows® xp 

Data collection software V3.0 

Run modules HIDFragmentAnalysis36_POP4_1 

Injection conditions 3 kV/10 sec 

Dye set G5 

3.7 Genotype Data Analysis 

On completion of electrophoresis, each sample information was stored in the 

form of a .fsa file through the Data Collection Software. These .fsa files were imported 

in to the GeneMapper
®
 ID Software v3.2.1 for analysis and interpretation of results. 

3.7.1 Setting up GeneMapper® ID Software v3.2  

GeneMapper
®
 ID is computerized genotyping software for the analysis of raw 

data obtained from Genetic Analyzer like 3100 and 3130xl. While using GeneMapper
®

 

ID Software v3.2.1 to carry out individual recognition for forensic purpose, following 

settings were implemented. 

 Importing Panels and bins into the Panel Manager. 

 Importing analysis methods 

 Importing a size standard 

3.7.2 Importing Panel and Bins 

 Panels for multiplex system were designed to allot the range of the locus in the 

GeneMapper
®
 ID  software and assign the base pair sizes using control cell line DNA 

007 and 9948. The panels were imported in the GeneMapper
®
 ID software through panel 
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manager in the navigation pane and by selecting the ‘CEMB_HID_Plex_Panels.txt’ from 

the GeneMapper
®
 ID settings file folder as shown in the figure 3.4. 

 
Figure 3.4: CEMB_HID_Plex_Panel set of 18 loci 

Bin set for each allele of all loci were created to assign the allele numbers 

according to their repeat units with reference to control cell line DNA 007 and 9948. The 

prepared bin set ‘CEMB_HID_Plex_Bins.txt’ was imported from the GeneMapper
®
 ID 

settings file folder by selecting AmpFLSTR_CEMB_HID_Plex folder in the navigation 

pane as given in the figure 3.5. 

 
Figure 3.5: CEMB_HID_Plex_Bins set of 18 loci 

3.7.3 Importing an HID Analysis Method 

Analysis methods were imported into GeneMapper Manager from the folder that 

was downloaded from the Applied Biosystems web site, in the GeneMapper
®
 ID 

Software database. By using the Analysis Methods Editor in the Allele tab, minus stutter 

distance from 3.25 to 4.75 was used for tetra nucleotides as shown in figure 3.6. 
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Advanced peak detection algorithm was used with local southern size calling method. 

Peak amplitude threshold for each florescent dye was selected at 100 RFU in the size 

standard range of 50bp to 500bp as shown in the figure 3.7. 

  
Figure 3.6: Analysis method editor settings Figure 3.7: Analysis method editor peak detector 

settings 

Pertaining to the peak quality of the alleles, minimum signal level was adjusted at 

50 RFU and 100 RFU for heterozygous and homozygous peaks respectively. Peak height 

ratio, maximum peak width and pull up ratio were defined as 0.7, 1.5bp and 0.05 

respectively. The process quality values (PQV) were used from 0.75 to 1 for genotype of 

the sample and size standard. 

3.7.4 Creating New Size Standard 

Size standard was imported into the GeneMapper Manager from the from the 

folder that was downloaded from the Applied Biosystems web site, the GeneMapper
®
 ID 

Software database. New size standard for each injection was created by selecting each 

defined peak according to their fragment sizes as shown in the figure 3.8. 

 
Figure 3.8: Creating new size standard  
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3.7.5 Analyzing the Project 

Samples were added to the project from the file menu. The required settings for 

each parameter were applied to all samples in the project. The analysis green button was 

hit to start analysis by entering the name of the project in the save dialog box as shown in 

the figure 3.9. Alleles calls for each locus were designated according to the STR 

nomenclature recommendations of ISFG (International Society of Forensic Genetics) via 

comparison with cell line control DNA 007 and 9948 (Butler et al., 2004; Szibor et al., 

2006).  

 
 Figure 3.9: Project Analysis window of the GeneMapper

®
 ID Software. 

3.8 Developmental Validations 

To validate a DNA typing procedure competency of the system, consistency and 

performance characteristics should be evaluated. The validation process reveals the 

characteristics and precincts, which are significant to interpret the analyzed data 

(Sparkes, Kimpton, Gilbard, et al., 1996; Sparkes, Kimpton, et al., 1996; Wallin et al., 

1998). 

Developmental validations including critical reagent concentrations, Platinum® 

DNA Taq polymerase activation, cycle number and PCR time duration were conducted 

to produce reliable, specific amplification and appropriate sensitivity have been 

determined.    

3.8.1 PCR Components 

The concentration of each component like reaction mix, MgCl2, primers, 

Platinum® DNA Taq polymerase was examined. The concentration of a particular 
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component was established to acquire the reproducible performance characteristics of 

system. 

Initial denaturation at high temperature in thermal cycler program allows 

activation of Platinum® DNA Taq polymerase. Three activation temperatures (94
o
C, 

95
o
C and 96

o
C) and five activation times (2, 3, 5, 8 and 10 minutes) were applied 

(Wallin et al., 1998). A plateau in relative fluorescent signal (RFU) of all loci was 

obtained at 2-5 minutes time point at 95
o
C.  

All primer sets with varying range of concentrations from 0.09-2.25 µM were 

tested to amplify each locus with balanced peaks by avoiding drop out and drop in 

alleles. 

3.8.2 Thermal Cycler Parameters 

PCR conditions were standardized for amplification of the multiplex system by 

altering annealing/extension and denaturation temperature with suitable time variations. 

Multiplex of the 18 loci was optimized through the annealing temperatures  

variations of 55
o
C-65

o
C for 35 seconds to 2 minutes on Gold plated 96-Well GeneAmp 

PCR System 9700 (Applied Biosystems Foster City, CA, USA) to get the reproducible 

performance of each locus with their specificities and sensitivities. 

3.8.3 PCR Cycle Numbers 

Amplification performance of multiplex reaction was also examined by 

increasing PCR repeats at 25, 28, 30, 35 and 40 cycles on Gold plated 96-Well 

GeneAmp PCR System 9700 (Applied Biosystems Foster City, CA, USA) with 1ng 

DNA in a total of 12µl reaction volume. 

3.8.4 PCR Time Reduction 

PCR duration was reduced from 3hours to about 1hour by changing denaturation, 

annealing/extensions time periods. 

3.8.5 Species Specificity 

The designed 18 STR multiplex system was assessed on nonhuman DNA 

samples to observe their species specificity. In this context nonhuman DNA of Dog (16 

ng), horse (16 ng), sheep (20 ng), Chick (30 ng) and Escherichia coli (~200 copies) were 

amplified along with human control cell line DNA 007 (0.5 ng) and 9948 (1 ng). 

https://en.wikipedia.org/wiki/Escherichia_coli


Chapter 3.0: Materials and Methods  32 
 

3.8.6 Sensitivity 

According to SWGDAM guidelines that the proper amount of DNA quantities 

able to produce reliable typing results should be evaluated. Input DNA was quantitated 

prior to amplification using the Quantifiler® Human DNA Quantification Kit.   Serial 

dilutions of control DNA 007 were prepared in the range of 1.0, 0.5, 0.25, 0.125, 0.0625 

and 0.031 ng concentration. Minimum level of DNA quantity was determined at which 

full DNA profile was obtained by keeping up stochastic variation, low DNA profile and 

allele drop out through analysis threshold of 100 relative fluorescence units. 

3.8.7 Stability 

According to SWGDAM guidelines that capability to attain DNA findings from 

collected biological samples located on different substrates and subjected to various 

environmental and chemical stresses which potentially affect the analytical process 

should be expansively standardized. The procedure should be established using known 

samples to find out the effects of such factors. 

3.8.7.1 DNA Degradation Studies  

Human genomic DNA was degraded synthetically by applying two methods i.e. 

sonication and DNase 1 treatment to perform the degradation studies (Bender et al., 

2004). 

i) Sonication Treatment 

DNA solution having concentration of 5.348µg/ml was degraded by sonication 

on ice using MISONIX Ultrasound Liquid Processor XL2000 series (Misonix Inc., NY, 

USA) in a volume of 700µl at microtip level 3 for 5 minutes with intervals of 30s. 

Aliquots of 15 µl were taken from sonicated DNA solution at each interval. After 

sonicating DNA, degradation pattern was observed empirically by performing 

electrophoresis using 2.5% agarose gel in an ethidium bromide staining, because 

ultrasound cannot be detected in physical units (Bender et al., 2004).  

ii) DNase-1 Treatment 

Enzymatic degradation was performed using 2.5U DNase-1 (ambion
® 

by Life 

Technologies) to digest 2.7 µg of genomic DNA (345ng/µl). DNA was incubated at 37
º
C 

in a total volume of 110 µl (Grubwieser et al., 2006). After each predefined time 

intervals (0s, 30s, 1, 2, 3, 4, 5, 10, 20, 40 and 80 minutes) 10 µl was taken into a separate 

microcentrifuge tube following the addition of 5µl EDTA solution (50mM) to cease the 
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reaction (Bender et al., 2004) and then these samples containing enzyme DNase-1 were 

heat inactivated at 95
º
C for 10 minutes (Grubwieser et al., 2006). Agarose gel (2.5%) 

staining with ethidium bromide was run to make sure the degradation.   

To estimate the exact quantification of all degraded DNA samples treated by 

sonication and DNase-1 of each interval, Real Time PCR was performed using 

Quantifiler™ Human DNA Quantification Kit (Applied Biosystems Foster City, CA, 

USA) according to the specifications. 

3.8.7.2 Inhibitor’s Effects 

Substances which cause inactivation of polymerase enzyme during amplification 

of DNA are found in lot of concerned samples (Kreader, 1996). Some inhibitors have 

been recognized like hemes as well as its resultants (Higuchi, 1989; Widjojoatmodjo et 

al., 1992) and humus, which is a decayed organic matter in the form of polyphenolics 

(Tsai & Olson, 1992).
 
 

i) Hematin  

Heme group may cause PCR inhibition during amplification of DNA samples 

extracted from blood (DeFranchis et al., 1988; Akane et al., 1994). It is assumed that the 

Heme group is co-extract and co-purified with the DNA and afterward hinders the PCR 

amplification by seizing polymerase enzyme activity. Stock solution (5mM) of hematin 

(CHEM-IMPEX INT’L INC, USA) was prepared by adding Tris. HCl (pH 8.0). To study 

the inhibition levels of hematin, 1ng Control DNA 9948 was used with increasing 

concentrations of hematin as 0 μM, 50, 65, 85, 100, 125, 150, 250, 500 and 1000 μM. 

ii) Humic acid  

Humic acid can also cause inhibition in the PCR amplification of DNA sample 

recovered from soil. Stock solution (10mg/μL) of humic acid (Sigma–Aldrich, MO, 

USA) was prepared into the distilled water by dissolving at 56
º
C for about half an hour. 

To observe the inhibitory effects, known quantities of humic acid with the escalating 

concentrations of 0, 25, 75, 85, 100, 125, 175 and 225 ng/μL were used in the 

amplification of 1 ng of Control DNA 9948.  

3.8.8 Mixture Studies 

According to SWAGDAM guidelines July 2012“the ability to obtain reliable 

results from mixed source samples should be determined.” To perform these studies two 

types of DNA mixtures were prepared in the following different ratios given in the table 

3.10. 
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Table 3.10. DNA Ratios Prepared for Mixture Studies 

DNA Mixture Ratios Set- I DNA Mixture Ratios Set- II 

Female (A) : Male (B) Female (A) : Male (B): Male (C) 

10 : 1 10 : 1 : 1 

3 : 1 3 : 1 : 1 

1 : 1 1 : 1 : 1 

1 : 3 1 : 3 : 3 

1 : 10 1 :10: 10 

 1 :10: 1 

 1 : 3 : 1 

 1 : 1 : 3 

 1 : 1 : 10 

3.9 Low Copy Number DNA Typing Studies  

The term Low copy number (LCN) DNA typing, means the STR analysis of 

<0.2ng DNA template or where the results are below the stochastic threshold for reliable 

interpretation by changing amplification parameters (Budowle et al., 2009). LCN studies 

were conducted at different concentration of template DNA (100pg, 50pg, 25pg, 12.5pg, 

6.25pg and 3.125pg). Amplification was performed up to 35 and 40 PCR cycles with the 

variation of denaturation, annealing/extension temperature and times.  

3.10 Generating the Allelic Ladder 

 Allelic ladder for the loci D7S820, Penta E, DYS385, D13S317, DYS438, Penta 

D and amelogenin was created by selecting different alleles from the population. All 

polymorphic forms of alleles for the specific locus were amplified separately with 

respective primer set. The product of each sample for different alleles were combined 

together to form a single allelic ladder of the locus. Then the single allelic ladders of 

each locus were mixed and balanced together making a final combination of allelic 

ladder (Griffiths et al., 1998). 

 Allelic ladder for the loci CSF1PO, TPOX, D18S51, D2S1338, FGA, D5S818, 

D21S11, D16S539, DYS392 and SE33 was produced by preparing dilution (1:1000) of 

allelic ladder from the Identifiler™ (Applied Biosystems), PowerPlex ES (Promega) and 

Y-filer™ (Applied Biosystems) kits (Butler et al., 2003). From these dilutions, 1 µl was 

used to amplify for each locus and then allelic product of all loci was combined into a 

final allelic ladder. 
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3.11 Population Data Analysis 

Statistics is the science of uncertainty and its measurement. It entails to make 

implications about populations through samples. In the perception of DNA testing, the 

‘population’ would be the integral group of individuals that could be considered, those 

living within a particular country or region. The ‘sample’ would be a set of individuals 

from the population at large (e.g., 100 males) that were selected at random and tested at 

particular genetic markers to try and establish a reliable representation of the entire 

population (Butler, 2005). 

Allelic frequencies and Forensic statistical parameters like matching probability, 

power of discrimination, polymorphism information content and observed heterozygosity 

were evaluated using modified PowerStats v1.2 softawre program (Tereba, 1999). 

Parentage statistical parameters like typical paternity index and power of exclusion were 

calculated using modified PowerStats v1.2 softawre program (Tereba, 1999). Minimum 

and null allele frequencies for valid statistical calculations due to presence of rare alleles 

were calculated by 5/2N where N is the number of samples (Butler, 2005).     

The gene diversity, Hardy–Weinberg equilibrium (HWE) test for p-values and 

pairwise linkage disequilibrium tests at each locus were executed using the PowerMarker 

v3.25 (Liu and Muse, 2005). The population differentiation test among different groups 

was carried out using Arlequin v3.5.1.2 softawre package (Excoffier and Lischer, 2010). 

 3.12 Forensic and Parentage Statistical Formulas 

For genetic identification of an individual, statistical parameters are evaluated to 

explicate DNA results. To find out the matching significance of an individual, statistical 

analysis is compulsory to cope with DNA typing results. With the analysis of statistical 

parameters, a scientific certainty level is achieved for DNA results to assist for the 

decisions of forensic or paternity cases (Huston, 1998). 

