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 This project determined whether the loci included in the Athos PCR Directa para 

Identificacao Humana Amplification and AmpFlSTR® Identifiler® PCR Amplification 

Kits are suitable for establishment of an STR allele frequency database representative of 

the Paraguayan population.  Allele frequencies for the 21 STR loci included in the Athos 

PCR Directa para Identificacao Humana Amplification Kit were calculated for 200 

individuals in the Paraguayan population. Allele frequencies for the 15 STR loci included 

in the AmpFlSTR® Identifiler® PCR Amplification Kit were also calculated for 300 

individuals in the Paraguayan population. Performance of these loci was determined by 

testing the population for Hardy-Weinberg Equilibrium, testing for Linkage 

Disequilibrium between the loci in the kits, and calculating Power of Discrimination, 

Power of Exclusion, and Mean Power of Exclusion. Comparability between the common 

loci included in the two PCR kits was also tested.  

 Results of these tests determined that the Athos PCR Directa para Identificacao 

Humana Amplification and AmpFlSTR® Identifiler® PCR Amplification Kits are both 

suitable for use in an STR allele frequency database. Additionally, the common loci 

contained in the two PCR kits are comparable, and the populations can be combined to 

create one database.  
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INTRODUCTION  

Paraguay is a landlocked country located in Central South America, surrounded by 

Argentina, Bolivia, and Brazil. As of July 2017, Paraguay has a population of about seven 

million individuals. Much of the population resides in the Eastern and Southern-most parts of the 

country, with a small fraction of the population residing in the western plains of the Gran Chaco 

[1]. 

The main ethnic group of Paraguay is Mestizo, mixed Spanish and Amerindian, with ninety 

five percent of the population identifying as such. The remaining five percent identify as “other.” 

Paraguay is a country of emigration, not immigration. Political instability, civil wars, and years 

of dictatorship have encouraged individuals to immigrate to neighboring countries. However, in 

the 20th century, minimal numbers of immigrants arrived in Paraguay from Lebanon, South 

Korea, Japan, and China. Additionally, since the 1960s, large numbers of Brazilian immigrants 

have arrived in Paraguay to work in agriculture [1].  

Crime in Paraguay is generally non-violent; however, there is a prevalent use of knives and 

firearms, especially in street crimes. In a few instances, individuals have been injured or killed 

for defending themselves or refusing to cooperate. While men have reported to be victims of 

these crimes, women alone or in small groups tend to be the target. Additionally, armed robbery, 

burglary, car theft, and home invasion are common offenses in urban and rural areas [2]. 

Between October 2009 and February 2018, the Diaz Gill laboratory has analyzed 626 samples 

for the public prosecutor’s office, including sexual assault, homicide, maternity, paternity, and 

identification samples. The largest amount of these samples, 270, pertains to sexual assault cases. 
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Additionally, the lab has analyzed about six thousand samples related to paternity/maternity 

relationship legal and non-legal cases (Diaz Gill). 

If a biological sample is obtained from evidence at a crime, forensic analysts try to develop a 

genetic profile belonging to the contributor(s) of any DNA samples. If development of a genetic 

profile is successful, and there is a match between known individuals and the evidence, statistical 

evaluations are performed to determine the rarity of the genetic profile in a population and to 

determine the weight of the DNA evidence in any match or inclusion. Currently, Paraguay does 

not have an STR database representative of the country’s population that can be used in human 

identification. The results of this study provide identity testing laboratories in Paraguay a 

validated population database for use in calculation of forensic and parentage evaluation 

statistics for criminal and civil investigations. 

An STR database is developed by evaluating genetic data from a population sample for 

specific sets of genetic markers and statistical parameters. Data should be collected from 

random, non-related individuals for the most accurate representation of the desired population. 

Routinely, analysis of the genetic data includes calculation of the allele frequencies at each locus, 

testing the loci for Hardy-Weinberg Equilibrium (HWE) and testing for the potential presence of 

Linkage Disequilibrium between the loci in the STR typing panel. Linkage Disequilibrium is 

typically specific to the testing kit used.   

