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ABSTRACT 

Elwick, Kyleen Elizabeth, Enhanced sample preparation and data interpretation 

strategies using massively parallel sequencing for human identification in missing 

persons’ and DVI casework. Doctor of Philosophy (Forensic Science), December, 2018, 

Sam Houston State University, Huntsville, Texas. 

 

When the remains of victims from mass disasters, military conflicts, or missing 

persons’ cases are recovered, identification is the most important objective. The recovered 

unidentified remains may be intact, fragmented, comingled, highly decomposed, or 

skeletonized. The DNA within these tissues is often degraded, damaged, and/or contains 

inhibitory agents depending on the environment in which the remains were discovered. 

This project explores the use of traditional genotyping and newer DNA sequencing 

technologies for the identification of challenging human remains commonly recovered 

from mass disasters and missing persons’ cases. The results of this study will provide the 

forensic community with additional information on the comparative performance of 

massively parallel sequencing (MPS) chemistries and platforms with compromised 

samples, particularly highly inhibited samples.  

This study was comprised of four projects. First, two CE-based STR megaplex kits 

(GlobalFiler® PCR Amplification and Investigator® 24plex QS kits) were evaluated for 

their tolerance to PCR inhibitors (humic acid, melanin, hematin, collagen, calcium) and 

overall sensitivity of detection for high and low quantity (1 ng and 0.1 ng) DNA samples. 

The results suggested that the GlobalFiler® kit was more sensitive down to 7.8 pg of DNA 

while the Investigator® kit was more tolerant to all PCR inhibitors at both DNA 

concentrations. The GlobalFiler® kit produced more alleles, higher peak heights, and 

higher peak height ratios when determining sensitivity. Conversely, the Investigator® kit 
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produced more alleles and balanced profiles for every inhibitor and inhibitor concentration 

than the GlobalFiler® kit.  

Second, two MPS chemistries and platforms (Ion AmpliSeq™ kit on the Ion PGM 

and the ForenSeq™ kit on the MiSeq FGx™) were evaluated side-by-side using the same 

inhibited DNA samples. The AmpliSeq™ and ForenSeq™ kits were found to be tolerant 

and susceptible to different common PCR inhibitors. The AmpliSeq™ chemistry 

demonstrated tolerance to collagen and calcium; however, it was highly susceptible to 

humic acid and hematin. Conversely, the ForenSeq™ kit showed extreme tolerance to 

hematin and calcium inhibitors but was greatly affected by melanin.  

The third study focused on determining the effectiveness of common DNA 

extraction methods to remove inhibitors from forensically relevant samples and their 

downstream compatibility with two MPS chemistries. Three substrates (blood, hair, and 

bone) were spiked with high concentrations of four inhibitors (humic acid, melanin, 

hematin, and calcium) and extracted using five DNA extraction methods (DNA IQ™, 

QIAamp® DNA Investigator, PrepFiler®, and two total demineralization protocols (bone 

only)). The results showed that all extraction methods were able to efficiently remove all 

PCR inhibitors with no sign of inhibition and provide sufficiently pure DNA extracts for 

sequencing. Although the amount of DNA recovered using the different extraction methods 

differed, the sequencing data indicated that none of the extraction methods negatively 

influenced the downstream sequencing performance on either MPS system.   

The fourth and final study reports the comparative performance of two MPS 

systems when sequencing challenging human skeletal remains. Thermally degraded, 

embalmed, cremated, burned, and decomposed bones and teeth (N = 24) were extracted 
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using a total demineralization protocol and processed with two MPS chemistries and 

platforms in addition to traditional CE-based STR typing. The results demonstrated that 

CE-based STR profiling was still a valuable approach by providing at least a partial DNA 

profile for every sample, whereas MPS did fail to produce a profile in some instances. 

However, these MPS chemistries are still not fully optimized to tolerate such difficult 

samples and further optimization is warranted. Conversely, MPS has the capability to 

analyze more markers and multiple marker systems (STRs, SNPs, etc.) simultaneously. 

Therefore, even though some CE samples produced more complete profiles, the additional 

markers within MPS multiplexes may result in higher powers of discrimination for 

identification, and thereby provide results to assist with solving missing persons’, forensic, 

and DVI cases.  

Keywords: Forensic DNA, Short tandem repeats, Massively parallel sequencing, Missing 

persons, Mass disaster victim identification, Human remains, PCR inhibitors  
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CHAPTER I 

Introduction 

Missing Persons and Mass Disasters 

Thousands of migrants and refugees have gone missing or died while attempting to 

cross borders and seas around the world [1]. In addition, several military conflicts 

worldwide have resulted in mass fatalities and mass graves. As a result, the remains of 

many victims need to be identified and repatriated to their home country and/or family 

members. Missing persons’ (MP) investigations consist of the search and recovery of 

bodies, identification of remains, and recovery of evidence that may determine the cause 

of death [2].  

There are several programs worldwide dedicated to processing the remains of 

missing and unidentified persons. The United States has a limited number of programs to 

record and help determine the identity of unknown remains. Laboratories performing 

missing persons’ casework in the United States must be able to process autosomal STRs, 

Y-STRs, and mitochondrial DNA (mtDNA). Currently, very few laboratories in the US 

have those capabilities including the Federal Bureau of Investigation (FBI), the University 

of North Texas Center for Human Identification (UNTCHI) [3], and the Armed Forces 

DNA Identification Laboratory (AFDIL).  

The FBI created the Combined DNA Index System (CODIS), and it contains the 

National DNA Index System (NDIS), which receive DNA profiles from federal (FDIS), 

state (SDIS), and local (LDIS) forensic laboratories. CODIS was created in 1990 and there 

are over 190 public law enforcement laboratories participating in NDIS throughout the US 

and over 90 laboratories internationally. NDIS allows all levels of laboratories to compare 
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DNA profiles and associate results to known offenders. Also within NDIS is the National 

Missing Person DNA Database (NMPDD). The NMPDD program contains three indexes 

for DNA profiles: biological relative of missing persons, unidentified human remains, and 

missing persons [4, 5].  

Texas contains the largest missing persons’ identification program in the United 

States and one of the largest internationally. Texas was the first state with a missing 

persons’ database and the first to participate in CODIS at the federal level. The University 

of North Texas Health Science Center (UNTHSC) created the Texas Missing Persons DNA 

Database and the Center for Human Identification (CHI) in 2001. They collaborate with 

law enforcement, medical examiner systems, and families of missing persons to collect 

reference samples for testing [3]. The UNTCHI provides services including forensic 

genetic and anthropological examinations for criminal casework and missing persons 

identification. UNTCHI also administers the National Missing and Unidentified Persons 

System (NamUS) that was established by the National Institute of Justice (NIJ) in 2005 

[6]. It was the first and one of the only laboratories capable of analyzing nuclear DNA and 

mtDNA at the time [3]. Currently, UNTCHI has collected and processed the majority of 

missing person samples contained within CODIS in the United States [7].  

NamUs was created in 2005 as a result of the National Missing Persons Task Force 

attempting to solve missing and unidentified person cases. In 2007, NamUs launched the 

Unidentified Persons (UP) database, and the Missing Persons (MP) database followed a 

year later. In 2011, UNTCHI assumed responsibility for the operations and management 

of NamUs with continuous regulation and financial support by the NIJ. The following year, 

an Analytic Division and the NamUs Automated Fingerprint Identification System 
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(AFIS)/Fingerprint Unit were created to further facilitate the identification of missing and 

unidentified persons. According to NamUs, over 600,000 people go missing in the US each 

year and tens of thousands of those missing persons remain missing for more than a year. 

They estimate that 4,400 unidentified bodies are recovered every year and around 1,000 of 

those remain unidentified for more than a year [6, 9].  

The Armed Forces DNA Identification Laboratory (AFDIL) is a division of the 

Armed Forces Medical Examiner System (AFMES) and the only DNA testing facility for 

human remains used by the Department of Defense (DoD). The AFDIL is tasked with the 

identification of human remains from current and past conflicts including the Korean War, 

World War II, and the Cold War, as well as any major mass disaster they are called upon 

to assist [8].   

In addition to the United States, the European Union (EU) also houses two major 

programs for missing and unidentified persons including the International Commission on 

Missing Persons (ICMP) and the International Criminal Police Organization (INTERPOL). 

ICMP was created in 1996 after the Dayton Peace Agreement, which ended the conflict in 

the former Yugoslavia. The Yugoslavian conflict resulted in around 40,000 missing 

persons between the years of 1991 and 1995 [10], creating the need of an organization to 

address these types of situations. A few years later, in 2001, ICMP’s missing persons DNA 

identification system was established along with a specialized missing persons database, 

the Identification Data Management System (iDMS) for the management of over 150,000 

international missing persons cases. The ICMP work with international governments and 

organizations around the world to resolve missing persons’ cases resulting from mass 

disasters, conflict, and crime. ICMP has aided governments with the excavation of over 
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3,000 mass gravesites and processes the largest amount of human remains worldwide; to 

date, they have identified over 19,000 missing persons from events including the Asian 

Tsunami in 2004, Hurricane Katrina in 2005, and many military and societal conflicts in 

Iraq, Colombia, Chile, and Libya [11]. They were also the first MP agency to implement a 

massively parallel sequencing (MPS) workflow for casework. In October 2017, the ICMP 

collaborated with QIAGEN to implement the complete GeneReader NGS System and 

workflow into the MP casework laboratory [12].  

Mass disasters or mass fatality incidents (MFI) are defined as an unexpected event 

causing death and/or injury more people than local agencies can manage [13-15], and may 

occur locally, nationally, or internationally [15]. Mass disaster events are commonly 

referred to as either “open” incidents because the number of victims is unknown, or 

“closed” incidents consisting of a known number of victims, such as plane crashes [14, 15]. 

In addition, they can be classified as environmental or natural disasters (hurricanes, 

earthquakes, and tsunamis), medical (disease and famine), vehicle (plane, car, train, and 

watercraft), industrial (fires and explosions), and terrorist attacks (biological, chemical, 

explosive, and nuclear attacks) [13, 14, 16-18]. They can be subcategorized into major, 

mass, or catastrophic events, depending on the number of fatalities [15]. Missing persons’ 

cases can also be referred to as mass disasters taking place over a longer period of time 

[16]. The type of incident, time elapsed since death, and the local environmental conditions 

are all factors that will determine the state of preservation of the human remains, and 

therefore may influence which methods may be most successful when identifying victims.  

Mass disasters and missing persons’ cases have the same common goal of victim 

identification. The most important reason for victim identification is to bring closure to 
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family and friends, in addition to being necessary for civil or criminal investigations. Other 

reasons may include inheritance, collection of insurance policies, and getting remarried 

[13-15, 19]. Missing persons’, war remains, and mass disaster cases can be challenging to 

solve and involve considerable effort by investigators and laboratory personnel. However, 

forensic genetics is continuously evolving and forensic scientists have the tools to 

effectively repatriate families with their loved ones. 

Identification Methods 

Methods used to identify remains include the analysis of skeletal features (forensic 

anthropology), dental records (forensic odontology), fingerprints, characteristic marks 

(tattoos or scars), medical devices, unique personal effects, and  DNA [14, 16, 20, 21]. 

However, only DNA analysis, fingerprints, and odontology are considered primary 

methods of identification on which a death certificate can be issued [22]. 

Autopsies performed by a forensic pathologist or skeletal analysis performed by a 

forensic anthropologist may be helpful in identifying a biological profile (gender, sex, 

height, race, approximate age, and any unique marks or medical implants) of the remains. 

Anthropologists are able to distinguish between human and animal remains and reassemble 

commingled remains, which is vital in these types of situations [19]. They are also able to 

estimate the number of deceased individuals as well as offer an opinion on potential trauma 

(ante-, peri-, or post-mortem) [23] and the best skeletal elements to use for DNA analysis 

[16].  

Forensic odontologists are commonly requested in the event of mass disaster or 

missing persons’ cases for identification and/or to estimate the age of children [19] based 
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on their dentition. Post-mortem dental charts are compared to ante-mortem (AM) records 

for identification purposes [23]; however, AM records are not always available.  

Fingerprints are another primary tool for identification if the human remains are 

not too fragmented or decomposed. Fingerprints consist of friction ridge skin that do not 

change throughout one’s lifetime (except scarring), and are unique to each individual [14], 

even twins. They can be taken from the fingers, palms, and feet of victims and compared 

with prints taken from the victim’s home, possessions, or national databases such as AFIS. 

However, fingerprints are not useful when there are no prints to compare to, amputation of 

hands and feet has occurred, or if remains are highly fragmented, burnt, or decomposed 

[14, 19].  

Other factors that could make identification difficult after a mass disaster include 

the number of fatalities, the extent of fragmentation, commingling, condition of the bodies, 

availability of medical and dental records, accessibility of remains, and the availability of 

AM reference samples [13, 15, 24]. In some cases, the identification of individuals is not 

possible due to the lack of sufficient information available for analysis or comparison [15]. 

Often, the only means available for the identification of remains is to use a DNA-based 

approach. For identification, a DNA profile from the human remains is either compared 

directly to profiles generated from the victim’s own personal affects or via kinship analysis 

with relatives. DNA reference material for kinship analysis usually includes blood or 

buccal swabs from multiple members of the immediate family. For direct matching, DNA 

profiles can be produced from personal effects such as razors, toothbrush, hair brush, dirty 

laundry, etc. and be compared to a DNA profile generated from a particular set of human 

remains [13, 14, 16, 17]. However, in most cases, personal effects cannot be obtained, and 
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family reference samples must be used to determine the identity of the victim through 

family pedigrees and kinship analysis [16]. This may be particularly difficult if several 

relatives perish together or if only distant relatives are available to provide AM samples 

for analysis [25].  

The most reliable identification method for mass disaster and missing persons 

investigations is DNA profiling [14, 16]. Identification by DNA typing is invaluable 

because even the smallest fragments of tissue can be identified and repatriated to the correct 

set of human remains [14, 19]. DNA typing can be used to determine familial relationships 

between sets of unknown remains. However, the use of DNA for human identification also 

has some limitations such as being a more expensive and time-consuming process than 

alternative approaches. DNA analysis must be performed by highly trained staff in a 

dedicated laboratory and identification is not always successful depending on the quantity 

and quality of the DNA extracted from challenging samples [19].  

There are many potential approaches to sampling human remains after an incident 

for identification. According to Interpol [22], collection of blood or saliva on Flinders 

Technology Australia (FTA®) or a cotton swab is recommended if an individual is not 

decomposed and is intact [24].  

For remains that are not intact, muscle tissue is the suggested sample type for DNA 

analysis barring decomposition of the deceased [22]. However, bones and teeth are among 

the most reliable DNA sources [17, 24, 26] from highly decomposed remains because they 

are fairly resilient to DNA degradation [16]. Additionally, they are often the only material 

available for identification when the remains are skeletonized [26, 27]. This is particularly 

true in missing persons’ cases. 
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Bone density is one major factor in determining the preservation of DNA in bone 

[28]. Cancellous bone may contain a high amount of DNA, but may not be as well protected 

from the elements and degradation as dense cortical bone [17]. Cortical bone from weight 

bearing bones (long bones such as the femur and tibia) is the traditional choice for obtaining 

DNA for identification from bones [17, 24, 28]. However, a few studies have shown that 

small cancellous bones like fingers and toes can provide comparable or even higher 

concentrations of DNA than cortical bones [29-31]. Teeth are also valuable samples for 

DNA analysis because they are relatively protected from the environment and provide a 

rich DNA source. DNA may be recovered from the cementum and pulp, with molars 

typically being the first choice when sourcing DNA from teeth. However, teeth may not be 

as valuable if they are decayed or absent [24]. 

Hair and nails are often recovered from highly decomposed or skeletonized remains 

for DNA identification. Allouche et al. [32] was able to obtain full DNA profiles from 

fingernails of decomposed cadavers up to 6 months, but fingernails may include exogenous 

DNA, resulting in mixed profiles unfavorable for identification. When hair samples are 

recovered, DNA can be extracted from either the root or the shaft. Habib et al. [33] was 

able to recover full profiles from four out of five samples using 6 hair roots at a time. In 

addition, Pfeiffer et al. [34] demonstrated successful recovery of mitochondrial genetic 

profiles from head, pubic, and axillary hair shafts. 

Challenging Remains 

Mass disasters and missing persons’ cases often present with remains that are 

fragmented and highly decomposed or skeletonized, commingled from multiple victims, 

contaminated with environmental elements, and/or severely heat damaged [15, 28]. Human 
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remains in these cases may range from pristine to extremely compromised [16]. They may 

also be exposed to adverse climates (high temperatures and humidity), which can increase 

the rate of decomposition [28, 35]. The DNA contained within these tissues may be highly 

degraded, damaged, and/or inhibited as a result of these adverse conditions. 

DNA Damage and Degradation 

Highly degraded, damaged, or environmentally effected samples can be 

problematic and may reduce the success of downstream DNA typing. Environmental 

insults such as UV exposure, temperature, fire, humidity, and microbial infestation may 

result in severe damage and degradation of DNA in biological samples [28, 36].  

DNA degradation and/or damage can occur from multiple processes that include 

either enzymatic degradation or nonenzymatic degradation. Enzymatic degradation causes 

nucleases in the body to fragment the DNA during cell death. When cell membranes 

rupture, fluids from the cell are released, which increases the growth of microorganisms 

[37]. Nonenzymatic degradation can be produced by hydrolytic reactions, DNA 

crosslinkages, oxidative reactions, and radiation. The weakest bond in a DNA strand is the 

glycosidic bond between a sugar and a nucleotide base and is the primary site for a 

hydrolytic attack, causing the loss of a nucleotide base [38]. DNA crosslinkages may occur 

when an abasic site on a DNA strand is available and can transpire with proteins or between 

the sugar and amino group [39, 40]. However, DNA crosslinking can be slowed or avoided 

by storing DNA in cooler environments [41] such as refrigerators and freezers. Another 

type of reaction causing DNA damage is oxidative reactions, which are triggered by the 

actions of aerobic microorganisms [38]. Pyrimidines, especially thymine, are more prone 

to oxidative damage than purines [42]; however, most oxidative damage occurs in the form 
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of base removal, crosslinkages, and modifications to the sugar, cytosine, and thymine 

molecules [38]. UV radiation has the ability to produce many types of DNA damage 

including oxidative damage, breaks in the DNA strand to one or both strands, 

crosslinkages, primer dimers, and modification or destruction of sugar and nucleotide 

molecules [43]. Any combination of these insults can cause DNA damage and/or 

degradation in samples that make DNA typing more difficult in mass disaster and missing 

persons’ cases.  

Inhibitors 

Inhibitors are chemical or biological matrix interferences that affect DNA 

extraction and/or PCR amplification processes during DNA analysis [44]. Environmental 

conditions such as burial in soil can introduce added complications for DNA typing in the 

form of PCR inhibitors such as humic and fumic acid [45, 46]. In addition, biological 

tissues themselves including bone, hair, teeth, and blood contain various PCR inhibitors 

that may be co-extracted with the DNA in these samples [46-49]. Commonly co-extracted 

inhibitors include humic acid, hematin, collagen, calcium, melanin, indigo, bile salt, and 

urea, each having different mechanisms by which they inhibit DNA amplification [44, 47, 

48, 50, 51] (Table 1.1). These co-extracted inhibitors (humic acid, melanin, hematin) may 

also discolor the DNA extract a yellow to a red or brown color [47, 52].  

There are three potential mechanisms by which to inhibit PCR: the inhibitor binds 

to the polymerase, the inhibitor binds to the DNA, or the inhibitor interacts with the 

polymerase during primer extension [53]. Calcium is the main inorganic component in 

bone making up two-thirds of its structure. Calcium may be co-extracted with DNA and 

likely inhibits the Taq DNA polymerase during PCR. Calcium and magnesium are both 
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divalent cations with similar structures so they may compete with each other during PCR, 

inhibiting Taq and reducing the total amount of product and PCR efficiency [44, 53]. 

Humic acid is one of the major components in soil, which is comprised of 

decomposed plant and animal tissue [44] and is often found in buried human skeletal 

remains [53]. Humic acid is a large molecule (227.2 g/mol) and most likely inhibits PCR 

by sequence specific binding to DNA, thereby affecting the availability of template DNA 

during amplification [44, 53]. Collagen is a protein comprising approximately 28% of 

organic bone tissue and other connective tissues, and may also be co-extracted from 

skeletal remains during the DNA extraction process. The triple helix structure of collagen 

may intercalate with and wrap around the DNA molecule inhibiting amplification by 

binding to DNA and reducing the efficiency of the Taq DNA polymerase [44, 53]. 

Hematin is a metal chelating agent found in red blood cells and most likely inhibits 

PCR by binding to the DNA itself [44, 53]; although other sources propose that it is an 

inhibitor of the Taq DNA polymerase [53]. Melanin is a pigment found in human hair and 

skin. The proposed mechanisms by which this inhibitor causes interference with PCR 

include intercalating between the DNA base pairs and reversibly binding to the DNA 

polymerase [44], but the most likely mechanism is sequence specific binding to the DNA, 

limiting the available template [44, 53]. 

Bile salts are found in feces and they inhibit amplification by reducing the 

availability of template DNA [44]. Urea is an organic waste product found in urine that 

inhibits PCR by binding to the DNA and reducing the activity of Taq DNA polymerase 

[44]. Ethylenediaminetetraacetic acid (EDTA) is a metal ion chelating agent often found 

in extraction or digestion buffers that can interfere with PCR by binding metal ions and 
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reducing the PCR efficiency. Phenol is an organic compound potentially carried over 

during DNA extraction from phenol/chloroform. The inhibition mechanism is likely due 

to the phenol binding to the DNA and Taq polymerase inhibition [44].  

 

Table 1.1 Sources and mechanisms of common PCR inhibitors 

Inhibitor Source(s) of Inhibitor Mechanisms of Inhibitors 

Humic Acid Soil 
Binds DNA, affects availability 

of template DNA 

Hematin Blood 
Binds DNA, inhibits Taq 

polymerase 

Collagen Bone, connective tissue 
Binds DNA, inhibits Taq 

polymerase 

Calcium Bone Inhibits Taq polymerase 

Melanin Hair, skin 
Binds DNA, limiting the 

amount of template DNA 

Bile Salt Feces 
Reduces available template 

DNA 

Urea Urine 
Binds DNA, inhibits Taq 

polymerase 

EDTA Extraction buffer 
Binds ions, reduces reaction 

efficiency 

Phenol PCIA 
Binds DNA, inhibits Taq 

polymerase 

 

PCR inhibition is the most common cause of PCR failure when adequate amounts 

of DNA are present [47, 51], and therefore it is important to remove PCR inhibitors from 

samples prior to PCR amplification for successful DNA typing [47, 48, 50]. Inhibitors can 

cause a total failure of the PCR resulting in no amplified products, or simply reduce the 

efficiency of the PCR and produce negative downstream effects such as allele dropout, 

lower peak heights, peak height imbalance, stutter, locus-specific dropout, and poor 

sensitivity [44, 53]. In addition, PCR inhibition can result in inaccurate DNA quantification 
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[51] when using PCR based methods such as real-time quantitative PCR (qPCR) resulting 

in an underestimation of the amount of amplifiable DNA in samples. 

There are two basic approaches to eliminating the negative effects of PCR 

inhibitors on downstream DNA profiling: 1) reduce the effects of inhibitors in DNA 

extracts by altering the reagents in the PCR reaction, and 2) remove PCR inhibitors during 

the DNA extraction process [47,50,52,54]. Methods that reduce the effects of inhibitors 

include diluting the DNA sample, adding bovine serum albumin (BSA), or adding more 

Taq polymerase [51]. The most common method used to reduce the effects of inhibitors 

during PCR is adding BSA to the reaction master mix. BSA blocks PCR inhibitors and 

indirectly promotes polymerase activity by binding to the surface of the inhibitor allowing 

PCR components to be free in the reaction mix [55]. This approach has been widely used 

with degraded and inhibited biological samples to overcome low temperature co-fired 

ceramic (LTCC) mediated inhibition of PCR [55]. BSA is also a common component in 

most commercial and custom STR kits as a strategy to improve their kits and make them 

more tolerant to PCR inhibitors [56-59]. Another technique to reduce the effects of 

inhibitors during PCR involves diluting the extract with DNA-free water or low TE buffer 

prior to amplification, which dilutes the inhibitor to a level that allows successful 

amplification. Although this is a simple and effective technique, it may not be suitable for 

samples with very low amounts of DNA available such as from bone, teeth, and 

decomposing remains [47,48,54]. Increasing the amount of Taq polymerase to use as a 

decoy in the PCR reaction may be effective in samples with pristine DNA. However, if the 

sample is degraded or low-template, the added polymerase may intensify the possible 

contaminates in the sample [47]. Conversely, another approach to inhibitor removal is 
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effective DNA extraction or purification [48,50]. Silica-based extraction using chaotropic 

salts to bind to silica membranes has been shown to be more effective at removing 

inhibitors from degraded bone samples than the “classic” phenol/chloroform technique 

[60,61].  