3.12.1  Homozygosity (h) 

The term homozygosity refers to the condition where the individuals have two 

identical alleles with the same fragment size at a particular locus. Homozygosity (h) is 

calculated with the formula given below where Pi is the frequency of i
th

 allele in the total 

number (n) of samples of a population (Butler, 2005).  
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3.12.2  Heterozygosity (H) 

Heterozygosity (H) is basically the number of heterozygotes in the population. It 

is calculated by dividing the number of samples containing heterozygous alleles into the 

total number of samples (Huston, 1998; Weir, 1996). Heterozygosity is calculated as 1 

minus homozygosity by the formula given below where Pi is the frequency of i
th

 allele in 

the total number (n) of samples of a population (Butler, 2005).  

                        
 

 

   

 

3.12.3  Gene Diversity (H) 

Gene Diversity is also known as expected heterozygosity that was prescribed as 

the probability of two selected alleles at random from the population is different (Weir, 

1996). Gene Diversity or expected heterozygosity can be calculated with the formula 

characterized by Edwards et al., 1992. 

                    
  

    
        

 

 

   

  

3.12.4  Power of Discrimination (PD) 

Power of Discrimination (PD) is calculated as 1 minus the sum of square of 

genotype frequencies (Fisher, 1951) or 1 minus probability of matching (Fisher, 1951).  

                                     
 

 

 

 

 

     
 

 

 

 

Combined of Discrimination (CPD) can be calculated by the following equation 

(Huston, 1998). 

                                         
 
 

   
           

3.12.5  Polymorphism Information Content (PIC) 

Polymorphism Information Content is the probability for the particular offspring 

of a parent bearing an infrequent allele at certain locus that will let the deduction of 

parental genotype at that locus. It can be found by the sum of paling frequencies by the 

multiplication of the probability which an offspring will be revealing (Botstein et al., 

1980). 
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3.12.6  Probability of Identity  

Probability of identity or matching probability refers that how much the 

probability of two randomly selected individuals in the population having the same DNA 

profile at the certain loci used can be calculated by sum of the square of genotype 

frequencies. The formula for probability of identity is given below in which Xi is the 

frequency of i
th

 genotype (Butler, 2005).  

                                    
 

 

   

 

Combined probability of matching (CPM) for all loci is the multiple of individual 

value of matching probability at each locus (Huston, 1998). 

3.12.7  Paternity Index (PI) 

Paternity index reveals the probability of a tested individual to become a true 

biological father rather than a randomly selected individual at the genotype alleles of the 

loci used for the child. The combined paternity index (CPI) is determined by multiplying 

the individual PIs for each locus tested (Butler, 2005). 

                             
 

 

   

  

3.12.8  Power of Exclusion (PE) 

Power of Exclusion or probability of exclusion is how much the probability of all 

individuals in the population having the different DNA profile at certain loci from that of 

a randomly selected individual in a typical paternity case. Power of Exclusion is 

calculated by the following equation (Butler, 2005). 

                                       

The combined power of exclusion (CPE) for several loci can be calculated by the 

following equation (Huston, 1998). 

                                    
 
 

   
           

3.12.9  Haplotype Diversity 

Haplotype diversity was calculated by the following formula, where, Xi indicates 

haplotype frequency and n is the number of samples (Nei and Tajima, 1981). 
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4.0 Results 

4.1 Development of Multiplex Assay 

The selected primer sequences for 18 loci were evaluated at all parameters 

essential for the development of multiplex assay. The web based Primer3 v4.0 program 

(Rozen and Skaletsky, 2000) was used to design the primer sequence for the loci D2S1338 

and D16S539 by using the reference sequence found at 

http://www.cstl.nist.gov/biotech/strbase/seq_ref.htm. Prior to use in the multiplex assay, 

all the primer sequences were blast in to the In-Slilco PCR (Kent, 2002) using online 

UCSC genome browser (Kent et al., 2002) to ensure their specific targeting sites on the 

human genome. A BLAT tool (Kent, 2002) was used for each primer set to make sure the 

complete sequence alignment on the specific region of the human genome. AutoDimer 

v1.0 program (Vallone and Butler, 2004) was used to observe primer dimer interactions. 

When minimum threshold score 6 was given using 34 sequences, 10 hits were observed in 

the program. The alignment score obtained in these ten hits was ≤ 7. The alignment score 

8 was found only in the hit of D18S51R vs D18S51R even then this worked well in the 

assay producing better results. 

Multiplex was developed by following the optimization of major limitations like 

assay layout as per size overlapping, singleplex PCR reaction for each primer set, 

compatibility of primer pairs to the core set, monitoring the non specific product 

amplification, impartial DNA profile by variable concentrations of each primer set, 

incomplete adenylation, the occurrence of PCR artifacts, annealing temperatures, cycle 

numbers, DNA concentrations and PCR reagents (Butler et al., 2003; Guo et al., 2014). 

The cell line DNA controls 007 and 9948 were used as a standard at each amplification 

batch of the samples in this multiplex. The genotyping profile of control DNA 9948 and 

007 has been shown in the figure 4.1 and 4.2. Using this multiplex of 18 loci, 537 samples 

from two different populations were genotyped. The DNA profile of the population 

sample has been shown in figure 4.3.    
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Figure 4.1: DNA profile obtained from cell line control DNA 9948 
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Figure 4.2: DNA profile obtained from cell line control DNA 007  
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Figure 4.3: DNA profile obtained from the population DNA sample 
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4.2. Developmental Validations  

The new developed system is how enough proficient in generating reliable results; 

however the procedure must be evaluated by conducting validation studies.  The critical 

features and limitations are revealed by validation procedure which is essential to interpret 

the perfect results for forensic analysis (Sparkes, Kimpton, Gilbard et al., 1996; Sparkes, 

Kimpton, Watson et al., 1996, and Wallin et al., 1998).  

Experiments for validation studies were accomplished according to the guidelines 

from the Scientific Working Group on DNA Analysis Methods (SWGDAM, 2012). 

“Through the Developmental validation process, accuracy, precision and reproducibility of 

a procedure must be demonstrated by the producer or the associated organization” 

(SWGDAM, 2012). Developmental validations were conducted to achieve optimal 

performance of PCR components like MgCl2, primer concentration, thermal cycler 

parameters like annealing temperature, PCR cycles numbers. Validation procedure was 

also conducted to assess the sensitivity, species specificity, stability like DNA degradation 

and PCR inhibition, mixture studies and low copy number experiments. 

4.2.1. PCR Components 

Each component was optimized to get the reproducible performance of all loci in 

the multiplex system regarding their specificities and sensitivities. Primer concentrations 

in the range of 0.09-2.25 µM showed the enhanced amplification results with 1x PCR 

buffer in the reaction volume of 12µl. Three concentration of Magnesium chloride 1.5mM, 

2.5mM and 3.0mM were optimized by the annealing temperature variations from 56˚C-

65˚C using 1ng template DNA. Optimal performance of all loci was observed with 2.5mM 

MgCl2 at annealing temperature of 60˚C as shown in the figure 4.4. Allele dropout and 

Non specificities were seen with concentration of 1.5mM and 3.0mM respectively. 

 
Figure 4.4: Amplification Results with concentrations of Magnesium Chloride 
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4.2.2. Thermal Cycler Parameters 

PCR conditions were synchronized with respect to the denaturation, 

annealing/extension temperatures and times. By altering the denaturation, 

annealing/extension temperatures and times, each locus was confirmed to get the optimum 

and specific PCR products with the most favorable concentration of at least 0.5ng to 1ng 

of DNA.  

Control DNA 007 at concentration of 0.5ng was amplified in the 

annealing/extension temperature range of 55˚C to 65˚C. Maximum non specific products 

were observed at 55˚C amplifying 26 alleles. By increasing the annealing temperature, 

amplification efficiency of the loci were also improved as well as the decrease of non 

specific products and artifacts.  DNA profile was obtained with amplification proficiency 

of the loci with 28 alleles at 56˚C, 29 alleles at 57˚C, 58˚C and 59˚C with as shown in 

graphical illustration figure 4.5. Full DNA profile of standard DNA007 was attained at 

optimal annealing/extension temperature of 60˚C without any non specific product. By 

increasing annealing/extension temperature low amplification or allele dropout of loci was 

occurred as shown figure 4.5. 

 
Figure 4.5: Number of alleles amplified vs annealing/extension temperature. 
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To get the clean DNA profile without artifacts, PCR amplification of the multiplex 
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threshold and non specificities in the DNA profile were perceived in > 30 cycles as shown 

in the figure 4.6. 

 
Figure 4.6: Amplification Results in different Number of PCR cycles. 

4.2.4. Accuracy, Precision and Reproducibility 

According to the SWGDAM guidelines for accuracy, precision and reproducibility 

which are described as “The extent to which a given set of measurements of the same 

sample agree with their mean and the extent to which these measurements match the 

actual values being measured should be determined” (SWGDAM, 2012).  

Precision and reproducibility were determined from various sample types. For the 

accurate allele designation, the Size variations were normally compared among sample’s 

alleles and allelic ladder’s alleles on the ABI3130xl Genetic Analyzer. All sample’s alleles 

were retained within ±0.5 bp from a corresponding allele in the allelic ladder. 

4.2.5. Sensitivity 

The optimal amount for efficient amplification of DNA was determined by 

amplifying different concentration of control DNA 007 in the range of 2ng to 0.031ng. All 

loci were amplified successfully at threshold of 100RFU from 0.25ng to 2ng in a reaction 

volume of 12µl. At the DNA concentration of 0.125ng 26 alleles were obtained at 

threshold 100 RFU and 3 alleles were ≥70RFU as shown in the graphical figure 4.7.  
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Figure 4.7: PCR Sensitivity of the multiplex system in different concentration of DNA. 

 

4.2.6. Species Specificity 

According to the SWGDAM guidelines, nonhuman DNA was evaluated to 

determine the specificity of the loci used in the multiplex system. In this perspective, DNA 

of human relevant animals like dog, horse, sheep and chick was amplified with 01ng from 

each sample. In addition to this microbial DNA like E. coli was also amplified with 100 

copies. All these nonhuman DNA samples did not generate any significant PCR product as 

shown in the figure 4.8.  

 
Figure 4.8: Species specific PCR results of Nonhuman DNA like dog, horse, sheep, chick and E.coli along 

with control DNA007. 
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4.2.7. DNA Degradation Studies 

DNA was degraded on MISONIX Ultrasound Liquid Processor from 0 to 5 

minutes at interval of 30 seconds and then run through 2.5% agarose gel electrophoresis to 

observe the degradation level as shown in figure 4.9. Degradation pattern on the gel was 

achieved as described by Bender et al in 2004. To find out accurate amount of DNA in 

each interval, real time PCR was performed for these degraded DNA samples. These 

samples were amplified by making the 1ng concentration of degraded DNA at each 

interval to observe the amplification efficiency of the loci.   

 
  Figure 4.9: Gel Electrophoresis of degraded DNA after sonication. 

 

At the interval level of 0 and 0.5 minutes 18 loci were amplified successfully. Drop 

out of one locus was seen in the intervals of 1 and 1.5 minutes following 2 loci in interval 

range of 2 to 4 minutes and 4 loci in 4.5 to 5 minutes as shown in the graph figure 4.10.  

 
Figure 4.10:  No. of loci amplified vs Sonicated DNA time intervals. 
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To get the fragment degradation less than 300 bp, DNA was treated with DNase-1 

enzyme from 0 to 5, 10, 20, 40 and 80 minute intervals. DNA degradation level was 

observed through 2.5% agarose gel electrophoresis as shown in figure 4.11. Real time 

PCR was performed to get the exact amount of degraded DNA. Then all these samples 

were amplified to observe the amplification performance of all loci. 

 
Figure 4.11: Gel Electrophoresis of degraded DNA after DNase-1 treatment. 

 

At the interval of 0 minute 18 loci were amplified successfully. Single  locus drop 

out was observed at the intervals of 0.5, 1 and 2 minutes following 2 loci in interval range 

of 3,4 and 5 minute. After 5 minutes, increase in drop out at larger amplicons was 

observed at 10, 20, 40 and 80 minute intervals by 5, 7 and 8 loci respectively as shown 

graphically in the figure 4.12.  

 
Figure 4.12: No. of loci amplified vs DNase-1 degradation time intervals. 
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4.2.8. Inhibitor’s Effects 

To assess the outcomes of inhibitory actions like hematin and humic acid, different 

concentrations were used along with amplifying 1ng of control DNA 9948 in a reaction 

volume of 12 µl.  

4.2.8.1. Inhibition Effects by Hematin 

Concentrations used for hematin were 50µM, 65µM, 85µM, 100µM, 125µM, 

150µM, 250µM, 500µM, 1000µM. On the analysis of genotyping data, complete DNA 

profile was obtained with successful amplification of all loci in the multiplex up to 

concentration of 85µM as shown in the figure 4.13. But by the increase in concentration of 

hematin, DNA profile was obtained with 25, 21, 16, and 9 alleles at 100µM, 125µM, 

150µM and 250µM respectively. No amplification product was obtained at the hematin 

concentration of 500µM and 1000µM as shown in the graphical figure 4.13. 

 
Figure 4.13: Number of allele amplified vs concentration Hematin in µM. 
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of 125ng, 175ng and 225ng, DNA profile was obtained with 16, 14 and 11 alleles 

respectively as shown in the graphical illustration figure 4.14.   

 
Figure 4.14: Number of allele amplified vs concentration of Humic Acid. 
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component at 100 RFU. While Minor component in the DNA profile obtained from the 

ratios of three times less than major component or equal was interpretable at threshold of 

100 RFU. The electropherogram of all these mentioned mixture ratios has been shown in 

figure 4.15.  

 
Figure 4.15: Mixture studies with two contributors in different ratios as a major and minor DNA component.  

 

Mixture of three DNA profiles contributing two male individuals and one victim 

leads to the complex interpretation of the results as shown in the figure 4.16. With the help 

of this system it would be possible to know the number of male individuals contributing 

DNA profiles in the mixture by observing more than two alleles at DYS385a/b and more 

than one allele at DYS438 or DYS392. Penta E and Penta D with very low or no stutter 

percentage were observed to be beneficial in mixture DNA profiles interpretation. 
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Figure 4.16: Mixture studies with three contributors in different ratios as a major and minor DNA 

component. 
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4.3. Low Copy Number of DNA 

Low copy number of DNA typing was conducted through alterations of PCR 

amplification steps to enhance the sensitivity of detection limits, eventually to turn into 

interpretable results (Budowle et al., 2009). Different concentration of template DNA 

including 100pg, 50pg, 25pg, 12.5pg, 6.25pg and 3.125pg were used to amplify at 35 and 

40 number of PCR cycles.  All loci were amplified successfully with total DNA 

concentration of 100pg, 50pg, 25pg, 12.5pg in a reaction volume of 08µl at 35 number of 

PCR cycles. While DNA profile of 12 loci and 6 loci was obtained with total DNA of 

6.25pg and 3.125pg in a reaction volume of 08µl as shown in graphical figure 4.17.   

 
Figure 4.17: Number of Loci amplified vs low copy number of DNA. 

4.4. Allelic Ladders 
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amplifying the prepared dilution (1:1000) of allelic ladder from the Identifiler™ (Applied 

Biosystems), PowerPlex ES (Promega) and Y-filer™ (Applied Biosystems) kits (Butler et 

al., 2003). Then allelic ladder products of all loci were combined into a final allelic ladder. 

 

Figure 4.18: Allelic ladders for the loci which were generated from the combination of population samples. 