 First, the allele frequencies were calculated for each locus included in the testing kit. The 

allele frequency can be described as how often an allele appears at that specific locus. After 

calculating the allele frequencies at each locus, the software then calculated the Expected 

Heterozygosity and Observed Heterozygosity. Expected Heterozygosity (He) is defined as the 

expected genotype frequencies of the heterozygotes in the population. It is calculated by the 
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software, based on the genotype data entered. In contrast, the Observed Heterozygosity (Ho) is 

the actual genotype frequencies of the heterozygotes observed in the population. 

Next, the software tested for Hardy-Weinberg Equilibrium in the population. Hardy-

Weinberg Equilibrium is a mathematical model which allows an individual to predict expected 

genotype frequencies based on the allele frequencies determined for the loci tested, if a 

population is following the general patterns of Mendelian inheritance and meets other model 

assumptions. These assumptions include that: the organism in question is diploid, mating is 

random, reproduction is sexual, generations are non-overlapping, population size is large, 

migration is negligible, and mutation can be ignored. If these assumptions can be met, allele 

frequencies in a population will not change substantially from generation to generation [3]. 

These allele frequencies can be used to estimate the probability of observing any genotype 

generated from the STR loci tested in human identification.    

In genetics, Linkage Disequilibrium is the non-random association of alleles between 

different loci in a population. In contrast, if sets of loci in a population exhibit Linkage 

Equilibrium, individual genomes reflect a random association of alleles in offspring. This is 

important, because if the genetic loci demonstrate Linkage Equilibrium, the genetic composition 

of the population can be fully represented by the allele frequencies of the loci tested. If loci are 

not in Linkage Equilibrium, they cannot be included in forensic statistic calculations using the 

product rule as they do not reflect independent variables [4].  

Statistical parameters relevant to identity testing that are routinely calculated for forensic 

population databases include Power of Discrimination (PD), Power of Exclusion, and Mean 

Power of Exclusion. Power of Discrimination is the probability that two individuals in a 

population have identical genotypes. In contrast, the Power of Exclusion, first described by 
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Fisher in 1951, estimates the probability that two randomly selected individuals in a population 

do not have identical genotypes [5]. Mean Power of Exclusion, as described by Brenner and 

Morris, is most commonly calculated for parentage testing purposes. Mean Power of Exclusion 

provides the average power of exclusion for each locus between an offspring and potential 

parental alleles [6].  

In this project, two data analysis approaches were utilized to calculate the statistical 

parameters mentioned above. The first is Genetic Data Analysis, GDA, created by Lewis and 

Zaykin [7]. The second approach utilized statistical packages developed in R, an environment 

and language for data analysis, created by the R Foundation for Statistical Computing to which a 

multitude of contributors provide software tools for various analyses and functions [8]. Both 

approaches were utilized, and the results were compared to explore more current approaches for 

allele frequency database analysis.  
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RESEARCH DESIGN AND METHODOLOGY 

i. Problem/Hypothesis 

There are three specific aims of this project: 

1.  Establish an allele frequency database for the country of Paraguay. 

2. Determine if the allele frequencies calculated at the shared loci are comparable 

between the two PCR amplification kits: Athos (Brazil) and Identifiler®. 

3. Create a pipeline analysis method for the creation of an STR databases.  

 

There are multiple hypotheses for this project, as there are multiple tests conducted on the 

data. The first null hypothesis (H0) is that the population is in Hardy-Weinberg Equilibrium. 

Next, is that the population is in Linkage Equilibrium, and finally, the third null hypothesis is 

that the common loci included in the two PCR kits are concordant with one another, as 

determined by the KS test.  

In contrast, the alternative hypotheses (Ha) are as follows: the population is not in Hardy-

Weinberg Equilibrium, the population does not exhibit Linkage Equilibrium, and the common 

loci included in the two PCR kits are not concordant with one another.  