DNA Preparation and Extraction 

For the successful identification of human remains, the extraction of adequate 

amounts (>100 pg) of clean, good quality DNA is necessary [16, 63]. Many DNA 

extraction methods have been developed to purify as much DNA as possible from 

biological material while minimizing the co-extraction of PCR inhibitors [26, 50]. The 

most common techniques include silica-based extraction methods [26, 47, 49], various 

phenol-chloroform (organic) protocols, and Chelex® [26, 48, 50, 64]. Purification of DNA 

by silica binding (via beads or membrane) wash and elute methods have become a favored 

method for the extraction of DNA from a wide variety of forensic samples such as buccal 

swabs, blood, muscle tissue, and cigarette butts [63]. When silica-based spin columns are 

used, nucleic acids are attracted to the silica filter membrane due to high concentrations of 

chaotropic salts, while all other contaminants are washed away. Additionally, systems that 

use magnetic-based silica beads such as DNA IQ™, PrepFiler®, and EZ1 DNA 

Investigator kit also depend on DNA binding to the beads in a favorable ionic environment 

where contaminants are washed away [18]. Silica-based methods have been designed to 

maximize the removal of PCR inhibitors, are less time consuming and are amenable to 

automation. However, they are more expensive [26, 65]. 

Phenol-chloroform extraction is a well-established extraction method involving the 

use of organic, hazardous solvents and many time-consuming steps including various 



15 

  

precipitation and filtration techniques. Phenol-chloroform itself can also act as a PCR 

inhibitor if not removed prior to genotyping [26, 64]. Chelex® is another DNA extraction 

method that has historically been used within forensic laboratories. The polarity of the 

Chelex® resin binds other polar molecules and leaves the non-polar DNA in solution. This 

method has proven to be rapid, but is unable to effectively remove PCR inhibitors [66]. 

This is most likely due to Chelex® extractions being performed in a single tube with no 

wash steps, and the Chelex® resin itself is also a PCR inhibitor if carried over to the PCR 

reaction [46].  

Conflicting reports on the effectiveness of various DNA extraction methods to 

remove common PCR inhibitors from various samples prior to DNA typing have been 

published. When extracting forensic-type samples, organic extraction, Chelex®, and 

commercially available kits such as QIAamp® DNA Investigator, DNA IQ™, and 

PrepFiler® are commonly used in forensic crime laboratories. Several studies have 

suggested that commercial methods have been more effective in removing inhibitors and 

providing higher DNA yields than Chelex® ion-exchange resin or phenol/chloroform 

organic extraction [67-72]. However, one study demonstrated better results (higher yield 

and more full profiles) using Chelex® with added Proteinase K as opposed to DNA IQ™ 

for the extraction of cigarette butts [73]. A second study demonstrated higher DNA yield 

using organic extraction over silica-based methods (PrepFiler® and DNA IQ™); however, 

all samples produced full profiles and no inhibition was observed [74].  

Even though there are many viable DNA extraction methods for forensic samples, 

skeletal remains are more complex, and additional steps prior to extraction are necessary 

to effectively recover DNA from hard tissues.  
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Bone and Tooth Samples 

DNA extraction methods for hard tissues such as bone or teeth require more 

aggressive sample preparation and lysis methods prior to purification of DNA. Most 

commonly these include powdering of bone/tooth tissue into a fine powder and a total 

demineralization digestion step. Total demineralization of hard tissues helps to break down 

the difficult components or organic materials (hydroxyapatite) of bone and teeth using high 

concentrations of EDTA and abundant proteins with Proteinase K. DNA can be preserved 

in bone by crystal aggregates. Weiner and Price [75] discovered that DNA protected by 

crystal aggregates cannot be broken down when the collagen matrix is isolated by oxidation 

with sodium hypochlorite (bleach), especially when the bone has been powdered. 

Additionally, DeNiro and Weiner [76] demonstrated that fragments of collagen and 

possibly some proteins were also preserved within the aggregate crystals and were not 

damaged by bleach. Using a total demineralization protocol for hard tissue samples is 

important because EDTA demineralizes the hard tissue (crystal aggregates) causing 

complete dissolution of the bone or tooth [77].  

In 2007, Loreille et al. [77] developed a total demineralization organic extraction 

protocol specifically for bone and tooth tissue. Fourteen bones ranging from 5-100 years 

old were powdered with two different methods (Freezer Mill and Waring MC2 blender 

cup). Samples from each powdering method were extracted using two separate protocols, 

the AFDIL casework protocol described in Edson et al. [78] and a total demineralization 

protocol. The AFDIL casework protocol described by Edson suggests incubating 1-2 g of 

bone powder in 3 mL of extraction buffer (10 mM Tris, pH 8; 100 mM NaCl; 50 mM 

EDTA, pH 8; 0.5% SDS) and 100 µL of Proteinase K at 56ºC overnight with gentle 



17 

  

agitation. Loreille et al. determined that 15 mL of 0.5 M EDTA was necessary to fully 

dissolve 1 gram of bone powder. In this study, 9-18 mL of extraction buffer (EDTA 0.5 M, 

1% lauroyl-sarcosinate) and 200 µL of Proteinase K were incubated in shaker at 56ºC 

overnight. The lysates were then extracted with phenol/chloroform/isoamyl alcohol 

(25:24:1) and concentrated using a 30 kDa Amicon Ultra-15, Centricon+20, or Centriplus 

filter leaving 2 mL of extract. The remaining extract was transferred to a Centricon 30 

column and washed three times for a final volume of 100 µL. The yields between the total 

demineralization protocol and standard protocol were observed as well as the differences 

in grinding hard tissues with the Freezer Mill versus the blender cup. For every sample, the 

total demineralization protocol yielded between 2.5 and 100+ times more DNA than the 

casework protocol with an approximate average of 4.6 times more DNA. They also 

determined that there were no benefits of using one grinding method over the other.  

In this study, Davoren et al. [61] processed 20 femur samples using the ICMP silica 

protocol (QIAGEN Blood Maxi Kit) with modifications and compared it to traditional 

phenol/chloroform method to determine DNA quantity and quality of samples recovered 

from mass gravesites. The ICMP silica method begins with the bone powder being 

incubated for 18 hours at 56ºC in 15 mL of ATL extraction buffer with 10 mg of Proteinase 

K and 300 µL of 1 M DTT. Following the overnight incubation, a second digestion is 

performed by adding 14 mL of AL buffer and incubating at 70ºC for 1 hour. Ethanol (22 

mL of 96%) is added to the lysate and bound to the Blood Maxi column. The column is 

then washed with QIAGEN buffers (AW1, AW2) and the DNA is eluted twice in 3 mL of 

AE buffer at 72ºC. The 6 mL of eluted DNA was then concentrated using a Centriplus YM-

100 column for a volume of 50 µL and then it was washed with 2 mL of water and 
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centrifuged until the retentate was again at 50 µL. The Centricon membrane was washed 

with water, added to the extract, and concentrated again for a final volume of 100 µL. The 

organic protocol started with an overnight digestion, extraction with PCIA, and then 

purification and concentration of the DNA extract with a Centriplus YM-100 exactly as 

with the ICMP laboratory protocol. Following qPCR of the samples, the ICMP method 

demonstrated a lower cycle number (27 cycles) to reach the early log phase than the organic 

protocol (30 cycles), which means samples extracted with the organic protocol exhibited 

higher levels of inhibition. qPCR also demonstrated that the ICMP method produced DNA 

quantities three times higher than the organic protocol. The silica method produced full 

profiles for all 20 bones samples, whereas the organic method failed to produce 6 profiles 

[61]. Overall, the ICMP silica-based method performed more optimally, but the process 

was very laborious and time consuming.  

In 2012, Amory et al. [10] reported success when automating the extraction 

protocol developed by Davoren et al. [61]. The method developed by Davoren et al. was 

used to identify many of the Yugoslavian MP remains; however, this process required high 

amounts of bone (either 5.6 g or 9.8 g) and reagents. Amory et al. developed a more 

efficient protocol that used less starting material (0.5 g) and produced higher quality STR 

results. In this study, ICMP’s original protocol [61] was compared to an automated full 

demineralization (FD) protocol using 40 bone samples. Each sample was extracted five 

times, once with 2 g of bone powder and the original silica method (Maxi2g), once with 

0.5 g of bone powder using the original silica method, twice with the full demineralization 

method (QIAGEN QIAquick kit) using 0.5 g, and once with the QIAquick Kit (0.5 g) 

automated on the QIAcube. The full demineralization protocol includes an incubation in 
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15 mL of lysis buffer (0.5 M EDTA and 1% N-lauroylsarcosinate) overnight at 56ºC. The 

lysate was concentrated to 300 µL using a 100K Amicon filter, mixed with five volumes 

of PB1 buffer, and filtered through a QIAquick column. The column was washed three 

times with PE buffer and the DNA was eluted in 50 µL of EB buffer. An additional 

QIAquick purification step was performed if the extract was severely inhibited as indicated 

during DNA quantification. The automated extraction processes began after the addition 

of PB1 to the lysate and additional purifications were performed on the QIAcube platform, 

if needed. DNA quantification results indicated that regardless of the protocol used, 

inhibitors were still present at low levels. However, decreasing the amount of starting 

material also decreased the amount of inhibitors. The Maxi2g protocol uses four times the 

amount of bone powder than the FD protocol. The results suggest that on a per gram basis, 

the Maxi2g never produced better results than the FD protocol, but the FD protocol 

produced higher yields for 52.5% of samples. It was determined that extra purification 

yielded Ct IPC values <30, no inhibitors were reported, and that additional purifications do 

not always remove all inhibitors. Overall, samples extracted using the FD protocol 

produced more profiles that were of sufficient quality for submission to the DNA database 

compared to the original silica-based protocol (62.5% vs. 47.5%). The automated FD 

protocol gave similar results to the manual FD protocol, is of comparable cost to the manual 

method, and reduces the risk of human error and contamination [10].  

Marshall et al. developed a high-volume silica extraction protocol for bone samples 

that combines ultrafiltration and purification while allowing for sample extraction in up to 

20 mL of buffer. Bone samples (0.5 g of bone powder) were pulverized, processed using a 

complete demineralization protocol, and extracted with either Hi-Flow® silica columns or 
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by phenol/chloroform organic extraction. DNA purity, recovery, and extraction efficiency 

were measured for both extraction protocols. Both methods were reported as being equally 

efficient in recovering DNA from bone, as both methods yielded similar DNA quantities. 

Any differences in results were thought to be due to inconsistencies in the bone itself and/or 

stochastic differences during amplification. Inhibitors were most likely present in samples 

after organic extraction but may have been removed in samples using the Hi-Flow protocol 

resulting in a DNA extract of higher purity. While both methods recovered similar 

quantities of DNA, more alleles were reported for samples extracted using the Hi-Flow 

protocol. In addition, the Hi-Flow method reduced hands on time (a difference of 4 hours) 

and also eliminated the use of hazardous materials [64].  

Lee et al. used human genomic DNA spiked with hematin and humic acid to 

evaluate various purification methods [26]. In addition, bone samples from the Korean War 

were also used to compare DNA extraction methods for PCR inhibitor removal from old 

skeletal remains. DNA purification was performed using modifications of the QIAamp® 

DNA Mini and Maxi kits, QIAquick® PCR Purification kit, and the QIAamp® Mini spin 

columns coupled with buffers from the QIAquick® PCR Purification kit. Degraded and 

intact DNA from bones without inhibitors present showed little difference between the 

three purification methods in terms of DNA yield recovery. Furthermore, the three 

purification methods used to process the spiked inhibited samples displayed suitable 

inhibitor removal, with the exception of an increased CT value (Δ 28.9) at the highest humic 

acid concentration (30 µg) using the QIAamp® Mini kit. When comparing bone DNA 

extraction methods, the full demineralization protocol in conjunction with the QIAamp® 
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Blood Maxi spin columns and QIAquick® PCR Purification buffers, produced a higher 

DNA yield and more efficiently removed PCR inhibitors than the other two methods [26].  

Hu et al. also investigated the effects of various concentrations of inhibitors when 

mixed with control DNA to simulate challenging biological samples [50]. To remove 

inhibitors, four DNA extraction methods were evaluated including two silica-based 

methods, PowerClean® DNA Clean-Up kit and DNA IQTM System, phenol-chloroform, 

and Chelex®-100. The PowerClean® DNA Clean-Up kit successfully removed all of the 

various PCR inhibitors except for indigo at higher concentrations (>1.998 µg/µL). The 

DNA IQTM System is a widely used system in forensics laboratories for routine DNA 

extraction. However, there is some contention in the literature regarding the efficiency of 

this system to completely remove all types of PCR inhibitors [50]. In this comparative 

study [50], the phenol-chloroform and Chelex®-100 methods were much less effective at 

removing inhibitors than the two commercial silica-based kits examined. There are 

advantages and disadvantages to each method, but overall, the silica-based commercial kits 

removed the majority of inhibitors most effectively [50].  

In another study, the ability of synchronous coefficient of drag alteration (SCODA) 

technology to purify DNA samples containing common PCR inhibitors was compared to 

the performance of the silica-based QIAquick® PCR Purification Kit [48]. Spiked DNA 

samples were purified with both kits and genotyped using the AmpFlSTR® Identifiler® 

Plus PCR Amplification Kit. The samples purified using the SCODA technique showed no 

inhibition in downstream STR profiles, but the samples purified with the QIAquick® kit 

displayed internal PCR control (IPC) amplification failure for all melanin and humic acid 

samples. A difference in the color of the DNA extracts after purification with SCODA was 
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observed as being clear, whereas the QIAquick® extracts were still darkly colored, 

suggesting that these extracts most likely still contained inhibitors. Full STR profiles were 

produced from all samples purified using SCODA, while samples purified using the 

QIAquick® columns yielded mixed results (majority with full profiles, one partial profile, 

and three failed amplifications) [48]. However, this is a very niche and labor-intensive 

method requiring specialized equipment, and is not amenable for routine use in forensic 

laboratories.  

In a study conducted by Kuś et al. [79], three different extraction methods were 

compared using fragments of bones and teeth in various conditions ranging from a few 

months to 70 years after death; half of the samples were either from a medicolegal autopsy 

or from a criminal case and the remaining half were exhumed from graves. The three DNA 

extraction methods evaluated were organic (phenol/chloroform), PrepFiler® Forensic 

DNA Extraction Kit, and QIAamp® DNA Investigator Kit. The organic extraction required 

an overnight digestion and was purified using the QIAquick PCR Purification Kit. The 

results were divided into two categories: medicolegal (fresh samples or preserved tissue 

fragments with a maximum age of 5 years) and exhumation (skeletonized for 70 years) 

samples. As expected, the average DNA concentrations for medicolegal samples was much 

higher than from the aged bone samples. The DNA Investigator kit produced no results for 

aged samples and the organic extraction method produced the highest DNA concentrations 

for both sample types. However, the organic method required more bone powder than the 

other methods. For medicolegal cases, all methods produced at least a partial profile, but 

the DNA Investigator kit resulted in less alleles. For aged bone samples, PrepFiler® and 

organic extraction showed a similar number of alleles, whereas DNA Investigator produced 
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almost no alleles for all samples. Overall, the organic method and PrepFiler® were 

comparable, but the organic method is more time consuming and uses toxic materials. The 

DNA Investigator kit was considered unsuitable for aged bone samples in this study [79].  

DNA extraction methods have been continuously optimized over the past 30 years. 

Extraction methods need constant improvement in order to be faster, cheaper, use less 

starting material, yield higher concentrations of DNA, reduce inhibitors, and become 

automatable. The most common DNA extraction methods include the traditional 

phenol/chloroform method and silica columns or silica-coated magnetic beads. The 

phenol/chloroform method is well established producing high DNA yields but does not 

effectively remove all PCR inhibitors. In fact, phenol is a PCR inhibitor, and a poorly 

executed extraction may cause inhibition. Silica columns such as those from the QIAamp® 

DNA Investigator kit have demonstrated clean extractions with little evidence of PCR 

inhibition; however, DNA yield is consistently lower than other methods tested. DNA IQ™ 

and PrepFiler® systems use silica-coated paramagnetic beads for extraction purification. 

PrepFiler® uses small amounts of starting material, has demonstrated effectiveness in 

removing a variety of PCR inhibitors, and produces DNA yields comparable to organic 

extraction. The DNA IQ™ method performs a simultaneous extraction and purification 

making it a popular method for forensic samples, however, it may not be the most effective 

kit in removing PCR inhibitors. Overall, all methods discussed previously have some 

advantages and disadvantages, but many circumstances must be evaluated in order to 

choose an optimal method for hard tissue extraction. However, it has been continuously 

demonstrated that total demineralization protocols are the most effective methods at 

breaking down organic bone material to release DNA for extraction.  
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DNA Markers for Human Identification 

The primary goal of routine forensic DNA analysis is to obtain a DNA profile from 

a biological sample recovered from a crime scene or set of human remains, which is 

compared to reference profiles to determine a “match” [80].  

Short Tandem Repeats (STRs) 

Short tandem repeats (STRs) or microsatellites are the most common genetic 

marker used in DNA analysis for the identification of human remains [80,81]. STRs are 

short sequences of DNA consisting of 2-6 repeating nucleotide units [82,83]. They are used 

because of their relatively small amplicon size (75 – 450 bp), highly polymorphic nature, 

and high power of discrimination (PD) [84-88]. STRs are amplified using PCR and can 

therefore be retrieved from very small amounts of biological material (0.1 ng), and due to 

their small size, highly fragmented DNA is more likely to be amplified. STRs can be 

multiplexed allowing for more genetic markers to be analyzed simultaneously, and 

currently, the most common method used to detect STR markers is by size separation using 

capillary electrophoresis (CE) [87,89]. The amplicons are labeled with fluorescent dyes 

and separated by length. While CE is relatively simple and cost-effective with existing 

commercial STR kits, the complete sequence of each amplicon is not determined, only the 

differences in length [81]. STR typing is limited by the number of markers which can be 

multiplexed, separated, and detected using CE-based methods due to restraints in the 

number of dye channels and the space in each channel (<500 bp) [81]. The current 

megaplex STR kits (GlobalFiler® (Thermo Fisher Scientific), PowerPlex® Fusion System 

(Promega), Investigator® 24plex QS (QIAGEN)) contain 21-24 loci [24,90-92], including 

the 20 core CODIS loci and amelogenin. The more STR markers included in a multiplex 
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kit, the more discriminatory the system is, and therefore a better chance of identification 

with fewer chances of adventitious matches [93]. However, no more than 25-30 STR loci 

can be typed simultaneously because of the current spectral capabilities of the genetic 

analyzers used for CE [86,87]. Therefore, in order to increase the discriminatory power of 

STR systems for the identification of highly challenging samples, other types of DNA 

markers may be interrogated using alternate technologies such as MPS.   

Single Nucleotide Polymorphisms (SNPs) 

Single nucleotide polymorphisms (SNPs) are also genetic markers that can be used 

for human identification purposes. As the name suggests, a SNP is a single base change 

within a DNA sequence [85]. Therefore, it is possible to amplify small targets (~60 bp) 

making SNPs ideal for use with highly degraded samples [18]. SNPs also have a lower 

mutation rate (10-8) [95, 96] than STRs (10-3 to 10-5) [97] making them genetically useful 

markers [98]. Conversely, there are also some disadvantages to using SNPs. They are 

largely bi-allelic markers, making them relatively uninformative by individual locus. 

However, they do become informative when a panel of 50-100 SNPs is used for 

identification, producing a PD (10-16) similar to the original 13 core CODIS loci [99]. Due 

to the adoption of 20 core CODIS loci, HID SNP panels may need to be notably larger to 

match the power of discrimination of the latest STR kits. The bi-allelic nature of SNPs also 

makes them poor candidates for mixture deconvolution [100], but in combination with 

STRs, they may be more informative. Ideally, SNPs used for identification would have 

high heterozygosity and low Fst values, which increases the SNP panel’s efficiency, 

meaning less SNPs for higher PDs or lower match probabilities. Kidd et al. [100] identified 

universal SNPs that show minimal allele frequency variation among populations and are 
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highly informative for human identification. However, SNPs can also be informative for 

other forensically relevant purposes. 

 SNPs can be classified into several categories according to their use in forensic 

identification. Identity informative SNPs (iiSNPs) are used for human identification, 

ancestry informative SNPs (aiSNPs) for identifying biogeographical ancestry (BGA), 

lineage informative SNPs (liSNPs) may be used to deduce genealogies and family 

pedigrees, and phenotype informative SNPs (piSNPs) are used for predicting externally 

visible characteristics (EVCs) such as hair, skin, and eye color [101]. Although the primary 

question to be answered in missing persons cases is individualization, the additional 

information that can be provided by SNP analysis may be useful for forensic intelligence 

purposes when an identification is not possible. Currently, the most commonly used 

method for SNP genotyping is single base extension (SBE), which incorporates 

fluorescently labeled dNTPs one at a time to the 3’ end of a primer directly adjacent to the 

SNP. SBE is the method used in a commercial SNP-typing kit (SNaPshot®) and relies on 

CE for detection [102]. The SNaPshot assay allows multiplexing between 30 – 40 SNPs 

with sensitivity down to 31 pg of DNA. In addition, the more SNP assays that are 

performed to genotype enough SNPs, the more DNA is consumed, depleting samples very 

quickly [103].  

Well defined assays for the prediction of EVCs have been reported in literature and 

have been used for forensic intelligence purposes. IrisPlex and HIrisPlex developed by 

Walsh et al. are SNP panels that are highly predictive of eye and hair color. IrisPlex was 

created using six of the most informative SNPs for blue and brown eye color [104-106] 

with an accuracy prediction of >90% [107]. Walsh et al. [108] further expanded IrisPlex 
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into HIrisPlex for the prediction of hair and eye color simultaneously. HIrisPlex includes 

24 hair and eye color predictive variants (23 SNPs and one Indel) including the six original 

SNPs used in IrisPlex [108]. The development of these assays may be helpful in 

determining EVCs in the deceased from MFIs and missing persons’ investigations [109]. 

BGA is another area of focus for continual improvement by the forensic community using 

SNP markers. The first ancestry informative marker (AIM) assay for use in forensics was 

developed in 2003 and contained 178 SNPs. Because this was prior to MPS, the 178 SNPs 

were still being sequenced using the SNPstream system (single base extension chemistry) 

with several multiplexes [110]. Two more AIM SNP panels were then developed, a 34-

plex SNP assay [111, 112] and a 47 SNP marker panel [113]. Since the implementation of 

MPS in forensic research, many BGA assays have been developed including the Precision 

ID Ancestry panel from Thermo Fisher Scientific [114], Primer Panel B from Verogen 

used with the ForenSeq™ DNA Signature Prep kit [115], and many other custom assays 

for various regions worldwide [116-119].  

Microhaplotypes 

Microhaplotypes are one of the newest marker types being investigated in the 

forensic field for the use in human identification, ancestry, kinship, and mixture 

deconvolution [124, 125]. They are essentially two or more SNP markers located within 

200 bps of each other [98]. Kidd et al [120] proposed criteria for a viable microhaplotype 

locus including at least three haplotypes (alleles) within a 200 bp non-recombinant hot spot 

region. Like individual SNPs, microhaps are small enough to be used for degraded DNA, 

but they also provide a better potential for mixture deconvolution because of their 

multiallelic nature [24]. When closely linked bi-allelic and tri-allelic SNPs are genotyped 
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together they become multiallelic haplotypes [18]. Many different haplotypes exist because 

of rare recombinations and demographic dispersion (migration, isolation, admixture, 

random genetic drift, and/or selection), which may be used to determine BGA of an 

individual [120, 121]. There are three potentially forensically relevant markers that consist 

of closely linked SNPs including haploblocks [122], mini-haplotypes [123], and 

microhaplotypes (microhaps) [98, 120].  

Mitochondrial DNA (mtDNA) 

When DNA typing methods for nuclear DNA fail due to extensive DNA damage 

and degradation, mitochondrial DNA (mtDNA) is often targeted for HID [16, 102, 126, 

127]. mtDNA is a circular, double-stranded genome located within the mitochondria 

organelle. Cells contain hundreds to thousands of copies of mtDNA, compared to two 

copies of nuclear DNA per cell [16, 126, 127]. Because of the high abundance, it is more 

likely that mtDNA will be recovered from very old, highly compromised samples (such as 

skeletal remains) when very little or no nuclear DNA is present. Therefore, mtDNA 

analysis is important for missing persons’ and mass disaster investigations [16, 126]. 

Mitochondrial DNA is inherited maternally as a haplotype-block (non-recombinant) and 

therefore has a low PD for individualization purposes [126, 127]. However, it has a very 

high mutation rate, about ten times higher than STRs, so high sequence variation may be 

an advantage for forensic DNA typing [128]. The non-coding or hypervariable regions 

(HVI and HVII) have traditionally been sequenced using CE-based methods to link 

relatives or trace lineage within the same maternal line [126]. The utility of mtDNA for 

kinship analysis may be more useful than STRs in certain situations, particularly when 
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relying on distant relatives as references. Because mtDNA is maternally inherited, any 

person with the same maternal line can provide a reference sample for comparison.  

Even though the hypervariable regions of mtDNA show the most variation in 

sequence between individuals, complete mitochondrial genome (mtGenome) sequencing 

can be very useful. The coding region of mtDNA has a mutation rate 10X less than the 

non-coding control regions (or hypervariable regions) that are used in forensic analysis. 

However, there are several positions in the mtGenome that act as mutational hot spots and 

some sites that are more prone to mutations than others. It has also been determined that 

some haplogroups cannot be completely defined based on control region data, so whole 

mitochondrial sequencing is relevant and may be more informative [129]. Haplogroup 

identification can be useful in MFIs and the identification of human remains because they 

can provide a general origin of a person. It is also easier to sequence the whole 

mitochondrial genome than it is to sequence the entire human genome because the 

mtGenome is only 16,569 bp in length. Sequencing the whole mtGenome may increase 

powers of discrimination for lineage markers [130, 131] as ~75% of variation in the 

mtGenome is in the coding region [130]. Whole mtGenome sequencing can be 

accomplished by Sanger sequencing, but now is more commonly sequencing by MPS. 