4.5. Population Distribution of Genetic Markers 

 According to the SWGDAM guidelines, 2012 genetic marker’s distribution should 

be evaluated in the associated population groups. After calculating the allelic frequencies 

in the relevant population, then it would be applicable to interpret the matching 

significance between the genotyped samples, either included or excluded as being the 

source of the biological evidence in the sample tested. For this purpose relevant forensic 
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and paternity statistical parameters were investigated by genotyping 537 samples from two 

Pakistani populations, Punjab and Khayber Pakhtunkhwa. Allele frequencies, expected 

and observed heterozygosity, power of discrimination, probability of matching, power of 

exclusion, typical paternity index and Hardy-Weinberg equilibrium probability tests were 

calculated through PowerStats v1.2 softawre program (Tereba, 1999) and PowerMarker 

v3.25 (Liu and Muse, 2005). 

 4.5.1. Allele frequencies in the Punjabi population  

All loci including amelogenin marker were studied in 337 samples of the Punjabi 

population. By analyzing the allelic data from these samples, a total of 216 polymorphic 

alleles were obtained including variant alleles.  Allele frequency of each allele obtained 

from the data has been shown in the table 4.1. The minimum allele frequency was 0.0015 

and maximum allele frequency of allele repeat number 8 was 0.3961 at TPOX among the 

autosomal STRs in the Punjabi population. While among the YSTRs, maximum allele 

frequency of allele repeat no. 11 was 0.7220 at locus DYS392. 

From the genotype data of 337 individuals, 44 alleles were obtained at the locus 

SE33 followed by 21 at Penta E, 18 alleles at DYS385a/b, 15 alleles each for the locus 

FGA and D2S1338, 13 alleles each for the locus D18S51, D21S11 and Penta D, 10 alleles 

at D5S818, 9 alleles each for D7S820 and D16S539, 8 alleles at CSF1PO and D13S317, 7 

alleles at DYS438 and DYS392.    

The minimum or null allele frequency was determined by 5/2N where N = no. of 

samples analyzed. The minimum or null allele frequency for 337 samples of the Punjabi 

population was 0.007 in autosomal STRs. Among the Y-STRs the minimum or null allele 

frequency for 313 samples of Punjabi male samples was 0.008. 
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Table 4.1: Allelic frequency data for 17 STR loci in 337 unrelated individuals from the Population of Punjab Pakistan. 

Allele CSF1PO D7S820 SE33 Penta E TPOX D18S51 D2S1338 DYS385a/b D13S317 FGA DYS438 D5S818 D21S11 D16S539 DYS392 Penta D 

5 - - - 0.0593 0.0029 - - - - - - - - - - - 

6.2 - - - - - - - - - - - 0.0015 - - - - 

7 0.0045 0.0326 - 0.1039 - - - 0.0016 - - 0.0064 0.0029 - 0.0015 - 0.0059 

8 - 0.1944 0.0074 0.0089 0.3961 - - - 0.1800 - 0.0159 0.0015 - 0.0534 - 0.0148 

8.2 - - - - - - - - - - - 0.0045 - - - - 

9 0.0178 0.0890 0.0015 0.0119 0.1335 - - 0.0208 0.0520 - 0.3163 0.0401 - 0.1855 0.0032 0.1899 

9.2 - 0.0015 - - - - - - - - - - - - - - 

10 0.2321 0.2433 - 0.0371 0.0831 0.0163 - 0.0096 0.0850 - 0.1981 0.1113 - 0.0994 0.0831 0.1855 

10.2 - - - - - - - - - - - - - - - 0.0015 

11 0.3155 0.2314 0.0029 0.1039 0.3368 0.0178 - 0.1645 0.2626 - 0.4441 0.3442 - 0.3071 0.7220 0.2374 

12 0.3497 0.1765 0.0089 0.1335 0.0445 0.0801 - 0.0351 0.2952 - 0.0128 0.3309 - 0.2047 0.0288 0.1231 

12.3 - - - - - - - - - - - - - - - 0.0015 

12.4 - - - 0.0015 - - - - - - - - - - - - 

13 0.0669 0.0297 0.0148 0.0994 0.0029 0.1172 0.0029 0.1070 0.0950 - 0.0064 0.1528 - 0.1306 0.0159 0.1513 

13.2 - - 0.0015 - - - - - - - - - - - - - 

14 0.0104 0.0015 0.0267 0.0668 - 0.2255 - 0.2173 0.0282 - - 0.0104 - 0.0148 0.1310 0.0489 

14.3 - - 0.0044 - - - - - - - - - - - - - 

15 0.0029 - 0.0178 0.0919 - 0.1958 - 0.1358 0.0030 - - - - 0.0029 0.0159 0.0223 

15.2 - - 0.0015 - - - - - - - - - - - - - 

15.3 - - 0.0133 - - - - - - - - - - - - - 

16 - - 0.0341 0.0846 - 0.1217 0.0089 0.0942 - - - - - - - 0.0134 

16.2 - - 0.0059 - - - - 0.0096 - - - - - - - - 

16.3 - - - 0.0015 - - - - - - - - - - - - 

17 - - 0.0771 0.0816 - 0.0949 0.0816 0.0639 - - - - - - - 0.0045 
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Table 4.1 (Continued) 

Allele CSF1PO D7S820 SE33 Penta E TPOX D18S51 D2S1338 DYS385a/b D13S317 FGA DYS438 D5S818 D21S11 D16S539 DYS392 Penta D 

17.2 - - 0.0029 - - - - - - - - - - - - - 

17.3 - - 0.0015 - - - - 0.0128 - - - - - - - - 

18 - - 0.0875 0.0623 - 0.0475 0.1395 0.0559 - 0.0059 - - - - - - 

18.2 - - 0.0029 - - - - - - - - - - - - - 

18.3 - - - - - - - 0.0032 - - - - - - - - 

19 - - 0.1038 0.0297 - 0.0371 0.1350 0.0543 - 0.0489 - - - - - - 

20 - - 0.0415 0.0134 - 0.0282 0.1261 0.0112 - 0.1053 - - - - - - 

20.2 - - 0.0104 - - - 0.0015 - - - - - - - - - 

21 - - 0.0282 0.0045 - 0.0133 0.0504 - - 0.1573 - - - - - - 

21.1 - - 0.0089 - - - - - - - - - - - - - 

21.2 - - 0.0104 - - - - - - 0.0104 - - - - - - 

22 - - 0.0119 0.0015 - 0.0044 0.0608 0.0032 - 0.1454 - - - - - - 

22.2 - - 0.0193 - - - - - - 0.0059 - - - - - - 

23 - - 0.0015 0.0015 - - 0.2151 - - 0.1869 - - - - - - 

23.2 - - 0.0104 - - - - - - 0.0029 - - - - - - 

24 - - - 0.0015 - - 0.0861 - - 0.1602 - - - - - - 

24.2 - - 0.0326 - - - 0.0015 - - - - - - - - - 

25 - - 0.0015 - - - 0.0772 - - 0.1083 - - - - - - 

25.2 - - 0.0371 - - - - - - 0.0015 - - - - - - 

26 - - - - - - 0.0104 - - 0.0401 - - - - - - 
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Table 4.1 (Continued) 

Allele CSF1PO D7S820 SE33 Penta E TPOX D18S51 D2S1338 DYS385a/b D13S317 FGA DYS438 D5S818 D21S11 D16S539 DYS392 Penta D 

26.2 - - 0.0311 - - - - - - 0.0015 - - - - - - 

27 - - - - - - 0.0029 - - 0.0193 - - 0.0074 - - - 

27.2 - - 0.0534 - - - - - - - - - - - - - 

28 - - - - - - - - - - - - 0.1454 - - - 

28.2 - - 0.0668 - - - - - - - - - - - - - 

29 - - - - - - - - - - - - 0.1855 - - - 

29.2 - - 0.0593 - - - - - - - - - 0.0015 - - - 

30 - - 0.0015 - - - - - - - - - 0.1691 - - - 

30.2 - - 0.0579 - - - - - - - - - 0.0356 - - - 

31 - - - - - - - - - - - - 0.0282 - - - 

31.2 - - 0.0534 - - - - - - - - - 0.1454 - - - 

32 - - 0.0015 - - - - - - - - - 0.0045 - - - 

32.2 - - 0.0267 - - - - - - - - - 0.2033 - - - 

33.2 - - 0.0119 - - - - - - - - - 0.0534 - - - 

34 - - 0.0015 - - - - - - - - - - - - - 

34.2 - - 0.0015 - - - - - - - - - 0.0178 - - - 

35.2 - - 0.0029 - - - - - - - - - 0.0029 - - - 
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4.5.2. Forensic Proficiency and Paternity Statistical Parameters 

The forensic proficiency parameters like Matcing probability (MP), Power of discrimination 

(PD), polymorphism information content (PIC), observed heterozygosity (HO) and expected 

heterozygosity (HE) or gene diversity of 337 samples from Punjabi population were 

calculated using PowerStats v1.2 softawre program (Tereba, 1999) as shown in table 4.2.  

The lowest observed value of matching probability was 0.0082 at locus SE33 and 

highest value 0.1347 was at locus TPOX as shown in the table 4.2. The highest power of 

discrimination was 0.9918 at SE33 and lowest value 0.8653 at TPOX in autosomal loci while 

lowest PD value 0.4532 was at DYS392 among the Y-STRs. High polymorphism information 

content (PIC) was observed with value of 0.9456 at SE33 and low value of PIC 0.6525 was 

obtained at TPOX. Among the Y-STRs DYS392 was at lowest value of 0.4265. The observed 

values of heterozygosity and expected values of heterozygosity were in the range of 0.6379 at 

TPOX to 0.9109 at SE33 and 0.7029 at TPOX to 0.9480 at SE33 respectively among the 

autosomal markers as shown in the table 4.2. Haplotype diversity was found at DYS385a/b, 

DYS438 and DYS392 with values of 0.875, 0.70 and 0.453 respectively. 

The paternity index (PI) was observed with lowest value of 1.3811 at TPOX and 

highest value of 5.6167 at SE33 as shown in the table 4.2. While among the Y-STRs the 

lowest observed value of PI was 0.5 at DYS438, DYS392 and highest value was 8.6944 at 

DYS385a/b. The incredible highest power of exclusion (PE) was observed with value of 

0.8827 at DYS385a/b while among the autosomal markers high value of PE (0.8179) was 

obtained at SE33 and low value of PE (0.3389) was perceived at the locus TPOX as shown in 

table 4.2. 

The probability (p) values for Hardy-Weinberg equilibrium tests were calculated 

through PowerMarker v3.25 (Liu and Muse, 2005) among the samples of Punjabi Population 

as shown in the table 4.2. The exact test p value is to test genotype frequencies of two-locus 

are the one-locus genotype frequencies products regarding their genotypic data. Among the 

autosomal STR markers, all loci were in Hardy-Weinberg equilibrium at the probability value 

of p < 0.05 except D7S820, TPOX, D2S1338, FGA and D16S539. But after Boneferroni 

correction p < 0.003, no significant deviations were observed at all loci except Y-STR 

markers. 
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Table 4.2: Forensic and Parentage Statistical parameters at 17 STR loci in 337 unrelated individuals from the province of Punjab Pakistan. 

 CSF1PO D7S820 SE33 Penta E TPOX D18S51 D2S1338 
DYS385 

a/b 
D13S317 FGA DYS438 D5S818 D21S11 D16S539 DYS392 Penta D 

MP 0.1263 0.0656 0.0082 0.0161 0.1347 0.0353 0.0312 0.0754 0.0707 0.0352 0.3369 0.1117 0.0425 0.0701 0.5467 0.0495 

PD 0.8737 0.9344 0.9918 0.9839 0.8653 0.9647 0.9688 0.9246 0.9293 0.9647 0.6630 0.8883 0.9575 0.9299 0.4532 0.9505 

PIC 0.6684 0.7805 0.9456 0.9073 0.6525 0.8470 0.8609 0.8624 0.7622 0.8514 0.5999 0.6908 0.8296 0.7713 0.4265 0.8099 

PE 0.4047 0.5213 0.8179 0.7514 0.3389 0.5957 0.6864 0.8827 0.5161 0.7216 0.0000 0.4287 0.6461 0.5526 0.0000 0.5957 

PI 1.5849 2.0549 5.6167 4.1098 1.3811 2.4779 3.2404 8.6944 2.0301 3.6630 0.5000 1.6683 2.8559 2.2171 0.5000 2.4779 

HO 0.6845 0.7567 0.9109 0.8783 0.6379 0.7982 0.8457 0.9425 0.7537 0.8635 0.0000 0.7003 0.8249 0.7745 0.0000 0.7982 

HE 0.7189 0.8084 0.9480 0.9139 0.7029 0.8616 0.8737 0.8868 0.7920 0.8661 0.7042 0.7346 0.8481 0.7993 0.5233 0.8318 

HWE 

P 
0.7338 0.0209 0.1238 0.2448 0.0035 0.1442 0.0173 0.0000 0.5283 0.0439 0.0000 0.0693 0.4344 0.0313 0.0000 0.8254 

MP: Matching probability; PD: Power of discrimination; PIC: Polymorphism Information Content; PE: Power of exclusion; Ho: Observed heterozygosity; He: Expected 

heterozygosity; HWE: p-values from exact test for Hardy-Weinberg equilibrium;; Significant HWE p-value is shown in bold (p<0.003 after Bonferroni correction). 
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Combined efficiency of all the markers to prove the probability of identity or 

exclusion of an individual from the left behind population was also evaluated pertaining to 

power of discrimination, matching probability and power of exclusion as shown in table 4.3.  

 

Table 4.3: Combined efficiency values for 17 STR loci of the multiplex in the population 

samples of Punjab Pakistan. 

Combined power of discrimination (CPD) 0.9999999999999999991938249734457 

Combined matching probability (CMP) 9.23831E
-20

 

Combined power of exclusion (CPE) 0.999998454 

Probability of Identity 1 in quadrillion 

  

4.5.3. Pairwise Linkage Disequilibrium in Punjabi Samples 

Pairwise linkage disequilibrium test was performed using PowerMarker v3.25 

software (Liu and Muse, 2005). When the sample data was submitted for the analysis and 

resulting LD matrix was constructed by the program as summarized in two dimensional table 

4.4. 

After analysis of Pairwise LD matrix, 120 combinations of locus to locus Pairwise 

linkage Disequilibrium were obtained from PowerMarker v3.25 software. On interpretation of 

Pairwise LD matrix, from these 120 combinations it was evaluated that at the value of 

significance level p<0.05, significant deviations were observed at 52 combinations of locus to 

locus Pairwise linkage Disequilibrium as indicated in bold in table 4.4. But when the 

boneferroni correction p<0.0004 was considered on 52 combinations of Pairwise loci, no 

significant deviations were perceived at any locus as indicated in table 4.4. 
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Table 4.4: Pairwise locus to locus Linkage Disequilibrium Matrix in the Punjabi population. 