 

ii. Specimens Examined 

A total of five hundred unrelated individuals of the Paraguayan population were sampled 

during routine parentage and criminal casework protocols. Two hundred samples were analyzed 

using the Athos PCR Directa para Identificacao Humana Kit (Brazil) were collected from 

seventeen departments within the country; Asunción, Alto Paraná, Amambay, Boquerón, 
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Caaguazú, Caazapá, Canindeyú, Central, Concepción, Cordillera, Guairá, Itapúa, Misiones, 

Ñeembucú, Paraguarí, Presidente Hayes, San Pedro. The remaining three hundred samples, to be 

analyzed using the AmpFlSTR® Identifiler® PCR Amplification kit (Applied Biosystems®), 

were collected from sixteen of those seventeen departments, with the exception of Amambay  

(Figure 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Map of Paraguay depicting where the analyzed samples were collected from. Circles represent 

the locations where the Athos kit samples were collected from. Squares represent the locations where the 

Identifiler kit samples were collected from (adapted from [9]).  
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Buccal swabs, peripheral blood in EDTA and peripheral blood stored on FTA or filter paper 

cards were collected by Dr. Karen Nielsen of Diaz Gill: Medicina Labrotorial S.A., located in 

Asunción, Paraguay. De-identified genetic profiles were provided by Dr. Nielsen for use in this 

project.  Working with these data was approved under Institutional Review Board (IRB) protocol 

2010-106.   

 

iii. DNA Extraction  

DNA extraction was performed at the Diaz Gill laboratory in Paraguay. Liquid samples 

and buccal swab samples were extracted using commercial PrepFiler™ BTA Forensic DNA 

Extraction Kit (ThermoFisher Scientific, USA), Ultraclean® BloodSpin® DNA Isolation Kit 

(MO BIO Laboratories, Inc. Carlsbad, CA), DNA IQ Casework Pro Kit for Maxwell® 16 Kit 

(Promega Corp., Madison, WI) and Chelex® Resin (Bio-Rad Laboratories, Hercules, CA). Direct 

PCR was performed on FTA substrates according to the manufacturer’s instructions.  

 

iv. Genetic Analysis  

Databases were developed for two commercially available PCR amplification kits which were 

used to type a total of 500 individuals in the sample sets. For 300 samples, 15 STR genetic 

markers were amplified with the commercial AmpFlSTR® Identifiler® PCR Amplification Kit 

(Applied Biosystems®), following the manufacturer's recommended PCR protocol in the Veriti 

Thermal Cycler (Applied Biosystems®, Foster City, CA). The detection of the amplified product 

was performed in the genetic sequencer ABI 3130xl (Applied Biosystems®, Foster City, CA) and 

the reading and allele assignment with GeneMapper® software v1.2.1 (ThermoFisher Scientific, 

USA).  The AmpFlSTR® Identifiler® PCR Amplification kit (Applied Biosystems®) contains 15 
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autosomal loci, plus amelogenin. The 15 autosomal loci include CSF1PO, D2S1338, D3S1358, 

D5S818, D7S820, D8S1179, D13S317, D16S539, D18S51, D19S433, D21S11, FGA, TH01, 

TPOX, and vWA, which are all included in the Athos kit (Brazil) as well (Table 1) [10].  

For 200 samples, 21 STR genetic markers were amplified with the commercial Athos 

PCR Directa para Identificacao Humana Amplification Kit. The detection of the amplified 

product was performed in the ABI 3130xl Genetic Analyzer (Applied Biosystems®, Foster City, 

CA, USA) and the allele assignment with GeneMapper® software v1.2.1 (ThermoFisher 

Scientific, USA). The Athos PCR kit contains 21 autosomal loci, plus amelogenin. These 21 

autosomal loci include D3S1358, vWA, D16S539, CSF1PO, TPOX, D8S1179, D21S11, 

D18S51, D19S433, TH01, FGA, D22S1045, D5S818, D13S317, D7S820, D10S1237, D1S1656, 

D2S1338, Penta E, Penta D, and HUMF13B [11]. This kit is an improvement from the 

Identifiler® kit, as an increased number of loci provides an increased discriminating power 

during genetic analysis.   
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Table 1. Loci contained in the Athos PCR Directa papa Identificacao Humana Amplification 

and AmpFISTR® Identifiler® PCR Amplification kits. “X” denotes loci that are included in the 

kit.  
 