Thermo Fisher Scientific has developed a sequencing panel for whole mtGenome 

sequencing consisting of 81 primer pairs of ≤175 bp, which is beneficial for degraded DNA 

such as skeletal remains [132-135]. 

Sequencing Technology 

Watson and Crick identified the basic structure of DNA in 1953, but the capability 

to sequence or “read” DNA at the nucleotide level was not developed until about 15 years 
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later by Robert Holley [136]. One of the first sequencing methods used was created in the 

1970s by Alan Coulson and Frederick Sanger called the plus and minus system. The ‘plus 

and minus method’ was used by Sanger to sequence the first genome, a bacteriophage 

[137]. Towards the end of the 1970s, Frederick Sanger developed a new method that would 

be used for sequencing for the next 25 years called Sanger or ‘chain-terminating’ 

sequencing. Sanger sequencing was easier and more efficient than the ‘plus and minus 

method’ and used radioactive or fluorescently labeled dideoxynucleotides (dNTPs) to 

terminate the nucleotide chain [138]. Ultimately, newer methods of sequencing such as 

pyrosequencing and eventually the use of paramagnetic beads, emulsion PCR, and 

microprocessor chips began to emerge [136].  

Since the introduction of Sanger sequencing in 1977, much progress has been made 

in the fields of molecular biology and genetics. The Human Genome Project and many 

other species genome projects have since been completed [136]. Sanger sequencing has 

been used in forensics for about 45 years. However, Sanger sequencing has several 

disadvantages including low throughput, high cost, labor intensive, and being technically 

difficult [139-141]. Therefore, the forensic community has shifted its focus to a newer form 

of DNA sequencing that provides more potential to increase multiplex size, deconvolute 

mixtures, and obtain more information from each sample.  

Massively Parallel Sequencing (MPS) 

Massively parallel sequencing (MPS), also referred to as next generation 

sequencing (NGS), or second-generation sequencing (SGS) has offered an alternative 

method to Sanger sequencing for DNA typing. The forensic DNA community has 

embraced this newer technology to sequence the entire mitochondrial genome, investigate 



31 

  

larger and more discriminatory SNP panels for HID, ancestry, and phenotypic information 

[112, 116, 134, 142]. The more recent development of MPS has transformed genomic 

analyses, allowing high-throughput sequencing to generate more genetic information from 

each sample while reducing the cost, time, and risk of contamination compared to previous 

sequencing methods [85, 87, 143-146].  

MPS provides technical improvements over previously used sequencing 

technologies such as no longer requiring bacterial cloning of DNA fragments or 

electrophoresis and sequencing multiple reactions simultaneously [90]. In addition, MPS 

allows scientists to obtain larger amounts of data from each sample including, but not 

limited to, sequence variations or SNPs within STRs, degree of accuracy, read length, 

strand bias, and coverage [85, 87, 103, 143, 144]. MPS can provide more comprehensive 

sequence information about conventional STR markers, can sequence the entire 

mitochondrial genome, and even combine markers that are not routinely typed with current 

CE-based methods [142].  

When deep sequencing first began there were three platforms released for use by 

laboratories including the Genome Sequencer from 454 Life Sciences (later Roche) in 

2005, followed by the Genome Analyzer by Solexa (later developed by Illumina) in 2006, 

and finally the SOLiD system by Applied Biosystems (now Thermo Fisher Scientific) in 

2007. Illumina sequencing technology involves adapter-ligated DNA being amplified on a 

flow cell covered with oligonucleotides that are complementary to the adaptors. The DNA 

fragments are hybridized to the flow cell and then amplified by bridge amplification. 

Following amplification, the bridges are made linear to form clusters (~1000 copies for 

each cluster) of the original DNA molecule. However, 454 and SOLiD sequencing 
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technology follow a different approach. Instead of being hybridized to a flow cell, adapter-

ligated DNA is hybridized to complementary oligonucleotide covered beads for 

amplification in emulsion PCR. After emulsion PCR, thousands to millions of copies of 

the original DNA molecule are now coating the beads ready for sequencing [145]. Illumina 

and 454 technologies use sequencing-by-synthesis, whereas SOLiD uses sequencing-by-

ligation. Sequencing-by-synthesis (Illumina) uses a DNA polymerase to extend a 

sequencing primer by incorporating nucleotides that produce a sequence complementary 

to the DNA molecule. Fluorescent reversible dye terminators are used to incorporate one 

base per cycle to the DNA template. After the dye terminators are incorporated into the 

template DNA, the fluorescent terminators are removed prior to the next cycle [147]. For 

sequencing-by-synthesis using 454, the principle of pyrosequencing technology is used. 

Non-terminating deoxynucleotides are added in sequential order to the DNA template and 

a pyrophosphate is released and converted into ATP. The ATP is used as a light substitution 

and captured by a charge-coupled device (CCD) camera [148]. Conversely, sequencing-

by-ligation takes a slightly different approach. SOLiD technology uses a DNA ligase to 

add a fluorescently labeled eight-base probe to an oligonucleotide chain, five bases are 

template specific and three bases are universal for hybridization to the template. The three 

universal bases and the fluorophore are cleaved off and a new set of probes take their place. 

After one round of sequencing is completed, the new DNA strand is “melted” off and a 

new primer is added. This process is repeated multiple times to incorporate different 

primers so that each base is sequenced twice and the colors become nucleotides [149]. 

These systems have the capability of real high throughput sequencing. To lower costs and 

throughput to achieve large samples sizes (but not requiring the whole genome; i.e. targeted 
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and small amplicon sequencing), three ‘personal sequencers’ were developed. In 2010, 

Roche 454 unveiled the Genome Sequencer Junior, shortly after in 2011, Illumina released 

the MiSeq, and Life Technologies acquired Ion Torrent, using a similar sequencing 

technology to 454 [145].  

Despite the many advantages of MPS, there are also some disadvantages. MPS 

techniques are not routinely used in forensic labs, nor is the instrumentation currently 

available to many forensic casework laboratories. These platforms have yet to be validated 

for forensic casework, and implementation would require a substantial investment 

financially, and also in terms of time, analyst training, and validation. NGS technologies 

have the capability of increasing sample throughput, quickly generating high quality 

sequences [153], and improving overall efficiency of DNA sequencing, while reducing the 

cost and time it takes to obtain genetic information [143, 154]. However, to date MPS is 

still too expensive and time consuming for routine casework, but rather used for niche 

applications like missing persons, war remains, forensic intelligence, ancestry, 

mitochondrial analysis, and EVCs, etc.  

To date, there are four MPS platforms available for forensic applications: the Ion 

Torrent Personal Genome Machine (PGM™), its successor the Ion S5™ System by 

Thermo Fisher Scientific, the Illumina MiSeq FGx™ System, and the QIAGEN 

GeneReader platform.  

Ion Torrent™ Systems 

The PGM was introduced in 2012, while the Ion S5™ was introduced in 2015 and 

both are MPS platforms that use semiconductor-sequencing technology. These instruments 

are high-throughput DNA sequencers that release hydrogen ions, which changes the pH of 
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the solution and is detected when a nucleotide is integrated into the DNA strand. When the 

pH changes, the chemical information produced is translated into digital information or 

data (Fig. 1.1) [85, 144]. The PGM™ and S5™ use massively parallel sequencing 

chemistry with respectable accuracy and user-friendly instrumentation [144]. These 

platforms do not require the use of a camera to detect light or fluorescence, which makes 

them a less expensive option for sequencing. Other advantages include up to a 400 bp read 

length (required for STR typing), relatively short sequencing time (~8 hours), cheaper 

sequencing costs compared to traditional Sanger sequencing, and the ability to use three 

different chip sizes depending on how many samples are being sequenced and the desired 

coverage per sample. These sequencers provide vast amounts of data regarding coverage, 

reads, and information from each sample. The Ion Torrent platforms are compatible with 

sample-tagging barcodes, which allow many samples to be personalized with specific 

identification tags and then sequenced in the same run [144]. Because MPS does not 

depend on size to complete sequencing, it may be able to overcome some of the issues with 

CE-based methods. These issues include the limited number of markers that can be 

multiplexed at one time and the number of non-overlapping fluorophores to determine 

numerous amplicons in one run [103, 150, 151].  
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Figure 1.1 The process by which chemical information is translated to digital information 

via MPS using the Ion Torrent™ systems. Life Technologies 

http://www3.appliedbiosystems.com/cms/groups/applied_markets_marketing/documents/

generaldocuments/cms_094273.pdf [191] 

 

Illumina MiSeq FGx™ 

The Illumina MiSeq FGx™ System is another sequencing platform currently on the 

market and is specifically designed for forensic purposes. The MiSeq uses reversible dye 

terminator dNTPs for sequencing. When DNA is passed over a flow-cell of complementary 

oligonucleotides, a solid phase PCR produces clusters of cloned oligonucleotides. This 

process of creating clusters is called bridge amplification because the DNA replicates the 

strands forming an arch, or bridge, between each other. After bridge amplification 

reversible dye terminator dNTPs incorporate a fluorophore on the 3’ hydroxyl, it is cleaved 

so that polymerization can continue, and sequencing can start. The nucleotides being 

http://www3.appliedbiosystems.com/cms/groups/applied_markets_marketing/documents/generaldocuments/cms_094273.pdf
http://www3.appliedbiosystems.com/cms/groups/applied_markets_marketing/documents/generaldocuments/cms_094273.pdf
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incorporated are monitored by a CCD to ensure proper placement of the nucleotides (Figure 

2) [136, 139].  

 

Figure 1.2 Illumina’s bridge amplification and reversible dye terminator sequencing 

using the MiSeq FGx™. BiteSize Bio https://bitesizebio.com/13546/sequencing-by-

synthesis-explaining-the-illumina-sequencing-technology/ [18] 

 

QIAGEN GeneReader 

The GeneReader NGS platform is the newest MPS platform on the market for 

forensic applications launched by QIAGEN in 2015. However, the GeneReader is quite 

different from the other platforms on the market because it is an all-in-one workflow, 

beginning at sample preparation and ending at data analysis. The GeneReader platform 

works in tandem with the QIAcube extraction robot for sample preparation. This platform 
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also sequences with sequencing-by-synthesis technology, like Illumina, but with minor 

modifications. Instead of incorporating a fluorescent dNTP for each template, the 

GeneReader incorporates only enough dNTPs to make an identification [152].  

Massively Parallel Sequencing Forensic Panels and Chemistries 

There are several sequencing panels available for use in forensic casework such as 

DVI and missing persons. Many SNP multiplexes have been developed that include at least 

140 SNPs for forensic and human identification [142, 155, 156]. Additionally, the 

ForenSeq™ DNA Signature Prep Kit includes two separate primer panels with both STRs 

and SNPs. Primer Mix A is simply the identity panel consisting of 27 autosomal STRs, 24 

Y-STRs, 7 X-STRs, and 94 iiSNPs. However, Primer Mix B consists of all markers in 

Primer Mix A with the addition of 22 piSNPs and 56 BGA SNPs [157, 158]. Furthermore, 

Thermo Fisher has a Precision ID Identity panel made up of 90 autosomal SNPs and 34 

upper Y-Clade SNPs. In addition, they also provide the Precision ID GlobalFiler® NGS 

STR Panel, which consists of 32 STR markers, 1 Y-indel, and two amelogenin sex markers. 

Most recently, QIAGEN released a MPs-Plex SNP panel designed in collaboration with 

ICMP to specifically identify missing persons, and it is comprised of over 1400 

identification SNPs [12], the largest SNP panel yet.  

In the case of degraded samples such as forensic casework, mass disasters, and 

missing persons’ cases, MPS may be able to provide more probative information (SNPs, 

mtDNA, STRs, microhaps) for these challenging samples than CE-based STR typing can 

provide. However, MPS within forensic biology is still in its infancy. 
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MPS Data Analysis Pipelines 

Due to the large amount of data generated using MPS-based sequencing, the 

analysis pipeline is an extremely important part of the process and is also the main area of 

concern within the forensic community. After DNA samples have been sequenced the data 

is retrieved in a way specific to each platform. On the Ion S5™ or semi-conductor 

sequencing instruments, the raw data from the samples will automatically go through signal 

processing and base calling on the Torrent Suite Server (TSS). Once this is completed, the 

data can be visualized on the server and various plugins can be run. Plugins are a type of 

data tool that analyzes and presents the data in different formats such as CSV files, FASTQ 

and FASTA files, PDFs, BEF files, and diagrams. CSV files can be downloaded and the 

data can be manipulated and viewed in Excel. Run reports show data and quality metrics 

and can be downloaded as PDFs. BEF files may be obtained and uploaded into a data 

analysis software tool called Converge™ (Thermo Fisher Scientific).  

Converge™ is a data analysis software tool created by Thermo Fisher Scientific for 

the analysis of STRs, SNPs, and microhaplotypes. Converge™ integrates DNA data 

management and analysis and can be used for casework, research, kinship, and paternity. 

It has many valuable features including the ability to upload external information (images, 

PDF documents, and CE profiles), merging profiles and creating a consensus profile (CE 

and MPS data from multiple kits), and family tree construction within kinship analysis. 

Converge™ allows the user to add all forensic STR kits, as well as determine stutter and 

balance thresholds for individual loci. Samples can be associated with a particular case and 

all case information, including attachments, are accessible when a case is selected. 
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However, there are many other third-party data analysis tools that may also be used to 

analyze MPS data.  

Integrative Genomics Viewer (IGV) is an online tool/application that allows the 

interaction and visualization of many types of data including MPS and array-based data 

generated from any MPS instrument [159]. This tool has many useful features in order to 

view sequencing data easily [160]. The user has access to many features and is able to look 

at the data on a large scale (whole genome) or a small scale (base pairs). Sequencing 

instruments will provide the user with Binary Alignment MAP (BAM) and Binary 

Alignment Index (BAI) files, and BED files among others. These files hold all of the DNA 

sequences for each sample that were sequenced on the instrumentation. For forensic MPS 

purposes, IGV uses BAM and BAI indexed files as its input so the user can see subsets of 

data. If multiple file types are uploaded simultaneously, each file will appear in a separate 

panel and can be merged if the user desires.  

The Illumina ForenSeq™ Universal Analysis Software (UAS) is a tool designed 

specifically for the MiSeq FGx™ Forensic Genomics System for use with the ForenSeq™ 

DNA Signature Prep Kit. This software analyzes sequenced DNA samples for human 

identification and can perform run setup, sample management, analysis, and report 

generation. The ForenSeq™ UAS provides population statistics and automated sample 

comparison, as well as an estimation of BGA, and EVCs from various population datasets 

[161].  

The STR allele identification tool – Razor (STRait Razor) is a bioinformatics tool 

that uses Perl script on a Linux/Unix based system and created to effectively detect STRs 

from massively parallel sequencing platforms [162, 163]. However, it can now be used on 
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a Windows platform as of the latest update [164]. STRait Razor uses a FASTQ file from 

the sequencing instrument to analyze complex and simple STR repeat motifs [162]. The 

program consists of two components: the coding script and a complementary Excel 

workbook. The script recognizes all haplotypes and the Excel workbook collects the 

haplotype information and formats it so the user can easily interpret the data [164]. Alleles 

are detected by matching the flanking regions around the DNA sequence, which allow for 

all extraneous nucleotides to be removed from the sequence leaving only the repeats. The 

final step includes filtering the reads that are not STR sequences. Alleles are called by 

comparing the repeat region to known alleles of the same length [163], similar to how CE 

compares peaks to the allelic ladder. STRait Razor also highlights variations in DNA 

sequences [162, 163]. Although STRait Razor is primarily used for STRs, SNPs and 

insertion-deletions (InDels) can now be detected with the latest version [164]. In addition, 

this software has been used in the forensics field for many applications including MPS 

multiplexes [87, 88, 165], sequence variation and length-based analysis of population data 

[166, 167], and the characterization of InDels [168].  

With MPS technology continually evolving, easier and faster data analysis 

capabilities are necessary for the massive amounts of data that MPS produces. Many data 

analysis software tools are being used and created for massively parallel sequencing 

including mitoSAVE [169] and AFDIL-QIAGEN mtDNA Expert (AQME) [170] for 

mtDNA, the Allele Frequency Database (ALFRED) [171, 172] for SNPs, and SEQ Mapper 

[173] and My-Forensic-Loci-queries (MyFLq) [174] for STRs.  
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Purpose of this Study 

The DNA obtained from human remains recovered from mass disaster and missing 

persons’ investigations range from pristine to highly damaged, degraded, and/or inhibited. 

These insults may have arisen due to bodies being buried, severely burnt, or exposed to 

harsh environmental conditions. The objective of this study was to assess the tolerance of 

STR and MPS chemistries designed for HID purposes to common inhibitors and their 

relative performance with these types of challenging samples. This investigation is 

important because MPS based chemistries have yet to be fully tested with inhibited samples 

in order to define the tolerance of these systems. Additionally, very few studies have 

evaluated the current MPS sequencing chemistries and primer panels with challenging 

remains and other difficult, forensically relevant samples. If MPS methods are being 

considered as the future of forensic DNA analysis, it is necessary that these sequencing 

chemistries be extensively tested before implementation into crime laboratories.  

Inhibitor studies are important for forensic casework because they inform the 

forensic DNA community on how to maximize the removal of PCR inhibitors from various 

types of challenging samples in order to generate more complete DNA profiles and more 

probative information. This study was divided into four phases. The first and second phases 

were to test the tolerance of conventional STR typing chemistry and MPS chemistry to 

various concentrations of forensically relevant PCR inhibitors (hematin, collagen, calcium, 

humic acid, and melanin) that may be found in routine forensic casework, as well as 

missing persons’ and mass disaster cases (skeletal samples in particular). Various 

concentrations of PCR inhibitors were added to DNA extracts at moderate (1 ng) and low 

amounts (0.1 ng) of DNA template. The samples were STR-typed using the GlobalFiler® 
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PCR Amplification and Investigator® 24plex QS kits, and sequenced on the Ion PGM™ 

using the HID-Ion AmpliSeq™ Library kit and the MiSeq FGx™ using the ForenSeq™ 

DNA Signature Prep Kit (Primer Mix A) to determine the baseline tolerance of each system 

to inhibited samples. The third phase had multiple goals including 1) to evaluate the 

efficiency of various DNA extraction methods to remove high amounts of PCR inhibitors 

from challenging samples prior to MPS, and 2) compare the quality of STR/SNP analysis 

using an early access panel for degraded samples with Precision ID chemistry on the Ion 

S5™, the ForenSeq™ DNA Signature Prep Kit (using Primer Mix A) on the MiSeq FGx™, 

and traditional CE-based STR typing for the identification of human remains. Blood, hair, 

and bone samples were collected and spiked with high amounts of the relevant inhibitor 

(humic acid, melanin, hematin, or calcium). Blood and hair samples were extracted using 

the three most commonly used commercial kits in forensic laboratories: PrepFiler® BTA 

(Life Technologies™, Carlsbad, CA), DNA IQ™ (Promega, Madison, WI), and QIAamp® 

DNA Investigator (QIAGEN, Hilden, Germany), and an organic method. Bone samples 

were extracted using the same three commercial extraction kits and two different total 

demineralization protocols. Finally, the fourth phase of this project was to evaluate two 

MPS chemistries and platforms using environmentally challenged human remains such as 

may be encountered in missing persons’ cases. Bone and tooth samples (exposed to 

cremation, embalming, thermal degradation, fire, and decomposition) were extracted using 

a total demineralization protocol, quantified, STR-typed via CE, and then sequenced using 

both a custom AmpliSeq™ STR and iiSNP panel designed for degraded samples with 

Precision ID chemistry on the Ion S5™ System and the ForenSeq™ DNA Signature Prep 

Kit (using Primer Mix A) on the MiSeq FGx™.
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Abstract 

In cases such as mass disasters or missing persons, human remains are challenging 

to identify as they may be fragmented, burnt, been buried, decomposed, and/or contain 

inhibitory substances. This study compares the performance of a relatively new STR kit in 

the US market (Investigator® 24plex QS kit; QIAGEN) with the GlobalFiler® PCR 

Amplification kit (Thermo Fisher Scientific) when genotyping highly inhibited and low 

level DNA samples. 

In this study, DNA samples (N = 3 in triplicate) ranging from 1 ng to 7.8 pg were 

amplified to define the sensitivity of two systems. In addition, DNA (1 ng and 0.1 ng input 

amounts) was spiked with various concentrations of five inhibitors common to human 

remains (humic acid, melanin, hematin, collagen, calcium). Furthermore, bone (N = 5) and 

tissue samples from decomposed human remains (N = 6) were used as mock casework 

samples for comparative analysis with both STR kits.  

The data suggests that the GlobalFiler® kit may be slightly more sensitive than the 

Investigator® kit. On average STR profiles appeared to be more balanced and average peak 

heights were higher when using the GlobalFiler® kit. However, the data also shows that 

the Investigator® kit may be more tolerant to PCR inhibitors. While both STR kits showed 

a decrease in alleles as the inhibitor concentration increased, more complete profiles were 

obtained when the Investigator® kit was used.  

Of the 11 bone and decomposed tissue samples tested, 8 resulted in more complete 

and balanced STR profiles when amplified with the GlobalFiler® kit.  
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Introduction 

Forensic scientists may be tasked with identifying human remains in circumstances 

such as missing person cases, mass disasters, migrant deaths, and forensic cases.  

Short tandem repeat (STR) analysis via capillary electrophoresis (CE) is the 

standard technology in forensic laboratories for human identification purposes [1-5]. STRs 

produce relatively short amplicons (<400 bp) [6-8] and are highly polymorphic [5,8,9] 

providing a high power of discrimination [8,10]. However, many factors can make STR 

typing of human remains more difficult by compromising the quantity and/or quality of the 

DNA for analysis.   

Environmental insults such as UV exposure, humidity, and microbial infestation 

can result in severe damage and degradation of DNA in biological samples [11-14]. Other 

environmental conditions can introduce added complications for DNA typing in the form 

of PCR inhibitors, such as humic and fumic acid in buried samples [15,16]. In addition, 

biological tissues such as bone, hair, teeth, and blood contain various PCR inhibitors that 

may be co-extracted with the DNA [17-19]. Commonly co-extracted inhibitors include 

humic acid, hematin, collagen, calcium, melanin, indigo, bile salt, and urea, and each have 

different mechanisms by which they inhibit DNA amplification [17,18, 20-22]. 

PCR inhibition is the most common cause of PCR failure when adequate amounts 

of DNA are present [22]. Inhibitors can cause total failure of the PCR resulting in no 

amplified products or may simply reduce the efficiency of the PCR. In this way, inhibited 

samples may mimic low template samples, as the amount of DNA available for 

amplification can be greatly reduced. Negative downstream effects such as allele dropout, 
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lower peak heights, peak height imbalance, stutter, locus-specific dropout, and poor 

sensitivity may also be observed [20,23].  

This study evaluated the sensitivity and performance of the GlobalFiler® PCR 

Amplification and Investigator® 24plex QS kits with low template and challenging 

samples. In addition, we also assessed the comparative tolerance of each kit to PCR 

inhibitors commonly associated with human remains. The two kits being tested are both 

relatively new 6-dye multiplex kits each with 24 markers. The Investigator® kit also 

contains two internal PCR controls (Quality Sensor QS1 (74 bp) and QS2 (435 bp)), which 

are designed to detect PCR inhibition or confirm DNA degradation and amplification 

success in general. Developmental validation studies have been performed for each of these 

kits [24,25], and various other studies [25-27] have described the utility of these papers 

with various types of samples. However, this study reports the comparative performance 

of these two STR kits with a much wider range of inhibitors, and when the amount of DNA 

template is both relatively high (1 ng) and low (0.1 ng).  

Materials and Methods 

Sample Preparation 

Three sources of DNA were used for the sensitivity and inhibitor studies including 

NIST standard 2372 Component A Male (National Institute of Standards and Technology, 

Gaithersburg, MD) and two male donors. Donor samples (semen) were obtained in 

accordance with Sam Houston State University (SHSU) Institutional Review Board 

guidelines (# 2015-12-26123) and extracted using the AllPrep® DNA/RNA Micro Kit 

(QIAGEN Inc., Hilden, Germany) [28]. For the sensitivity study, all three DNA sources 
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were amplified in triplicate using template input amounts of 1 ng, 0.8 ng, 0.5 ng, 0.25 ng, 

0.125 ng, 0.0625 ng, 0.0313 ng, 0.0156 ng, and 0.0078 ng.  

The bone (N = 5) and decomposed tissue (N = 6) samples were obtained from 

bodies willed to the Southeast Texas Applied Forensic Science Facility (STAFS). Bone 

samples were extracted using a complete demineralization protocol [29] or the PrepFiler 

Express™ BTA kit [30]. DNA was purified from decomposed muscle samples using the 

QIAamp® DNA Investigator® kit [31]. All samples were quantified using the 

Quantifiler® Trio DNA Quantification kit (Thermo Fisher Scientific, Waltham, MA) on 

the 7500 Real-Time PCR System as per manufacturer’s instructions [32].  

Inhibitor Preparation 

Five inhibitors (humic acid, melanin, hematin, collagen, and calcium) were tested 

in this study. A range of inhibitor concentrations was used to test the tolerance of both PCR 

amplification kits to high amounts of PCR inhibition (Table 2.1). All inhibitor stocks were 

prepared according to guidelines established in Opel et al. [23]. All inhibitors were 

prepared in 10 mL volumes and any dilutions made were prepared with deionized water.  