Marker D7S820 SE33 Penta E TPOX D18S51 D2S1338 
DYS385 

a/b 
D13S317 FGA DYS438 D5S818 D21S11 D16S539 DYS392 Penta D 

CSF1PO 0.0462 0.1186 0.0559 0.0260 0.0590 0.0460 0.0570 0.0420 0.0447 0.0298 0.0277 0.0573 0.0372 0.0241 0.0450 

D7S820 
 

0.1115 0.0667 0.0244 0.0525 0.0488 0.0730 0.0407 0.0544 0.0236 0.0360 0.0622 0.0382 0.0324 0.0507 

SE33 
  

0.2143 0.1003 0.1705 0.1764 0.1988 0.1257 0.1848 0.0715 0.1122 0.1531 0.1162 0.0815 0.1458 

Penta E 
   

0.0649 0.1143 0.1114 0.1510 0.0704 0.1059 0.0410 0.0690 0.0825 0.0780 0.0482 0.0846 

TPOX 
    

0.0569 0.0518 0.0766 0.0211 0.0390 0.0248 0.0342 0.0315 0.0323 0.0204 0.0410 

D18S51 
     

0.0840 0.1073 0.0462 0.0809 0.0343 0.0521 0.0851 0.0676 0.0330 0.0778 

D2S1338 
      

0.1211 0.0702 0.0935 0.0355 0.0685 0.0804 0.0538 0.0438 0.0587 

DYS385 

a/b        
0.0886 0.1158 0.2709 0.0660 0.0963 0.0794 0.2594 0.1046 

D13S317 
        

0.0618 0.0215 0.0310 0.0586 0.0299 0.0248 0.0471 

FGA 
         

0.0327 0.0426 0.0868 0.0711 0.0429 0.0614 

DYS438 
          

0.0259 0.0250 0.0279 0.3771 0.0252 

D5S818 
           

0.0432 0.0394 0.0259 0.0409 

D21S11 
            

0.0446 0.0386 0.0686 

D16S539 
             

0.0331 0.0554 

DYS392 
              

0.0330 
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4.5.4. Allele frequencies in the Pashtun Population  

 From the Pashtun population 200 samples were analyzed using the new developed 

STR multiplex. Allele frequencies for all loci were calculated using PowerStats v1.2 softawre 

program (Tereba, 1999) as shown in table 4.5.  

A total of 202 polymorphic alleles were generated from the samples of Pashtun 

population. The minimum allele frequency in the Pashtun samples was 0.0025 and maximum 

allele frequency was 0.4325 for allele repeat number 8 at TPOX among the autosomal STR 

markers. While in the Y-STRs the minimum allele frequency was found as 0.0042 and 

maximum frequency was 0.7583 for allele repeat number 11 at locus DYS392 as shown in the 

table 4.5. 

 In the genotype data of Pashtun samples, SE33 locus was found to be generating 

maximum number of 37 alleles, subsequently 18 alleles at locus Penta E, 15 alleles at each 

locus of D18S51 and D2S1338, 13 alleles at each locus of D5S818 and D21S11, 12 alleles at 

DYS385a/b, 11 alleles at Penta D, 10 alleles at CSF1PO, 9 alleles at TPOX, 8 alleles at each 

locus of D7S820, D13S317, D16S539, DYS392 and 4 alleles at DYS438 as shown in table 

4.5. 

The minimum or null allele frequency was determined by 5/2N where N = no. of 

samples analyzed. The minimum or null allele frequency for 200 samples of the Pashtun 

population was 0.0125 in autosomal STRs. Among the Y-STRs the minimum or null allele 

frequency for 120 Pashtun male samples was 0.021. 
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Table 4.5: Allelic frequency data for 17 STR loci in 200 unrelated individuals from the Pashtun population of Pakistan. 

Allele CSF1PO D7S820 SE33 Penta E TPOX D18S51 D2S1338 DYS385a/b D13S317 FGA DYS438 D5S818 D21S11 D16S539 DYS392 Penta D 

4.2 - - 0.0125 - - - - - - - - - - - - - 

5 - - - 0.0575 - - - - - - - - - - - - 

5.2 - - - - - - - - - - - 0.0025 - - - - 

6 0.0050 - - - 0.0025 - - - -  - - - 0.0025 - 0.0025 

6.2 - - - - - - - - - - - - - - - - 

7 - 0.0450 - 0.1050 0.0050 - - - 0.0025 - - 0.0050 - - 0.0083 0.0050 

8 0.0100 0.1700 - 0.0075 0.4325 - - - 0.1400 - - - - 0.0375 - 0.0225 

8.2 - - - - 0.0100 - - - - - - 0.0025 - - - - 

9 0.0200 0.1025 - 0.0075 0.0925 - - 0.0417 0.0850 - 0.1167 0.0525 - 0.1175 - 0.2100 

9.3 0.0050 - - - - - - - - - - - - - - - 

10 0.2375 0.1725 - 0.0825 0.0750 0.0075 - - 0.0650 - 0.3417 0.1475 - 0.1350 0.0167 0.1825 

10.2 - - - - - -  - -  - 0.0025 - - - - 

11 0.3450 0.2875 0.0025 0.1575 0.3375 0.0225 - 0.2500 0.3350 - 0.5167 0.2875 - 0.3400 0.7583 0.2150 

11.2 - - - - - - - - - - - 0.0050 - - - - 

12 0.3200 0.2000 0.0050 0.1150 0.0350 0.0950 - 0.0250 0.2675 - 0.0250 0.3450 - 0.2650 0.0333 0.1275 

12.2 - - - - - 0.0025 - - - - - 0.0025 - - - - 

12.4 - - - - - - - - - - - - - - - - 

13 0.0500 0.0200 0.0225 0.0750 - 0.1300 - 0.1333 0.0700 - - 0.1375 - 0.0800 0.0167 0.1600 

13.2 - - - - - - - - - - - - - - - - 

14 0.0050 0.0025 0.0375 0.0500 - 0.2125 0.0025 0.2458 0.0350 - - 0.0050 - 0.0225 0.1417 0.0550 

14.4 - - - 0.0050 - - - - - - - - - - - - 

15 0.0025 - 0.0325 0.0650 0.0100 0.1975 - 0.0542 - - - 0.0050 - - 0.0167 0.0150 

15.2 - - - - - - - - - - - - - - - - 

15.3 - - 0.0250 - - - - - - - - - - - - - 

16 - - 0.0550 0.0925 - 0.1150 0.0225 0.1667 - - - - - - 0.0083 0.0050 
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Table 4.5 (Continued) 

Allele CSF1PO D7S820 SE33 Penta E TPOX D18S51 D2S1338 DYS385a/b D13S317 FGA DYS438 D5S818 D21S11 D16S539 DYS392 Penta D 

16.2 - - 0.0075 - - - - 0.0042 - - - - - - - - 

16.3 - - - - - - - - - - - - - - - - 

17 - - 0.1000 0.0850 - 0.0800 0.0925 0.0542 - - - - - - - - 

17.2 - - - - - 0.0025 - - - - - - - - - - 

17.3 - - 0.0050 - - - - - - - - - - - - - 

18 - - 0.0650 0.0400 - 0.0575 0.1275 0.0083 - 0.0150 - - - - - - 

18.2 - - 0.0050 - - - - - - - - - - - - - 

18.3 - - - - - - - - - - - - - - - - 

19 - - 0.1000 0.0225 - 0.0375 0.1650 0.0125 - 0.0400 - - - - - - 

20 - - 0.0425 0.0150 - 0.0175 0.1300 - - 0.1000 - - - - - - 

20.2 - - 0.0125 - - - - - - - - - - - - - 

21 - - 0.0150 0.0125 - 0.0175 0.0350 0.0042 - 0.1775 - - - - - - 

21.1 - - 0.0025 - - - - - - - - - - - - - 

21.2 - - 0.0075 - - - - - - 0.0125 - - - - - - 

22 - - 0.0025 0.0050 - 0.0050 0.0425 - - 0.1525 - - - - - - 

22.2 - - 0.0050 - - - - - - 0.0050 - - - - - - 

23 - - 0.0025 - - - 0.1850 - - 0.1500 - - - - - - 

23.2 - - 0.0125 - - - 0.0050 - - 0.0050 - - - - - - 

24 - - 0.0050 - - - 0.1125 - - 0.1575 - - - - - - 

24.2 - - 0.0350 - - - - - - - - - - - - - 

25 - - - - - - 0.0650 - - 0.1300 - - - - - - 

25.2 - - 0.0550 - - - 0.0025 - - - - - - - - - 

26 - - - - - - 0.0100 - - 0.0450 - - - - - - 

26.2 - - 0.0275 - - - - - - - - - - - - - 

27 - - - - - - 0.0025 - - 0.0100 - - 0.0075 - - - 
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Table 4.5 (Continued) 

Allele CSF1PO D7S820 SE33 Penta E TPOX D18S51 D2S1338 DYS385a/b D13S317 FGA DYS438 D5S818 D21S11 D16S539 DYS392 Penta D 

27.2 - - 0.0600 - - - - - - - - - - - - - 

28 - - - - - - - - - - - - 0.1650 - - - 

28.2 - - 0.0450 - - - - - - - - - 0.0025 - - - 

29 - - - - - - - - - - - - 0.1500 - - - 

29.2 - - 0.0625 - - - - - - - - - - - - - 

30 - - - - - - - - - - - - 0.1650 - - - 

30.2 - - 0.0450 - - - - - - - - - 0.0325 - - - 

31 - - - - - - - - - - - - 0.0375 - - - 

31.2 - - 0.0525 - - - - - - - - - 0.1275 - - - 

32 - - - - - - - - - - - - 0.0200 - - - 

32.2 - - 0.0175 - - - - - - - - - 0.1900 - - - 

33 - - 0.0025 - - - - - - - - - - - - - 

33.2 - - 0.0050 - - - - - - - - - 0.0950 - - - 

34 - - 0.0025 - - - - - - - - - - - - - 

34.2 - - 0.0075 - - - - - - - - - 0.0050 - - - 

35.2 - -  - - - - - - - - - 0.0025 - - - 
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4.5.5. Forensic Competency and Paternity Statistical Parameters 

The forensic competency parameters like Matcing probability (MP), Power of 

discrimination (PD), polymorphism information content (PIC), observed heterozygosity (HO) 

and expected heterozygosity (HE) or gene diversity of 200 samples from Pashtun population 

were calculated using PowerStats v1.2 softawre program (Tereba, 1999) as shown in table 

4.6.  

The lowest observed value of matching probability was 0.0095 at locus SE33 and 

highest value 0.1788 was at locus TPOX in the autosomal STR loci as shown in the table 4.6. 

The highest power of discrimination was 0.9905 at SE33 and lowest value 0.8213 at TPOX in 

autosomal loci while lowest PD value 0.4028 was observed at DYS392 among the Y-STRs. 

High polymorphism information content (PIC) was observed with value of 0.9441 at SE33 

and low value of PIC 0.6312 was obtained at TPOX. Among the Y-STRs DYS392 was at 

lowest PIC with value of 0.3772. The observed values of heterozygosity and expected values 

of heterozygosity were in the range of 0.6650 at CSF1PO to 0.9200 at SE33 and 0.6834 at 

TPOX to 0.9467 at SE33 respectively among the autosomal markers as shown in the table 4.6. 

Haplotype diversity of Y-STRs in Pashtuns was found at DYS385a/b, DYS438 and DYS392 

with values of 0.823, 0.602 and 0.403 respectively. 

The paternity index (PI) was observed with lowest value of 1.4925 at CSF1PO and 

highest value of 6.2500 at SE33 in autosomal STR markers as shown in the table 4.6. While 

among the Y-STRs the lowest observed value of PI was 0.5 at DYS438, DYS392 and highest 

value was 10.0 at DYS385a/b. The incredible highest power of exclusion (PE) was observed 

with value of 0.8982 at DYS385a/b while among the autosomal markers, high value of PE (0. 

8364) was obtained at SE33 and low value of PE (0.3762) was perceived at the locus CSF1PO 

as shown in table 4.6. 

The probability (p) values for Hardy-Weinberg equilibrium tests were calculated 

through PowerMarker v3.25 (Liu and Muse, 2005) among the samples of Pashtun Population 

as shown in the table 4.6. Among the autosomal STR markers, significant deviations with the 

probability level of p < 0.05 were observed at all loci except SE33, Penta E, FGA, D21S11 

and D16S539. But after Boneferroni correction p < 0.003, significant deviations were 

observed at CSF1PO, TPOX, DYS385a/b, DYS438 and DYS392 as shown in the table 4.6. 
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Table 4.6: Forensic and Parentage Statistical parameters at 17 STR loci in 200 unrelated individuals from the Pashtun population of Pakistan. 

 CSF1PO D7S820 SE33 Penta E TPOX D18S51 D2S1338 
DYS385 

a/b 
D13S317 FGA DYS438 D5S818 D21S11 D16S539 DYS392 Penta D 

MP 0.1298 0.0679 0.0095 0.0202 0.1788 0.0372 0.0342 0.1944 0.0904 0.0374 0.3979 0.1033 0.0378 0.0880 0.5972 0.0529 

PD 0.8702 0.9322 0.9905 0.9798 0.8213 0.9628 0.9659 0.8056 0.9096 0.9626 0.6021 0.8967 0.9622 0.9119 0.4028 0.9471 

PIC 0.6680 0.7783 0.9441 0.9031 0.6312 0.8501 0.8637 0.8004 0.7484 0.8522 0.5288 0.7165 0.8424 0.7415 0.3772 0.8082 

PE 0.3762 0.5098 0.8364 0.8570 0.4054 0.5990 0.7852 0.8982 0.5184 0.7147 0.0000 0.5535 0.6559 0.5446 0.0000 0.6084 

PI 1.4925 2.0000 6.2500 7.1428 1.5873 2.5000 4.7619 10.000 2.0408 3.5714 0.5000 2.2222 2.9412 2.1739 0.5000 2.5641 

HO 0.6650 0.7500 0.9200 0.9300 0.6850 0.8000 0.8950 0.9500 0.7550 0.8600 0.0000 0.7750 0.8300 0.7700 0.0000 0.8050 

HE 0.7191 0.8058 0.9467 0.9101 0.6834 0.8644 0.8763 0.7763 0.7790 0.8669 0.6968 0.7548 0.8587 0.7738 0.6250 0.8307 

HWE 

P 
0.0015 0.0297 0.2778 0.1860 0.0002 0.0062 0.0274 0.0000 0.0222 0.2686 0.0000 0.0286 0.9132 0.2925 0.0000 0.0164 

MP: Matching probability; PD: Power of discrimination; PIC: Polymorphism Information Content; PE: Power of exclusion; Ho: Observed heterozygosity; He: Expected 

heterozygosity; HWE: p-values from exact test for Hardy-Weinberg equilibrium;; Significant HWE p-value is shown in bold (p<0.003 after Bonferroni correction). 
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Combined efficiency of all the markers in Pashtun samples to give the probability of 

identity or exclusion of an individual from the population was also evaluated pertaining to 

power of discrimination, matching probability and power of exclusion as shown in table 4.7.  

 

Table 4.7: Combined efficiency values for 17 STR loci of the multiplex in the Pashtun 

samples of Pakistan. 

Combined power of discrimination (CPD) 0.99999999999999999891193468626 

Combined matching probability (CMP) 1.09224E
-18

 

Combined power of exclusion (CPE) 0.99999986 

Probability of Identity 1 in quintillions 

 

4.5.6. Pairwise Linkage Disequilibrium in Pashtun Population 

Pairwise linkage disequilibrium test was performed using PowerMarker v3.25 

software (Liu and Muse, 2005) to test locus to locus Hardy-Weinberg disequilibrium. When 

the sample data was submitted for the analysis, the resulting LD matrix was constructed by 

the program and summarized in two dimensional table 4.8. 