Loci Athos PCR Directa para 

Identificacao Humana 

Amplification Kit 

AmpFlSTR® Identifiler® 

PCR Amplification kit 

D3S1358 X X 

vWA X X 

D16S539 X X 

CSF1PO X X 

TPOX X X 

D8S1179 X X 

D21S11 X X 

D18S51 X X 

D19S433 X X 

TH01 X X 

         FGA X X 

D22S1045 X  

D5S818 X X 

D13S317 X X 

D7S820 X X 

D10S1237 X  

D1S1656 X  

D2S1338 X X 

Penta E X  
Penta D X  

HUMF13B X  
 

v. Statistical Analysis  

The Athos PCR Amplification Kit data and the AmpFlSTR® Identifiler® PCR 

Amplification Kit (Applied Biosystems®) data were formatted in Microsoft Excel and Notepad 

for import into GDA software [7].  GDA was used to calculate the observed allele frequencies at 

each locus, as well as testing for Hardy-Weinberg Equilibrium and potential linkage 

disequilibrium between the loci in the kits.  
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After calculating the allele frequencies, the GDA software calculated the estimate of 

expected heterozygote/homozygote frequencies, based on the observed allele frequencies, and 

compared these to the observed genotype distributions. Then, Fisher’s Exact Test was utilized to 

determine whether the population exhibited Hardy-Weinberg Equilibrium [7]. Fisher’s Exact 

Test predicts the probabilities of possible genotypes based on the alleles present in the 

population. When sample size is small, and/or some allele frequencies are low, the Exact Test is 

preferred over a Chi-square (2) approaches, or likelihood ratio statistic G2, as they can often 

result in false acceptance or rejection of Hardy-Weinberg Equilibrium when population size is 

small [12]. 

The PowerStats v1.2 software (Promega) was utilized to calculate the Power of 

Discrimination and Mean Power of Exclusion for each locus in the population [5]. Power of 

Discrimination is calculated as one minus the sum of the squares of the observed phenotype 

frequencies in the observed set of data. The Fisher’s Power of Exclusion was also calculated at 

each locus in the population using an Excel spreadsheet developed in-house. Power of Exclusion 

is calculated as one minus the sum of the squares of the expected phenotype frequencies in the 

observed set of data [13]. The Power of Exclusion provides the percentage of the population that 

could be excluded as the source of the observed genetic DNA.  

To determine if  the allele frequency distributions for the overlapping loci between the 

two PCR amplification kits are comparable, the Kolmogorov-Smirnov (KS) test was used [14]. 

The KS test compared the distribution of allele frequencies between each locus in the kit, and 

provided a p-value, as well as a Kolmogorov Distribution value, D. The p-value determines if the 

allele frequency distributions differ significantly at the loci between the population data sets. If 

the p-value is less than the significant value for the test, the null hypothesis, that the common 
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loci between the two PCR kits are comparable with one another, should be rejected, indicating 

that there is a difference between the datasets. The D statistic calculated is a measure of the 

deviation between the two datasets. If you were to visualize the two sets of data on a curve, the D 

statistic would be the greatest vertical distance between the two curves at any point [15].  

Although GDA can provide descriptive statistics and tests for disequilibrium, as well as 

population comparisons and genetic structure, it is an old program and designed to run on earlier 

versions of Microsoft Windows. Additionally, it requires a specific input file format. Software 

packages in the R language were also utilized to evaluate the aspects of genetic data. The values 

obtained from the R packages were combined with, and compared to, the information obtained 

from GDA to determine the best methods to use and in summarizing the overall project results. 

The goal was to develop a pipeline script that can conduct all the analyses in a single run. 

In the R language analysis, a variety of packages, such as poppr and pegas, were utilized 

to analyze the genetic data. The R package poppr is designed for the analysis of sexual, admixed, 

and/or clonal populations. poppr has specific functions that were designed to easily import data 

from excel and read data from diploid markers [16]. The package was used to count alleles per 

locus in the population, and in turn provided the same allele frequencies that were also calculated 

in GDA.  