Table 2.1 Final concentrations of the five PCR inhibitors (in 25 µL reaction) 

Inhibitor Units 

Inhibitor Concentrations 

0 1 2 3 4 5 

Humic 

Acid 
ng/µL 0 50 100 200 225 250 

Melanin ng/µL 0 25 35 40 45 50 

Hematin µM 0 300 500 1000 1050 1100 

Collagen ng/µL 0 50 100 112.5 130 160 

Calcium µM 0 250 350 500 650 850 
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STR Amplification  

STR typing was performed using the GlobalFiler® PCR Amplification kit (Thermo 

Fisher Scientific) and the Investigator® 24plex QS kit (QIAGEN) in  25 µL reaction 

volumes as per manufacturer’s instructions [24,33]. Bone and tissue samples were 

amplified with 0.8 ng of DNA (or maximum sample volume (15 µL) if DNA was less than 

0.053 ng/µL). Inhibited samples were amplified with 10 µL of each inhibitor at the required 

concentration (Table 2.1) and 5 µL of DNA (0.2 ng/µL or 0.02 ng/µL). Inhibitor controls 

were performed using sterilized deionized water in lieu of the inhibitor. PCR amplification 

was performed on a GeneAmp® PCR System 9700 (Applied Biosystems, Carlsbad, CA) 

using the cycling parameters recommended for each amplification kit  [24,33].  

Capillary Electrophoresis and Data Interpretation 

PCR products were separated and detected via capillary electrophoresis according 

to the respective manufacturer protocols using a 3500 Genetic Analyzer with a 36 cm 

capillary array and POP-4 (Thermo Fisher Scientific). A 5 s injection time at 15 kV was 

used for GlobalFiler®, and a 30 s injection time at 13 kV was used for the Investigator® 

24plex QS kit (as recommended for each kit). STRs were analyzed using GeneMapper ID-

X v. 1.4 (Applied Biosystems). Based on internal validation data, for GlobalFiler®, allele 

peaks were assigned using an analytical threshold of 150 RFUs and a stochastic threshold 

of 600 RFUs and for Investigator® 24plex QS, peaks were assigned using an analytical 

threshold of 100 RFUs and a stochastic threshold of 200 RFUs. When the RFU value of a 

heterozygote peak was below the analytical threshold it was considered dropout. However, 

if a homozygote peak was below the stochastic threshold, one allele was considered 

dropped out. Average peak height for each sample was calculated by adding the peak 
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heights of each allele and then dividing by the total number of alleles possible. Average 

heterozygote peak height ratios (PHRs) were calculated for each sample by averaging the 

values of the peak with the smaller RFU value divided by the peak with the larger RFU 

value at each heterozygous locus. The QS1 and QS2 peaks were used to assess the level of 

PCR inhibition. A Q/S ratio was calculated by dividing the peak height of the QS1 peak by 

the height of the QS2 peak.  

Results and Discussion 

Sensitivity Study 

To test the sensitivity of the GlobalFiler® PCR Amplification and Investigator® 

24plex QS kits, three DNA sources were diluted from 1 ng to 7.8 pg and tested in triplicate. 

Overall, as the DNA input decreased, STR profile quality and completeness also decreased. 

Complete STR profiles were obtained from all samples using both kits down to 250 pg. At 

125 pg, GlobalFiler® recovered 100% of alleles, while the Investigator® kit recovered 

91% of alleles. Both kits detected less than ~55% of alleles at 31.25 pg of DNA (Appendix 

2.1), with GlobalFiler® continuing to detect more alleles than the Investigator® kit down 

to 7.8 pg (Fig. 2.1). A previous study [25] reported that the Investigator® kit produced full 

STR profiles with 125 pg and 50% of expected alleles with 8 pg of DNA. However, in our 

study, 91% of alleles were reported at 125 pg and 1% of alleles were reportable at 8 pg, 

which is consistent with another study by Martín et al. [26]. 
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Figure 2.1 Sensitivity study comparing profile completeness (Bar; percentage of alleles 

detected) and profile balance (Line; PHR) when amplification is performed using the 

GlobalFiler® PCR Amplification and Investigator® 24plex QS kits. Error bars represent 

mean  SD (N = 3 in triplicate). 

 

Average PHRs were comparable until 125 pg, where the average PHRs decreased 

from approximately 88% to 73% with the GlobalFiler® kit and 88% to 64% with the 

Investigator® kit. The average PHRs of the Investigator® kit remained lower than those 

of the GlobalFiler® for all template amounts <250 pg (Fig. 2.1). Amplification with the 

GlobalFiler® kit also resulted in higher average peak heights than the Investigator® kit, 

producing peaks at approximately twice the height of the Investigator® kit at all template 

amounts tested (Fig. 2.2).  

In general, these data suggest that the GlobalFiler® PCR Amplification kit may be 

slightly more sensitive than the Investigator® 24plex QS kit.   
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Figure 2.2 APH of the GlobalFiler® PCR Amplification and Investigator® 24plex QS 

kits when DNA input ranged from 1 ng to 7.8 pg (N = 3 in triplicate). Error bars represent 

mean ± SD. 

 

Inhibitor Tolerance 

To test the inhibitor tolerance of the GlobalFiler® PCR Amplification kit and the 

Investigator® 24plex QS kit, three DNA sources were amplified once.   

Reportable Alleles 

Overall, STR typing was more successful when inhibited samples were amplified 

using the Investigator® 24plex QS kit than with the GlobalFiler® kit. As expected, the 

amplification of 1 ng of DNA resulted in more complete STR profiles for each inhibitor 

concentration tested compared to 0.1 ng of DNA with both kits (Fig. 2.3). With 1 ng DNA 

in the PCR, more DNA was available for amplification despite the presence of inhibitory 

agents. Complete STR profiles were obtained from both 1 ng and 0.1 ng (uninhibited 

control DNA).  
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All inhibitors resulted in a decreasing number of reportable alleles when both 0.1 

ng and 1 ng of template DNA was amplified using the GlobalFiler® kit (Fig. 2.3A & B). 

With 1 ng DNA, the GlobalFiler® kit appeared to be more tolerant to collagen, calcium, 

and melanin than humic acid and hematin. Almost 50% of alleles were reported at the 

highest concentration for collagen, calcium, and melanin, while humic acid and hematin 

resulted in 34% and 9% of reportable alleles (Fig. 2.3A). With less DNA (0.1 ng) the same 

pattern was observed but with a higher degree of allele and locus dropout (Fig. 2.3B).  

When 1 ng of DNA was amplified using the Investigator® 24plex QS kit, complete 

(or near complete) profiles were generated at all inhibitor concentrations with all inhibitors 

(Fig. 2.3C). However, when less DNA (0.1 ng) was amplified, all inhibitors except calcium 

showed a decreasing number of reportable alleles (Fig. 2.3D). At the lower DNA input 

value (0.1 ng), over 80% of alleles were called with samples spiked with calcium and humic 

acid, while samples spiked with melanin, hematin, and collagen reported an average of less 

than 60% of alleles at the highest inhibitor concentrations (Fig. 2.3D). This decrease in 

reportable alleles suggests that the Investigator® 24plex QS kit is more susceptible to these 

inhibitors. However, overall, the kits performed comparably when samples were spiked 

with the lowest concentration of inhibitors. 
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Figure 2.3 Percentage of alleles detected with increasing concentrations of five inhibitors (0, 1, 2, 3, 4, 5 correlate with the concentrations 

for each inhibitor in Table 1; 0 indicates no inhibitor added) A) with 1 ng of amplified DNA using GlobalFiler®, B) with 0.1 ng of 

amplified DNA using GlobalFiler®, C) with 1 ng of amplified DNA using Investigator® 24plex QS, D) with 0.1 ng of amplified DNA 

using Investigator® 24plex QS (N =3). 



 

 

  

Allele Dropout 

Average allele dropout rates were calculated for each locus when 0.1 and 1 ng of 

DNA was amplified with increasing concentrations of inhibitor (humic acid, melanin, 

hematin, collagen, or calcium). As expected, higher allele dropout rates were observed with 

0.1 ng DNA compared to 1 ng regardless of the STR kit used (Fig. 2.4). Overall, the 

GlobalFiler® kit appeared more susceptible to dropout than the Investigator® kit when 

highly inhibited samples were amplified (Fig. 2.4A & B). The GlobalFiler® dropout rate 

ranged from 10% to 73% for 0.1 ng of DNA and 0% to 48% for 1 ng of DNA for all 

inhibitors combined (Fig. 2.4A). The Investigator® kit showed much lower dropout rates 

ranging from 3% to 42% for 0.1 ng of DNA and 0% to 3% for 1 ng for all inhibitors 

combined (Fig. 2.4B).  
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Figure 2.4 Allele drop out rates averaged across all inhibitors with 0.1 ng and 1 ng DNA input for A) GlobalFiler® PCR Amplification 

kit and B) Investigator® 24plex QS kit (N =3). 
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For samples amplified with GlobalFiler®, the longer STR markers (D7S820, 

CSF1PO, and SE33) appeared to be slightly more susceptible to PCR inhibition at both 0.1 

and 1 ng of DNA than the other loci (Fig. 2.4A). These data suggest that the larger loci 

may be more susceptible to dropout in the presence of PCR inhibitors. In addition, the same 

loci that displayed allele dropout with 1 ng also showed (greater) dropout at 0.1 ng 

suggesting that dropout is not simply related to the amount of DNA in the PCR reaction, 

but also the locus itself (or size of amplicon). Pionzio et al. [34] reported that amplicon size 

has a large impact on the amount of inhibition in real-time PCR and also state that inhibitors 

often cause large STR loci to drop out first while the smaller loci amplify well in the 

presence of inhibitors. Dropout of alleles at larger loci is commonly observed with 

inhibitors because smaller loci are generally more resistant to inhibition [20].  

Very little allele dropout was observed with 1 ng of DNA when samples were 

amplified with the Investigator® 24plex QS kit (Fig. 2.4B). However, with 0.1 ng of DNA, 

the dropout rate increased, but showed no relationship to locus size. These data may 

suggest that the Investigator® kit is more tolerant to inhibition, and unlike the trend 

observed with the GlobalFiler® kit, does not preferentially affect the larger amplicons. 

Regardless of the DNA input, CSF1PO dropped out most frequently, followed by SE33 

(Fig. 2.4). Kraemer et al. [25] also observed dropout of CSF1PO, D2S1338, and SE33 at 

high inhibitor concentrations with the same inhibitors used in this study (humic acid, 

hematin, calcium, and collagen) when using the Investigator® kit.  

Average Peak Height and Intra-Locus Peak Height Balance 

As expected, the average peak height (APH) decreased as the concentration of each 

inhibitor increased (Fig. 2.5). This trend was observed with both 1 ng and 0.1 ng of DNA 
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input. When the GlobalFiler® kit was used to amplify 1 ng and 0.1 ng of non-inhibited 

DNA (control), the APHs were 15,500 RFUs and 950 RFUs respectively. When 1 ng of 

DNA was spiked with increasing concentrations of inhibitors, the APHs dropped to ~100-

700 RFUs and with 0.1 ng decreased to ~60-900 RFUs. However, the same decreasing 

APH trend was not clearly observed when inhibited samples were amplified with the 

Investigator® kit (Fig. 2.5A & C). The APHs of STR profiles generated from uninhibited 

DNA (controls) with 1 ng and 0.1 ng were ~3100 RFUs and ~550 RFUs, respectively (Fig. 

4C & D). When 1 ng of DNA was spiked with increasing concentrations of inhibitors, the 

APHs remained ~2000-4000 RFUs (Fig. 2.5C). However, when 0.1 ng of DNA was 

amplified the APHs did decrease as the melanin, hematin, and collagen inhibitor 

concentrations increased (Fig. 2.5D). The average peak height of each inhibitor ranged 

from ~60 RFUs to ~550 RFUs.  
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Figure 2.5 Average peak height with increasing concentrations of five inhibitors A) with 1 ng of amplified DNA using GlobalFiler®, 

B) with 0.1 ng of amplified DNA using GlobalFiler®, C) with 1 ng of amplified DNA using Investigator® 24plex QS, D) with 0.1 ng 

of amplified DNA using Investigator® 24plex QS (N = 3). 
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In general, the Investigator® kit seemed to produce slightly more balanced STR 

profiles than the GlobalFiler® kit for all inhibitors tested (Fig. 2.6). When 1 ng of inhibited 

DNA was amplified with the GlobalFiler® kit, the average PHRs ranged from ~4% to 88% 

(compared to 76% in the uninhibited control sample). A previous study [26] reported 

similar average PHRs above 80% when GlobalFiler® was used to amplify casework-type 

samples such as saliva, blood, semen, tissues, bones, and teeth. With 0.1 ng of DNA, all 

inhibitor PHRs decreased as the concentration of inhibitors increased (Fig. 2.6B). When 

0.1 ng of inhibited DNA was amplified with the GlobalFiler® kit, the average PHRs ranged 

from 5% to 73% (compared to 85% in the uninhibited control sample). Complete PCR 

failure was observed at the highest concentration of hematin.  

The average PHRs of STR profiles generated with the Investigator® 24plex QS kit 

from 1 ng and 0.1 ng of uninhibited DNA (controls) were 78% and 71%, respectively (Fig. 

2.6C & D). When 0.1 ng of inhibited DNA was amplified, peak height balance was reduced 

by an average of ~10% (Fig. 2.6D). Humic acid, melanin, hematin, and collagen PHRs 

decreased as the inhibitor concentrations increased. However, samples spiked with calcium 

remained well balanced as the inhibitor concentrations increased.  

These data suggest that although the Investigator® kit may be more resistant to 

inhibitors than the GlobalFiler® kit (regardless of the input DNA template), both kits 

generated reasonably balanced DNA profiles when low levels of inhibitor were 

encountered.  
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Figure 2.6 Heterozygote peak height ratios with increasing concentrations of five inhibitors A) with 1 ng of amplified DNA using 

GlobalFiler®, B) with 0.1 ng of amplified DNA using GlobalFiler®, C) with 1 ng of amplified DNA using Investigator® 24plex QS, 

D) with 0.1 ng of amplified DNA using Investigator® 24plex QS (N = 3). 
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Quality Sensors 

Although the QS system was designed to qualitatively assess sample quality and 

serve as an internal PCR control, we have used the ratio of the Q/S peak heights in this 

study as a quantitative measure. The Q/S ratio is a means of detecting PCR inhibition in 

individual samples visualized within the STR electropherogram. In this data set, complete 

drop out of the QS2 peak was observed when the Q/S ratio was ≥ 3.84. Therefore, any 

sample where the QS2 dropped out was given an arbitrary Q/S value of 5.  

 The Q/S ratio of the control samples (no inhibitor) was 0.68 and 0.59 when 1 ng 

and 0.1 ng DNA was amplified, respectively. With 1 ng of DNA input, the QS1 and QS2 

peaks were present in all samples with the exception of one replicate in hematin at the 

highest concentration. As the concentration of the inhibitor increased, the Q/S ratio seemed 

to increase slightly in samples spiked with humic acid, melanin, hematin, and collagen, 

while not at all for samples spiked with calcium (Fig. 2.7A). These data suggest that the 

Investigator® chemistry is tolerant to all inhibitors tested. However, with 0.1 ng DNA 

input, the QS2 sensor was most aggressively affected by hematin and collagen, while the 

Q/S ratio was comparable for calcium, melanin, and humic acid (Fig. 2.7A). As collagen 

and hematin are reported to bind to DNA [23], this potentially explains why the Q/S ratio 

was much lower when more DNA template was included; more inhibitor is binding to the 

template DNA and therefore reducing the amount of inhibitor available to interfere with 

the amplification of the quality sensors. Overall, the performance of the QS1 sensor is 

consistent with Scherer et al. [27], reporting that the QS system operates as it is designed 

to with the QS1 sensor being very stable in the presence of extremely high inhibitor 
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concentrations, in contrast to the QS2 sensor, which only indicated inhibition with high 

levels of hematin and collagen.  

 

Figure 2.7 Quality sensor (Q/S) scores across all concentrations of 5 inhibitors at A) 1 ng 

and B) 0.1 ng DNA input. 

 

Bone and Decomposed Tissue Samples 

A total of 11 mock casework samples (5 bone and 6 decomposed muscle tissues) 

were amplified and genotyped once using both GlobalFiler® and Investigator® kits (Table 

2.2). All genotypes for these samples were known. All bone samples resulted in more 

complete (12 - 32% more alleles) and more balanced STR profiles when amplified with 

the GlobalFiler® kit (Fig. 2.8). However, the results of the tissue samples were variable. 

Half of the samples resulted in higher number of reportable alleles with the GlobalFiler® 

kit (samples 8, 10, and 11) while the other half (samples 6, 7, and 9) showed more complete 

profiles with the Investigator® kit (Fig. 2.8). Of the 11 samples amplified, 8 samples 

showed better results when using the GlobalFiler® kit. In almost all samples, QS peaks 

were present and Q/S ratios did not indicate significant levels of PCR inhibition. The two 

kits produced concordant STR profiles for all samples. Due to the small sample size, no 
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definitive conclusion can be made as to which amplification kit may produce the most 

successful STR typing results with such challenging samples. 

Table 2.2 Sample information for bone and decomposed tissue samples amplified with 

GlobalFiler® PCR Amplification and Investigator® 24plex QS kits. The quantitation 

value, Degradation Index (DI), and Inhibition (∆CT) were determined using Quantifiler® 

Trio. 

 

Sample No. 
Sample 

Type 
Insult Quant DI ∆CT 

1 

Bone 

Burned 0.5877 2.03 -0.46 

2 Buried 0.0177 6.06 -0.22 

3 Buried 0.0052 16.28 -0.35 

4 Skeletonized 0.0130 2.10 -0.34 

5 Embalmed 0.2041 34.65 -0.41 

6 

Muscle 

Decomp 0.0007 2.04 -0.56 

7 Decomp 1.0432 12.73 -0.33 

8 Decomp 0.0053 4.01 0.18 

9 Decomp 0.0021 7.69 0.01 

10 Decomp 0.1649 46.8 -0.59 

11 Decomp 0.0019 4.36 -0.06 
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Figure 2.8 Comparing profile completeness and APHR using GlobalFiler® PCR 

Amplification and Investigator® 24plex QS kits with bone and decomposing tissue mock 

casework samples. 

 

Conclusions 

In this study, we examined the comparative sensitivity and performance of two 

commercial STR kits (GlobalFiler® PCR Amplification kit and Investigator® 24plex QS 

kit) with low template, highly inhibited, and challenging samples. We assessed the 

tolerance of both STR kits to five PCR inhibitors (humic acid, melanin, hematin, collagen, 

and calcium) to aid in the analysis of human remains from forensic, missing persons, and 

mass disaster cases.  

The results of this research suggest that the GlobalFiler® kit is slightly more 

sensitive than the Investigator® 24plex QS kit, producing more complete and balanced 

STR profiles with peak heights at least 2-fold greater. However, the Investigator® kit was 

more tolerant than the GlobalFiler® kit to all of the PCR inhibitors tested in this study 

when both 1 ng and 0.1 ng of DNA was amplified. It should also be noted that this study 

0

10

20

30

40

50

60

70

80

90

100

0

10

20

30

40

50

60

70

80

90

100

1 4 2 5 3 8 10 7 11 9 6

Bone Muscle Decomp

P
ea

k
 H

ei
g
h

t 
R

a
ti

o
 (

%
)

N
o
. 
A

ll
el

es
 (

%
)

GF QS GF QS



91 

 

  

was designed to test the upper limits of inhibitor tolerance, and therefore both kits may be 

expected to perform more comparably with samples that contain substantially lower 

concentrations of these inhibitors. 
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CHAPTER III 

Comparative tolerance of two massively parallel sequencing systems to common 

PCR inhibitors1 
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Abstract 

Human remains can be severely affected by the environment, and the DNA may be 

damaged, degraded, and/or inhibited. In this study, a DNA sample (at 1 ng DNA target 

input in triplicate) was spiked with five concentrations of five inhibitors (humic acid, 

melanin, hematin, collagen, and calcium) and sequenced with both the HID-Ion 

AmpliSeq™ Library Kit and ID panel on the Ion PGM™ System and the ForenSeq™ DNA 

Signature Prep Kit on the MiSeq FGx™. The objective of this study was to compare the 

baseline tolerance of the two sequencing chemistries and platforms to common inhibitors 

encountered in human remains recovered from missing person cases.  

The two chemistries generally were comparable but not always susceptible to the 

same inhibitors or at the same capacity. The HID-Ion AmpliSeq™ Library Kit and ID panel 

and the ForenSeq™ DNA Signature Prep Kit both were susceptible to humic acid, melanin, 

and collagen; however, the ForenSeq™ kit showed greater inhibition to melanin and 

collagen than the AmpliSeq™ kit. In contrast, the ForenSeq™ kit was resistant to the 

effects of hematin and calcium, whereas the AmpliSeq™ kit was highly inhibited by 

hematin. STRs and SNPs showed the same trend among inhibitors when using the 

ForenSeq™ kit. Generally, locus read depth, heterozygote allele balance, and the numbers 

of alleles typed were inversely correlated with increasing inhibitor concentration. The 

larger STR loci were affected more so by the presence of inhibitors compared to smaller 

STR amplicons and SNP loci. Additionally, it does not appear that sequence noise is 

affected by the inhibitors. The noise percentage however does increase as the inhibitor 

concentration increases, due to the decrease in locus read depth and not likely because of 

chemistry effects.  
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Introduction 

More than 40,000 unidentified human remains are stored and waiting to be 

identified in the United States [1]. Human remains cases can include forensic cases and 

identification of missing migrants, refugees [2] , and victims of mass disaster [3]. Victim 

identification can be challenging when the remains are exposed to harsh environmental 

conditions causing DNA degradation and/or inhibition of downstream typing [4,5]. PCR 

inhibitors co-extract with the DNA and often interfere with downstream DNA typing 

success. Inhibitors can either affect Taq polymerase efficiency or bind to the DNA. When 

the Taq is affected, generally, the larger loci are lost. However, when inhibitors bind the 

DNA, alleles may be lost regardless of amplicon size, presumably based on where in the 

template the inhibitor binds [6]. PCR inhibitors often associated with human remains 

include humic acid in soil, melanin in hair and skin, hematin in red blood cells, collagen in 

soft tissue and bone, and calcium in bone [6,7].  

STRs are the most common genetic marker used in DNA analysis for the 

identification of human remains due to their relatively small amplicon size (75 – 450 bp), 

ability to be multiplexed, and high power of discrimination (PD) [8-13]. However, 

traditional capillary electrophoresis (CE)–based STR typing is limited by the number of 

markers which can be multiplexed (typically between 25-30 markers) due to constraints in 

the number of dye channels and the resolving space in each channel [12]. Single nucleotide 

polymorphisms (SNPs) are alternative markers for human identification (HID) [14-15], 

which also can be used to determine bio-ancestry and phenotypic information such as hair, 

eye, and skin color [11,14]. SNPs are single base changes in the genome and therefore can 

be contained within amplicons, in theory, as small as 50-60 bp [15]. This feature makes 
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SNPs suitable for typing highly degraded and challenging samples. To reach an equivalent 

PD of commercial STR kits, approximately 60 well-balanced SNPs must be analyzed 

[16,17]. With massively parallel sequencing (MPS), DNA molecules are sequenced in 

parallel to increase throughput and provide more genetic information by assessing the 

primary sequence of an amplicon [8,11,18-20]. MPS can provide comprehensive sequence 

information on conventional STR markers, allow sequencing of the entire mitochondrial 

genome, and enable simultaneous analysis of different marker systems [21]. With the 

development of this technology it is now possible to multiplex large numbers of STRs and 

SNPs, and if desired, both marker systems in one analysis.  

The goal of this study was to evaluate in a system approach the tolerance of various 

known PCR inhibitors commonly encountered in forensic and missing person casework 

with two MPS sequencing chemistries. Although effects of inhibitors are likely to impact 

the PCR more so than other aspects of the analytical system, the sample preparation and 

the sequencing chemistry are intertwined. Therefore, this study sought to determine if 

samples salted with inhibitors could be typed using MPS systems and to determine if MPS 

systems (comparatively) were affected negatively due to the presence of an inhibitor in a 

sample. Studies that describe the performance of HID systems with highly inhibited 

samples will provide data to improve the utility and robustness of each system and to 

support the overall validity of MPS. The two chemistries evaluated in this study were the 

HID-Ion AmpliSeq™ Library kit and ID panel on the Ion PGM™ System and the 

ForenSeq™ DNA Signature Prep Kit using Primer Mix A on the MiSeq FGx™. The HID-

Ion AmpliSeq™ Identity Panel consists of 90 autosomal HID SNPs and 34 upper clade Y-

SNPs [22]. The ForenSeq™ DNA Signature Prep Kit (Primer Mix A) incorporates 
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Amelogenin, 27 autosomal STRs, 24 Y-STRs, 7 X-STRs, and 94 HID SNPs [23]. The 

effects of each inhibitor were evaluated using locus read depth, allele calls, heterozygote 

allele balance, loci most refractory to individual inhibitors, and generation of noise. 

Materials and Methods 

Sample and Inhibitor Preparation 

Semen was obtained from a single anonymous donor in accordance with Sam 

Houston State University Institutional Review Board Guidelines (# 2015-12-26123). The 

semen sample was selected only because it was a convenient sample within the laboratory 

with substantial amounts of DNA. The DNA was extracted with the AllPrep® DNA/RNA 

Micro kit and quantified with Quantifiler® Human DNA Quantification Kit.  