By the analysis of Pairwise LD matrix 120 pairs of locus to locus combinations were 

obtained from PowerMarker v3.25 software. On the elucidation of 120 combinations of 

Pairwise LD matrix, it was determined that at the significant probability level of p < 0.05, 

significant deviations were observed in 21 combinations of locus to locus Pairwise linkage 

Disequilibrium as indicated in bold in table 4.8. But pertaining to the boneferroni correction 

p< 0.0004, no significant deviation was observed at any locus as shown in table 4.8. 
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Table 4.8: Pairwise locus to locus Linkage Disequilibrium Matrix in the Pashtun population. 

Marker D7S820 SE33 Penta E TPOX D18S51 D2S1338 
DYS385 

a/b 
D13S317 FGA DYS438 D5S818 D21S11 D16S539 DYS392 Penta D 

CSF1PO 0.0546 0.1482 0.1067 0.0806 0.0957 0.0966 0.0945 0.0657 0.0871 0.0230 0.0690 0.0868 0.0466 0.0315 0.0725 

D7S820 
 

0.1652 0.1212 0.0767 0.0999 0.1193 0.1023 0.0465 0.0985 0.0138 0.0910 0.0722 0.0839 0.0344 0.0620 

SE33 
  

0.2813 0.1761 0.2532 0.2544 0.2109 0.1725 0.2369 0.0839 0.1863 0.2356 0.1858 0.1110 0.2080 

Penta E 
   

0.1107 0.1644 0.1743 0.1688 0.1136 0.1722 0.0485 0.1229 0.1557 0.1269 0.0799 0.1624 

TPOX 
    

0.1073 0.1124 0.0915 0.0891 0.0747 0.0319 0.0849 0.0862 0.0832 0.0479 0.0893 

D18S51 
     

0.1658 0.1431 0.0866 0.1297 0.0395 0.1298 0.1342 0.0811 0.0737 0.1247 

D2S1338 
      

0.1513 0.0921 0.1585 0.0483 0.1272 0.1363 0.1064 0.0580 0.1225 

DYS385 

a/b        
0.1054 0.1412 0.5972 0.1256 0.1481 0.1147 0.5607 0.1188 

D13S317 
        

0.0774 0.0227 0.0881 0.0888 0.0804 0.0408 0.0732 

FGA 
         

0.0463 0.1157 0.1165 0.1004 0.0637 0.1114 

DYS438 
          

0.0422 0.0460 0.0229 0.6102 0.0191 

D5S818 
           

0.1061 0.0816 0.0496 0.0982 

D21S11 
            

0.0827 0.0552 0.1004 

D16S539 
             

0.0460 0.0804 

DYS392 
              

0.0479 
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4.5.7. Population Differentiation Test and F-Statistics 

Population differentiation test and F-statistics were carried out by using Arlequin 

v3.5.1.2 softawre package (Excoffier and Lischer, 2010). Population differentiation test was 

conducted based on allelic frequencies between Punjabi verses Pashtun samples, Pakistani 

samples by Rakha et al in 2009, Kashmiri by Rakha et al in 2008, Bangladeshi by Ferdous et 

al in 2009, four Indian population groups by Tandon et al in 2002, Han samples by Xie et al 

in 2014 as shown in tables 4.9, 4.10 and 4.11. 

At significance level of 0.05 and number of permutations 110, Fst p values obtained 

have been given in the table 4.9. No significant deviations were observed at all autosomal 

markers and DYS392 used in comparison except two Y chromosomal STRs (DYS385a/b and 

DYS438). Using the Population differentiation exact test, p values were examined at all loci 

of the multiplex system. Significant deviations were observed at Y chromosomal STRs 

(DYS385a/b, DYS438 and DYS392) except autosomal loci which were remained with no 

significant deviations at significance level of 0.05. After bonferroni correction (<0.001), no 

significant deviation was observed at DYS392 while DYS385a/b and DYS438 still presented 

significant deviations illustrating the difference in paternal lineage of these two populations. 

 

Table 4.9: Fst and exact test p values between Punjabi and Pashtun samples 

Punjabi vs. Pashtun Fst p values Exact p values 

CSF1PO 0.7297 0.5423 

D7S820 0.1712 0.4497 

SE33 0.9009 0.9479 

Penta E 0.3513 0.6635 

TPOX 0.5856 0.2103 

D18S51 0.9909 0.9706 

D2S1338 0.7838 0.8387 

DYS385a/b 0.0000 0.0000 

D13S317 0.2162 0.2356 

FGA 0.9009 0.9813 

DYS438 0.0000 0.0000 

D5S818 0.3694 0.4011 

D21S11 0.6036 0.5838 

D16S539 0.0811 0.0902 

DYS392 0.0811 0.0060 

Penta D 0.9819 0.9785 
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By the analysis of Population differentiation test among different neighboring 

population samples and already published data from Pakistan, no significant differences were 

observed between samples of northern Pakistan, Kashmiri and Bangladeshi populations at 

significant level of 0.05.   

When p values of population differentiation exact test were examined in Indian 

samples (Tandon et al., 2002), significant differences were found at two loci (FGA, D5S818) 

in Jat, at four loci (D18S51, D21S11, FGA, D5S818) in Kurmi, at five loci (TPOX, D13S317, 

D21S11, FGA, D5S818) in Khatri and eight loci (CSF1PO, D7S820, TPOX, D13S317, 

D21S11, FGA, D5S818) in Thakur samples (Tandon et al., 2002) as shown in table 4.10. The 

most significant differences were observed at all loci in the Han population (Xie et al., 2014). 

After bonferroni correction (<0.0002) the populations remained with significant 

differences were Jat at the locus of D5S818, Kurmi at FGA and D5S818, Thakur and Khatri 

(Tandon et al., 2002) at three loci (FGA, D5S818 and D21S11) and (TPOX, FGA and 

D5S818) respectively, all loci in African American except D16S539 (Hill et al., 2013) and 

Han (Tong et al., 2009) population except CSF1PO and FGA as shown in table 4.10. The four 

loci (CSF1PO, D7S820, FGA, D5S818) were seen with no significant differences in 

Caucasians (Hill et al., 2013) and 4 loci in Swedens, six loci (CSF1PO, D7S820, FGA, 

D16S539, Penta E, D18S51) in Hispancis (Hill et al., 2013), two loci (TPOX, D21S11) out of 

10 in Romanians (Novokmet and Pavčec, 2007), two loci (CSF1PO,D2S1338) in Yunnan 

Hans (Nie et al., 2008) and one locus (D16S539) in Brazilians (Fridman et al., 2008) as 

shown in table 4.10. 

Significant differences were observed at six loci (Penta E, D5S818, D13S317, 

D16S539, D21S11, SE 33) in Asians (Hill et al., 2013), 5 loci out of 13 in Italians (Brisighelli 

et al., 2009), 5 in Egyptians (Omran et al., 2009), four out of six in Moroccans (El Ossmani et 

al., 2009), three loci (TPOX, D13S317, D21S11) in Uygur (Chen et al., 2012), two loci 

(TPOX,D13S317) in Sothern India (Balamurugan et al., 2010) and D21S11,D2S1338 in 

Turkish (Bulbul et al., 2014) as shown in table 4.10.       
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Table 4.10: Population differentiation exact test p values between Punjabi samples and the world populations 

Punjabi 

Vs  
CSF1PO D7S820 Penta E TPOX D18S51 D13S317 FGA D5S818 D21S11 D16S539 Penta D D2S1338 SE 33 

African American 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.3295 0.0000 0.0000 0.0000 

Caucasians 0.2696 0.0006 0.0000 0.0000 0.0001 0.0000 0.0006 0.0033 0.0000 0.0000 0.0000 0.0000 0.0000 

Hispanics 0.4843 0.0011 0.0011 0.0000 0.0070 0.0000 0.0006 0.0000 0.0000 0.0004 0.0000 0.0000 0.0000 

Asians 0.0007 0.0033 0.0000 0.0008 0.0020 0.0000 0.0017 0.0000 0.0000 0.0000 0.0003 0.0203 0.0000 

Moroccans - - - - 0.0000 - 0.3331 - 0.0000 0.0002 - 0.0000 0.0000 

Hans 0.0065 0.0000 0.0000 0.0000 0.0000 0.0000 0.0210 0.0000 0.0000 0.0000 0.0000 0.0001 - 

Italians 0.4104 0.0413 0.0000 0.0000 0.0000 0.0160 0.0159 0.0002 0.0000 0.0016 0.0000 - - 

Romanians 0.0000 0.0000 - 0.0030 0.0000 0.0000 0.0000 0.0000 0.0071 0.0000 - 0.0000 - 

Sweden’s 0.3117 0.0068 - 0.0000 0.0003 0.0196 0.0000 0.0001 0.0000 0.0000 - 0.0000 - 

South Indians 0.8016 0.4884 - 0.0000 0.0027 0.0001 0.0631 0.5404 0.0570 0.0158 - 0.3826 - 

Turkish  0.0795 0.0488 - 0.0020 0.0031 0.0245 0.2041 0.9072 0.0001 0.2326 - 0.0000 - 

Egyptians 0.0010 0.0004 - 0.0000 0.0000 0.0002 0.0043 0.0000 0.0000 0.0553 - 0.0000 - 

Uygurs 0.0087 0.0005 - 0.0001 0.0388 0.0000 0.0162 0.1048 0.0000 0.0040 - 0.0005 - 

Yunnan Hans 0.0008 0.0000 - 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 - 0.0003 - 

Brazilians 0.0000 0.0000 - 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0011 - 0.0000 - 

Nothern 

Pakistanis 
0.2033 0.8847 0.7887 0.6132 0.9379 0.9954 0.9002 0.4910 0.4480 0.6932 0.4335 - - 

Kashmiris 0.4712 0.9152 0.6363 0.5549 0.4018 0.8002 0.8263 0.5111 0.1799 0.4460 0.3751 - - 

Bangladeshis 0.8303 0.8125 0.9003 0.9627 0.9983 0.0915 0.9580 0.9447 0.8818 0.9468 0.3780 - - 

Jat Indians 0.0707 0.0664 0.2120 0.191 0.2011 0.5113 0.0109 0.0000 0.2001 0.2771 0.9306 - - 

Kurmis 0.8023 0.4781 0.1560 0.8221 0.0492 0.1501 0.0000 0.0000 0.0012 0.1987 0.4832 - - 

Thakurs 0.0030 0.0126 0.1403 0.0006 0.0022 0.0121 0.0000 0.0000 0.0000 0.4566 0.4102 - - 

Khatris 0.1787 0.4484 0.1637 0.0001 0.5989 0.0403 0.0000 0.0000 0.0012 0.7526 0.8255 - - 
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Pashtun samples were also compared with similar population groups by using 

population differentiation exact test p values. At significant level of 0.05, no significant 

differences were observed with Kashmiri samples. But significant differences were observed 

with Pakistan and Bangladeshi samples at one locus D5S818 and D13S317 respectively.  

After bonferroni correction (<0.0002), the loci which observed with significant 

differences in the populations were at D5S818 in Jat,  Kurmi at FGA and D5S818, Thakur at 

FGA, D5S818 and D21S11, Khatri  (Tandon et al., 2002)  at TPOX, FGA and D5S818, all 

loci in African American except D16S539 (Hill et al., 2013) and Han population (Tong et al., 

2009)  except D2S1338, FGA and D5S818 as shown in table 4.11.  

The four loci (CSF1PO, D13S317, FGA, D18S51) were seen with no significant 

differences in Caucasians (Hill et al., 2013) and 3 loci (CSF1PO, D13S317, D18S51) in 

Swedens, seven loci (CSF1PO, Penta D, D2S1338, FGA, D16S539, Penta E, D18S51) in 

Hispancis (Hill et al., 2013), two loci (TPOX, D21S11) out of 10 in Romanians (Novokmet 

and Pavčec, 2007), two loci (CSF1PO,D2S1338) in Yunnan Hans (Nie et al., 2008) and one 

locus (D16S539) in Brazilians (Fridman et al., 2008) as shown in table 4.11. 

Significant differences were observed at five loci (Penta E, D13S317, D16S539, 

D21S11, SE 33) in Asians (Hill et al., 2013), 5 loci (D7S820, Penta E, TPOX, D5S818, 

D21S11) out of 13 in Italians (Brisighelli et al., 2009), six loci (D7S820, TPOX, D18S51, 

D5S818, D21S11, D2S1338)  in Egyptians (Omran et al., 2009), three out of six (D18S51, 

D21S11, D2S1338) in Moroccans (El Ossmani et al., 2009), two loci (D16S539, D21S11) in 

Uygur (Chen et al., 2012), two loci (TPOX,D13S317) in Sothern India (Balamurugan et al., 

2010) and one locus D21S11 in Turkish (Bulbul et al., 2014) as shown in table 4.11.   
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Table 4.11: Population differentiation exact test p values between Pashtun samples and the world populations  

Pashtun  

Vs  
CSF1PO D7S820 Penta E TPOX D18S51 D13S317 FGA D5S818 D21S11 D16S539 Penta D D2S1338 SE 33 

African American 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0091 0.0000 0.0000 0.0000 

Caucasians 0.0355 0.0001 0.0000 0.0000 0.0057 0.1743 0.0354 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Hispanics 0.0691 0.0000 0.0003 0.0000 0.1232 0.0000 0.0108 0.0000 0.0000 0.0226 0.0528 0.0040 0.0000 

Asians 0.0000 0.0015 0.0000 0.0328 0.0145 0.0005 0.0034 0.0022 0.0000 0.0000 0.0036 0.5143 0.0000 

Italians 0.0272 0.0000 0.0000 0.0000 0.0027 0.7243 0.1391 0.0000 0.0000 0.0024 0.0044 - - 

Moroccans - - - - 0.0000 - 0.0368 - 0.0000 0.0002 - 0.0000 0.0002 

Hans 0.0003 0.0000 0.0000 0.0000 0.0001 0.0000 0.3534 0.0017 0.0000 0.0000 0.0000 0.2109 - 

Romanians 0.0000 0.0000 - 0.0256 0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 - 0.0000 - 

Sweden’s 0.0445 0.0001 - 0.0000 0.0511 0.2733 0.0000 0.0000 0.0000 0.0000 - 0.0000 - 

South Indians 0.3654 0.0337 - 0.0000 0.0085 0.0019 0.0047 0.1032 0.3700 0.0000 - 0.0112 - 

Turkish 0.7389 0.0011 - 0.0185 0.0766 0.0406 0.1752 0.0673 0.0001 0.0049 - 0.0051 - 

Egyptians 0.1647 0.0000 - 0.0000 0.0001 0.0013 0.0671 0.0000 0.0000 0.0018 - 0.0000 - 

Uygurs 0.0017 0.0071 - 0.0015 0.1405 0.0003 0.2268 0.0142 0.0000 0.0000 - 0.3409 - 

Yunnan Hans 0.0000 0.0000 - 0.0000 0.0000 0.0000 0.0005 0.0000 0.0000 0.0000 - 0.0268 - 

Brazilians 0.0001 0.0000 - 0.0000 0.0000 0.0001 0.0000 0.0000 0.0000 0.0004 - 0.0000 - 

Northern 

Pakistanis 
0.4543 0.2806 0.9669 0.2608 0.9300 0.5636 0.9203 0.0408 0.3580 0.4470 0.9153 - 

- 

Kashmiris 0.8964 0.5655 0.8598 0.8424 0.6825 0.9327 0.8232 0.1264 0.3210 0.7580 0.1845 - - 

Bangladeshis 0.7067 0.5562 0.9599 0.4954 0.9999 0.0256 0.8676 0.8886 0.5520 0.4441 0.4837 - - 

Jat Indians 0.1832 0.3481 0.8056 0.3703 0.4014 0.1252 0.0263 0.0000 0.5051 0.3380 0.9089 - - 

Kurmis 0.6490 0.3313 0.2782 0.7427 0.1391 0.6924 0.0000 0.0000 0.0400 0.0109 0.5040 - - 

Thakurs 0.0915 0.0061 0.1771 0.0284 0.0184 0.0103 0.0000 0.0000 0.0000 0.2632 0.1964 - - 

Khatris 0.1758 0.3453 0.3057 0.0001 0.7679 0.2174 0.0000 0.0000 0.0188 0.5179 0.8446 - - 
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5.0 Discussion 

The newly present STR multiplex was developed through successful PCR 

amplification of 34 pairs of fluorescently labelled primers comprising 10 MiniSTRs 

(CSF1PO, D7S820, TPOX, D18S51, D13S317, FGA, D5S818, D21S11, D16S539) along 

with amelogenin marker, three conventional STRs (SE33, Penta E, Penta D) and four Y 

chromosomal STRs (DYS385a/b, DYS438 and DYS392) by unusual modifications like 

assay configuration, PCR conditions and validation steps. The distinctive features of this 

multiplex over other already developed STR systems will be discussed in this section 

subsequently.  