The R package pegas was utilized to determine if the population follows Hardy-

Weinberg Equilibrium criteria. The package can determine HWE by two methods; the classical 

chi-squared (2) method, based on the expected genotype frequencies, or the exact test based on 

Monte Carlo permutations of alleles [17]. This project utilized the Fisher’s exact test because of 

the sample size available for this study.  
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 Additional packages were explored to test for Linkage Disequilibrium in the populations, 

however, none of the available packages are designed for use on multiallelic markers. Some of 

these packages include LDtest, genetics, and pegas.  
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RESULTS 

Five hundred samples in the Paraguayan population were evaluated for parameters 

typical of an STR database for use in human identification; Expected Heterozygosity and 

Observed Heterozygosity, Hardy-Weinberg Equilibrium, Linkage Disequilibrium, Power of 

Discrimination, Power of Exclusion, and Mean Power of Exclusion. Two PCR amplification kits, 

Athos PCR Directa para Identificacao Humana (Brazil) and AmpFlSTR® Identifiler® PCR 

Amplification Kit (Applied Biosystems®), were used to generate population data for STR loci.  

Allele frequencies were calculated for 200 individuals at 21 STR loci in the Athos PCR 

Directa para Identificacao Humana amplification kit (Brazil) (Table 2). Expected Heterozygosity 

(He) and Observed Heterozygosity (Ho) were also calculated. Fisher’s Exact Test was used to 

determine whether the loci exhibit Hardy-Weinberg Equilibrium. Exact Test probabilities are 

based on 3200 shufflings. Shuffling randomizes the loci in the sample set to determine the 

probability of observing that data set given that there is no disequilibrium between the loci. One 

significant deviation from Hardy-Weinberg Equilibrium was detected. A locus can be said to 

deviate from Hardy-Weinberg Equilibrium when the P value calculated is less than the 

significance value at which the HWE hypothesis would be rejected. A significance value of = 

0.05 was used in this study. The p-value calculated for the D13S317 locus is 0.028125, which is 

less than the significance value of 0.05. This is not unusual, as it is common for the likelihood of 

error to occur as the number of independent tests increases [18] 

To test for significant departure within the entire suite of loci, one must look closer at the 

individual significance of the locus opposed to the overall significance. A Bonferroni correction 
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was applied to the p-value of the individual test, in order to maintain the overall P value of = 

0.05 [18].  With the Bonferroni correction, the adjusted p-value becomes = 0.002, reducing the 

threshold probability for considering a departure from HWE.  Employing this corrected 

significant value, D13S317 does not deviate from Hardy-Weinberg Equilibrium. In its entirety, 

the loci included in the Athos PCR Directa para Identificacao Humana amplification kit (Brazil) 

exhibit Hardy-Weinberg Equilibrium, and can be used for inferring the genotype probabilities 

based on the allele frequency data that are reported here.  

The R language was also used to determine whether the population deviated from Hardy-

Weinberg Equilibrium (Table 3). As expected, the calculated p-values differed slightly from 

those calculated in GDA, and this occurs because the 3200 shufflings in the test are not exactly 

the same each time the test is conducted. For the loci tested in the R platform, all calculated p-

values were above the significant value of = 0.05, indicating that the population does meet 

Hardy-Weinberg Equilibrium conditions and can be used in human identity and parentage testing 

calculations.  

The 21 autosomal loci included in the Athos PCR Directa para Identificacao Humana 

amplification kit (Brazil) were also tested for Linkage Disequilibrium in GDA, determined by 

the calculated allele frequencies. Results are based on 210 pairwise comparisons. To maintain 

the overall significant value of = 0.05 for the panel of loci, each individual locus should have 

had a p-value of at least = 0.0002442. There were no loci with p-values below this number, so 

the entire panel was determined to exhibit Linkage Equilibrium and can therefore be included in 

the database for human identification and parentage testing.  

Statistics commonly calculated in human identification and parentage testing, such as 

Power of Discrimination, Power of Exclusion, and Mean Power of Exclusion, were also 
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calculated (Table 2). Power of Discrimination and Power of Exclusion indicate the probability 

that two individuals will have the same or different genotypes. The Power of Discrimination 

(PD) indicates how individualizing the loci are. The Combined Power of Discrimination for this 

suite of loci was greater than 99.999999%. The values calculated in this project are comparable 

to the calculated Power of Discrimination values for published population databases in the 

countries surrounding Paraguay, such as Brazil [19] and Argentina [20]. In contrast to the Power 

of Discrimination, the Power of Exclusion (PE) indicates how powerful the loci are at excluding 

particular genotypes. The Combined Power of Exclusion for this set of loci is also greater than 

99.999999 %. In regard to both of these statistics, the greater the value, the more powerful the 

loci are.  