The inhibitor concentrations used in this study were based on the PGM and Ion 

AmpliSeq™ chemistry. The PGM platform and AmpliSeq™ kit was tested to its limits 

with the inhibitor concentrations and then the ForenSeq™ kit was tested with the same 

concentrations. Initial inhibitor concentrations were based on previous studies with CE-

based systems [6,39-41]. The five concentrations of humic acid, melanin, hematin, 

collagen, and calcium were listed in Table 3.1. Calcium hydrogen phosphate (100 mM) 

(Sigma Aldrich, Milwaukee, WI) was prepared in 0.5 N hydrochloric acid (Fisher 

Scientific, Waltham, MA) in a total volume of 10 mL. Humic acid (1 mg/mL) (Alfa Aesar, 

Ward Hill, MA) was prepared in deionized water in a total volume of 10 mL. Collagen 

from calf skin (1 mg/mL) (Sigma Aldrich, St. Louis, MO) was prepared in 0.1 N acetic 

acid (Fisher Scientific) in a total volume of 10 mL. Hematin (100 mM) (ICN Biomedicals, 

Aurora, OH) was prepared in 0.1 N sodium hydroxide (Fisher Scientific) in a total volume 

of 10 mL. Melanin (1 mg/mL) (Sigma) was prepared in 0.5 N ammonium hydroxide 
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(Fisher Scientific) in a total volume of 10 mL. All subsequent working solutions were 

prepared with deionized water. All inhibitors were added to the MPS library preparation 

prior to the initial PCR to achieve the desired final inhibitor concentration (Table 3.1).  

Table 3.1 The concentrations of the five PCR inhibitors tested in this study 

Inhibitor 
Inhibitor Concentration 

1 2 3 4 5 

Humic Acid (ng/µL) 5 7 10 17 25 

Melanin (ng/µL) 4 5 7 10 12 

Hematin (µM) 1 3 5 7 10 

Collagen (ng/µL) 180 250 300 350 400 

Calcium (µM) 350 500 650 850 1100 

 

Ion PGM™ Sequencing 

All sequencing reactions were performed with 1 ng of input DNA. Various 

concentrations of humic acid, melanin, hematin, collagen, or calcium were added to the 

DNA (Table 3.1). Each sample was amplified in triplicate using the Ion AmpliSeq™ 

Library Kit 2.0 and ID panel according to manufacturer’s specifications [22]. After 

amplification, samples were purified using Agencourt® AMPure® XP Reagent (Beckman 

Coulter, Indianapolis, IN) and ethanol. Following library purification, the samples were 

quantified using the Ion Library TaqMan® Quantitation Assay (Thermo Fisher Scientific). 

The libraries with humic acid, melanin, and hematin were approximately 10 pM which 

were lower in concentration than the desired 20-50 pM input. The libraries were 

normalized to 10 pM and pooled to 100 µL for loading onto the Ion Chef™ System 
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(Thermo Fisher Scientific). The libraries with collagen and calcium were diluted to 25 pM 

and pooled to 100 µL. Pooled libraries were batched according to concentration, added to 

the Ion Chef™ and loaded onto 316 barcoded semiconductor chips. Sequencing was 

performed using the Ion PGM™ System. Positive reference samples, and negative controls 

were included in each sequencing run. Data analysis was conducted using Torrent Suite 

v4.6, the HID_SNP_Genotyper plugin v4.3.1, and an in-house workbook created at 

UNTHSC. 

MiSeq FGx™ Sequencing 

Various concentrations of five inhibitors (humic acid, melanin, hematin, collagen, 

and calcium) were added to DNA samples (1 ng) (Table 3.1). Each of these samples was 

amplified in triplicate using ForenSeq™ DNA Signature Prep Kit (using Primer Mix A) 

according to manufacturer’s specifications [38]. Sequencing was performed using the 

Illumina FGx™ system (10 µL pooled libraries were used). Three sequencing runs were 

performed. Three reference samples, a positive control and a negative control were 

included in each sequence run. Data analysis was conducted using STRaitRazor v2s [28] 

and R software [42]. 

Results and Discussion 

A minimum read depth threshold of 2X was used in this study. The average read 

depth was calculated for each inhibitor concentration and reference sample (three 

replicates). Using the Ion PGM platform, Ion AmpliSeq™ library kit, and Identity panel, 

three reference samples with no inhibitor added resulted in an average locus read depth of 

2587X. The cluster densities of the three MiSeq FGx™ runs were 539 k/mm2, 1312 k/mm2, 

and 1397 k/mm2. The cluster density of the first run was substantially lower than the other 
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two runs. Therefore, the average read depth of the reference samples was not calculated 

from the combined three runs. The average read depth of three replicates of the reference 

sample in the first run was computed separately from the six reference samples in the other 

two runs. The average STR locus read depth was 900X for the first run, and 790X for the 

other two runs. However, the average SNP locus read depth was 280X for the first run and 

234X for the second and third runs, respectively. 

Humic Acid 

For the AmpliSeqTM Library Kit and ID panel, compared with the average read 

depth of the reference samples (2587X), five concentrations of humic acid showed 

decreasing SNP locus read depth (Appendix 3.1). SNP typing success decreased as the 

concentration of humic acid increased. The percentage of SNPs reported dropped from 

99% (without inhibitor) to 9% (17 ng/µL of humic acid) (Fig. 3.1). The SNP success 

increased slightly from 17 ng/µL to 25 ng/µL (9% to 12%). SNP heterozygote allele 

balance also decreased as the concentration of the inhibitor increased, with the exception 

of a slight increase from 5% at 17 ng/µL to 12% at 25 ng/µL (Fig. 3.2). Out of all 124 

SNPs, rs873196 was identified as the SNP most resistant to humic acid (Fig. 3.3). 
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Figure 3.1 Percentage of SNP alleles (Ion AmpliseqTM Library Kit and ID panel) reported 

with 1 ng of DNA input with five concentrations of five inhibitors. Concentration 0 

represents no inhibitor added. The inhibitor concentrations are listed in Table 3.1. Data 

presented as averaged + standard deviation (N = 3). 

 

 

Figure 3.2 Average heterozygote SNP allele balance (Ion AmpliseqTM Library Kit and ID 

panel) with 1 ng of DNA input with five concentrations of five inhibitors tested. 

Concentration 0 means no inhibitor added. The inhibitor concentrations are listed in Table 

3.1.  
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Figure 3.3 The heatmap of alleles typed at each SNP locus with five concentrations of 

humic acid (Ion AmpliseqTM Library Kit and ID panel). 

 

For the ForenSeqTM DNA Signature Prep Kit, STR loci average read depth was 

calculated. Compared with the average read depth of three reference samples in the first 

run (900X), three concentrations of humic acid (5 ng/µL, 7 ng/µL, and 10 ng/µL) had a 

slightly less STR locus read depth (Appendix 3.2). However, at greater concentrations of 

humic acid (17 ng/µL and 25 ng/µL) the STR loci average read depth decreased to 55X 

and 2X, respectively. The SNP loci average read depth showed the same trend as that of 

the STR loci. Humic acid decreased the average read depth substantially to 2X, compared 

with 280X for the reference samples (Appendix 3.3). Consistent with read depth, STR and 

SNP typing success decreased as the concentration of humic acid increased (Figs. 3.4-3.5) 

for the ForenSeqTM DNA Signature Prep Kit. The percentages of SNPs typed were higher 

than that of STRs when humic acid was added (Figs. 3.4-3.5). 
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Figure 3.4 Percentage of SNP alleles (ForenSeqTM DNA Signature Prep Kit) reported with 

1 ng of DNA input with five concentrations of five inhibitors. Concentration 0 represents 

no inhibitor added. The inhibitor concentrations are listed in Table 3.1. Data presented as 

averaged + standard deviation (N = 3). 

 

  
Figure 3.5  Average heterozygote STR allele balance (ForenSeq™ DNA signature Prep 

Kit) with 1 ng of DNA input with five concentrations with five inhibitors tested. 
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Concentration 0 means no inhibitor added. The inhibitor concentrations are listed in 

Table 3.1. 

 

This observation indicates that SNPs in ForenSeq™ DNA Signature Prep Kit may 

be more resilient in the presence of this inhibitor than STRs. With the increased 

concentrations of humic acid, one or both alleles of all of the heterozygote STR or SNP 

loci dropped out, whereby the average heterozygote allele balance decreased to zero (Figs. 

3.6-3.7). 

 

Figure 3.6 Average heterozygote STR allele balance (ForenSeqTM DNA Signature Prep 

Kit) with 1 ng of DNA input with five concentrations with five inhibitors tested. 

Concentration 0 means no inhibitor added. The inhibitor concentrations are listed in Table 

3.1. 
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Figure 3.7 Average heterozygote SNP allele balance (ForenSeqTM DNA Signature Prep 

Kit) with 1 ng of DNA input with five concentrations with five inhibitors tested. 

Concentration 0 means no inhibitor added. The inhibitor concentrations are listed in Table 

3.1. 

  

 The STR and SNP loci most refractory to humic acid were identified. The heatmap 

of alleles typed at each STR locus with five concentrations of humic acid is shown in Fig. 

3.8. With the increment of humic acid concentrations (from 5 ng/µL to 25 ng/µL), allele 

drop out was observed. The largest STR loci (amplicon size ≥ 200 bp) were less resistant 

to humic acid, and allele drop out was observed starting from 5 ng/µL of humic acid. In 

contrast, the 15 smallest STR loci were more resistant to humic acid (Fig. 3.8). Forty-three 

SNP loci were deemed relatively resistant to humic acid because allele drop out was 

observed only at 25 ng/µL of humic acid (Fig. 3.9). These results are consistent with those 

of Jäger et al. [43] who observed inhibitory effects at high concentrations of humic acid 

(i.e., 133.3 µM (30.3 ng/µL)). 
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Figure 3.8 The heatmap of alleles typed at each STR locus with five concentrations of 

humic acid (ForenSeqTM DNA Signature Prep Kit).  

 

 

Figure 3.9 The heatmap of alleles typed at each SNP locus with five concentrations of 

humic acid (ForenSeqTM DNA Signature Prep Kit). 

 

Overall, both the AmpliSeqTM Library Kit and ID panel and the ForenSeq™ DNA 

Signature Prep Kit were susceptible to inhibition by humic acid. Locus read depth, number 

of alleles typed, and heterozygote allele balance were inversely correlated with increasing 
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concentrations of humic acid. The STRs and SNPs with small amplicon sizes were more 

resistant to the effects of humic acid.  

Melanin 

For the AmpliSeqTM Library Kit and ID panel, compared with the average read 

depth of the reference samples (2587X), five concentrations of melanin (Table 3.1) showed 

decreasing SNP locus read depth (Appendix 3.1). SNP typing success also decreased as 

the concentration of melanin increased (Fig. 3.1). The percentage of SNPs reported 

decreased from 99% (no inhibitor) to 65% (12 ng/µL), although the percentage of SNPs 

reported at 10 ng/µL fell to 31% (Fig. 3.1). The heterozygote SNP allele balance was more 

variable for melanin. The general trend was a decrease in allele balance as the concentration 

of melanin increased, with the exception of increasing values at two concentrations, 7 

ng/µL and 12 ng/µL, of 75% and 50%, respectively (Fig. 3.2). Of all 124 SNPs, there were 

14 SNPs resistant to the effects of melanin (Appendix 3.4). No allele drop out was 

observed at the five concentrations of melanin. 

With the ForenSeq™ DNA Signature Prep Kit, melanin was a strong inhibitor of 

the analytical process. The STR loci average read depth of the DNA samples amplified 

with five concentrations of melanin ranged from 29X to 3X, respectively (Appendix 3.2). 

The SNP loci average read depth showed the same trend as that of the STR loci. Melanin 

decreased the SNP loci average read depth substantially to 2X compared with 280X for the 

reference sample (Appendix. 3.3). Consistent with read depth, STR and SNP typing 

success decreased as the concentration of melanin increased. Melanin was a strong 

inhibitor in which only 39.4% of STR alleles were typed at the lowest concentration of 

melanin, and less than 10% of alleles were observed at the highest concentration of melanin 
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(Fig. 4). Only 1% of SNP alleles could be typed at 12 ng/µL of melanin (Fig. 3.5). With 

increased concentrations of melanin, one or both alleles of all of the heterozygote STR and 

SNP loci dropped out, whereby the average heterozygote allele balance decreased to zero 

(Figs. 3.6-3.7). The STR and SNP loci most refractory to each inhibitor were identified. 

Only the TH01 locus, rs576261, and rs737681 could be detected at 5 ng/µL of melanin in 

the three replicates (Appendix 3.5-3.6).  

The markers in the AmpliSeqTM Library Kit and ID panel and the ForenSeq™ DNA 

Signature Prep Kit were susceptible to the effects of melanin. Locus read depth, number of 

alleles typed, and heterozygote allele balance generally were inversely correlated with 

increasing concentrations of melanin. However, melanin showed stronger inhibitor effects 

with the ForenSeq™ DNA Signature Prep Kit.  

Hematin 

For the AmpliSeqTM Library Kit and ID panel, hematin was a very strong inhibitor 

at all concentrations higher than 1 µM (the lowest concentration). Compared with the 

average SNP locus read depth of the reference samples (2587X), four concentrations of 

hematin (Table 3.1) showed rapidly decreasing SNP locus read depth; the only exception 

was at 1 µM (3099X) (Appendix 3.1). SNP typing success also decreased as the 

concentration of hematin increased. The percentage of SNPs that were typed dropped 

considerably from 99% (without inhibitor) to 19% at 10 µM, with the exception of two 

concentrations (5 µM and 7 µM) reporting 7% of alleles (Fig. 3.1). Heterozygote allele 

balance decreased rapidly followed by a slight increase at the two highest hematin 

concentrations (7 µM and 10 µM) (Fig. 3.2). No SNPs could be detected at all three 

replicates with ≥ 5 µM of hematin. There were 18 SNPs (with small amplicon size) 
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relatively resistant to the effects of hematin compared with other markers (Appendix. 3.7). 

For these 18 markers, full profiles were observed at all three replicates with 1 µM and 3 

µM of hematin. 

In contrast, using the MiSeq FGx™, the results indicated that STR typing with the 

ForenSeq™ DNA Signature Prep Kit was not affected by hematin. The STR and SNP loci 

average read depth of the DNA samples that included hematin were higher than the 

reference samples (Appendix 3.2-3.3). Hematin had no influence on STR and SNP alleles 

typing; all alleles were observed (Figs. 3.4-3.5). In addition, STR and SNP heterozygote 

allele balance was not affected by the concentrations of hematin tested herein (Figs. 3.6-

3.7). All STRs and SNPs in ForenSeqTM DNA Signature Prep Kit were resistant to hematin 

(Appendix 3.8-3.9). While Jäger et al. [43] also tested the effects of hematin, the results 

herein cannot be compared because the concentration ranges did not overlap between the 

two studies. 

Overall, hematin is a strong inhibitor to Ion AmpliseqTM Library Kit and ID panel. 

Locus read depth, number of alleles typed, and heterozygote allele balance generally were 

inversely correlated with increasing concentrations of hematin. However, the ForenSeq™ 

DNA Signature Prep Kit was resistant to the effects of hematin at all concentrations tested 

in this study. Currently, there is no explanation for the enhancing effect of hematin on the 

read depth of ForenSeq™ DNA Signature Prep Kit. 

Collagen 

For the AmpliSeqTM Library Kit and ID panel, the presence of collagen had a slight 

effect on average SNP locus read depth (Appendix 3.1). Compared with the average read 

depth of the reference samples (2587X), with increasing concentrations of collagen read 
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depth decreased gradually (Appendix 3.1). The SNP typing success decreased slightly as 

the concentration increased, but samples were found to be more tolerable to collagen than 

the other inhibitors tested in this study (Fig. 3.1). The percentage of SNPs reported dropped 

from 99% (without inhibitor) to 92% at the highest inhibitor concentration, with the 

exception of 300 ng/µL and 350 ng/µL (79% and 61%) (Fig. 3.1). Heterozygote allele 

balance did decrease gradually as the concentration of collagen increased, with the 

exception of an increase with the final inhibitor concentration (400 ng/µL) (Fig. 3.2). Of 

all 124 SNPs, there were 15 SNPs that were resistant to the effects of collagen (Appendix 

3.10).  They were detected at all five concentrations of collagen. 

Using the ForenSeq™ DNA Signature Prep Kit, collagen was found to negatively 

impact STR loci average read depth which dropped from 790X (reference samples) to 11X 

(350 ng/µL of collagen) and 30X (400 ng/µL of collagen) (Appendix 3.2). The SNP loci 

average read depth showed the same trend as that of the STR loci (Appendix 3.3). DNA 

samples with three concentrations of collagen (180 ng/µL, 250 ng/µL, and 300 ng/µL) 

generated full STR profiles (Fig. 3.4). For the higher concentrations of collagen (350 ng/µL 

and 400 ng/µL), 82.5% and 91.9% of STR alleles were typed, respectively. The 

corresponding STR loci average read depth were 11X with 350 ng/µL of collagen and 30X 

with 400 ng/µL of collagen (Appendix 3.2). The percentages of SNP alleles reported had 

the same trend as observed for the STRs (Fig. 3.5). SNP typing success decreased as the 

concentration of collagen increased. SNP drop out was observed starting at 300 ng/µL 

collagen. The 400 ng/µL of collagen sample generated more SNP alleles (79%) than the 

350 ng/µL of collagen (61%). The first three concentrations had no apparent influence on 

STR heterozygote allele balance, but the greater concentrations decreased STR 
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heterozygote allele balance (Fig. 3.6). SNP heterozygote balance ratios were decreased 

substantially (Fig. 3.7). There were 30 STRs and 32 SNPs resistant to the five 

concentrations of collagen (Appendix 3.11-3.12).  

Overall the markers in both kits showed some susceptibility to the presence of 

collagen, but the effects were greater in the ForenSeq™ DNA Signature Prep Kit. Locus 

read depth, number of alleles typed, and heterozygote allele balance generally were 

inversely correlated with increasing concentrations of collagen.  

Calcium 

For the AmpliSeqTM Library Kit and ID panel, samples with calcium showed a 

gradual increase in SNP read depth followed by a severe decrease as the concentration 

increased to more than 500 µM of inhibitor. Compared with the average read depth of the 

reference samples (2587X), five concentrations of calcium showed decreased SNP locus 

read depth after the first two concentrations increased (Appendix 3.1). Like collagen, the 

system was more tolerant to samples inhibited with calcium than with the other inhibitors 

tested in this study. The reportable number of alleles decreased as the inhibitor 

concentration increased, with the exception of the final inhibitor, which increased 

considerably (from 63% to 97%) (Fig.3.1). The number of alleles reported for the first two 

concentrations remained at the same level as the reference (99%). At 650 µM and 850 µM, 

83% and 63% of alleles were reported, respectively. Heterozygote allele balance decreased 

gradually as the concentration of calcium increased, with the exception of an increase at 

the final concentration (Fig. 3.2). Of all 124 SNPs, 52 SNPs could be detected at all five 

concentrations of calcium (Appendix 3.13). They were the most refractory markers to 

calcium. 
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In contrast, the results of STR and SNP typing in ForenSeq™ DNA Signature Prep 

Kit were not affected by calcium at the concentrations tested in this study. The STR and 

SNP loci average read depth of the DNA samples that included calcium were higher than 

the reference samples except at 350 µM of calcium (Appendix 3.2-3.3). Calcium had no 

influence on STR typing, and all alleles were observed (Fig. 3.4). However, two SNP loci 

(rs1736442 and rs1031825) were not detected in one of the three replicates at the first 

concentration (350 µM) (Fig. 3.5). These two SNPs are low performers in ForenSeq™ 

DNA Signature Prep Kit (36). Calcium did not affect heterozygote peak height ratios (Figs. 

3.6-3.7). All STRs were resistant to the effects of calcium (Appendix 3.14). All SNPs 

generally were refractory to the concentrations of calcium used in this study (Appendix 

3.15). 

In summation, the AmpliSeqTM Library Kit and ID panel was susceptible to the 

presence of calcium. Locus read depth, number of alleles typed, and heterozygote allele 

balance generally were inversely correlated with increasing concentrations of calcium. 

However, the ForenSeq™ DNA Signature Prep Kit was resistant to calcium concentrations 

tested in this study.  

Noise Assessment 

The influence of five inhibitors on noise generated during SNP sequencing with the 

AmpliSeqTM Library Kit and ID panel was investigated. Overall noise (i.e., PCR/sequence 

error) did not appear to increase with exposure to inhibitors. However, percent noise did 

increase with increasing concentrations of inhibitors as a result of a decrease in read depth 

of the true allele sequence (note that the true allele sequence is based on the major 

representative allele(s) of the non-inhibitor reference sample) (Appendix 3.16-3.19). For 
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example, the noise percentage of rs338882 was 22.2% in one of the three replicates that 

included the highest concentration of humic acid; but the noise reads were only 2X with a 

locus read depth of 9X (Fig. 3.10).  

 

Figure 3.10 The noise percentages of SNPs (Ion AmpliseqTM Library Kit and ID panel) of 

reference samples and DNA samples spiked with five concentrations of humic acid. X axis 

is locus coverage, Y axis is noise percentage. 

 

The influence of five inhibitors on the STRs sequence noise (ForenSeqTM DNA 

Signature Prep Kit) was examined. In this study, for each sample, only the homozygous 

loci and heterozygous loci that two alleles have at least four repeats difference were used. 

The sequence noise was divided into three categories for analysis purpose: noise at allele 

position, noise at -1 repeat position, and artifact [44]. In this study, stutter and sequence 

noise at -2 repeat and +1 repeat positions were combined into stutter. In this study, all three 

sequence noise categories were combined for investigating the influence of inhibitors on 

sequence noise (Appendix 3.20-3.24). In addition, the influence of five inhibitors on the 

SNPs sequence noise (ForenSeqTM DNA Signature Prep Kit) was investigated (Appendix 

3.25-3.29). The same trends were observed regarding noise as with the AmpliSeq™ kit. 
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Percent noise does not appear to be affected by the presence of inhibitors in this study; and 

the percent noise increased as a result of decreasing locus read depth.  

Capillary Electrophoresis STR Inhibition Study 

The effects of the same five inhibitors (humic acid, melanin, hematin, collagen, and 

calcium) on the STR testing by CE were conducted by Elwick et al (paper submitted). The 

performances of two STR kits (GlobalFiler PCR Amplification kit and Investigator® 

24plex QS kit) were evaluated. Therefore, a comparison of results from CE data was not 

reported herein. 

Conclusions 

The two multiplexes with different chemistries were exposed to DNA samples 

containing a number of inhibitors over a range of concentrations. As expected, increasing 

concentrations of inhibitors had an inverse effect on locus read depth and typing success, 

with a few exceptions. The most noted outcome was that the two kits were not always 

susceptible to the effects of inhibitors in a similar fashion. For example, the Ion 

AmpliSeq™ panel was more susceptible to the presence of hematin and calcium with little 

or no effect observed for the ForenSeq panel. In contrast, the Forenseq panel was more 

susceptible to melanin and collagen compared with the Ion AmpliSeq™ kit. Possible 

explanations for different performance between the kits and platforms may be due to PCR 

conditions or library and/or sequencing chemistry differences. Overall, large amplicon 

STR loci were less resistant to inhibitors compared with small STR and especially SNP 

loci. In all cases in which STR or SNP results were obtained, the correct result was 

obtained. When one allele dropout occurred for heterozygotes, the allele that was observed 

was consistent with one of the alleles observed in the reference sample. In some of the 



120 

 

  

increasing inhibitor concentrations, there were differences within a series in which read 

depth and/or typing success (although slight) were not always consistent with the trend. 

These differences are likely due to run-to-run variations in MPS and/or stochastic effects. 

As others attempt to replicate this work, in part or in total, the actual cause of these slight 

fluctuations may be better elucidated. When there is inhibition, the effective template may 

not be the same as the estimated input and thus stochastic effects may be more pronounced. 

The overall outcome was that inhibitors, when they do have a negative effect on typing 

performance, can reduce typing success but do not contribute to sequencing error. 
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CHAPTER IV 

Assessment of impact of DNA extraction methods on analysis of human remain 

samples on massively parallel sequencing success1 
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Abstract 

Skeletal remains recovered from missing persons’ cases are often exposed to harsh 

environmental conditions resulting in the DNA being damaged, degraded, and/or the 

samples containing PCR inhibitors. In this study, the efficacy of common extraction 

methods was evaluated to remove high levels of PCR inhibitors commonly encountered 

with human remains, and their downstream compatibility with the two leading sequencing 

chemistries and platforms for human identification purposes.  

Blood, hair, and bone samples were spiked with high levels of inhibitors commonly 

identified in each particular substrate in order to test the efficiency of various DNA 

extraction methods prior to sequencing. Samples were extracted using three commercial 

extraction kits (DNA IQ, DNA Investigator, and PrepFiler BTA), organic (blood and hair 

only), and two total demineralization protocols (bone only). Massively parallel sequencing 

(MPS) was performed using two different systems: Precision ID chemistry and an early 

access degradation panel on the Ion S5™ System and the ForenSeq™ DNA Signature Prep 

Kit on the MiSeq FGx™.  