5.1 Distinction with STR Kits and Published Multiplexes 

 Promega and Applied Biosystems released their commercial STR kits like PowerPlex 

16 and ‘Identifiler’ with 15 STR loci in 2000 and 2001 respectively. In these kits all loci 

were used as conventional STR markers with large fragment size and their product size range 

was about from 100bp to 360bp. These conventional STR kits give incomplete STR 

information due to the occurrence of null allele or poor signals particularly when the DNA of 

the samples is degraded (Butler et al., 2003). Therefore, the fragment size of 10 STRs in the 

current developed STR multiplex system have been reduced by constricting their flanking 

region to bring them in the range of 65bp to 275bp.   

As mentioned in the protocol of Minifiler kit (Applied Biosystems), this comprises 8 

miniSTRs with their fragment size range of 75bp to 284bp. So it can be distinguished that the 

new multiplex system which I developed gives information on 10 miniSTRs in the less size 

range of PCR products i.e 65bp to 275bp as compared to Minifiler kit.  

In addition to 10 miniSTRs, conventional STR markers which are considered to be 

highly polymorphic like SE33, Penta E and Penta D have also been included in this multiplex 

system. This marker schematic distinction also reveals that such combination of three loci 

together (SE33, Penta E and Penta D) have never been used earlier in other STR multiplexes 

or kits. 
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Moreover, four Y-STRs DYS385a/b, DYS438 and DYS392 are also the part of this 

multiplex system to make possible interpretation of  the DNA profile obtained from those 

male individuals where mutation at amelogenin locus on Y chromosome occurs resulting the 

Y null allele. In comparison with other STR kits like Global Filer (Applied Biosystems) and 

PowerPlex Fusion (Promega) where only one marker of Y-STR (DYS391) has been 

included. 

Several STR multiplex systems including commercial STR kits have been developed 

with different number of markers from three to 26 loci simultaneously in the field of forensic 

science by Zhang et al., 2015; Guo et al., 2014; Jiang et al., 2013; Butler et al., 2003; 

Kimpton et al., 1994; Oldroyd et al., 1996; Schlenk et al., 2004; Coticone et al., 2004; Schilz 

et al., 2004; Schoske et al., 2003; Butler et al., 2002; Grubwieser et al., 2006; Parsons et al., 

2007; Asamura et al., 2007; Hill et al., 2009; Wurmb-Schwark et al., 2009; Esteve et al., 

2009; Hwa et al., 2011; Wallin et al., 2002; Sarkar et al., 2002 and Fujii et al., 2000. 

However by studying already developed multiplex systems thoroughly I came to know that 

such a multiplex system in which at the same time one can get information about 10 

miniSTRs, SE33, Penta E,  Penta D and four loci of Y-STRs simultaneously  in a single PCR 

reaction cannot be found ever before the development of this system. 

Regarding to the thermal cycling conditions and time duration of the multiplex 

system, that was reduced to about 1 hour at run mode of 9600 Emulation which is less than 

the PCR time interval as described in the manufacturer’s protocols of  Identifiler
®
 (3 hours 

11 minutes), IdentifilerPlus
®
 (2 hours 25 minutes), Identifiler

®
Direct (2 hours 35 minutes),  

NGM SElect™ (2 hours 25 minutes), PowerPlex
®
 ESX 17 (3 hours 30 minutes), PowerPlex

®
 

ESI 17 (3 hours 30 minutes), PowerPlex
®
 21 (1 hr 36 minutes at Max mode), GlobalFiler™ 

(1 hr 20 min) and PowerPlex
®
 Fusion (1 hr 30 min at Max mode). 

When the PCR time duration was compared with other already published multiplex 

systems, it has been observed that time duration of multiplex developed by me is again less 

than multiplex on 24 loci developed by Guo et al in 2014 with reduced PCR cycling time < 

1hour and 30 minutes. A recently published multiplex system on 25 loci by Zhang et al in 

2015 in which they described that PCR cycles will complete in < 1 hour but at the run mode 

of Max means the ramp speed is 100%.  
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5.2 Stability Comparison of the Multiplex Assay  

This new developed multiplex when evaluated with respect to the stability of the 

system, on the basis of results obtained after the simulated mechanical degradation of DNA, 

it was seen that only the large fragment sized markers >300bp of the multiplex were dropped 

out steadily but 10 miniSTRs makers were amplified successfully at all time interval levels 

0.5 to 5 minutes (Bender et al., 2004).  

Amplification result of degraded DNA through DNase treatment reveals that no drop 

out of markers was seen at 10 miniSTRs upto the interval of 20 minutes. After 5 minutes, 

drop seen of markers was also occurred in the miniSTRs as 5, 7 and 8 loci at 10, 20, 40 and 

80 minutes time interval respectively. When these results were compared with the results of 5 

miniSTRs multiplex developed by Grubwieser et al in 2006 in which he showed that drop 

out of locus was occurred after 2 minutes, partial profile obtained at 3 minutes and no 

amplification observed from the time interval of 4 to 64 minutes. In contrast to commercial 

STR kits, like Identifiler
®
 as described in the developmental validations, drop out of loci 

were started from the DNA degradation time interval of 30 seconds and at the time interval 

of 4 and 8 minutes no preferential amplification was observed. 

With respect to Inhibitory effects of humic acid observed on this developed multiplex 

that complete DNA profile was obtained up to 100 ng concentration but in the 25-plex 

system developed by Zhang et al in 2015, it was up to 60 ng concentration and 50ng 

concentration in the multiplex of 24 loci developed by Guo et al in 2014.  In comparison with 

STR kits like Identifiler
®
 and SGM Plus

®
, at 30ng/µl no DNA profile was obtained while 

drop out of allele was occurred from the concentration of 50ng/µl of humic acid as 

mentioned in MiniFiler™ manufacturer’s protocol. When compared with noncommercial 

multiplex systems developed by Zhang et al in 2015 and Guo et al in 2014 in which they 

recognized that effects of humic acid in the form of allele drop outs were observed after the 

concentration of 60ng/µl and 50ng/µl respectively. 

Effects of hematin in the form of allele drop outs were observed in the concentration 

range of 100µM-500µM as compared to Identifiler
®
 and SGM Plus

®
 kits, where allele drop 

out was observed from the concentration of 40µM and 60µM respectively and ultimately no 
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DNA profile detected at 80µM as described in the manual of MiniFiler™ kit. On comparing 

with MiniFiler™ kit where the data has given with hematin effects up to the 80µM with 

maximum amplification of 8 STR loci according to the manual, but in this currently 

developed multiplex system 18 loci were amplified up to 85µM. 

According to the validation studies, the sensitivity of the new developed multiplex 

system, in which the most favorable quantity of input DNA that makes possible for the 

successful amplification of all STR loci is in the concentration range of 0.20ng to 01ng for 

the reaction volume of 12µl. This concentration of DNA for the PCR is more appropriate 

than the concentration of DNA used in the range of 0.5ng to 1.25ng and 0.5ng to 0.75ng as 

described in Identifiler
® 

and MiniFiler™ kits respectively. 

  By the analysis of mixture results it was observed that the non-overlapping alleles of 

minor contributor at the ratio of 1:3, 1:1 and 3:1 were detected at the threshold level of 100 

RFU.  By the difference of 10 times concentration in the mixture of two DNA samples as in 

the ratios of 10:1 and 1:10, the alleles of minor DNA component were detected at the 

threshold level of 50 RFU and drop out of alleles was also seen. While Zhang et al in 2015 

and Jiang et al in 2013 described that minor alleles were detected in the mixture ratios of 1:1, 

1:3 3:1 and partial DNA profiles were observed in the mixture ratios of 1:9 and 9:1. Similar 

mixture results were interpreted by Guo et al in 2014.  

Zhang et al in 2015 developed a multiplex on 25 loci along with one Y-STR 

(DYS391) to provide information up to some extent about male to male mixture at ratio of 

1:1. Similarly the same Y-STR locus was included in GlobalFiler™ and PowerPlex
®
 Fusion 

kits to find out the Y- amelogenin marker mutation in male individuals. While in the 

multiplex system which I developed in this study, four Y-STRs were successfully 

coamplified with autosomal STRs to collect consistent information from the mixture of more 

than two individuals and to resolve the problem of appearing Y-null allele due to mutation at 

the amelogenin marker. These Y-STRs included in the multiplex will also proved to be 

helpful in exclusion of an individual and in case of motherless paternity testing, if random 

allele sharing occurs as already studies conducted by González-Andrade et al in 2009 and 

Poetsch et al in 2006.  
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5.3 Population Data Distribution Comparison 

The population data distribution includes the allelic and genotypic deliverance for the 

specific marker or loci attained from related populations. Where apposite, databases should 

be practiced for sovereignty prospects (DAB, 1998). Using the makers of this multiplex in 

the current study, samples of two population groups in Pakistan i.e. Punjabi and Pashtun 

were analyzed to find out the genetic polymorphism of these loci. After allele scoring of each 

locus, it was evaluated that at the marker of CSF1PO, the allelic repeat range in the Punjabi 

samples were found as 7, 9-15 and in the Pashtun samples 6,8,9,9.3,10-15 alleles were 

observed.  

The most frequent allele repeat number 12 was observed in Punjabi population at 

CSF1PO while in Pashtun population the allele repeat number 11 was found to be the most 

frequent. When this locus was compared with other populations, significant variations in the 

allelic distribution were observed. Allele number 8 was found in the Kashmirians (Rakha et 

al., 2008) and samples from north areas of Pakistan (Rakha et al., 2009) with frequent allele 

number 12 but missing of allele number 6, 9.3 and 15. Allele number 12 was most frequently 

reported in the populations of Iran (Shepard and Herrera, 2006), Iraq (Barni et al., 2007), 

Dubai (Alshamali et al., 2005), Saudi Arabia (Alshamali et al., 2005), Malaysia (Maruyama 

et al., 2008), Bangladesh (Dobashi et al., 2005), Indonesia (Dobashi et al., 2005), South Han 

(Tong et al., 2009), Ouzbeks (Di Cristofaro et al., 2012),Turkmens (Di Cristofaro et al., 

2012), Romanian (Novokmet and Pavčec, 2007), Swedish (Montelius et al., 2008), Ugandans 

(Gomes et al., 2009), Azerbaijan (Nasibov et al., 2013), Hazaras (Di Cristofaro et al., 2012), 

Southern India (Balamurugan et al., 2010), allele 11 in Turkians (Akbasak et al., 2001), east 

Turkians (Cakyr et al., 2004), Brazil (Fridman et al., 2008),  allele 10 in Oman (Alshamali et 

al., 2005), Yemen (Alshamali et al., 2005), Tadjik (Di Cristofaro et al., 2012).  

The allelic range obtained at locus D7S820 was 7-9, 9.2, 10-14 in the Punjabi 

population with most frequent allele 10, while in the Pashtuns it was 7-14 with frequently 

observed allele number 11. Similarly allele 11 was reported most frequent in already studied 

Kashmirians and northern Pakistanis (Rakha et al., 2008 and 2009) while allele 10 was found 

more frequent in Swedish (Montelius et al., 2008), Azerbaijan (Nasibov et al., 2013) but 

lacking allele 14, Iran (Shepard and Herrera, 2006), Uganda (Gomes et al., 2009), Dubai 
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(Alshamali et al., 2005),  Saudi Arabia (Alshamali et al., 2005),  Yemeni (Alshamali et al., 

2005), allele 11 in Romani (Novokmet and Pavčec, 2007), South Han (Tong et al., 2009), 

east Turkians (Cakyr et al., 2004), Bangladeshi and Indinesian (Dobashi et al., 2005), 

Malaysian (Maruyama et al., 2008), Turkians (Akbasak et al., 2001), Omani (Alshamali et 

al., 2005). 

The most polymorphic marker SE33 comprising the allelic range in the Punjabi 

Population was from 8-35.2 and 4.2-34.2 in Pashtun samples including observed number of 

variants as 13.2, 14.3, 15.2, 15.3, 16.2, 17.2, 17.3, 18.2, 20.2, 21.1, 21.2, 22.2, 23.2, 24.2, 

25.2, 26.2, 27.2, 28.2, 29.2, 30.2, 31.2, 32.2, 33.2, 34.2, 35.2 and 4.2, 15.3, 16.2, 17.3, 18.2, 

20.2, 21.1, 21.2, 22.2, 23.2, 24.2, 25.2, 26.2, 27.2, 28.2, 29.2, 30.2, 31.2, 32.2, 33.2, 34.2 

respectively. The most frequent allele number 19 was found in Punjabi samples but 17 and 

19 both were observed in Pashtun population. On comparing with world populations in 

which SE33 was studied, like in Basque the allelic range was 8-36 with most frequent allele 

number 17 (García et al., 2006), allele 19 in Brazil (Rodenbusch et al., 2009), Macedonian 

(Jakovski et al., 2012), 18 in Germans (Schmid et al., 2005), Italian (Buscemi et al., 

2003),Caucasian and Hispanic (Butler et al., 2009),  28.2 in northern Germans (Krause et al., 

2006), 19 in northern Italy (Cerri et al., 2006), south Portuguese (Cruz et al., 2006), Sicilians 

(Di Luise et al., 2008) and African American (Butler et al., 2009). 