For the remaining 300 samples, which were analyzed using the AmpFlSTR® Identifiler® 

PCR Amplification Kit (Applied Biosystems®), allele frequencies were calculated for 15 

autosomal loci included in the kit (Table 4). As with the 200 samples analyzed using the Athos 

PCR Directa para Identificacao Humana amplification kit (Brazil), Expected Heterozygosity (He) 

and Observed Heterozygosity (Ho) were both calculated. Fisher’s Exact Test was used to 

determine whether the loci exhibited Hardy-Weinberg Equilibrium. Again, results were based on 

3200 shufflings. All p-values calculated were greater than = 0.05, and no significant deviations 

from Hardy-Weinberg Equilibrium were observed.  

As previously mentioned, the R language was also used to calculate the allele frequencies 

and Hardy-Weinberg Equilibrium P-values for the fifteen loci (Table 5). Again, the p-values 

calculated differed slightly from the values calculated in the GDA software, but this is expected. 

For the loci tested in the R language, all calculated p-values were above the significant value of 

= 0.05, indicating that the population does meet Hardy-Weinberg Equilibrium conditions and 
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can be used in human identity and parentage testing calculations. This suite of loci was also 

tested from Linkage Disequilibrium to determine if the loci can be used in statistical calculations 

for human identification and parentage testing. After 105 pairwise comparisons, there were no 

loci that exhibited Linkage Disequilibrium. All of the calculated p-values were above the 

significant value of = 0.0004, and therefore maintaining the overall significant value of = 

0.05.  

Power of Discrimination, Power of Exclusion, and Mean Power of Exclusion, were also 

calculated (Table 4). The Combined Power of Discrimination for this suite of loci was greater 

than 99.999999%, and the Combined Power of Exclusion was greater than 99.999999%.  The 

values calculated are comparable to the calculated Power of Discrimination values for published 

population databases in the countries surrounding Paraguay, such as Brazil [19] and Argentina 

[20]. 

While both suites of STR loci exhibit Hardy-Weinberg Equilibrium and Linkage 

Equilibrium separately, the two PCR kits share fifteen loci, so they were tested for deviations in 

their allele frequencies using the Kolmogorov-Smirnov (KS) test (Table 6). The KS test produces 

two values, the P-value, and the D statistic [14]. The allele frequencies for each locus were 

compared to one another, and the p-value indicated if the numbers differed significantly from 

one kit to the other. Had the value been very small, this would have indicated that the locus was 

not concordant between the two kits. In this study, all of the p-values were about 0.600 or 

greater, indicating that the allele frequencies per locus do not differ significantly between the two 

kits. Additionally, the D statistic, which is the deviation between the allele frequencies, is about 

0.300 or lower per locus. This indicates, again, that the allele frequencies do not differ 
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significantly per locus between the two kits, and they can be combined for use in one database 

[15].  

The two populations, two hundred samples tested with the Athos PCR kit and three 

hundred samples with Identifiler PCR kit, were combined for fifteen shared loci. The allele 

frequencies were then calculated for the single population using the fifteen loci common to both 

kits (Table 7). As with the other data sets, the population was also tested for Hardy-Weinberg 

Equilibrium, Linkage Disequilibrium, and the common parentage testing statistics.  

When the two datasets were combined, there were two loci that did not exhibit Hardy-

Weinberg Equilibrium. Results are based on 3200 shufflings. Locus D5S818 had a calculated P-

value of = 0.008, which was below the significant value of = 0.05. Locus CSF1PO, which 

also exhibited departure from Hardy-Weinberg Equilibrium, had a calculated p-value of = 

0.048. As with loci included in the Athos PCR kit, a Bonferroni correction was applied to the 

individual loci that did not pass tests for Hardy-Weinberg equilibrium. The adjusted p-value, 

determined by the Bonferroni correction, was = 0.003. After the correction, both individual loci 

were greater than the significant value, and were determined to exhibit Hardy-Weinberg 

Equilibrium, which indicates that they can be used in statistical calculations for human identity 

and parentage testing.  