The overall results showed that all DNA extraction methods were efficient and are 

fully compatible with both MPS systems. Key performance indicators such as STR and 

SNP reportable alleles, read depth, and heterozygote balance were comparable for each 

extraction method. In samples where CE-based STRs yielded partial profiles (bone), MPS-

based STRs generated more complete or full profiles. Moreover, MPS panels contain more 

STR loci than current CE-based STR kits and also include SNPs, which can further increase 

the power of discrimination obtained from these samples, making MPS a desirable choice 

for the forensic analysis of such challenging samples.  
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Introduction 

In some forensic and many missing persons’ cases bone, teeth, hair, and severely 

decomposed tissues are the only samples remaining for human identification (HID) 

purposes [1,2]. However, exposure to harsh environmental conditions such as heat, 

humidity, burial environment, bacteria and mold, or UV light may cause DNA degradation 

and damage making these samples challenging to process [1,3,4]. In addition, human 

remains may also contain PCR inhibitory agents such as collagen, calcium, humic acid, 

melanin, and hematin [5]. Inhibitors may be co-extracted with the DNA [1,6], which can 

interfere with PCR and reduce downstream DNA typing success [5,7,8]. The current gold 

standard in HID is the analysis of short tandem repeats (STRs) via capillary electrophoresis 

(CE) [9-13]. However, massively parallel sequencing (MPS) offers an ability to analyze 

challenging forensic samples, sequence the entire mitochondrial genome, determine 

ancestry, provide phenotypic information, and better resolve DNA mixtures [14-16]. MPS 

has the ability to expand our current capabilities as more genetic information can be 

retrieved from each sample via the simultaneous analysis of different (and more) markers 

(e.g. STRs [17], identity SNPs (iiSNPs) [17], and ancestry SNPs (aiSNPs)) [14].  

An effective DNA extraction method is critical to obtaining as much high-quality 

DNA (i.e., sufficiently pure for downstream assay) as possible from difficult samples 

[18,19]. Following extraction, DNA quantification is used to determine DNA quantity as 

well as the level of inhibition in a sample using the internal PCR control (IPC), but several 

studies have shown that the IPC is not always the best or only indicator of PCR inhibition 

[6,20-22]. In addition, relatively small amounts of DNA extract (2 µL) are used for 

quantification, while often up to 15 µL of extract are amplified for genotyping. Whilst no 
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PCR inhibition may be detected during quantification, the input of much larger volumes of 

neat DNA extract will also increase the amount of any inhibitory agents present and may 

cause PCR inhibition. Therefore, it is necessary to determine if the MPS systems are able 

to overcome inhibitors as detected by a current quantitation system. STR-CE amplification 

kits have been reported as being extremely tolerant to forensically relevant inhibitors 

[23,24], and commonly employed DNA extraction methods have been shown to be highly 

compatible with these CE-based STR chemistries. However, this work has not been 

demonstrated with MPS systems, and little is known regarding the compatibility of these 

DNA extraction methods with MPS chemistries. The goals of this study were to: 1) 

evaluate the efficiency of various DNA extraction methods to remove high amounts of 

PCR inhibitors from challenging samples prior to MPS, and 2) compare the quality of 

STR/SNP analysis using an early access panel for degraded samples with Precision ID 

chemistry on the Ion S5™, the ForenSeq™ DNA Signature Prep Kit (using Primer Mix A) 

on the MiSeq FGx™, and traditional CE-based STR typing for the identification of human 

remains. Blood, hair, and bone samples were collected and spiked with high amounts of 

the relevant inhibitor (humic acid, melanin, hematin, or calcium). Blood and hair samples 

were extracted using the three most commonly used commercial kits in forensic 

laboratories: PrepFiler® BTA (Life Technologies™, Carlsbad, CA), DNA IQ™ (Promega, 

Madison, WI), and DNA Investigator (QIAGEN, Valencia, CA), and an organic method. 

Bone samples were extracted using the same three commercial extraction kits and two 

different total demineralization protocols.  
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Materials and Methods 

Sample and Inhibitor Preparation 

Blood and hair samples were obtained from the same live donor in accordance with 

Sam Houston State University Institutional Review Board Guidelines #2015-12-26123. 

Bone samples were harvested from a single body willed to the Applied Anatomical 

Research Center (AARC) at Sam Houston State University in Huntsville, Texas. Bone 

samples (approximately 5 cm x 3 cm) were sanded and chipped into small pieces using a 

Dremel® tool, washed with 10% bleach, diH2O, and 70% ethanol, and powdered using a 

SPEX CertiPrep 6750 Freezer/Mill Cryogenic Grinder.  

A high concentration of each PCR inhibitor was added to the appropriate biological 

sample prior to DNA extraction: hematin (10 µL) was added to blood samples (15 µL) for 

a final inhibitor amount of 17420 ng (in 25 µL volume); melanin was added to the hair 

samples for an inhibitor amount of 750 ng; calcium was added to bone samples for an 

inhibitor amount of 22.5 mM; and humic acid was added to bone samples for an inhibitor 

amount of 3750 ng. The inhibitor amounts chosen are represented in Table 4.1. Hematin, 

melanin, calcium, and humic acid inhibitors were prepared as stated in Elwick et al. [25] 

and all subsequent working solutions were prepared with deionized water.  

Table 4.1 Final Inhibitor amounts spiked in to their respective substrates. 

Sample Substrate Amount Inhibitor Inhibitor Amount 

Blood 15 µL Hematin 17420 ng 

Hair 1 hair (with root) Melanin 750 ng 

Bone 50 mg Calcium 22.5 mM 

Bone 50 mg Humic Acid 3750 ng 
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Three spiked replicates and one control (no inhibitor) of each of the blood and hair 

samples were subjected to four different extraction methods: an organic extraction method 

[26], DNA IQ™ [27-29], PrepFiler® BTA [30], and QIAamp® DNA Investigator [31] all 

following recommended protocols. In addition to the commercial kits, bone samples also 

underwent total demineralization (TD) protocols, using TD1 [32] and TD2 [33], as 

previously described. The extracted DNA was quantified with the Quantifiler® Trio DNA 

Quantification Kit (Thermo Fisher Scientific, Waltham, MA) on a 7500 Real-Time PCR 

System (Thermo Fisher Scientific). 

Capillary Electrophoresis-based STR genotyping 

CE-based STR typing was performed using the GlobalFiler® PCR Amplification 

Kit (Thermo Fisher Scientific) as per the manufacturer’s instructions [34]. All samples 

were amplified using a target of 0.8 ng of DNA. STR genotyping was performed using the 

3500 Genetic Analyzer with a 36 cm capillary array and POP-4 (Thermo Fisher Scientific). 

Data were analyzed using GeneMapper ID-X v. 1.4 and an in-house workbook. Alleles 

were assigned using an analytical threshold of 150 RFUs and a stochastic threshold of 600 

RFUs.  

Ion S5™ Library Preparation and Sequencing 

DNA (1 ng) from blood, hair, and bone samples was amplified using the Precision 

ID DL8 Kit and an early access degradation primer panel (Thermo Fisher Scientific) on 

the Ion Chef™ System. This panel includes 33 STR markers, 1 Y-STR, 1 Y-indel, 

amelogenin, 41 iiSNPs, and 34 Y-SNPs. All 16 samples were sequenced in the same run 

to minimize run-to-run variability. Each DL8 plate amplified 7 samples and one 007 

control DNA sample (Thermo Fisher Scientific). Pooled libraries were quantified using the 
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Ion Library TaqMan® Quantitation Assay (Thermo Fisher Scientific) and diluted to 50 pM 

for templating. Templating and chip loading were conducted using the Ion Chef™ System 

with Ion 530™ semiconductor chips. Four sequencing runs were performed using the Ion 

S5™ System and the Ion S5™ Precision ID Chef and Sequencing Kit (Thermo Fisher 

Scientific). Positive and negative control samples were also sequenced.  

Data analysis was performed using Converge™ 2.0 (Thermo Fisher Scientific) and 

in-house workbooks. STR and SNP allele typing success was calculated as the percentage 

of concordant alleles reported. An arbitrary detection threshold was set at 5X. STR read 

depth was calculated by summing the coverage of all STR loci. STR heterozygote balance 

was calculated by dividing the read depth of the higher coverage STR allele divided by the 

read depth of the lower coverage STR allele so that the value would also indicate which 

allele had a greater read depth. SNP read depth was calculated by summing the coverage 

of all SNP loci. SNP heterozygote balance was calculated by the read depth of the higher 

coverage SNP allele divided by the read depth of the lower coverage SNP allele. Because 

of the number of markers between kits, and cluster density vs loading we cannot make a 

direct comparison between the two platforms. 

MiSeq FGx™ Library Preparation and Sequencing 

The same extracted DNA (1 ng) from blood, hair, and bone samples was amplified 

using the ForenSeq™ DNA Signature Prep Kit (using Primer Mix A) according to the 

manufacturer’s specifications [35]. Sequencing was performed using the MiSeq FGx™ 

system (10 µL pooled libraries were analyzed). Three sequencing runs were performed. 

Positive and negative controls were included in each sequencing run. Data analysis was 

conducted using STRait Razor v2s [36]. The same approach as above was used to calculate 
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STR/SNP allele typing success, STR/SNP read depth, and STR/SNP heterozygote balance 

as described in the previous section. 

Results and Discussion 

To test the efficacy of each extraction method to remove high amounts of common 

inhibitors from samples typically recovered from decomposed human remains (blood, hair, 

and bone) additional amounts of each inhibitor specific to each tissue were added to further 

challenge the performance of each extraction method. For this comparative study, blood 

samples spiked with hematin and hairs (with roots) spiked with melanin were extracted 

using multiple methods (DNA IQ™, DNA Investigator, PrepFiler® BTA, and an organic 

method). In addition, powdered bone samples spiked with either humic acid or calcium 

were extracted using five methods (DNA IQ™, DNA Investigator, PrepFiler® BTA, or 

two different total demineralization protocols).  

Hematin 

Blood samples were spiked with hematin and extracted with four common DNA 

extraction methods. CE-generated STRs resulted in complete profiles for all samples with 

each of the four extraction methods. The APHs ranged from 167108 ± 2120 RFUs (organic 

method) to 247216 ± 31410 RFUs (PrepFiler® BTA) (Table 4.2). The APHRs ranged from 

86% ± 10% (DNA IQ™) to 90% ± 6% (PrepFiler® BTA) (Table 4.2). For the blood 

samples spiked with hematin, no notable difference in the STR metrics was observed 

between the four extraction methods tested. All extraction methods yielded amplifiable 

DNA in blood samples and resultant profiles did not indicate the presence of inhibitors. 

DNA quantitation results showed the internal PCR control (IPC) with a ΔCT < 1 for all 

extraction methods indicating no detectable PCR inhibition and thus efficient DNA 
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purification. These results support data by Hu et al. [37] for the DNA IQ™ system and 

organic extraction methods, who also obtained full DNA profiles for high amounts of 

spiked hematin (532 ng/µL) prior to extraction.  

Table 4.2 Average percent of alleles called, average peak height, and average peak height 

ratios for each DNA extraction method and inhibitor. 

Inhibitor 
Extraction 

Method 

Alleles 

Called 

Average Peak 

Height 

Average Peak 

Height Ratio 

Hematin 

DNA IQ 100 181108 ± 42930 86 ± 10 

DNA 

Investigator 
100 169894 ± 33157 87 ± 8 

PrepFiler 100 247216 ± 31410 90 ± 6 

Organic 100 167108 ± 2120 88 ± 9 

Melanin 

DNA IQ 100 145038 ± 128489 87 ± 8 

DNA 

Investigator 
100 227592 ± 28296 89 ± 8 

PrepFiler 100 242936 ± 24482 91 ± 6 

Organic 100 210590 ± 31075 86 ± 10 

Calcium 

DNA IQ 91 ± 5 58477 ± 10176 69 ± 29 

DNA 

Investigator 
95 ± 3 98008 ± 28532 65 ± 32 

PrepFiler 99 ± 1 107053 ± 33499 69 ± 23 

Total Demin 1 96 ± 6 62758 ± 27409 73 ± 24 

Total Demin 2 96 ± 3 71928 ± 15363 78 ± 20 

Humic Acid 

DNA IQ 91 ± 8 61258 ± 6744 64 ± 6 

DNA 

Investigator 
91 ± 5 85029 ± 8063 62 ± 2 

PrepFiler 97 ± 3 92430 ± 8553 73 ± 5 

Total Demin 1 96 ± 3 56129 ± 15003 72 ± 8 

Total Demin 2 96 ± 3 79586 ± 6046 70 ± 7 
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The same DNA extracts used for CE-based STR genotyping were also sequenced 

on both the Ion S5™ and MiSeq FGx™ systems. For the Ion S5™ System, all but one 

blood sample produced complete STR profiles. When amplifying samples using DL8 

library preparation kits, on occasion individual samples would unexpectedly fail to 

amplify, possibly due to a liquid handling issue on the Ion Chef™. In this particular case, 

the blood organic extraction control completely failed to produce data and was therefore 

excluded from data analysis. The read depth ranged from 74891X ± 4548X (DNA 

Investigator) to 82818X ± 4684X (organic) (Fig. 4.1A). The heterozygote balance ranged 

from 80% ± 12-16% (DNA IQ™ and organic) to 84% ± 12% (PrepFiler® BTA) (Fig. 

4.2A). SNP profiles produced 100% of alleles for all extraction methods. Read depth 

ranged from 133251X ± 2615X (DNA IQ™) to 147079X ± 3404X (organic) for test 

samples (Fig. 4.3A). SNP heterozygote balance ranged from 80% ± 6% (organic) to 85% 

± 3-5% (DNA IQ™ and PrepFiler® BTA) (Fig. 4.4A). Read depth, allele typing success, 

and heterozygote balance were not notably different between extraction methods. 

Therefore, results indicate that the choice of extraction method does not have any negative 

effect on sequencing efficiency due to the quality of the DNA extracts.  

  



 

 

  

1
3
9
 

 

 

 

 

Figure 4.1 STR read depth of A.) blood (spiked with hematin) and hair (spiked with melanin) extracted with three commercial kits and 

an organic method and B.) bone (spiked with humic acid and calcium) extracted with three commercial kits and two total 

demineralization methods, while comparing two sequencing platforms (MiSeq vs. S5). Data presented as average ± SD (N = 3). 
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Figure 4.2 STR heterozygote balance of A.) blood (spiked with hematin) and hair (spiked with melanin) extracted with three commercial 

kits and an organic method and B.) bone (spiked with humic acid and calcium) extracted with three commercial kits and two total 

demineralization methods, while comparing two sequencing platforms (MiSeq vs. S5). Data presented as average ± SD (N = 3). 
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Figure 4.3 SNP read depth of A.) blood (spiked with hematin) and hair (spiked with melanin) extracted with three commercial kits and 

an organic method and B.) bone (spiked with humic acid and calcium) extracted with three commercial kits and two total 

demineralization methods, while comparing two sequencing platforms (MiSeq vs. S5). Data presented as average ± SD (N = 3). 
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Figure 4.4 SNP heterozygote balance of A.) blood (spiked with hematin) and hair (spiked with melanin) extracted with three commercial 

kits and an organic method and B.) bone (spiked with humic acid and calcium) extracted with three commercial kits and two total 

demineralization methods, while comparing two sequencing platforms (MiSeq vs. S5). Data presented as average ± SD (N = 3).  
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For the MiSeq FGx™ platform, all hematin-spiked blood samples produced near 

complete STR profiles with one sample producing 95% of alleles. Read depth ranged from 

39858X ± 27639X (DNA Investigator) to 76945X ± 24290X (organic) (Fig. 4.1A). 

Heterozygote balance ranged from 78% ± 10% (DNA IQ™) to 80% ± 13-18% (PrepFiler® 

BTA and DNA Investigator) (Fig. 4.2A). SNP profiles were also near complete with only 

one replicate producing 99% reportable alleles. Read depth ranged from 32643X ± 4596X 

(DNA IQ™) to 34342X ± 6089X (PrepFiler® BTA) (Fig. 4.3A). SNP heterozygote 

balance ranged from 75% ± 3% (DNA Investigator) to 79% ± 4% (organic) (Fig. 4.4A). 

There was no notable difference between extraction methods using the Illumina sequencing 

platform.  

For hematin spiked blood samples, all CE and sequencing based STRs were 

concordant across all methods. All extraction methods resulted in complete or near 

complete profiles for sequence based STRs on both S5 and MiSeq platforms. Overall, no 

notable differences were observed between extraction methods for hematin-spiked blood 

samples for reportable alleles, read depth, and heterozygote balance. Additionally, both the 

S5 and MiSeq platforms produced comparable results for these samples.  

Melanin 

Hair roots were spiked with melanin and extracted with four common DNA 

extraction methods. Quantitation results showed all IPC ΔCT values < 1.5 indicating little 

or no effect of PCR inhibition. DNA IQ™ samples showed a ΔCT value of 1.40, whereas 

the other methods demonstrated values ≤ 1. CE-generated STRs resulted in complete 

profiles for all samples except one hair sample (possible partial, damaged, or missing root) 

extracted with DNA IQ™, which failed to yield amplifiable amounts of DNA. This sample 
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was excluded from all further analyses. APHs ranged from 210590 ± 31075 RFUs 

(organic) to 242936 ± 24482 RFUs (PrepFiler® BTA) (Table 4.2). APHRs ranged from 

86% ± 10% (organic) to 91% ± 6% (PrepFiler® BTA) (Table 4.2). However, there was no 

notable difference between extraction methods, suggesting that all extraction methods 

produced comparable quality DNA extracts for CE-based STR profiling. These results are 

similar to those of Faber et al. [7] for samples inhibited with high amounts of melanin [7]. 

In contrast, Hu et al. [37] did not observe successful data using an organic extraction 

method with lower amounts of melanin than tested in our study (55 ng compared to 750 

ng). These inconsistent results may be due to differences in organic protocols used in each 

study.  

All hair DNA extracts used for CE-based STR analyses were also sequenced using 

the Ion S5™ and MiSeq FGx™ systems. Hair samples analyzed using the Ion S5™ 

produced complete STR profiles for each extraction method. Read depth ranged from 

65119X ± 2805X (PrepFiler® BTA) to 136395X ± 95709X (organic) (Fig. 4.1A). 

Heterozygote balance ranged from 81% ± 12% (DNA IQ™) to 84% ± 11% (PrepFiler® 

BTA) (Fig. 4.2A). SNPs produced complete profiles for each extraction method. SNP read 

depth ranged from 145220X ± 8671X (PrepFiler® BTA) to 220615X ± 108109X (organic) 

(Fig. 4.3A). Heterozygote balance ranged from 83% ± 1% (DNA Investigator) to 87% ± 

2-7% (DNA IQ™ and organic) (Fig. 4.4A). No notable difference was found between 

extraction methods and all methods produced high quality data. 

When analyzing hair samples with the MiSeq FGx™ sequencing platform, 

complete profiles were generated for each extraction method in this study. STR read depth 

ranged from 93118X ± 19325X (PrepFiler® BTA) to 119233X ± 21615X (DNA 
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Investigator) for test samples (Fig. 4.1A). Heterozygote balance ranged from 75% ± 19% 

(DNA IQ™) to 81% ± 14% (PrepFiler® BTA) (Fig. 4.2A). All samples produced complete 

SNP profiles with melanin-spiked test samples producing a read depth ranging from 

43553X ± 8959X (PrepFiler® BTA) to 114709X ± 43373X (DNA IQ™) (Fig. 4.3A). 

Heterozygote balance ranged from 76% ± 4% (organic) to 82% ± 1% (DNA IQ™) (Fig. 

4.4A). However, no notable differences were observed between extraction methods.  

For melanin-spiked hair samples, all extraction methods resulted in complete 

profiles and similar heterozygote balance for sequence-based STRs and SNPs on both the 

S5 and MiSeq platforms. While Elwick et al. [25] previously reported melanin as a strong 

inhibitor for the MiSeq chemistry but not for the S5 chemistry, extraction methods were 

able to remove enough inhibitor so that neither chemistry was affected in this study. While 

the variation among replicates on the MiSeq was greater than the S5, no notable differences 

were observed between extraction methods for melanin-spiked hair samples for reportable 

alleles, read depth, and heterozygote balance. Moreover, both the S5 and MiSeq platforms 

produced comparable high quality data for these samples.  

Calcium 

Bone samples were spiked with calcium and extracted using five common DNA 

extraction methods. Quantitation results showed IPC ΔCT < 1 for all extraction methods 

confirming no effect due to PCR inhibition. The average percent of STR alleles (by CE) 

reported ranged from 91% ± 5% (DNA IQ™) to 99% ± 1% (PrepFiler® BTA) (Table 4.2). 

APHs ranged from 58477 ± 10176 RFUs (DNA IQ™) to 107053 ± 33499 RFUs 

(PrepFiler® BTA) (Table 4.2). APHRs ranged from 65% ± 32% (DNA Investigator) to 

78% ± 19% (TD2) (Table 4.2). According to a previous study [37], when samples were 
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spiked with calcium chloride (~2-8 µg/µL), the DNA IQ™ system recovered full DNA 

profiles, however, organic extraction recovered <10% of alleles [37]. In this study, DNA 

IQ™ recovered >90% of alleles and organic extraction (TD2) recovered >96% of alleles 

when spiked with high amounts of calcium. This difference may be due to the organic 

protocols used in each study, and that our the TD2 protocol included an extra purification 

step prior to downstream processing. 

Using the S5 platform, bone samples spiked with calcium produced near complete 

sequencing profiles barring one DNA IQ™ and one PrepFiler® BTA replicate, generating 

96% and 97% of alleles, respectively. Read depth ranged from 20017X ± 9094X (TD1) to 

27955X ± 5066X (TD2) (Fig. 4.1B). All control samples produced a read depth higher than 

that of the test samples, suggesting that some residual amount of inhibitor may still be 

present in the test samples. However, because the sample size was small and only one 

control was evaluated for comparison, no definitive conclusions can be made. 

Heterozygote balance ranged from 73% ± 16-18% (PrepFiler®, TD1, TD2, and DNA 

IQ™) to 74% ± 3% (DNA Investigator) (Fig. 4.2B). Calcium-spiked bone samples 

produced near complete SNP profiles for all extraction methods except for one DNA IQ™ 

replicate with a single SNP dropping out (rs2032599). SNP read depth ranged from 

65984X ± 23096X (TD1) to 88501X ± 10861X (TD2) (Fig. 4.3B). Heterozygote balance 

ranged from 81% ± 2% (TD1) to 89% ± 3% (PrepFiler® BTA) (Fig. 4.4B). Overall, no 

notable differences were reported between extraction methods when comparing these STR 

and SNP data.  

Using the MiSeq platform, all calcium-spiked bone samples produced complete 

STR and SNP profiles. Read depth for the STRs ranged from 69542X ± 8049X (DNA 
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IQ™) to 80504X ± 9430X (DNA Investigator) (Fig. 4.1B), and heterozygote balance 

ranged from 73% ± 21% (DNA Investigator) to 77% ± 18% (TD2) (Fig. 4.2B). For SNPs, 

read depth ranged from 58149X ± 3842X (DNA IQ™) to 79252X ± 11510X (PrepFiler® 

BTA) (Fig. 4.3B), and heterozygote balance ranged from 86% ± 11% (DNA IQ™ and 

TD2) to 91% ± 8% (DNA Investigator) (Fig. 4.4B). All extraction methods were effective 

in removing calcium from bone samples.  

For calcium spiked bone samples, all extraction methods resulted in complete 

profiles for the MiSeq platform and near complete profiles using the S5 system for both 

STRs and SNPs. STR and SNP heterozygote balance was similar for both chemistries. 

Elwick et al. [25] previously reported that the Ion Torrent chemistry was most tolerant to 

calcium and the MiSeq chemistry was highly tolerant to calcium. STRs and most SNPs 

were not affected using the MiSeq chemistry, however, only 52 out of 124 SNPs were 

refractory to calcium using the S5 chemistry. In this study, we observed that STRs and 

SNPs were unaffected by calcium using the MiSeq chemistry and S5 chemistries.  

Humic Acid 

Bone samples were spiked with humic acid and extracted using five common DNA 

extraction methods. DNA quantitation results produced IPC ΔCT < 1 for all extraction 

methods indicating there was no detectable PCR inhibition. For samples spiked with humic 

acid, the average percent of alleles reported using the GlobalFiler® PCR Amplification kit 

ranged from 91% ± 5% (DNA Investigator) to 97% ± 3% (PrepFiler® BTA) (Table 4.2). 

APHs ranged from 56129 ± 15003 RFUs (TD1) to 92430 ± 8553 RFUs (PrepFiler® BTA) 

(Table 4.2). APHRs ranged from 66% ± 27% (DNA Investigator) to 73% ± 25% 

(PrepFiler® BTA) (Table 4.2). Hu et al. [37] reported full DNA profiles with high amounts 
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of humic acid (340 ng/µL) when extracted with the DNA IQ™ kit, and no reportable alleles 

were detected when spiked samples were extracted using an organic method [37]. 

However, in our study, near complete profiles (91-96% alleles) were obtained with high 

amounts of humic acid that were extracted using both the DNA IQ™ and organic methods. 

Again, the inconsistency may be due to the difference in organic extraction protocols. 

Bone samples spiked with humic acid produced complete profiles using the Ion 

S5™ platform. Read depth ranged from 27925X ± 3602X (DNA IQ™) to 29266X ± 5995X 

(PrepFiler® BTA) (Fig. 4.1B). Heterozygote balance ranged from 68% ± 21% (DNA 

IQ™) to 74% ± 15-20% (PrepFiler®, TD1, TD2, and DNA Investigator) (Fig. 4.2B). SNP 

profiles were complete with 100% of alleles reported for each extraction method. Read 

depth ranged from 85507X ± 3104X (TD2) to 94239X ± 2211X (DNA IQ™) (Fig. 4.3B). 

SNP heterozygote balance ranged from 82% ± 1% (TD1) to 88% ± 2% (DNA Investigator) 

(Fig. 4.4B). There was no notable difference between extraction methods for the data 

reported for samples spiked with humic acid. 