The second most polymorphic locus found in the current study is Penta E with allelic 

range of 5, 7-12, 12.4, 13-16, 16.3, 17-24 and 5, 7-14, 14.4, 15-22 in Punjabi and Pashtun 

population respectively. The most frequent allele was 12 in Punjabi and 11 in Pashtun 

population while allele 11 was found most frequent reported in the samples of Han Shanghai 

(Xie et al., 2014), Kappu Naidu (Bindu et al., 2007), Paroja (Sahoo and Kashyap, 2002), 

Saora (Sahoo and Kashyap, 2002), Dheria Gond (Sarkar and Kashyap, 2002), Agharia 

(Sarkar and Kashyap, 2002), Teli (Sarkar and Kashyap, 2002), Satnami (Sarkar and Kashyap, 

2002), Jat (Tandon et al., 2002), Thakur (Tandon et al., 2002), 11 and 15 in Kurmi (Tandon 

et al., 2002),  12 in Italian (Brisighelli et al., 2009), Kamma Chaudhary (Bindu et al., 2007), 

Juangs (Sahoo and Kashyap, 2002), 14 in Khatri (Tandon et al., 2002), 17 in Kapu Reddy 

(Bindu et al., 2007).  
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The most frequent allele number at locus TPOX was 8 in both Punjabi and Pushtun 

populations. Two alleles 8 and 11 were found to be more frequent in the world populations 

but allele 8 was found to be most frequent in majority of the populations. 

The allele number 14 was found to be most frequent at D18S51 in Punjabi and 

Pashtun populations. Allele 14 was observed most frequent in world populations than allele 

15 which was found less frequent after14 allele. 

At the locus of D2S1338, allele number 23 was observed to be the most frequent in 

both Punjabi and Pashtun populations while 13 in Brazil (Fridman et al., 2008), 17 in 

Mediterranean region of Turkey (Cakyr et al., 2004), Iran (Shepard and Herrera, 2006), Iraq 

(Barni et al., 2007), Gypsy (Havaš et al., 2007), Moroccans (El Ossmani et al., 2009), 

Azerbaijan (Nasibov et al., 2013), Swedish (Montelius et al., 2008), 18 in Kamma 

Chaudhary (Bindu et al., 2007), 19 in Korian (Yoo-Li Kim), Bangladesh (Dobashi et al., 

2005), Indonesia (Dobashi et al., 2005), Malaysia (Maruyama et al., 2008), Manchu 

population of China (Jiaxin Xing), Tadjik (Di Cristofaro et al., 2012),Uygurian (Dong et al., 

2010), Uganda (Gomes et al., 2009), 20 in Turkmens (Di Cristofaro et al., 2012), 22 in Hans 

of Shanghai (Xie et al., 2014), 23 in Southeast China (S.P. Hua), Nepalians  (Ota et al., 

2007),  Pachtouns (Di Cristofaro et al., 2012),Hazaras (Di Cristofaro et al., 2012), Kappu 

Naidu (Bindu et al., 2007), in Kapu Reddy (Bindu et al., 2007), 24 in Ouzbeks (Di Cristofaro 

et al., 2012). 

The allelic range for D13S317 was found 8-15 in Punjabi and 7-14 in Pashtun 

samples of the current study with most frequent allele 12 and 11 respectively. When 

compared with other world populations, allele 8 in Hans of Shanghai (Xie et al., 2014), 

Dheria Gond (Sarkar and Kashyap, 2002), Satnami (Sarkar and Kashyap, 2002), Indonesia 

(Dobashi et al., 2005), 10 in Nepalians  (Ota et al., 2007), 11 in Brazil (Fridman et al., 2008), 

Uygurian (Dong et al., 2010), Koreans (Kim et al., 2003), Saudi Arabia (Alshamali et al., 

2005), Irani (Shepard and Herrera, 2006), Gypsy (Havaš et al., 2007), Kashmirians (Rakha et 

al., 2008), Kurmi (Tandon et al., 2002), Thakur (Tandon et al., 2002), Khatri (Tandon et al., 

2002), Bangladesh (Dobashi et al., 2005), Malaysia (Maruyama et al., 2008), Pachtouns (Di 

Cristofaro et al., 2012), Azerbaijan (Nasibov et al., 2013), Italian (Brisighelli et al., 2009), 12 

in Turkians (Akbasak et al., 2001), Swedish (Montelius et al., 2008), Morocco (El Ossmani 
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et al., 2009), northern Pakistani (Rakha et al., 2009), Dubai (Alshamali et al., 2005), Saudi 

Arabia (Alshamali et al., 2005), Oman (Alshamali et al., 2005), Yemen (Alshamali et al., 

2005), Iraq (Barni et al., 2007), Jat (Tandon et al., 2002), Agharia (Sarkar and Kashyap, 

2002), Teli (Sarkar and Kashyap, 2002),Ouzbeks (Di Cristofaro et al., 2012),Turkmens (Di 

Cristofaro et al., 2012),Tadjik (Di Cristofaro et al., 2012),Hazaras (Di Cristofaro et al., 

2012), Uganda (Gomes et al., 2009).  

For the marker of FGA the allelic range was obtained from 18-27 with variants of 

21.2, 22.2, 23.2, 25.2, 26.2 and 18-27 with variants of 21.2, 22.2, 23.2 in Punjabi and Pashtun 

population respectively. Among these alleles the most frequent allele was 21 in Pashtun and 

23 in Punjabi samples. When compared with adjacent populations it was found that most 

frequent allele number 20 in Kapu Reddy (Bindu et al., 2007), 21 in northern Pakistanis 

(Rakha et al., 2009), Kashmirians (Rakha et al., 2008), Kamma Chaudhary (Bindu et al., 

2007), Agharia (Sarkar and Kashyap, 2002), Kurmi (Tandon et al., 2002), Thakur (Tandon et 

al., 2002), Khatri (Tandon et al., 2002),Gypsy (Havaš et al., 2007), Swedish (Montelius et 

al., 2008), 22 in Teli (Sarkar and Kashyap, 2002), Malaysia (Maruyama et al., 2008), 

Morocco (El Ossmani et al., 2009), Italian (Brisighelli et al., 2009), 23 in Dheria Gond 

(Sarkar and Kashyap, 2002), Jat (Tandon et al., 2002), Uygurian (Dong et al., 2010), 

Koreans (Kim et al., 2003), Iran  (Shepard and Herrera, 2006), Ouzbeks (Di Cristofaro et al., 

2012), Tadjik (Di Cristofaro et al., 2012), Pachtouns (Di Cristofaro et al., 2012), Uganda 

(Gomes et al., 2009), Hans of Shanghai (Xie et al., 2014), 24 in Kappu Naidu (Bindu et al., 

2007), Dheria Gond (Sarkar and Kashyap, 2002), Satnami (Sarkar and Kashyap, 2002), 

Brazil (Fridman et al., 2008), Dubai (Alshamali et al., 2005), Saudi Arabia (Alshamali et al., 

2005), Omanis (Alshamali et al., 2005),Yemenis (Alshamali et al., 2005), Turkians (Akbasak 

et al., 2001), Iraq (Barni et al., 2007), Nepalians  (Ota et al., 2007), Bangladesh (Dobashi et 

al., 2005),Turkmens (Di Cristofaro et al., 2012), Hazaras (Di Cristofaro et al., 2012), 

The allele range obtained in the current study for the locus of D5S818 was as 6.2, 7, 

8, 8.2, 9-14 in Panjabi Population and 5.2, 7, 8.2, 9, 10, 10.2, 11, 11.2, 12, 12.2, 13-15 in 

Pashtuns with most significant allele number 11 and 12 respectively.  When this locus 

compared within other populations it was observed that allele 8 found most frequently in 

Thakur (Tandon et al., 2002), 10 in Indonesia (Dobashi et al., 2005), 11in northern Pakistanis 
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(Rakha et al., 2009), Kashmiris (Rakha et al., 2008), Jat (Tandon et al., 2002), Khatri 

(Tandon et al., 2002), Uygurian (Dong et al., 2010), Brazil (Fridman et al., 2008), Dubai 

(Alshamali et al., 2005), Hans of Shanghai (Xie et al., 2014), Ouzbeks (Di Cristofaro et al., 

2012), Koreans (Kim et al., 2003), Nepalians  (Ota et al., 2007), Bangladesh (Dobashi et al., 

2005), Malaysia (Maruyama et al., 2008), 12 in Kurmi (Tandon et al., 2002), Suadi Arabia 

(Alshamali et al., 2005), Omanis (Alshamali et al., 2005), Yemenis (Alshamali et al., 2005), 

Uganda (Gomes et al., 2009), Swedish (Montelius et al., 2008), Azerbaijan (Nasibov et al., 

2013), Italian (Brisighelli et al., 2009), Turkmens (Di Cristofaro et al., 2012), Tadjik (Di 

Cristofaro et al., 2012), Pachtouns (Di Cristofaro et al., 2012), Hazaras (Di Cristofaro et al., 

2012), Turkians (Akbasak et al., 2001), Iran (Shepard and Herrera, 2006), Iraq (Barni et al., 

2007), Gypsy (Havaš et al., 2007) and Moroccan (El Ossmani et al., 2009) poulations. 

For the locus D21S11 the alleles obtained from Punjabi samples were 27, 28, 29, 

29.2, 30, 30.2, 31, 31.2, 32, 32.2, 33.2, 34.2, 35.2 and 27, 27.2, 28, 28.2, 29, 30, 30.2, 31, 

31.2, 32, 32.2, 33.2, 34.2, 35.2 from the Pushtuns with most frequent allele number 32.2 in 

both populations. While the most frequent allele 29 was in the samples of northern Pakistanis 

(Rakha et al., 2009), Kashmirians (Rakha et al., 2008), Italian (Brisighelli et al., 2009), 

Dubai (Alshamali et al., 2005), Saudi Arabia (Alshamali et al., 2005), Omanis (Alshamali et 

al., 2005), Yemenis (Alshamali et al., 2005), Uganda (Gomes et al., 2009), Iran (Shepard and 

Herrera, 2006), Jat (Tandon et al., 2002), Kurmi (Tandon et al., 2002), Thakur (Tandon et 

al., 2002),Gypsy (Havaš et al., 2007), Bangladesh (Dobashi et al., 2005), Indonesia (Dobashi 

et al., 2005), Malaysia (Maruyama et al., 2008),  Ouzbeks (Di Cristofaro et al., 2012), 

Turkmens (Di Cristofaro et al., 2012), Hazaras (Di Cristofaro et al., 2012), 30 in Uygurian 

(Dong et al., 2010), Swedish (Montelius et al., 2008), Azerbaijan (Nasibov et al., 2013), 

Hans of Shanghai (Xie et al., 2014), Brazil (Fridman et al., 2008), Koreans (Kim et al., 

2003), Turkians (Akbasak et al., 2001), Tadjik (Di Cristofaro et al., 2012), Pachtouns  (Di 

Cristofaro et al., 2012), Iraq (Barni et al., 2007), Morocco (El Ossmani et al., 2009), 

Nepalians  (Ota et al., 2007), allele 31.2 in Khatri (Tandon et al., 2002).  

At the locus D16S539 the allelic range was obtained from 7-15 in Punjabi and 6, 8-14 

in Pahstuns with most frequent allele number 11 in both Population samples. Allele number 

11 was also found more frequent in the population of northern Pakistanis (Rakha et al., 



Chapter 5.0: Discussion 84 
 

2009), Kashmirians (Rakha et al., 2008), Italian (Brisighelli et al., 2009), Dubai (Alshamali 

et al., 2005), Saudi Arabia (Alshamali et al., 2005), Omanis (Alshamali et al., 2005), 

Yemenis (Alshamali et al., 2005), Uganda (Gomes et al., 2009), Jat (Tandon et al., 2002), 

Kurmi (Tandon et al., 2002), Thakur (Tandon et al., 2002),Gypsy (Havaš et al., 2007), 

Bangladesh (Dobashi et al., 2005), Malaysia (Maruyama et al., 2008), Ouzbeks (Di 

Cristofaro et al., 2012), Uygurian (Dong et al., 2010), Azerbaijan (Nasibov et al., 2013), 

Brazil (Fridman et al., 2008), Koreans (Kim et al., 2003), Turkians (Akbasak et al., 2001), 

Pachtouns  (Di Cristofaro et al., 2012), Iraq (Barni et al., 2007), Khatri (Tandon et al., 2002) 

while allele 9 in Hans of Shanghai (Xie et al., 2014), 12 in Swedish (Montelius et al., 2008), 

Turkmens (Di Cristofaro et al., 2012), Tadjik (Di Cristofaro et al., 2012), Hazaras (Di 

Cristofaro et al., 2012), Iran (Shepard and Herrera, 2006), Nepalians  (Ota et al., 2007), 

Morocco (El Ossmani et al., 2009), Indonesia (Dobashi et al., 2005). 

For the Pentanucleotide locus Penta D the allelic range was obtained as 7-10, 10.2, 

11, 12, 12.3, 13-17 in Punjabi samples and 6-16 in Pashtuns with frequent allele number 11 

in both Population samples. The allele number 11 was also found in northern Pakistanis 

(Rakha et al., 2009), Kashmiris (Rakha et al., 2008), Teli (Sarkar and Kashyap, 2002), Jat 

(Tandon et al., 2002), Thakur (Tandon et al., 2002), Khatri (Tandon et al., 2002) while 9 in 

Kurmi (Tandon et al., 2002), Hans of Shanghai (Xie et al., 2014), 10 in Agharia (Sarkar and 

Kashyap, 2002), Dheria Gond (Sarkar and Kashyap, 2002), 12 in Satnami (Sarkar and 

Kashyap, 2002) and 13 in Italian (Brisighelli et al., 2009) populations. 

5.4 Comparison to Power of Discrimination  

Among all the premeditated loci the most discriminatory locus was SE33 with power 

value of 0.9918 in Punjabi and 0.9905 in Pashtun Population which is greater than all other 

published populations like Basqueans (García et al., 2006), Brazilian (Rodenbusch et al., 

2009), Germans (Schmid et al., 2005), south Italian (Barbaro et al., 2011), Macedonian 

(Jakovski et al., 2012), northern Germans (Krause et al., 2006), north Italian (Cerri et al., 

2006) and US populations (Butler et al., 2009) except Caucasians (Butler et al., 2009), 

Portugalians (Cruz et al., 2006) and Sicilians (Di Luise et al., 2008). With the highest 

discriminatory power SE33 proved to be the core locus of Pakistani population. 
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Power of discrimination obtained at each locus in both Punjabi and Pashtun 

populations in this study is greater than all the Indian published Population groups like 

western India (Gaikwad and Kashyap), Uttar Pradesh (Tandon et al., 2002), Orissa (Sahoo 

and Kashyap, 2002), Central India (Sarkar and Kashyap, 2002), Andhra Pradesh (Bindu et 

al., 2007) and Gujrati Indians (Clark et al., 2009). The power of discrimination of Penta E 

(0.9839) and Penta D (0.9505) in Punjabi samples is greater than Kashmirians (Rakha et al., 

2008), Basqueans (García et al., 2006), Italian (Brisighelli et al., 2009), northern Pakistanis 

(Rakha et al., 2009) and US populations except African American (Hill et al., 2013) which 

has greater value at Penta D. While in Hans of Shanghai (Xie et al., 2014) PD of Penta E is 

greater and PD of Penta D is less than Punjabi population. The PD value of Penta E and 

Penta D is 0.9798 and 0.9471 respectively in Pashtuns which is greater than all Indian 

published populations, Caucasians (Hill et al., 2013), Basqueans (García et al., 2006), Italian 

(Brisighelli et al., 2009) and less than African American and Hispanics  (Hill et al., 2013). 