After testing the suite of loci for Linkage Disequilibrium, it was determined that none of 

the loci exhibited Linkage Disequilibrium. While some calculated p-values fell below the 

significant value of = 0.05, none of the individual locus p-values were lower than = 0.0004, 

which maintains the overall = 0.05. With this adjusted p-value, all of the individual locus 

significant values passed the Linage Disequilibrium test. This indicates that the loci can be used 

for statistical calculations for human identity and parentage testing.  
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DISCUSSION 

This study evaluated allele frequency data for 21 STR loci and five hundred individuals 

of the Paraguayan population to determine whether the population could be used to create the 

first allele database for the country to use in human identity and parentage testing. Currently, the 

laboratories in Paraguay use a published database originating from Columbia which is not 

representative of the country’s population.  

After calculating the allele frequencies per locus, the Expected Heterozygosity (He) and 

Observed Heterozygosity (Ho) were calculated and used with the Fisher’s Exact Test to 

determine whether the population is in Hardy-Weinberg Equilibrium. All three tests for 

departure from Hardy-Weinberg Equilibrium and Linkage Disequilibrium demonstrated that the 

population does in fact exhibit Hardy-Weinberg Equilibrium and Linkage Equilibrium and can 

be used for statistical calculation if human identity and parentage testing. In fact, the two 

populations analyzed using the Athos PCR Directa para Identificacao Humana Amplification 

kit (Brazil) and AmpFlSTR® Identifiler® PCR Amplification Kit (Applied Biosystems®) can be 

used as two separate databases or can be combined to create one database containing their fifteen 

shared loci (Table 1).   

If the Diaz Gill: Medicina Labrotorial S.A. (Paraguay) plans on using both the Athos 

(Brazil) and Identifiler® (Applied Biosystems®) PCR amplification kits for their casework, it 

would be beneficial to have both population databases available for use in their human 

identification and parentage testing statistical calculations. This is because utilizing only one 

database that contains the shared fifteen loci eliminates six descriptive loci that are included in 
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only the Athos PCR Directa para Identificacao Humana Amplification kit (Brazil). The Diaz 

Gill: Medicina Labrotorial S.A. (Paraguay) lab should also consider keeping the combined 

database as well because while it does only contain fifteen loci, it will contain five hundred 

samples in total, increasing the power of the database. 

 

Future Directions:  

Establishment of an STR allele frequency database depends on multiple analysis 

methods, such as GDA, the R language, and several excel spreadsheets.  In order to finalize a 

complete pipeline analysis for the creation of an allele frequency database, it would be beneficial 

to create a script which can easily calculate allele frequencies, test for Hardy-Weinberg 

Equilibrium, Linkage Disequilibrium between loci in an STR amplification kit, and calculate 

Power of Discrimination, Power of Exclusion, and Mean Power of Exclusion. While the 

calculation of allele frequencies and the tests for Hardy-Weinberg equilibrium were simple and 

efficient, there are no packages available to test for Linkage Disequilibrium among multiallelic 

markers. Moving forward, a script should be developed that can test for Linkage Disequilibrium, 

compare allele frequencies between loci in a PCR kit, and calculate other statistics.   

 

 

 

 

 

 

 



 

20 
 
 
 
 

 

 

 

 

 

 

 

 

 

APPENDIX 

 

 

 

 

 

 

 

 

 



 

 
21 

 
 
 

Table 2: Allele frequencies and descriptive statistics of 21 STR loci included in the Athos® PCR amplification kit in the Paraguayan 

population 
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Table 3: Allele frequencies and Exact Test for Hardy-Weinberg Equilibrium of 21 STR loci included in the Athos® PCR amplification 

kit in the Paraguayan population calculated from poppr and pegas in R 
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Table 4: Allele frequencies and descriptive statistics of the 15 STR loci included in the Identifiler PCR amplification kit in the 

Identifiler® PCR amplification kit in the Paraguayan population 
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Table 5: Allele frequencies and Exact Test for Hardy-Weinberg Equilibrium of the 15 STR loci included in the Identifiler PCR 

amplification kit in the Paraguayan population calculated from poppr and pegas in R
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Table 6: Kolmogorov-Smirnov (KS) test results comparing the allele frequency distributions of 

shared loci between the two kits to each other for equivalence.  
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Table 7:  Allele frequencies and descriptive statistics of the 15 STR loci included in the Athos® PCR and Identifiler PCR 

amplification kits  
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