All bone samples produced near complete STR profiles using the MiSeq platform 

with one replicate producing 62% of alleles. Read depth ranged from 50511X ± 36377X 

(TD1) to 93309X ± 7326X (DNA IQ™) (Fig. 4.1B). STR heterozygote balance ranged 

from 71% ± 23% (DNA Investigator) to 74% ± 19-21% (DNA IQ™ and TD2) (Fig. 4.2B). 

SNP profiles produced 100% of alleles for all samples. Read depth ranged from 49322X ± 

12273X (TD2) to 82497X ± 3775X (PrepFiler® BTA) (Fig. 4.3B). Heterozygote balance 

ranged from 85% ± 13% (DNA Investigator) to 89% ± 9% (TD1) (Fig. 4.4B). There was 

no notable difference between extraction methods with samples that were spiked with 

humic acid and sequenced using the Illumina platform. 
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For humic acid-spiked bone samples, all extraction methods resulted in near 

complete to complete genetic profiles using both the Illumina and S5 platforms. Overall, 

both the S5 and MiSeq systems produced comparable data for these bone samples.  

Conclusions 

The overall results of this study demonstrate that all of the common DNA extraction 

methods tested were effective in removing high amounts of inhibitors from spiked blood, 

hair, and bone tissues. These extraction methods all produced sufficiently pure DNA 

extracts that were equally compatible with both the Precision ID chemistry on the Ion S5™ 

System and the ForenSeq™ DNA Signature Prep Kit on the MiSeq FGx™ system. All 

extraction methods produced quantifiable DNA with little or no PCR inhibition detected, 

indicating that all extraction methods were effective and suitable for preparing samples for 

MPS. Very little dropout was observed for either platform for both STRs and SNPs. The 

results of this study demonstrate that the extraction methods commonly used in most crime 

laboratories are compatible with MPS sequencing chemistries and platforms.  
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CHAPTER V 

Utility of the Ion S5™ and MiSeq FGx™ sequencing platforms to characterize 

challenging human remains1 
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Abstract 

Often in missing persons’ and mass disaster cases the samples remaining for 

analysis typically are hard tissues such as bones, teeth, nails, and hair. These remains may 

have been exposed to harsh environmental conditions such as heat, humidity, fire, UV 

radiation, and microorganisms, which pose challenges for downstream genotyping. The 

harsh conditions may have damaged, degraded, or introduced PCR inhibitors to the DNA 

prior to analysis. Short tandem repeat analysis (STR) via capillary electrophoresis (CE) is 

still the gold standard for DNA typing; however, a newer technology known as massively 

parallel sequencing (MPS) is an alternate method that contributes to higher success for 

human identification (HID) and forensic intelligence purposes. This technology could 

improve upon our current techniques by typing different and more markers in a single 

analysis, and consequently improving the power of discrimination.   

In this study, bone and tooth samples exposed to a variety of DNA insults 

(cremation, embalming, decomposition, thermal degradation, and fire) were assessed and 

sequenced using the Precision ID chemistry and a custom AmpliSeq™ STR and iiSNP 

panel on the Ion S5™ System, and the ForenSeq™ DNA Signature Prep Kit on the MiSeq 

FGx™ system, as well as the GlobalFiler® PCR Amplification Kit on the 3500 Genetic 

Analyzer.  

The results demonstrated that using traditional CE-based genotyping performed as 

expected, producing a partial or full DNA profile for all samples, and that both sequencing 

chemistries and platforms were able to recover sufficient STR and SNP information from 

a majority of the same challenging and degraded human remains. Run metrics including 

profile completeness, mean read depth produced good results with each system, 
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considering the degree of damage of some samples. Most sample insults (except 

decomposed) produced similar numbers of alleles for both MPS systems. Comparable 

markers produced full concordance between the two platforms.  

 

Keywords: Massively parallel sequencing, Ion S5™, MiSeq FGx™, Missing Persons, 

Human remains, Challenged remains 
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Introduction 

Missing persons’ cases, unidentified human remains, and mass disasters are 

problems encountered worldwide [1]. An overwhelming number of migrants and refugees 

have died or gone missing due to their efforts to cross borders or seas [2] or through human 

trafficking [3]. Routinely when identifying human remains in missing persons’ cases, 

skeletal remains (bone, teeth) are the only samples available for DNA analysis [4-9]. 

However, some samples are more challenging to process than others due to their biological 

composition, environmental exposure (humidity, temperature, UV light, and 

microorganisms), DNA damage and/or degradation, the presence of inhibitors, and the 

possibility of contamination or comingled remains [4,7,10,11].  

Currently, amplification of short tandem repeat (STR) loci in tandem with capillary 

electrophoresis (CE) is most commonly used to analyze such remains [10]. STRs are most 

frequently used because of their high discriminatory power. However, these severely 

compromised samples may not have suitable fragment lengths to generate a full CE-based 

STR profiles, decreasing the power of discrimination [12]. Therefore, other methods and 

genetic markers are being explored that may be more amenable to typing challenged 

samples. Single nucleotide polymorphisms (SNPs) using massively parallel sequencing 

(MPS) may be applicable for some degraded samples [4,12]. MPS demonstrates promising 

capabilities such as large sample multiplexing, improved mixture deconvolution, and the 

simultaneous analysis of different types of markers (e.g., identity informative SNPs 

(iiSNPs), ancestry informative SNPs (aiSNPs), STRs, and phenotypic informative SNPs 

(piSNPs) [13-15]. The use of multiple marker systems simultaneously (STRs and SNPs) 

can provide higher powers of discrimination and greater typing success with challenged 
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samples than analyzing solely STRs. Furthermore, MPS can also detect sequence variation 

within the amplicons of these markers, many revealing SNPs within STR repeat regions 

[16] and unreported microvariants [17-19], which were previously undetected using CE 

technology.  

The goal of this study was to evaluate two MPS chemistries and platforms and 

compare their performance with traditional CE-based genotyping using challenged human 

remains that may be encountered in missing persons’ cases. Bone and tooth samples were 

extracted using a total demineralization (TD) protocol [20]. The extracted DNA was 

quantified, STR-typed via CE, and then sequenced using both a custom AmpliSeq™ STR 

and iiSNP panel for degraded remains with Precision ID chemistry on the Ion S5™ system 

and the ForenSeq™ DNA Signature Prep Kit (using Primer Mix A) on the MiSeq FGx™. 

Performance between the two systems was determined by comparing read depth, 

heterozygote balance, and the total number of alleles or percentage of alleles. 

Percentage/number of alleles and the performance of the CODIS loci were compared 

between the three systems (two MPS systems and CE).  

Materials and Methods 

Sample Preparation 

Bone (N = 19) and teeth (N = 5) samples from 14 cadavers were collected from the 

Applied Anatomical Research Center (AARC) at Sam Houston State University in 

Huntsville, Texas. These samples were subjected to a range of insults including cremation, 

embalming, decomposition, thermal degradation, and fire (Table 5.1). The remains were 

cremated in an oven at 900°C for 2.5 hours; embalmed remains were preserved with 30% 

glutaraldehyde for 880 days; teeth were thermally degraded in an oven at 232°C for 45 
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minutes; decomposed remains were surface exposed for 12-18 months; and burned remains 

were ignited with gasoline in a house (mock arson scene) and burned until they self-

extinguished.  

Table 5.1 Sample information including bone type, environmental insult, and donor. 

Cadaver Bone Insult 

1 Top Vertebral Arch Cremated 

2 Femur Embalmed 

3 Femur Burned 

4 Premolar Thermally Degraded 

5 Molar Thermally Degraded 

6 Premolar Thermally Degraded 

7 Premolar Thermally Degraded 

8 Molar Thermally Degraded 

9 

Femur Decomposed 

Humerus Decomposed 

Tibia Decomposed 

10 

Femur Decomposed 

Humerus Decomposed 

Tibia Decomposed 

11 

Femur Burned 

Humerus Burned 

Tibia Burned 

12 

Femur Burned 

Humerus Burned 

Tibia Burned 

13 

Femur Burned 

Humerus Burned 

Tibia Burned 

14 Fibula Burned 

 

Bone sections were cleaned, chipped, and powdered as described in Zeng et al. [21]. 

Teeth were cleaned with a sterile toothbrush using 10% bleach, rinsing with DI H2O, 

brushing with 70% ethanol, and rinsing again with DI H2O. Teeth were individually 

wrapped in large task wipes, lightly crushed with a hammer, and powdered using a SPEX 

CertiPrep 6750 Freezer/Mill Cryogenic Grinder.  
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Three samples of each bone and tooth powders (300 mg) were extracted using a TD 

protocol [20]. Reference buccal swabs were collected before the cadavers were exposed to 

any insults (burning, decomposition, etc.). Reference swabs were then extracted using the 

AutoMate Express™ Forensic DNA Extraction System and PrepFiler Express™ (Thermo 

Fisher Scientific) according to the manufacturer’s protocol [22]. Extracted DNA was 

quantified with Quantifiler® Trio DNA Quantification Kit (Thermo Fisher Scientific, 

Waltham, MA, USA) using a 7500 Real-Time PCR System (Thermo Fisher Scientific) 

according to manufacturer’s instructions [23].  

CE-based STR Analysis  

PCR amplification of STRs was performed using the GlobalFiler® PCR 

Amplification Kit (Thermo Fisher Scientific) on a ProFlex™ 96-well PCR System in 

accordance with the manufacturer’s protocol [24]. DNA target input was 0.8 ng, whereas 

for low template samples (<0.05 ng/µL) the full 15 µL of extract were amplified. 

Separation and detection were performed using a 3500 Genetic Analyzer with POP-4™ 

polymer and a 36 cm capillary array (Thermo Fisher Scientific). Data were analyzed with 

GeneMapper™ ID-X v. 1.4 and an in-house excel workbook. An analytical threshold of 

150 RFUs and a stochastic threshold of 600 RFUs were used to assign allele peaks. Average 

peak height (APH) was calculated by summing the peak heights at each locus of the sample 

replicates and dividing by the number of replicates. Average peak height ratios (APHR) 

were calculated by summing the peak height ratios at each locus for the sample replicates 

and dividing by the number of replicates. If allele or locus dropout occurred, the peak 

height ratio of that locus was given a value of zero. The standard deviation (SD) was 

calculated using the three replicates per sample. 
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Ion S5™ Sequencing 

An automated library preparation method was chosen based on sample volume as 

up to 15 µL of DNA extract can be used with the Precision ID DL8 Kit (Thermo Fisher 

Scientific) on the Ion Chef™ System (Thermo Fisher Scientific), whereas manual library 

preparation is limited to 6 µL of extract. All low template samples (i.e., <0.16 ng/µL) were 

amplified and prepared using the DL8 kit and DNA samples greater than or equal to 0.16 

ng were prepared manually using the Precision ID Library Kit (Thermo Fisher Scientific). 

A custom AmpliSeq™ STR and iiSNP primer panel (Thermo Fisher Scientific), including 

32 STR markers, 1 Y-indel, 2 amelogenin sex markers, 41 iiSNPs, and 34 Y-SNPs, was 

used to amplify the extracted DNA. This panel consists of all STRs from the Precision ID 

GlobalFiler NGS STR Panel v2 and 75 SNPs from the Precision ID Identity Panel (Thermo 

Fisher Scientific). All samples (N = 81) were sequenced in four runs. Two control samples 

(007 control DNA from Thermo Fisher Scientific) and two negative control samples 

(nuclease-free H2O) were amplified with the manual library preparation. One control 

sample (007 control DNA) was amplified with each DL8 IonCode PCR plate. Libraries 

were quantified using the Ion Library TaqMan® Quantitation Assay (Thermo Fisher 

Scientific). Two pools of “high” quantity libraries were diluted to 50 pM, one pool of “mid-

range” quantity libraries was combined neat at ~26 pM, and one pool of “low” quantity 

libraries was combined neat at ~12 pM (Supplemental Table 2). Templating and chip 

loading were performed using the Ion Chef™ System on a 530™ semiconductor chip, and 

sequencing was performed using the Ion S5™ Precision ID Chef and Sequencing Kit with 

the Ion S5™ System (Thermo Fisher Scientific). Data analyses were performed using 

Converge™ 2.0 (Thermo Fisher Scientific) and in-house excel workbooks. For STRs and 
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SNPs, mean read depth was calculated by summing the total usable reads for the sample 

replicates and dividing by the number of replicates. STR and SNP heterozygote balance 

was calculated by averaging the heterozygote balance across sample replicates. Allele and 

locus dropout were treated as was done with CE-based dropout described previously. A 

minimum arbitrary detection threshold of 5X was used for both systems. 

Table 5.2 Ion S5™ sequencing run metrics. Bolded numbers are not within a 

recommended range according to Torrent Suite Software (TSS). 

 

Chip 
No. 

Samples 

Pooling 

Concentration 

% Chip 

Loading 

(40% - 

70%) 

% 

Usable 

Reads 

(>30%) 

% Poly-

clonal 

(20% - 

40%) 

Total 

Reads 

Mean 

Read 

Length 

1 24 50 pM 42% 35% 34% 5279709X 78 bp 

2 33 50 pM 56% 32% 34% 6576081X 112 bp 

3 14 ~26 pM 36% 29% 32% 3748684X 114 bp 

4 28 ~12 pM 37% 28% 30% 3732793X 102 bp 

 

MiSeq FGx™ Sequencing  

Libraries were prepared using the ForenSeq™ DNA Signature Prep Kit (Verogen, 

Inc., San Diego, CA, USA) with Primer Mix A following the manufacturer’s protocol [25]. 

Primer Mix A targets 27 autosomal STRs, 24 Y-STRs, and 7 X-STRs) and 94 iiSNPs. 

Samples with more than 0.2 ng of DNA were normalized to 0.2 ng and samples below 0.2 

ng were used neat (0.01 ng – 0.1 ng) (5 µL maximum input). Normalized sample libraries 

including positive 2800M template control from the ForenSeq™ DNA Signature Prep Kit 

and a negative control (nuclease-free H2O) were pooled in equal volumes according to the 

manufacturer’s protocol [25] (Table 5.3). Sequencing was performed on a MiSeq FGx™ 

(Illumina, San Diego, CA, USA) instrument using the MiSeq FGx™ Reagent Kit 
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(Verogen) and the manufacturer’s protocol [25]. Data analyses were performed using the 

ForenSeq Universal Analysis Software (Verogen), STRait Razor v2s [26], and in-house 

excel workbooks. The same data metrics calculated using the Ion S5 were also calculated 

in the same manner for the MiSeq.  

Table 5.3 MiSeq FGx™ sequencing run metrics. Bolded numbers indicate metrics that are 

not within a recommended range according to ForenSeq™ Universal Analysis Software 

(UAS). 

 

Run 
No. 

Samples 

Cluster 

Density 

(400-1650 

K/mm2) 

Cluster 

Passing 

Filter 

(≥80%) 

Phasing 

(≤0.25%) 

Pre-

phasing 

(≤0.15%) 

Total 

Reads 

1 32 642 93.81% 0.285% - 7740000X 

1 re-run 24 294 97.62% 0.211% - 3620000X 

2 31 1060 90.08% 0.160% 0.032% 12610000X 

3 32 1143 88.08% 0.153% 0.098% 13260000X 

 

Results and Discussion 

Capillary Electrophoresis (CE) 

Reportable Alleles 

The number of reportable alleles was determined by the number of alleles present out of 

the total number of alleles expected. The expected number of alleles was determined by 

the total number of alleles in each panel. Full female profiles produced 44 alleles and full 

male profiles produced 46 alleles. All bone and teeth samples amplified with the 

GlobalFiler™ PCR Amplification Kit produced a STR profile to varying degrees of profile 

completeness. Reportable alleles ranged from 10 ± 3 to complete profiles across the 

samples (Fig. 5.1). The thermally degraded teeth samples produced full profiles. The 

embalmed and cremated samples produced complete and near complete profiles, 

respectively. Mock arson burned samples produced profiles ranging from 27 ± 6 reportable 
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alleles to full profiles. Decomposed skeletal remains produced the most degraded DNA 

profiles, ranging from 10 ± 3 to 32 ± 5.   

 

Figure 5.1 Profile completeness of 24 challenging human remains samples genotyped 

using the GlobalFiler® PCR Amplification Kit. Data presented as average + SD (N = 3).   

 

Peak Height and Peak Height Ratios 

APH across all samples ranged from 5154 ± 1952 relative fluorescence units (RFUs) to 

210578 ± 8846 RFUs (Fig. 5.2). Overall, the pattern observed across the sample types when 

considering the APH was consistent with the trend seen with STR profile completeness. 

The thermally degraded samples produced the highest APHs ranging from 65684 ± 18897 

RFUs to 210578 ± 8846 RFUs, while the decomposed remains produced the lowest APHs 

ranging from 5154 ± 1952 RFUs to 50751 ± 21380 RFUs. 
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Figure 5.2 Average peak height of 24 challenging human remains samples genotyped 

using the GlobalFiler® PCR Amplification Kit. Data presented as average + SD (N = 3). 

 

APHRs showed a similar trend to both profile completeness and APH, decreasing 

from thermally degraded to decomposed samples. APHRs ranged from 8% ± 25% to 87% 

± 11% across all samples, with just below half (46%) of the samples showing APHRs 

below 70% (Fig. 5.3). The thermally degraded teeth ranged from 71% ± 19% to 87% ± 

11% while the decomposed remains produced the least balanced profiles ranging from 8% 

± 25% to 44% ± 42% APHRs. 
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Figure 5.3 Average peak height ratios of 24 challenging human remains samples 

genotyped using the GlobalFiler® PCR Amplification Kit. Data presented as average ± SD 

(N = 3). The red line denotes 70% APHR threshold. Shading was included to more easily 

differentiate between sample insults. 

 

Allelic Dropout 

Allele dropout was determined by summing the number of alleles that dropped out at each 

locus across all samples. Allelic dropout was determined by comparison to a reference 

sample. No allelic dropout was observed with the thermally degraded (five samples) and 

embalmed samples (one sample), the cremated sample (one sample) produced one dropout 

event at the DYS391 locus. The burned samples (eleven samples) produced 153 instances 

of allele dropout, and the decomposed samples (six samples) resulted in the highest amount 

of allele dropout with 396 occurrences. As expected, the number of allelic dropout events 

increased as the size of the locus increased. Alleles at the loci D16S539, D7S820, FGA, 

CSF1PO, D18S51, TPOX, and SE33 experienced the most allelic dropout (Fig. 5.4), which 

has been observed in several other studies [27-29]. Alleles at the SE33 locus dropped out 
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most often with 62 occurrences overall. In contrast, only one instance of allelic dropout 

occurred at the Y INDEL and D22S1045 loci. 

 

Figure 5.4 Number of allelic dropout events for each sample insult using the GlobalFiler® 

PCR Amplification Kit. Loci are arranged from smallest (~90 bp) to largest (~380 bp) 

fragment size. 

 

Massively Parallel Sequencing (MPS) 

In this study, STR and SNP typing success was assessed via the number of 

reportable alleles, read depth, and heterozygote balance. Between the two platforms, all 

comparable results were concordant. 

Reportable Alleles 

The number of STR and SNP reportable alleles was calculated in the same manner 

as CE-based STRs. For the Ion S5™ system, full female STR profiles resulted in 64 alleles 

and SNP profiles produced 82 alleles. Full male STR profiles resulted in 67 alleles, and 

SNP profiles produced 75 alleles. For the MiSeq, full female STR profiles resulted in 70 
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alleles, full male STR profiles resulted in 88 alleles, and SNP profiles produced 188 alleles 

for both sexes. All Ion S5™ samples sequenced produced reportable alleles ranging from 

one allele to full profiles. However, using the MiSeq, two samples (one decomposed and 

one thermally degraded) produced no DNA profile. The decomposed sample that produced 

no profile with the MiSeq produced one allele with the Ion S5™. In contrast, the thermally 

degraded sample that produced no profile with the MiSeq resulted in 98% of alleles using 

the Ion S5™. Metrics are described for each sequencing run using the Ion S5™ (Table 5.2) 

and the MiSeq FGx™ (Table 5.3).  

Using the Ion S5™, STR profiles ranged from 1 ± 1 allele to full profiles (Fig. 

5.5A). All samples except decomposed remains produced >90% of alleles. Only three 

profiles produced below 50% of reportable alleles, all of which were decomposed skeletal 

remains. Reportable alleles for decomposed remains ranged from 1 ± 1 to 62 ± 3. For SNPs, 

the Ion S5™ produced profiles ranging from 61 ± 55 alleles to full profiles (Fig. 5.5A). 

Similar to STRs, all samples except decomposed skeletal samples produced >90% of 

alleles. Decomposed remains resulted in profiles ranging from 47 ± 42 to 116 ± 0 alleles 

(Fig. 5.5A). 

Using the MiSeq, STR profiles ranged from 0 alleles to complete profiles (Fig. 

5.5B). Most thermally degraded, embalmed, and burned samples produced near complete 

or complete profiles. However, four samples (two burned and two thermally degraded) 

produced profiles <75%. Decomposed remains demonstrated the highest level of 

degradation (degradation index (DI) values from 1.6 to 18.5 and IPC ΔCT values less than 

1) with the number of reportable alleles ranging from 0 to 15 ± 14 alleles. SNPs showed a 

similar pattern to STRs with reportable alleles ranging from 0 alleles to full profiles (Fig. 
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5.5B). Like STRs, embalmed, and burned samples showed near complete or complete 

profiles. In contrast to STRs, all but one thermally degraded sample produced profiles 

≤75%. The cremated sample produced similar results for SNPs and STRs showing ~70% 

of reportable alleles. The number of reportable alleles for decomposed skeletal samples 

ranged from 0 to 20 ± 16 alleles, demonstrating the most degradation as described above 

(Fig. 5.5B). 
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Figure 5.5 Profile completeness (number of alleles) of STRs and SNPs sequenced using the A.) Ion S5™ and B.) MiSeq FGx™ systems 

for 24 challenged human remains samples. Data presented as average + SD (N = 3). Dotted red line denotes the maximum number of 

male STRs and SNPs for each sequencing platform. Minimum detection threshold of 5X coverage. 
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Overall, both sequencing platforms produced quality data for the types of 

challenged remains analyzed. On the Ion S5™ the SNPs demonstrated higher profile 

completeness than that of STRs, producing ~10% more alleles than STRs overall (~93% ± 

29% vs ~84% ± 16%). The severely compromised decomposed remains were especially 

difficult to analyze. However, with Precision ID DL8 library preparation 15 µL of low 

quantity sample were used increasing the DNA input amount compared to manual library 

preparation (6 L). Therefore, the Precision ID DL8 library preparation on the Ion Chef 

was more flexible than manual library preparation when amplifying low template samples. 

In this study, there was a correlation observed between DNA input and percentage of 

reportable alleles (p < 0.05) (Fig. 5.6A).  

For most MiSeq samples, profile completeness between STRs and SNPs was 

comparable. In general, slightly more STR alleles were produced than SNPs (~66% ± 44% 

vs ~63% ± 44%). However, there were a few samples that demonstrated a >20% increase 

in STR profile completeness compared to SNPs. With MiSeq chemistry, only 5 µL of low 

template sample could be amplified resulting in a lower number of alleles being genotyped 

for compromised samples. Sample concentration would likely improve these results; DNA 

input versus profile completeness demonstrated a correlation in this study (p < 0.05) (Fig. 

5.6B). 
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Figure 5.6 DNA input vs. reported alleles (%) of the A.) Ion S5™ using the Precision ID chemistry and custom AmpliSeq™ panel and 

B.) MiSeq FGx™ and the ForenSeq™ DNA Signature Prep Kit with Primer Mix A. 
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CE-based STRs produced more alleles than the Ion S5™ for 2 out of 24 samples 

and for 8 out of 24 samples when using the MiSeq (Fig. 5.7). For the less compromised 

remains (embalmed, cremated, and thermally degraded), all methods (CE and MPS) were 

comparable based on the common loci among the three systems. However, for the severely 

degraded remains (decomposed), the systems demonstrated variable results. In general, 

many of the burned remains were comparable for the three systems, but CE results were 

slightly lower. For the decomposed remains, CE results showed a lower profile 

completeness for most of the samples than the Ion S5™, but for 2 samples, CE produced 

results when the other two systems did not (Fig. 5.7). It is possible that these decomposed 

samples contained PCR inhibitors, affecting the MPS chemistries when maximum volume 

(15 µL) was amplified. Although the common loci of CE-based STRs are comparable to 

the MPS results, except for decomposed remains, MPS panels provided more information 

because they contain more markers (35 STR markers for the Ion S5™ and 58 STRs for the 

MiSeq vs 24 STRs in GlobalFiler®, and many SNPs). Although, 2 decomposed samples 

produced almost no results for MPS, CE-based typing was able to recover >30% of alleles 

(Fig. 5.7). 
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Figure 5.7 Profile completeness across 24 challenging human remains assessed with the 

GlobalFiler® PCR Amplification Kit using capillary electrophoresis, Precision ID 

chemistry and a custom AmpliSeq™ panel on the Ion S5™, and the ForenSeq™ DNA 

Signature Prep Kit on the MiSeq FGx™. Data presented as average + SD (N = 3). 

 

The success of typing 20 core CODIS loci was compared among the three platforms 

(CE, Ion S5™, and MiSeq). CE-generated STRs produced alleles ranging from 8 ± 3 to 40 

(full profiles), with all but 3 samples yielding >50% of alleles. Of the 24 samples processed, 

half produced a full profile for the 20 CODIS loci (Fig. 5.8). Samples sequenced using the 

Ion S5™ system generated profiles ranging from 0 to 40 alleles, with all but three samples 

producing >50% of alleles. Two of the three samples producing <50% alleles generated no 

profile (both decomposed samples). CE-generated data produced 5 profiles more complete 

than the Ion S5™ using the CODIS loci (Fig. 5.8). Using the MiSeq system, profiles ranged 

from 0 to 40 alleles, with 16/24 producing >50% of alleles. Similar to the Ion S5™, only 

two samples failed to produce any alleles (one decomposed and one thermally degraded). 