While in Kashmiri and northern Pakistanis the PD value of Penta E is greater and PD value 

of Penta D is less than Pashtuns (this study). 

At locus CSF1PO the PD value obtained in Punjabi samples was 0.8737 and 0.8702 

in Pashtuns that found greater than Caucasians (Hill et al., 2013), Dubai (Alshamali et al., 

2005), Saudi Arabia (Alshamali et al., 2005), Omanis (Alshamali et al., 2005), Yemenis 

(Alshamali et al., 2005), Swedish (Montelius et al., 2008), Turkians (Akbasak et al., 2001), 

northern Pakistanis (Rakha et al., 2009), Iranians (Shepard and Herrera, 2006), Nepalians  

(Ota et al., 2007), Bangladeshians (Dobashi et al., 2005), Malaysians (Maruyama et al., 

2008), Moroccans (El Ossmani et al., 2009), Ouzbeks (Di Cristofaro et al., 2012),Turkmens 

(Di Cristofaro et al., 2012), Azerbaijan (Nasibov et al., 2013), Italian (Brisighelli et al., 

2009), and less than Kashmiris (Rakha et al., 2008), Koreans (Kim et al., 2003), Gypsian 

(Havaš et al., 2007), Indonesians (Dobashi et al., 2005), Tadjik (Di Cristofaro et al., 2012), 

Pachtouns (Di Cristofaro et al., 2012), Hans of Shanghai (Xie et al., 2014), African 

American and Hispanics (Hill et al., 2013). 

The power of discrimination obtained from Punjabi (0.9344) and Pashtun (0.9322) 

population at locus D7S820 is greater than all populations except Swedish (Montelius et al., 

2008) and Caucasians (Hill et al., 2013). At locus TPOX the PD value 0.8653 in Punjabi 
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samples is greater than all populations except African Americans (Hill et al., 2013), Omani 

(Alshamali et al., 2005), Bangladeshi (Dobashi et al., 2005), Morocco (El Ossmani et al., 

2009), Uganda (Gomes et al., 2009), Brazil (Fridman et al., 2008) and the PD value (0.8653) 

in Pashtuns is greater than all populations except Azerbaijan (Nasibov et al., 2013), Tadjik 

(Di Cristofaro et al., 2012), Dubai (Alshamali et al., 2005), Omani (Alshamali et al., 2005), 

Iran (Shepard and Herrera, 2006), Uygurian (Dong et al., 2010), northern Pakistanis (Rakha 

et al., 2009), Kashmirians (Rakha et al., 2008),Uganda (Gomes et al., 2009), Bangladeshi 

(Dobashi et al., 2005), Morocco (El Ossmani et al., 2009), Brazil (Fridman et al., 2008), 

African American and Hispanics (Hill et al., 2013).  

The PD value at locus D18S51 in Punjabis (0.9647) is greater than all populations 

except Azerbaijan (Nasibov et al., 2013), U.S. populations (Hill et al., 2013), Turkmens (Di 

Cristofaro et al., 2012), Swedish (Montelius et al., 2008), Dubai (Alshamali et al., 2005), 

Gypsians (Havaš et al., 2007), Morocco (El Ossmani et al., 2009), Brazil (Fridman et al., 

2008), Uygurian (Dong et al., 2010) but PD values of Hans of Shanghai (Xie et al., 2014), 

Ouzbeks (Di Cristofaro et al., 2012), Turkians (Akbasak et al., 2001), Iran (Shepard and 

Herrera, 2006), Iraq (Barni et al., 2007), northern Pakistanis (Rakha et al., 2009), Azerbaijan 

(Nasibov et al., 2013), Turkmens (Di Cristofaro et al., 2012), Swedish (Montelius et al., 

2008), Dubai (Alshamali et al., 2005), Gypsians (Havaš et al., 2007), Morocco (El Ossmani 

et al., 2009), Brazil (Fridman et al., 2008), Uganda (Gomes et al., 2009), Uygurian (Dong et 

al., 2010) are greater than the PD value (0.9628) obtained in Pashtuns. The PD value 

(0.9688) of D2S1338 in Punjabians is greater than all populations except Azerbaijan 

(Nasibov et al., 2013), Swedish (Montelius et al., 2008), U.S. populations (Hill et al., 2013), 

Uygurian (Dong et al., 2010), Brazil (Fridman et al., 2008) while PD value (0.9659) of 

Pashtuns is greater than all populations except Iran (Shepard and Herrera, 2006), Bangladesh 

(Dobashi et al., 2005) and Ugandians (Gomes et al., 2009) in addition to the above.  

The PD value of D13S317 (0.9293) in Punjabians was found greater than all 

populations except Hispanics (Hill et al., 2013), Turkmens (Di Cristofaro et al., 

2012),Tadjiks (Di Cristofaro et al., 2012), Koreans (Kim et al., 2003), Nepalians (Ota et al., 

2007) and Uygurian (Dong et al., 2010) while PD value of D13S317 (0.9096) in Pashtuns 

was observed lower than all populations except African Americans (Hill et al., 2013), Italians 
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(Brisighelli et al., 2009), Omanians (Alshamali et al., 2005), Iranians (Shepard and Herrera, 

2006), Moroccons (El Ossmani et al., 2009) and Ugandians (Gomes et al., 2009). Higher 

value of PD at FGA (0.9647) was seen in Punjabians when compared with all other 

populations except Dubai’s (Alshamali et al., 2005), Bangladeshians (Dobashi et al., 2005), 

Brazilians (Fridman et al., 2008), African American and Hispanics (Hill et al., 2013) while 

higher values of PD were found as compared to Pashtuns in Han population of Shanghai (Xie 

et al., 2014), Indonesians (Dobashi et al., 2005) and northern Pakistanis (Rakha et al., 2009) 

in addition to the above populations.  

When PD value of D5S818 obtained in Punjabians (0.8883) was compared to all 

other populations, it was observed that PD of Punjabians is greater than most of the groups 

like Han population of Shanghai (Xie et al., 2014), African American (Hill et al., 2013), 

Azerbaijan (Nasibov et al., 2013), Dubaians (Alshamali et al., 2005), Omanians (Alshamali 

et al., 2005), Yemenis (Alshamali et al., 2005), Koreans (Kim et al., 2003), Turkians 

(Akbasak et al., 2001), Iranians (Shepard and Herrera, 2006), Bangladeshians (Dobashi et 

al., 2005), Indonesians (Dobashi et al., 2005), Malaysians (Maruyama et al., 2008), Uygurian 

(Dong et al., 2010), Brazilians (Fridman et al., 2008), northern Pakistanis (Rakha et al., 

2009) and Ugandians (Gomes et al., 2009). PD value of D5S818 (0.8967) obtained in 

Pashtuns is greater in most of the groups except Han population of Shanghai (Xie et al., 

2014), African American (Hill et al., 2013), Azerbaijan (Nasibov et al., 2013), Yemenis 

(Alshamali et al., 2005), Koreans (Kim et al., 2003), Turkians (Akbasak et al., 2001), 

Bangladeshians (Dobashi et al., 2005), Indonesians (Dobashi et al., 2005), Malaysians 

(Maruyama et al., 2008) and Uygurian (Dong et al., 2010). 

At D21S11 marker higher PD value of Punjabians (0.9575) was obtained that all 

population groups except Hans of Shanghai (Xie et al., 2014), Azerbaijanians (Nasibov et al., 

2013), Indonesians (Dobashi et al., 2005) and Brazilians (Fridman et al., 2008) while PD 

value of Pashtuns (0.9622) was greater in all groups except Indonesians (Dobashi et al., 

2005) and Brazilians (Fridman et al., 2008).  Higher PD value at D16S539 in Punjabians 

(0.9299) was observed than all groups of Populations except Bangladeshians (Dobashi et al., 

2005) and Uygurian (Dong et al., 2010) while PD value of Pashtuns (0.9119) is lower in 

most of the population groups except Caucasian (Hill et al., 2013), Italians (Brisighelli et al., 
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2009), Tadjiks (Di Cristofaro et al., 2012), Pachtouns (Di Cristofaro et al., 2012), Hazarians 

(Di Cristofaro et al., 2012), Swedians (Montelius et al., 2008), Saudi Arabians (Alshamali et 

al., 2005), Yemenians (Alshamali et al., 2005), Koreans (Kim et al., 2003), Turkians 

(Akbasak et al., 2001), Iraqians (Barni et al., 2007) and Gypsians (Havaš et al., 2007). 

Haplotype diversity value of DYS385a/b (0.875) and DYS392 (0.453) in Punjabi 

samples was observed lower than Malaysian, Indians and Chineese (Change et al., 2007). 

While Haplotype diversity of DYS438 (0.70) is greater as compared to Malaysian, Indians 

and Chinese (Change et al., 2007).  The gene diversity of these loci in Punjabi samples was 

greater as compared to Irish and UK populations (Ballard et al., 2006) except DYS392 which 

was lower than UK population (Ballard et al., 2006) and Indians (Nayak et al., 2014).  

Haplotype diversity of DYS385a/b and DYS392 with values of 0.823 and 0.403 

respectively in Pashtuns was found lower as compared to population of Malaysia, India and 

China (Change et al., 2007) except DYS438 (0.602) which was greater than Malaysians, 

Chinese but lower than Indians. The gene diversity of DYS385a/b, DYS438 and DYS392 

was found greater as compared to Irish and UK (Ballard et al., 2006).Gene diversity DYS438 

was also found greater than India (Nayak et al., 2014).  

5.5 Linkage Disequilibrium and Inter-Population Differentiation  

Probability values (p) obtained by the analysis of Hardy-Weinberg equilibrium test, 

significant deviations were observed at eight loci in Pashtun samples while Punjabi samples 

at probability level of p<0.05 showed significant deviations at five autosomal loci along with 

Y-STR markers. After bonferroni correction (p<0.003) significant deviations were seen at 

CSF1PO,  TPOX, DYS385a/b, DYS438 and DYS392 in Pashtuns but Punjabi population did 

not show significant deviations at autosomal markers expects Y-STR loci.  The reason for 

significant deviations from Hardy-Weinberg equilibrium could be due to the high proportion 

of consanguinity among the populations. On the basis of Pairwise LD matrix p values in the 

populations studied in this work, 52 and 21 combination pairs of loci showed significant 

linkage disequilibrium in Punjabi and Pashtuns respectively at probability level of p<0.05. 

Among these permutations 21 pairs were found common in both populations. But at 
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bonferroni correction level of p<0.0004, no significant linkage disequilibrium observed at 

any pair of locus in the LD matrix of Punjabi and Pashtun populations.  

Using the Fst and population differentiation exact test p values, consequently no 

significant differences were seen between Punjabi and Pashtuns samples at autosomal 

markers except DYS385ab, DYS392 and DYS438 at probability level of p<0.05. After 

bonferroni correction (p<0.003) only DYS385ab and DYS438 remained significant in both 

populations. 

When compared the current Punjabi data with 22 other different populations using 

differentiation exact test p values, it was observed that no significant difference was found in 

northern Pakistanis (Rakha et al., 2009), Kashmiris (Rakha et al., 2008) and Bangldeshians 

(Dobashi et al., 2005) at any locus as the probability values were above the significant level 

p<0.0002. However significant differences were observed at one locus (D5S818) in Jats 

population of India (Tandon et al., 2002) while at two loci (FGA and D5S818) in Kurmis 

(Tandon et al., 2002), southern India (Balamurugan et al., 2010) and Turkish populations 

(Bulbul et al., 2014). 

Three loci (FGA, D21S11 and D5S818)  with significant differences versus Punjabi 

population were observed neighbor countries groups like in Thakurs (Tandon et al., 2002), 

Khatris (Tandon et al., 2002) and Uygurs (Chen et al., 2012), at 4 loci (D18S51, D21S11, 

D2S1338, SE33) in Moroccons (El Ossmani et al., 2009), 5 loci in Italians (Brisighelli et al., 

2009) and Egyptians (Omran et al., 2009),  six in Asians (Hill et al., 2013) and Swedens 

(Montelius et al., 2008), at 7 in Hispanics (Hill et al., 2013),  9 loci in Caucasians (Hill et al., 

2013), 8 loci in Romanians (Novokmet and Pavčec, 2007) and Unan Hans (Nie et al., 2008), 

9 loci in Brazilians (Fridman et al., 2008), at each locus in African American (Hill et al., 

2013) excluding D16S539 and in Hans (Tong et al., 2009) despite of CSF1PO and FGA after 

bonferroni correction (p<0.002).   

By using the p values of exact test, similar significant differences were observed in 

Pashtuns as in Punjabians with slight different findings like in Swedes (Montelius et al., 

2008) 7 loci were found with significant differences, Hispanics (Hill et al., 2013) and 

Egyptians (Omran et al., 2009) with 6 loci, Asians  (Hill et al., 2013) at 5 loci,  Moroccans 
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(El Ossmani et al., 2009) at 3 loci, Uygurs (Chen et al., 2012) at 2 loci and Turkish (Bulbul 

et al., 2014) at one locus consequently. The population showing more significant differences 

from the probability levels is less genetically linked with the compared population. 

5.5 Conclusion 

   The unique feature of this new developed system with respect to the combination of 

markers is the simultaneous amplification of 10 miniSTRs, conventional STRs like SE33, 

Penta E, Penta D and four Y-STRs which never been used earlier in the published STR 

multiplex systems and kits. In addition to this size of miniSTRs have been reduced from 

65bp to 275bp. Moreover this system robustly will be able to provide STR information in 

those biological evidence specimens where DNA is highly degraded and even in the presence 

of inhibitors.  

Due to highly polymorphic characteristic of the locus SE33 which was considered 

core locus of German database but by the analysis of this locus in Pakistani populations and 

on the basis of high power of discrimination rather than majority of world populations it has 

been proved to be core locus of Pakistan. Similarly Penta E and Penta D due to their greater 

polymorphic nature as compared to other major populations like Americans, British and 

Indians will provide strongly support in the forensic case work analysis in Pakistan. Use of 

miniSTRs in the multiplex system in addition to providing information on degraded samples 

with their high polymorphism will proved to be the beneficial in forensic analysis as well as 

to resolve paternity cases. 

In addition to this, inclusion of Y-STR markers exclusively supports the multiplex 

system in those samples where mutation at amelogenin marker occurs in male individual 

which is 0.2% according to this study in Pakistani population otherwise system is unable to 

interpret the DNA profile of mutated male individual. Y-STRs will also helpful in those 

samples where random sharing of allele occurs in unrelated individuals at autosomal STRs 

especially in parentage analysis and in forensic complex cases like mixture DNA 

interpretation involving more than two individuals. 

On the basis of lower probability of matching, highly polymorphic makeup and 

robustness of the system, these loci included in this 18plex are proved to be the core loci of 
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Pakistan. A DNA database of these markers must be developed within the major populations 

of the country to produce the reliable and challenging results for the inclusion or exclusion of 

an individual and conviction of criminals by supporting justice system. 
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