However, 11/24 CE-generated profiles showed more alleles for the CODIS loci. (Fig. 5.8). 

CE results demonstrated 14/24 samples (Ion S5™) and 19/24 samples (MiSeq) with equal 
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or greater profile completeness than the MPS systems. Additionally, 12/24 samples 

produced a full profile for all 3 platforms evaluated (Fig. 5.8).  

 

Figure 5.8 Profile completeness (number of alleles) of the 20 core CODIS STRs using CE, 

the Ion S5™, and the MiSeq FGx™ systems for 24 challenging human remains samples. 

Data presented as average + SD (N = 3). 

 

Read Depth 

Using the Ion S5™, mean read depth of STRs ranged from 19X ± 22X to 53648X 

± 7873X, averaging ~17350X across all samples (Fig. 5.9A). The embalmed samples 

produced the highest mean read depth (53648X ± 7873X), thermally degraded and burned 

samples produced similar mean read depths, while the decomposed samples produced the 

lowest values (19X ± 22X to 7410X ± 6563X) (Fig 5.9A). For SNPs, mean read depth 

ranged from 2848X ± 2378X to 164801X ± 156816X, averaging ~74050X across all 

samples (Fig. 5.9A). Embalmed and cremated samples produced mean read depths 

>100000X, 162982X ± 23594X and 100850X ± 24823X, respectively, and decomposed 

samples produced the lowest mean read depths ranging from 2848X ± 2378X to 84588X 

± 27600X (Fig. 5.9A).  
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For the MiSeq, mean read depth ranged from 0X to 202013X ± 23779X for STRs 

(Fig. 5.9B). Burned samples produced the highest read depth (3402X ± 2919X to 202013X 

to 23779X), with the decomposed remains ranging from 0X to 234X ± 298X with the 

lowest read depth (Fig. 5.9B). For SNPs, mean read depth ranged from 0X to 120061X ± 

2690X (Fig. 5.9B). SNP mean read depth demonstrated a similar pattern to that of STRs 

with burned samples producing the highest read depth (2141X ± 1697X to 120061X  

2690X), followed by the remaining sample insults and 0X to 109X ± 89X for decomposed 

samples (Fig. 5.9B).  

In general, both platforms performed well and produced high sample read depth. 

Overall, Ion S5™ SNPs produced higher read depth than STRs (74050X vs 17344X) for 

every sample. Both STRs and SNPs demonstrated proportional read depth across all 

samples types. The MiSeq STRs produced higher mean read depths than SNPs (70568X 

vs 31184X) for most samples. Only two samples produced higher mean read depth for 

SNPs than STRs, both decomposed remains. The MiSeq showed a large increase in mean 

read depth for burned samples and one thermally degraded sample for both STRs and 

SNPs. All other samples produced very low read depth compared to the burned samples, 

which may be due to run variability or a lower ability to type such samples.
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Figure 5.9 Mean read depth of STRs and SNPs sequencing using the A.) Ion S5™ and B.) MiSeq FGx™ for 24 challenging human 

remains samples. Data presented as average ± SD (triplicate). Minus error bars represent STR data and plus error bars represent SNP 

data. SNP mean read depth is determined by subtracting STR mean read depth. 

 



180 

 

  

Heterozygote Balance 

Due to severe allelic imbalance (dropout) reads with less than 5X coverage were 

treated as dropout alleles resulting in a heterozygote balance of 0%. STRs produced using 

both platforms and SNPs produced on the MiSeq system resulted in multiple samples 

unable to calculate heterozygote balance. Using the Ion S5™ system STR heterozygote 

balance calculations could not be calculated for two samples (both decomposed) due to 

severe allelic dropout. However, all SNP samples on the Ion S5™ generated data that could 

be used for heterozygote balance calculations. For the MiSeq, five samples (one thermally 

degraded and four decomposed samples) demonstrated substantial allele dropout and 

heterozygote balance could not be calculated.  

For Ion S5™ STRs, heterozygote balance ranged from 0% to 81% ± 14%, 

averaging ~65% across all samples (Fig. 5.10A). However, most samples generated a 

heterozygote balance >70%. Out of 24 samples, 8 samples produced <70% heterozygote 

balance: two burned samples, and all decomposed samples. Thermally degraded teeth 

samples produced the highest heterozygote balance ranging from 76% ± 21% to 81% ± 

14%. Embalmed and cremated samples produced comparable heterozygote balance of 77% 

± 14% and 74% ± 19%, respectively. Burned samples resulted in heterozygote balance 

values ranging from 55% ± 25% to 77% ± 13-17%, and decomposed remains produced the 

least balanced profiles ranging from 0% to 67% ± 21% (Fig. 5.10A). With Ion S5™ SNPs, 

heterozygote balance ranged from 32% ± 30% to 86% ± 2-4%, averaging ~79% across all 

samples (Fig. 5.10A). All but two samples (both decomposed) generated an average 

heterozygote balance >70%. Similar to STRs, thermally degraded samples produced the 

highest average heterozygote balance (83% ± 1% to 86% ± 4%), with the lowest 
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heterozygote balances resulting from decomposed human remains, ranging from 32% ± 

30% to 85% ± 1% (Fig. 5.10A).  

Heterozygote balance for STRs on the MiSeq ranged from 0% to 82% ± 11% (Fig. 

5.10B), averaging ~50% across all samples. Similar to profile completeness and read depth, 

burned samples generated the highest heterozygote balance ranging from 51% ± 40% to 

82%  11%, while thermally degraded, embalmed, and cremated remains produced 

comparable heterozygote balances. Decomposed remains resulted in the lowest 

heterozygote balances ranging between 0% to 6% ± 22% (Fig. 5.10B). For SNPs, 

heterozygote balance ranged from 0% to 88% ± 10%, averaging ~51% across all samples 

(Fig. 5.10B). Analogous to STRs, SNPs demonstrated a similar trend with heterozygote 

balance (Fig. 5.10B).  

In general, for the Ion S5™, the majority of samples showed average heterozygote 

balances of >70%. Heterozygote balance averaged ~15% higher for SNPs than STRs. SNPs 

also demonstrated fewer samples with a heterozygote balance <70% compared with STRs 

(2 vs 8 samples). All samples except decomposed remains resulted in good heterozygote 

balance for SNPs. Overall, when sequenced on the MiSeq, just under half of the STR and 

SNP profiles demonstrated heterozygote balances <70%. For both STRs and SNPS, the 

burned samples demonstrated good heterozygous balance, while decomposed samples 

consistently demonstrated poor balance (<10%), and variability in all other samples.  
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Figure 5.10 Heterozygote balance of STRs and SNPs sequenced using the A.) Ion S5™ and B.) MiSeq FGx™ for 24 challenging human 

remains samples. Data presented as average ± SD (N = 3). Minus error bars represent the STR data and plus error bars represent the 

SNP data. 
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Conclusions 

Overall, MPS generated genetic data from challenged samples and provided more 

genetic data in 22 samples compared with the CE-based kit. Furthermore, a greater number 

of alleles will translate in greater power of discrimination. Although CE produced a usable 

DNA profile for identification purposes, based only on the 20 CODIS core loci for some 

more difficult samples, the greater number of loci included in MPS multiplexes allowed 

for more genetic information to be obtained from most samples barring the decomposed 

remains. Results suggest that MPS may recover more probative information from most 

samples, but CE-based methods were more robust for identifying skeletal samples. CE 

chemistry has been substantially developed over the past 25 years, while MPS kits for 

forensic applications have been around for less than five years. However, improvement in 

MPS panel design and chemistries could enhance performance. 
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CHAPTER VI 

Conclusions 

Missing persons’ cases, migrant deaths, mass disasters, and mass graves due to 

military conflicts or natural disasters are problems faced worldwide. Recovery of these 

remains requires a sizable effort from law enforcement, forensic scientists, and specialty 

recovery teams. When remains are recovered or a MFI occurs it is of the utmost importance 

to identify and repatriate the remains to the deceased’s loved ones. The condition of the 

human remains may range from pristine to highly decomposed, skeletonized, or burnt 

causing the DNA in those tissues to be damaged, degraded, and/or inhibited from the 

environment/climate (temperature, humidity), the physical impact of the incident, or 

preservatives used. Common PCR inhibitors include those naturally found in tissues such 

as hematin, melanin, collagen, and calcium, as well as those found in the environment such 

as humic acid in soil. STRs are currently the gold standard in the recovery of a DNA profile, 

but there are some pitfalls to using STRs such as limited available space per dye channel 

and the limited number of samples that can be processed at one time. Because massively 

parallel sequencing has many advantages and can improve on CE technologies, it may be 

a suitable replacement in the future for various forensic applications, including human 

identification. MPS has the ability to improve powers of discrimination because of the 

simultaneous analysis of marker systems (STRs, iiSNPs, aiSNPs, microhaplotypes, 

mtDNA, etc.), increase throughput and sample information, deconvolute mixtures, and has 

many other applications. However, MPS platforms and chemistries have not been 

thoroughly evaluated and optimized compared to standard CE chemistries over the last 25 
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years, and little data has been published to demonstrate the compatibilities of MPS with 

commonly employed sample preparation chemistries.   

Prior to the rapid onset of MPS, CE-based megaplex STR kits were designed in an 

effort to increase the number of markers in a kit and power of discrimination for 

identification. In addition, STR kits have been continually improved over the last 30 years 

to be more sensitive, tolerant to inhibitors, and more robust in general. CODIS also 

increased the number of core loci from 13 to 20 making it pertinent that STR kits be 

upgraded. Two kits (GlobalFiler® PCR Amplification and Investigator® 24plex QS kits) 

were evaluated in this study for sensitivity and tolerance to PCR inhibitors (five 

concentrations of five inhibitors). The GlobalFiler® kit appeared to be more sensitive than 

the Investigator® kit generating more complete STR profiles down to 7.8 pg and 

demonstrating higher peak heights and peak height ratios across the entire sample range. 

However, the Investigator® kit appeared to be more tolerant to PCR inhibitors than 

GlobalFiler®, indicating a higher number of reportable alleles, more balanced profiles, and 

less dropout at two DNA input concentrations (1 ng and 0.1 ng). In general, the number of 

reportable alleles decreased as the inhibitor concentrations increased. However, both CE 

chemistries were determined to be comparable in performance for traditional analysis of 

DNA. 

Because MPS is a newer technology than CE, the chemistries have not benefited 

from the same level of refinement as CE-based products, and therefore optimization of 

assays for sequencing difficult samples such as low level, inhibited, and/or degraded 

samples for forensic purposes is warranted. The two most common forensic sequencing 

platforms available at the time of this study (Ion™ PGM and MiSeq FGx™) and their 
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complementary identification assay (Ion AmpliSeq™ Identity Panel and Primer Mix A 

from the ForenSeq™ DNA Signature Prep Kit) were evaluated for tolerance to PCR 

inhibitors prior to extraction. To evaluate these two chemistries and platforms, inhibitor 

concentrations from the STR megaplex evaluation were used as a starting point and then 

modified with each run to determine the limits of tolerance for the MPS systems. The Ion 

AmpliSeq™ chemistry and ID panel demonstrated fair tolerance to collagen and calcium 

inhibitors, but showed high susceptibility to humic acid and hematin. In general, mean read 

depth and heterozygote balance for SNPs decreased as the inhibitor concentration 

increased. The ForenSeq™ kit using Primer Mix A demonstrated that STR/SNP success 

and heterozygote balance was extremely tolerant to hematin and calcium but was greatly 

affected by melanin. Sample success was not affected by humic acid and collagen until 

higher inhibitor concentrations were introduced. Between the two platforms, the 

AmpliSeq™ chemistry was more tolerant to melanin than the ForenSeq™ chemistry, and 

the ForenSeq™ chemistry was highly tolerant to hematin, whereas the AmpliSeq™ 

chemistry was severely affected. The ForenSeq™ chemistry was determined to be more 

tolerant overall to inhibitors than the AmpliSeq™ chemistry. PCR or sequencing error 

(noise) was also assessed, and it appeared that noise was not affected by the presence of 

inhibitors; however, the percentage of noise increased as a result of decreasing locus 

coverage. Noise was also more prominent when sequencing STRs than SNPs. For humic 

acid, melanin, and hematin, CE-based inhibitor concentrations were too concentrated to 

provide any sequencing data. Therefore, for humic acid, concentrations were decreased for 

testing the MPS systems from 50 ng/µL – 250 ng/µL to 5 ng/µL – 25 ng/µL; for melanin, 

concentrations were decreased from 25 ng/µL – 50 ng/µL to 4 ng/µL – 12 ng/µL; and for 
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hematin, concentrations were decreased from 300 µM – 1100 µM to 1 µM – 10 µM. 

However, for collagen and calcium, inhibitor concentrations were increased for defining 

the limits of tolerance for MPS because even the highest CE inhibitor concentrations were 

producing full profiles when sequenced with MPS. Consequently, collagen concentrations 

were increased from 50 ng/µL – 160 ng/µL to 180 ng/µL – 400 ng/µL and calcium 

concentrations were increased from 250 µM – 850 µM to 350 µM – 1100 µM. Overall, the 

comparative inhibitor tolerance for the two MPS sequencing chemistries and platforms 

used for forensics applications was reported.  

Further investigation was required to determine if three commercial DNA 

extraction kits and two total demineralization extraction and purification protocols were 

equally compatible with CE and two MPS sequencing chemistries (Precision ID custom 

AmpliSeq™ STR and iiSNP panel and ForenSeq™ DNA Signature Prep Kit Primer Mix 

A) and platforms (Ion S5™ System and MiSeq FGx™). It was also necessary to establish 

whether these commonly used extraction and purification chemistries could efficiently 

remove high amounts of PCR inhibitors from human remains samples prior to MPS. Any 

negative effects on sequencing could suggest that extraction kits widely used within 

forensic laboratories may be unsuitable for use prior to downstream sequencing. However, 

as expected, all extraction methods were deemed suitable for removing high concentrations 

of PCR inhibitors and producing clean DNA extracts when coupled with CE-based STR 

typing. Results demonstrated profiles with >90% of alleles and very few samples with peak 

height ratios <70%. In addition, MPS results demonstrated good mean read depth and 

heterozygote balance for all samples when extracted with each extraction protocol. Overall, 

all extraction protocols were effective at removing PCR inhibitors from human remains, 
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producing high quality DNA profiles via MPS. Because these extraction protocols showed 

no negative effects on downstream sequencing, most commercial and total 

demineralization extraction methods should be considered equally compatible with both 

MPS systems.  

After defining the inhibitor tolerance and establishing the compatibility of common 

DNA extraction methods with both MPS systems, we then evaluated the comparative 

performance of both MPS platforms to identify challenging human remains. Human 

remains (bones and teeth) that have been burned, embalmed, cremated, decomposed, and 

thermally degraded were assessed with traditional CE methods and both MPS technologies. 

CE results showed that thermally degraded, embalmed, and cremated samples produced 

the best results (reportable alleles, peak height, and peak height ratios), while burned and 

decomposed remains generated less complete profiles. The MPS results demonstrated that 

the Ion S5™ system produced more complete profiles, higher heterozygote balance, and 

similar mean read depth when compared with the same samples sequenced using the MiSeq 

FGx™ system. Similar to the CE results, decomposed remains proved to be the most 

difficult samples to sequence, particularly for the MiSeq FGx™ system. However, the 

ForenSeq™ primer panel has more STRs and SNPs than the custom AmpliSeq ™ primer 

panel, so the powers of discrimination may be similar for some samples. Overall, 

challenging samples still pose a problem for DNA analysis, particularly highly 

decomposed human remains. Every sample processed using CE produced at least a partial 

DNA profile, while not all samples sequenced via MPS produced a genetic profile. 

However, MPS panels include more markers than with CE STR kits. Utilizing the two MPS 

chemistries, between ~65 and ~190 STR and SNP markers were evaluated compared to 24 
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possible STR loci used in CE. Because more markers can be interrogated with MPS, there 

is a high likelihood that even when the proportion of loci/alleles successfully amplified is 

less than CE, the powers of discrimination may still be higher with the MPS systems.  

In summary, the two most common MPS platforms marketed for forensic 

applications have been evaluated in their abilities to analyze challenging and inhibited 

samples such as may be encountered in missing persons’ cases. Because these MPS 

chemistries and platforms are still relatively new compared to CE workflows, they are not 

yet fully optimized for the analysis of challenging human remains, and few studies have 

been published that explore the limits of their performance. MPS systems will continue to 

be modified, improved, and expanded to provide the scientific community with better 

performance. The fields of human identification and forensic intelligence will greatly 

benefit from these future developments. 
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The average SNP loci coverage (Ion AmpliseqTM Library Kit and ID panel) of a 1 ng DNA 

sample spiked with five concentrations of five PCR inhibitors. Concentration 0 means no 

inhibitor added. The inhibitor concentrations are listed in Table 3.1. Data presented as 

average ± standard deviation (N = 3).  

 

Appendix 3.2 

 

The average STR loci coverage (ForenSeqTM DNA Signature Prep Kit) of a 1 ng DNA 

sample spiked with five concentrations of five PCR inhibitors. Concentration 0 means no 

inhibitor added. The inhibitor concentrations were listed in Table 3.1. Data presented as 

average ± standard deviation (N = 3).  

 

Appendix 3.3 
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The average SNP loci coverage (ForenSeqTM DNA Signature Prep Kit) of a 1 ng DNA 

sample spiked with five concentrations of five PCR inhibitors. Concentration 0 means no 

inhibitor added. The inhibitor concentrations were listed in Table 3.1. Data presented as 

average ± standard deviation (N = 3).  

 

Appendix 3.4 

 

The heatmap of alleles typed at each SNP locus with five concentrations of melanin (Ion 

AmpliseqTM Library Kit and ID panel).  

  

 

Appendix 3.5 

 

The heatmap of alleles typed at each STR locus with five concentrations of melanin 

(ForenSeqTM DNA Signature Prep Kit).  
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Appendix 3.6 

 

The heatmap of alleles typed at each SNP locus with five concentrations of melanin 

(ForenSeqTM DNA Signature Prep Kit).  

 

Appendix 3.7 

 

The heatmap of alleles typed at each SNP locus with five concentrations of hematin (Ion 

AmpliseqTM Library Kit and ID panel).  
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Appendix 3.8 

 

The heatmap of alleles typed at each STR locus with five concentrations of hematin 

(ForenSeqTM DNA Signature Prep Kit).  

 

Appendix 3.9 

 

The heatmap of alleles typed at each SNP locus with five concentrations of hematin 

(ForenSeqTM DNA Signature Prep Kit).  
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Appendix 3.10 

 

The heatmap of alleles typed at each SNP locus with five concentrations of collagen (Ion 

AmpliseqTM Library Kit and ID panel).  

 

Appendix 3.11 

 

The heatmap of alleles typed at each STR locus with five concentrations of collagen 

(ForenSeqTM DNA Signature Prep Kit).  

 



228 

 

  

Appendix 3.12 

 

The heatmap of alleles typed at each SNP locus with five concentrations of collagen 

(ForenSeqTM DNA Signature Prep Kit).  

 

Appendix 3.13 

 

The heatmap of alleles typed at each SNP locus with five concentrations of calcium (Ion 

AmpliseqTM Library Kit and ID panel).  
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Appendix 3.14 

 

The heatmap of alleles typed at each STR locus with five concentrations of calcium 

(ForenSeqTM DNA Signature Prep Kit).  

 

Appendix 3.15 

 

The heatmap of alleles typed at each SNP locus with five concentrations of calcium (ForenSeqTM 

DNA Signature Prep Kit).  
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Appendix 3.16 

 

The noise percentages of SNPs (Ion AmpliseqTM Library Kit and ID panel) of reference 

samples and DNA samples spiked with five concentrations of melanin. X axis is locus 

coverage, Y axis is noise percentage.  

 

Appendix 3.17 

 

The noise percentages of SNPs (Ion AmpliseqTM Library Kit and ID panel) of reference 

samples and DNA samples spiked with five concentrations of hematin. X axis is locus 

coverage, Y axis is noise percentage.  
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Appendix 3.18 

 

The noise percentages of SNPs (Ion AmpliseqTM Library Kit and ID panel) of reference 

samples and DNA samples spiked with five concentrations of collagen. X axis is locus 

coverage, Y axis is noise percentage.  

 

Appendix 3.19 

 

The noise percentages of SNPs (Ion AmpliseqTM Library Kit and ID panel) of reference 

samples and DNA samples spiked with five concentrations of calcium. X axis is locus 

coverage, Y axis is noise percentage.  
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Appendix 3.20 

 

The noise percentages of STRs (ForenSeqTM DNA Signature Prep Kit) of reference 

samples and DNA samples spiked with five concentrations of humic acid. X axis is locus 

coverage, Y axis is noise percentage.  

 

Appendix 3.21 

 

The noise percentages of STRs (ForenSeqTM DNA Signature Prep Kit) of reference 

samples and DNA samples spiked with five concentrations of melanin. X axis is locus 

coverage, Y axis is noise percentage. 

 



233 

 

  

Appendix 3.22 

 

The noise percentages of STRs (ForenSeqTM DNA Signature Prep Kit) of reference 

samples and DNA samples spiked with five concentrations of hematin. X axis is locus 

coverage, Y axis is noise percentage.  

 

Appendix 3.23 

 

The noise percentages of STRs (ForenSeqTM DNA Signature Prep Kit) of reference 

samples and DNA samples spiked with five concentrations of collagen. X axis is locus 

coverage, Y axis is noise percentage.  
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Appendix 3.24 

 

The noise percentages of STRs (ForenSeqTM DNA Signature Prep Kit) of reference 

samples and DNA samples spiked with five concentrations of calcium. X axis is locus 

coverage, Y axis is noise percentage.  

 

Appendix 3.25 

 

The noise percentages of SNPs (ForenSeqTM DNA Signature Prep Kit) of reference 

samples and DNA samples spiked with five concentrations of humic acid. X axis is locus 

coverage, Y axis is noise percentage.  
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Appendix 3.26 

 

The noise percentages of SNPs (ForenSeqTM DNA Signature Prep Kit) of reference 

samples and DNA samples spiked with five concentrations of melanin. X axis is locus 

coverage, Y axis is noise percentage.  

 

Appendix 3.27 

 

The noise percentages of SNPs (ForenSeqTM DNA Signature Prep Kit) of reference 

samples and DNA samples spiked with five concentrations of hematin. X axis is locus 

coverage, Y axis is noise percentage. 
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Appendix 3.28 

 

The noise percentages of SNPs (ForenSeqTM DNA Signature Prep Kit) of reference 

samples and DNA samples spiked with five concentrations of collagen. X axis is locus 

coverage, Y axis is noise percentage.  

 

Appendix 3.29 

 

The noise percentages of SNPs (ForenSeqTM DNA Signature Prep Kit) of reference 

samples and DNA samples spiked with five concentrations of calcium. X axis is locus 

coverage, Y axis is noise percentage.  
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Fluorometer, 2100 Bioanalyzer, Rotor-Gene Q 

PCR Amplification Protocols 

• GlobalFiler, Investigator 24plex QS, YFiler, PowerPlex Fusion 

PCR Instrumentation 

• GeneAmp 9700, Veriti, ProFlex 

General Robots 

• QIAgility 

STR Genotyping Instrumentation 

• 3500 Genetic Analyzer, 3130 Genetic Analyzer 

Sequencing Protocols  

• Chemistry: Ion AmpliSeq chemistry, Precision ID chemistry, ForenSeq DNA 

Signature Prep kit, NEBNext Fast DNA Fragmentation & Library Prep for Ion 

Torrent, Ion AmpliSeq and Precision ID DL8 Library Prep 

• Primer panels: Identity panel, Early Access Beta-testing Degradation panel, Early 

Access Mixture ID panel, Early Access Mito panel 

Sequencing Instrumentation 

• Ion Chef System, Ion PGM System, Ion S5 System, MiSeq FGx 

Software 

• GeneMapper and GeneMapper ID-X, Converge 2.0  

Computer Applications 

•Linux, Windows, and Unix experience 

o SAMtools, VCFtools, Structure, R and R Studio, Statistica, STRait 

Razor, PGD Spider, Arlequin, MitoSave, IGV, Excel  

 

CONTINUING EDUCATION 

STRmix training – 10/2017 

SHSU Internal Review Board Citi Training – 1/2016 

Applied Anatomical Research Center – Volunteer/Sample Collection – 9/2015 – 

12/2018  

NSC Certified Bloodborne and Airborne Pathogen Training – 9/2015 

To Hell and Back: The Ethics of Stewardship and the Stewardship of Ethics – 

9/2015 

Certified OSHA Training – 8/2014 

Certified Bloodborne Pathogen Training – 8/2014 

Independent Research using bioinformatics to analyze maize – Researcher – 8/2012 

– 8/2014 
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MEMBERSHIPS, HONORS, AND ACTIVITIES 

International Society for Forensic Genetics – Member - 3/2017 – Present 

American Academy of Forensic Sciences – Member – 2/2015 – Present 

Society of Forensic Science – Sam Houston State University Chapter – Graduate 

Student Organization Coordinator – 12/2014 – 12/2015, Member – 9/2014 – 12/2018 

Sam Houston State University Saturdays at Sam – Volunteer – 11/2014, 4/2015, 

11/2015, 4/2016, 11/2016 

 


